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ABSTRACT
Background: The lipid-modulatory effects of high intakes of the
fish-oil fatty acids eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA) are well established and likely to contribute to
cardioprotective benefits.
Objectives: We aimed to determine the effect of moderate EPA and
DHA intakes (�2 g EPA�DHA/d) on the plasma fatty acid profile,
lipid and apolipoprotein concentrations, lipoprotein subclass distri-
bution, and markers of oxidative status. We also aimed to examine
the effect of age, sex, and apolipoprotein E (APOE) genotype on the
observed responses.
Design: Three hundred twelve adults aged 20–70 y, who were
prospectively recruited according to age, sex, and APOE genotype,
completed a double-blind placebo-controlled crossover study. Par-
ticipants consumed control oil, 0.7 g EPA�DHA/d (0.7FO), and
1.8 g EPA�DHA/d (1.8FO) capsules in random order, each for an
8-wk intervention period, separated by 12-wk washout periods.
Results: In the group as a whole, 8% and 11% lower plasma tria-
cylglycerol concentrations were evident after 0.7FO and 1.8FO,
respectively (P � 0.001): significant sex � treatment (P � 0.038)
and sex � genotype � treatment (P � 0.032) interactions were
observed, and the greatest triacylglycerol-lowering responses (re-
ductions of 15% and 23% after 0.7FO and 1.8FO, respectively) were
evident in APOE4 men. Furthermore, lower VLDL-cholesterol (P �
0.026) and higher LDL-cholesterol (P � 0.010), HDL-cholesterol (P
� 0.001), and HDL2 (P � 0.001) concentrations were evident after
fish-oil intervention.
Conclusions: Supplements providing EPA�DHA at doses as low
as 0.7 g/d have a significant effect on the plasma lipid profile. The
results of the current trial, which used a prospective recruitment
approach to examine the responses in population subgroups, are
indicative of a greater triacylglycerol-lowering action of long-chain
n�3 polyunsaturated fatty acids in males than in females. Am J
Clin Nutr 2008;88:618–29.

INTRODUCTION

Although there are some inconsistencies in the literature, a
large body of epidemiologic data and evidence from randomized
controlled trials (RCTs) has shown the cardioprotective actions
of the fish-oil n�3 fatty acids (FAs) eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) (1–10). Reductions in relative
risks of 20% to 50% in total and cardiovascular mortality and
sudden death are frequently reported. At intakes of 0.5–1.5 g

EPA�DHA/d, the benefits have been attributed largely to a
reduction in acute coronary events mediated through the anti-
arrhythmic action of EPA�DHA (11) or, more recently, to an
effect on plaque morphology and stability (12).

At intakes of �2 g EPA�DHA/d, additional cardioprotective
benefits such as antithrombotic actions and a positive effect on
vascular reactivity, blood pressure, plasma lipid concentrations,
and lipoprotein subclass distribution have been reported (13–17).
The hypotriacylglycerolemic action of these relatively high fish-
oil n�3 FA intakes is well recognized; the degree of triacylglyc-
erol (TAG) lowering is comparable to the response observed with
commonly used pharmacologic treatments such as fibrates. The
fact that EPA�DHA have strong TAG-lowering action has led to
the recommendation by expert bodies (eg, American Heart As-
sociation) for their use as an alternative to pharmacologic treat-
ments such as fibrates (18). Although the blood lipid–modulating
effects of intakes of EPA or DHA (or both) of �2 g/d were
examined in a limited number of RCTs, most of these RCTs
arguably were underpowered to detect more modest changes in
the blood lipid profile.

Furthermore, as highlighted in a recent systematic review (8),
data on the effects of EPA and DHA on cardiovascular disease
(CVD) outcomes in different population subgroups are limited.
The lipid response to fish-oil supplementation is known to be
highly heterogeneous both within and between studies. In a pre-
vious study, our group (19) reported a group mean reduction of
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35% in fasting TAG and an increase of 7.1% in fasting LDL-
cholesterol concentrations after supplementation for 6 wk with
3 g EPA � DHA/d, as compared with the control oil (CO).
However, these mean responses represented ranges of �114% to
61% in TAG concentrations and of �49% to 87% in LDL-
cholesterol concentrations in the 55 participants (19). It is likely
that factors such as health status, medication use, background
diet, age, sex, baseline lipid concentrations, and genetic variabil-
ity account for this highly heterogeneous blood lipid response to
fish-oil intervention, but the relative effect of these factors is
unknown.

The apolipoprotein E (APOE) genotype (� allele) represents
the most widely investigated genotype with respect to genetic
influence on blood lipid concentrations and their response to
dietary fat manipulation (20). Carriers of the �4 allele, which
represent �22% of whites, are believed to be most responsive to
changes in dietary total and saturated fat and cholesterol intakes
(20). Given this, and the central role of apolipoprotein (apo) E
(apoE) in lipoprotein metabolism, the APOE genotype (which
has �2, �3, and �4 as common variants) represents an obvious
potential genetic modulator of the fasting lipoprotein response to
fish-oil intervention.

Our previous study observed a significant effect of APOE
genotype on both the LDL-cholesterol and TAG responses to
fish-oil supplementation (19): LDL was markedly increased in
the carriers of the �4 allele, which suggested that the relatively
common observation of elevated LDL cholesterol may be most
evident in those with this genotype.

