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bstract

Supplementation with fish oils, rich in n − 3 polyunsaturated fatty acids, modifies cardiovascular risk factors. However, dose–response
elationships are poorly defined and whether similar effects are seen in young and older subjects is not known. This study determined the
ffect of supplementing the diet of young and older male subjects with different amounts of an eicosapentaenoic acid (EPA)-rich oil. Healthy
oung (18–42 years) and older (53–70 years) males were randomized to placebo or 1.35, 2.7 or 4.05 g EPA/day for 12 weeks. There was no
ffect of EPA on blood pressure or on plasma total, LDL or HDL cholesterol. EPA lowered plasma triacylglycerols, with the maximal effect
t the lowest dose. Plasma lipoperoxides decreased in all groups. EPA decreased the lag time of copper-induced lipoprotein peroxidation and
he ratio of reduced to total glutathione in the older subjects. The highest dose of EPA increased soluble E-selectin in young subjects, while

ncreasing EPA tended to decrease soluble intercellular adhesion molecule 1 in young and older subjects. Young and older males will gain
ardiovascular benefit from increased intake of EPA. Young males are unlikely to suffer adverse consequences from high EPA intake, whereas
lder males may have an increased risk of lipoprotein peroxidation.

2006 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

The observed low incidence of cardiovascular mortality
mong Inuit populations [1] and the Japanese [2] has been
scribed to their high intake of long chain n − 3 polyunsat-
rated fatty acids (PUFAs) [3]. These fatty acids are found
n fish and other seafood, especially so-called oily fish, and

any epidemiological and case–control studies conducted
n Western Europe and North America have reported sig-

ificant inverse correlations between the intake of fish, oily
sh or long chain n − 3 PUFAs or the status of long chain
− 3 PUFAs and cardiovascular outcomes [see 4–6]. The
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rotective effects of long chain n − 3 PUFAs are explained
y a reduction in risk factors for atherosclerosis, with much
nformation coming from studies using fish oils, which are
ypically rich in the two major long chain n − 3 PUFAs, eicos-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA).
upplementation of the diet with fish oils for periods of a
ew weeks to a few months has been shown to result in a
owering of systolic and diastolic blood pressure [see 7 for a

eta-analysis] and of fasting plasma triacylglycerol concen-
rations [see 8,9]. Endothelial dysfunction and inflammation
re now considered to be major risk factors for cardiovas-

ular disease [10,11] and elevated plasma concentrations
f soluble adhesion molecules, indicative of inflammatory
rocesses affecting the endothelium, have been observed in
ubjects at risk of or suffering from cardiovascular disease

mailto:roberta.cazzola@unimi.it
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Table 1
Characteristics at baseline of the population

Young subjects Older subjects

Age (years) 24.4 ± 0.6 60.7 ± 0.8*

Body weight (kg) 76.2 ± 1.07 83.7 ± 1.67*

BMI (kg/m2) 24.1 ± 0.3 27.6 ± 0.5*

SBP (mm) 134.8 ± 1.4 139.3 ± 2.1
DBP (mm) 80.5 ± 1.2 86.4 ± 1.0*

Total cholesterol (mM) 3.69 ± 0.08 4.68 ± 0.10*

HDL cholesterol (mM) 1.13 ± 0.03 1.03 ± 0.04
LDL cholesterol (mM) 2.18 ± 0.06 3.16 ± 0.07*

Triacylglycerols (mM) 0.83 ± 0.04 1.03 ± 0.06*

Plasma sVCAM-1 (�g) 610.6 ± 30.6 977.4 ± 54.6*

Plasma sICAM-1 (�g/l) 60.5 ± 2.4 56.3 ± 4.1
Plasma sE-selectin (�g/l) 67.3 ± 3.7 122.0 ± 11.0*

Values are mean ± S.E.M. for subjects who completed the study. BMI, body
mass index; ICAM-1, intercellular adhesion molecule 1; SBP, systolic blood
pressure; DBP, diastolic blood pressure; VCAM-1: vascular cell adhesion
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12–14] and are considered by some to be useful markers
f risk [15,16]. Fish oil supplementation has been shown to
esult in decreased plasma concentrations of some soluble
dhesion molecules [17], suggesting decreased endothelial
nflammation or decreased release from the endothelium.
aradoxically, fish oil supplementation has been demon-
trated to cause a small increase in plasma total and LDL
holesterol concentrations [see 9] and to increase the suscep-
ibility of lipoproteins to ex vivo peroxidation [18–20]. The
atter effect is likely due to the high number of double bonds
resent in long chain n − 3 PUFAs which would provide
ncreased substrate for lipid peroxidation once incorporated
nto lipoproteins. Indeed, fish oil supplementation of the diet
as been shown to increase the circulating concentrations of
ndicators of oxidative stress such as lipid hydroperoxides
21,22]. Despite these apparently deleterious effects of long
hain n − 3 PUFAs, recommendations to increase their intake
ave been made [5,23–25].

