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Abstract The livers of both baboons and rhesus monkeys fed
a high fat, high cholesterol diet secreted very low density
lipoproteins (VLDL) that were enriched in cholesteryl ester and
apoE as compared to VLDL secreted by the livers of chow-fed
animals. Stimulation of macrophage cholesterol esterification by
the experimental VLDL was compared to that produced by the
standard 8-VLDL obtained from the plasma of a rhesus monkey
fed 25% coconut oil plus 2% cholesterol. This standard 8-
VLDL stimulated 7- to 10-fold more esterification than did the
bovine albumin control. Hepatic VLDL from fat-fed animals
stimulated esterification in J774 macrophages 50 to 150% as well
as did the standard 8-VLDL, even though hepatic VLDL did
not display beta electrophoretic mobility on agarose gel electro-
phoresis. Plasma VLDL from lard-fed baboons did not exhibit
beta electrophoretic mobility but did stimulate esterification in
macrophages. Baboons were divided into high and low re-
sponders based on the change in plasma cholesterol levels in
response to a high fat, high cholesterol diet. Both plasma and
hepatic VLDL from high responders stimulated cholesterol
esterification, whereas hepatic VLDL obtained from low re-
sponders or chow-fed baboons did not stimulate cholesterol
esterification in macrophages. There was a strong positive corre-
lation (r = 0.866) between the number of apoE molecules per
VLDL particle in VLDL obtained from chow-fed, lard-fed, or
coconut oil-fed primates and the rate of cholesterol esterification
in macrophages. Bl Our results show that hepatic perfusate
VLDL obtained from fat- and cholesterol-fed primates have
compositional and functional properties usually ascribed to cir-
culating 8-VLDL, without displaying beta mobility, and indicate
that the liver may be an important source of atherogenic lipo-
proteins. — Soltys, P. A., H. Gump, L. Hennessy, T. Mazzone,
K. D. Carey, H. C. McGill, Jr., G. S. Getz, and S. R, Bates.
Hepatic perfusate very low density lipoproteins obtained from
fat-fed nonhuman primates stimulate cholesterol esterification in
macrophages. /. Lipid Res. 1988. 29: 191-201.
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The role of macrophages in the deveiopment of athero-
sclerosis has been the subject of numerous studies and
reviews (1-7). Macrophages can accumulate large amounts

of cholesteryl ester and may comprise a large proportion
of the foam cells found in atherosclerotic plaques. Cho-
lesteryl ester synthesis is stimulated in mouse peritoneal
macrophages by beta very low density lipoproteins (8-
VLDL) isolated from animals fed cholesterol-rich diets
(5, 6). This finding suggests that $-VLDL may have an
important role in the accelerated atherosclerosis which
has been observed in these animals. Recent studies have
shown that 8-VLDL also stimulates cholesterol esterifica-
tion in J774 and P388D, macrophage-like cells (8-10). 8-
VLDL also interacts with a macrophage cell surface
receptor, for which 8-VLDL apoprotein E appears to be
the ligand (8, 11).

The origin of 8-VLDL has been the subject of study for
the last decade or more. Early studies pointed to the intes-
tine as the source of 3-VLDL. Studies in rabbits (12) and
rhesus monkeys (13), using either labeled retinyl acetate
or retinol as markers for lipoproteins of intestinal origin,
concluded that the cholesteryl ester-rich, slow beta lipo-
proteins in the plasma of these animals were of intestinal
origin. Subsequent studies, however, have shown that in
dogs (14) and rabbits (15) some of the cholesteryl ester-
rich fraction of plasma VLDL is probably of hepatic ori-
gin. Recently Kroon, Thompson, and Chao (16) showed
that perfused livers from cholesterol-fed rabbits secrete a
VLDL particle whose composition is similar to that of
plasma 3-VLDL. Cholesterol feeding in the rat and Afri-
can green monkey have also been shown to induce the

hepatogenous production of a cholesteryl ester-enriched
VLDL (17-20).

Abbreviations: §-VLDL, beta very low density lipoproteins; TC, total
cholesterol; TG, triglyceride; PBS, phosphate-buffered saline; LDL, low
density lipoproteins; RIA, radioimmunoassay.

'Current address: Department of Physiology, University of Pennsyl-
vania, Philadelphia, PA.
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In this study we have compared the composition of
plasma VLDL and nascent hepatogenous VLDL derived
from nonhuman primates fed a high fat, cholesterol-rich
diet, and have also explored the capacity of these VLDL
to promote cholesterol esterification in J774 macrophages.
In contrast to normolipidemic VLDL, 8-VLDL stimulates
cholesterol esterification in freshly isolated mouse macro-
phages (5, 6) and in several macrophage cell lines (8-10).
This characteristic allows one to explore the interactions
of nascent hepatic VLDL with macrophages. The similar-
ity between the J774 macrophages and mouse peritoneal
macrophages in regard to high affinity uptake and metab-
olism of 3-VLDL has been reported in detail elsewhere (8,
21, 22).

