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Three Types of Naturally Occurring Modified
Lipoproteins Induce Intracellular Lipid

Accumulation Due to Lipoprotein Aggregation
V.V. Tertov, A.N. Orekhov, I.A. Sobenin, Z.A. Gabbasov, E.G. Popov,

A.A. Yaroslavov, and V.N. Smirnov

Low density lipoprotein (LDL) from patients with coronary atherosclerosis and diabetes mellitus as well
as in vitro desialylated LDL, glycosylated LDL, and lipoprotein (a) caused a twofold to fourfold rise in
cholesteryl ester in cultured human blood monocytes and intimal smooth muscle cells isolated from
normal aorta. Native LDL from healthy subjects failed to induce intracellular lipid accumulation. We
have demonstrated by laser correlative photometry and gel filtration chromatography that in vivo and in
vitro modified lipoproteins form aggregates under cell culture conditions. The degree of modified
lipoprotein aggregation directly correlated with the ability of these lipoproteins to elevate the cholesteryl
ester content of cultured cells. Modified lipoprotein aggregates isolated by gel filtration induced a
threefold to fivefold elevation in cellular cholesteryl ester content. Aggregates of '251-modified LDL were
taken up and degraded fivefold to sevenfold more effectively as compared with nonaggregated lipoproteins.
The uptake and degradation of `PI-labeled aggregates were strongly inhibited by unlabeled aggregates,
latex beads, and cytochalasin B but not by native or acetylated LDL. These data indicate that uptake of
lipoprotein aggregates occurred by phagocytosis. Obtained results suggest that modified lipoprotein
aggregation may be the key condition for lipid accumulation. (Circulation Research 1992;71:218-228)
KEY WORDS * atherosclerosis * cell cultures

lipid accumulation

Tnhe accumulation of cholesteryl esters in vascular
cells is one of the earliest manifestations of
atherosclerosis. Despite the intensive investiga-

tive efforts made, the mechanisms underlying lipid
deposition in the cells remain unclear. Low density
lipoprotein (LDL) has been suggested to be a source of
accumulated intracellular lipids.1-3 However, native
LDL isolated from the blood of healthy subjects fails to
induce intracellular lipid accumulation in cultured
cells.4-6 At the same time, accumulation is observed in
vitro when cells are incubated with LDL chemically
modified by acetylation, methylation, glycosylation, ox-
idation, desialylation, or treatment with malondialde-
hyde, glutaraldehyde, or 4-hydroxynonenal.3,5,7-13

Recently we have reported that in vitro modified
LDL forms aggregates under the conditions of cell
culture.14 A direct correlation between the degree of
aggregation of oxidized, glycosylated, desialylated, or
malondialdehyde-treated LDL and an increase in in-
tracellular cholesteryl ester content was established.
Furthermore, the removal of aggregates from modified
LDL preparations by filtration resulted in a marked
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suppression of lipid accumulation in cultured cells.
These findings allowed us to conclude that aggregation
of in vitro modified LDL is a necessary step in
intracellular lipid deposition.
At present, several types of modified LDL have been

shown to occur in human blood. Curtiss and Witztum15
have demonstrated the presence of nonenzymatically
glycosylated LDL in the blood of hyperglycemic diabetic
patients. We have recently shown that LDL isolated
from the blood of atherosclerotic patients was able to
induce intracellular lipid accumulation in cultured aor-
tic cells1617 and differed from native LDL by a lower
content of sialic acid; i.e., it appeared to be a desialy-
lated lipoprotein."11,2 Lipoprotein (a), which differs
from LDL by the presence of an additional apoprotein
is also considered to play an important role in the
deposition of intracellular lipids.18"19

In the present study, we demonstrated that in vivo
modified LDL caused lipid accumulation in cultured
human intimal smooth muscle cells and monocytes. We
tested the hypothesis that modified lipoprotein aggre-
gates but not single particles caused intracellular lipid
accumulation. To this end we showed that 1) in vivo
modified LDLs were able to form aggregates, 2) these
aggregates caused the accumulation of cholesteryl es-
ters in cultured cells, and 3) the removal of aggregates
from LDL preparation prevented the intracellular cho-
lesteryl ester accumulation. We also attempted to ex-
amine the mechanism underlying the interaction be-
tween LDL aggregates and vascular cells.
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Materials and Methods
Materials

