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Abstract Previous studies using cynomolgus monkeys have
shown that isocaloric substitution of dietary fish oil for lard
reduced the in vitro binding of plasma low density lipoproteins
(LDL) to arterial proteoglycans (PG) (Edwards, I. J., A. K. Gebre,
W. D. Wagner, and J. S. Parks. 1991. Arterioscler. Thromb., 11:
1778-1785). The purpose of the present study was to determine
whether all LDL subfractions were equally affected by the type
of dietary fat with regard to PG binding and to identify composi-
tional changes in LDL subfractions that might relate to the
differential in PG binding. Two groups of cynomolgus monkeys
(n=>5 each) were fed atherogenic diets (40% calories as fat; 0.26
mg cholesterol/kcal) containing 20% of calories as egg yolk and
20% as either lard or menhaden fish oil. LDL were isolated from
plasma by ultracentrifugation and size exclusion chromatogra-
phy and subfractionated by density gradient centrifugation.
Three density ranges of LDL subfractions were collected from
the gradients for determination of chemical composition, apoE
and apoB content by ELISA, and binding to arterial PG in vitro.
The d 1.015-1.025 g/ml subfraction contained 39 + 8% of the
LDL cholesterol in the lard group but only 7 + 3% for the fish
oil group. Values for cholesterol distribution were opposite for
the d 1.035-1.045 g/ml subfraction, 8 + 1% versus 41 + 8%,
respectively. Similar trends were noted for the distribution of
apoB. For the lard group, LDL binding to arterial PG increased
with decreasing density (i.e., increasing size) of the subfractions.
A significant difference (P = 0.001) in LDL-PG complex forma-
tion was observed for the d 1.015-1.025 g/ml subfraction in which
there was a 3- to 4-fold difference between the lard versus fish oil
groups (55 + 6% vs. 15 + 4% of LDL cholesterol in insoluble
PG complex); there was also a 2.5-fold difference in the apoE to
apoB molar ratio for this subfraction with the fish oil group
having a lower ratio (0.9 + 0.3 vs. 2.2 + 0.7, P = 0.04) and a
significant correlation (r = 0.64) was observed between apoE/B
molar ratio and LDL-PG complex formation. There was no
difference between diet groups for LDL binding to PG or apoE
to apoB molar ratio for the d 1.025-1.035 g/ml subfraction. The
d 1.035-1.045 g/ml subfraction had a significantly lower apoE/B
molar ratio for the fish oil group (0.6 + 0.2 vs 2.1 + 0.8;
P = 0.03) but there was no difference in LDL-PG complex for-
mation between diet groups. In all three subfractions of LDL,
chemical compositions were similar between diet groups except
for a significant increase in percentage of cholesteryl ester in the
d 1.035-1.045 g/ml subfraction of the fish oil group. Bl We con-
clude that the d 1.015-1.025 g/ml subfraction of LDL binds most

avidly to arterial PG. Furthermore, the reduced binding of
plasma LDL to PG observed for the fish oil group compared to
the lard group may be related to the decreased apoE content of
the d 1.015-1.025 g/ml subfraction of LDL in addition to the
decreased amount of this subfraction of LDL in plasma.
—Parks, J. 8., A. K. Gebre, I. J. Edwards, and W. D, Wagner.
Role of LDL subfraction heterogeneity in the reduced binding
of low density lipoproteins to arterial proteoglycans in
cynomolgus monkeys fed a fish oil diet. J. Lipid Res. 1981, 32:
2001-2008.
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Low density lipoproteins (LDL) are the major cho-
lesterol-carrying lipoprotein class in human plasma and
the concentration of plasma LDL is correlated with hu-
man coronary heart disease (1). LDL are spherical parti-
cles composed of a core of cholesteryl esters (CE) and tri-
glycerides surrounded by a monolayer of phospholipid
(PL), unesterified cholesterol, and protein. The core CE
undergo a thermotropic phase transition near body tem-
perature which is indicative of a reversible liquid crystal-
line to liquid transition (2). Our previous studies have
shown that the composition, concentration, and transition
temperature of LDL can be modified by the type of dietary
fat fed to nonhuman primates (3-5). Recent studies have
shown that the isocaloric substitution of fish oil for satu-
rated fat (lard) in the diet of African green monkeys was
associated with a decrease in LDL concentration, size,
CE content, and CE transition temperature as well as a

