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Abstract

We report the results of feeding oleate- or linoleate-enriched
diets for 8 wk to mildly hypercholesterolemic subjects and the
resulting alterations in compeosition and functional properties of
their plasma LDL and HDL. LDL isolated from subjects on
oleate-enriched diets was less susceptible to copper-mediated
oxidation, as measured by conjugated diene and lipid peroxide
formation, and less susceptible to LDL-protein modification, as
evidenced by reduced LDL macrophage degradation after cop-
per- or endothelial cell-induced oxidation. For all subjects, the
percentage of 18:2 in LDL correlated strongly with the extent
of conjugated diene formation (r = 0.89, P < 0.01) and macro-
phage degradation (r = 0.71, P < 0.01). Oxidation of LDL led
to initial rapid depletion of unsaturated fatty acids in phospho-
lipids followed by extensive loss of unsaturated fatty acids in
cholesteryl esters and triglycerides. Changes in HDL fatty acid
composition also occurred. However, HDL from both dietary
groups retained its ability to inhibit oxidative modification of
LDL. This study demonstrates that alterations in dietary fatty
acid composition can effectively alter the fatty acid distribution
of LDL and HDL in hypercholesterolemic subjects and that
susceptibility to LDL oxidation is altered by these changes.
Substitution of monounsaturated (rather than polyunsatu-
rated ) fatty acids for saturated fatty acids in the diet might be
preferable for the prevention of atherosclerosis. (J. Clin. In-
vest. 1993. 91:668—-676.) Key words: atherosclerosis  macro-
phages * conjugated dienes ¢ lipid oxidation - high density lipo-
protein

Introduction

It has been proposed that oxidative modification of LDL may
increase its atherogenicity (1, 2), and there is evidence that
oxidative modification of LDL does occur in vivo (3-6). The
generation of oxidatively modified LDL appears dependent on
the peroxidative decomposition of its polyunsaturated fatty
acids, yielding reactive aldehydes, some of which form covalent
bonds with LDL apo B (4, 5, 7, 8), generating a modified LDL
recognized by the scavenger receptor(s) of the macrophage (9,
10). This leads to enhanced uptake and foam cell formation. In

Address correspondence to Peter Reaven, M.D., Department of Medi-
cine, University of California, San Diego, 9500 Gilman Drive, La Jolla,
CA 92093-0682.

Received for publication 27 April 1992 and in revised form 6 August
1992.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/93/02/0668/09 $2.00

Volume 91, February 1993, 668-676

668  Reaven, Parthasarathy, Grasse, Miller, Steinberg, and Witztum

addition, it is now apparent that oxidized LDL or soluble prod-
ucts formed during the oxidation of LDL have other biological
effects including monocyte chemotaxis (1), cytotoxicity (11),
alteration of gene expression in arterial cells (12, 13), and alter-
ation of vascular tone (for review see reference 2).

Diets enriched in polyunsaturated fatty acids are consid-
ered to be beneficial because of their hypocholesterolemic ef-
fects (14-16). However, these diets lead to LDL particles
enriched in polyunsaturated fatty acids (17, 18), which should
be more susceptible to lipid peroxidation and, in principle,
possibly more atherogenic (1, 2). Replacement of dietary satu-
rated fatty acids with monounsaturated fatty acids has been
shown to be as effective as replacement with polyunsaturated
fatty acids in lowering plasma LDL levels (14-16, 18) and it
has the advantage that it does not simultaneously lower HDL
cholesterol levels (15, 16, 19). HDL has also been demon-
strated to inhibit the oxidative modification of LDL (20). Be-
cause there may be an exchange of fatty acids and oxidized
fatty acids products between LDL and HDL, HDL particles
enriched with polyunsaturated fatty acids may offer less protec-
tion to LDL. Thus, diets enriched in monounsaturated fats
rather than polyunsaturated fats might confer additional pro-
tection by generating both LDL particles that are more resis-
tant to oxidation and HDL particles that inhibit oxidative mod-
ification, while optimizing both LDL and HDL cholesterol
levels.

In a pilot study, we recently demonstrated that LDL iso-
lated from normocholesterolemic subjects fed a monounsatu-
rated-enriched diet was less susceptible to oxidation and modifi-
cation (18). In the current study we evaluated the effects of
extended feeding of mono- versus polyunsaturated-enriched
diets to mildly hypercholesterolemic subjects on LDL oxida-
tion and modification. In addition, we studied both the
changes in overall fatty acid composition and in individual
lipid fractions produced by oxidation. Finally, we show that
monounsaturated-rich diets do not alter the ability of HDL to
inhibit LDL oxidation.

Methods

Participants. 13 healthy hypercholesterolemic volunteers (7 women
and 6 men), aged 20-59 yr, were recruited from the community. All
were on average American diets. None were taking medications or
vitamins at the time of recruitment. The study was approved by the
Human Studies Committee of the University of California, San Diego,
and was conducted in the outpatient facilities of the University of Cali-
fornia, San Diego, General Clinical Research Center.