Fetal calf serum, Medium 199, fungizone, penicillin/
streptomycin, and glutamine were obtained from
GIBCO Europe, Paisley, UK. Kits for total and free
cholesterol determinations were purchased from Boeh-
ringer Mannheim, Mannheim, FRG. Polycarbonate fil-
ters (pore diameters of 0.1, 0.22, and 0.45 ,um) were
from Nuclepore Corp., Pleasanton, Calif. Sodium io-
dide ["'I] was from Isotop Co., Moscow. Sepharose
CL-2B was obtained from Pharmacia Fine Chemicals,
Uppsala, Sweden. Disposable tissue culture materials
were purchased from Corning Glass Inc., Corning, N.Y.
Microtiter plates were obtained from Costar Corp.,
Cambridge, Mass. All other reagents were from Sigma
Chemical Co., St. Louis, Mo.

Preparation of Lipoproteins
LDL (1.019-1.050 g/cm') was isolated by sequential

ultracentrifugation in a preparative ultracentrifuge after
appropriate adjustment of density with solid NaBr20
from the pooled blood of 12 healthy subjects, from 12
patients with coronary heart disease (CHD) with angio-
graphically documented stenosis of coronary arteries,
and from 12 non-insulin-dependent diabetic patients.
The characteristics of CHD patients and healthy donors
have been described previously.'6'17,21 Characteristics
such as age and sex were similar in the groups of healthy
donors and in patients with CHD and diabetes mellitus.
The mean cholesterol levels were similar among the
groups: 198±13, 195±10, and 184±5 mg/dl for CHD
patients, diabetic patients, and healthy subjects, respec-
tively. In the diabetic patients, the disease had been
present for 3-12 (7.3±+1.2) years, the fasting plasma
glucose was 11.3+±0.5 mmol/l, and the level of glycosyl-
ated hemoglobin (hemoglobin AIC) was 9.2+0.4%. None
of the CHD patients or healthy donors had diabetes
mellitus, and the fasting plasma glucose was 5.6±0.3
and 5.3+±0.2 mmol/l, respectively.

Lipoprotein oxidation and proteolysis were prevented
by the addition of 20 ,uM butylated hydroxytoluene and
1 mM phenylmethylsulfonyl fluoride to plasma. After
recentrifugation, LDL preparations were dialyzed
against phosphate-buffered saline (PBS), filtered
through a 0.22-,tm polycarbonate filter, and stored for 7
days. The preparations were refiltered immediately
before each experiment. Glycosylation was performed
by a 14-day incubation with 50 mM glucose.22 LDL was
desialylated by incubation with agarose-linked
neuraminidase for 2 hours at 370C.1" Apolipoprotein B
concentration was determined by an enzyme-linked
immunosorbent assay as previously described.23 The
sialic acid content was determined by the method of
Warren.24 The extent of LDL glycosylation was evalu-
ated as fructosyl lysine content by the method of Kruse-
Jarres et a125 using Boehringer Mannheim kits. The level
of thiobarbituric acid (TBA)-reactive products in LDL
preparations was determined according to Yagi.26
LDL was iodinated by the iodine monochloride meth-

od.27 Over 98% of "`I in labeled lipoprotein prepara-
tions was precipitated with 10% trichloroacetic acid.

Lipoprotein (a) was isolated from 1.050-1.120 g/ml
lipoproteins of CHD patients by gel filtration on Seph-

Determination of the Degree of Lipoprotein
Aggregation and the Size of Lipoprotein Aggregates

The degree of lipoprotein aggregation was evaluated
by the method based on the analysis of light transmis-
sion fluctuations in LDL suspension.29 The relative
dispersion of the optical density fluctuations caused by
random changes in the number of particles in the
optical channel reflects the deviations in their average
size, i.e., the degree of aggregation. The optical density
fluctuations were measured using a semiconductor laser
with collimating optics (wavelength, 860 nm). The ag-
gregate size was determined by methods of quasielastic
laser scattering on an Autosizer 2 (Malvern Instrument,
UK).

For the analysis of lipoprotein aggregation, native and
modified lipoproteins were passed through a Sepharose
CL-2B column (25 x 0.6 cm) at a flow rate of 0.15
ml/mnin. Fractions (0.30 ml) were collected, and total
cholesterol content was determined in each fraction.