Despite the large number of studies with fish oil inves-
igating cardiovascular risk factors, there are relatively few
ose–response studies. Furthermore, there are few attempts
o ascribe the effects of fish oil to the individual long chain
− 3 PUFAs present (i.e. EPA or DHA). Additionally, there

s very little information on whether long chain n − 3 PUFAs
xert similar effects in individuals of different ages. Finally,
ome of the potentially deleterious effects of fish oil could
e avoided if lipid-soluble antioxidant vitamins such as
-tocopherol were co-administered in sufficient amounts.
herefore, this study investigated the dose–response effects
f an EPA-rich oil, administered in combination with �-
ocopherol, in young and older male subjects. Outcomes
nvestigated were blood pressure, plasma lipid, �-tocopherol
nd soluble adhesion molecule concentrations, the suscep-
ibility of lipoproteins to copper-induced peroxidation, and
ndices of oxidative stress. The overall aim of the study was
o produce findings that will allow nutritional policy mak-
rs to develop scientifically sound recommendations and to
evelop improved preventative and therapeutic strategies for
ifferent age groups regarding cardiovascular health.

. Subjects, materials and methods

.1. Subjects and study design

Ethical permission for all procedures involving human
olunteers was obtained from the relevant ethical committees.
ealthy young and older adult males aged 18–42 and 53–70
ears, respectively, were invited to participate in the study.
ll volunteers completed a health and lifestyle questionnaire
rior to entering the study. Volunteers were excluded if they
ere taking any prescribed medication; were vegetarian; con-
umed fish oil, evening primrose oil or vitamin supplements;
moked >10 cigarettes/day; drank >10 units of alcohol/week;
ad a body mass index >32 kg/m2; or consumed >1 portion
f oily fish/week. One hundred young male and 69 older

D
o
0
E

olecule 1.
* Significantly different from the young subjects (P < 0.01; Student’s t-

est).

ale subjects were recruited to the study. Ninety-three young
ale and 62 older male subjects completed the study. Drop-

uts were distributed across all treatment groups. Data are
eported for those subjects who completed the study.

Subjects were randomly allocated in a double-blind fash-
on to one of four treatment groups; placebo, low EPA,

oderate EPA and high EPA. Baseline characteristics of the
oung and older subjects are shown in Table 1; there were
o differences in these characteristics across the treatment
roups at baseline within each age group. Older subjects had
ignificantly higher body weight, BMI, diastolic blood pres-
ure, and plasma total and LDL cholesterol, triacylglycerol,
VCAM-1, and sE-selectin concentrations (Table 1). Systolic
lood pressure also tended to be higher but not significantly
ifferent in older subjects (P = 0.087).

Subjects consumed nine 1 g capsules/day for 12 weeks.
he capsules were provided by Pronova Biocare AS, Lysaker,
orway. Subjects in the placebo group consumed 9 × 1 g

orn oil capsules/day. Subjects in the low EPA group con-
umed 6 g corn oil plus 3 g EPA-rich oil (EPAX 4510TG)
n capsules (9 × 1 g) per day. Subjects in the moderate EPA
roup consumed 3 g corn oil plus 6 g EPA-rich oil in capsules
9 × 1 g) per day. Subjects in the high EPA group consumed
g EPA-rich oil in capsules (9 × 1 g) per day. Capsules were
rovided to subjects in small plastic pots each containing
he daily allocation (i.e. nine capsules) with instructions to
ake three capsules three times daily. The EPA-rich oil con-
ained 45% of fatty acids as EPA and 9% of fatty acids as
ocosahexaenoic acid (DHA; 22:6n − 3) (Table 2), mainly
>90%) in triacylglycerol form. Thus, the intakes of EPA
rom the capsules were 1.35, 2.7 and 4.05 g/day, respectively,
n the low, moderate and high EPA groups and the intakes of

HA were approximately 0.27, 0.54 and 0.81 g/day. Intakes
f linoleic acid from the capsules were 5.5, 3.7, 1.8 and
.1 g/day, respectively, in the placebo, low EPA, moderate
PA and high EPA groups. Habitual intakes of linoleic acid



R. Cazzola et al. / Atheroscleros

Table 2
Fatty acid composition of the placebo and EPA-rich capsules

Fatty acid Placebo EPA-rich

14:0 1.2 0.5
16:0 9.2 4.4
16:1n − 7 0 1.9
18:0 1.9 4.5
18:1n − 7 0 4.5
18:1n − 9 24.8 8.2
18:2n − 6 61.7 0.9
18:3n − 3 0 0.7
18:4n − 3 0 3.6
20:1n − 9 0 3.8
20:4n − 6 0 2.5
20:4n − 3 0 1.6
20:5n − 3 (EPA) 0 44.9
22:5n − 3 (DPA) 0 2.6
22:6n − 3 (DHA) 0 8.7
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alues are g/100 g total fatty acid.

nd EPA were not measured, but would be expected to be
n the range of 8–16 (mean approximately 12.5) [26] and
0.2 g/day [23], respectively. All capsules contained 3.6 mg
-tocopherol. Thus, all subjects consumed an additional
2 mg �-tocopherol/day from the capsules (average habit-
al intake would be expected to be in the range 5–20 (mean
pproximately 10) mg/day [27]). Compliance was assessed
y returned capsule counting and plasma lipid fatty acid
rofiles.

