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Abstract Inconsistent effects of fish oil supplementation
on plasma lipids may be influenced by genetic variation.
We investigated 12 single nucleotide polymorphisms
(SNPs) associated with dyslipidaemia in genome-wide
association studies, in 310 participants randomised to
treatment with placebo or 0.45, 0.9 and 1.8 g/day eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid
(22:6n-3, DHA) (1.51:1) in a 12-month parallel controlled
trial. Effects of risk alleles were assessed as trait-specific
genetic predisposition scores (GPS) and singly. GPS were
positively associated with baseline concentrations of
plasma total cholesterol, low-density-lipoprotein cholesterol and triglyceride (TG) and negatively with high-density-lipoprotein cholesterol. The TG-GPS was associated
with 0.210 mmol/L higher TG per risk allele (P \ 0.0001),
but no effects of single TG SNPs were significant at
baseline. After treatment with EPA and DHA, TG-GPS
was associated with 0.023 mmol/L lower TG per risk allele
(P = 0.72). No interactions between GPS and treatment
were significant; however, FADS1 SNP rs174546 C/T
interaction with treatment was a significant determinant of
plasma TG concentration (P = 0.047, n = 267). Concentration differed between genotype groups after the 1.8 g/
day dose (P = 0.026), decreasing by 3.5 (95 % CI -15.1
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to 8.2) % in non-carriers of the risk T-allele (n = 30) and
by 21.6 (95 % CI -32.1 to -11.2) % in carriers (n = 37),
who showed a highly significant difference between treatments (P = 0.007). Carriers of the FADS1 rs174546 risk
allele could benefit from a high intake of EPA and DHA in
normalising plasma TG.
Keywords Docosahexaenoic acid  Eicosapentaenoic
acid  Genetic predisposition score  Gene-nutrient
interaction  Plasma lipids  Single nucleotide
polymorphism

Introduction
Plasma lipids are risk factors for cardiovascular disease
(CVD) and are well known to be influenced by dietary
intake (Marais 2013). A large number of human intervention trials have shown that eicosapentaenoic acid
(20:5n-3, EPA) and docosahexaenoic acid (22:6n-3,
DHA) in fish oil exert cardioprotective effects (reviewed
by Mozaffarian and Wu 2011; Delgado-Lista et al. 2012).
However, some studies and meta-analyses have failed to
demonstrate any significant protection from CVD risk by
n-3 PUFA treatment (Kromhout et al. 2010; ORIGIN
Trial Investigators et al. 2012; Rizos et al. 2012). Effects
of fish oil on plasma lipids are also inconsistent (see
Minihane (2013) for recent review) and this may reflect
genetic variation as well as different treatments. Heritability estimates for fasting plasma lipids range from 32 %
for triglyceride (TG) to 55 % for total cholesterol (TC)
(Pérusse et al. 1997). Interaction between genetic and
environmental factors such as dietary intake may contribute to the variation in lipid traits between individuals
(Corella and Ordovas 2005).
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Genome-wide association studies (GWAS) have identified a number of single nucleotide polymorphisms (SNPs)
associated with dyslipidaemia in cross-sectional studies
(Chasman et al. 2008; Kathiresan et al. 2008, 2009; Wallace et al. 2008; Willer et al. 2008; Aulchenko et al. 2009;
Sabatti et al. 2009; Teslovich et al. 2010). However, few
attempts have been made to discover whether these common SNPs also influence the responses to dietary interventions. As intervention studies are necessarily limited in
size, significant interactions with single SNPs may be difficult to establish, but interaction with sets of SNPs
potentially offer more power. We hypothesised that carriage of alleles predisposing to dyslipidaemia may influence changes in the plasma lipid profile in response to
intake of EPA and DHA. We tested the hypothesis in a
cohort of 310 participants from the MARINA (Modulation
of Atherosclerosis Risk by Increasing doses of N-3 fatty
Acids) study (Sanders et al. 2011), a highly controlled
randomised dietary intervention trial to investigate the
effect of olive oil placebo and EPA and DHA (1.51:1)
supplemented at 0.45, 0.9 and 1.8 g/day for 12 months on
CVD risk factors in healthy subjects. We investigated
effects of 12 SNPs with reported associations with plasma
lipids at genome-wide levels of significance, in combination and individually, on plasma lipid concentrations at
baseline and on changes in response to treatment.
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population, as reported previously (Sanders et al. 2011).
During dietary intervention, capsules containing placebo or
EPA and DHA (1.51:1) at three doses (0.45, 0.9 and 1.8 g/
day) were supplied at regular intervals. The present
investigation was based on measurements made at baseline
and after 12 months, and compliance was verified by
assessment of EPA and DHA in erythrocyte phosphoglycerides at this time. Supply of oil blends and quality
control analysis was by Croda Chemicals Europe Ltd.
(Hull, UK) and encapsulation in gelatine was by Powerhealth (Pocklington, UK).
Measurement of serum lipoproteins and triglycerides
TC, high-density-lipoprotein cholesterol (HDL-C) and TG
were analysed by enzymatic assay using methods described
previously (Jebb et al. 2010). Inter-assay coefficients of
variation for TC were 1.1, 1.5 and 1.0 % at 3.9, 5.1 and
5.7 mmol/L respectively; for HDL-C, they were 2.2, 2.1
and 2.5 % at concentrations of 0.91, 1.39 and 1.95 mmol/
L, respectively; and for TG, they were 2.5 and 1.5 % at
concentrations of 1.32 and 2.36 mmol/L, respectively.
Low-density-lipoprotein cholesterol (LDL-C) was derived
from the Friedwald equation if fasting plasma TG concentrations were \4.49 mmol/L.
SNP selection and genotyping