Examination of Lipoprotein-Lipoprotein Interactions
Ninety-six-well microtiter plates were precoated with

freshly prepared native and modified lipoproteins (1 ,ug
LDL protein per well) and incubated for 1 hour at 37°C.
Then the wells were washed with 0.2% bovine serum
albumin in PBS, and 0.01-100 ,g/ml `PI-LDL was
added to each well. After a 1-hour incubation at 370C,
the wells were washed thoroughly with PBS, and radio-
activity was measured.

Cell Culture
Subendothelial cells for culture were isolated from

grossly normal intima by dispersion of human aortic
tissue with 0.15% collagenase and suspended in the
growth medium containing Medium 199, 10% fetal calf
serum, 2 mM L-glutamine, and antibiotics. Cells were
seeded into 24-well tissue culture plates at a density of
2-4x 104 cells per 1 cm2 of growth area.30 The cells were
cultured at 37°C in a humidified CO2 incubator (95%
air-5% CO2). The primary cultures contained a mixed
cell population made up primarily of typical and mod-
ified smooth muscle cells (>95%) as defined by the
ultrastructural and immunofluorescent features. The
medium was changed every day. Starting from the
seventh day in primary culture, cells were incubated for
6 hours in medium containing native and modified
LDLs (100 ,g protein/ml) and 10% lipoprotein-defi-
cient serum from a healthy donor (>1.250 g/ml) pre-
pared by ultracentrifugation.20 Human peripheral blood
monocytes were isolated on Ficoll-paque gradient as
described previously.21 Monocytes were incubated for 6
hours in medium containing 50 ug/ml lipoprotein. Me-
dium and lipoprotein preparations were filtered (pore
size, 0.22 ,um) immediately before their addition to the
cell culture. After incubation, the cells were rinsed, and
cellular lipids were determined as described below.
Cellular protein content was determined by the method
of Lowry.31

Determination of Lipids
Intracellular lipids were extracted with a mixture of

n-hexane:isopropanol (3:2 volhvol) as described else-
where.32 To determine the cholesteryl ester content, the
amount of free and esterified cholesterol was measuredarose 4B, according to Enholm et al.28
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TABLE 1. Characteristics of Lipoprotein Preparations

Composition % TBA-reactive Sialic acid Fructosyl lysine
substance level content content

Lipoprotein Protein PhL Cho TG CE (nmol/mg apoB) (nmol/mg apoB) (nmol/g apoB)
Healthy subjects
LDL 20.5 23.1 12.5 5.5 38.3 1.1 30.8 23.9
Desialylated LDL 20.8 23.6 12.3 5.3 38.0 1.0 8.4 22.8
Glycosylated LDL 20.4 23.7 12.0 5.4 38.5 1.3 28.4 44.7

CHD patients
LDL 22.0 22.8 12.2 6.0 37.0 1.0 10.2 21.7
Lipoprotein (a) 28.8 21.4 10.2 4.0 35.6 0.9 89.5 28.3

Diabetic patients
LDL 21.5 21.6 12.2 6.2 38.5 1.2 15.8 31.9

PhL, phospholipids; Cho, free cholesterol; TG, triglycerides; CE, cholesteryl esters; TBA, thiobarbituric acid; apoB,
apolipoprotein B; LDL, low density lipoprotein; CHD, coronary heart disease.

by the method of Siedel et al3 using Boehringer Mann-
heim kits. Lipids were extracted from lipoproteins with
a mixture of chloroform: methanol (2:1 vol/vol) accord-
ing to Folch et al.34 Phospholipids and neutral lipids
were separated by thin-layer chromatography and mea-
sured by scanning densitometry.30

Examination of Lipoprotein Uptake and Degradation
Cells were incubated with labeled lipoprotein or

labeled lipoprotein aggregates for 6 hours at 37°C. After
incubation, an aliquot of the culture medium was taken
to determine LDL degradation by the presence of the
trichloroacetic acid-soluble (noniodide) 1251.3 To deter-
mine the '1I uptake, cells were rinsed three times with
PBS containing 0.2% albumin and seven times with PBS
alone, after which they were dissolved in 0.1N NaOH to
measure 'I radioactivity.