MATERIALS AND METHODS

Animals and diet

Rhesus monkeys (Macaca mulatta) and baboons (Papio
cynocephalus) served as plasma and hepatic VLDL donors.
The animals included in this study were fed standard
Purina monkey chow or various high fat, high cholesterol
diets in order to determine the effect of diet on hepatic
lipoprotein production. The stimulation of cholesterol
esterification in macrophages by the experimental VLDL
samples was compared to that produced by a standard (8-
VLDL obtained from the plasma of a donor rhesus mon-
key fed a semisynthetic diet containing 2% cholesterol
and 25% coconut oil (23) for the duration of the experi-
ment (mean total serum cholesterol level (TC) = 932
mg/dl, mean serum triglyceride level (TG) = 108 mg/dl).
Male rhesus monkeys were fed a semisynthetic atherogenic
diet containing either 30% peanut oil and 1% cholesterol
(23) (TC = 560 mg/dl, TG = 4 mg/dl), or 25% lard and
1% cholesterol (by weight) (24) (TC = 744 mg/d]l, TG =
21 mg/dl) for 12-20 weeks or maintained on standard
monkey chow (TC = 111 mg/dl, TG = 36 mg/dl). Female
baboons were fed a diet based on chow supplemented
with 30% peanut oil and 1% cholesterol for 9 weeks
(TC = 182 mg/dl, TG = 4 mg/dl) or standard Purina
monkey chow (TC = 118 mg/dl, TG = 36 mg/dl). A
group of male baboons was fed the semisynthetic diet con-
taining 25% lard and 1% cholesterol (24) for 8 months or
standard Purina monkey chow (TC = 105 mg/dl, TG =
23 mg/dl). These male baboons were divided into two
sets: 1) high responders, those who responded to an
8-week challenge diet with total cholesterol levels equal to
or greater than 200 mg/dl and LDL cholesterol levels
equal to or greater than 80 mg/dl (TC = 225 mg/d],
TG = 26 mg/dl); and 2) low responders, those who
responded to the challenge diet with total cholesterol
levels of less than 200 mg/dl and LDL cholesterol levels of
less than 80 mg/dl (TC = 146, TG = 24). More detailed
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plasma lipid compositional data for the diet groups
examined in this study is published elsewhere (25).

Liver perfusion

Livers were removed from fasted donor animals and
perfused as described previously (26). The portal vein was
cannulated and a perfusion mixture based on Krebs-
Ringer bicarbonate buffer (pH 7.4) containing 20%
washed human erythrocytes, 0.1% glucose, 0.06% of
amino acid mixture, 0.05% hepatin, 0.005% gentamycin,
and a continuously infused, physiological level of insulin
was recirculated through the liver. The flow rate was
maintained at a constant rate of 1 ml/g of liver/min and
the perfusate was oxygenated as previously described
(26). Liver function was monitored by measuring the in-
corporation of [*H]leucine into secreted protein at regular
intervals and by measuring the release of glutamic pyruvate
transaminase and blood urea nitrogen into the perfusate
(26). The perfusate collected during the first hr of perfu-
sion was considered plasma washout and was discarded.
The perfusate collected during the following 90 min was
used as the source of the nascent hepatic VLDL in this
study.

VLDL isolation

VLDL was isolated from fasted plasma and perfusate
by ultracentrifugation. All ultracentrifugation was per-
formed in Beckman centrifuges and rotors (Beckman In-
struments, Inc., Palo Alto, CA). The VLDL was isolated
in a 60 Ti rotor at 55,000 rpm for 16 hr at 10°C, and then
washed in a 30.2 rotor at 29,000 rpm for 16 hr at 10°C.
All ultracentrifugation solutions contained 0.05% ethyl-
enediamine tetraacetic acid and 1 mM phenylmethylsul-
fonylfluoride.

Analysis of lipoproteins and plasma

Plasma from the experimental animals was obtained
after a 16-hr fast just before the liver was removed. Plasma
from the coconut oil diet donor monkey was obtained
after a 16-hr fast. Plasma triglycerides and cholesterol
were determined on Zeolite-treated isopropanol extracts
run on the Technicon Auto Analyzer II™ (27). Phospho-
lipid was estimated by liberating the inorganic phosphorus
from purified lipid extracts by sulfuric acid digestion and
then measuring the liberated phosphorus using the Bart-
lett inorganic phosphorus assay (28). VLDL protein and
cellular protein were determined according to the method
of Lowry et al. (29). VLDL cholesterol and cholesteryl
ester were determined by gas-liquid chromatography as
described previously by Bates et al. (4). VLDL triglyceride
was quantitated by the method of Marsh and Weinstein
(30) as modified by Kritchevsky et al. (31) and is described
by Bates et al. (4). In some cases VLDL cholesterol,
cholesteryl ester, and triglyceride were quantitated by
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thin-layer chromatography and densitometric scanning
(32). The data obtained from these methods yielded com-
parable values. ApoA-1, apoB, and apoE were determined
by radioimmunoassay (RIA) (26, 33) in the lard-fed
baboon VLDL. The VLDL from the lard-fed rhesus
monkeys was subjected to sodium dodecylsulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and scanned
densitometrically to quantitate apoA-I, apoBg, apoBys,
and apoE as has been described elsewhere (26). In
selected samples, scanning and RIA vyielded similar
values for the apoproteins of interest. Agarose electropho-
resis was performed using “The Corning Electrophoresis
System to Analyze Body Fluids” (Corning Medical, Palo
Alto, CA).

Macrophages

The macrophage-like cell line J774A.1 (J774) (34) was
obtained from the American Type Tissue Culture Collec-
tion, Bethesda, MD, and was maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Grand Island Bio-
logical Co., Grand Island, NY) plus 10% heat-inactivated
fetal calf serum (K. C. Laboratory Supply Co., Indian-
apolis, IN) at 37°C in a 5% CO, atmosphere. Prior to ex-
periments, the J774 cells were seeded to achieve a final
cellular protein content of 0.2 to 0.5 mg/well in multiwell
tissue culture plates (Costar, 12 wells/plate) after 2 days of
incubation.