The ability to draw definitive conclusions from this earlier
study was limited by the facts that it was conducted in subjects
with an atherogenic lipoprotein phenotype and that it lacked
adequate statistical power to examine genotype-phenotype as-
sociations. Therefore, in the present study, the FINGEN Study,
prospective recruitment according to sex, age, and APOE geno-
type was used in a normolipidemic population to evaluate the
effect of these factors on lipid responses to fish-oil supplemen-
tation by using EPA�DHA intakes that are achievable by the
general population through an increase in the consumption of
oily fish.

SUBJECTS AND METHODS

Volunteers

The FINGEN Study is a 4-center trial that was conducted at the
universities of Glasgow, Newcastle, Reading, and Southampton
in the United Kingdom between June 2003 and Sept 2005. The
aim of the prospective recruitment was to recruit a total of 330
persons. The target was for 270 persons to complete the study,
stratified according to APOE genotype, sex, and age as follows:
1) 90 persons in each of the E2 (E2/E2 and E2/E3), E3/E3 and
E4 (E3/E4 and E4/E4) subgroups (E2/E4 persons were not
included in the study); 2) 135 men and 135 women; 3) n � 45
in each of the apoE2 male, apoE2 female, apoE3 male, apoE3
female, apoE4 male, and apoE4 female subgroups; and 4) n �
54 in each of the age groups of 20 –29, 30 –39, 40 – 49, 50 –59,
and 60 – 69 y.

The study group size was estimated by least standardized
difference by using expected changes in plasma LDL-cholesterol
and TAG concentrations as the primary phenotypic outcomes.
On the basis of a 5% significance level, a power of 80% for

detecting main effect, and 2-factor interactions, with a standard-
ized size effect of �0.6, a sample size of 45 per genotype or sex
subgroup was required.

The volunteers were generally fit and healthy. Exclusion cri-
teria for participation in the study were diagnosed diabetes or
fasting glucose concentrations of �6.5 mmol/L; liver or other
endocrine dysfunction; a myocardial infarction in the previous
2 y; hypolipidemic therapy or any other medication known to
interfere with lipid metabolism; consumption of FA supplements
or oily fish �1 time/wk; current use of a weight-reducing diet;
body mass index (in kg/m2) of �18.5 or �30; or fasting total
cholesterol (TC) and TAG concentrations of �8.0 and 3.0
mmol/L, respectively.

All subjects provided written informed consent before partic-
ipation in the study. The study was approved by the research
ethics committee at each of the four universities involved in the
present study.

Study design

The study was a double-blind, placebo-controlled, dose-
response crossover study consisting of 3 intervention arms of
8-wk duration each and separated by 12-wk washout intervals.
During the intervention periods, participants consumed either
A) the CO, B) 0.7 g EPA�DHA/d (0.7FO), or C) 1.8 g
EPA�DHA/d (1.8FO) in random order. The randomization of
subjects to treatment order (ABC, ACB, BCA, BAC, CAB, or
CBA) was achieved by using a computer-generated random-
number table. Fasting (12-h fast) blood samples were collected at
the beginning and end of each intervention arm, and participants
were asked to refrain from alcohol consumption and organized
exercise and to consume the same low-fat (�10 g fat) meal of
their choice as their main evening meal before each clinical visit.
On 2 occasions during the study, participants were also asked to
complete a food-frequency questionnaire (FFQ) to characterize
background habitual diet.

Study capsules

Participants were asked to consume a total of four 0.8-g cap-
sules/d, 1 each with breakfast and lunch and 2 with their evening
meal. The composition of the capsules (Ocean Nutrition, Bed-
ford, Canada) is given in Table 1. The CO was an 80:20 blend of
palm oil and soybean oil, which provides a mixture containing
palmitic, oleic, and linoleic acids at a ratio of �3:4:2 and an FA
composition comparable to the average adult diet in the United
Kingdom (21). The fish-oil capsules provided 0.7 g or 1.8 g
EPA�DHA/d as ethyl esters, and 95–99% and 1–5% of the
long-chain n�3 polyunsaturated FAs (LC n�3 PUFA) were
derived from anchovy oil and sardine oil, respectively, for a
DHA:EPA ratio of 1.5:1, which represents the ratio in commonly
consumed oily fish. The capsules were analyzed on 4 occasions
during the 2-y study, and no loss of EPA or DHA with storage
was evident (data not shown). All oils contained a mixed tocoph-
erol concentrate (�70% total tocopherol, of which �80% con-
sists of �-, �-, and �-tocopherols) at a concentration of 2 mg/g oil.
Compliance with treatment was determined by using capsule
count and plasma phosphatidylcholine (PC) FA composition.

APOE genotyping

APOE genotyping using screening blood samples was deter-
mined by using a derivation of the technique of Hixon and
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Vernier (22). DNA was isolated from the buffy coat layer of
10 mL of blood drawn into tubes containing EDTA with the
use of a Qiagen DNA Blood Mini Kit (Qiagen Ltd, Crawley,
United Kingdom). Polymerase chain reaction was conducted
by using the ApoE sense primer—5�–aca gaa ttc gcc ccg gcc
tgg tac ac–3�—and the ApoE antisense primer—5�–taa gct tgg
cac ggc tgt cca agg a–3�. After digestion with the HhaI re-
striction endonucleases, the resultant fragments were sepa-
rated by gel electrophoresis on a 10% polyacrylamide gel
(BioRad, Hemel Hempstead, United Kingdom), and the
APOE genotype was identified from the fragment pattern as
described previously (19).