Statistical Analysis
The significance of differences of group mean values

was evaluated by multiple t test of one-way analysis of
variance using a BMDP statistical program package.35
The Bonferroni method was used to compare the ex-
perimental groups with the control group.36

Results
Characterization of Lipoprotein Preparations

Table 1 shows the characteristics of lipoprotein prep-
arations examined in the present study. The protein and
lipid compositions of LDLs obtained from healthy sub-
jects and CHD or diabetic patients were essentially
similar. There was no significant difference in the
content of TBA-reactive substance between LDL prep-
arations obtained from healthy subjects and from CHD
and diabetic patients. The sialic acid content in the LDL
of CHD patients was threefold lower compared with
that in the LDL of healthy subjects. A high fructosyl
lysine content in the LDL of diabetic patients that was
due to enhanced glycosylation of LDL was also found
(see Table 1).

In healthy subjects desialylation of LDL by treatment
with agarose-linked neuraminidase lowered the sialic
acid content to 29% of the initial level and had no effect
on other parameters. Fructosyl lysine content was two-
fold higher, and TBA-reactive substance content was

not changed in glycosylated in vitro LDL as compared
with native LDL (Table 1).
As for lipoprotein (a), the protein/lipid ratio and the

ratios between the major lipid classes were similar to
those in native LDL. The sialic acid content was seven-
fold higher in lipoprotein (a) than in donors' LDL, and
the TBA-reactive substance content did not differ sig-
nificantly from that of LDL.

Effect of Lipoproteins on Intracellular
Lipid Accumulation

Figure 1 illustrates the effects of lipoproteins on the
cholesteryl ester content in smooth muscle cells cul-
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FIGURE 1. Graph showing the effects ofnative and modified
lipoproteins on the cholesteryl ester content in cultured smooth
muscle cells from human aortic intima. Cells were incubated
for 6 hours in Medium 199 containing 5% lipoprotein-
deficient serum from healthy subjects and the indicated
concentrations of low density lipoprotein from the following
sources: healthy subjects (*), glycosylated low density lipo-
protein (A), diabetic patients (o), lipoprotein (a) (a), patients
with coronary heart disease (),and desialylated low density
lipoprotein (A). Control cells were cultured in Medium 199
containing 10% lipoprotein-deficient serum. Data are
mean +SEM offour determinations. *p <0.05 compared with
the control value.
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TABLE 2. Effect of Native and Modified Lipoproteins on Cho-
lesteryl Ester Accumulation in Human Monocytes

Cholesteryl ester content
(,ug/mg protein)

Control 6±1
Native LDL of healthy subjects 9±1
LDL of CHD patients 22±+ 2*
LDL of diabetic patients 28±2*
Lipoprotein (a) 12±1*
Desialylated LDL 32+2*
Glycosylated LDL 14+1*

LDL, low density lipoprotein; CHD, coronary heart disease.
Values are mean+SEM of four determinations.
Monocytes were incubated for 6 hours in Medium 199 contain-

ing 10% lipoprotein-deficient serum and freshly filtered (pore
diameter, 0.22 ,um) lipoprotein preparations at a concentration of
50 gg protein/ml. Control cells were incubated in Medium 199
containing 10% lipoprotein-deficient serum.

*p<0.05 vs. control.

tured from grossly normal human aorta. After 6 hours of
incubation, the native LDL of healthy subjects induced
no significant change in the intracellular cholesteryl
ester content throughout the concentration range exam-
ined. By contrast, starting from a concentration of 25
,ug/ml, the LDL of CHD patients significantly raised the
cholesteryl ester content level in cultured cells. The
intracellular cholesteryl ester content also increased
after the cells had been incubated with the LDL of
diabetic patients. Neuraminidase-treated as well as gly-
cosylated LDL caused significant cholesteryl ester ac-
cumulation in cultured smooth muscle cells (Figure 1).

Lipoprotein (a) at a concentration of 25-100 ,.tg/ml
induced a twofold to threefold increase in esterified, but
not free, cholesterol content of cultured smooth muscle
cells (Figure 1). The 6-hour incubation of intimal cells
with LDL from CHD or diabetic patients or with in vitro
modified LDL produced no significant increase in the
intracellular content of free cholesterol (data not
shown).
We also examined the effects of LDL and lipoprotein

(a) on cholesteryl ester content of human peripheral
blood monocytes. LDL from CHD and diabetic patients
and lipoprotein (a) at a concentration of 50 gg/ml
promoted a twofold to threefold rise in intracellular
cholesteryl esters in cultured monocytes (Table 2).
Similar effects were observed when the cells had been
incubated with neuraminidase-treated (desialylated) or
in vitro glycosylated lipoproteins (Table 2).

