
Dietary fish oil-induced decrease in low density 
lipoprotein binding to fibroblasts is mediated by 
apolipoprotein E 

Vijitha Linga,' Molly A. Leight, Linda K. Curtiss; Yves L. Marce1,t 
Richard W. St. Clair, and John S. Parks2 

Departments of Comparative Medicine and Pathology, The Bowman Gray School of Medicine of Wake 
Forest University, Winston-Salem, NC 27157-1040; The Scripps Research Institute: La Jolla, CA; and 
The University of Ottawa Heart Institute, t Ottawa, Ontario, Canada 

Abstract In a previous study we demonstrated that isocaloric 
substitution of fish oil (FO) for lard in the diet of cynomolgus 
monkeys resulted in low density lipoproteins (LDL) that were 
poorer competitors for binding of a standard 1251-labeled LDL 
and led to less cholesteryl ester accumulation in skin fibroblasts 
(Linga, V., et al. 1993.J. Lipid Res. 34: 769-778). The decreased 
binding and cholesteryl ester accumulation by FO LDL ap- 
peared related to the LDL apolipoprotein E (apoE) content. We 
hypothesized that FO LDL had reduced binding to skin fibro- 
blasts due to a decrease in receptor active apoE. To test this 
hypothesis and determine the relative contribution of apoE 
versus apolipoprotein B (apoB) in binding of LDL to skin 
fibroblasts, LDL from cynomolgus monkeys fed lard or FO- 
containing diets were isolated, characterized, radioiodinated, 
and tested for binding in the absence or presence of a 10-fold 
molar excess of monoclonal antibody to the receptor binding do- 
main of apoE (1D7) or apoB-100 (MB47). FO LDL were smaller, 
contained less apoE (E/B molar ratio = 0.48 * 0.03 vs. 
1.85 + 0.22; P < 0.001), and had a weaker binding affinity (Kd 
= 11.3 ~t 1.6 vs. 3.8 * 0.80 pglml; P < 0.01) compared to the 

lard counterparts. Furthermore, the apoE/B molar ratio of LDL 
appeared inversely related to the Kd for binding to skin fibro- 
blasts. Incubation of LDL with skin fibroblasts in the presence 
of a 10-fold molar excess of monoclonal antibody directed at the 
receptor binding domain of apoB-100 (MB47) eliminated 
96 + 3% of binding of FO LDL, but eliminated only 43 + 18% 
of binding for lard LDL. Incubation with a 10-fold molar excess 
of monoclonal antibody to the receptor-binding domain of apoE 
(1D7) eliminated only 23 + 6% of FO LDL binding to tibro- 
blasts relative to a no-antibody control, but for lard LDL 
44 f 11% of binding to fibroblasts was eliminated. Both anti- 
bodies together blocked all binding of LDL from both diet 
groups. In a fluid phase precipitation assay > 75% of the LDL 
particles from both diet groups was precipitated with saturating 
amounts of MB47, indicating that the proportion of LDL parti- 
cles expressing this epitope was the same for both diet groups. 
The same assay using 1D7 showed - 4-fold greater precipitation 
of LDL in the lard versus FO group. Moreover, precipitatizn of 
LDL with a polyclonal antibody to apoE showed the same 4-fold 
difference between diet groups, indicating that the difference in 
1D7 epitope expression between diet groups was due to a 
decrease in the total amount of apoE on the FO LDL parti- 
cles. e We conclude that 75-100% of binding of FO LDL was 

mediated by apoB-100, whereas binding of lard LDL to fibrob- 
last was mediated equally by both apoB-100 and apoE. Our 
previous study showed that FO LDL had increased sphingomye- 
lin and decreased phosphatidylcholine content as well as an en- 
richment of phospholipids in n-3 fatty acids (Parks, J., and 
Gebre, A. 1991. J.  Lipid Res. 32: 305-315). We propose that 
dietary FO alters LDL phospholipid composition leading to less 
apoE per particle and reduced LDL binding to fibroblasts.- 
Linga, V., M. A. Leight, L. K. Curtiss, Y. L. Marcel, R. W. 
St. Clair, and J. S. Parks. Dietary fish oil-induced decrease in 
low density lipoprotein binding to fibroblasts is mediated by 
apolipoprotein E. J Lipid Res. 1994. 35: 491-500. 
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Apolipoprotein E (M, = 34,200) is a soluble 
apolipoprotein that binds with high affinity to the LDL 
receptor (1, 2). ApoE-containing lipoproteins bind to the 
LDL receptor with a higher affinity than apoB-100 (3-5). 
The receptor binding domain of apoE has been localized 
to amino acids 140-160 from studies using natural mu- 
tants and peptide fragments of apoE as well as 
monoclonal antibodies directed against this region of the 
apolipoprotein (6-9). A recent study has indicated that 
apoE and apoB-100 bind to different regions of the LDL 

Abbreviations: LDL, low density lipoprotein(s); CE, cholesteryl ester; 
FO, fish oil; LDL MW, LDL molecular weight; apo, apolipoprotein; 
HDL, high density lipoprotein; IDL, intermediate density lipoprotein; 
0 VLDL, 0 very low density lipoprotein; ELISA, enzyme-linked im- 
munosorbent assay; IgG, immunoglobulin G; LPDS, lipoprotein- 
deficient serum; BSS, balanced salt solution; B,,,, maximal binding ca- 
pacity; K,, binding affinity. 
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receptor (lo), which may explain, in part, the greater 
affinity of apoE-containing lipoproteins compared to 
apoB-100-containing lipoproteins for the LDL receptor 
(5). Lipid-free native apoE is not a ligand for the LDL 
receptor but upon binding to phospholipid it becomes 
receptor-active (2). Studies with synthetic peptides of the 
receptor binding domain of apoE have suggested that 
dimerization of apoE molecules may be necessary for 
apoE to become receptor-active, but further studies are 
necessary to test this hypothesis (11, 12). 