Abbreviations: PG, proteoglycans; LDL, low density lipoproteins;
apo, apolipoprotein; ELISA, enzyme-linked immunosorbent assay; CE,
cholesteryl esters; PL, phospholipids; VLDL, very low density lipopro-
teins; HDL, high density lipoproteins; TG, triglyceride; TPC, total
plasma cholesterol.
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decrease in atherosclerosis development (3, 6, 7). Based
on these studies we have hypothesized that the changes in
the physical and chemical properties of plasma LDL are
related to atherosclerosis development in these experi-
mental animals. One potential mechanism by which the
physical and chemical properties of LDL could alter
atherosclerosis outcome involves the binding of LDL to
arterial proteoglycans with subsequent trapping of LDL
in the arterial wall. Another mechanism may relate to the
ability of LDL to interact with receptors on cells in the
artery wall.

We have recently shown, using cynomolgus monkeys
(Macaca fascicularis), that isocaloric substitution of dietary
fish oil for saturated fat decreased the binding of plasma
LDL to arterial PG (8). A crossover study was performed
so that each animal served as its own control and eight of
ten animals demonstrated a decreased binding of LDL to
PG while consuming the fish oil diet. Although the two
diets did not alter plasma total or LDL cholesterol con-
centrations, LDL were smaller in size, were enriched in
n-3 fatty acids, had lower CE melting temperatures, and
were depleted of phosphatidylcholine and enriched in
sphingomyelin and lysophosphatidylcholine when the
animals were consuming the fish oil diet (4). These data
suggested that one or more of the changes in the physical
and chemical properties of plasma LDL was affecting the
binding properties of LDL to PG in vitro.

The purpose of the present study was to determine
whether all subfractions of LDL were equally affected by
the type of dietary fat (lard vs. fish oil) with regard to pro-
teoglycan binding and to identify compositional changes
in LDL subfractions that might relate to PG binding. Our
results suggest that the largest, lightest subfractions
(d 1.015-1.025 g/ml) of LDL bind most avidly to arterial
PG in vitro. In addition, the reduced binding of plasma
LDL to PG observed during fish oil feeding may be due
to the decreased apoE content of the d 1.015-1.025 g/ml
subfraction of LDL in addition to the decreased amount
of this subfraction of LDL in plasma.

METHODS

Animals and diets

Ten adult male cynomolgus monkeys (Macaca fas-
cicularis) were provided for the study through an NHLBI-
sponsored nonhuman primate models program at the
Bowman Gray School of Medicine. These same animals
were previously used in a crossover study on the effects of
dietary fish oil versus lard on the physical and chemical
properties of LDL (4) and on LDL-PG binding (8). In the
present study, five animals were fed a lard-containing diet
and five were fed a fish oil diet. The diets contained 40%
of calories as fat with 0.26 mg cholesterol/kcal. Half of the
fat calories were derived from lard or menhaden oil; the
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other half were from egg yolk or egg yolk replacement, a
low cholesterol mixture that resembles egg yolk in compo-
sition. Diets similar to these have been used in studies of
African green monkeys and detailed diet compositions
have been published (9). In the present study the amount
of egg yolk was reduced to give 0.26 mg cholesterol/kcal
of diet because cynomolgus monkeys are more responsive
to dietary cholesterol than are African green monkeys (10).
Processed menhaden oil was obtained from the Southeast
Fisheries Center (Charleston, SC) through the NIH Nutri-
tion Committee Fish Oil Test Materials Program. Alpha-
tocopherol, Tenox GT-1 (mixture of tocopherols; East-
man Chemical Products, Kingsport, TN) and Tenox 20A
(tertiary butyl-hydroquinone, Eastman Chemicals) were
added to the lard diet to a final concentration of 16.4 mg,
13.2 mg, and 11 mg/100 g diet, respectively, to balance the
amounts contained in the fish oil diet (antioxidants were
added to processed fish oil). All other dietary constituents
were similar to those given in our previous publication
(9). Diets were made in 10-kg batches and were stored
frozen until needed. Prior to feeding, the diets were al-
lowed to thaw overnight at 4°C and the animals were fed
30-min meals (15 g diet/kg body wt per meal) twice daily.
The fish oil group consumes, on average, 7.4 g n-3 fatty
acids/day (7.9 g n-3 fatty acids/1000 calories).

