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Abstract The effect of fish oil and corn oil supplementation on
plasma lipids and lipoproteins and on low density lipoprotein
(LDL) oxidation was examined in 20 treated hypertensive sub-
jects. The randomized double-blind crossover study consisted of
two 6-week interventions with 4 g/day of a highly purified fish
oil or corn oil. Fish oil significantly (-24%, P < 0.01) reduced
plasma triglyceride, and increased LDL-cholesterol (+6%,
P < 0.0t compared to corn oil). LDL particles were larger (P <
0.01) after fish oil compared to baseline and LDL size was in-
versely correlated with plasma triglyceride (P < 0.001) both be-
fore and after fish oil supplementation, and positively correlated
with high density lipoprotein cholesterol (P < 0.01). Fish oil
reduced lag time before onset of copper-induced LDL oxidation
(-25%, P < 0.001) and significantly increased production of
thiobarbituric acid-reactive substances (TBARS) during oxida-
tion, compared with corn oil. Corn oil had no significant effect
on lag time and oxidation rate. Fish oil increased macrophage
uptake of copper-oxidized LDL and of macrophage-modified
LDL. Corn oil was without effect. Additionally, macrophages
that were supplemented with fish oil fatty acids in vitro displayed
a significantly (P < 0.001) higher capacity to oxidize LDL than
either control cells or cells supplemented with corn oil fatty
acids. Bl We conclude that from the standpoint of atherosclero-
sis, fish oil fatty acids adversely raise the susceptibility of LDL
to copper-induced and macrophage-mediated oxidation but that
the increase in plasma LDL cholesterol concentration reflects an
increase in size that may be favorable.—Suzukawa, M.,
M. Abbey, P. R. C. Howe, and P. J. Nestel. Effects of fish oil
fatty acids on low density lipoprotein size, oxidizability, and up-
take by macrophages. J. Lipid Res. 1995. 36: 473-484.

Supplementary key words atherosclerosis ¢ n-3 fatty acids ¢ corn
oil « LDL oxidation * triglyceride ¢ human study ¢ macrophage ¢
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Epidemiological studies in Greenland Eskimos led to
the hypothesis that fish oil rich in n-3 polyunsaturated
fatty acids (PUFAs), eicosapentaenoic acid (EPA, C20:5),
and docosahexaenoic acid (DHA, C22:6), is useful for
ameliorating atherosclerosis (1, 2). Animal studies in
swine (3) and nonhuman primates (4) have provided con-
vincing evidence that fish oil prevents atherosclerosis.
However, Thiery and Seidel (5) have reported that fish oil

feeding results in an enhancement of cholesterol-induced
atherosclerosis in rabbits. In a clinical study of patients
with coronary heart disease, Burr et al. (6) have reported
that the number of non-fatal acute myocardial infarctions
was higher in the group advised to increase intake of
dietary fatty fish and fish oil, although incidence of sud-
den death decreased. Dietary fish oil is reported to affect
many cardiovascular risk factors such as lipid metabolism
(7-9), platelet function (10), blood pressure (11), blood vis-
cosity (12), and inflammatory processes (13). Trials using
fish oil supplements have shown a hypotriglyceridemic
effect, and a reduction in low density lipoprotein choles-
terol (LDL-C) levels when saturated fat intake is partially
replaced by fish oil (7). However, the atherogenicity of LDL
from patients supplemented with fish oil is not yet clear.
This could derive from increased vulnerability to oxida-
tion or from the presence of smaller, denser LDL. Re-
cently, it was proposed that oxidation of LDL increases its
atherogenicity, and susceptibility of LDL to oxidative
modification is one of the most important factors in its
atherogenicity (14, 15). The generation of oxidized LDL
leads to enhanced uptake by macrophages, stimulation of
macrophage acyl-CoA:cholesterol acyltransferase (ACAT)
activity and foam cell formation in arterial walls. Diets
rich in n-6 PUFAs have been shown to increase suscepti-
bility of LDL to oxidative modification (16-19). However,
the effects of dietary n-3 PUFAs are contradictory
(20-22).

Abbreviations: LDL, low density lipoprotein; TBARS, thiobarbituric
acid-reactive substances; PUFA, polyunsaturated fatty acid; EPA, eico-
sapentaenoic acid; DHA, docosahexaenoic acid; LDL-C, LDL-choles-
terol; ACAT, acyl-CoA:cholesterol acyltransferase; FCS, fetal calf serum;
DMEM, Dulbecco’s modified Eagle’s medium; BSA, bovine serum albu-
min; HDL, high density lipoprotein; CE, cholesteryl ester; HBSS,
Hanks balanced salt solution; LPDS, lipoprotein-deficient serum;
LOOH, lipid peroxide; VLDL, very low density lipoprotein; CETP,
cholesteryl ester transfer protein; CAD, coronary artery discase.
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In this randomized double-blind crossover study of
hypertensive subjects (fish oil and corn oil), we examined
changes in lipids and lipoprotein composition and size
and the susceptibility of LDL to copper-induced and
macrophage-mediated oxidation. Additionally, we re-
ported that macrophages supplemented with fish oil fatty
acids in vitro had enhanced ability to oxidize LDL.