ApoE is widely distributed among plasma lipoproteins 
including VLDL, IDL, LDL, and HDL (13-16). 
Although apoB-100 is the major apolipoprotein of LDL, 
numerous studies have shown that apoE is associated with 
plasma LDL (13-17). ApoE appears to associate with 
larger LDL subfractions in both human (13-16, 18) and 
nonhuman primates (19). LDL containing apoE are more 
rapidly catabolized compared to LDL containing only 
apoB-100 (20). Chappell et al. (5, 18) have reported that 
the binding of apoB-100-E LDL to the LDL receptor is 
of higher affinity and distinct from that of apoB-100-LDL. 
These data suggest that apoE can affect the catabolism of 
LDL particles both in vivo and in vitro. 

When fish oil (FO) is isocalorically substituted for lard 
in the diet of cynomolgus monkeys, the LDL from the FO 
group are less effective than those from the lard group at 
competing for binding, internalization, and degradation 
of a standard 1251-labeled LDL by skin fibroblasts (21). 
Significantly less cholesteryl ester (CE) accumulation by 
the skin fibroblasts also was observed when fibroblasts 
were incubated with FO LDL. Analysis of the FO LDL 
showed that they were smaller and contained fewer CE 
molecules and less apoE per particle compared to their 
lard counterparts (21, 22). These changes in the composi- 
tion of FO LDL were not reflected in differences in 
plasma LDL cholesterol concentration between the two 
diet groups because the FO group had significantly 
greater numbers of LDL particles in plasma compared to 
the lard group (22). 

Past studies have shown that cellular CE accumulation 
is proportional to LDL size (23). When LDL from 
cynomolgus monkeys fed lard or FO-containing diets are 
incubated with cultured skin fibroblasts, cellular CE ac- 
cumulation is proportional to LDL size as well as LDL 
apoE content (21). However, LDL from the lard group 
leads to greater CE accumulation even when LDL parti- 
cle size and apoE content between diet groups are nearly 
equivalent. Based on these data we hypothesized that 
apoE on FO LDL may be less receptor-active than on lard 
LDL. The purpose of the present study was to determine 
the relative contributions of LDL apoB-100 and apoE on 
binding to the LDL receptor in cynomolgus monkeys fed 
lard versus FO-containing diets, using monoclonal anti- 
bodies that bind to the ligand binding domain of 

apoB-100 (MB47) and apoE (1D7). Studies also were con- 
ducted to determine whether modification of LDL by 
dietary lard or FO affected the expression of the apoB-100 
MB47 epitope and the apoE 1D7 epitope. 

MATERIALS AND METHODS 

Animal and diets 

Eight adult male cynomolgus monkeys were used for 
the present studies. They were kindly provided by Dr. 
Lawrence Rudel, Department of Comparative Medicine, 
Bowman Gray School of Medicine, through another on- 
going study. Half of the animals received the FO diet and 
the other half received the lard diet. Each diet contained 
35% calories as fat and 0.4 mg cholesterol /Kcal; the lard 
group derived all of its fat calories from lard while the FO 
group derived half of its fat calories from lard and the re- 
mainder from menhaden oil. The Southeast Fisheries 
Center (Charleston, SC) supplied the processed men- 
haden oil through the Nutrition Committee Fish Oil Test 
Material Program at the NIH. Alpha-tocopherol, Tenox 
GT-1 (mixture of tocopherols/ Eastman Chemical 
Products, Kingsport, TN), and Tenox 20 A (tertiary 
butyl-hydroquinone, Eastman Chemicals) were added to 
the lard diet to balance the amounts contained in the FO 
diet (22). The animals were fed two meals daily, and any 
uneaten diet was removed from the cages after 30 min. 

Isolation of lipoproteins 

Blood samples were taken from the femoral vein of each 
monkey after an overnight fast while the animals were 
sedated with Ketamine hydrochloride (10 mglkg). The 
samples were collected into chilled tubes (4°C) containing 
a final concentration of 0.1% EDTA and 0.02% NaN3, pH 
7.4. Immediately after blood samples were collected, 0.1 
mg/ml and 2.0 mg/ml of phenylmethylsulfonylfluoride 
and aprotinin, respectively, were added as protease inhibi- 
tors. LDL were isolated from plasma by the combined 
procedure of ultracentrifugation and size exclusion chro- 
matography (22). Total lipoproteins were isolated from 
plasma at a density of 1.225 g/ml by ultracentrifugation 
and fractionated into individual lipoprotein classes by size 
using a 1.6 x 50 cm Superose 6B high performance liquid 
chromatography column. Lipoproteins were eluted from 
the column at a flow rate of 1 ml/min with 0.9% NaCl, 
0.01% EDTA, and 0.01% NaN3, pH 7.4. Isolated LDL 
were concentrated by low speed centrifugation using Cen- 
triflo CF-25 ultradtration cones (Amicon, Danvers, MA) 
to a final volume of approximately 2 ml, filter-sterilized 
through 0.45 pm filters (Millipore), and stored under ar- 
gon at 4°C. 