.2. Blood collection

Blood was collected (using heparin as anticoagulant) from
ubjects in the fasted state (>10 h without food) in the morn-
ng at study entry and after 12 weeks of treatment. Plasma
as prepared by centrifugation at 1000 × g for 15 min at room

emperature. Plasma samples were immediately divided into
liquots then stored at −80 ◦C until further assays. Plasma
amples were thawed only once, at the time of the assays,
nd samples collected at baseline and at the end study from
given subject were analyzed in the same assay to eliminate

nter-assay variability.

.3. Plasma phospholipid fatty acid composition

Lipid was extracted from plasma with chloro-
orm/methanol (2:1, v/v) and phospholipids isolated
y thin layer chromatography using a mixture of hex-
ne/diethyl ether/acetic acid (90:30:1, v/v/v) as the elution
hase. Fatty acid methyl esters were prepared by incubation
ith 140 g/l boron trifluoride in methanol at 80 ◦C for

0 min, and analyzed by gas chromatography as described
lsewhere [28]. Peroxidation index was calculated as

∑
((concentration of each PUFA(mmol/L))

× (the number of double bonds in that PUFA − 1))

m
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.4. Plasma lipid concentrations

Total cholesterol, HDL cholesterol and triacylglycerol
oncentrations in plasma were determined by enzymatic
ethods using Roche Diagnostics standards and kits (Roche
iagnostics S.p.A., Milan, Italy). HDL cholesterol concen-

rations were quantified after precipitation of LDL and VLDL
ractions with phosphotungstic acid and magnesium chloride
Sigma–Aldrich S.r.l., Milan, Italy), and the LDL concentra-
ions were calculated using the Friedewald formula [29].

.5. Lipid-soluble vitamin concentrations and markers
f oxidative stress

The concentrations of lipid-soluble vitamins were mea-
ured by reverse-phase high performance liquid chromatog-
aphy (HPLC) as previously described [30].

Plasma lipid hydroperoxide concentrations were mea-
ured using a colorimetric kit (D-ROM test Diacron, Gros-
eto, Italy); results are expressed as micromoles per liter of
2O2 equivalents, according to the manufacturer’s instruc-

ions.
Lipoprotein susceptibility to peroxidation was measured

n plasma by determining the kinetics of copper-induced per-
xidation resulting in the formation of fluorescent adducts
riginating from the reaction of aldehydes derived from lipid
eroxidation with amino groups of apolipoproteins and/or
hospholipids [31]. Fluorescence emission was monitored at
30 nm, setting the excitation at 360 nm, every 30 min for
h. The lag time before the propagation phase occurred was
etermined and is expressed in minutes. Lag time is an index
f lipoprotein resistance to oxidation and is influenced by
oth lipid- and water-soluble plasma components, since the
xidation was carried out in whole plasma. The rate of the
ropagation phase was also determined.

Reduced and oxidized glutathione concentrations were
easured according to Hissin and Hilf [32].

.6. Plasma soluble adhesion molecule concentrations

The concentrations of sVCAM-1, sICAM-1 and sE-
electin in plasma were measured by specific ELISAs
btained from BioSource (Nivelles, Belgium). Limits of
etection for these assays were <0.5 �g/l (sVCAM-1),
0.04 �g/l (sICAM-1), and <0.5 �g/l (sE-selectin) (data sup-
lied by the manufacturer’s of the kits).

.7. Statistical analysis

Results are reported as mean ± standard error of mean
S.E.M.) for each treatment group. Data were checked for nor-
ality, and skewed parameters were log transformed before
tatistical analysis. The differences between baseline values
f young and older subjects were analyzed using Student’s
-test. The statistical significances of age and treatment were
nalyzed by using two-factor repeated measures analysis of
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Fig. 1. Changes in proportions of n − 6 and n − 3 PUFAs in plasma phos-
pholipids of young (A) and older (B) male subjects supplementing their diet
with placebo or with one of three doses of an eicosapentaenoic acid-rich oil.
Data are mean ± S.E.M. change after 12 weeks of supplementation. DGLA,
di-homo-�-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapen-
taenoic acid; EPA, eicosapentaenoic acid. *Significantly different from
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groups receiving EPA and this change was significantly dif-
62 R. Cazzola et al. / Ather

ariance (ANOVA) with the baseline value as the covariate.
hen a significant interaction between factors was found,

ost hoc tests with Bonferroni’s correction were used. In
ll analyses a value of P < 0.05 was considered statistically
ignificant. All statistical analyses were performed by using
tatistiXL software (Version 1.5; StatistiXL, Western Aus-

ralia).