Study design. An oleate-enriched variant of sunflower oil (Trisun
80), provided by SVO Enterprises (Eastlake, OH), and conventional
sunflower oil, Wesson Sunlite, provided by Hunt Wesson (Fullerton,
CA), were used to prepare liquid diets as described by Mattson and
Grundy (16). Oleate accounts for > 80% of the total fatty acids in
Trisun 80 whereas regular sunflower oil is ~ 60% linoleate. Vitamin E



content of the Trisun 80 used in this study was 0.538 mg/g oil whereas
that of the sunflower oil used was 0.512 mg/g oil. Liquid diets were
prepared by the General Clinical Research Center Nutrition Unit and
provided 40% of calories as fat, 45% as carbohydrates, and 15% as
protein. Diet ingredients and composition were as previously described
(18). Initial daily caloric intake for each individual was calculated
from estimates of energy requirements, on the basis of 3-d food records
and standard nomogram values (21) for each individual. Each liquid
diet varied only in the percentage of monounsaturated or polyunsatu-
rated fatty acids. These diets, aside from small amounts of vegetables
and other nonfat snacks, which accounted for < 300 kcal, were used
exclusively as the source of nutrition for the study participants for 6 d of
each week. During these 6 d essentially all fat intake was supplied by the
liquid diet. To improve adherence to the study diet, subjects were al-
lowed to eat solid food of their choice one weekend day each week from
recommended food lists and sample meal menus. Foods that were rec-
ommended for ingestion during this “off day” were low in fat and low
in vitamin E and beta-carotene. Dietary records were reviewed weekly
by a registered dietitian to ensure adherence to the recommended food
guidelines. Total daily energy intake for each individual was adjusted
weekly as needed to maintain body weight.

Subjects were randomized to either polyunsaturate- (n = 7) or
monounsaturate- (n = 6) supplemented liquid diets. Subjects re-
mained blinded to the predominate type of fatty acid present in their
diet throughout the study. Participants picked up their fully prepared
liquid diets on Monday, Wednesday, and Friday of each week for the
total 8-wk study period. Unused portions of diet were returned at each
visit. Each participant was allowed to ingest their daily liquid diet ac-
cording to their own schedule, although the entire day’s allocation was
to be ingested by bedtime. Subjects were instructed to refrigerate the
liquid diets at all times when not in use. Aliquots of the diet were
analyzed biweekly to check stability of fatty acid composition. During
the study all participants were supplied with a daily multivitamin (Cen-
trum, P. Leiner Nutritional Products, Inc., Torrance, CA).

Preparation of LDL. Fasting blood samples were obtained from
each subject at two baseline visits before initiation of the liquid diet and
at completion of the 8-wk dietary period. Blood was collected in EDTA
(4.0 mM), placed immediately on ice, and the plasma was separated.
LDL was isolated by sequential ultracentrifugation as previously de-
scribed ( 18) and dialyzed extensively against PBS containing 0.27 mM
EDTA (PBS-EDTA). A final concentration of 0.22 mM gentamycin,
0.15 mM chloramphenicol, 1 uM D-phenylalanyl-L-prolyl-L-arginine
chloromethyl ketone, and 2 mM benzamidine was added to plasma
and all solutions used subsequently during LDL isolation. Protein was
determined by the method of Lowry et al. (22). Measurement of LDL-
conjugated diene and lipid peroxide formation during Cu?*-mediated
oxidation was carried out immediately, as described below. All other
studies were completed within 2 wk of isolation of LDL samples, which
were stored at 4°C in the dark. LDL protein from each plasma sample
was radioiodinated by the method of Salacinski et al. (23) and the
specific activity of each was adjusted to ~ 30,000 counts - min per ug
protein by addition of their own unlabeled LDL. For all assays, LDL
samples were adjusted to similar protein concentrations with PBS-
EDTA. Thus each sample had an equal concentration of protein with
equal specific activity and equal EDTA content per sample for each
experiment.

Vitamin E content. Alpha-tocopherol was measured by HPLC ac-
cording to a modification of methodology described by Kaplan (24).
Briefly, alpha-tocopherol acetate was prepared in 100% ethanol at 58
umol/liter as an extraction internal standard and for standard curve
preparation. Actual concentrations of alpha-tocopherol were deter-
mined by measuring absorbance of prepared solutions and calculating
concentrations on the basis of known spectral data (25). Plasma and
LDL samples were extracted with petroleum ether and evaporated
under nitrogen. The extract was reconstituted in a mobile phase that
consisted of acetonitrile, chloroform, 2-propanol, water (78:16:3.5:2.5;
vol/vol/vol/vol) and run at a flow rate of 2 ml/min. The chromato-
graphic analysis was performed on a 5-pm particle C-18 column. Cal-

culations were determined from a standard curve of peak area ratios of
sample/internal standard.

Oxidation of LDL. The formation of conjugated dienes was mea-
sured by incubating 200 ug of LDL protein with 5 umol/liter copper
sulfate (Cu?*) in 2 ml of Ham’s F-10 medium. The absorbance at 234
nm (A,3,) was measured continuously in a Uvikon 810 spectrophotom-
eter (Kontron Instruments, Basel, Switzerland) as described (18, 26).
Results are expressed as absolute increase in absorbance above the ini-
tial value. The formation of lipid peroxides was measured by the iodo-
metric method (27). LDL was incubated at 100 ug/ml in PBS with 5
umol/liter Cu?* at 37°C and aliquots were removed for lipid peroxide
measurement at 0, 2, 4, 6, and 8 h.