Very low density lipoproteins (VLDL) were isolated 
from a New Zealand White rabbit fed commercial rabbit 
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chow with added cholesterol dissolved in corn oil to 
achieve a final concentration of 0.5% cholesterol and 5% 
corn oil. As most VLDL in the plasma of rabbits fed 
cholesterol-containing diets exhibit beta mobility on 
agarose gels (24), the d < 1.006 g/ml fraction will be 
referred to as PVLDL. The blood, obtained from the ear 
vein, was placed in chilled tubes containing 1 mg/ml 
EDTA. Plasma was separated from red blood cells by low 
speed centrifugation at 4OC. The plasma sample was then 
placed in an ultracentrifugation tube and overlayered 
with d 1.006 g/ml NaCl solution containing 0.01% EDTA. 
The sample was spun at 36,000 rpm in an SW-40 rotor for 
24 h at 15OC, and the PVLDL (in the upper 2-3 ml of 
tube) was obtained by tube slicing. The PVLDL was then 
dialyzed thoroughly against 0.9% NaCl and 0.01% EDTA 
at 4OC, filter-sterilized through 0.45 pm Millipore filters, 
and stored at 4OC. 

LDL molecular weight was determined as described by 
Rudel, Pitts, and Nelson (25). Total LDL and PVLDL 
protein was measured by the method of Lowry et al. (26). 
Enzyme-linked immunosorbent assays (ELISA) for LDL 
apoB-100 and apoE were performed using previously 
published procedures (27, 28). 

Iodination of LDL and PVLDL 

LDL protein was radiolabeled using 1251 or 1311 and 
PVLDL using lZ5I (Amersham Corp., Arlington Heights, 
IL) by the iodine monochloride method of McFarlane 
(29) as modified by Bilheimer, Eisenberg, and Levy (30). 
After iodination, the lipoproteins were dialyzed against 
buffer containing 0.01 M NaCl, 0.01% EDTA, and 0.1 M 
NaI followed by thorough dialysis against 0.9% NaCl and 
0.01% EDTA. The iodinated LDL and PVLDL samples 
were then filter-sterilized through 0.45 pm Millipore 
filters. The specific activities of Iz5I-labeled LDL and Is1I- 
labeled LDL ranged from 40-330 cpm/ng and 80-140 
cpm/ng, respectively. The specific activity of '25I-labeled 
PVLDL was 129 cpm/ng. 

Antibodies 

Monoclonal antibodies specific for the receptor binding 
domain of apoB-100 (MB47) and apoE (1D7), the amino 
terminus of apoE (6C5), or the carboxy terminus of apoE 
(3H1) were used to assess the relative contributions of 
apoB-100 and apoE to specific binding of iodinated LDL 
and PVLDL to fibroblasts. The characterization of the in- 
dividual monoclonal antibodies has been described else- 
where (31, 32). Immunoglobulin G (I@) was isolated 
from ascites fluid for each monoclonal antibody by pro- 
tein G column chromatography (33). The protein concen- 
tration of the isolated I g G  was determined by the method 
of Lowry et al. (26). A goat anti-monkey apoE polyclonal 
antiserum was kindly provided by Dr. Lawrence Rudel in 
the Department of Comparative Medicine, Bowman 

Gray School of Medicine. The polyclonal anti-apoE an- 
tiserum was monospecific for apoE based on results from 
Western blots against whole plasma and ELISAs for 
apoA-I and apoA-11. 

Cell culture experiments 
Details of the cell culture experiments have been 

presented previously (21). After the cynomolgus monkey 
skin fibroblasts were incubated with culture medium (Ea- 
gle's minimum essential medium supplemented with Ea- 
gle's vitamins, 23 mM sodium bicarbonate, 2 mM L- 
glutamine, 1.5 mg a - D  (+)-glucose/ml, 100 units penicil- 
lin/ml, and 100 mg streptomycin/ml) containing 
lipoprotein-deficient serum (LPDS) for 24 h, LPDS me- 
dia was removed and cells were washed with balanced salt 
solution (BSS) or BSS with 10 mM EDTA to remove any 
free calcium left in the dishes. Fresh pre-chilled medium 
(0.9 ml) containing 100 mM NaCl, 0.5 mM CaC12, 50 mM 
Tris-HC1, and 2.5 mg/ml LPDS in the presence or ab- 
sence of 10 mM EDTA (18) plus the indicated concentra- 
tions of '3II-labeled LDL was added and the cells were in- 
cubated for 30 min at 4OC. Nonspecific binding was 
measured in the presence of 10 mM EDTA because 
receptor-specific binding requires calcium (34). Pilot 
studies demonstrated that equilibrium binding was 
achieved after 30 min at 4OC and that cells remained at- 
tached to the culture dishes during the 30 min incubation 
at 4OC in the presence of 10 mM EDTA based on 
microscopic examination of the cells and cellular protein 
analysis. In addition, similar results for nonspecific bind- 
ing were obtained using 10 mM EDTA compared to a 
100-fold excess of unlabeled LDL (data not shown). 
Specific binding was calculated as the difference between 
total and nonspecific binding. 