. Results

.1. BMI and blood pressure

There were no significant effects of treatment on body
eight, BMI or blood pressure in either young or older sub-

ects (data not shown).

.2. Plasma phospholipid fatty acid composition

The total concentration of phospholipid fatty acids was
ignificantly higher in the older than in the young subjects
t baseline (approximately 4.2 mM versus 1.7 mM) and this
ifference was maintained after treatment in all groups (data
ot shown). The fatty acid composition of plasma phospho-
ipids from subjects in this study has been reported recently
33] and will be summarised here. The proportions of total
aturated fatty acids (approximately 48%), monounsaturated
atty acids (approximately 14%) and PUFAs (approximately
8%) in plasma phospholipids were not different between
he young and older subjects at baseline and were not
ffected by treatment. At baseline, young subjects had lower
roportions of di-homo-�-linolenic acid (2.6 ± 0.1% versus
.2 ± 0.1%; P < 0.001), EPA (1.1 ± 0.1% versus 1.4 ± 0.1%;
= 0.014), docosapentaenoic acid (DPA; 0.98 ± 0.03% ver-

us 1.10 ± 0.04%; P = 0.009) and DHA (3.3 ± 0.1% versus
.7 ± 0.2%; P < 0.001) than older subjects. Fatty acid compo-
ition of plasma phospholipids did not change in the placebo
roup [33]. However, plasma phospholipid EPA and DPA
ncreased from baseline in the groups receiving the EPA-
ich oil [33] (Fig. 1), and in these groups EPA and DPA
ere significantly higher after treatment compared with the
lacebo group in both old and young subjects [33]. The
ncrease in the EPA content of plasma phospholipids was
ose-dependently related to the amount of EPA provided by
he capsules (ρ = 0.74 for young and ρ = 0.882 for older sub-
ects; both P < 0.001) and was greater in the older subjects
hen compared with the young subjects at each EPA dose

33]. The changes in DPA were also greater in the older
han the young subjects at each treatment dose [33]. DHA
ncreased in plasma phospholipids in young and older sub-
ects receiving the moderate and high doses of EPA [33]
Fig. 1). The increase in the n − 3 PUFAs in plasma phos-

holipids after supplementing the diet with an EPA-rich oil
as mirrored by a dose-dependent decrease in the propor-

ion of the n − 6 PUFAs, linoleic, di-homo-�-linolenic and
rachidonic [33] (Fig. 1).

f
d
s
w

lacebo group; †significantly different from low EPA group; ¶significantly
ifferent from moderate EPA group.

The peroxidation index calculated for plasma phospho-
ipids did not change in the subjects receiving placebo but
ncreased significantly in young subjects in the high EPA
roup and in older subjects in the moderate and high EPA
roups (Table 3). The increases in the subjects in the high
PA groups were approximately 25% and these changes were
ignificantly greater than those seen in the corresponding
lacebo groups (approximately 2% increase).

.3. Plasma lipid concentrations

No significant effects of treatment on the plasma concen-
rations of total, LDL and HDL cholesterol were observed
Table 4). However, plasma triacylglycerol concentrations
ere significantly decreased in both young and older sub-

ects receiving EPA (Table 4). The extent of the decrease
as approximately 25% in the young subjects in all three
erent from that seen in the placebo group. The extent of the
ecrease in older subjects receiving EPA was similar to that
een in the young subjects (25–30%) but a similar decrease
as also seen in the placebo group.
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Table 3
Peroxidation index of plasma phospholipids, ratio of plasma phospholipid PUFA and lipids (cholesterol + triacylglycerol) to plasma �-tocopherol at baseline
and after 12 weeks of supplementation

Treatment group Time (week) Peroxidation index PUFA/�-tocopherol (mmol/mmol) Plasma lipids/�-tocopherol
(mmol/mmol)

Young Older Young Older Young Older

Placebo
0 1.06 ± 0.04 2.67 ± 0.18 35.2 ± 1.8 60.8 ± 2.8 241.4 ± 7.6 239.7 ± 19.3

12 1.07 ± 0.06 2.67 ± 0.19 32.1 ± 2.0 52.4 ± 2.6 214.2 ± 10.2* 167.6 ± 8.3*

Low EPA
0 1.06 ± 0.05 2.84 ± 0.18 33.9 ± 1.8 59.7 ± 2.6 241.3 ± 10.6 211.5 ± 8.3

12 1.12 ± 0.07 2.97 ± 0.19 25.6 ± 1.5* 52.2 ± 2.7* 176.6 ± 7.6* 164.5 ± 5.4*

Moderate EPA
0 1.08 ± 0.04 2.71 ± 0.18 35.5 ± 2.6 63.1 ± 4.1 209.9 ± 12.0 247.5 ± 20.3