LDL isolation and subfraction

Blood samples were taken from animals after an over-
night (18 h) fast. Ketamine hydrochloride (10 mg/kg) was
used to restrain each animal while blood was taken from
the femoral vein into chilled tubes (4°C) containing 0.1%
EDTA and 0.02% NaNj; (final concentration) at pH 7.4.
The animals had consumed their respective experimental
diets for at least 6 months before blood samples for LDL
subfractionation were taken. LDL was isolated from
plasma by ultracentrifugation and high performance liquid
chromatography using Superose 6B (Pharmacia, Piscata-
way, NJ) as described previously (4). Isolated LDL was
characterized chemically (3) and used for proteoglycan
binding studies or in some cases was subfractionated fur-
ther by density gradient centrifugation. Briefly, 4 mg of
LDL protein was subfractionated in a VTi 50 rotor by the
procedure of Marzetta and Rudel (10) with slight modifi-
cation. The LDL sample was adjusted to d 1.019 g/ml
using a saturated KBr solution and 7.3 m] of the LDL so-
lution containing 4 mg protein was layered between 3.85
ml of a d 1.006 g/ml and 3.85 ml of a d 1.050 g/ml solution
in a 15-ml centrifuge tube. The samples were ultracen-
trifuged for 6 h at 50,000 rpm at 20°C. The tubes were
drained as described (10) and the density of individual
fractions was determined by refractometry using a stan-
dard curve that related density to refractive index of KBr
solutions. Individual tubes from each gradient run were
pooled to give three density fractions: d 1.015-1.025 g/ml,
d 1.025-1.035 g/ml, and d 1.035-1.045 g/ml. These LDL
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subfractions were then dialyzed against 0.9% NaCl,
0.01% EDTA, 0.01% NaNj;, pH 7.4, and concentrated to
>100 ug cholesterol/ml for PG binding studies, chemical
composition determinations (3), and ELISA assays for
apoB and apoE (11, 12). All LDL samples were stored
under N, at 4°C.

LDL-PG binding studies

PG was isolated from normal aorta of cynomolgus
monkeys (8) and consisted predominantly of chondroitin
sulfate PG containing 187 pg/ml protein, 60 pg/ml hex-
osamine, and 104 pug/ml hexuronic acid. LDL binding to
isolated arterial PG was performed for LDL and LDL
subfractions as described previously (8). Briefly, 100 pg of
LDL cholesterol was incubated with 1 ug PG (measured
as hexuronic acid) in 1.1 ml of buffer containing 5 mM
Tris, 6 mM KCI, 15 mM CaCl,, 1 mM MgSO,, pH 7.2,
at room temperature for 30 min. The resulting LDL-PG
complexes were precipitated by low speed centrifugation,
the supernatant was removed and the pellet was resus-
pended in 10 pl of 1.5 M NaCl and diluted to 100 ul with
deionized water. Cholesterol in the resuspended pellet was
measured by an enzymatic cholesterol assay (13) and per-
centage of LDL cholesterol complexed with PG was calcu-
alted as cholesterol in the pellet divided by LDL choles-
terol in the incubation x 100.

Data analysis

Values are presented as mean + SEM. The Student’s ¢-
test was used to test for statistically significant differences.
In some cases a natural In transformation of the data was
performed to normalize the data before statistical
analysis.