At the start of an experiment, the macrophages were
washed twice with phosphate-buffered saline (PBS), pH
7.2, prior to addition of the experimental media. Cells
were incubated with experimental media containing
DMEM plus the isolated lipoprotein of interest for 2 hr
before 0.04 pCi of [1-**C]oleate-bovine serum albumin
(BSA) was added to each well during the last 5 hr of incu-
bation. The oleate:BSA molar ratio was 6.8:1 (1.7 mg of
BSA/ml) in all experiments except those comparing the
plasma and hepatic perfusate VLDL from lard-fed rhesus
monkeys to the standard 3-VLDL from the coconut oil
donor when the oleate:BSA molar ratio was 0.8:1 (1.7 mg
of BSA/ml). The [**C]oleate-BSA complex was made ac-
cording to the method of St. Clair (35) using [1-'*C]oleic
acid (60 mCi/mol) from Amersham (Des Plaines, IL) and
fatty acid-free BSA, fraction V powder, fram Miles
Laboratories (Kankakee, IL). The macrophage incuba-
tions were terminated in the following manner. The
medium was removed and the cells were washed twice
with PBS. The cells were then dissolved in 0.1 N NaOH
for 20 min. A sample was removed for lipid extraction and
neutralized immediately with concentrated acetic acid; a
second sample was saved for a protein determination.

Assay of [**C]cholesteryl oleate

[**C]Oleate incorporation into cholesteryl ester was
quantified by fractionation of the lipid extracts on plastic
silica gel G thin-layer chromatography plates (J. T. Baker,

Phillipsberg, NJ) developed with petroleum ether-ethyl
ether-acetic acid.75:25:1. The separated lipids were cut
out from the plate and placed in Econofluor scintillant
(New England Nuclear, Boston, MA) for counting. An in-
ternal standard, [1,2-*H]|cholesterol, was added during the
extraction and the results were corrected for recovery
(mean recovery = 80%).

RESULTS

Effect of the peanut oil diet on plasma and
perfusate VLDL composition

The composition of plasma VLDL and nascent hepatic
VLDL (isolated from perfusate) secreted from the livers
of rhesus monkeys and baboons fed normal chow or the
peanut oil diet is shown in Table 1. Both the plasma and
perfusate VLDL from chow-fed rhesus monkeys contained
primarily triglyceride with little cholesteryl ester. The
chow-fed female baboons, on the other hand, had more
cholesteryl ester in both plasma and perfusate VLDL
than did the rhesus monkeys. The plasma VLDL from
both monkeys and baboons fed the peanut oil diet was
rich in cholesteryl ester and low in triglyceride, reflecting
the patterns seen in plasma (25). Only the rhesus monkey
plasma VLDL was beta-migrating upon agarose gel elec-
trophoresis; perfusate VLDL never exhibited beta electro-
phoretic mobility. The perfusate VLDL in both species of
primates fed peanut oil were also highly enriched in
cholesteryl ester although they contained more triglycer-
ide and less cholesteryl ester than did the corresponding
plasma VLDL. In the female baboons the cholesteryl
ester content of both plasma and perfusate VLDL in-
creased with the peanut oil diet although not quite as
markedly as was seen in the rhesus monkey.

Effect of lard diet on plasma and hepatic
VLDL composition

A more detailed analysis of the apoproteins of both
plasma and hepatic VLDL was performed in animals
consuming another atherogenic diet: 25% lard, 1% cho-
lesterol. The rhesus monkeys consuming this diet have
serum cholesterol values in excess of 700 mg/dl (25).
Table 2 shows that the plasma VLDL from these animals
was even more cholesteryl ester-rich than was the plasma
VLDL from the coconut oil-fed rhesus monkey which was
used as our standard for S-VLDL production. The
plasma VLDL of rhesus monkeys consuming peanut oil
('Table 1) and lard (Table 2) were similar in lipid and espe-
cially cholesteryl ester content and showed beta electro-
phoretic mobility. With lard feeding, the perfusate VLDL
contained much more triglyceride than did the plasma
VLDL of these same animals. The lard plus cholesterol
diet increased serum cholesterol less in baboons than in
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TABLE 1. Composition of plasma and hepatic VLDL from monkeys and baboons fed a peanut oil plus cholesterol diet or a chow diet

Lipid*
Free Cholesteryl Beta Plasma
VLDL Source n Triglyceride Cholesterol Ester Protein” Mobility Cholesterol’
% % mg/di
Chow diet
Rhesus plasma VLDL 3 81.7 + 4.4 79 + 0.1 104 + 1.6 16.3 + 0.8 No 111
Rhesus hepatic VLDL 5 79.8 + 3.9° 126 + 1.4 7.7 + 3.14 12.8 £ 2.2 No
Baboon plasma VLDL 4 489 + 7.2 11.4 + 1.0 39.8 + 6.7¢ 42.1 + 7.8 No 118
Baboon hepatic VLDL 4 61.4 + 3.8 12.7 + 1.8 259 + 2.7 36.6 + 4.5 No
Peanut oil diet
Rhesus plasma VLDL 5 3.8 + 1.8 12.2 + 2. 84.2 + 4.5° 17.8 + 4.5 Yes 560
Rhesus hepatic VLDL 6 24.2 + 43¢ 12,5 + 1.1 63.2 + 5.2 13.3 + 2.3 No
Baboon plasma VLDL 4 119 + 4.8 14.7 + 1.4 73.2 + 5.6° 38.7 + 14.8 No 182
Baboon hepatic VLDL 4 30.2 + 6.9 13.3 + 2.8 56.6 + 4.7* 17.8 + 3.8 No

The chow diet consisted of standard Purina monkey chow fed to male rhesus monkeys and female baboons. The peanut oil diet consisted of a
semisynthetic diet containing 30% (by weight) peanut oil and 1% (by weight) cholesterol fed to male rhesus monkeys for 12-20 weeks or a standard
chow diet supplemented with 30% peanut oil and 1% cholesterol fed to female baboons for 9 weeks. Results are means + SD.