Biochemical analysis

Although the study was conducted at 4 individual centers,
analyses were centralized to prevent an effect of intercenter vari-
ation on the study outcomes. Analyses of plasma TAG, TC, LDL
cholesterol, HDL cholesterol, VLDL cholesterol, oxidized LDL
(oxLDL), glucose, and insulin and LDL and HDL density pro-
filing were undertaken at Glasgow; plasma nonesterified FA
(NEFA), apoE, apoB, and apoA1 concentrations were measured
at Reading; plasma phosphatidylcholine FA composition was
measured at Southampton; and analysis of the FFQ was con-
ducted at Newcastle.

Blood was drawn from the antecubital vein into tubes contain-
ing potassium-EDTA for measurement of lipid, apolipoprotein,
and glucose and into tubes containing lithium heparin for anal-
ysis of insulin and plasma PC FAs. Within 30 min of withdrawal,
the blood was centrifuged at 3000 rpm for 10 min at 4 °C, and the
plasma was stored at �80 °C until it was analyzed. Before the
freezing of the plasma to be used for the determination of apoE,
apoB, and apoA1 concentrations, a protease inhibitor and an
antibiotic-containing preservative were added (5% vol/vol) (23).

Analysis of plasma lipid, apolipoprotein, glucose, and
insulin

Plasma TC and TAG concentrations were quantified on the
Hitachi 717 analyzer by using commercially available enzymatic
colorimetric kits (Roche, Burgess Hill, United Kingdom).
Plasma VLDL, LDL-, and HDL-cholesterol concentrations were

measured according to the Lipid Research Clinics Program Man-
ual of Laboratory Operations (24).

Plasma NEFA, glucose, and apoE, apoB, and apoA1 concen-
trations were measured by using automated enzymatic colori-
metric techniques (NEFA: Instrumentation Laboratory Ltd,
Warrington, United Kingdom; glucose: Roche Diagnostics Ltd)
and turbidimetric immunoassay kits (Alpha Laboratories, East-
leigh, United Kingdom) for apolipoprotein analyses on an iLAB
600 autoanalyzer (Instrumentation Laboratory Ltd). Plasma in-
sulin was quantified by using a 2-site enzyme-linked immu-
nosorbent assay (Mercodia AB, Uppsala, Sweden).

To provide surrogate markers of insulin sensitivity, the
homeostatic model assessment (HOMA) and the revised
quantitative insulin sensitivity check index (RQUICKI) were
calculated from the fasting glucose, insulin, and NEFA data
according to the following equations (25):

HOMA � [glucose (mmol/L) � insulin (�U/mL)]/22.5 (1)

and

RQUICKI � 1/[log insulin (�U/mL) � log glucose (mg/dL)

� log NEFA (mmol/L)] (2)

LDL and HDL subclass analysis

The combined LDL-HDL fraction of density 1.019–1.21
g/mL was isolated by ultracentrifugation at 15 °C for 24 h in a
Beckman fixed-angle rotor (Beckman Instruments, High Wy-
combe, United Kingdom). Particle sizes of LDL and HDL were
determined by using nondenaturing gradient gel electrophoresis
on 2–30% polyacrylamide gel (Alamo Gels Inc, San Antonio,
TX). LDL was divided into I, II, and III subfractions by using
in-house standards that had been prepared by density-gradient
ultracentrifugation.

HDL was divided into subfractions 2a, 2b, 3a, 3b, and 3c by
using high molecular standards (Amersham, Chalfont St Giles,
United Kingdom) according to previously determined size
ranges (26). The relative proportion of each subfraction is re-
ported as a percentage of total lipoproteins.

Plasma measures of oxidative stress

	-Tocopherol was quantified by using HPLC, according to a
previously described method (27). Concentrations of oxLDL
were determined by using a 2-site enzyme-linked immunosor-
bent assay (Mercodia AB) that is based on the quantification of
modified apoB in the sample.

Plasma phosphatidylcholine fatty acid analysis

The FA composition of the plasma PC fraction was determined
by using previously described methods (28). Lipid extraction, PC
isolation using solid-phase extraction, transmethylation, and
methyl ester separation by gas phase chromatography were the
principal steps involved.

Food-frequency questionnaire

The background diet of the study participants was assessed by
using a modified version of the European Prospective Investiga-
tion into Cancer and Nutrition FFQ, which contained a total of
154 items. Eight additional questions relating to fish consump-
tion also were included, and fish subgroups were classified
according to Welch et al (29). The information from the FFQ

TABLE 1
Fatty acid composition of the study oils1

Fatty acid

Fatty acid
Control

oil 0.7FO 1.8FO

g/100 g total fatty acids

Myristic acid (14:0) 0.8 	 0.02 0.9 	 0.0 0.8 	 0.0
Palmitic acid (16:0) 29.9 	 0.2 20.8 	 0.4 5.4 	 0.3
Stearic acid (18:0) 4.3 	 0.0 4.2 	 0.1 3.6 	 0.0
Oleic acid (18:1n–9) 40.7 	 0.3 27.9 	 0.4 7.7 	 0.3
Linoleic acid (18:2n–6) 21.0 	 0.1 12.6 	 0.0 1.7 	 0.0
Linolenic acid (18:3n–3) 0.4 	 0.0 0.4 	 0.0 0.5 	 0.0
Arachidonic acid (20:4n–6) ND 0.6 (0.0) 1.4 (0.0)
Eicosapentaenoic acid (20:5n–3) ND 9.2 	 0.2 23.0 	 0.3
Docosapentaenoic acid (22:5n–3) ND 2.8 	 0.1 7.0 	 0.1
Docosahexaenoic acid (22:6n–3) ND 12.8 	 0.5 32.8 	 0.8

1 n � 5. ND, not detectable; 0.7FO, 0.7 g eicosapentaenoic acid (EPA)
� docosahexaenoic (DHA)/d; 1.8FO, 1.8 g EPA�DHA/d.

