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Atherogenic properties of low density lipoproteins (LDL) in vivo may reflect
modification of lipoproteins associated with endothelial translocation and exposure
to extracellular matrix and interstitial fluid. To examine whether modifications of LDL
occur in vivo, lipoproteins were isolated from plasma and vascular tissue of
Watanabe heritable hyperlipidemic (WHHL) rabbits. LDL was extracted from vascular
tissue (LDL-V) by homogenization in the presence of a sodium carbonate buffer.
Control experiments demonstrated that modifications did not occur under the
preparative conditions used to release LDL from tissue. LDL-V contained less
esterified cholesterol, but more cholesterol esters, than did LDL from plasma
(LDL-P). The diameters of both LDL-V and LDL-P followed gaussian distributions, but
LDL-V particles were smaller (20.3+0.1 and 26.3+0.1 nm). Mild lipid peroxidation was
evident in LDL-V. The sphingomyelin content was increased in LDL-V, with less
phosphatidylcholine than in LDL-P. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) indicated that apolipoprotein B was depleted in LDL-V,
but Western blot analyses identified lower molecular weight proteins antigenically
related to apolipoprotein B. LDL-V markedly stimulated cholesterol esterification in
mouse peritoneal macrophages and also in rabbit alveolar macrophages, a cell type
that did not respond to acetylated LDL. LDL-V was not recognized by cultured rabbit
skin fibroblasts. Thus, LDL isolated from atherosclerotic vascular tissue in vivo was
maodified in a fashion that could confer atherogenic properties reflected by augmen-

tation of cholesterol esterification in macrophages in vitro.
(Arteriosclerosis 8:768-777, November/December 1988)

E ndocytosis of low density lipoproteins (LDL) into cells
via apolipoprotein B/E receptors results in activation
of acyl CoA:cholesterol acyltransferase (ACAT) and
increased intracellular storage of cholesterol esters.
Increased cellular content of cholesterol esters reduces
the endogenous production of cholesterol by inhibition of
3-hydroxy-3-methylglutaryl coenzyme A reductase and
prevents delivery of further exogenous cholesterol by
down-regulating apolipoprotein B/E receptors.2 This
mechanism precludes cholesterol overloading of cells.
Despite the ability of most cell types to maintain choles-
terol homeostasis, plasma concentrations of LDL are
positively correlated with atherosclerosis, a disease which
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is characterized by lipid-laden cells.3 To resolve this
paradox, it has been hypothesized that native LDL is
damaged so that particles are no longer recognized by the
apolipoprotein B/E receptor, but are avidly catabolized by
macrophages,* the presumed precursors of foam cells in
atherosclerotic lesions.56

The first identified modification of LDL that inhibited
catabolism by fibroblasts, but induced recognition by
macrophages, was acetylation of apolipoprotein B, a
change thought not to occur physiologically.# Subse-
quently, numerous other modifications of apolipoprotein B
that influence the metabolic behavior of LDL, primarily
through alteration of lysine residues have been
described.”® Recently, a sequence of events that could
occur under physiological conditions has been described
and modification of LDL by oxidative processes has been
postulated. Based on the results of experiments per-
formed with cells in culture, it has been suggested that
translocation of LDL across the endothelium is associated
with lipid peroxidation of the particles, catabolism via
phospholipase A; of phosphatidylcholine to lysophospha-
tidyicholine, degradation of apolipoprotein B, and oxida-
tive modification of lysine residues.®-1¢ Although many
observations in vitro have supported the initial findings
and suggestions by Henrikson et al.,? it is unclear whether
such modifications occur in vivo.

LDL-like particles have been isolated from human
arteries obtained at autopsy.?7.18.19 These particles exhibit
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increased electrophoretic mobility on agarose gelst7.18
and stimulate cholesterol esterification in macro-
phages.20.21.22 However, artifacts or autolytic changes
that could give rise to modification of LDL may occur in
autopsy material.

The present study characterized LDL-like particles iso-
lated from the vasculature of Watanabe heritable hyperlipi-
demic (WHHL) rabbits, an animal model of familial
hypercholesterolemia.23 This fraction was designated as
LDL-V. Unlike rabbit models with diet-induced hypercholes-
terolemia, atherosclerosis in WHHL rabbits correlates with
increased plasma concentrations of LDL cholesterol.2+ With
the use of vascular tissue freshly excised from WHHL
rabbits, LDL isolated from tissue could be compared with
that isolated from plasma of the same animal under con-
trolled conditions and with prior exclusion of intrapreparative
artifacts. The results of the present study demonstrate that
LDL isolated from vascular tissue is modified in a fashion
that confers atherogenic properties, as manifested by the
stimulation of cholesterol esterification in macrophages.

Methods
Maintenance of WHHL Rabbits

The colony of WHHL rabbits at Washington University
School of Medicine was initiated from animals kindly pro-
vided by Joseph L. Goldstein (University of Texas). The
animals were maintained in isolation from other colonies
under aseptic conditions and were given water and standard
laboratory rabbit diets ad libitum. At the time of study, the
animals were between 9 and 16 months old. A total of
15 rabbits was used for this study. All procedures performed
on the animals were approved by the Washington University
Committee for the Humane Care of Laboratory Animals.