MATERIALS AND METHODS

Subjects

This study was organized as part of a dietary interven-
tion trial that investigated the effect of n-3 fatty acids as
an adjunct to drug treatment of hypertension in 42 sub-
jects recruited from general practice. Blood pressure and
plasma lipid results for the full study (n = 42) will be
reported elsewhere. We report here on a sub-set of 20 sub-
jects (14 women, 6 men) with stable uncomplicated hyper-
tension. The subjects, with a mean age of 60 + 10 years
(mean t+ SD) were being managed with either beta-
blocker (atenolol) monotherapy (10 women, 5 men) or a
combination of beta-blocker (atenolol) and diuretic (4
women, 1 man). Diuretics that were used in this study
were indapamide hemihydrate (2 subjects), chlorothiazide
(2 subjects), and hydrochlorothiazide (1 subject). Subjects
continued their usual medication throughout the study.
Baseline characteristics (mean + SEM) were systolic
blood pressure 130 + 3 mm Hg, diastolic blood pressure
77 + 2 mm Hg, plasma cholesterol 5.63 + 0.34 mmol/],
plasma triglyceride 1.73 + 0.20 mmol/l, and body mass
index 26.6 + 3.8 kg/m2. The study was approved by the
Human Ethics Committee of GSIRO Division of Human
Nutrition, Adelaide, South Australia.

Study design

The study was a randomized double-blind crossover
design. Subjects maintained their normal diet and exer-
cise patterns during a 4-week run-in period after which
they were randomly assigned to two groups (groups A and
B) who took each test supplement for 6 weeks in a differ-
ent sequence. In each 6-week intervention phase, subjects
took four 1-g capsules per day containing either Omacor
(Pronova, Oslo, Norway), which provided 3.4 g of n-3
fatty acids, or corn oil. Ten subjects in group A took corn
oil capsules first, and the others in group B took fish oil
capsules first. The fatty acid composition and a-tocopherol
content of the capsules are shown in Table 1. Compliance
was monitored by interview at fortnightly intervals. Body
weight was monitored throughout the study.

Materials

Dulbecco’s modified Eagle’s medium (DMEM), Ham’s
F-10 medium, penicillin (50,000 U/ml), streptomycin
(50,000 pg/ml), l-glutamine (200 mM) and fetal calf
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TABLE 1. Fatty acid composition and a-tocopherol content of
corn oil and fish oil supplements

Corn Oil Fish Oil

Fatty acid (%)"

16:0 10.2 0.2

18:0 2.0 0.6

18:1 28.0 0.4

18:2 57.5 0.3

18:3 0.9

20:4 2.8

20:5 48.3

22:5 3.1

22:6 35.6
a-Tocopherol (mg/ml) 2.2 2.0

“The number before the colon specifies the number of carbon atoms,
and that after the colon the number of double bonds.

serum (FCS) were obtained from Cytosystems (Sydney,
N.SW. Australia). [lea,20(n)-*H]cholesterol was pur-
chased from Amersham (Sydney, N.SW. Australia). Es-
sentially fatty acid-free bovine serum albumin (BSA) was
from Sigma Chemical Co. (Sydney, N.SW., Australia).

Cell culture

Monolayer cultures of J774 macrophages were grown
and maintained in DMEM containing 10% (vol/vol)
FCS, penicillin (100 U/ml), streptomycin (100 pg/ml) and
l-glutamine (292 pg/ml). For each experiment, the cells
were cultured in Multiwell™ Tissue Culture Plates
(6-Well, Becton Dickson Labware, Rutherford, NJ) at
37°C in an atmosphere containing 5% CO,/95% air.

Methods

At the end of the run-in period (visit 1, baseline) and
after each 6-week intervention period (visit 2 or 3) blood
was collected in EDTA (1 mg/ml) after an overnight fast
of at least 12 h. Plasma was separated by low speed cen-
trifugation at 600 g for 10 min at 4°C.

Plasma lipid measurements

Aliquots of plasma were stored at —80°C for analysis
at the end of the study. Plasma cholesterol and triglyceride
were measured by enzymatic colorimetric techniques in a
Cobas-Bio automated centrifugal analyzer (F. Hoffmann-
La Roche Ltd. Basle, Switzerland) using test kits (Roche
Diagnostic Systems, Basle, Switzerland). Total high den-
sity lipoprotein (HDL) and HDL; were measured as for
plasma cholesterol after selective precipitation with Dex-
tralip (Sochibo, France) (23). HDL, was calculated by
difference. LDL cholesterol was calculated using a modifi-
cation of the Friedewald equation (24).

Lipoprotein preparation
LDL was prepared from plasma that was stored at
—80°C by a rapid isolation technique using a Beckman

2102 ‘8T aunr uo ‘sanb Aq 6io 1 mmm woly papeojumod


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

[

Optima TLX benchtop ultracentrifuge (Beckman Instru-
ments, Palo Alto, CA) as reported by Chung et al. (25).
LDL for oxidation experiments was dialyzed at 4°C
against phosphate-buffered saline (PBS, pH 7.4) which
had been purged with N,, and sterilized by filtration
(0.2 pm). Radiolabeled LDL was prepared from plasma
that was incubated for 24 h with [3H]cholesterol and
washed with red blood cells to remove unincorporated
label according to the technique reported by Barter and
Jones (26), [*H]CE(cholesteryl ester)-LDL was isolated
by ultracentrifugation, dialyzed, and sterilized as de-
scribed above. The final preparation of [*H]CE-labeled
LDL contained 83.6 + 3.3% (n = 3) of the radioactivity
in CE and had a specific activity of 6040 + 1086 cpm/ug
protein.

Copper oxidation of LDL

Oxidation of LDL was determined as the production of
conjugated dienes by continuously monitoring the change
in absorbance at 234 nm according to the method of
Esterbauer et al. (27). Freshly prepared LDL (50 pg pro-
tein/ml) was incubated with 5 uM CuSO, at 37°C in a
Beckman DUG65 Spectrophotometer fitted with a peltier
heater (Beckman -Instruments). Absorbance at 234 nm
was automatically recorded at 2-min intervals for 120 min.
Lag time and propagation rate were determined as previ-

ously described (27).