Each subject’s '*’I-labeled LDL, at a concentration of 100 ug pro-
tein/ml, was incubated with 5 umol/liter Cu?* for 0 and 8 h or with
monolayers of rabbit aortic endothelial cells (EC)! in Ham’s F-10 me-
dium for 0, 8, and 16 h at 37°C as previously described (9). Lipid
peroxidation was assessed in terms of thiobarbituric acid-reactive sub-
stance (TBARS) in the medium (9). Results are expressed as malon-
dialdehyde equivalents per mg of LDL protein.

LDL degradation and uptake. To evaluate one parameter of biologi-
cal modification of LDL induced by in vitro oxidation, we measured
the macrophage degradation of each individual iodinated LDL sample.
Resident mouse macrophages were harvested from the peritoneal cav-
ity by lavage and plated on 24-well clustered dishes at a density of
~ 1.4 X 108 cells per well with RPMI medium containing 10% (vol/
vol) fetal calf serum as previously described (9). After an overnight
incubation, the medium was replaced and degradation by macrophages
of 5 ug '»I-LDL protein/ml medium for 5 h at 37°C was determined as
previously described (18).

Farty acid composition. Lipids from LDL and HDL and from ali-
quots of the different diets were extracted by a modification of the
method of Folch et al. (28). The fatty acids were transmethylated and
analyzed in a gas chromatograph (model 3700, Varian Associates, Su-
genland, TX) equipped with a column of 10% Silar SCP on a Gas
Chrom QII, 100/ 120 mesh (Alltech Associates, Inc, Deerfield, IL). For
quantitative estimates of total fatty acids present in LDL, a 15:0 inter-
nal standard (pentadecanoic acid) was added to each sample before
extraction. Calculations of fatty acid amounts were determined from
peak area ratios of sample to internal standard. In these samples, fatty
acids longer than 20:4 were only present in small amounts (a combined
total of < 3%) and were not used for these calculations. For analyses of
fatty acids in lipid fractions, the cholesteryl esters, triglycerides, and
phospholipids were separated on prewashed silica gel G TLC plates
using a solvent system of petroleum ether/ethyl ether/acetic acid
(80:20:0.7; vol/vol/vol). Each lipid fraction was then scraped from
the plate and methylated directly for fatty acid determinations. The

15:0 internal standard was added directly to the scraped silica gel. As
recovery averaged from 70 to 90% for all the different lipid fractions,
values were adjusted up to 100% recovery based on total original mea-
surement of LDL cholesteryl ester, triglyceride, and phospholipid con-
tent. Cholesteryl esters (29) and triglycerides (30) were measured
enzymatically and phospholipids were measured for total phos-
phorous (31).

Effect of oxidation on fatty acid composition of fractionated LDL.
At the end of the 8-wk study period, total fatty acid analyses were
performed on each LDL sample before and after incubation with Cu?*
for 16 h as described above. To determine the effect of oxidation on the
fatty acid composition of the individual lipid classes of LDL, choles-
teryl ester, phospholipid, and triglyceride fractions were separated by
TLC and fatty acid analyses were performed on each fraction after 16 h
of Cu?*-mediated oxidation in LDL samples from a subset of each
dietary group. Additionally, in LDL from three control subjects, simi-
lar analyses were performed on aliquots removed at frequent intervals
during 24 h of Cu?*-mediated oxidation.

1. Abbreviations used in this paper: EC, endothelial cells; TBARS, thio-
barbituric-acid-reactive substances.
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Table I. Comparison of Weight, Cholesterol, and Triglyceride Values at Baseline and Study Completion in Oleate and Linoleate Groups*

Body weight Total cholesterol LDL cholesterol HDL cholesterol Triglycerides
Diet Baseline Final Baseline Final Baseline Final Baseline Final Baseline Final
kg mgy/dl
Linoleate (n = 7) 76.8+9.2  74.2+8.0*  218.0+16.1 171.9£21.9% 135.6+16.7 102.3x18.1* 63.0+21.8 56.6+14.9 99.0+39.5  65.3+26.8¢
Oleate (n = 6) 72.3+17.2  70.0+17.0+ 228.7+31.1 199.7+17.2¢ 143.3+33.5 116.8+14.4* 61.9+144 58.2+15.6* 116.8+28.8 123.2+52.3

* Values given are mean+SD. * Significant compared with the baseline value, P < 0.05.

HDL assays. HDL fatty acid composition was determined by the
identical methodology used for LDL. In addition, HDL samples (at 50
and 100 xg/ml Ham’s F-10 medium) were coincubated with '*I-LDL
during Cu?*-mediated oxidation to assess their ability to inhibit macro-
phage degradation of LDL (20). Degradation by macrophages of 5 ug
2L LDL protein/ml medium for 5 h at 37°C was determined as de-
scribed above.

Statistical analyses. Comparisons between dietary group means
were performed by Student’s unpaired ¢ test; baseline and final means
within dietary groups were compared by Student’s paired ¢ tests. Re-
peated-measures analysis of variance was used to compare overall
mean A,;, over time between groups at study completion. Pearson’s
correlation coefficient was used to measure the association between
A4, macrophage degradation, and content of selected fatty acids
in LDL.