For the antibody studies, the same medium with 1 
pg/ml of 'Z5I-labeled LDL or 0.25 pg/ml of '25I-labeled 
PVLDL was incubated with a 10-fold molar excess of 
monoclonal antibodies. The molecular weight values used 
for calculations were 150,000 for the monoclonal IgG, 
512,000 for apoB-100 (assuming all LDL protein was 
apoB-loo), and 35,000 for apoE (assuming 25% of 
PVLDL protein was apoE). The monoclonal antibodies 
were allowed to react with the iodinated lipoproteins in 
the medium for approximately 1 h at room temperature 
before the antibody-lipoprotein complex was incubated 
with the cells at 4OC for 30 min. After the 30-min incuba- 
tion at 4OC, the cells were washed 3 times with BSS con- 
taining 0.2% bovine serum albumin and 3 times with BSS 
alone. The washed cells then were digested with 0.5 ml of 
1 N NaOH. A 300-p1 aliquot was taken for radiolabel de- 
termination and a 100-pl aliquot was taken for protein de- 
termination. Binding affinity (Kd) and maximal binding 
capacity (Bmx) were obtained by Scatchard analysis of 
the individual binding curves (35). 
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Fig. 1. Specific binding of LDL isolated from cynomolgus monkeys 
fed FO and lard diets. Cynomolgus monkey skin fibroblasts (MF733) 
were grown to confluence in 35-mm dishes and incubated with LPDS for 
24 h at 37OC to up-regulate LDL receptors The cells were then in- 
cubated for 30 min at 4OC with 0.9 ml of culture medium containing the 
indicated concentrations of lS'I-labeled LDL from each diet group. Total 
binding was measured after the digestion of cells with 0.5 ml of 1 N 
NaOH. Nonspecific binding was measured in the presence of 10 mM 
EDTA at each concentration. Specific binding was calculated as the 
difference between total and nonspecific binding and expressed as ng 
"'I-labeled LDL bound/mg cell protein Results represent the mean i 
SEM (n = 4 per diet group). 

Fluid phase precipitation assay 

A fluid phase precipitation assay was used to determine 
whether the same fraction of LDL particles from each diet 
group was bound by the monoclonal antibodies MB47, 
1D7, and 3H1 or a goat anti-monkey apoE polyclonal IgG 
(36). The assays were performed in 12 x 75 mm glass 
tubes in 55 mM barbital buffer, pH 8, containing 150 mM 
NaCl, 0.02% NaN3, 3% bovine serum albumin, and 1.5 
mM Na-EDTA. Two hundred ng '25I-labeled LDL was 
incubated with increasing amounts of monoclonal or 
polyclonal antibodies up to 6 pg IgG in a total volume of 
300 ~ 1 .  After an 18-h incubation at 4OC, 300 pl 55 mM 
barbital buffer, pH 8, and 0.1 ml TachisorbTM M (Calbi- 
ochem, La Jolla, CA) for the monoclonal antibodies or 
Pansorbin@ (Calbiochem) for the polyclonal IgG were ad- 
ded and allowed to incubate for 30 min at room tempera- 

ture. The tubes were centrifuged immediately at 1500 g 
for 20 min, the supernatant fluid was aspirated, and the 
pellets were counted in a gamma counter. The maximum 
precipitable radioactivity was determined by replacing 
Tachisorb or Pansorbin with 0.1 ml of 100% trichloroa- 
cetic acid. The minimum precipitable radioactivity (zero 
binding control) was determined by substituting a 
monoclonal antibody (designated IgG-2001) directed 
against an irrelevant antigen (Hemophilus influenza type 
B) (37). The data were calculated as % IZ5I-labeled LDL 
bound as previously described (36). 

Data analysis 

Values are presented as mean * standard error of the 
mean. Repeated measures analysis of variance and Stu- 
dent's t-test were used to determine statistically significant 
differences at P < 0.05. 

RESULTS 

Fig. I shows the results of a direct fibroblast LDL 
receptor binding assay for radiolabeled LDL isolated 
from cynomolgus monkeys fed a lard or FO diet. At LDL 
concentrations of < 6.25 hg/ml, where differences in 
binding affinity are more easily detected, more LDL from 
the lard group was bound to the fibroblasts compared to 
the FO group (P < 0.01; repeated measures analysis of 
variance). However, at LDL concentrations > 6.25 pg/ml 
there was no detectable difference in LDL binding be- 
tween the two groups. These data confirmed our previous 
results that demonstrated that FO LDL compared to lard 
LDL was less effective at competing for binding of a stan- 
dard 1251-labeled LDL to skin fibroblasts (21). 