Methods
Subjects
The MARINA trial was a single-centre dietary intervention
study of randomised controlled double-blind parallel
design, to test the effects of three daily doses of EPA and
DHA for 12 months on endothelial function and CVD risk
factors (Sanders et al. 2011). The study was conducted at
King’s College London between April 2008 and October
2010 and approved by the St Thomas’ Hospital NHS
Research Ethics Committee (NREC 08/H0802/3). Written
informed consent was given by participants, who were
healthy non-smoking men and women aged between 45
and 70 years, recruited and screened as described previously (Sanders et al. 2011). Subjects with untreated high
blood pressure or raised cholesterol were excluded. 367
participants were randomised to treatment. During an initial run-in period of 4 weeks, participants took olive oil
(British Pharmacopoeia specification) placebo capsules
whilst restricting oily fish intake, after which baseline
measurements of outcome variables were made. The proportion of energy derived from total fatty acids, saturated
fatty acids and PUFA ascertained by food frequency
questionnaire at baseline was similar to that of the general
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Twelve lipid-associated SNPs were selected from six
GWAS published prior to November 2012 (Kathiresan
et al. 2008, 2009; Willer et al. 2008; Aulchenko et al. 2009;
Sabatti et al. 2009; Teslovich et al. 2010). SNPs selected
for genotyping had a minimum minor allele frequency
(MAF) of 0.30 in subjects of European ancestry. At a given
gene locus, the SNP with the strongest effect on the lipid
trait was selected, taking into account both the sample size
and the P value, which in all cases was lower than the
threshold for genome-wide significance (P \ 5 9 10-8).
Nine SNPs had reported associations with TC, 6 SNPs with
HDL-C, 7 SNPs with LDL-C and 8 SNPs with TG. Some
SNPs were associated with more than one lipid trait (see
Online Resource 1). The 12 SNPs genotyped were either
those reported in the GWAS, or proxies in strong linkage
disequilibrium (LD) (r2 [ 0.8 based on HapMap Phase II
samples of European ancestry (International HapMap
Project 2012)).
DNA was extracted from buffy coats as described previously (Al-Hilal et al. 2013). SNPs were genotyped in 310
participants for whom DNA was available. Genotyping
was performed by KBiosciences (Hoddesdon, Herts, UK)
using KASPar technology. Genotype accuracy, as assessed
by inclusion of duplicates in the array, was 98 %, and
negative controls (water blanks) were included on each
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plate. The genotyping success rate was 87–92 %. All
genotype distributions were tested for deviation from the
Hardy–Weinberg equilibrium.
Genetic predisposition score (GPS)
A risk allele was defined as the allele associated with
higher plasma concentration of TC, LDL-C, or TG or lower
concentration of HDL-C in previous GWAS (Kathiresan
et al. 2008, 2009; Willer et al. 2008; Aulchenko et al. 2009;
Sabatti et al. 2009; Teslovich et al. 2010) (shown in Online
Resource 1). We elected not to weight the risk alleles on
the basis of their individual effect sizes, as this may have
only limited effect (Janssens et al. 2007). Also, the effect
size of SNPs on traits at baseline may not be relevant to
their effect on any change following treatment. A simple
addition of the associated risk alleles for each trait carried
by each individual, as described by Li et al. (2010), was
used to calculate a GPS for each trait TC, HDL-C, LDL-C
and TG. Individual SNPs were coded as 0, 1 and 2
according to the number of risk alleles for that particular
SNP. Fifty-eight out of 310 participants had missing data
for more than one genotype out of 12 (more than 8.3 %
genotypes missing) and were excluded from the GPS
analysis. For the 29 individuals missing one genotype
among the remaining 252 participants, the average count of
risk alleles for the respective SNP was substituted for the
missing data in calculating the GPS, as adopted by Walker
et al. (2011, 2013).
Statistical analysis
Genotype distributions were tested for Hardy–Weinberg
equilibrium using a v2 test with 1 df (P [ 0.05) and did not
deviate from expectations. Statistical analyses were carried
out using the SPSS version 20.0 for Windows (SPSS Inc,
Chicago, IL, USA). Distributions of outcome variables and
trait-specific GPS were assessed for normality. Baseline
TG was log(n)-transformed for analyses and presented in
tables in this form except for Table 1 Characteristics of
study participants, where the geometric mean was shown.
Associations between the GPS and respective traits at
baseline and changes following treatment with EPA and
DHA were tested by linear regression, adjusting for BMI,
age, gender and ethnicity at baseline and additionally
baseline values for change in variables after treatment. The
three doses of EPA and DHA were compared to the olive
oil placebo group, adding each treatment to the model
individually. Linear regression analysis was also used to
investigate effects of each SNP risk allele on the relevant
trait at baseline and after treatment, assuming an additive
effect of each additional risk allele and adjusting for the
same covariates as in the GPS analysis. The proportion of
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variance in plasma lipid concentrations at baseline and in
the change from baseline to 12 months explained by each
GPS and by each individual SNP was estimated from the r2
value of each regression model. We conducted the single
SNP analysis recognising the limited power available to
detect individual effects, in order to investigate their contribution to the effects of the GPS. We report these
exploratory findings with no correction for multiple testing.
Data presented in text and tables are expressed as
mean ± SD or geometric mean ± SE and allele effects as
beta coefficient with SE. Significance was taken as
P \ 0.05.