12 1.15 ± 0.07 3.34 ± 0.24* 27.2 ± 1.5* 54.1 ± 3.1 189.8 ± 6.5* 185.5 ± 9.2*

High EPA
0 1.01 ± 0.06 2.86 ± 0.18 31.6 ± 1.7 65.0 ± 3.3 213.8 ± 7.5 240.6 ± 11.9

* 2
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12 1.27 ± 0.08* 3.55 ± 0.25

alues are mean ± S.E.M. for subjects who completed the study.
* Significantly different from baseline (P < 0.05; paired Student’s t-test).

.4. Plasma lipid-soluble vitamin concentrations and
arkers of oxidative stress

At baseline older subjects had significantly higher concen-
rations of �-tocopherol and �-carotene than young subjects
�-tocopherol: young subjects 20.5 ± 0.5 �M, older subjects
5.3 ± 0.7 �M; �-carotene: young subjects 0.33 ± 0.01 �M,
lder subjects 0.39 ± 0.02 �M; both P < 0.01; Student’s t-
est). Plasma concentrations of �-tocopherol, but not of �-
arotene, increased similarly in all treatment groups, includ-
ng the placebo group (data not shown). The increase in
lasma �-tocopherol was approximately 20% (data not
hown). The ratio of plasma phospholipid PUFA to �-
ocopherol decreased significantly in young subjects receiv-
ng the EPA-rich oil (Table 3). Older subjects receiving EPA
howed a similar decrease in this ratio, but this was signifi-
ant only in the low EPA group (Table 3). The ratio of plasma
ipids (total cholesterol + triacylglycerols) to �-tocopherol
ecreased significantly in all treatment groups, including the
lacebo group (Table 3).
Plasma lipid hydroperoxide concentrations decreased by
pproximately 10% in both young and older subjects irre-
pective of treatment group (Table 5). Lag time of copper-
nduced lipoprotein peroxidation and the ratio of reduced to

t
s
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c

able 4
lasma lipid concentrations at baseline and after 12 weeks of supplementation

reatment group Time (week) Total cholesterol (mM) LDL choleste

Young Older Young

lacebo
0 3.8 ± 0.1 4.8 ± 0.1 2.3 ± 0.1

12 3.7 ± 0.1 4.4 ± 0.1 2.0 ± 0.1

ow EPA
0 3.6 ± 0.2 4.5 ± 0.2 2.2 ± 0.1

12 3.5 ± 0.2 4.1 ± 0.1 2.2 ± 0.2

oderate EPA
0 3.8 ± 0.1 4.7 ± 0.2 2.2 ± 0.1

12 3.6 ± 0.2 4.4 ± 0.1 2.0 ± 0.1

igh EPA
0 3.5 ± 0.1 4.7 ± 0.2 2.0 ± 0.1

12 3.4 ± 0.2 4.5 ± 0.1 1.9 ± 0.2

alues are mean ± S.E.M. for subjects who completed the study.
* Significantly different from baseline (P < 0.05; paired Student’s t-test).
6.0 ± 1.0* 53.7 ± 3.8 177.3 ± 6.9* 181.7 ± 9.5*

otal glutathione were not altered in young subjects (Table 5).
owever, in the older subjects treated with EPA, the lag

ime of lipoprotein peroxidation and the ratio of reduced
o total glutathione were significantly decreased (Table 5).
n the moderate and high EPA groups the changes in these
arameters were significantly different from those seen in the
lacebo group (data not shown). It is notable that the lag time
f lipoprotein peroxidation in response to copper in the older
ubjects in moderate and high EPA groups was decreased by
0%. There was no effect of treatment on the rate of the prop-
gation phase of lipoprotein peroxidation (data not shown).

.5. Plasma soluble adhesion molecule concentrations

Plasma sICAM-1 concentrations were not significantly
ffected by treatment with EPA in either young or older sub-
ects (Table 6). In contrast, the plasma concentration of sE-
electin was significantly increased in young subjects in the
igh EPA group (Table 6). Plasma sVCAM-1 concentrations
ended to decrease with increasing intake of EPA, although

he observed changes were not significant (Table 6). Con-
istent with this trend, the relationship between the change
n the proportion of EPA in plasma phospholipids and the
hange in sVCAM-1 concentration was significant for the

rol (mM) HDL cholesterol (mM) Triacylglycerols (mM)

Older Young Older Young Older

3.2 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 0.7 ± 0.1 1.1 ± 0.1
3.0 ± 0.1 1.3 ± 0.1 1.0 ± 0.1 0.8 ± 0.1 0.9 ± 0.1*

3.1 ± 0.2 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1
2.8 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.6 ± 0.1* 0.7 ± 0.1*