Results

All participants completed the 8-wk liquid diet study without
significant problems. One participant (subject 1) on the oleate
diet had persistent gastrointestinal discomfort and throughout
the study ingested a reduced volume of her liquid diet. Weekly
food records and measurement of unused portions of the liquid
diet indicated compliance was excellent in all other partici-
pants, with > 95% of the provided liquid diet ingested by each
participant. Total tocopherol levels in the Trisun® 80 oil
(0.538 mg/gm) and in the Wesson Sunlite oil (0.512 mg/g)
were similar. Fatty acid analyses of dietary samples, performed
biweekly throughout the study, indicated that the fatty acid
composition of the oleate-enriched diet was 78% oleic acid
(18:1), 13% linoleic acid (18:2), 4.5% stearic acid (18:0), and
4.5% palmitic acid (16:0). In contrast, fatty acid composition
of the linoleate-enriched diet averaged 24% 18:1, 63% 18:2,
5.0% 18:0, and 8% 16:0. The calculated average total energy
intake from the liquid diet was 2,673+870 kcal/d for the oleate
group and 2,683+372 kcal/d for the linoleate group. During
the 6 d/wk when the liquid diet was supplied, subjects ingested
on average 300 kcal/d from nonliquid diet sources with < 70
kcal/d in the form of fat. Caloric intake on the one “off-day”
averaged 1,733+620 kcal/d for the oleate group and
1,943+1,046 kcal/d for the linoleate group with energy intake
in the form of fat only ~ 15% of total calories for both groups.
Mean baseline and final weights and lipids are shown in Table
I. Weight decreased by ~ 3% in each group. Total cholesterol
decreased significantly in both study groups and LDL choles-
terol decreased 24.5% in the linoleate group and 18.5% in the
oleate group. HDL cholesterol decreased by 10% and 6% in the
linoleate and oleate groups, respectively. LDL vitamin E levels
(per mg LDL protein) were not different in the two dietary
groups at either baseline or at the end of the study (baseline:
oleate group vs. linoleate group, 5.6+0.8 vs. 5.4+1.1 ug/mg, P
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= (.7; final: oleate group vs. linoleate group, 6.8+1 vs. 7.0+0.6
ug/mg, P=0.7).

Fatty acid composition of LDL. Before starting the special
diets there were no significant differences in the percent distri-
bution of any long-chain fatty acids in the LDL isolated from
the two study groups (Table II). After 8 wk of linoleate (18:2)
or oleate (18:1) dietary enrichment, however, mean levels of
18:2 and 18:1 had increased significantly, as expected (P
< 0.001). Small but significant changes between the two
groups also occurred in the relative content of 18:0 and 20:4.
Within the oleate dietary group, five of six subjects had in-
creases in oleic acid > 60% and decreases in linoleic acid rang-
ing from 8 to 30%. However, the LDL of subject 1 (who toler-
ated < 50% of her liquid diet) showed only minimal changes in
fatty acids composition. In the linoleate diet group, six of seven
participants had marked decreases in 18:1 and increases
in 18:2. The LDL of subject 12 had minimal changes in 18:1
and 18:2.

Thus 11 of the 12 study subjects who ingested the majority
of their assigned liquid diet (throughout the study) had sub-
stantial changes in their LDL fatty acid content, which re-
flected the composition of their diet. The reason subject 12 did
not have comparable LDL changes is unknown.

Effects of diet on parameters of LDL oxidation. The rate
and extent of conjugated diene formation was consistent for
each individual LDL sample when incubated at room tempera-
ture in the presence of 5 umol/L Cu?*. The data shown repre-
sent the mean of results of LDL isolated from each of the sub-
jects. At baseline there was no difference in absorbance at 234
nm (Fig. 1 4) of LDL from the two study groups. However,
after 8 wk of dietary enrichment, the mean absolute increase in

Table II. Percent of Total Fatty Acids in LDL

Oleate diet Linoleate diet
(n=6) n=17)
Fatty acid Baseline Final Baseline Final
%
16:0 22.5+1.1 18.8+2.1 21.4%1.6 17.9+£2.2
16:1 1.9+0.4 1.8+0.6 2.6+0.6 1.0+0.4
18:0 9.0+1.8 6.4+0.9 7.5+1.5 7.3+0.5*
18:1 15.6+1.5 26.6+4.0 17.9+2.1 10.7+1.8¢
18:2 39.4+4.1 36.8+2.8 39.2+2.9 55.2+4.0%
20:4 11.6+2.2 9.6+0.8 11.4+£2.2 7.9+£1.4*

Comparison between dietary groups of the content of fatty acids as a
percent of total fatty acids in LDL. Data are presented as means+SD.
No significant differences were present between groups at baseline.

* Significant compared with the oleate group final value, P < 0.05.
* Significant compared with the oleate group final value, P < 0.001.
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Figure 1. Measurement of conjugated diene formation in LDL after Cu?*-induced oxidation. LDL (100 ug/ml) samples from subjects on oleate-
(shaded, n = 6) or linoleate- (open, n = 7) supplemented diets were incubated in Ham’s F-10 medium containing 5 umol/liter Cu?* at room
temperature and absorbance at 234 nm was measured at hourly intervals in a Uvikon 810 spectrophotometer. Mean values+SD measured on
LDL samples isolated at baseline are shown in A whereas values measured on LDL samples isolated at the end of the study are shown in B.