Lipoprotein Aggregation Under the Conditions of
Cell Culture
The alteration of lipoprotein particle average size

under the conditions of cell culture was estimated by
analyzing light transmission fluctuations in LDL suspen-
sions. Figure 2 illustrates the kinetics of average particle
size increase for lipoproteins incubated at 37°C in
Medium 199 containing 5% lipoprotein-deficient serum
in the absence of cultured cells. With native LDL
isolated from the blood of healthy subjects, there was no
appreciable change in the average size of particles up to
24 hours of incubation (Figure 2A). In contrast, with
LDL from CHD or diabetic patients and with lipopro-
tein (a), the significant increase of the average particle
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FIGURE 2. Graphs showing the kinetics of changes in the
average size (ordinate, in arbitrary units) of lipoprotein par-
ticles during incubation under the conditions ofcell culture as
determined by laser correlative photometry. Freshly filtered
(pore size, 0.22 ,um) preparations of low density lipoprotein
were obtained from the following sources: healthy subjects
(panel A), patients with coronary heart disease (panel B),
desialylated low density lipoprotein (panel C), diabetic pa-
tients (panel D), glycosylated low density lipoprotein (panel
E), and lipoprotein (a) (panel F). These preparations were
incubated in Medium 199 containing 5% low density lipopro-
tein with (-) or without (o) smooth muscle cellsfrom grossly
normal human aortic intima for the indicated time period (in
hours).

size occurred within 6 hours of incubation, reflecting
LDL aggregation (Figures 2B, 2C, and 2F); similar
effects were observed for desialylated (Figure 2D) or
glycosylated LDL (Figure 2E). We failed to detect any
further increase of LDL aggregation when incubated at
37°C in the presence of intimal smooth muscle cells
(Figure 2) or human monocytes (data not shown). A
direct and strong correlation (r=0.88, n=28, p<0.01)
was established between the degree of lipoprotein ag-
gregation and cholesteryl ester accumulation in cul-
tured intimal cells.
The formation of LDL aggregates during incubation

was also demonstrated by gel filtration on Sepharose
CL-2B. Figure 3 shows the elution profiles of LDL from
healthy donors and from CHD and diabetic patients as
well as modified LDL, either freshly filtered or incubated
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FIGURE 3. Graphs showing the formation of low density
lipoprotein aggregates ofnative and modified lipoproteins that
were freshly filtered (pore size, 0.22 ,um) (o) orpreincubated
for 6 hours at 37°C (0). Preparations of low density lipopro-
tein were obtainedfrom thefollowing sources: healthy subjects
(panel A), patients with coronary heart disease (panel B),
desialylated low density lipoprotein (panel C), diabetic pa-
tients (panel D), glycosylated low density lipoprotein (panel
E), and lipoprotein (a) (panel F). These preparations were

applied to a Sepharose CL-2B column (25 XO.6 cm) at a flow
rate of 0.15 mllmin. The total cholesterol content was deter-
mined in 0.30-ml fractions.

for 6 hours with intimal cells. A subfraction with a higher
molecular weight appeared after incubation of modified
LDL and LDL from CHD and diabetic patients but not
after incubation of LDL from healthy subjects. The total
cholesterol content in this subfraction accounted for
3-7% of cholesterol applied to the column, suggesting
that up to 7% of lipoprotein might aggregate within 6
hours of incubation. The diameters of glycosylated LDL,
desialylated LDL, and lipoprotein (a) aggregates were
70-200, 100-500, and 200-400 nm, respectively, as de-
termined by laser spectroscopy. The average diameter of
LDL particles from healthy subjects was 27 nm, ranging
from 24 to 29 nm. The average diameter of nonaggre-

gated lipoprotein (a) particles was 35 nm.