*Lipid is reported as percentage of the sum of triglyceride plus free cholesterol plus cholesteryl ester. Protein is reported as percentage of lipid plus
protein.

*Mean plasma cholesterol values for these animals have been published previously (25) and are listed here for clarity.

“*Comparisons reveal the following significant differences between the effect of the chow diet and the peanut oil diet in each of the lipid compo-
nents of the VLDL: °, triglyceride and cholesteryl ester in rhesus monkey plasma VLDL (P < 0.001); 4, triglyceride and cholesteryl ester in rhesus
monkey hepatic VLDL (P < 0.001); *, triglyceride in baboon plasma VLDL (P < 0.005); /, triglyceride in baboon hepatic VLDL (P < 0.005);
¢, cholesteryl ester in baboon plasma VLDL (P < 0.001); and * cholesteryl ester in baboon hepatic VLDL (P < 0.001).

TABLE 2. Composition of plasma and hepatic VLDL from rhesus monkeys and baboons fed a lard plus cholesterol diet or a chow diet

Lipid®
Free Cholesteryl Beta PL:P Plasma
VLDL Source Triglyceride Cholesterol Ester Protein” Mobility Ratio® Cholesterol’
% % mg/d!
Chow diet
Baboon plasma 65.8 + 6.5 8.8 + 4.3 254 + 2.6 16.8 + 5.9 No 1.6 105
Baboon liver 73.2 + 6.8 11.8 + 0.5 148 + 7.0 33.7 + 9.7 No 1.1
Lard diet
Rhesus monkey plasma 8.5 ¢+ 1.6° 111 + 1.8 79.5 ¢+ 3.8 8.2 + 25 Yes 2.3 744
Rhesus monkey liver 61.9 + 4.8 10.4 + 0.8 27.6 + 4.1/ 136 + 1.5 No 2.5
High responder baboon plasma 61.4 + 13.0 76 + 1.2 31.0 + 12.0 10.0 + 1.3 No 1.7 225
High responder baboon liver 77.8 + 17.3 7.4 + 6.0 14.8 + 1.2 300 £ 9.3 No 1.4
Low responder baboon plasma 54.2 £+ 175 14.6 + 9.6 31.2 + 12.8 15.7 + 2.3 No 146
Low responder baboon liver 63.6 + 9.0 13.3 + 1.2 23.1 + 8.8 326 + 11.4 No 1.6
Coconut oil diet
Rhesus monkey plasma 33.3 + 18.4 125 + 1.6 54.2 + 15.0 114 + 3.9 Yes 3.2 932

The results are means + SD for three animals in each group except for the coconut diet plasma VLDL in which the VLDL obtained from the
single donor monkey was measured on three separate occasions. The chow diet consisted of standard Purina monkey chow fed to male baboons.
The lard diet consisted of semisynthetic diet containing 25% (by weight) lard and 1% (by weight) cholesterol which was fed to male rhesus monkeys
for 12-20 weeks and to high and low responder male baboons for 8 months. The coconut oil diet consisted of a semisynthetic diet containing 25%
coconut oil and 2% cholesterol fed to a single male rhesus monkey over a period of 2 years.

°Lipid composition is reported as the percentage of the sum of triglyceride plus free cholesterol plus cholesteryl ester. Protein is reported as the
percentage of lipid plus protein.

PL:P is phospholipid to protein ratio for those samples that were analyzed for phospholipid. The phospholipid content of the particles can be
estimated from the phospholipid to protein ratio which was calculated when sufficient sample was available for the phospholipid assay. Mean plasma
cholesterol values for these animals have been published previously (25) and are listed here for clarity.

“The values for the chow-fed rhesus monkey plasma and hepatic VLDL are in Table 1. The phospholipid:protein ratio for chow-fed rhesus plasma
VLDL is 1.6 and for perfusate is 2.9. The chow diet baboon VLDL in this table were obtained from a group of chow-fed male baboons in contrast
to those reported in Table 1 which are for chow-fed female baboons.

“These VLDL lipids are significantly different from chow-fed rhesus monkey plasma VLDL (Table 1) (P < 0.001).

“Triglycerides are significantly different from chow-fed rhesus monkey hepatic VLDL (Table 1) (P < 0.05).

/ Cholesteryl esters are significantly different from chow-fed rhesus monkey hepatic VLDL (Table 1) (P < 0.02).
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rhesus monkeys reaching a maximum value of only 270
mg/dl. The observed increase varied considerably among
individual baboons (25) and the animals in our study
were divided into high responder and low responder
groups on the basis of this response (see Materials and
Methods). The lipid composition of both plasma and
nascent hepatic VLDL from these animals is shown in
Table 2. Baboon plasma VLDL from lard-fed animals did
not exhibit beta electrophoretic mobility. The plasma
VLDL of the lard-consuming baboons was not nearly as
enriched in cholesteryl ester as was the VLDL of rhesus
monkeys fed the lard diet or of rhesus monkeys and baboons
eating the peanut oil diet. In contrast to the rhesus mon-
keys fed the lard diet or standard Purina chow, there were
no significant differences in the lipid composition of either
perfusate or plasma VLDL from the lard-fed animals as
compared to the chow-fed animals or between the high
responder and low responder baboon groups (Table 2).
Comparison of the plasma and perfusate VLDL of lard-
fed male baboons revealed the same relative enrichment
of perfusate VLDL with triglyceride as was observed in
the other groups in these studies. Phospholipids were ana-
lyzed when sufficient sample was available and the data
are reported in Table 2 as the ratio of phospholipid to pro-
tein (PL/P).