2 x� 	 SD (all such values).
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was converted into intakes of energy and nutrients by using
portion size information and nutrient composition values from
the 6th edition of McCance and Widdowson food tables (30).

Statistical analysis

Data are shown for participants who completed the study.
Repeated-measures analysis was undertaken on the outcome
data (end of treatment values) with the baseline (beginning of
respective treatment period) values as covariates to determine the
effect of treatment in the group as a whole and to examine the
individual and combined effects of the design variables (ie, age,
sex, and APOE genotype) on response to treatment and to test for
period and sequence effects. For 	-tocopherol and the ratio of
	-tocopherol to TC, the model was poor because of heterogene-
ity according to age; therefore, age subgroups were analyzed
separately as described below.

Because TAG concentrations are recognized determinants of
HDL cholesterol and LDL and HDL subclass distribution, addi-
tional analysis was conducted by including TAG as a covariate to
establish the TAG-independent effects of treatment on these
outcome measures. All analyses were conducted with SAS soft-
ware (version 9.1; SAS Institute, Cary, NC) and SPSS software
(version 15; SPSS Inc, Chicago, IL); P � 0.05 was considered
significant.

RESULTS

Volunteer baseline characteristics

Of the 801 persons who attended a screening visit, a total of
364 participated in the study; of this group, 312 completed the 3
intervention periods and all 6 clinical visits. To view a Consol-
idated Standards of Reporting Trials (CONSORT) flow diagram,
see Figure S1 under “Supplemental data” in the current online
issue. The characteristics of the volunteers at study entry are
shown in Table 2 for the group as a whole and for men (n � 149)
and women (n � 163) separately. Of 87 subjects having an E2
allele, 5 were homozygous for E2/E2, and the remaining 82 were
E2/E3. In the subgroup with the E4 allele, 13 and 101 were
homozygous and heterozygous for E4, respectively. The ex-
pected differences between the sexes with respect to established
CVD risk biomarkers [except TC (P � 0.573) and LDL choles-
terol (P � 0.152)] were evident (Table 2).

Habitual energy and fat intakes

Although the men had significantly higher intakes of energy
than did the women (P � 0.005), no significant differences in the
percentage of total energy from fat (P � 0.828), saturated FA
(SFA; P � 0.920), monounsaturated FA (MUFA; P � 0.085), or
polyunsaturated FA (PUFA; P � 0.983); the ratio of PUFA to
SFA (P:S) (P � 0.864); and oily fish intake (P � 0.341) were
observed between the men and the women (Table 2).

Capsule count and fatty acid composition of plasma
phosphatidylcholine

According to the records of returned capsules, compliance
with treatment was generally high: 94.9%, 95.5%, and 95.2% of
the CO, 0.7FO, and 1.8FO capsules were consumed, and no
significant intertreatment difference was evident. Univariate
analysis of variance indicated no significant effect of sex or

APOE genotype on compliance. However, there was a signifi-
cant effect of age on compliance with the CO (P � 0.036) and
0.7FO (P � 0.001) treatments, and post hoc analysis indicated
increasing compliance with increasing age.

The effect of treatment on the plasma PC FA composition is
detailed in Table 3. No significant differences in the FA profiles
were evident between the 3 baseline measurements, regardless of
sequence, which shows the adequacy of the washout period used
in this intervention trial. A significant effect of treatment on PC
EPA (P � 0.001), docosapentaenoic acid (DPA) (P � 0.001),
and DHA (P � 0.001) was evident, as was a dose response to fish
oil, with 43% and 69% higher LC n�3 PUFA (EPA�
DPA�DHA) after 0.7FO and 1.8FO, respectively. These
changes were associated with significantly higher stearic acid (P
� 0.022) and significantly lower oleic acid (P � 0.001), linoleic
acid (P � 0.001), and �-linolenic acid (P � 0.001) concentra-
tions.

A significant sex � treatment interaction was observed with
respect to the changes in PC linoleic acid (P � 0.001), EPA (P �
0.001), DPA (P � 0.001), and total LC n�3 PUFA (P � 0.001)
concentrations, with greater responsiveness of the PC FAs, and
a significant dose response to fish oil evident only in females
(Figure 1A). For example, after the 0.7FO and 1.8FO interven-
tion, 19% and 24% greater increases in plasma PC total LC n�3
PUFA were seen in the female subjects than in the male subjects.
Given that the female participants had a significantly lower body
mass but received the same dose of fish oil, further analyses were
conducted on body weight–adjusted data. As indicated in Figure
1B, there were no significant differences in the increase in EPA
or total LC n�3 PUFA between the sexes after body-weight
adjustment. However, 19% and 16% greater weight-adjusted
increases in plasma PC DHA were observed in the men than in
the women after 0.7FO (P � 0.009) and 1.8FO (P � 0.026)
interventions, respectively. Subgroup comparison of premeno-
pausal and postmenopausal female participants indicated no sig-
nificant differences in plasma PC FA responsiveness according
to menopausal status (data not shown).