Table 1 shows the results of the Scatchard analysis of 
the LDL binding data in Fig. 1 as well as the molecular 
weights and apoE/B molar ratio of the LDL used for the 
studies. As LDL have only one apoB-100 molecule per 
particle, the apoE/B molar ratio represents the average 
number of apoE molecules per LDL. The lard LDL were 
larger, as indicated by a significantly higher molecular 
weight, and were enriched in apoE relative to the LDL 
from the FO group. As suggested by the binding curves 

TABLE 1. LDL particle and cell binding characteristics" 

Diet LDI. MWh LDI, ApoE/B Kd B",d, 

molar ratio nf/mg cell prolein 

Lard (n = 4) 4.17 k 0.26 1.85 ? 0.22 3.8 k 0.8 144.7 12.0 
Fish oil (n = 4) 2.95 k 0.10 0.48 ? 0.03 11.3 l .G 155.1 k 6.2 
P value' 0.006 0.0008 0.01 NS 

"LDL size (i.e., LDL Lolecular weight) and apoE/B molar ratio were determined as described in Methods. Kd 

and B,,, were obtained by Scatchard analysis of the individual binding curves in Fig. 1. Values are given as 
means f SEM. 

'These values were multiplied by 1V6. 
'Student's t-test; NS, not significant at P = 0.05. 

494 Journal of Lipid Research Volume 35, 1994 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


in Fig. 1, the average & for lard LDL was one-third that 
of the FO LDL (3.8 vs. 11.3 pglml, respectively). B,,, 
was not different for LDL from the two diet groups (145 
vs. 155 ng/mg cell protein, respectively). 

To investigate the relationship of LDL apoE content 
and LDL size as a function of the type of dietary fat, LDL 
molecular weight was plotted against the apoE/B molar 
ratio for LDL of individual animals (Fig. 2). Over the 
small range of LDL molecular weights observed for the 
FO group there appeared to be no relationship between 
LDL size and apoE/B molar ratio. For the lard LDL, 
however, there was an apparent positive relationship be- 
tween LDL size and apoE/B molar ratio. 

Fig. 3 shows the relationship between LDL apoE/B 
molar ratio and the Kd for binding of LDL to fibroblasts. 
In general, there was a negative association between LDL 
apoE content and Kd indicating that the greater the E/B 
molar ratio of the LDL, the higher the affinity for binding 
to LDL receptors. However, only within the lard diet 
group was there an apparent relationship between the 
apoE content of LDL and Kd for binding to cultured 
fibroblasts. A similar relationship was noted also for LDL 
size and Kd (data not shown). There was no apparent as- 
sociation between LDL apoE/B molar ratio and B,, nor 
LDL size and B,,, (data not shown). 

Because the apoE content of LDL appeared to be in- 
versely related to the Kd for LDL binding to fibroblasts, 
monoclonal antibody studies were performed to estimate 
the relative contribution of apoE versus apoB-100 to the 
diet-induced difference in LDL binding observed in Fig. 
1 and Table 1. Monoclonal antibodies specific for the 

m 
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Fig. 2. Relationship of LDL size (i.e., LDL molecular weight) to LDL 
apoE content, represented as apoElB molar ratio. LDL were isolated 
from the plasma of monkeys fed diets containing lard or fish oil. LDL 
molecular weight, LDL apoE, and LDL apoB-100 were measured as 
described in the Methods section. Each point represents data from an in- 
dividual animal. 
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Fig. 3. Relationship of LDL apoE/B molar ratio to binding affinity 
(K,) for binding of LDL to skin fibroblasts. LDL were isolated and 
analyzed as described in Fig. 2 and the Methods section. K, values 
were obtained by the method of Scatchard (35) using data from the bind- 
ing experiment shown in Fig. 1. 

receptor binding domains of apoE (1D7) and apoB-100 
(MB47) were used in the studies. Fig. 4 shows specific 
binding (expressed as ng bound/mg cell protein) of lZ5I- 
labeled LDL or 1251-labeled PVLDL to LDL receptors af- 
ter incubation with the monoclonal antibodies. The rab- 
bit PVLDL was used as a positive control for the 1D7 an- 
tibody (anti-apoE) because rabbit PVLDL is enriched in 
apoE. In the absence of monoclonal antibody, approxi- 
mately 35% more LDL from the lard group bound to 
cells compared to LDL from animals fed the FO diet, 
which was consistent with the results shown in Fig. 1. 
When the lipoproteins were incubated with a 10-fold mo- 
lar excess of the MB47 antibody (anti-apoB-100) before 
adding the lipoproteins to the cells, 96 f 2.5% of binding 
of LDL from the FO group was eliminated, whereas bind- 
ing of the lard group LDL was reduced by only 
43 f 18.2%. Binding of rabbit PVLDL to fibroblasts was 
reduced by only 21%. A 10-fold molar excess of the 1D7 
antibody eliminated 85% of the PVLDL binding and 
44 * 10.5% of the binding of LDL from the lard group. 
The 1D7 antibody inhibited a smaller percentage of the 
binding of LDL from the FO group to the cultured cells 
(23 f 6.4%). When LDL or rabbit PVLDL were in- 
cubated with the combination of MB47 and 1D7 antibod- 
ies, binding of PVLDL and LDL from both diet groups 
was completely eliminated. An apoE antibody 6C5, 
which binds an epitope in the amino terminus of apoE, 
had no effect on the binding of LDL from either the FO 
or the lard diet group. However, PVLDL binding to 
fibroblasts was reduced by 41% with the 6C5 antibody. 