The apoprotein composition of perfusate and plasma
VLDL was analyzed by scanning VLDL protein samples
separated by SDS-PAGE techniques (rhesus monkeys) or
by radioimmunoassay (baboons). The results are shown

in Table 3. Plasma VLDL from both lard-fed and coconut
oil-fed rhesus monkeys had considerably more apoprotein
B,s, as identified by its electrophoretic mobility, than did
the hepatic VLDL. The perfusate VLDL of baboons, as
analyzed by SDS-PAGE (data not shown), contained little
apoByg and the small amount observed did not appear to
be newly synthesized as assessed by its labeling with
[*H]leucine. The plasma and perfusate VLDL from the
lard-fed rhesus monkeys contained two to four times as
much apoE as did plasma VLDL from the coconut oil-fed
donor animal. There was also a significant increment
(P < 0.05) in the percentage of apoE in the plasma
VLDL of the high responder baboons as compared to the
plasma VLDL of the low responder or the chow-fed
baboons. The relative apoprotein E enrichment is reflected
in the calculated molecular composition of the VLDL
particles (Table 4). Assuming a single apoB,o, molecule
per VLDL particle, the apparent apoE/apoB molar ratio
ranges from 12.4 for the plasma VLDL from lard-fed
monkeys to 2.3 for the plasma VLDL from the coconut
oil-fed donor monkey. Among the baboons, too, the
apoE/apoB molar ratio extended from 4.3 for plasma
VLDL of high responders to 1.0 for plasma VLDL of
chow-fed baboons.

Stimulation of cholesterol esterification in J774
macrophages by hepatic and plasma VLDL

The first experiments were designed to ask whether
nascent hepatic VLDL from either monkeys or baboons

TABLE 3. Effect of diet on apoprotein composition of plasma and hepatic VLDL

VLDL Source ApoB

ApoB.s ApoB oo ApoE ApoA-1 n

Assay by SDS-PAGE
Rhesus monkey plasma VLDL
Lard diet
Coconut oil diet
Rhesus monkey hepatic VLDL
Lard diet
Assay by radioimmunoassay
Baboon plasma VLDL

Lard diet; high responder 77+ 6

Lard diet; low responder 89 + 3

Chow diet 93 + 3
Baboon hepatic VLDL

Lard diet; high responder 80 + 1

Lard diet; low responder 78 + 9

Chow diet 91 £ 1

~
H H

% of total protein + SD

2 52 + 5 44 + 8 <0.5
0 78 + 7 12 + 4 4 4+ 3 1¢
1 +1 74 + 9 23 + 9 1 +1 3
22 + 5 242 3
7+2 4+ 5 3
6+ 3 1+0 3
10 + 4 6 + 7 3
4+ 1 17 + 13 3
4+ 1 5¢1 3

The apoprotein compositions were obtained for the rhesus monkey samples from gel scanning of SDS-PAGE elec-
trophorograms; the amount of low molecular weight apoproteins was less than 5% . The apoprotein composition
of plasma VLDL from chow-fed rhesus monkeys has been reported previously (26) and the gel scan data for those
samples indicated that the VLDL contained 39% apoB, 35% small molecular weight proteins (apoC and/or apoA-
IT), and the remaining 6% was apoE and apoA-I. The apoprotein compositions of the baboon VLDL samples were
obtained by radioimmunoassay. SDS-PAGE of baboon plasma and hepatic VLDL revealed very minor amounts

of apoByg.

“Three separate preparations of VLDL from a single monkey fed the coconut oil plus cholesterol diet were

analyzed.

’Lard-fed, high responder plasma VLDL was significantly different from either lard-fed, low responder plasma

VLDL or chow-fed baboon plasma VLDL (P < 0.05).
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TABLE 4. Molar composition of baboon and rhesus monkey VLDL

Cholesteryl Free Triglyceride
VLDL Source ApoB ApoE Ester Cholesterol
mol
Rhesus monkey VLDL
Lard diet, plasma 1.0 12.4 13069 3158 1055
Lard diet, hepatic 1.0 4.6 1817 1185 3076
Coconut oil diet, plasma 1.0 2.3 4158 1660 1928
Baboon VLDL
High responder, plasma 1.0 4.3 2783 1243 4133
High responder, hepatic 1.0 1.9 336 271 1319
Low responder, plasma 1.0 1.2 1404 1176 1847
Low responder, hepatic 1.0 0.8 460 450 966
Chow diet, plasma 1.0 1.0 1007 628 2008
Chow diet, hepatic 1.0 0.7 246 340 903

These values were calculated assuming molecular weights of apoBgy = 513,000 (36); apoE = 34,200 (37);
cholesteryl ester = 668; free cholesterol = 386; and triglyceride = 885. Assuming that each VLDL particle con-
tains only one apoB molecule, the molar composition indicates the number of each of the component molecules

per VLDL particle.