Uptake of copper-oxidized [*H]CE-LDL in
J774 macrophages

Because of the possibility of between-experiment vari-
ability, plasma was stored at —80°C and three LDL sam-
ples from the same subject (LDL separated from plasma
at the end of baseline, corn oil, and fish oil periods) were
measured at the same time. The same number of J774
cells (6 x 105 cells/dish) were seeded and cultured for
3 days before adding the LDL. Values in the experiments
using cultured cells are presented as percent of baseline
for each subject. Kleinveld et al. (28) have reported that
EDTA-treated plasma stored at —80°C is stable for
several weeks. We have shown that freezing plasma at
—80°C prior to isolation of LDL has no significant effect
on lag time or oxidation rate during incubation of LDL
with copper. Lag time and oxidation rate were 53 +
1.4 min and 18.5 + 0.3 nmol diene/min per mg protein
(means + SD, n = 4), respectively, on LDL prepared
from fresh plasma and 52 + 1.5 min and 17.1 + 1.4 nmol
diene/min per mg protein, respectively, on LDL prepared
from the same plasma that had been stored at —80°C for
2 months. Additionally, in a preliminary study, we tested
the effect of freezing the plasma sample on uptake of oxi-
dized LDL by macrophages. Fresh plasma samples from
nine healthy volunteers were stored at 4°C or —~80°C for
24 h. There were no significant differences between LDL
separated from fresh plasma and LDL separated from

frozen plasma either in uptake of copper-oxidized LDL
(2.51 + 0.62, 2.99 + 0.87 pg LDL/mg protein, fresh and
frozen, respectively) or in uptake of macrophage-oxidized
LDL (3.22 + 0.78, 3.05 + 0.48 pg LDL/mg protein,
fresh and frozen, respectively). These results confirm that
there is no significant effect of freezing on uptake of
copper-oxidized LDL and macrophage-oxidized LDL.

[P H]CE-LDL (50 pg/ml protein) was oxidized by incu-
bation with 5 puM CuSO, in PBS (incubation volume
1 ml) at 37°C for 90 min. The reaction was stopped by
adding EDTA (100 M final concentration). A 250-ul ali-
quot of the incubation mix was added to a monolayer of
J774 macrophages that were cultured in 1 ml DMEM
with 10% FCS (final concentration of copper-oxidized
[*H]CE-LDL was 10 pg/ml). In this medium, macro-
phages do not oxidize LDL (29), and Zhang, Harkamal,
and Steinbrecher (30) have reported that [*H]JCE-LDL
does not lose cholesteryl ester radioactivity by oxidation.
After incubation for 24 h with copper-oxidized [*H]CE-
LDL, each monolayer was washed twice with buffer A
(150 mM NaCl, 50 mM Tris-HCI at pH 7.4) containing
2 mg/ml BSA, followed by three washes with buffer A
containing no BSA. One ml of hexane-isopropanol (3:2)
was added to each dish and incubated for 30 min at room
temperature. The organic solvent was collected and each
monolayer was rinsed with 0.5 ml of the same solvent.
The recovery of [*H]cholesteryl] ester in this collection was
98 £ 2% (n = 6). Radioactivity in the organic solvent
extracts was measured by scintillation counting. After ex-
traction of lipids in situ, the cells in each monolayer were
dissolved in 2 ml of 0.1 M NaOH and aliquots were taken
for protein determination.

As exposure to copper for 90 min leads only to partial
oxidation of LDL, further experiments were carried out
on pooled samples of plasmas from each experimental
period (baseline, corn oil, and fish oil) using the plasmas
of the 20 subjects in this study. LDL were labeled and iso-
lated as before but oxidation was carried out for 180 min
as well as for 90 min.

Macrophage-mediated oxidation

To measure susceptibility of [*HJCE-LDL to
macrophage-mediated oxidation, 10 pg/ml [*H]CE-LDL
was incubated for 24 h with J774 macrophages in Ham’s
F10 medium and uptake of [*H]CE-LDL in this 24 h was
determined as described above for copper-oxidized
[*H]JCE-LDL.

As this design measures uptake of LDL from medium
in which the LDL were oxidized by the macrophages,
additional two-step studies were carried out in which oxi-
dized LDL were incubated with fresh macrophages. This
was performed with pooled samples from each of the three
periods (baseline, corn oil, and fish oil) using the plasmas
of the 20 subjects in the study. [3SH]JCE-LDL (20 pg/ml)
was oxidized by 24 h incubation with a monolayer of J774
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macrophages in Hanks Balanced Salt Solution (HBSS)
supplemented with iron (5 pM) and copper (I pM). This
conditioned [*H]CE-LDL was diluted twice with DMEM
containing 10% lipoprotein-deficient serum (LPDS) to
protect against further oxidation, and incubated for 6 h
with a fresh monolayer of J774 macrophages to measure
uptake. TBARS in the conditioned [*H|CE-LDL was also

measured.