3.2 ± 0.2 1.2 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 1.2 ± 0.1
2.9 ± 0.1 1.2 ± 0.1 1.0 ± 0.1 0.6 ± 0.1* 0.9 ± 0.1*

3.1 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 0.8 ± 0.1 1.0 ± 0.1
3.0 ± 0.1 1.2 ± 0.2 1.1 ± 0.1 0.6 ± 0.1* 0.7 ± 0.1*



164 R. Cazzola et al. / Atherosclerosis 193 (2007) 159–167

Table 5
Indices of plasma oxidative stress at baseline and after 12 weeks of supplementation

Treatment group Time (week) Lipid hydroperoxides (�M) Lag time of lipoprotein peroxidation
(min)

GSH/glutathione

Young Older Young Older Young Older

Placebo
0 6.2 ± 0.1 6.8 ± 0.1 183.2 ± 6.2 116.7 ± 8.0 0.88 ± 0.01 0.77 ± 0.01

12 5.3 ± 0.1* 5.8 ± 0.1* 188.8 ± 5.9 118.5 ± 8.0 0.90 ± 0.01 0.78 ± 0.01

Low EPA
0 6.2 ± 0.1 6.8 ± 0.2 182.1 ± 7.6 122.2 ± 9.0 0.86 ± 0.02 0.79 ± 0.01

12 5.7 ± 0.1* 6.2 ± 0.1* 188.4 ± 7.3 97.5 ± 8.7* 0.87 ± 0.01 0.71 ± 0.01*

Moderate EPA
0 6.3 ± 0.2 7.0 ± 0.2 188.5 ± 6.4 130.1 ± 5.7 0.89 ± 0.01 0.81 ± 0.01

12 5.6 ± 0.1* 6.3 ± 0.1* 204.4 ± 5.4 61.6 ± 8.4* 0.90 ± 0.01 0.64 ± 0.01*

High EPA
0 6.2 ± 0.1 6.7 ± 0.1 189.8 ± 7.3 133.0 ± 5.8 0.87 ± 0.01 0.81 ± 0.01

12 5.7 ± 0.09* 6.1 ± 0.1* 184.7 ± 7.1 63.9 ± 5.1* 0.87 ± 0.01 0.62 ± 0.01*

Values are mean ± S.E.M. for subjects who completed the study.
* Significantly different from baseline (P < 0.05; paired Student’s t-test).

Table 6
Plasma soluble adhesion molecule concentrations at baseline and after 12 weeks of supplementation

Treatment group Time (week) sVCAM-1 (�g/l) sICAM-1 (�g/l) sE-selectin (�g/l)

Young Older Young Older Young Older

Placebo
0 567.4 ± 49.1 1188.0 ± 141.9 54.5 ± 4.8 57.1 ± 6.9 59.8 ± 6.5 96.0 ± 5.8

12 655.7 ± 60.9 1016.4 ± 103.2 51.0 ± 4.7 48.8 ± 6.0 55.5 ± 4.1 114.1 ± 10.0

Low EPA
0 668.7 ± 80.3 993.9 ± 64.5 60.1 ± 3.9 52.0 ± 7.6 64.9 ± 5.7 144.5 ± 31.4

12 578.6 ± 78.2 893.0 ± 67.6 55.6 ± 3.8 49.6 ± 7.1 62.9 ± 6.9 135.8 ± 21.8

Moderate EPA
0 599.5 ± 53.1 905.0 ± 103.5 65.8 ± 4.1 68.3 ± 9.4 72.4 ± 9.9 143.5 ± 27.6

12 571.7 ± 54.2 738.5 ± 50.1 65.9 ± 5.6 51.0 ± 8.0 75.5 ± 9.4 119.1 ± 9.1

High EPA
0 608.9 ± 61.1 977.0 ± 152.1 61.9 ± 6.0 48.2 ± 7.2 71.8 ± 6.9 127.3 ± 25.6

12 530.5 ± 37.6 770.9 ± 62.4 59.2 ± 3.7 48.2 ± 7.4 88.0 ± 9.2*,† 133.3 ± 36.6
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alues are mean ± S.E.M. for subjects who completed the study. ICAM-1:
* Significantly different from baseline (P < 0.05; paired Student’s t-test).
† Significantly different from placebo (P < 0.02; one-factor ANOVA).

oung subjects (ρ = −0.255; P = 0.015) and tended towards
ignificance for all subjects (ρ = −0.153 for young subjects,
= 0.065).