fed the peanut oil diet had the ability to enhance the syn-
thesis of cholesteryl esters in macrophages. Plasma VLDL
of monkeys fed coconut oil has ben identified as having a
large 8-VLDL component and has been shown to stimu-
late cholesterol esterification in J774 macrophages (4, 8).
B-VLDL isolated from the plasma of a single coconut oil-
fed donor rhesus monkey was used as the positive control
or standard throughout these experiments. As shown in
Fig. 1, the standard 3-VLDL stimulated cholesteryl ester
synthesis by J-774 macrophages 7- to 10-fold over that
produced by albumin alone. When adjusted to the same
total cholesterol concentration, plasma VLDL from the
peanut oil-fed monkeys produced a response similar to
that seen with the standard S-VLDL. The cholesteryl
ester-rich VLDL isolated from hepatic perfusate of
peanut oil-fed monkeys also promoted cholesterol esteri-
fication in J774 macrophages. In accord with previous
reports, VLDL isolated from the plasma or liver perfusate
of chow-fed monkeys did not affect cellular cholesteryl
ester synthesis (4, 5). At this low concentration (40 pg of
cholesterol/ml) and short time period (7 hr), LDL, isolated
from the plasma of the coconut oil-fed donor monkey,
stimulated cholesterol esterification in the J774 cells only
slightly. This is consistent with the report of Tabas,
Weiland, and Tall (38) who showed that even 300 pg of
human LDL protein (greater than 600 pg of LDL
cholesterol) did not cause large accumulations of choles-
teryl ester after only 7 hr of incubation. For most experi-
ments, 40 pg/ml of VLDL cholesterol was close to a
saturating concentration in promoting cholesterol esteri-
fication in macrophages. To conserve the limited amount
of perfusate VLDL, all subsequent experiments were per-
formed at this VLDL cholesterol concentration (40
pg/ml). Fig. 2 illustrates that both plasma and hepatic
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VLDL from rhesus monkeys and baboons fed the choles-
terol and peanut oil diet were able to stimulate macro-
phage cholesterol esterification to a similar extent. In both
species the liver produced a VLDL particle capable of
stimulating cholesterol esterification.

Hepatic and plasma VLDL from lard-fed rhesus mon-
keys were also examined for their ability to promote
cholesterol esterification in J774 macrophages. As illus-
trated in Fig. 3, plasma VLDL from the lard-fed
monkeys stimulated cholesterol esterification to a much
greater extent than did the standard 8-VLDL. Hepatic
VLDL from the lard-fed monkeys, although not as choles-
teryl ester-rich as the standard 8-VLDL (Table 2), also
stimulated more cholesterol esterification than did the

standard 3-VLDL.

Effect of high and low responder phenotypes on
VLDL stimulation of cholesteryl esterification
in macrophages

Plasma VLDL from high responder baboons stimu-
lated cholesterol esterification in macrophages to the same
extent as the standard 8-VLDL from the coconut oil-fed
rhesus monkey (Fig. 4) when adjusted to the same total
cholesterol concentration (40 ug total cholesterol/ml). In
contrast, plasma VLDL from low responder baboons
showed only one-third as much activity as the standard 8-
VLDL. High responder plasma VLDL was significantly
more active than either low responder plasma VLDL
(P < 0.05) or control plasma VLDL (P < 0.025). Nas-
cent hepatic VLDL from the high responder baboons fed
lard was 40% as effective as the standard §-VLDL in
promoting cholesterol esterification in macrophages. This
was a significant increase over the esterification caused by
nascent hepatic VLDL from chow-fed animals (P < 0.05).
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Fig. 1. Cholesterol esterification in J774 macrophages. J774 macro-
phages were grown for 7 hr in the presence of various concentrations of
plasma and hepatic VLDL isolated from rhesus monkeys fed a peanut
oil plus cholesterol diet, a standard Purina monkey chow diet, or a coco-
nut oil plus cholesterol diet. [**C]Oleate complexed to bovine serum
albumin (molar ratio 6.8:1) was added during the last 5 hr of incubation
and then the cells were harvested and the incorporation of labeled oleate
into cellular cholesterol was assayed. The data were gathered from five
separate experiments. The data are duplicate determinations except for
the normal plasma VLDL for which a single determination was made
at each point. The normal plasma VLDL data are included to reinforce
the previous observation (4, 5) that these samples do not promote
cholesterol esterification. Values between experiments were normalized
to cholesterol esterification induced by the plasma VLDL of the coconut
oil-fed rhesus monkey which served as the positive control in all of the
experiments. The albumin control always stimulated the incorporation
of 3 x 10™ dpm (or less) into cholesteryl ester (CE) and is represented
here as 3 x 107 dpm/mg cell protein for all of the incubations. Legend:
(M) plasma VLDL from coconut oil-fed donor; (4 ) plasma VLDL from
peanut oil-fed monkey; ( A) hepatic VLDL from peanut oil-fed monkey;
(0O) plasma LDL from coconut oil-fed donor; (@) plasma VLDL from
chow-fed monkey; and (O) hepatic VLDL from chow-fed monkey.