Results
Characteristics of subjects
Table 1 shows the characteristics of subjects at baseline
after a 4 week run-in on placebo. Data are presented for the
310 participants out of 367 randomised to treatment who
completed the study and for whom DNA was available.
The number of participants allocated and drop-out rates did
not differ significantly between treatment groups (Sanders
et al. 2011). Women, mostly postmenopausal, outnumbered
men by approximately 1.6:1 and about 20 % of the sample
was non-white, with similar proportions of Asian and black
participants. Based on self-reported ethnicity, we distinguished individuals of white (81.9 %), Far Eastern (5.2 %),
South Asian (5.8 %); black (2.9 %) and other (4.2 %)
ancestry. The average BMI was above the desirable range
(20–25 kg/m2), and the mean waist circumferences were
greater than cut-offs indicating risk of metabolic syndrome
(94 cm in men and 80 cm in women) (Sanders et al. 2011).
SNP allele and genotype frequencies
Twelve SNPs were genotyped. The minor allele and
genotype frequencies in participants with DNA (n = 310)
are shown in Online Resource 2. Genotype distributions
did not deviate from Hardy–Weinberg expectations and
minor allele frequencies were in close agreement with
those listed for Europeans on the NCBI SNP database
(2012).
Effect of genetic predisposition on plasma lipid
concentrations at baseline
The distributions of trait-specific GPS and variations in
plasma concentrations of TC, HDL-C, LDL-C and TG at
baseline are shown in Fig. 1. All GPS were normally distributed. The higher the GPS, the less favourable the lipid
profile. Effect sizes per risk allele at baseline are shown in
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Table 1 Characteristics of study participants at baseline by randomised treatment
Placebo
n = 70