Supplementation of macrophages with fish oil fatty
acids or corn oil fatty acids to measure macrophages
potential to oxidize LDL

A fish oil fatty acids- or a corn oil fatty acids-albumin
mixture was made by adding fish oil fatty acids (0.8 ml
from a Omacor capsule) or corn oil fatty acids (0.8 ml
from a corn oil capsule) to 5.2 ml of 0.15 M sodium chlo-
ride at pH 7.4 containing 12% (w/v) fatty acid-free BSA.
The solution was stirred gently with a magnetic stirrer for
4 h at 4°C, sterilized by 0.45 um filter and kept frozen at
-80°C until use. J774 macrophages, which had been cul-
tured in Multiwell™ for 2 days, were supplemented with
fish oil fatty acids or corn oil fatty acids by culturing in
2 ml of DMEM with 10% FCS containing 25 ul of fish
oil fatty acids- or corn oil fatty acids-albumin mixture.
The same amount of 0.15 M sodium chloride at pH 7.4
containing 12% (w/v) fatty acid-free BSA was added to
the medium of control cells. After 24 h incubation, cells
were washed carefully once with PBS containing 2 mg/ml
BSA, followed by three washes with PBS. Twenty ug of
[*H]CE-LDL was added to the washed cells incubated in
1 ml of HBSS containing 5 M iron and 1 M copper.
After 24 h incubation, conditioned [*H]JCE-LDL was
diluted twice with DMEM containing 10% LPDS and
added to fresh macrophages. Uptake of [*H]JCE-LDL was
measured as described above. TBARS in the conditioned
[*H]CE-LDL was also measured.

Other analyses

Protein concentrations of LDL and cells were deter-
mined on the Cobas-Bio automated centrifugal analyzer.

(Roche Diagnostica, Nutley, NJ) by the method of
Clifton, Chang, and Mackinnon (31). Malondialdehyde
generated in oxidized LDL and in medium was measured
by the TBARS method as described by Buege and Aust
(32) except that the sample volume was 0.1 ml, the reagent
volume was 0.2 ml, and the sample absorbance was mea-
sured at 535 nm in a Cobas-Bio automated centrifugal
analyzer. The concentration of MDA was calculated using
the extinction coefficient for MDA (1.56 x 10°M~'cm-"1)
as previously described (32). LDL «a-tocopherol was
measured by high performance liquid chromatography
using the method of Yang and Lee (33). Total cholesterol
content of isolated LDL was measured as described above
for plasma cholesterol. Fatty acid methyl esters in LDL
and macrophages were determined by gas chromatogra-
phy as previously described (34). LDL particle size was
determined by the method of McNamara et al. (35).
Plasma apolipoprotein B (apoB) was measured by im-
munonephelometry using anti-human-apoB antiserum
(Boehringer-Mannheim, Germany) (36) on a Cobas-Bio
automated centrifugal analyzer. Plasma lipid peroxide
(LOOH) was measured colorimetrically (37) on the
Cobas-Bio automated centrifugal analyzer using a test kit
(Kamiya Biochemical Co., Thousand Oaks, CA).

Data analysis

Statistical analysis of oxidation measures was con-
ducted using StatWorks™ computer software (Version 1.2,
Cricket Software Inc., Philadelphia, PA). All other sta-
tistical analyses were conducted using SPSS-PC computer
software (SPSS, Chicago, IL). Comparisons of data be-
tween periods were performed by f-test.

RESULTS

Plasma measurements (Table 2)

Plasma triglyceride was significantly lower after sup-
plementation with fish oil (-24% and -20% compared
with baseline and corn oil, respectively, P < 0.01). As

TABLE 2. Plasma lipids and lipoproteins, lipid peroxide (LOOH), apoB, and LDL size after the baseline, corn oil, and fish oil periods

Baseline Corn Oil Fish Oil

Lipid fraction (mmol/l)

Cholesterol 5.63 + 1.51 5.52 + 1.36 5.68 + 1.39

Triglyceride 1.73 + 0.89 1.63 + 0.77 1.31 ¢ 0.52°

LDL-C 3.95 + 1.34 3.81 & 1.25 4.10 + 1.26°

HDL-C 0.99 + 0.24 0.97 + 0.25 0.99 + 0.30

HDL,;-C 0.74 + 0.16 0.75 + 0.21 0.75 + 0.21

HDL,-C 0.25 + 0.13 0.22 + 0.12 0.24 + 0.15
LDL size (nm radius) 12.42 + 0.35 12.49 + 0.34 12.58 + 0.3¢
Plasma LOOH (nmol/ml) 1.79 + 1.42 1.40 + 1.10 1.90 + 1.44
Plasma apoB (g/) 0.84 + 0.25 0.81 + 0.24 0.85 + 0.24

Values are means + SD, n = 20.

“Significantly different from baseline and corn oil, P < 0.01.
*Significantly different from corn oil, P < 0.01.
‘Significantly different from baseline, P < 0.01.
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shown in Fig. 1A, there was no apparent carryover effect
of triglyceride lowering from fish oil to the end of the corn
oil period in group B. There were no significant differ-
ences in total plasma cholesterol among the three periods
although there was a 7.6% increase in LDL-cholesterol
(P < 0.01) with fish oil compared to corn oil. There were
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Fig. 1. Plasma triglyceride (TG) levels (panel A), C20:5 (panel B), and
C22:6 (panel C) in LDL fatty acids at visit 1, 2, and 3 in group A or
B. Values of plasma TG, C20:5, or C22:6 in LDL fatty acids represent
means + SD (n = 10 in group A, 10 in group B).
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no significant differences among the three groups for total
HDL-cholesterol, HDL,-cholesterol, or HDLs-choles-
terol. The LDL:HDL cholesterol ratio did not change
during the study (4.2 + 17, 41+ 15, 44 + 17,
means + SD for the baseline, corn oil, and fish oil
periods, respectively). After fish oil fatty acid supplemen-
tation, the major species of LDL particles were sig-
nificantly larger (P < 0.01) compared with LDL after the
baseline period. Supplementation had no effect on plasma
apoB or plasma lipid peroxide levels.