Lipid profile

A significant treatment effect was evident for plasma TAG (P
� 0.001): 8.0% and 11.2% CO-adjusted reductions were ob-
served in the group as a whole in response to 0.7FO and 1.8FO
intervention, respectively, and no significant dose effect was
evident. A significant sex � treatment interaction (P � 0.038)
was observed; a greater hypotriacylglycerolemic response was
seen in the male subjects than in the female subjects, and a
significant dose response to treatment evident only in males
(Figure 2A).

Although the trend toward greater responsiveness in E4 per-
sons was not statistically significant, there was a significant (P �
0.032) treatment � sex � genotype interaction; the greatest
hypotriacylglycerolemic effects were evident in apoE4 males:
15% (P � 0.004) and 23% (P � 0.001) reductions in TAG
concentrations were evident after the 8-wk 0.7FO and 1.8FO
intervention periods, respectively, in the male E4 subgroup (Fig-
ure 2B). This finding corresponds to a doubling of the response
observed for the group as a whole (n � 312).

Although treatment had no significant effect on TC concen-
trations, both fish-oil doses resulted in modestly (3–4%) but
significantly higher circulating LDL- (P � 0.010) and HDL- (P
� 0.001) cholesterol concentrations. End-of-treatment values of
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3.28 	 0.05, 3.38 	 0.05, and 3.38 	 0.06 mmol/L for LDL
cholesterol and of 1.44 	 0.02, 1.49 	 0.02, and 1.50 	 0.02
mmol/L for HDL cholesterol were seen after the CO, 0.7FO, and
1.8FO interventions, respectively. Both fish-oil doses produced
similar and significantly (P � 0.026) lower VLDL cholesterol
concentrations. There was no evidence of a dose-response effect
of the fish oil for any of the cholesterol fractions.

Fish-oil supplementation produced a shift in the HDL subclass
distribution (P � 0.001). Furthermore, a sex � treatment inter-
action was evident: the increase in the percentage of HDL-2 in
men was more than twice that in women, and the decrease in
HDL-3 in men was twice that in women (P � 0.001) (data not
shown; see Figure S2 under “Supplemental data” in the current
online issue). Because TAG is recognized as a strong determinant

of LDL and HDL particle size, further statistical analysis was
conducted to determine whether the effect of fish oil on the
percentage of HDL3 was independent of TAG concentrations. In
correlation analysis, a relatively weak but significant positive
association between the absolute change in HDL3 (as a percent-
age of total HDL) and in TAG concentrations after treatment was
evident (r � 0.149, P � 0.001). Subsequent repeated-measures
analysis of covariance indicated that the effect of treatment on the
HDL3 percentage remained significant (P � 0.030) after the
inclusion of TAG concentration as a covariate.

Although there was a general trend toward an increase in
apoA1 and apoB in response to fish-oil treatment, the small
(1–2%) changes were not significant. In contrast, significantly
higher plasma apoE concentrations were evident after 1.8FO

TABLE 2
Participant characteristics at baseline1

All participants
(n � 312)

Men
(n � 149)

Women
(n � 163) P2

Genotype (n)3

E2 87 38 49
E3 111 56 55
E4 114 55 59

Age group (n)
20–29 y 50 21 29
30–39 y 65 34 31
40–49 y 68 34 34
50–59 y 77 36 41
60–70 y 52 24 28

Age (y) 45.0 	 0.74 44.0 	 1.1 45.8 	 1.0 0.960
Weight (kg) 73.0 	 0.8 81.9 	 0.9 64.8 	 0.8 �0.001
BMI (in kg/m2) 25.2 	 0.19 26.2 	 0.2 24.3 	 0.3 �0.001
Blood pressure (mm Hg)

Systolic 123 	 1 129 	 1 118 	 1 �0.001
Diastolic 74 	 1 77 	 1 72 	 1 �0.001

Menopausal status
Premenopausal 53%
Perimenopausal 12%
Postmenopausal 35%

Plasma biochemistry
TC (mmol/L) 5.12 	 0.06 5.08 	 0.08 5.15 	 0.08 0.573
LDL-C (mmol/L) 3.22 	 0.05 3.29 	 0.07 3.15 	 0.07 0.152
HDL-C (mmol/L) 1.42 	 0.02 1.25 	 0.02 1.59 	 0.02 �0.001
TAG (mmol/L) 1.26 	 0.03 1.43 	 0.06 1.10 	 0.03 �0.001
LDL3 (% total LDL) 33.4 	 1.0 35.7 	 1.6 31.4 	 1.2 0.104
HDL3 (% total HDL) 35.3 	 0.6 38.7 	 0.9 32.2 	 0.7 0.000

Plasma glucose (mmol/L) 5.14 	 0.03 5.33 	 0.06 4.96 	 0.04 �0.001
Plasma insulin (�U/mL) 8.46 	 0.23 9.29 	 0.34 7.70 	 0.29 �0.001
Energy intake (kJ/d) 10.1 	 0.18 10.6 	 0.25 9.7 	 0.24 0.005
Habitual dietary fat intake

Percentage of energy (%) 29.9 	 0.3 29.7 	 0.5 30.0 	 0.5 0.828
P:S 0.41 	 0.01 0.41 	 0.01 0.40 	 0.01 0.864
SFA (% of energy) 11.6 	 0.18 11.6 	 0.23 11.6 	 0.26 0.920
MUFA (% of energy) 8.7 	 0.11 8.9 	 0.14 8.5 	 0.17 0.085
PUFA (% of energy) 4.5 	 0.08 4.5 	 0.11 4.5 	 0.11 0.983

Portions of oily fish/wk (n) 1.0 	 0.1 0.9 	 0.1 1.1 	 0.1 0.341
Units of alcohol/wk (n)5 7.5 	 0.4 10.7 	 0.7 4.7 	 0.4 �0.001

1 TC, total cholesterol; -C, cholesterol; TAG, triacylglycerol; P:S, ratio of polyunsaturated fatty acids (PUFA) to saturated fatty acids (SFA); MUFA,
monounsaturated fatty acids.