LDL Binding to Native and Modified Lipoproteins
To determine whether native LDL can form a part of

an LDL aggregate, we have examined the interaction
between l`I-labeled and modified lipoproteins. As seen
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FIGURE 4. Graph showing the interaction of native 125j_
labeled low density lipoprotein from healthy subjects (l2sI-
LDL) with native and modified lipoproteins. Freshly filtered
(pore size, 0.22 ,um) preparations of low density lipoprotein
were obtained from the following sources: healthy subjects
(o), patients with coronary heart disease (o), diabeticpatients
(a), desialylated low density lipoprotein (c), glycosylated low
density lipoprotein (O), and lipoprotein (a) (A). These prep-
arations were adsorbed on microtiter plates for 2 hours at
37°C. The wells were blocked by the addition of 2% bovine
serum albumin, incubated for 1 hour with 0.01-100 pglml
'25I-LDL, and washed seven times with phosphate-buffered
saline, and radioactivity was measured.

from Figure 4, less than 0.01% of 'I-LDL was bound to
native lipoproteins. On the other hand, a fivefold to
10-fold more efficient binding was observed between
15I-LDL and the LDL of patients or in vitro modified
LDL. It can be concluded from these findings that
native LDL can bind to modified LDL or lipoprotein (a)
and thus participate in aggregate formation.

Effect ofAggregate Removal From LDL Preparations
To elucidate a contribution of lipoprotein aggregates in

the accumulation of lipids by cultured cells, we decided to
remove aggregated lipoproteins from LDL preparations.
For this purpose, LDL preparations that were filtered and
incubated for 6 hours at 37°C were passed again through
polycarbonate filters with various pore diameters. Then
LDL was added to cultured smooth muscle cells and
incubated an additional 6 hours under the same condi-
tions. Subsequently, LDL aggregation and intracellular
cholesteryl ester content were analyzed. After the second
filtration, the average diameters of aggregates in filtered
preparations of lipoprotein (a), in vitro modified LDL,
and patients' LDLwere signfificantly reduced as compared
with the diameters in the initial preparations (Table 3). At
the same time, a lower cholesteryl ester accumulation was
observed when cells were incubated with refiltered prep-
arations. It should be pointed out that, after being passed
through 0.1-gm filters, LDL preparations lost their ability
to induce lipid accumulation in smooth muscle cells.
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TABLE 3. Effect of Lipoprotein Filtration on the Accumulation of Cholesteryl Esters in Smooth Muscle Cells of
Unaffected Human Aortic Intima and Human Blood Monocytes

CE content

Pore size Average size (psg/mg protein)
(yx m) (arbitrary units) SMCs Monocytes

Control ... ... 41±3 8±1
Native LDL of healthy subjects ... 6.0 43+2 8±1

0.45 6.2 40+2 9±1
0.22 6.0 40±2 8±1
0.10 5.9 42±2 8±+1

LDL of CHD patients ... 27.7 123+2* 17+2*
0.45 19.7 105+10* 13±2*
0.22 12.6 75+5* 9+1
0.10 7.9 52+6 9±1

LDL of diabetic patients ... 37.4 131±12* 26±2*
0.45 32.4 128±6* 21±2*
0.22 14.1 65±4* 16±1*
0.10 7.8 46±4 10±2

Desialylated LDL ... 35.4 108±8* 21±2*
0.45 18.1 73±6* 19±2*
0.22 12.4 62±3* 15±1*
0.10 7.8 41±2 12±1*

Glycosylated LDL ... 22.7 87±7* 12±1*
0.45 14.5 56±4* 9±1
0.22 9.5 49±3 7±1
0.10 6.7 39±4 8±1

Lipoprotein (a) ... 25.4 92±6* 14±1*
0.45 19.6 73±6* 12±1*
0.22 14.5 58±2* 8±1
0.10 8.1 38±4 8±1

CE, cholesteryl ester; SMCs, smooth muscle cells; LDL, low density lipoprotein; CHD, coronary heart disease.
Values are mean±SEM of four determinations.

Preparations of freshly modified LDL were filtered through 0.22-pum filters and preincubated for 6 hours in Medium
199 containing 5% lipoprotein-deficient serum (0.5 mg apolipoprotein B/ml). After preincubation, lipoprotein
preparations were carefully filtered through 0.1-j.gm, 0.22-um, and 0.45-jum filters and added to cells at a concentration
of 0.1 mg/ml. After 6 hours of incubation, cells were rinsed, and their CE content was measured.