In each dietary period LDL particle size was inversely
correlated with plasma triglyceride (r = -0.71,r = -0.76
and r = —0.75 for baseline, corn oil, and fish oil, respec-
tively, P < 0.001) and positively correlated with HDL
cholesterol (r = 0.62 (P < 0.01), 0.73 and 0.76 (P <
0.001) for baseline, corn oil, and fish oil, respectively).
The change in plasma triglyceride from baseline to the
fish oil period was also negatively correlated with the
change in LDL particle size (r = -0.55, 7 < 0.02).

Characteristics of LDL used in oxidation experiments

The fatty acid composition of LDL used in oxidation
experiments is shown in Table 3. After 6 weeks of fish oil
supplementation, EPA (20:5) and DHA (22:6) increased
significantly (5-fold, P < 0.001 and 2.4-fold, £ < 0.001,
respectively) while oleic acid (18:1), linoleic acid (18:2), di-
homogammalinolenic acid (20:3), and arachidonic acid
(20:4) decreased significantly (P < 0.001). Corn oil sup-
plementation significantly decreased oleic acid (P <
0.05), and significantly increased linoleic acid (P < 0.03).
As shown in Figs. 1B and 1C, there was no carryover effect
on EPA and DHA from the fish oil period to the end of
the corn oil period in group B where measurements were
made.

Cholesterol and a-tocopherol contents of LDL used in
the oxidation experiments are shown in Table 4. After
corn oil supplementation, a-tocopherol in LDL was sig-

TABLE 3. Effect of corn oil and fish oil supplementation on
LDL fatty acids

Fatty Acids’ Baseline Corn Oil Fish Oil
%

16:0 19.7 + 1.9 19.5 + 1.5 19.9 + 2.1
16:1 3.5+ 1.3 3.3 + 0.9 3.1+ 1.5
18:0 1.+ 07 6.0 + 0.7 6.2 £ 0.6
18:1 21.1 + 2.6 202 + 2.4 19.2 + 2.0°
18:2 3+ 6.1 38.0 + 4.9 33.9 + 4.8
20:3 (n-6) 1.9 + 0.4 1.9 + 0.4 1.2 £ 0.3
20:4 (n-6) 6.6 + 1.6 6.5 + 1.5 5.6 + 1.0°
20:5 1.0 + 0.3 1.0 + 0.5 5.1 + 1.0°
22:6 1.5 + 0.5 1.5 + 0.4 3.5 + 0.6

Values are means + SD, n = 20.

“The number before the colon specifies the number of carbon atoms,
and that after the colon the number of double bonds.

’Significantly different from baseline, P < 0.05.

‘Significantly different from baseline and corn oil, P < 0.001.
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TABLE 4. Effect of corn oil and fish oil supplementation on
a-tocopherol and cholesterol content of LDL

Baseline Corn Oil Fish Oil
a-Tocopherol,
ug/mg protein 599 + 1.42 6.89 + 1.96° 6.46 + 1.61
mmol/mol cholesterol 4.42 + 0.74 4.74 + 1.04 4.54 + 0.83
Cholesterol, 3.13 + 049 3.32 + 0.56 3.26 + 0.65

umol/mg protein

Values are means + SD, n = 20.
“Significantly different from baseline, P < 0.01.

nificantly higher (15%, P < 0.01) than at baseline when
expressed relative to protein concentration, but not when
expressed as a molar ratio to cholesterol. Supplementa-
tion with fish oil had no significant effect on LDL «-
tocopherol. Total cholesterol content of LDL did not differ
between dietary periods.

Copper oxidation of LDL

Lag time before initiation of LDL oxidation and propa-
gation rate of oxidation are shown in Table 5. After fish
oil supplementation lag time and propagation rate were
significantly reduced (-25%, P < 0.001 and -10%,
P < 0.05, respectively, compared to baseline). Corn oil
supplementation had no effect on lag time or propagation
rate. Oxidizability studies of LDL isolated from five sub-
jects treated with both diuretic and beta-blocker showed
a shorter lag time compared to that of the others
(48.4 + 2.5 min, 60.6 + 11.0 min, respectively). The vita-
min E content of these LDL was lower than that of the
others (4.87 + 1.26 pg/mg, 6.39 + 1.29 pg/mg, respec-
tively). In the subjects taking both diuretic and beta-
blocker, lag time was significantly (P < 0.01) reduced by
fish oil supplementation (48.4 + 2.5 min, 35.3 + 2.8 min,
for baseline and fish oil, respectively).

Supplementation with fish oil significantly increased
TBARS in pooled LDL samples after incubation with
copper for 90 min or 180 min (P < 0.001, compared to
baseline and corn oil, Fig. 2A). TBARS in [*H]JCE-LDL
isolated from individual subjects were also significantly
(P < 0.001 compared to baseline and corn oil) increased
after incubation with copper for 90 min (116 + 213,
492 + 427% increase from baseline, corn oil, and fish oil,

respectively). There was no significant change in TBARS
in [*H]CE-LDL (pooled samples and individual samples)
oxidized for 90 min after corn oil supplementation.
TBARS (pooled samples) produced after 180 min oxida-
tion with corn oil supplementation was significantly
(P < 0.001) lower than that at baseline. Uptake of
[*H]CE-LDL (pooled samples) that was oxidized for
90 min or 180 min increased significantly (P < 0.001,
compared to baseline and corn oil, Fig. 2B) after fish oil
supplementation. Uptake of individual samples of
[PH]CE-LDL oxidized for 90 min was also increased
significantly after fish oil supplementation compared to
baseline (P < 0.001) and corn oil (P < 0.01) (81 + 169,
229 + 180% increase from baseline, corn oil, and fish oil,
respectively). There was no significant change after corn
oil supplementation in uptake of -copper-oxidized
[EBH]CE-LDL (pooled samples and individual samples).