RESULTS

The results of an in vitro binding assay of LDL with
isolated arterial PG are shown in Fig. 1. The LDL iso-
lated from animals fed the fish oil diet formed significant-
ly less insoluble complex with PG compared to those fed
the lard diet (8.1 + 0.9 vs 18.2 + 3.1% LDL cholesterol in
insoluble PG complex; P = 0.014). These results are simi-
lar to the previously published results of a crossover
dietary study in which LDL was tested for PG complex
formation during a lard and fish oil dietary phase for each
animal (8). The results in Fig. 1 were generated using a
different PG preparation and after the animals had been
consuming the experimental diets for a longer period of
time (~1 yr vs. 15 wk in ref. 8). However, the results show
that LDL from monkeys fed the fish oil diet are less than
half as effective at forming insoluble complexes with PG
(Fig. 1, ref. 8) as those LDL isolated from animals fed the
lard diet. Plasma lipid values for these animals have been
reported previously (4) and at the time the data in Fig. 1
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Fig. 1. Binding of plasma LDL, isolated from cynomolgus monkeys
consuming two types of dietary fat, to arterial chondroitin sulfate pro-
teoglycans. LDL (100 ug as cholesterol) was incubated with PG (1 pg as
hexuronic acid) for 30 min at room temperature in buffer containing
5 mm Tris, 6 mM KCl, 15 mM CaCl,, 1.5 mm MgSO,, pH 7.2. The for-
mation of PG:LDL complexes after 30-min incubations was measured
as pg cholesterol in a 1500 g pellet and was represented as a percentage
of the total cholesterol in the incubation tube. Values shown are for in-
dividual animals and the mean + SEM is given for each diet group.

were generated the TPC and TG concentrations were
similar for both diet groups (TPC: 367 1 17 [lard] vs.
370 + 42 mg/dl [fish oil]; TG: 9 + 3 [lard] vs. 10 + 2
mg/dl [fish oil]). However, HDL cholesterol concentra-
tions were significantly lower for animals fed the fish oil
diet (23 + 2 vs. 58 + 8 mg/dl; P < 0.01) similar to previ-
ously reported results (4).

In order to determine whether all LDL subfractions from
animals fed the fish oil diet demonstrated diminished
binding to LDL or whether only selected subfractions
were affected, isolated plasma LDL were subfractionated
by density gradient centrifugation and characterized for
each diet group. Density gradient profiles for two animals
in each diet group are shown in Fig. 2. Striking differ-
ences in the density distribution of LDL subfractions were
apparent; the LDL from animals fed the lard diet were
less dense and distributed predominantly in the upper
half of the gradient while those from animals fed the fish
oil diet were denser and were distributed predominantly
in the lower half of the gradient. Three density cuts (indi-
cated by the brackets) from each gradient run were taken
for further analyses.

The LDL subfraction cholesterol and apoB distribution
for the three density cuts taken from the gradients are
shown in Fig. 3. The d 1.015-1.025 g/ml subfraction con-
tained 38.7 + 7.6% versus 6.8 + 2.7% (P = 0.01) of the
total LDL cholesterol for the lard versus fish oil groups,
respectively. The d 1.025-1.035 g/ml subfractions con-
tained nearly equivalent amounts of LDL cholesterol for
both diet groups (53.0 + 6.8% vs 52.1 + 7.0% for lard vs.
fish oil, respectively). The third subfraction (d 1.035-1.045
g/ml) contained significantly (P = 0.02) more of the LDL
cholesterol for animals fed the fish oil diet (41.2 + 7.9%)
compared to those fed the lard diet (8.2 + 1.0%). Similar
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Fig. 2. Density gradient profiles of LDL, isolated from plasma by
ultracentrifugation and column chromatography, from cynomolgus
monkeys consuming diets containing lard or fish oil. Details of the den-
sity gradient ultracentrifugation procedure are given in the Methods sec-
tion. Brackets indicate where subfractions were pooled for subsequent
analyses.

o

results were found for apoB distribution among density
gradient fractions. The distribution of apoB from the light-
est to heaviest LDL subfractions for the lard versus fish oil
groups was 30.3 + 8.3 versus 8.3 + 1.8% (P = 0.033),
55.3 + 6.0 versus 57.1 + 7.6% and 14.3 + 2.5 versus
346 + 8.6% (P = 0.05).

The percentage chemical composition of the LDL sub-
fractions for four of five animals in each diet group is
given in Table 1. As expected, the lighter subfractions
contained relatively more lipid and less protein than did
the more dense subfractions. The experimental diets had
little effect on the composition of LDL subfractions be-
tween diet groups with the exception of the d 1.035-1.045
g/ml subfraction. In this subfraction the LDL from ani-
mals fed fish oil were relatively enriched in CE (P = 0.01)
and poor in protein and free cholesterol compared to their
lard counterparts.