A, after 18 h of oxidation was 50% greater in the linoleate-
supplemented group (Fig. 1 B). Repeated-measures analysis of
variance was used to compare the overall absorbance over time
between the dietary groups and revealed a significant difference
(P < 0.001). Finally, the absolute change in absorbance
(AA,3,) strongly correlated with the percent of 18:2 in LDL (r
= 0.89, P < 0.05). A similarly strong but inverse correlation
was present between AA,;, and the percent of 18:1 in LDL (r
= —0.82, P < 0.05).

The time course of LDL lipid peroxide formation during
Cu?*-mediated oxidation is shown in Fig. 2. Mean levels of
lipid peroxides were similar in both groups before oxidation,
but levels after initiation of oxidation were higher in the lino-
leate group at each time point, with differences achieving statis-
tical significance at 2, 6, and 8 h.

At the beginning of the study, there were no significant
differences in amount of TBARS formed as a result of Cu?* or
EC oxidation. However, after 8 wk of the study diet, TBARS
generated during LDL oxidation were higher in the oleate
group at each time point (Fig. 3, top).

Macrophage degradation. The extent of macrophage degra-
dation of each '**I-labeled LDL sample, before and after oxida-
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Figure 2. Measurement of lipid peroxides in LDL after Cu?*-induced
oxidation. LDL (100 ug/ml) samples from subjects on oleate
(shaded) or linoleate (open) supplemented diets were incubated in
PBS with 5 gmol/liter Cu?* and aliquots were removed for measure-
ment of lipid peroxides at 0, 2, 4, 6, and 8 h. Means+SD are pre-
sented. *Significant difference compared with values for the oleate
group, P < 0.05.
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tion by Cu?* or by EC was also measured. At the beginning of
the study, comparison of LDL samples from the two groups
showed no significant difference in the oxidation-induced in-
crease in macrophage degradation (data not shown). At the
end of the formula-diet period, the extent of LDL degradation
by macrophages after EC or Cu?* oxidation was significantly
greater in the linoleate group at each oxidation time point (Fig.

80
70
- *
O 604
p * *
D 509
n E
C< 40
<
P= 301
g 20-
(=
=~ 101
o-
NATIVE Ccus EC8 EC16
METHOD OF OXIDATION
12
g% *
§8 107
g—a 8- :
&3
0o
o £ 6 *
o=
S5
L 4 -
83
Q- 2 4
I}
=2
= o lemme——
NATIVE cus EC8 EC16
Method of Oxidation

Figure 3. Measurement of generation of TBARS and macrophage
degradation of LDL subjected to copper oxidation. Top: LDL (100
ug/ml) samples from subjects on oleate- (shaded) or linoleate- (open)
supplemented diets were incubated with 5 umol/liter Cu?* (8 h) or
endothelial cells (8 h) and (16 h) and TBARS measured. Bottom: 5-
ug aliquots of LDL from the above incubations were then used to
measure macrophage degradation. Values presented are means+SD.
*Significant difference compared with values for the oleate group, P

< 0.05.
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Table II1. Content of Fatty Acids in LDL at the End of the Dietary
Period (before and after Oxidation)

The distribution of individual fatty acids in each lipid frac-
tion was determined in LDL samples from four individuals
from each dietary group at the end of 8 wk (Table IV). In the

Oleate gie‘ '-i“"‘“j‘; diet cholesteryl ester and triglyceride core of the LDL particle, the

=9 il majority of the fatty acids were mono- or polyunsaturated

Fattyacid  Unoxidized Oxidized Unoxidized Oxidized (18:1, 18:2, and 20:4). In contrast, in the surface-associated
ug/mg LDL protein phospholipids, the saturated fat.ty acids (16:0 and.18:0) were

most prevalent. There was enrichment of oleate in all three

16:0 209.5+44.5 182.0+34.2 182.9+26.7 152.7+26.7 hpld classes in the oleate-fed group and corresponding in-
16:1 20.7+9.0 16.3+5.6 10.4+4.1 8.9+4.6 creases in linoleate were seen in the linoleate-fed group. Particu-
18:0 70.3+4.9 60.7+3.9 74.1+4.6 59.8+4.5 larly striking was the 18:2/18:1 ratio in the cholesteryl ester
18:1 293.6+51.2  241.0x44.1  110.4+22.1  82.2+235 fraction, which was 1.4 in the oleate-fed group and 4.7 in the
18:2 408.9+70.9  79.8+21.5 565.0+66.7  78.3+27.4 linoleate-fed group. The diets did not cause a change in the
20:4 105.0+8.0 6.5+3.9 80.1+14.8 7.8+5.8 distribution of a given fatty acid between the core and surface
Total 1108+147 586+64 1022+76 389+81 lipids: i.e., although there was a greater absolute amount of

Comparison of the content of fatty acids present in LDL isolated at
the end of the study period from subjects on oleate- or linoleate-
enriched diets. Values presented represent means+SD of each fatty
acid present in the LDL samples before and after Cu?*-mediated
oxidation.