2 P values were obtained by using either an independent-sample t test or a Mann-Whitney test.
3 E2, n � 5 E2/E2 � n � 82 E2/E3; E3, n � 111 E3/E3; E4, n � 13 E4/E4 � n � 101 E3/E4.
4 x� 	 SEM (all such values).
5 1 UK unit � 10 mL or 8 g pure alcohol.
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than after CO and 0.7FO (P � 0.002); a sex � treatment inter-
action (P � 0.029) and a significant effect of treatment were
evident only in female subjects.

Markers of insulin sensitivity

There was no detectable effect of treatment on markers of
insulin sensitivity, including plasma glucose, insulin, and NEFA
concentrations (Table 4), or on homeostatic model assessment
and the revised quantitative insulin sensitivity check index (data
not shown).

Markers of oxidative status

Because the oxLDL assay quantifies the oxidation status of the
apoB moiety and because it is therefore influenced by absolute
apoB concentration, oxLDL data are expressed as the ratio of
oxLDL to apoB (oxLDL:apoB). Furthermore, because plasma
	-tocopherol concentrations are highly correlated with TC,
	-tocopherol data are expressed as 	-tocopherol:TC.

A significant treatment effect was evident for oxLDL:apoB;
the response in the 1.8FO group was significantly (P � 0.030)
different from that in the CO and 0.7FO groups. In the group aged

FIGURE 2. Plasma triacylglycerol (TAG) response to treatment: effect of
sex and APOE genotype. CO, control oil; 0.7FO, 0.7 g eicosapentaenoic acid
(EPA) � docosahexaenoic acid (DHA)/d; 1.8FO, 1.8 g EPA�DHA/d; E2 �
E2/E2 � E2/E3, n � 87; E3 � E3/E3, n � 111; E4 � E3/E4 � E4/E4, n �
114. Females (F), n � 163; males (M), n � 149. E2F, n � 49; E2 M, n � 38;
E3F, n � 55; E3 M, n � 56; E4F, n � 59; E3 M, n � 55. A: response to
treatment in the group as a whole and by sex and genotype individually. With
the use of repeated-measures analysis, a significant treatment effect (P �
0.001) and a significant treatment � sex interaction (P � 0.038) were ob-
served; a significant dose response was evident only in males. The trends
toward greater responsiveness in E4 carriers were not statistically significant.
B: genotype � sex responses to treatment. With the use of repeated-measures
analysis, a significant treatment � sex � genotype interaction was evident (P
� 0.032).

FIGURE 1. Change in plasma phosphatidylcholine long-chain (LC) n�3
polyunsaturated fatty acid (PUFA) enrichment according to treatment: effect
of sex. CO, control oil; 0.7FO, 0.7 g eicosapentaenoic acid (EPA) � doco-
sahexaenoic acid (DHA)/d; 1.8FO, 1.8 g EPA�DHA/d; DPA, docosapen-
taenoic acid; LC, long-chain; F, females; M, males. A: uncorrected data.
Treatment � sex interaction for EPA, DPA, DHA, and total LC n�3 PUFA
of �0.001, �0.001, NS, and �0.001, respectively. B: data expressed as
corrected for body mass [change in % of total fatty acid � body wt (in kg)].
*Significant within-treatment effect of sex, P � 0.05.
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60–70 y, an effect of treatment was evident for the 	-tocopherol:TC
response; a modestly lower ratio was seen in response to 1.8FO than
in response to CO (P � 0.04). A significant (P � 0.018) treatment
� genotype interaction was also observed in this age group; there
was little evidence of a fish-oil dose response in apoE2 and E4
subjects, but there was a significantly lower ratio in response to
1.8FO than in response to 0.7FO in the E3 subgroup.

DISCUSSION

To the best of our knowledge, the FINGEN Study is the most
comprehensive investigation of the effect of moderate-dose fish-
oil supplementation (�2 g EPA�DHA/d) on plasma lipid and
lipoproteins and the first to investigate systematically the effect
of age, sex, and APOE genotype on the response to modest
fish-oil supplementation. In the subjects of the present study as a
whole, administration of 0.7 or 1.8 g EPA�DHA/d resulted in an
absolute change of 3.10% or 3.86% of total plasma PC FAs as LC
n�3 PUFA, which equates to 43% and 69% increases from
baseline for the 2 doses, respectively. The results of the current
study were compared with those of previously reported trials
conducted by our group (28, 31–34), as indicated in Figure 3,
which plots EPA�DHA intakes against the increase from base-
line in plasma phospholipid EPA�DHA content. Despite large
inherent differences between these studies in terms of the sup-
plementation periods (from 8 wk to 6 mo), age and sex mixes, and
the DHA:EPA of the fish-oil supplements used (from 0.2 to 1.6),
a highly significant correlation (P � 0.001) is evident. Regres-
sion analysis indicates an increase of �1.08 in the percentage of
total FAs (EPA�DHA) for each 1-g increase in intake. Cur-
rently, because of the inherent difficulty in accurately quantify-
ing EPA�DHA intakes from available dietary assessment meth-
ods, there is great interest in the potential use of the LC n�3
PUFA content of total lipid or lipid fractions from plasma, blood