The individual LDL subfractions (100 pg cholesterol)
were incubated with isolated arterial PG to determine the
ability of each subfraction to form insoluble complexes
with PG. The results are shown in Fig. 4. A significant
difference in LDL-PG complex formation was seen for
the lightest LDL subfraction (i.e., d 1.015-1.025 g/ml) in
which there was a 3.7-fold difference (P = 0.001) between
the lard versus fish oil groups (85 + 6% vs. 15 + 4% of
LDL cholesterol in insoluble PG complex). There was no
difference in LDL-PG complex formation between the
lard versus fish oil groups, respectively, for the d 1.025-
1.035 g/ml (37 + 10% vs. 36 + 7%) or the d 1.035-1.045
g/ml subfraction (23 + 5% vs. 23 + 4%). Note that for
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the lard diet group there was a decrease in LDL-PG com-
plex formation with increasing density of the LDL sub-
fractions; the d 1.025-1.035 g/ml and 1.035-1.045 g/ml
subfractions of the fish oil group also followed the same
trend.

The results of the PG binding studies suggested that the
lightest LDL subfractions were most active in binding
with PG, at least for the lard diet group. We previously
have documented that the LDL of the animals fed the lard
diet have larger average sizes, measured as LDL molecu-
lar weight, compared to those fed the fish oil diet and that
plasma apoE concentrations was significantly correlated
with LDL size in cynomolgus monkeys (4, 14). In addi-
tion, the increased plasma apoE in hypercholesterolemic
cynomolgus monkeys was associated with LDL particles
with little change in concentration of apoE in the HDL
fraction compared to those animals that are not hyper-
cholesterolemic. Since apoE has two binding sites for the

LDL SUBFRACTION CHOLESTEROL

DISTRIBUTION
LARD
FISH OIL
®
1.015.1.025  1.025-1.035  1.035-1.045
DENSITY (g/ml)
LDL SUBFRACTION apo B
DISTRIBUTION
®

1.035-1.045

1.015-1.025 1.025-1.035
DENSITY (g/ml)

Fig. 3. Percentage distribution of plasma LDL subfraction cholesterol
(top panel) and apoB (bottom panel) from cynomolgus monkeys con-
suming lard- or fish oil-containing diets. LDL were isolated from plasma
by ultracentrifugation and size exclusion chromatography and subfrac-
tionated by density gradient ultracentrifugation. Pooled LDL subfrac-
tions were assayed for cholesterol and apoB by enzymatic and ELISA
procedures, respectively. Values represent the mean + SEM (n=5) for
cach diet group, respectively. Asterisk denotes statistically significant
difference between diet groups (P < 0.05).
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TABLE 1. Chemical composition of LDL subfractions of cynomolgus monkeys fed diets containing
lard or fish oil
% Composition

Density Diet Pro PL TG FC CE
1.015-1.025 Lard 18.8 + 2.4 189 + 0.9 03+ 02 59 + 05 56.1 + 2.2
Fish oil 17.1 + 2.4 18.1 + 1.3 0.7 + 0.4 83 + 0.9 55.8 + 3.3
1.025-1.035 Lard 20.1 + 0.9 185 + 0.7 0.1 + 0.1 34 + 1.4 57.9 + 1.4
Fish oil 20.7 + 0.9 138 + 0.8 0.4 0.3 2.3 + 09 56.7 + 1.1
1.035-1.045 Lard 28.1 £ 1.9 189 + 1.9 N.D. 9.9 + 1.8 43.1 + 1.7
Fish oi] 246 + 0.9 17.8 £ 1.2 0.6 + 0.3 47 + 1.4 52.3 + 2.2

“Mean + SEM (n=4).
bN,D., not detectable.
‘P = 0.019, Student’s t-test (lard vs. fish oil).

glycosaminoglycan heparin (15), we investigated whether
the larger, lighter LDL from animals fed the fish oil diet
were poor in apoE, which might account for the reduced
ability to bind to PG. We first looked at the association
between LDL size (ie., LDL molecular weight) and plasma
apoE concentrations for the animals of this study. There
was a very strong positive correlation between these two
variables (r = 0.91). For the lard and fish oil groups the
mean + SEM for LDL molecular weight was 4.94 + 0.21
and 4.37 + 0.14 g/pmole (P = 0.03), respectively, while
values for plasma apoE were 9.5 + 2.6 and 6.1 + 1.2
mg/dl, respectively.