3, bottom). Additionally, cell-associated '?*I-labeled LDL was
greater in the linoleate group (data not shown). In the entire
study group, degradation of LDL, oxidized by either EC or
Cu?* (for 8 h) was highly correlated with the percent 18:2 in
LDL (r = 0.73, r = 0.68, respectively, P < 0.01) and percent
18:1 (r=-0.77,r = —0.73, respectively, P < 0.01). LDL degra-
dation (after both Cu?* and EC oxidation) also correlated with
the ratio of percent 18:2 to percent 18:1 (r = 0.77, P < 0.01).

Effects of oxidation on LDL fatty acid composition. At the
end of the study, quantitative determinations of fatty acids
were performed on all LDL samples from each dietary group
before and after 16 h of Cu?*-mediated oxidation (Table III).
At the end of the formula-diet period, LDL from the linoleate
group showed an absolute increase in the amount of 18:2 and a
decrease in 18:1. In response to oxidation, marked decreases in
the content of 18:2 and 20:4 occurred in LDL from both di-
etary groups but there was a greater overall percent loss of total
fatty acids in the LDL from the linoleate group (62.4 vs. 47.0%,
P <0.01).

oleic acid in LDL, its distribution between triglycerides, choles-
teryl ester, and phospholipid did not change (data not shown).

To determine whether the degradation of polyunsaturated
fatty acids during oxidation was influenced by their location
within the LDL particle, quantitative determinations of fatty
acids were performed on the separated cholesteryl ester, triglyc-
eride, and phospholipid fractions of LDL isolated from several
individuals from each dietary group before and after 16 h of
Cu?* oxidation (Table V). The greatest loss of unsaturated
fatty acids was in the core (cholesteryl ester and triglyceride
fractions) and the loss of polyunsaturated fatty acids was nearly
complete. Monounsaturated fatty acids associated with phos-
pholipids, however, were relatively stable. There was little loss
of 16:0 and 18:0 saturated fatty acids (data not shown). This
was true for LDL isolated from both dietary groups. To charac-
terize the location and rates of fatty acid loss in individual lipid
fractions, fatty acid analyses were performed on three control
LDL samples during a 24-h incubation with Cu?*. Aliquots
were analyzed for the quantity of 18:1, 18:2, and 20:4 present
in the total LDL sample as well as in cholesteryl ester and
phospholipid fractions (Fig. 4). As shown in Fig. 4 4, the total
18:2 and 20:4 content in LDL decreased rapidly after several
hours of oxidation. The amount of 18:1 in contrast, decreased
more slowly with significant loss apparent only after ~ 16 h of
oxidation. Different patterns of fatty acid loss were observed in
the core (cholesteryl ester) and surface (phospholipids) under
these conditions of oxidation. In the phospholipid fraction

Table 1V. Effects of Diets on Distribution of Fatty Acids in LDL Lipid Fractions

Cholesteryl ester Triglyceride Phospholipid
Fatty Oleate Linoleate Oleate Linoleate Oleate Linoleate
acid diet diet diet diet diet diet
% distribution

16:0 12.0+1.5 14.2+0.7 21.7+3.6 27.7x1.5 40.3+4.8 42.2+2.1
16:1 2.1£0.7 1.4+0.2 3.5+0.7 3.0+0.2 — —_
18:0 0.8+0.2 1.3+0.1 4.1+0.2 7.1+1.4 19.0+2.5 23.8+0.6
18:1 32.0+5.6 13.8+0.8 58.6+5.3 37.0+0.8 20.0+1.7 9.2+0.5
18:2 45.4+7.5 64.9+3.1 8.0+5.8 21.2+3.6 15.1+4.6 19.3%+1.6
20:4 7.4+4.1 4.4+1.7 4.1+1.9 3.4+0.2 5.6+£1.9 5.6+1.6

Percent distribution of fatty acids in each lipid fraction from four LDL samples from each dietary group. Data are presented as means+SD.
Values that were too small to be reliably detected were not included. The data may underestimate the overall percent of polyunsaturated fatty
acids present in the phospholipid fraction as during the lengthy isolation and dialysis steps in the separation of LDL some of the polyunsaturated
fatty acids in phospholipids may have already been lost as a result of oxidation.
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Table V. Fatty Acid Content of LDL Lipid Fractions Pre- and Postoxidation

E Cholesteryl ester Triglyceride Phospholipid
Subject aac::iy PRE-OX* POST-OX PRE-OX POST-OX PRE-OX POST-OX
ug/ml LDL
Linoleate dietary group
8 18:1 75.0 36.2 66.7 4.1 31.4 40.9
11 87.0 27.0 335 2.0 38.4 52.5
8 18:2 387.5 21.1 39.8 1.5 60.1 39.8
11 355.1 19.8 18.9 0.7 74.9 57.3
8 20:4 18.5 — 6.0 4.2 12.5 4.2
11 40.0 — 29.4 2.4 20.0 7.1
Oleate group
5 18:1 217.3 109.8 130.0 46.4 94.6 78.6
6 205.9 82.0 112.3 37.0 81.3 69.9
5 18:2 224.5 13.6 11.8 3.0 58.5 28.2
6 238.9 12.4 7.5 29 40.3 21.7
5 20:4 51.8 33 13.2 39 15.5 —
6 22.1 — 8.3 3.0 20.5 6.4

Data presented are the specific values of each fatty acid as measured in each lipid fraction of LDL from two subjects on the linoleate-enriched diet
and two subjects on the oleate-enriched diet. Values that were too small to be reliably detected were not included. * Oxidation.