cells, or accessible body tissues, such as adipose tissue, as bi-
omarkers of short- or long-term intake. The current analysis
highlights the potential usefulness of plasma phospholipid FA
content as a biomarker of recent EPA�DHA intake. However, it
should be noted that the strength of the association is in part
attributable to the wide range of intakes for the studies included
in Figure 3 (ie, 0.70–4.95 g EPA�DHA/d), which exceeds the
normal ranges of intakes of these FAs in most Western popula-
tions. When the analysis was repeated including only those stud-
ies that administered more modest, dietarily achievable
EPA�DHA intakes of �2.0 g/d, the strength of the correlation
coefficient fell from 0.91 to 0.58, although it remained highly
significant (P � 0.006) (data not shown).

The enrichment of EPA and total LC n�3 PUFA in plasma PC
after fish-oil supplementation was significantly greater in fe-
males than in males, which could not be attributed to any differ-
ences in baseline LC n�3 PUFA status or compliance with
treatment, and which highlights the need to consider sex when
plasma phospholipid composition is used as a biomarker of LC
n�3 PUFA intakes. However, this effect was ameliorated when
these enrichment data were adjusted for the body mass of the
volunteers, which suggests that the apparent sex difference in
plasma EPA response was attributable to the greater dose per unit
of body weight in females rather than to any physiologic effect on
EPA metabolism. In contrast, there was a significantly greater
weight-adjusted increase in plasma PC DHA in the men than in
the women in response to fish-oil treatment.

Sex differences in ability to synthesize EPA and DHA from the
parent essential n�3 PUFA, 	-linolenic acid, have been ob-
served previously; the capacity in premenopausal women is
greater than that in men (35, 36). Our novel observation of greater
enrichment of the weight-adjusted plasma PC pool of DHA sug-
gests an effect of sex on DHA metabolism and partitioning. This
finding is worthy of further investigation, because it has impli-
cations for the use of tissue concentrations as markers of status or
intake in mixed-sex groups and also provides evidence of sex-
mediated differences in tissue metabolism of LC n�3 PUFA,
which may affect the responsiveness to supplementation. The
current study provides some evidence to support the latter: the
degree of differential responsiveness of plasma lipids and apo-
lipoproteins to fish-oil intervention was influenced by sex.

Overall intakes of 0.7 and 1.8 g EPA�DHA/d resulted in 8%
and 11% reductions in fasting TAG concentrations, respectively,
and there was no significant dose response. Most previous
placebo-controlled studies using doses comparable to the 1.8FO
intake (1.5–1.8g EPA�DHA/d) failed to detect any significant
effect of fish-oil intervention (37–40). However, closer exami-
nation of the data indicates a nonsignificant 7–18% fish oil–
induced reduction in TAG concentrations in these studies; the
lack of significance reflects the fact that TAG may have not have
represented the primary study outcome, and the studies were
underpowered (n � 12–20/group) to detect more subtle (�20%)
reductions in TAG concentrations. Retrospective power calcu-
lations based on the baseline fasting TAG concentrations in the
current study of healthy subjects and a previous study of mildly
hypertriacylglycerolemic persons (19), in which the investiga-
tors found mean 	 SD TAG concentrations of 1.24 	 0.65 and
2.48 	 0.88 mmol/L, respectively, indicate that group sizes of
231 and 98 would be necessary to detect 10% reductions in
circulating TAG concentrations in response to modest fish-oil
supplementation. Therefore, it is likely that a lack of study power

FIGURE 3. Relation between intakes of eicosapentaenoic acid (EPA) �
docosahexaenoic acid (DHA) and plasma phospholipid (PL) EPA�DHA
enrichment. The data included in the analysis were derived from the current
study and 5 previous trials conducted by our group (28, 31–34). The numbers
on the figure relate to the study reference, and “FG” represents the current
study (the FINGEN Study).
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rather than a lack of a real hypotriacylglycerolemic response may
be responsible for previously reported nonsignificant effects of
doses of 1–2 g EPA�DHA/d on fasting TAG concentrations.

To date, few studies have examined the effect of EPA�DHA
intakes of �1 g/d on TAG concentrations. In the current study,
we report an 8% reduction in TAG in the group as a whole after
consumption of 0.7 g EPA�DHA/d for 8 wk. A comparable
modest but nevertheless significant placebo-corrected 4.8% re-
duction in TAG was observed in the Gruppo Italiano per lo Studio
della Sopravvivenza nell’Infarto miocardico trial after supple-
mentation with 0.9 g EPA�DHA/d for 26 wk (41).

We observed an indication of greater responsiveness to fish oil
in males. Because the data were corrected for baseline concen-
tration, this greater responsiveness in males is not simply reflec-
tive of higher fasting concentrations. Although the response to
the 0.7 g EPA�DHA/d dose was similar in men and women, the
lowering of TAG concentrations in response to the 1.8-g
EPA�DHA/d dose in males was �3 times that in females. This
effect may be due to greater partitioning of EPA�DHA toward
storage pools in females than in males and to a greater metabo-
lism and utilization in males than in females, both of which
differences are associated with the hypotriacylglycerolemic re-
sponse. The TAG-lowering action of fish-oil FAs has been at-
tributed, largely, to the activation of a number of hepatic tran-
scription factors, which results in an up-regulation of expression
of the genes encoding a number of �-oxidizing enzymes and a
down-regulation of genes encoding lipogenic enzymes, which
ultimately result in a smaller FA pool in the liver for VLDL
synthesis and in lower VLDL-TAG secretion (42, 43).