0.45 g/day
n = 80

0.9 g/day
n = 80

1.8 g/day
n = 80

P*

Gender
Male, n (%)

31, 44

30, 37.5

30, 37.5

29, 36

Female, n (%)

39, 56

50, 62.5

50, 62.5

51, 64

White, n (%)

57, 81.4

64, 80.0

64, 80.0

69, 86.25

Far Eastern, n (%)

6, 8.6

4, 5.0

5, 6.25

1, 1.25

S. Asian, n (%)
Black, n (%)

3, 4.3
2, 2.85

6, 7.5
3, 3.75

8, 10.0
0, 0.0

1, 1.25
4, 5.0

Other, n (%)

Ethnicity

2, 2.85

3, 3.75

3, 3.75

5, 6.25

Age (years)

55.4 ± 6.9

55.1 ± 6.8

55.2 ± 6.6

55.1 ± 6.7

0.99

BMI (kg/m2)

26.1 ± 3.7

25.1 ± 3.9

26.2 ± 4.0

25.2 ± 3.5

0.17

Waist circumference (cm)

89.5 ± 11.7

87.3 ± 11.8

89.4 ± 11.9

88.0 ± 11.0

0.60

Plasma lipids (mmol/L)
TC

5.4 ± 1.0

5.4 ± 1.1

5.4 ± 0.9

5.4 ± 1.0

0.94

HDL-C

1.6 ± 0.5

1.6 ± 0.4

1.7 ± 0.5

1.7 ± 0.5

0.26

LDL-C

3.3 ± 0.8

3.2 ± 0.8

3.2 ± 0.8

3.2 ± 0.7

0.79

TGa

1.2 ± 0.5

1.1 ± 0.5

1.1 ± 0.4

1.1 ± 0.5

0.96

Data are presented for subjects randomised to treatment groups for whom DNA was available (n = 310). Measurements taken at baseline after
4-week run-in on normal diet with olive oil placebo supplement are shown for each randomised treatment group: placebo and EPA and DHA
(1.51:1) at the daily doses shown. Values are n (%) for gender and ethnic groups, or mean ± SD for all other variables except TG
BMI body mass index, HDL-C high-density-lipoprotein cholesterol, LDL-C low-density-lipoprotein cholesterol, TC total cholesterol, TG
triglyceride
* Significance of differences between treatment groups assessed by one-way ANOVA. P value for difference in age, adjusted for BMI, gender
and ethnicity; for differences in BMI and waist circumference, adjusted for age, gender and ethnicity; for differences in plasma lipid concentrations, adjusted for BMI, age, gender and ethnicity
a