Macrophage-mediated LDL oxidation

As shown in Fig. 3, uptake of macrophage-oxidized
[*H]CE-LDL separated from pooled plasma after fish oil
supplementation increased significantly compared to that
at baseline (P < 0.001) and after corn oil (P < 0.001).
There was no significant difference in the uptake after
corn oil supplementation compared to that at baseline.
Uptake of individual samples of [3H]CE-LDL incubated
with macrophages for 24 h was also increased significantly
(P < 0.01) after fish oil supplementation compared to
baseline and corn oil (9 + 26, 26 + 34% increase from
baseline, corn oil, and fish oil, respectively). Corn oil sup-
plementation did not significantly change the amount of
TBARS in the medium; however, fish oil significantly in-
creased TBARS compared to baseline (P < 0.001) and to
corn oil (P < 0.001) (Fig. 3). TBARS in [*H]CE-LDL
isolated from individual subjects were also increased after
incubation with macrophages for 24 h (5.1 + 60.8,
55.4 + 92% increase from baseline, corn oil, and fish oil,
respectively).

Effect of supplementing macrophages with fish oil fatty
acids on fatty acid composition of macrophages and
capacity to oxidize LDL

Fish o1l fatty acids were incorporated and metabolized
by macrophages. C20:5, C22:5, and C22:6 in macrophage

TABLE 5. Effect of corn oil and fish oil supplementation on susceptibility of LDL to
copper-induced oxidation

Baseline Corn Oil Fish Oil

Lag time (min)
Propagation rate (nmole diene/min/mg protein)

57.9
11.9

a

H

57.9 + 10.8 4 7.5
12.1 + 2.0 1 2.0"

M

3.1
0.6

H

9.4 7.
2.6 2.

Values are means + SD, n ' 20.

“Significantly different from baseline and corn oil, P < 0.001.
*Significantly different from baseline and corn oil, P < 0.05.
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Fig. 2. Effect of corn oil and fish oil supplementation on TBARS in
copper-oxidized LDL separated from pooled plasma (panel A), and on
uptake of copper-oxidized LDL from pooled plasma (panel B). [*H]CE-
LDL separated from pooled plasma were oxidized by incubation with
5 uM CuSOy at 37°C in PBS for 90 min or 180 min. The reaction was
stopped by adding EDTA (100 uM), and TBARS was measured. Oxi-
dized [*H]CE-LDL (final concentration, 10 pg/ml) was added to a
monolayer of J774 macrophages cultured in DMEM with 10% FCS.
After incubation for 6 h, uptake of copper-oxidized [3H]CE-LDL was
measured. Values in panel A or B represent means + SD (n = 4); a, sig-
nificant (P < 0.001) compared to baseline and corn oil; b, significant
(P < 0.001) compared to baseline.

fatty acids increased significantly (P < 0.01) and C18:1
and C18:2 decreased significantly (P < 0.05) through in
vitro supplementation (Table 6). When the fish oil fatty
acid-enriched macrophages were preincubated with na-
tive [*H]CE-LDL, it became apparent that some oxida-
tion of the [SH]CE-LDL had taken place because TBARS
in the medium was significantly (P < 0.01) increased
compared to that of fish oil fatty acid-enriched macro-
phages without LDL (4.27 + 0.26, 2.55 + 0.16 uM,
mean + SDn = 4, respectively). Incubation of these oxi-
dized [*H]CE-LDL led to enhanced uptake by fresh mac-
rophages (P < 0.001 compared to LDL pre-incubated

with control cells, Table 6). Uptake of the [*H]CE-LDL
conditioned by corn oil fatty acid-enriched macrophages
(1.88 + 0.39 pg/6 h per mg protein, mean + SD n = 4)
was significantly (P < 0.001) higher than that of control
cells, but significantly (P < 0.01) lower than that of fish
oil fatty acid-enriched cells. TBARS in the medium after
pre-incubation of LDL with corn oil fatty acid-enriched
cells (2.16 + 0.17 uM, mean + SD n = 4) was signifi-
cantly (P < 0.01) increased compared to that with corn
oil fatty acid-enriched cells in the absence of LDL
(1.34 + 0.18 M, mean + SD n = 4), but significantly
(P < 0.001) lower than that of fish oil fatty acid-enriched
cells (4.27 + 0.26 puM).

DISCUSSION

The purpose of the study was to explore the effects of
n-3 fatty acids in fish oil on LDL and in particular on the
concentration, size, and oxidizability, as each of these
characteristics influences atherosclerosis. The main out-
comes were a small but significant rise in LDL cholesterol
concentration such as has been reported by others (8), a
small but significant increase in LDL size, and, most im-
portantly, clear evidence for increased LDL oxidizability.
This evidence comprised increased in vitro copper-
oxidized and macrophage-modified changes in LDL that
led to their increased uptake by macrophages. These
findings define a potential atherogenic property of dietary
fish oil, although it must be emphasized that these are in
vitro observations and that the sum of the metabolic out-
comes of marine n-3 fatty acids appears to be antiathero-
genic in life. Nevertheless, our findings indicate a need for
more antioxidant capacity, such as a-tocopherol, if large
amounts of fish oil are to be taken.

Effect of fish oil on LDL composition and size

The LDL cholesterol concentration rose with fish oil
(Table 2) but without a concomitant increase in plasma
apoB. This is consistent with the observed increase in size
without an increase in particle number, although any rise
in apoB due to LDL particles would have been masked by
the fall in very low density lipoprotein (VLDL) concen-
tration. The reasons for the common increase in LDL
cholesterol concentration after dietary fish oil have been
reviewed by others (7, 8) and include the high palmitate
content of many fish oils but certainly not of the present
preparation. Metabolic explanations include a greater
conversion of the predominantly smaller species of VLDL
and LDL, and a down-regulation of LDL receptor ac-
tivity seen in some but not all studies.