The TAG-lowering effect of EPA�DHA is known to be me-
diated in part by apoE, because no hypotriacylglycerolemic ef-
fects are seen in apoE knockout rodents (44, 45). On the basis of
that observation, of the central role of apoE in VLDL assembly
and secretion into the circulation, and of its role as a high-affinity
ligand for the hepatic removal of TRL remnants, it can be pre-
dicted that APOE genotype may influence the responsiveness to
TAG lowering by fish oil. Although no significant effect of
genotype was evident, there was a trend toward greater respon-
siveness in carriers of the �4 allele: a significant sex � genotype
� treatment interaction was seen, and 15% and 23% reductions
in TAG were evident in response to 0.7FO and 1.8FO in male �4
carriers, respectively. The selective affinity of the E4 protein
isoform for VLDL (46), in contrast with the E2 and E3 isoforms,
which have a preference for the more lipid-poor large HDL
protein, may help explain the apparently greater TAG lowering
in E4 persons.

Furthermore, consistent with our previous study (47), modest
intakes of EPA�DHA resulted in higher circulating apoE con-
centrations. The effect was not APOE genotype–dependent and
was evident only in females. Given the dual role of apoE as an
inhibitor of VLDL synthesis (and therefore of TAG secretion into
the circulation) and in TAG removal, the contribution of these
modest changes in apoE to the overall TAG lowering observed
and to the sex-specific differences is difficult to interpret.

In addition, fish-oil treatment resulted in higher HDL concen-
trations and a higher proportion of larger HDL2 particles, both of
which are consistent with previous studies (48). Because HDL
size is greatly dependent on circulating TAG concentrations
(through the system of neutral lipid exchange), the contribution
of TAG lowering to the significant increases in HDL size was
examined. A weak but significant association between changes

in TAG and HDL size in response to treatment was evident.
However, a significant effect of treatment remained after correc-
tion of the model for TAG changes, which indicates that there are
TAG-independent effects of fish oils on HDL size. We speculate
that these effects may be due, at least in part, to the reported effect
of fish oils on hepatic lipase activity (49), which would result in
less lipolysis of TAG-enriched HDL2 particles into the smaller
HDL3 particles. As with TAG lowering, we observed a greater
effect on HDL size in males: the reductions in response to fish-oil
intervention were 8–11% and 2–4% in males and females, re-
spectively. The greater TAG lowering in males, together with a
potentially greater effect of EPA�DHA on hepatic lipase gene
expression, is likely to be responsible for this greater positive
effect on HDL size in men.

Two commonly cited, potentially deleterious effects of high-
dose (�3 g EPA�DHA/d) fish-oil intervention are an LDL cho-
lesterol–raising effect (15, 19) and an effect on whole-body ox-
idative status (50). However, the effects, if any, of lower intakes
of fish oil on these markers of CVD risk are largely unknown. In
the current study, the 2–3% increases in LDL cholesterol were
much lower than those reported with higher intakes of
EPA�DHA (15, 19), and it is unlikely that they are of much
clinical significance. Increases in LDL cholesterol after
EPA�DHA intervention have been attributed to the known ef-
fect of EPA and DHA on VLDL-TAG output with respect to a
shift from the larger VLDL1 to the smaller TAG-depleted
VLDL2 particle, which acts as a precursor for LDL synthesis
(51). In contrast with our previous study, in which an effect of
genotype on the LDL cholesterol response was evident—7%
increases were observed in the group as a whole, and 3%, 1%, and
16% increases were observed in E2, E3, and E4 subgroups,
respectively, after 3 g EPA�DHA/d (19)—there was no signif-
icant effect of genotype in the current study. Taken together,
these data suggest that the effect of APOE genotype on the LDL-
cholesterol response may be dose dependent.

Although a significant effect of treatment on oxLDL concen-
trations was observed, closer examination of the data shows that
the significant between-group differences are due to lower con-
centrations in the placebo and 0.7FO groups and that there was no
effect of treatment in the 1.8FO group. The effect on circulating
	-tocopherol appears to be age dependent, and there was no
effect of treatment in the age categories of �50 y. The greatest
reductions were in response to CO in the group aged 50–59 y, and
the significant (6%) reduction in the group aged 60–70 y after
1.8FO supplementation is unlikely to be of wide clinical signif-
icance. Overall, although some significance was achieved, and
although data on urinary isoprostane (considered one of the most
robust currently available biomarkers of oxidative status) are not
available, the results of the current trial indicate that �2 g
EPA�DHA/d intervention has little effect on oxidative status.
This finding is in agreement with a review article in the area of
study (52).

In conclusion, in contrast to what had been previously thought,
the plasma lipid–modulating effects of LC n�3 PUFA are evi-
dent at doses as low as 0.7 g/d. At a population level, the overall
clinical significance of the 0–10% TAG, cholesterol, and HDL
and LDL size changes may be modest, but, for certain persons,
such as males with an APOE4 genotype (�11% of whites), the
lipid-modulatory effects observed at these EPA-DHA doses are
likely to have a significant effect on CVD risk. Furthermore, in
an era when we are moving away from generic dietary advice
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toward a more personalized approach to nutritional advice (53),
there is a great need to establish the various responses to treat-
ment in population subgroups, as has been conducted in the
current trial.
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