Extraction of Vascular Tissue

The rabbits were fasted overnight before study and were
anesthetized with sodium pentobarbital (30 mg/kg). Blood
was obtained from the dorsal aorta via a cannula into tubes
containing EDTA (final concentration of 1.5 mg/ml). After
exsanguination, aortic segments from the ascending arch
to the ileal bifurcation were excised and placed in chilled
saline; they were trimmed, blotted lightly, weighed, placed
in Petri dishes containing sodium carbonate (100 mM)/
EDTA (1 mM; pH 11.5),25 minced with a scalpel, and
homogenized for 45 seconds with an Ultra-Turrax (Tekmar
Company, Cincinnati, OH). The homogenates were adjusted
to 40 ml with sodium carbonate buffer in Teflon-capped
screw-top tubes and were placed on a rotator for 30 minutes
at 4°C. The tubes were centrifuged at 2500 rpm for
30 minutes at 4°C in a Beckman J6 (Beckman Instruments,
Palo Alto, CA). The supemnatant fraction was removed and
subjected to ultracentrifugation for separation of lipoproteins.

Isolation of Lipoproteins

LDL fractions were isolated from three samples from
each animal comprising: 1) supernatant fractions of vas-
cular tissue homogenate (LDL-V), 2) plasma (LDL-P), and
3) plasma that had been exposed to sodium carbonate
buffer (LDL-PNC). Separation of lipoprotein fractions was
performed by sequential ultracentrifugation with gradients
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of sodium bromide2¢ and a Beckman L8-55 instrument
equipped with a 50.3 Ti rotor. LDL was isolated at a
density cut of 1.019 to 1.063 g/ml with the use of Beckman
Quick-seal tubes. Isolated lipoprotein fractions were dia-
lyzed against 100 volumes of EDTA (1 mM)/sodium
chloride (0.15 M)/benzamidine (1 mM), with three changes
of dialysis fluid over 24 hours. Volumes of the fractions
were reduced with RCF Confilts hollow fiber centrifugal
concentrators (Molecular Dynamics, Beaverton, OR).
Cholesterol ester-rich very low density lipoprotein was
harvested from a cholesterol-fed New Zealand rabbit by
ultracentrifugation as described previously.2” ‘

Characterization of Lipoproteins

Concentrations of triglycerides, cholesterol esters,
unesterified cholesterol, and phospholipids in plasma and
in isolated lipoprotein fractions were determined with
commercially available enzyme kits (Wako Chemical Com-
pany, Dallas, TX). The concentrations of phospholipids
and triglycerides were calculated based on mean molec-
ular weights of 722 and 866, respectively. The concentra-
tions of cholesterol esters were calculated from a knowl-
edge of the concentration of unesterified cholesterol and
an assumed mean molecular weight of fatty acyl residues
of 1.67 times the molecular weight of cholesterol. The
mass of protein in the lipoprotein fractions was deter-
mined by the method of Lowry et al.28 with bovine serum
albumin as a standard.

The electrophoretic mobility of the lipoproteins was
assessed with agarose gels (0.5% wt/vol) stained with fat
red 0. The apolipoprotein composition of the delipidated
lipoprotein fractions was determined electrophoretically
with sodium dodecyl sulphate gradient polyacrylamide
gels (SDS-PAG) (3% to 27% wt/vol; Integrated Separation
Systems, Newton, MA). The apolipoproteins were visual-
ized after staining with Coomassie blue, and their migra-
tions were compared with those of molecular weight
standards (albumin, ovalbumin, chymotrypsin, and cyto-
chrome c). The relative content of the apolipoproteins in
lipoprotein fractions was determined after laser densitom-
etry of stained gels (LKB model 2202 laser densitometer;
LKB, Turku, Finland) and the integration of areas was
measured with a Planix Tamaya 7 digital planimeter
(Tamaya and Company Limited, Tokyo, Japan).

Fatty Acyl Content of Cholesterol Esters

Aliquots of LDL were extracted by the Bligh and Dyer
procedure.2 The extracted lipid was dried by mild warm-
ing under a stream of nitrogen before resuspension in
chloroform/methanol (2: 1). Resuspended lipids were spot-
ted on silica gel thin-layer chromatography plates and
were developed in petroleum ether/ethyl ether/glacial
acetic acid (168:30:2). The migration of cholesterol esters
was identified by spraying iodide vapor on standards that
were placed at the edge of each plate. The areas of
interest were scraped into Pasteur pipettes containing
glass wool. The lipid was eluted by serial washing of the
silica scrapings with chloroform/methanol (2:1). Samples
were dried by mild warming under a stream of nitrogen.

Methylation of resuspended samples was performed by
transesterification in 2 ml of boron trifluoride/methanol/