(Fig. 4 C) there was an immediate loss of 18:2 and 20:4, with
continued rapid loss of 20:4 for up to 16 h. Interestingly, the
phospholipid 18:1 content did not significantly decrease during
the 24-h oxidation period. In contrast, there was a delay before
18:2 and 20:4 loss occurred in the cholesteryl ester fraction
(Fig. 4 B). Subsequently, all the unsaturated fatty acids were
lost at a rapid rate. There was also a nearly complete loss of 18:1
under these conditions of oxidation.
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An Oleate-rich Diet Reduces LDL Oxidation in Hypercholesterolemic Subjects

Effects of dietary manipulations on HDL. HDL was iso-
lated from 10 of the 13 subjects after 8 wk of the study diet. The
fatty acid composition of the HDL and its capacity to inhibit
LDL modification was measured. The effects of the diets on
HDL fatty acid composition were similar to those seen in LDL
(Table VI). The percentage of 18:1 was significantly lower and
the percentage of 18:2 was significantly higher in HDL isolated
from the linoleate-fed subjects than in HDL isolated from the
oleate-fed subjects. No significant differences were present in
other fatty acids in the HDL fractions.

Parthasarathy et al. (20) previously demonstrated that
HDL inhibits the oxidative modification of LDL in vitro. To
evaluate whether this protective property of HDL was altered
by the dietary-induced changes in HDL fatty acid composition,
we performed a similar series of experiments using HDL sam-
ples from each dietary group. When HDL was incubated with
LDL during Cu?*-mediated oxidation, the LDL was partially
protected from oxidative modification, as evidenced by a de-

Table VI. Distribution of Total Fatty Acids in HDL

Fatty acid Oleate diet Linoleate diet
%
16:0 21.4+3.0 20.1+1.2
16:1 1.4+0.4 1.0+0.2
18:0 10.5+0.7 12.7+£0.7
18:1 24.7+1.9 11.0+1.5*
18:2 30.3+2.3 44.6+2.2*
20:4 11.8+3.1 10.6+1.0

Comparison of the distribution of fatty acids as a percent of total fatty
acids in HDL between dietary groups. Data are presented as
means=SD of five HDL samples from each group. * Significant
compared with the oleate group, P < 0.01.
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crease in subsequent macrophage degradation. The effect was
similar for HDL isolated from subjects in both dietary groups
(Fig. 5).

Discussion

It has been well documented that hypercholesterolemia is both
a common and important risk factor for coronary artery dis-
ease (32-34). Recommendations from a variety of expert pan-
els, including The National Cholesterol Education Program,
have stressed the need to lower cholesterol levels in people with
hypercholesterolemia, initially with diet and subsequently, if
needed, with medications (35). In general, dietary recommen-
dations have been to decrease total dietary fat and cholesterol
intake and to replace dietary saturated fats with polyunsatu-
rated fats. More recently, however, studies have suggested that
replacement of saturated fats with monounsaturated fats may
be equally efficacious in lowering LDL cholesterol levels. In
addition, monounsaturated fats have an advantage over satu-
rated fats in that they do not appreciably lower HDL (14-16,
19). Our data provide an additional theoretical advantage for
the preferential use of monounsaturated fats: such diets enrich
lipoproteins with monounsaturated fatty acids and render
them less susceptible to oxidative modification.

This study demonstrates that in mildly hypercholesterole-
mic subjects LDL and HDL fatty acid composition can be
altered to reflect the fatty acid composition of the diet. Al-
though the study diets were provided for 8 wk, LDL fatty acid
analyses after 5 wk of diet were essentially the same as those
observed for the 8-wk samples (data not shown). This demon-
strates that changes in LDL fatty acid composition occur rela-
tively quickly, even in hypercholesterolemic subjects. Most im-
portantly, LDL enriched in monounsaturated fatty acids and
correspondingly reduced in polyunsaturated fatty acids was in-
deed more resistant to oxidative modification, as measured by
several different parameters. This effect was directly related to
the dietary-induced changes in LDL fatty acid composition.
The study diets were essentially identical except for their fatty
acid composition. Other potentially relevant variables, such as
serum lipid values and LDL alpha-tocopherol levels, were simi-
lar between the two groups before and at the end of the study.

-]

Macrophage Degradation
(ng LDL/Sh/mg cell protein)

Ik

o 50 100 o 50 100
HDL Protein Concentration (ug/ml)

Figure 5. Ability of HDL to inhibit oxidative modification of LDL.
125].]abeled control LDL was incubated for 8 h with 5 umol/liter Cu?*
in the absence or presence of 50 or 100 ug of HDL isolated from
subjects on oleate- (shaded, n = 3) or linoleate- (open, n = 3) sup-
plemented diets. 5-ug aliquots of LDL from the above incubations
were then used to measure macrophage degradation. Values presented
are means+SD.
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Additionally, in the whole study group, measures of lipid per-
oxidation and LDL modification strongly correlated with the
LDL 18:2 or 18:1 content. The relationship between LDL fatty
acid composition and the extent of lipid oxidation (as mea-
sured by conjugated dienes) is summarized in Fig. 6, for sub-
jects from both this study and our previous study of normocho-
lesterolemic subjects (18). The extent of LDL oxidation, re-
gardless of whether the LDL was isolated from normo- or
hypercholesterolemic subjects, was strongly influenced by the
percent of 18:2 in LDL.