The distribution of apoE and apoB among LDL sub-
fractions was measured by ELISA and the results were
converted to an apoFE to apoB molar ratio (Table 2). For
the group fed fish oil there was a significantly lower
apoE/apoB molar ratio for the d 1.015-1.025 g/ml subfrac-
tion and the d 1.035-1.045 g/ml subfraction compared to
the group fed the lard diet. This trend was similar to that
observed for the PG binding results in Fig. 4 for the
d 1.015-1.025 g/ml subfraction. The apoE/B molar ratio

»
=
: 60 -
=
8 LARD
& FISH OIL
A 40
Z.
&
g
=~ 20
&)
=
g
s o
1.015-1.025 1.025-1.035 1.035-1.045
DENSITY (g/ml)
Fig. 4. Binding of subfractions of plasma LDL to arterial chondroitin

sulfate PG. LDL subfractions isolated by density gradient ultracentrifu-
gation as described in Methods and Fig. 2 were incubated with PG as
described in the legend to Fig. 1. Values represent the mean + SEM
(n=5 for each diet group); asterisk denotes statistically significant differ-
ence between diet groups (P < 0.05).
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was not statistically different between diet groups for the
d 1.025-1.035 g/ml.

A plot of the LDL subfraction apoE/B molar ratio
versus the percentage of LDL cholesterol in the insoluble
PG complex for individual animals is shown in Fig. 5.
Several points can be emphasized from these data. First,
only for the d 1.015-1.025 g/ml subfraction was there a
statistically significant association (r = 0.64) between
apoE/B molar ratio and LDL-PG complex formation. In
addition, even though the mean values for the apoE/B
molar ratio in the d 1.015-1.025 and 1.035-1.045 g/ml sub-
fractions were similar for the lard group (2.19 vs. 2.07,
respectively; Table 2), this was due to one animal having
a high apoE/B molar ratio (Le., 5.2) in the d 1.035-1.045
g/ml subfraction (Fig. 5). Except for that animal, the
apoE/B molar ratios in the d 1.035-1.045 g/ml subfraction
were close to or below 1.

The apoE/B molar ratio of the d 1.035-1.045 g/ml sub-
fraction on average was greater than that of the d 1.025-
1.035 g/ml subfraction (Table 2). To determine whether
this was the result of an accumulation of apoE that had
dissociated from the less dense LDL subfractions during
density gradient centrifugation, the d 1.035-1.045 g/ml
subfraction was subjected to size exclusion chromatogra-
phy on Superose 6B (HPLC) to separate unbound apoE
from the LDL subfraction. These studies were performed
on a subset of six animals (four from fish oil group and

TABLE 2. LDL subfraction apoE/B molar ratio
LDL Subfraction (g/ml)
Diet Group d 1.015-1.025 d 1.025-1.035 d 1.035-1.045
Lard (n=5) 2.19 + 0.65 0.71 + 0.24 2.07 + 0.79
Fish oil (n=35) 0.85 + 0.25 0.32 + G.10 0.62 + 0.20
P Value' 0.036 NS 0.026

“Values are mean + SEM. ApoE and B were measured on individual
LDL subfractions by ELISA and converted to a molar ratio using 35,000
and 512,000 as molecular weights for apoE and apoB, respectively.