DISCUSSION

We examined the effects of two high fat, high choles-
terol diets on both nascent hepatogenous VLDL and
plasma VLDL in rhesus monkeys and baboons in order
to ascertain whether the properties of the nascent hepatic
VLDL, harvested from the recirculated perfusate of
livers, resemble those of circulating plasma VLDL. Spe-
cifically, we wanted to determine whether nascent hepatic
VLDL is capable of stimulating cholesterol esterification
in macrophages, potentially leading to the production of
foam cells. Although there were large quantitative differ-
ences in the plasma cholesterol response of rhesus monkeys

and baboons fed the same atherogenic diets, the plasma
and hepatic VLDL from both species were usually en-
riched in cholesteryl ester and apoE and promoted choles-
terol esterification in macrophages. In the case of lard-fed
baboons, there was minimal cholesteryl ester enrichment
in the plasma and hepatic VLDL; nevertheless, macro-
phage cholesterol esterification was promoted by the
plasma and hepatic VLDL of the high responder baboons
and the plasma VLDL of the low responder baboons. The
capacity of hepatogenous VLDL to promote cholesterol
esterification in macrophages has not previously been
reported.

The plasma VLDL of hyperlipemic rhesus monkeys
differed from that of baboons in its relative electro-
phoretic mobility in agarose gels. Hyperlipemic rhesus
monkey plasma VLDL exhibited beta electrophoretic
mobility while hyperlipemic baboon plasma VLDL did
not. Nevertheless, VLDL from both species were similar-
ly active in promoting cholesterol esterification in macro-
phages. While it has been previously shown that VLDL
isolated from hyperlipemic dogs has a small pre-3-VLDL
component (less than 10% of the total VLDL fraction)
which stimulates esterification in macrophages almost as
well as the 8-VLDL component (5), our study describes
stimulation of esterification in macrophages by VLDL
isolated from plasma which contains no 8-VLDL compo-
nent. This hyperlipemic baboon VLDL may reflect the

20+
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Fig. 2. Macrophage cholesterol esterification promoted by VLDL of two
species of primates. The stimulation of cholesterol esterification in J774
macrophages by plasma and nascent hepatic (perfusate) VLDL (40 ug
of VLDL cholesterol/ml) from baboons (striped bars) and rhesus mon-
keys (open bars) fed a peanut oil plus cholesterol diet is compared to the
stimulation produced by the bovine serum albumin (BSA) (2 mg/ml) con-
trol. The values are the averages of duplicate determinations from one
experiment with each species; CE, cholesteryl ester.
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Fig. 3. Stimulation of cholesteryl ester synthesis in macrophages by
plasma VLDL or nascent hepatic VLDL isolated from rhesus monkeys
fed a 30% lard plus 1% cholesterol diet. The data represent the
mean + SEM of duplicate experiments performed with three separate
animal preparations. The VLDL were added to give a final concentra-
tion of 40 pg/ml of VLDL cholesterol. The cholesterol esterification in-
duced by the standard 8-VLDL from the coconut oil-fed donor (40 ug
of VLDL cholesterol) was used to normalize the data among the three
experiments; CE, cholesteryl ester.

condition found in humans who consume high fat, high
cholesterol diets but who do not have 8-VLDL in their
plasma.

The plasma VLDL of the two primate species fed
peanut oil was fairly similar (Table 1) with core lipid com-
positions in which cholesteryl ester was the major compo-
nent and triglyceride was a minor component. This VLDL
composition is not surprising in view of the very low
plasma triglyceride levels reported in peanut oil-fed male
rhesus monkeys (25, 39) and female baboons (25). All
hepatic VLDL had relatively more triglyceride than the
homologous plasma VLDL and this triglyceride enrich-
ment occurred at the expense of cholesteryl ester, the
other core lipid. However, the perfusate VLDL from fat-
fed primates was still enriched in cholesteryl ester as
compared to chow-fed primates in proportion to the en-
richment of the corresponding plasma VLDL but at a
somewhat lower level. The hepatic secretion of cholesteryl
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ester-enriched VLDL has been previously reported in rat,
rabbit, and African green monkey liver perfusion studies
(16-20) and the secretion of such VLDL from the livers
of two additional species of cholesterol-fed primates is
documented in this report.

The data from the lard-fed baboon study (Fig. 4) is par-
ticularly interesting because there were no significant
differences in the lipid composition of the VLDL isolated
from the chow-fed and the lard-fed high responder and
low responder animals even though the animals were
divided into high and low responders on the basis of their
serum cholesterol response to the challenge diet. The
serum cholesterol concentration appears to be genetically
mediated in baboons (40, 41). Indeed, several distinct
lipoprotein phenotypes have been shown to be heritable
(40, 42) and are modulated by diet (43) as well as by
breeding. Our data, obtained from phenotypically desig-
nated high responder and low responder baboons, suggests
that a genetic component may be similarly involved in the
response of the liver to dietary stimulus. The VLDL
secreted by the liver of high responder baboons, who are
only mildly hyperlipemic and who do not have 8-VLDL
in their plasma, stimulated cholesterol esterification in
macrophages, whereas the hepatic VLDL of the low re-
sponder baboons did not promote cholesterol esterification.
This finding suggests that the liver may play an important
role in determining whether atherogenic lipoproteins are
produced in response to dietary stimuli.

In considering which determinants of VLDL are most
closely related to the stimulation of cholesterol esterifica-
tion in macrophages, we examined both the apoprotein
composition of the VLDL, which affects the amount as
well as the efficiency of VLDL uptake by the macrophage
cell surface receptor, and the cholesteryl ester content of
the VLDL particle. Since hepatogenous VLDL, which
contained little or no apoB,,, was capable of promoting
cholesterol esterification in macrophages, our data indicate
that apoprotein Byg is not a requirement for interaction
with macrophages. In addition, the extent of the relative
cholesteryl ester enrichment of the VLDL lipids (Tables
1 and 2) was not, by itself, an accurate indicator of the
stimulation of esterification in the macrophage assay. For
example, when VLDL lipid composition was similar (i.e.,
comparing plasma VLDL from lard-fed high responders
to plasma VLDL from chow-fed baboons; Table 2) only
the VLDL from the diet-fed animals promoted macro-
phage cholesteryl ester synthesis.