TG data not normally distributed and presented as the geometric mean ± SE

Table 2. The only significant effect of a GPS risk allele
was on plasma TG concentration (P \ 0.0001), so the
remainder of the analysis focused on this trait. GPS risk
allele carriage accounted for 20.5 % of variance in TG
concentration at baseline.
SNP associations with plasma lipid concentrations
at baseline
None of the eight SNPs contributing to the TG-GPS
showed a significant effect on plasma TG concentration at
baseline (Online Resource 3). The effects of only two
individual SNPs on their respective traits reached nominal
significance: GCKR rs1260326 on TC and TRIB1
rs2954029 on HDL-C.
Effect of genetic predisposition on the change
in plasma lipid concentrations in response to treatment
Effect sizes per GPS risk allele after 12 months treatment
with EPA and DHA are shown in Table 3. The effect was
not significant for any trait, but deleterious effects of all
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risk alleles on plasma lipids were reduced after treatment.
The hyperlipidemic effect of the risk allele on plasma TG
concentration seen at baseline was reversed after treatment.
Each additional risk allele was associated with
0.023 mmol/L lower TG after treatment (P = 0.72), in
contrast to the higher concentration at baseline. GPS risk
allele carriage accounted for 3.2 % of variance in TG after
treatment, a much lower proportion than at baseline.
Interaction between GPS and treatment was not a significant determinant of plasma TG concentration (P [ 0.05).
SNP associations with plasma lipid concentrations
after treatment
We found no significant effects of single SNP risk alleles
on plasma TG concentration (Online Resource 4). We then
investigated interaction between treatment and individual
TG SNP genotypes. Interaction between FADS1 rs174546
C/T and treatment was a significant determinant of plasma
TG concentration (P = 0.047, n = 267). The T-allele was
associated with higher TG in the GWAS (Teslovich et al.
2010). There were no significant differences in the change
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0

TG GPS

LDL-C GPS

Fig. 1 Variation in plasma concentrations of a TC, b HDL-C,
c LDL-C and d TG at baseline by trait-specific GPS. The number of
participants for each GPS is indicated by the bars corresponding to the
left-hand Y-axis. Data points are the mean and standard error (SE)
values of plasma concentrations of a TC, b HDL-C, c LDL-C and
d TG for each GPS score category defined by the number of risk
alleles per individual, with units indicated on the right-hand Y-axis.

GPS at the lower and upper ends for each trait were grouped due to
small n. The analysis was performed by linear regression of trait at
baseline using the ungrouped GPS and adjusted for age, gender and
ethnicity. The P values for associations between plasma lipid
concentrations and trait-specific GPS and effects per risk allele are
indicated. TC total cholesterol, LDL-C low-density-lipoprotein cholesterol, HDL-C high-density-lipoprotein cholesterol, TG triglyceride

Table 2 Effect of GPS on plasma TC, HDL-C, LDL-C and TG
concentrations at baseline

Table 3 Effect of GPS on change in plasma TC, HDL-C, LDL-C and
TG concentrations after treatment

Effect
TC (mmol/L)

SE

P*

r2

n

Effect

SE

P*

r2

n

0.114

0.032

0.07

0.056

252

Change in TC (mmol/L)

0.064

0.031

0.30

0.092

251

HDL-C (mmol/L)

-0.011

0.015

0.08

0.306

252

Change in HDL-C (mmol/L)

0.016

0.011

0.80

0.014

250

LDL-C (mmol/L)
lnTG (mmol/L)a

0.065
0.210

0.028
0.013

0.30
\0.0001

0.033
0.205

252
252

Change in LDL-C (mmol/L)
Change in TG (mmol/L)

0.054
-0.023

0.020
0.011

0.41
0.72

0.011
0.032

251
251

Data show associations of GPS with each trait, presented as per allele
effect size, and SE derived from linear regression models of GPS
against trait at baseline. The proportion of explained variance is
indicated by r2 and n is the number of participants in each subgroup.
A negative effect represents an association with reduction in trait at
baseline

Data show associations of GPS with change in each trait, presented as
per allele effect size, and SE derived from linear regression models of
GPS against change in trait. The proportion of explained variance is
indicated by r2, and n is the number of participants in each subgroup.
A negative effect represents an association with reduction in trait
following 12-month intervention

HDL-C high-density-lipoprotein cholesterol, LDL-C low-densitylipoprotein cholesterol, TC total cholesterol, TG triglyceride

HDL-C high-density-lipoprotein cholesterol, LDL-C low-densitylipoprotein cholesterol, TC total cholesterol, TG triglyceride

* Significance of per allele effect on change in trait derived from
linear regression models, nominal at P \ 0.05. P values adjusted for
BMI, age, gender and ethnicity

* Significance of per allele effect on change in trait derived from
linear regression models, nominal at P \ 0.05. P values adjusted for
trait value at baseline, BMI, age, gender and ethnicity

a

TG data were logged for the analysis and were presented as log(n)transformed data

from baseline between non-carriers and carriers of the risk
allele after the placebo, 0.45 and 0.9 g/day EPA and DHA
doses, but the change from baseline between non-carriers

and carriers was significant after the 1.8 g/day dose
(P = 0.026). In non-carriers (n = 30), plasma TG concentration decreased by 3.5 % (95 % CI -15.1 to 8.2) from
baseline, whereas in carriers (n = 37), TG concentration
decreased by 21.6 % (95 % CI -32.1 to -11.2) and the
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difference between treatments was highly significant
(P = 0.007).