P value determined by Student’s t-test after a natural logarithm trans-
formation of the data. NS, not significant at P = 0.05.
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two from lard group) using the d 1.035-1.045 g/ml sub-
fraction of plasma LDL isolated from a separate bleeding.
The rechromatographed d 1.035-1.045 g/ml subfractions
were then analyzed for apoE and apoB by ELISA and as-
sayed for ability to bind to PG. Analysis of the results by
a paired -test showed no significant difference in the apoE
to B molar ratio (1.6 + 0.3 vs 1.3 + 0.6) or on LDL-PG

d=1.015-1.025 g/mi SUBFRACTION
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Fig. 5. Plots of LDL subfraction apoE/B molar ratio versus percentage
of LDL cholesterol in the insoluble PG complex. Each point represents
data from a single animal. In the d 1.015-1.025 g/ml subfraction the line
of best fit and correlation coefficient determined by linear regression
analysis are shown.
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complex formation (9 + 1 vs. 18 + 6% LDL cholesterol
in PG complex) for the d 1.035-1.045 g/ml subfraction be-
fore versus after reisolation on the Superose 6B column to
separate unbound apoE.

DISCUSSION

Our studies have demonstrated that isocaloric substitu-
tion of fish oil for lard in the diet of cynomolgus monkeys
alters properties of LDL important in the binding to ar-
terial PG (Fig. 1; ref. 8). LDL from animals fed the fish
oil-containing diet had reduced binding to arterial PG
compared to those LDL from animals fed lard. The re-
sults from the present study show that not all LDL sub-
fractions are equally effective at forming insoluble com-
plexes with arterial PG. For the animals fed lard, LDL
complex formation with PG decreased with increasing
density of the LDL subfraction (Fig. 4). A 4-fold differ-
ence in LDL-PG complex formation between diet groups
was noted for the least dense LDL subfraction (d 1.015-
1.025 g/ml) and this difference in complex formation ap-
peared to be related to the apoE to B molar ratio for that
subfraction of LDL, with lower LDL-PG complex forma-
tion occurring when the apoE to B molar ratio was low
(Fig. 5). In addition, the LDL of animals fed the fish oil
diet had fewer particles in the d 1.015-1.025 g/ml fraction
(i.e., less apoB) relative to those fed the lard diet (Fig. 3).
Taken together, these data suggest that the reduced capac-
ity of plasma LDL from animals fed fish oil to form in-
soluble complexes with arterial PG is due, in part, to the
decreased amount of larger, less dense LDL and perhaps
to reduced apoE to B molar ratio of the LDL particles
relative to those from the lard diet group. Since the bind-
ing of LDL to arterial proteoglycans is thought to be an
important step in the trapping of LDL in the arterial wall
and in the development of atherosclerosis, the alteration
of properties of LDL particles by diets containing fish oil
may be partly responsible for the decreased atherosclero-
sis observed in animals fed diets enriched with fish oil (6,
16, 17).

Our results suggest that the apoE content of LDL may
be an important determinant of PG binding. ApoE has
been shown to have two heparin binding sites, one close
to the LDL receptor binding domain and one at the car-
boxyterminus of the protein (15). However, when apoE is
bound to lipid, only the heparin binding site in the recep-
tor binding domain is active (15). Because the gly-
cosaminoglycan chains are thought to be important in the
binding of PG to LDL, an increased content of apoE on
LDL could provide additional binding sites for the
glycosaminoglycan chains of PG. However, it is clear that
apoE content alone is not responsible for the diet-induced
differences in LDL binding to PG since an apoE to apoB
ratio difference was observed in both the d 1.015-1.025
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g/ml and 1.035-1.045 g/ml subfractions (Table 2), but the
LDL-PG complex formation difference was only observed
in the least dense LDL subfraction (Fig. 4). There may be
several possible explanations for these results. ApoE may
need to be in an appropriate conformation to bind to PG
and that conformation can only occur on the large CE-
enriched LDL such as those in the d 1.015-1.025 g/ml sub-
fraction isolated from the density gradient. Several studies
have suggested that apoE must be in the correct confor-
mation to bind to the LDL receptor (18, 19) or the LDL
receptor-related protein (20). In addition, conformational
changes in apoE may be responsible for the masking of
the heparin binding domain in the carboxyterminus of
apoE when it is bound to phospholipid (15). Alternatively,
the increased content of apoE in the d 1.015-1.025 g/ml
subfraction of LDL may simply reflect a change in some
other surface property of LDL important in PG binding
that also affects the affinity of apoE for the surface of
LDL. Although plasma LDL cholesterol concentrations
were similar between diet groups, the LDL from the
animals fed the fish oil diet were different from their lard
counterparts in several respects. The fish oil group had
plasma LDL particles that were smaller, enriched in n-3
fatty acids, with lower CE transition temperatures, and
with changes in surface phospholipid distribution includ-
ing an increase in sphingomyelin and lysophosphatidyl-
choline and a decrease in phosphatidylcholine (4). One or
more of these changes induced by dietary fish oil may be
responsible for the decreased binding of LDL to PG
directly or indirectly by élterihg the conformation of apoE
at the LDL particle surface. Additional studies will be
necessary to distinguish among these possibilities.