A fluid phase precipitation assay was used to determine 
whether the antibodies bound to the same proportion of 
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Fig. 4. Specific binding of 1z5I-labeled LDL or 125I-labeled PVLDL to 
monkey skin fibroblasts in the presence or absence of a 10-fold molar ex- 
cess of selected monoclonal antibodies. MF733 were grown to confluence 
in 35-mm dishes and were incubated with LPDS for 24 h at 37OC. The 
cells were then incubated with the culture medium containing 1 jtg/ml 
of 125I-labeled FO LDL, 1251-labeled lard LDL, or 0.25 jtg/ml of *z5I- 
labeled PVLDL f a 10-fold molar excess of the various antibodies rela- 
tive to lipoprotein protein for 30 min at 4OC. The antibodies were pre- 
incubated with the lipoproteins for 1 h at room temperature before they 
were added to the cells at 4OC. Nonspecific binding was measured in the 
presence of 10 mM EDTA and subtracted from total binding to give 
specific binding. Results represent means .1: SEM from four 
cynomolgus monkeys in each diet group and a single PVLDL from a 
cholesterol-fed rabbit. Values are the mean of triplicate dishes for each 
lipoprotein and are represented as ng of 125I-labeled LDL or '251-labeled 
PVLDL bound/mg cell protein. MB47 and 1D7 antibodies are specific 
for the receptor binding domains of apoB-100 and apoE, respectively. 
The 6C5 antibody is specific for a heparin binding site on the amino ter- 
minus of apoE. The molecular weight values used for calculations were 
150,000 for the antibodies, 512,000 for apoB-100 (assuming all LDL pro- 
tein was apoB-loo), and 35,000 for apoE (assuming 25% of PVLDL pro- 
tein was apoE). 

LDL from both diet groups. In this assay a fixed and 
limiting amount of 1251-labeled LDL (200 ng) was in- 
cubated with increasing amounts of monoclonal antibody 
IgG, followed by precipitation of the monoclonal antibody 
with saturating amounts of TachisorbTM M. No significant 
differences were observed in the proportion of LDL parti- 
cles from each diet group that were bound by the MB47 
monoclonal antibody (anti-apoB-100) (Fig. 5). 

A similar study was performed with the anti-apoE 
monoclonal antibodies as well as a polyclonal antibody 
raised against monkey apoE. At antibody excess more 
LDL particles were bound in the lard versus FO diet 
group for all three apoE antibodies (Fig. 6). Note also 
that the proportion of LDL particles bound with 
monoclonal antibodies 3H1 and 1D7 was much less than 
that for the polyclonal antibody. At antibody excess (6 
pg), 70% of lard LDL was bound by the polyclonal IgG 
but only 5-976 of the LDL particles were bound by the 
two monoclonal antibodies; whereas in the FO group 
20% of the LDL was bound by the polyclonal IgG and 
only 2-3% was bound by the monoclonal antibodies 

(Table 2). These studies also demonstrate that apoE was 
associated with the apoB-100 LDL particles and not on a 
separate non-apoB particle (i.e., HDL,, HDL1), since a 
similar proportion of LDL (70-80%) was bound by 
MB47 (Fig. 5) and the anti-apoE polyclonal antibodies in 
the lard diet group. 

Because the binding of FO LDL to the three anti-apoE 
antibodies was less than that for lard LDL, we inves- 
tigated whether the percentage of 1D7- and JH1-reactive 
LDL particles was different between the two diet groups. 
A ratio was made of the percentage of LDL particles 
bound by the monoclonal antibodies to the percentage of 
LDL particles bound by the polyclonal antibody. The 
results are shown in Table 2 for one concentration of IgG 
(i.e., 6 pg). For 1D7 monoclonal antibody, 12% of the 
apoE-containing LDL particles from the FO group was 
bound, while 7% of the apoE-containing LDL from the 
lard group was bound. Similar results were obtained for 
3H1 monoclonal antibody; 17% and 12% of the apoE- 
containing LDL were bound in the FO and lard diet 
groups, respectively. These results demonstrate that only 
a small proportion of the LDL apoE from both diet 
groups was reactive with the monoclonal antibodies and 
that the decreased binding of FO LDL to fibroblasts is not 
due to a decreased proportion of receptor-active apoE, 
but rather a decrease in the total amount of apoE. 