The reduction in plasma triglyceride with fish oil sup-
plementation and the concomitant increase in LDL parti-
cle size observed in our study have also been reported by
Contacas, Barter, and Sullivan (38) after daily supple-
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mentation with 3 g n-3 fatty acids. Small dense LDL are
known to be associated with coronary artery disease
(CAD) (39-41), and results from the Framingham
Offspring Study indicate that small dense LDL are as-
sociated with an increase in plasma triglyceride (42).
Using a two-variable model, the major factors determin-
ing LDL size have been shown to be plasma triglyceride
and HDL cholesterol (35, 43), factors that in our study
were significantly correlated with LDL size. The reason
for these associations can be explained in part by the ex-
change of triglyceride from VLDL for cholesteryl ester in
LDL which is mediated by cholesteryl ester transfer pro-
tein (CETP) (44). The enrichment of LDL with triglycer-
ide promotes hydrolysis by lipase which results in the for-
mation of smaller LDL particles. Thus, the reduction in
plasma triglyceride, as a result of n-3 fatty acid sup-
plementation, would be expected to reduce the triglycer-
ide content of LDL leading to an increase in LDL size.
In addition, we have shown previously that n-3 fatty acid

H

SE

2 % Fig. 3. Effect of corn oil and fish oil supplementation

g 5 of macrophages on TBARS in medium (bar graph),

g o and uptake of macrophage-oxidized LDL (line graph).
£ [*H]CE-LDL separated from pooled plasmas were

Fy E first co-cultured with macrophages for 24 h and then

o O reincubated with fresh macrophages for 6 h. TBARS

E = in medium and uptake of macrophage-oxidized LDL

s were measured as described in methods. Values

represent means + SD (n = 4).

supplementation reduces the activity of CETP (34) which
may also contribute to the increase in LDL size. Further,
as shown recently by Watson et al. (45), the associations
between large LDL (L.DL,), VLDL triglyceride, and
HDL cholesterol are also a function of hepatic triglyceride
lipase activity. Small dense LDL particles are more sus-
ceptible than larger LDL to oxidative damage (46) and
the increase in LDL size after n-3 fatty acid supplementa-
tion might be expected to contribute to a reduction in
atherogenic risk.

LDL oxidizability

Several studies suggest that replacement of dietary
saturated fats with n-6 PUFAs results in higher suscepti-
bility of LDL to oxidative modification (16-19). The role
of oxidized LDL in the formation of atherosclerosis is
thought to be important. In animal studies, antioxidants,
vitamin E (47) and probucol (48), have been reported to
prevent atherosclerosis. In humans, susceptibility of LDL

TABLE 6. Effect of supplementation of macrophages with fish oil fatty acids on fatty acid composition of
macrophages and capacity to oxidize LDL

Control Cells n-3-Enriched Cells

Fatty acid (%)’
C16:0
C16:1
C18:0
C18:1
C18:2
C18:3
C20:3 (n-6)
C20:4 (n-6)
C20:5
C22:5
C22:6

Uptake of pre-incubated [3H])CE-LDL by macrophages

(rg/6 h/mg cell protein)

19.0 + 4.6 16.0 + 3.0
6.2 + 1.7 6.4 + 0.7
6.7 + 1.1 5.3 + 2.6
41.4 + 13.4 18.5 + 2.9
8.8 + 3.4 2.7 + 1.2°
2.0 + 0.6 1.6 + 1.0
1.6 + 1.1 0.8 + 0.1
51 + 2.6 3.9 + 1.1
1.8 + 0.4 21.6 + 6.2°
2.0 + 0.5 10.2 + 4.0°
49 + 3.0 13.1 + 0.8
0.54 + 0.14 2.60 + 0.24°

Values are means + SD, n = 3 in fatty acids, n

4 in uptake.

“The number before the colon specifies the number of carbon atoms, and that after the colon the number of double

bonds.
*Significantly different from control, P < 0.05.
‘Significantly different from control, P < 0.01.
“Significantly different from control, 2 < 0.001.
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to oxidation has been reported to correlate significantly
with the stage of development of coronary stenosis (49).
Epidemiological studies show an inverse relationship be-
tween plasma vitamin E levels and mortality from
ischemic heart disease (50) and also between dietary vita-
min E intake and the incidence of coronary heart disease
(51, 52). Our data show that there are adverse effects of
n-3 PUFAs on LDL oxidizability and raise the paradoxi-
cal question of why then does fish oil protect against
atherosclerosis, at least under experimental conditions.
Demonstration of enhanced in vitro susceptibility does
not, however, necessarily reflect the in vivo situation.