Recent investigations have drawn attention to the im-
portance of apoprotein E as the ligand for the interaction
of VLDL with the macrophage cell surface receptor (8,
11). When the apoprotein content of the VLDL samples
was estimated by radioimmunoassay or gel scanning, it
was found that the molar ratio of apoE/apoB differed. If
one assumes that each VLDL particle has only one
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Fig. 4. Stimulation of esterification in macrophages by hepatic and plasma VLDL from high and low responder
baboons fed a lard diet. The data in each of the groups, high responder, low responder, and control, compare the
stimulation of esterification by VLDL obtained from the liver perfusion and circulating plasma of three baboon ex-
periments. The data represent the averages of duplicate determinations from each of the three animals included in
each group and were normalized to the esterification (100%) induced by the standard 8-VLDL from the coconut
oil-fed donor. The VLDL were added to the macrophages at a concentration of 40 ug of total cholesterol per ml.
The following comparisons were significantly different: a) high responder plasma VLDL versus low responder
plasma VLDL (P < 0.05); b) high responder hepatic VLDL versus chow hepatic VLDL (P < 0.05); and c) high
responder plasma VLDL versus chow plasma VLDL (P < 0.025); CE, cholesteryl ester.

molecule of apoBq, it appears that there must be an
average of greater than one apoE molecule per particle
(i.e., 2 molar apoprotein E/B ratio of greater than 1.0) in
order to stimulate cholesterol esterification over control
levels (Fig. 4). Thus the lard-fed high responder baboon
livers secreted an apoE-enriched VLDL that stimulated
cholesterol esterification in macrophages even though this
particle was not particularly cholesteryl ester-rich as com-
pared to VLDL from chow-fed animals. We examined the
relationship between the number of moles of apoE per
VLDL particle and cholesterol esterification in macro-
phages (Fig. 5), and found a highly significant correlation
(r = 0.866; P < 0.001; n = 24). This enrichment of apoE
in the isolated VLDL may well be only a minimal estima-
tion of the in vivo enrichment, since apoE is known to be
displaced from VLDL during centrifugation (44). Since
acyl-CoA cholesterol acyltransferase (ACAT) activity is
stimulated by increased availability of substrate choles-
terol (45), we also calculated the simple correlation be-
tween cholesterol esterification and the moles of choles-
teryl ester per VLDL particle and found a significant
correlation (r = 0.737; P < 0.001; n = 24). However,
these simple correlations assume that the apoE content
and the cholesteryl ester content of the VLDL particle are
independent variables. Since the apoE content and the

cholesteryl ester content of the VLDL particles used in
these experiments are probably not independent variables,
we also used multiple regression analysis, a more stringent
statistical test. This analysis showed that the amount of
apoE per VLDL particle is a highly significant predictor
of cholesterol esterification (P < 0.001; n = 24) whereas
the amount of cholesteryl ester per VLDL particle is not
(P > 0.5). Thus the amount of apoE in the VLDL particle
appears to be the important determinant in stimulating
cholesterol esterification in macrophages, while the cho-
lesteryl ester may be necessary but not sufficient to cause
the stimulation that was observed.

In conclusion, we examined cholesterol esterification
rates in J774 macrophages using plasma and hepatic
sources of VLDL in order to assess the relative biological
reactivity of these particles in an in vitro system. It was
not our purpose to describe which of several possible
receptors (3, 46, 47) on the macrophage surface is in-
volved in the uptake process, but rather to assess whether
VLDL particles produced by the liver are capable of
promoting cholesterol esterification which may in turn
lead to foam cell formation. We have clearly shown that
nascent hepatic VLDL will stimulate cholesterol esteri-
fication in macrophages. It remains for future studies to
characterize the mechanism by which this occurs. In addi-
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Fig. 5. Correlation between esterification rate and moles of apoE per
VLDL particle. The relation between esterification rate and the number
of moles of apoE per VLDL particle was plotted for macrophage incuba-
tions in which VLDL was added at a concentration of 40 pg of VLDL
cholesterol/ml. The relative esterification rate sets the amount of es-
terification produced by the standard B-VLDL equal to 1. The 24 ex-
perimental VLDL samples included plasma and hepatic VLDL from
lard-fed rhesus monkeys (O), plasma 8-VLDL from the coconut oil-fed
donor monkey (A ), plasma and hepatic VLDL from high (@) and low
(O) responder lard-fed baboons and plasma and hepatic VLDL from
chow-fed male baboons (M). Each macrophage incubation was per-
formed in duplicate. The correlation coefficient is 0.866 (P < 0.001;
n = 24).

tion, this study has shown that neither beta electro-
phoretic mobility nor profound cholesteryl ester enrich-
ment of the VLDL is required for the stimulation of
cholesterol esterification in macrophages. The amount of
apoprotein E seemed to be the most sensitive predictor of
the ability of a VLDL particle to stimulate cholesterol
esterification in macrophages, regardless of whether the
VLDL is obtained from plasma or hepatic perfusate. The
basis for the association of apoprotein with particular
VLDL particles remains to be determined. The lard and
coconut oil diets were associated with different levels of
apoprotein E in the VLDL recovered from plasma. One
mechanism through which particular fats are atherogenic
may be via their propensity to generate VLDL which are
enriched in apoE and cholesteryl ester. fill
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