80 

60 

40 

ANTI-apoB MONOCLONAL ANTIBODY MB47 

I 

'Oil 
0.0 2.0 4.0 6 .0  

ANTIBODY AMOUNT (pg) 

Fig. 5.  The percentage of 'Z5I-labeled LDL particles bound by increas- 
ing concentrations of antibody MB47 in a fluid phase precipitation as- 
say. In each tube, 200 ng 125I-labeled LDL was incubated for 18 h at 4'C 
with the indicated amounts of immunopurified MB47 in a total volume 
of 0.3 ml. The amount of 125I-labeled LDL bound was then determined 
by precipitation of antibody MB47 with an excess of TachisorbTM (Ig- 
SORB) as described in the Methods section. Each point represents the 
mean f SEM of four monkeys in each diet group at each concentration 
of antibody. 
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DISCUSSION ANTI-spoE POLYCLONAL ANTIBODY i T 
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40 

I /  
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ANTI-apoE MONOCLONAL ANTIBODY 3H1 

V "  
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Fig. 6. The percentage of '251-labeled LDL particles bound by increas- 
ing concentrations of a polyclonal antibody to apoE and anti-apoE 
monoclonal antibodies. Incubation conditions were the same as in Fig. 
5, except that an excess of Pansorbin" was used to precipitate the poly- 
clonal antibody. Monoclonal antibody 1D7 binds the LDL receptor 
binding domain of apoE, whereas 3H1 binds a heparin binding domain 
in the carboxyl-terminus of apoE. Each point represents the mean + 
SEM of four monkeys in each diet group at each concentration of anti- 
body. Note the different vertical scales for the polyclonal versus 
monoclonal panels. 

The results of this study demonstrate a significant role 
for apoE in the diet-induced difference in LDL binding to 
skin fibroblasts using cynomolgus monkeys fed diets con- 
taining lard compared to FO. Our previous study 
documented that FO LDL, in contrast to lard LDL, were 
less effective competitors of a standard lz5I-1abeled LDL 
for binding, internalization, and degradation by skin 
fibroblasts (21). FO LDL also resulted in less CE accumu- 
lation by fibroblasts. This diet-induced difference in LDL 
binding appeared related, in part, to the apoE content of 
LDL. Reduction of LDL apoE content by repeated 
ultracentrifugation of LDL from both diet groups resulted 
in a decrease in CE accumulation in fibroblasts, with the 
largest reduction in CE accumulation observed for the 
apoE-enriched lard LDL (21). The results of the present 
study show that the binding of FO LDL to LDL receptors 
on skin fibroblasts was mediated almost exclusively by 
apoB-100, whereas the binding of lard LDL involved both 
apoE and apoB-100 (Fig. 4). In addition, the Kd for LDL 
binding was inversely proportional to the apoE content of 
LDL (Fig. 3); the more apoE per LDL particle, the 
greater the affinity for binding to LDL receptors. Studies 
using a monoclonal antibody to the receptor binding do- 
main of apoE (1D7) demonstrated that nearly the same 
proportion of total apoE on LDL was reactive with 1D7 
in both diet groups (7-1270; Table 2). Taken together, 
these data suggest that one of the major reasons for the 
decreased binding of FO LDL to fibroblasts relates to the 
decreased amount of LDL apoE and not to a major alter- 
ation in the expression of the receptor binding domain of 
apoE. We hypothesize that the decreased content of apoE 
on FO LDL compared to lard LDL results from a relative 
enrichment in the surface sphingomyelin content and n-3 
fatty acid content of LDL surface phospholipid (22) lead- 
ing to a decreased binding of apoE, similar to that found 
for apoA-I binding to monolayer phospholipid surfaces 
enriched in n-3 fatty acids (38). The reduced LDL apoE 
content would then result in decreased binding of LDL to 
cellular receptors that recognize apoE as a ligand. 

Atherogenic diets fed to nonhuman primates result in 
large LDL that show an increased binding affinity for 
fibroblasts relative to normal-sized LDL (39). These large 
LDL are enriched in apoE, and both the size of LDL and 
the apoE content are highly correlated with the amount 
of coronary artery atherosclerosis in these monkeys (19). 
Although human LDL are often considered to have 
apoB-100 as a sole apolipoprotein, several studies have 
documented the presence of apoE on human LDL 
(13-18). Generally, the larger subfractions of human LDL 
contain more apoE. Chappell et a1 (5) have shown that 
large and small human LDL bind by different mechan- 
isms to fibroblast receptors because of the different inter- 
actions of apoE and apoB-100 with LDL receptors. Small 
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TABLE 2. Percentage of 125I-labeled LDL bound by anti-apoE polyclonal or monoclonal antibodies 1D7 
and 3H1" 

Diet 

% 125I-Labeled LDL Bound at 6 pg IgG 

A 
Polyclonal 
Anti-ApoE 

B 

1 D7 

C 

3H1 

B C 
- x 100% 
A A 

- x 100% 

Fish oil 
3380 33.25 2.7 4.5 8.1 13.5 
3389 11.9 1.7 2 .1  14.3 17.6 
3361 12.7 1.8 1.7 14.2 13.4 
3378 21.4 2.7 3.0 12.6 23.8 

19.8 f 5.0b 2.2 f 0.3 2.8 + 0.6 12.3 f 1.5 17.1 I 2.4 

Lard 
3392 62.2 4.9 9.0 7.9 14.5 
3401 81.5 4.3 10.2 5.3 12.5 
3377 69.1 5.2 10.2 7.5 11.7 
3381 66.0 5.6 4.7 8.5 7 .1  

69.7 f 4.2 5.0 f 0.3 8.5 i 1.3 7.3 f 0.7 11.5 f 1.6 

P value' 0.003 0.0004 0.0076 0.02 NS 

'Percentage of 'ZSI-labeled LDL bound to polyclonal or monoclonal anti-apoE antibodies was determined using 
a fluid phase precipitation assay as described in Methods. Monoclonal antibody 1D7 binds to the LDL receptor 
binding domain of apoE, and 3H1 binds to a heparin binding domain in the carboxy terminus of apoE. 