Plasma lipid peroxide relative to TG tended to be
higher after fish oil supplementation compared to base-
line and corn oil supplementation although it did not
reach significance (Table 2). Plasma MDATG ratio in-
creases significantly after fish oil supplementation despite
lower plasma TG (20, 53), and suggests that increased
plasma n-3 PUFAs provide excess substrate for oxidation.
Several papers have reported on the effect of dietary fish
oil on LDL oxidation with controversial results. LDL
from rabbits on diets supplemented with EPA-ethyl ester
(300 mg/kg) was less susceptible to oxidation (54),
whereas fatty acid hydroperoxide levels in plasma from
Watanabe heritable hyperlipidemic rabbits treated with
2.5 ml of MaxEPA daily were similar to those in unsup-
plemented rabbits (53). Nenseter et al. (21) reported that
LDL from subjects supplemented with fish oil did not
show increased susceptibility to copper-induced lipid
peroxidation. However, in another study, fish oil (10 g
MaxEPA/day) supplementation for 4 weeks raised TBARS
in plasma and LDL, raised TBARS in conditioned LDL
(by incubation with copper or smooth muscle cells), and
stimulated uptake of the conditioned LDL by macro-
phages (22). In hypertriglyceridemic patients, dietary
supplementation with fish oil (12 g/day Promega) for
6 weeks was reported to lead to higher susceptibility of
LDL to copper-induced oxidation as evaluated by
TBARS formation, free amino group levels, and changes
in LDL electrophoretic mobility (20). In this current
paper, we have demonstrated clearly that n-3 fatty acid
supplementation increased the susceptibility of LDL to
copper-induced and macrophage-mediated oxidation.
The inconsistency among the various reports is hard to
identify, but more favour heightened oxidizability.

Lag time, evaluated by monitoring diene formation, in-
dicates the total antioxidative status of LDL (27). Many
reports (56-58), including work from our own laboratory
(59), have shown that vitamin E supplementation in-
creases the lag time before the onset of LDL oxidation.
Several groups have reported the effect of fish oil sup-
plementation on vitamin E levels in plasma and LDL.
Nair et al. (60) reported that fish oil supplementation
decreased vitamin E levels in plasma, platelets, and red
blood cells, whereas others (22, 53) have reported that

there were no changes in vitamin E levels in plasma and
LDL after fish oil supplementation. In our present study,
vitamin E content of LDL did not change after fish oil
supplementation (Table 4); the fish oil contained 2 mg
vitamin E/ml, a total dose of 8 mg/day. Cosgrove, Church,
and Pryor (61) reported that the oxidizability of PUFAs in
homogenous solutions (in units of M ~*sec™%) were:
2.03 x 107! (18:2), 4.07 x 1072 (18:3), 5.75 x 1072 (20:4),
and 10.15 x 1072 (22:6). Thus, the oxidizability of DHA
(22:6) is five times greater than that of linoleic acid (18:2).
We propose that more vitamin E is required to protect
against oxidative stress when EPA and DHA intake is in-
creased. Indeed, vitamin E supplementation has been
shown to counteract the fish oil-induced increase in LDL
oxidizability (22, 62). We have shown recently that in-
creasing the a-tocopherol content of either LDL or of
macrophages reduces the oxidizability of LDL by copper
or by macrophages, respectively (63).

A potential confounding effect of the beta-blocking
drug, atenolol, is that other drugs of that category have
been shown to influence the oxidation of LDL (64).
However, the effect has been to reduce both TBARS for-
mation in the presence of macrophages or copper, and to
reduce the degradation of LDL by macrophages. These
results were obtained with pindolol, propranolol, and
metoprolol added in vitro to the incubation media. In-
dapamide, taken by two subjects in this study, has been
reported to inhibit LDL oxidation induced by copper or
by cultured endothelial cells (65). A hydrochlorothiazide
(also taken by one of our subjects) has been found not to
affect oxidation of LDL (65). Although we cannot assess
whether in vivo exposure of LDL to atenolol or indapa-
mide would lead to partial protection as observed in other
studies (64, 65), similar drug treatments were experienced
during the taking of fish oil or of corn oil and so the com-
parison between oil treatments remains valid. However,
the thiazides appeared to reduce the a-tocopherol content
of LDL, which in turn led to a reduced lag time during
in vitro oxidation. The reason for this is unknown.

Both lag time and propagation rate were significantly
decreased with fish oil. A reduction in lag time, an indica-
tor of enhanced oxidizability, and a reduction in oxidation
rate, an indicator of decreased oxidizability, were ob-
served after fish oil supplementation (Table 5). Recently
Whitman et al. (66) reported similar results. We cannot
offer an explanation for this apparent paradox. We would
place greater credence on the increased uptake of EPA/
DHA-enriched LDL by macrophages as clear evidence
for enhanced oxidizability (Fig. 2).

Effect of fish oil on macrophage-mediated LDL

oxidation

The three major cell types in the arterial wall (endo-
thelial cells, smooth muscle cells, and macrophages) have
been reported to be able to modify LDL to a form recog-
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nized by scavenger receptors in macrophages (67-69). It
1s suggested that LDL is oxidized by these cells in the
arterial wall, and that the susceptibility of LDL to cell-
induced oxidation is important in atherogenesis. The
predominant cell type in the early atherosclerotic lesion
fatty streak is the foam cell derived from monocyte-
macrophage loaded with cholesteryl ester (70). The cho-
lesterol in foam cells originates primarily from plasma
lipoproteins, including LDL. The mechanism for the for-
mation of foam cells is not yet clear, but it is speculated
that macrophages take up cell-oxidized LDL via scavenger
receptors, without feedback regulation. As shown in our
results, LDL after fish oil supplementation was highly
oxidized by macrophages. As shown in Table 6, macro-
phages enriched in n-3 fatty acids displayed a higher
capacity to oxidize LDL. The amount of n-3 fatty acids
that the LDL might have acquired during the incubation
would have been too small to be responsible for the in-
creased uptake.

In conclusion, these results indicate that dietary sup-
plementation with n-3 fatty acids increases the oxidizabil-
ity of LDL which may counteract some of the beneficial
effects of fish oil which relate to the risk of developing
atherosclerosis. Consumption of adequate amounts of
antioxidants such as vitamin E should be considered to
minimize these adverse effects. 8l
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