The importance of apoB in the binding of LDL to PG
is supported by several observations. ApoB has seven
known heparin binding sites that may be involved in bind-
ing with the glycosaminoglycan chains of PG (21, 22).
Tryptic peptides of LDL apoB that are enriched in posi-
tively charged lysine and arginine residues have been
found to be important in the binding of LDL to the nega-
tively charged PG (23). Chemical modifications of apoB
that result in a decrease in net positive charge also
decrease the binding of LDL to glycosaminoglycans (24).
These results suggest an important role for apoB in the
binding of LDL to PG.

The dietary fish oil-induced modifications of LDL may
influence apoB conformation through surface-core inter-
actions. Studies with human subjects have shown that
LDL that are highly reactive with PG had core CE in an
ordered state, while less reactive LLDL have disordered or
melted CE cores (25). At body temperature the CE core
of LDL from animals fed fish oil is disordered while the
LDL core of animals fed the lard diet is predominantly
ordered (3, 4). The disordered core may influence the
conformation of surface apoB since studies using mono-
clonal antibodies have suggested that the conformation of
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apoB changes with LDL particle size (26) and is influenced
by the CE core of the particle (27). Taken together, these
data suggest another hypothetical mechanism by which
dietary fish oil might decrease the interaction of LDL
with PG through changes in the conformation of apoB,
but further studies will be necessary to support this
hypothesis.

The decreased interaction of LDL from animals fed
fish oil with PG may be related to the differences in sur-
face phospholipid distribution between diet groups. Phos-
pholipids are also known to participate in the binding of
PG to LDL, presumably through the binding of phospho-
lipid phosphate groups via Ca?* ions to PG (28). The
changes in phospholipid distribution accompanying fish
oil feeding (i.e., decreased phosphatidylcholine, increased
sphingomyelin and lysophosphatidylcholine) as well as
fatty acid composition may directly affect this type of in-
teraction or may indirectly affect the affinity of LDL for
PG by altering the conformation of apoB or by decreasing
the binding of apoE to the LDL particle surface.

The striking difference in LDL subfraction distribution
between diet groups with little change in the chemical
composition of LDL subfractions may result for several
reasons. Our previous studies in African green monkeys
have demonstrated that there is a strong correlation be-
tween hepatic cholesteryl ester content and plasma LDL
size as well as hepatic VLDL cholesterol secretion during
recirculating liver perfusion (29). Therefore, the contribu-
tion of hepatic CE to plasma LDL, via acyl CoA-acyltrans-
ferase, may be diminished with fish oil feeding. In addi-
tion, the plasma phospholipids of monkeys fed fish oil are
poor substrates for lecithin:cholesterol acyltransferase, the
enzyme responsible for the generation of CE in plasma,
compared to those plasma phospholipids from animals fed
the lard diet (30). These observations taken together sug-
gest that, when monkeys are fed fish oil-containing diets,
the plasma and intracellular generation of CE is dimin-
ished leading to smaller, denser LDL subfractions in
plasma that are poor in CE compared to their lard coun-
terparts. Alternatively, selective catabolism of LDL sub-
fractions through increased activity of the LDL receptor
(31) may result in a different distribution of LDL subfrac-
tions between diet groups. However, this alternative
seems less likely since dietary fish oil does not influence
plasma apoB concentrations relative to lard in either the
cynomolgus (4) or African green monkey (7, 29), and the
cynomolgus monkeys fed fish oil actually have a greater
number of LDL particles in plasma that are smaller in
size compared to their lard counterparts (4). B
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