Discussion
We investigated effects of 12 SNPs associated with plasma
lipids at genome-wide levels of significance in 310 participants randomised to receive placebo or three doses of
EPA and DHA for 12 months. A trait-specific GPS based
on additive effects of risk alleles yielded a highly significant per allele effect for plasma TG concentration. EPA
and DHA treatment had the greatest per allele effect on
TG-GPS, reversing the direction of the effect seen at
baseline. Interaction between GPS and treatment was not
significant; however, there was significant interaction
between one constituent SNP, FADS1 rs174546 C/T and
treatment. After the 1.8 g/day dose plasma, TG concentration decreased significantly more in T-allele carriers than
in non-carriers.
We previously found a 15 % reduction in TG in the
female MARINA participants after 1.8 g/day, showing a
clear dose–response relationship with increasing intake
(P = 0.002), but no significant effects on TC, LDL-C or
HDL-C (Sanders et al. 2011). Considerable inter-individual
variability in response to n-3 PUFA treatment has been
observed (Minihane 2010). This suggests that a range of
gene variants may underpin variability in n-3 PUFA
metabolism that is influenced by changes in EPA and DHA
availability.
We selected SNPs strongly associated with plasma lipids in published GWAS (Kathiresan et al. 2008, 2009;
Willer et al. 2008; Aulchenko et al. 2009; Sabatti et al.
2009; Teslovich et al. 2010). In MARINA subjects at
baseline, effects of risk alleles were much smaller than
those reported in GWAS and not directionally consistent.
For example, carriage of the FADS1 SNP rs174546 risk
allele appeared to decrease TG at baseline by 0.003 (SE
0.053) mmol/L (n = 268, P = 0.95), an anomalous result
which underlines the lack of power provided by a single
SNP in a small sample. The effect reported in the GWAS
was an increase of 0.04 (SE 0.004) mmol/L (n = 96,598,
P = 5.41 9 10-24) (Teslovich et al. 2010). The effects of
only two individual SNP alleles, on TC and HDL-C,
reached significance in our study. Risk alleles for SNPs
discovered in GWAS involving subjects of European
ancestry are not necessarily unfavourable in subjects of
different ethnicity. As *20 % of our sample was nonwhite, ethnic heterogeneity could explain directional
inconsistencies with GWAS based on subjects of European
origin. Ten of our 12 SNPs were among 95 associated with
plasma lipids identified by Teslovich et al. (2010) in
*100,000 Europeans in their primary study. In further