'Mean j: SEM. 
'Student's t-test; NS, not significant at P = 0.05. 

LDL bind to LDL receptors predominantly through in- 
teraction with apoB-100. Large LDL, on the other hand, 
bind to LDL receptors with higher affinity because of the 
presence of apoE on the particles. They also bind with 
lower capacity, because of steric hindrance of the large 
LDL with adjacent receptors (5, 18). In addition, previ- 
ous studies using nonhuman primate LDL have also 
demonstrated that large LDL particles bind to fibroblasts 
with increased affinity and decreased capacity relative to 
small LDL (39). Thus, results from the current study, in 
which dietary fat type was used to alter LDL apoE con- 
tent, size, and binding affinity for fibroblasts, appear to be 
in agreement with those conducted using subfractions of 
human LDL (5). However, we observed no difference in 
binding capacity for the FO LDL relative to lard LDL, 
unlike previous studies, in which large LDL had a 
decreased binding capacity to cells in culture (5, 18, 39). 
The reason for this difference is unclear but may be 
related to differences in surface density of LDL receptors 
among different types of cultured cells. 

Based on the binding studies of the apoE-specific 
monoclonal and polyclonal antibodies, only a small 
proportion (7-12%) of the total LDL apoE was reactive 
with the monoclonal antibody 1D7 directed against the 
ligand binding domain of apoE. If reactivity of 1D7 with 
apoE reflects the amount of receptor-active apoE on 
LDL, then most of the apoE in the LDL fraction was not 
receptor-active. Previous studies have suggested that 
apoE may need to be in an appropriate conformation to 
be recognized by cellular receptors. It is known that apoE 
must be bound to lipid to be receptor-active (2). Using 

peptides to the ligand binding domain of apoE, Dyer and 
Curtiss (11) and Dyer, Smith, and Curtiss (12) have sug- 
gested that apoE may have to form non-covalent dimers 
before it becomes receptor-active. Additional apoE must 
be added to PVLDL to promote its binding to cellular 
LDL receptor-related protein receptors (40). All of these 
studies suggest that apoE binding to lipoprotein surfaces 
is necessary but not sufficient to result in receptor-active 
apoE. Further studies are required to determine whether 
multimer formation or other changes in apoE conforma- 
tion are necessary to convert it to a receptor-active ligand, 
and whether this process can be modified by dietary fats. 

We previously showed that lard LDL resulted in greater 
CE accumulation in fibroblasts compared to FO LDL 
even when LDL size and apoE content between diet 
groups were nearly equivalent (21). The present study 
demonstrates that this is not likely due to a greater 
proportion of total apoE on lard LDL that is receptor- 
active (Table 2), assuming that binding of MB47 and 1D7 
reflect LDL receptor-active apoB-100 and apoE, respec- 
tively. An alternative hypothesis is that the physical state 
of the CE core of LDL influences the conformation of 
apoB. Lard LDL have ordered, liquid crystalline CE 
cores at body temperature, whereas FO LDL have disor- 
dered, liquid cores (22). Previous studies have shown that 
the chemical and physical nature of the LDL core can 
influence the conformation of apoB-100 and the cellular 
binding properties of LDL (17, 41, 42). An additional 
hypothesis is that the surface of lard LDL may allow more 
efficient non-covalent dimerization of 1D7 active and in- 
active apoE, resulting in an increased binding affinity to 
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cellular lipoprotein receptors. Additional studies will be 
necessary to establish the role of the physical state of the 
LDL CE core on apoB-100 conformation and LDL bind- 
ing properties as well as the role of apoE dimerization. 

Hypercholesterolemic cynomolgus monkeys have in- 
creased plasma concentrations of apoE and have large 
LDL (19); the increased apoE in these animals is almost 
entirely associated with plasma LDL. O u r  data show that 
apoE in the LDL size range is associated with 
apoB-100-contaihing particles as MB47 (Fig. 5 )  and the 
anti-apoE polyclonal antibody (Fig. 6) bound similar 
amounts of lard LDL (70-8076). The data also show that 
most LDL particles in the lard group contain some apoE. 
This  appears not to be the case for LDL from nor- 
mocholesterolemic individuals, in whom apoE-containing 
LDL may represent a relatively small fraction of the total 
LDL ( 5 ) .  This difference likely results because monkeys 
have low concentrations of VLDL compared to humans 
and a significant amount of apoE in human plasma is as- 
sociated with VLDL particles (13-16). ApoE-enriched 
LDL may be more atherogenic than apoE-poor LDL be- 
cause of increased binding affinity to cells in the artery 
wall o r  to increased retention by arterial proteoglycans 
(43, 44). Thus, apoE association with large LDL may be  
related to the strong correlation between LDL size and  
coronary artery atherosclerosis observed previously in 
nonhuman primates (19). I 
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