. Discussion

This study sought to identify the extent to which an
PA-rich oil could mimic the documented effects of fish
il on selected cardiovascular risk factors, to identify the
ose–response effects of EPA, and to see whether EPA has the
ame effects in young and older male subjects. EPA was used
t three doses, with the highest being 4.05 g/day. Although
ietary information was not gathered from these subjects,
ata available for comparable groups of the UK population
uggest that typical intake of EPA would be <0.2 g/day [23].
he study was placebo controlled and double-blind. EPA was

ncorporated in a dose–response fashion into plasma phos-
holipids, with greater incorporation occurring in the older

ubjects. These data are indicative of different handling of
PA between young and older subjects. Other data in the

iterature is also suggestive of this [34,35]. Likely reasons
or the different handling of EPA between young and older

l
t
e
e

lular adhesion molecule 1; VCAM-1: vascular cell adhesion molecule 1.

re discussed elsewhere [33] and may relate to differences
n body composition resulting in differences in fatty acid
xidation, storage and incorporation into plasma lipid pools.
ncorporation of DPA and DHA in plasma phospholipids also
ncreased with increasing EPA intake and was higher in the
lder subjects. The capsules contained DHA and some DPA,
hich likely accounts for the increased appearance of these

atty acids in plasma phospholipids, although there may have
een some synthesis, especially of DPA, from EPA.

Fish oil has been demonstrated to decrease plasma tri-
cylglycerol concentrations [8,9]. Harris [9] reported an
pproximately 25% lowering in normotriacylglycerolaemic
ubjects when data from a number of placebo controlled stud-
es in humans were pooled, while Roche [8] estimated the
ose–response relationship between long chain n − 3 PUFA
ntake and reduction in plasma triacylglycerol concentra-
ions. In the current study, EPA lowered plasma triacylglyc-
rol concentrations, with the maximal effect occurring at the
owest EPA dose and a similar effect (approximately 25–30%

owering) occurring in both young and older subjects. Clearly
hese data are in accordance with Harris’ estimate of the
xtent of triacylglycerol-lowering with fish oil [9]. Roche’s
stimated dose–response relationship [8] suggests expected
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owering of about 15, 20 and 25% at the three doses. The data
btained in the current study indicate that EPA can mimic
he triacylglycerol-lowering effect of fish oil and suggest that
PA may be responsible for the latter effect. The reason why

he maximum effect is seen at the lowest dose of EPA used
1.35 g/day), which is clearly not in accordance with Roche’s
stimated dose–response relationship [8], could be that EPA
s more potent than DHA; Roche’s estimate is based upon the
ombination of these two fatty acids. However, recent stud-
es that have compared the triacylglycerol-lowering effects
f pure EPA and pure DHA (each at about 4 g/day for 4
r 6 weeks) in healthy subjects aged 20–70 years [36], in
ildly hyperlipidemic males [37], in hyperlipidemic, over-
eight males [38] and in type-2 diabetics [39] found that
oth EPA and DHA caused lowering of plasma triacylglyc-
rol concentrations of about 20%.

Fish oil has been demonstrated to decrease blood pressure
7] and to slightly elevate plasma total and LDL cholesterol
oncentrations [9]. However, in the current study there was no
ignificant effect of EPA on blood pressure or on plasma total,
DL or HDL cholesterol concentrations. Thus, the beneficial
ffect of fish oil on blood pressure and the potentially detri-
ental effect on plasma cholesterol concentration appear not

o be due to EPA, and may be due to DHA or DPA. Wood-
an et al. [39] found no effect of 4 g EPA/day for 6 weeks on

4 h systolic and diastolic blood pressures in type-2 diabetics,
hile Buckley et al. [36] found no effect of 4.9 g/day EPA

or 4 weeks on plasma total, LDL or HDL cholesterol con-
entrations in healthy adults. Likewise, there was no effect
f 4 g/day EPA for 6 weeks on total, LDL or HDL choles-
erol concentrations in mildly hyperlipidemic males [37], in
yperlipidemic, overweight males [38] and in type-2 diabet-
cs [39]. In contrast, some recent studies using pure DHA
ave shown that low doses (0.7 or 1.5 g/day) can raise total
nd LDL cholesterol concentrations [40,41], confirming that
he slight cholesterol-raising effect of fish oil is most likely
ue to this fatty acid rather than to EPA.

Fish oil has been associated with an increase in markers
f oxidative stress [18–22], most likely due to the increased
resence of highly unsaturated n − 3 fatty acids in plasma
ipids and cells. In the current study, the lag time of copper-
nduced lipoprotein peroxidation and the ratio of reduced to
otal glutathione were decreased in the older subjects treated
ith EPA, although not in the young subjects. In apparent

ontrast to these effects, the plasma concentration of oxidized
ipids was decreased after all the dietary treatments, includ-
ng placebo, in both young and older groups. Although lipid
ydroperoxides decreased by approximately 10%, plasma tri-
cylglycerols decreased by approximately 25–30%. Thus,
he ratio between the oxidized and native lipids, indica-
ive of a higher risk of in vivo susceptibility to oxidation,
s increased after EPA supplementation in both young and

lder subjects. At study entry, the young subjects appear to
ave better antioxidant defences and lower susceptibility to
ipid peroxidation than the older subjects, as evidenced by a
igher ratio of reduced to total glutathione, lower plasma lipid