123

Genes Nutr (2014) 9:412

analysis of 15,000 East Asians, 9,000 South Asians, 8,000
African Americans and 7,000 additional Europeans, there
was no evidence for heterogeneity of effects between the
European groups and each of the non-European groups for
most of the identified loci. We conclude that inconsistencies between directional effects of risk alleles between
GWAS and MARINA subjects are unlikely to originate in
ethnic heterogeneity. Regarding response to dietary intervention, in a study sample comprising 80 % whites, 9.5 %
South and South East Asian and 8 % black African participants (2.5 % of uncertain ancestry excluded) Walker
et al. (2011) investigated GPS association with plasma lipid
response to reduced SFA intake in 490 participants. They
found no evidence of heterogeneity across the three ethnic
groups for the effect of any GPS on the change in plasma
lipid traits (P [ 0.05). We included ethnicity and its
interaction with treatment in all our models and found no
significant effect.
The difficulty of establishing significant associations
with single SNPs has led investigators to turn to panels of
SNPs to assess the risk of developing polygenic disease
based on quantitative markers (Lamina et al. 2012;
Yiannakouris et al. 2012; Isaacs et al. 2013; Rukh et al.
2013; Walker et al. 2013 are recent examples). The GPS is
based on the additive effect of risk alleles carried and
potentially offers more power than single SNPs as a predictor of dyslipidaemia. The higher the GPS, the less
favourable the lipid profile. The predictive utility of GPS
reflects both the number and strength of the phenotypic
associations of included SNPs and the number of subjects
with full genotype data for the GPS determination. We
excluded all subjects with more than one missing genotype
out of 12, which reduced the sample for analysis from 310
to 252. We found the effects per risk allele were directionally as predicted. The effect for LDL-C-GPS was not
significant, approached significance for TC and HDL-C,
but in the case of TG was highly significant. In contrast to
the insignificant effects of individual TG risk alleles, an
additive score based on eight SNPs was highly predictive
of plasma concentration at baseline.
We found no significant effects on plasma concentration
per GPS risk allele after 12-month treatment with EPA and
DHA for any lipid, although the deleterious effects of risk
alleles on all were reduced. The greatest impact was seen
on TG, for which each additional risk allele was associated
with lower plasma concentration after treatment, compared
to higher at baseline. However, as interaction between GPS
and treatment was not significant, the reduction in plasma
TG associated with risk allele carriage cannot be attributed
to treatment with EPA and DHA. Studies of similar design
by Walker et al. (2011, 2013) have similarly failed to
establish predictive power of GPS in the response to dietary interventions to improve plasma lipids.
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As expected, due to small sample size and potential
insufficient statistical power, we found no significant
effects of single SNP risk alleles on plasma TG before or
after treatment. Despite this, we found interaction between
FADS1 rs174546 genotype and treatment as a significant
determinant of plasma TG concentration. After the 1.8 g/
day dose, plasma TG concentration in non-carriers of the
risk allele decreased by 3.5 % from baseline, whereas in
carriers, the decrease was 21.6 % and the difference
between treatments in this group was highly significant.
Fatty acid desaturase 1 encoded by the FADS1 gene is a
key enzyme in endogenous desaturation of long-chain fatty
acids (Lattka et al. 2010). GWAS have identified several
loci in the FADS gene cluster, at which minor alleles were
associated with lower TC (Aulchenko et al. 2009; Teslovich et al. 2010), LDL-C (Aulchenko et al. 2009; Sabatti
et al. 2009; Chasman et al. 2008; Teslovich et al. 2010),
HDL-C (Chasman et al. 2008; Kathiresan et al. 2009) and
higher TG concentrations (Kathiresan et al. 2009; Teslovich et al. 2010), suggesting that altered desaturase activities may impact plasma lipid levels. Estimates suggest that
minor alleles are associated with lower activity (Zietemann
et al. 2010). A number of studies have suggested that
dietary intake of different PUFAs interacts with FADS1
variation to affect blood lipids (Lu et al. 2010; Cormier
et al. 2012; Hellstrand et al. 2012; Standl et al. 2012). We
previously found that SNPs rs174537, rs174561 and
rs3834458 in the FADS1-FADS2 gene cluster were
strongly associated with proportions of a number of plasma
n-3 PUFAs at baseline in MARINA subjects (Al-Hilal et al.
2013). EPA and DHA treatment significantly increased
estimated desaturase activity after 6 months, and interaction between rs174537 genotype and treatment was a significant determinant. These three SNPs are in strong LD