As occurred in the previous study, TBARS generated dur-
ing Cu?*- or EC-mediated LDL oxidation did not reflect the
extent of oxidation, as measured by conjugated diene forma-
tion, or the extent of apo B modification, as measured by mac-
rophage degradation. In fact, in the present study, after oxida-
tion of LDL, the levels of TBARS were higher in the monoun-
saturated group. It has been demonstrated previously that
TBARS may not be a good measure of generalized lipid perox-
ide formation (36, 37). This is supported by our findings that
lipid peroxide levels generated during LDL oxidation, when
measured by an iodometric assay, were reduced in the monoun-
saturated group but measurement of TBARS was not. Ester-
bauer et al. (38) suggested that TBARS are primarily produced
during the oxidation of arachidonic acid. Since arachidonic
acid content was slightly higher in LDL from the oleate group,
it is possible that the higher TBARS generated during oxidation
of oleate-enriched LDL reflect the greater decomposition of
arachidonic acid.

The rapid loss of phospholipid 18:2 and 20:4 after exposure
to Cu?* in the time course experiments (Fig. 4) indicates that
the polyunsaturated fatty acids in the phospholipid surface are
the first to undergo lipid oxidation. Subsequently, lipid oxida-
tion extends into the LDL core where extensive loss of polyun-
saturated fatty acid occurs. The discrepancy between the rate of
loss of fatty acids in the core and periphery of the LDL is most
apparent for oleic acid. The oleic acid present in the LDL phos-
pholipid fraction, whether isolated from individuals consum-
ing oleate-enriched, linoleate-enriched, or control diets, was
virtually unchanged during prolonged oxidation. The cause of
this difference in the rates of loss of oleic acid between core and

2.0
1.8
1.6 1
1.4
1.2

AA (234nm)

1.0 1

0.8 1

o +—H T T T T
0 30 40 50 60 70

% 18:2 in LDL

Figure 6. Correlation of conjugated diene formation with LDL con-
tent of linoleic acid. The absolute change in absorbance at 234 nm
(representing conjugated diene formation) was correlated with lin-
oleic acid content present in LDL after dietary supplementation in
subjects from both the current and the previously described study
(15)(r = 0.8, P < 0.05). Absorbance was read after 16 h of LDL in-
cubation in Ham’s F-10 medium containing 5 umol/liter Cu®* at
room temperature.



surface lipid fractions is unclear. Because each phospholipid
molecule may contain only one polyunsaturated fatty acid, the
surface phospholipid layer may be a more difficult environ-
ment in which to sustain propagation of lipid peroxidation.
Hence, oleic acid, being inherently more resistant to oxidation
than linoleic or arachidonic acid, may not be exposed to a
sufficient concentration of peroxy radicals in the phospholipid
layer to initiate hydroperoxy formation. In contrast, in the core
of the LDL particle, which is enriched in linoleate in both cho-
lesteryl esters and triglycerides, sufficient peroxy radical forma-
tion may occur to oxidize oleic acid as well.

In vitro it has been shown that a relatively high concentra-
tion of HDL can partially protect LDL from oxidative modifi-
cation. Since HDL fatty acid composition was also markedly
altered by the dietary manipulations during this study, it
seemed important to evaluate the effect of this change on the
ability of HDL to decrease LDL modification. HDL isolated
from subjects on either diet, when used at a relatively high
concentration, still retained its ability to inhibit LDL modifica-
tion. Of course, it is unknown if this property of HDL contrib-
utes to its apparent in vivo antiatherosclerotic effect.

The results demonstrate quite clearly that the fatty acids in
LDL that are most readily oxidized are 18:2 and 20:4. Oxida-
tion of 18:1 also occurs, but to a lesser extent. Furthermore, the
oxidation of 18:1 generates a relatively stable product, which,
unlike polyunsaturated fatty acids, can generate only trace
amounts of reactive aldehydes. Linoleic acid comprises from
35 to 50% of the total fatty acids in LDL and nearly 90% of the
polyunsaturated fatty acids. The high content of 18:2 in LDL,
its great abundance in the LDL core, and its capacity to easily
undergo oxidation generating a wide array of reactive alde-
hydes and other products give this fatty acid a key role in LDL
peroxidation. This study demonstrates that changes in dietary
fatty acids can significantly alter LDL fatty acid composition in
mildly hypercholesterolemic subjects. These are the individ-
uals likely to benefit the most from dietary intervention. By
decreasing the ratio of 18:2 to 18:1 in their LDL, it becomes less
susceptible to in vitro oxidation and modification. It remains
to be demonstrated that more practical diets can lead to similar
findings and that this form of dietary intervention can slow or
inhibit the development of atherosclerosis. Nevertheless, this
study supports the concept that replacement of saturated fat
with monounsaturated fat may reduce the risk for coronary
artery disease both by lowering LDL levels and by decreasing
the susceptibility of the LDL to oxidative modification.
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