i
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t
m

is 193 (2007) 159–167 165

ydroperoxide concentrations, a longer lag time of lipopro-
ein oxidation, a lower peroxidation index of phospholipid
UFA and a lower phospholipid PUFA/�-tocopherol ratio.
he treatment with EPA promoted an increase in the per-
xidation index of PUFA and a negligible amelioration of
he PUFA to �-tocopherol ratio in the older subjects and a

oderate increase in the peroxidation index of PUFA and a
ignificant amelioration of the PUFA to �-tocopherol ratio in
he young subjects. Thus, the latter may have been able to
ope better with the added “EPA load”, especially with the
dditional �-tocopherol, than the older subjects. It appears
hat the older subjects still experienced an additional oxida-
ive burden while consuming EPA, since the ratio of reduced
o total glutathione was decreased. Since EPA decreased lag
ime of copper-induced lipoprotein peroxidation, effects of
sh oil on such outcomes [18–20] could be due to EPA.
owever, Mesa et al. [42] reported that 4.9 g/day of EPA
r DHA had similar effects (a 12% reduction) on the lag time
f copper-induced oxidation of LDL isolated from plasma.
n that study the LDL were from a mixed age group (23–65
ears of age) of males and females and it is not apparent if
ifferent effects occurred in young and older subjects. Never-
heless, the current study indicates that an EPA-rich oil results
n increased lipoprotein susceptibility to oxidation in older
ut not young subjects, even when the oil is co-administered
ith �-tocopherol to provide an intake of 32 mg/day. This

mount of �-tocopherol seems to be enough to counteract
eleterious peroxidation of PUFA in young but not in older
ubjects. At study entry, the ratio between plasma lipids (tri-
cylglycerols plus cholesterol) and �-tocopherol was similar
n the young and older subjects. After the administration of
he different oils and �-tocopherol, this ratio was significantly
ecreased in all the groups, including placebo. This reflects
he decrease in plasma triacylglycerol and the increase in
lasma �-tocopherol concentrations, which occurred in all
roups. This was interesting in that corn oil, which is mainly
8:2n − 6, also reduced triacylglycerol in the placebo group.

Fish oil supplementation has been shown to increase sE-
electin concentrations in young subjects and to decrease
VCAM-1 concentrations in older subjects [17]. In the cur-
ent study, the highest dose of EPA increased soluble E-
electin concentrations in young subjects, confirming the
arlier finding with fish oil, while increasing intake of EPA
as associated with decreasing sVCAM-1 concentrations

n both young and older subjects, although the effect was
maller than that seen in older subjects in the earlier study.
t is assumed that sVCAM-1 concentration reflects shedding
rom activated endothelial cells, which in turn is related to
he level of expression at the gene and cell surface protein
evels. The smaller effect on sVCAM-1 concentrations seen
n the current study compared with an earlier study using
sh oil, may indicate that EPA is less potent than DHA at
nhibiting VCAM-1 expression. This conclusion is consis-
ent with findings of de Caterina et al. [43] who showed that
hat DHA, but not EPA, decreased VCAM-1 expression (both

RNA and cell surface protein) in cultured human umbil-
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cal vein endothelial cells. Collie-Duguid and Wahle [44]
howed that both EPA and DHA could attenuate the expres-
ion of VCAM-1 on HUVEC, although DHA was more
ffective.

In summary, EPA, even at a supplemental dose of
.05 g/day, does not affect blood pressure in normotensive
ales and does not affect plasma cholesterol, LDL or HDL

oncentrations. EPA does lower plasma triacylglycerol con-
entrations in both young and older subjects, with the maxi-
al effect at the lowest EPA dose. However, older subjects,
ho may have diminished antioxidant defences, may suf-

er some deleterious effects from high doses of EPA as
videnced by a much shorter lag time of copper-induced
ipoprotein peroxidation and a decreased ratio of reduced
o total glutathione. EPA can decrease sVCAM-1 concen-
rations in young and older subjects, indicative of decreased
ndothelial inflammation, although this effect requires a high
PA intake.

In conclusion, EPA mimics some of the effects of fish
il (e.g. decreasing triacylglycerol and sVCAM-1 concen-
rations; decreasing lag time of lipoprotein peroxidation, at
east in older subjects) but not others (e.g. increasing total
nd LDL cholesterol and lipid hydroperoxide concentrations;
owering blood pressure). Young and older males will gain
ardiovascular benefit from increased intake of EPA (e.g.
ecreased plasma triacylglycerol and sVCAM-1 concentra-
ions). Young males are unlikely to suffer adverse conse-
uences from increased EPA intake (e.g. elevated cholesterol
oncentrations and lipid peroxidation), but increased intakes
f EPA in older males may increase the risk of lipoprotein
eroxidation.
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