with rs174546, but we found no significant associations
with plasma lipids. Two previous studies have investigated
interaction between rs174546 and n-3 PUFA intake as a
determinant of plasma TG. Standl et al. (2012) found that
intake assessed by FFQ did not interact with genotype to
alter TG significantly in 2006 children. Cormier et al.
(2012) found a significant effect of genotype on plasma TG
concentration at baseline (P = 0.02, n = 208). After supplementation with 3 g/day EPA and DHA for 6 weeks, a
greater decrease observed in risk allele carriers was not
significant after adjustment for covariates. The significant
gene x treatment interaction and decreased TG in MARINA carriers after adjustment may reflect the longer period
of treatment.
The main strength of our study lay in use of controlled
doses of EPA and DHA over a 12-month period, with
verified intake and long-term compliance. The study was
limited by the relatively small sample for post hoc genetic
analysis and a suboptimal genotyping success rate. In
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combination, these factors reduced the power of the study
to detect some significant genotype associations and
interactions. The observed per allele effect of GPS on
change in TG after treatment would be practically impossible to detect with 80 % power. The genotyping success
rate at 87–92 % was not as high as expected, but failures
were random, as genotype distributions did not deviate
from Hardy–Weinberg expectations. Fifty-eight out of 310
participants with more than one of 12 genotypes missing
were excluded from the GPS analysis. Twenty-nine of the
remaining 252 participants had one missing genotype only,
for whom the average count of risk alleles for the respective SNP was substituted. The approach has been used
elsewhere (Walker et al. 2011, 2013), but we acknowledge
the introduction of this potential inaccuracy in calculating
the GPS.
The only significant effects at P \ 0.05 were found in
relation to one phenotype, TG. Adopting a more stringent
approach, a Bonferroni correction to take account of testing
eight independent SNPs would lead to a corrected alpha
level of 0.0063. This would remove significance of FADS
rs174546 interaction with treatment (P = 0.026), and the
difference in response to doses seen in carriers would have
been marginal (P = 0.007). Our results are therefore provisional, and replication would offer the most reliable
confirmation. As suggestive evidence accumulates from
small studies, prospective recruitment of larger genotype
groups will be warranted to explore the effects of common
SNPs on the outcome of dietary interventions.
In conclusion, our study does not provide evidence for
n-3 PUFA intake in modifying genetic susceptibility to
dyslipidaemia measured as GPS. However, this exploratory
study suggests that at least one risk allele may interact with
diet in determining plasma TG concentration. Increased
intake of EPA and DHA was successful in lowering plasma
TG, most notably in those genetically predisposed to
dyslipidaemia.
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Lu Y, Feskens EJ, Dollé ME, Imholz S, Verschuren WM, Müller M,
Boer JM (2010) 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 92:258–265
Marais AD (2013) Dietary lipid modification for mild and severe
dyslipidaemias. Proc Nutr Soc 72:337–341
Minihane AM (2010) Fatty acid-genotype interactions and cardiovascular risk. Prostaglandins Leukot Essent Fatty Acids
82:259–264
Minihane AM (2013) Fish oil omega-3 fatty acids and cardiometabolic health, alone or with statins. Eur J Clin Nutr
67:536–540
Mozaffarian D, Wu JH (2011) Omega-3 fatty acids and cardiovascular disease: effects on risk factors, molecular pathways, and
clinical events. J Am Coll Cardiol 58:2047–2067
NCBI SNP database http://www.ncbi.nlm.nih.gov/projects/SNP/
Accessed Dec 2012
ORIGIN Trial Investigators, Bosch J, Gerstein HC, Dagenais GR,
Dı́az R, Dyal L, Jung H, Maggiono AP, Probstfield J,
Ramachandran A, Riddle MC, Rydén LE, Yusuf S (2012) n-3
fatty acids and cardiovascular outcomes in patients with
dysglycemia. N Engl J Med 26(367):309–318
Pérusse L, Rice T, Després JP, Bergeron J, Province MA, Gagnon J,
Leon AS, Rao DC, Skinner JS, Wilmore JH, Bouchard C (1997)
Familial resemblance of plasma lipids, lipoproteins and postheparin lipoprotein and hepatic lipases in the HERITAGE
Family Study. Arterioscler Thromb Vasc Biol 17:3263–3269
Rizos EC, Ntzani EE, Bika E, Kostapanos MS, Elisaf MS (2012)
Association between omega-3 fatty acid supplementation and
risk of major cardiovascular disease events: a systematic review
and meta-analysis. JAMA 308:1024–1033
Rukh G, Sonestedt E, Melander O, Hedblad B, Wirfält E, Ericson U,
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