*p<0.01 vs. control.

Experiments with a continuous filtration of the cul-
ture medium containing modified LDL were also per-
formed. A schematic diagram of the apparatus for
continuous filtration is shown in Figure 5. Medium 199
containing 5% lipoprotein-deficient serum and LDL
preparations were filtered (pore size, 0.1 ,um) for the
whole incubation period at a flow rate of 0.5 ml/min.
Continuous filtration of the culture medium abolished
cholesteryl ester accumulation in cultured intimal
smooth muscle cells, whereas the cholesteryl ester con-
tent of cells incubated with lipoprotein (a), modified
LDL, and patients' LDL in the absence of continuous
filtration increased approximately twofold (Figure 6).

Gel filtration was also used to remove LDL aggre-
gates. Preparations of lipoprotein (a), in vitro modified
LDL, and patients' LDL caused intracellular lipid dep-
osition in intimal smooth muscle cells initially, but when
passed through a Sepharose CL-2B column, they lost
their ability to exert such an effect (Table 4).

Effect ofAggregates of Modified LDL on
Intracellular Cholesteryl Ester Accumulation
The subfractions of aggregated LDL isolated from

total LDL preparations by gel filtration were incubated

with smooth muscle cells to determine their effect on
intracellular lipid accumulation. As follows from the
data presented in Table 4, CHD or diabetic patients'
LDL aggregates as well as lipoprotein (a) aggregates

PUMP

FIGURE 5. Schematic diagram of the system forfiltration of
the culture medium.
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FIGURE 6. Bar graph showing the effect of constant filtra-
tion of the culture medium on cholesteryl ester content in
human aortic intimal smooth muscle cells. Smooth muscle
cells from grossly normal human aortic intima were cultured
for 6 hours in Medium 199 containing 10% lipoprotein-
deficient serum and 100 ig/ml low density lipoprotein prep-

arations from the following sources: patients with coronary

heart disease (widely hatched bars), diabetic patients (densely
hatched bars), desialylated low density lipoprotein (stippled
bars), and glycosylated low density lipoprotein (solid bars). In
some cultures the medium was filtered through a 0. 1-,um filter
throughout the whole period of incubation. Control cells were

cultured in low density lipoprotein-free medium (open bar).
Each value is the mean +SEM of three determinations.
*p<0.05 compared with the control value.

induced a fourfold to fivefold rise in intracellular cho-
lesteryl ester content. Aggregates of in vitro desialylated
and glycosylated LDL produced the same effect (Table
4). Similar results were obtained for cultured human
peripheral blood monocytes (Table 5).

Uptake and Degradation ofLDL Aggregates
The uptake of aggregates of desialylated or glycosyl-

ated `PI-LDL by smooth muscle cells was fivefold to

TABLE 5. Effect of Aggregated Lipoprotein on the Cholesteryl
Ester Content in Cultured Human Peripheral Blood Monocytes

Cholesteryl ester accumulation
Sources of aggregates (% above control)
LDL of CHD patients 307+18*
LDL of diabetic patients 389±45*
Lipoprotein (a) 285±14*
Desialylated LDL 405±40*
Glycosylated LDL 288±23*

LDL, low density lipoprotein. Values are mean±SEM of four
determinations.
Human peripheral blood monocytes were incubated for 6 hours

in Medium 199 containing 10% lipoprotein-deficient serum and 50
/L£g/ml aggregated lipoproteins. Aggregated lipoproteins were ob-
tained as indicated in the legend to Table 4. Control cells were
incubated in the absence of lipoprotein aggregates.

*p<0.05 vs. the control value.

sevenfold higher than the uptake of native LDL or
aggregate-free LDL preparations (Table 6). Interest-
ingly, the uptake of modified LDL after the removal of
aggregates was nearly the same as that of native LDL.
Degradation of aggregates of modified `25P-LDL by

cultured smooth muscle cells was approximately four-
fold to fivefold greater than that of native LDL or
aggregate-free LDL preparations (Table 6). Degrada-
tion of aggregate-free preparations of modified LDL
was similar to that of native lipoproteins.

Similar results were obtained with cultured mono-
cytes (Table 6). The uptake of aggregates of desialylated
and glycosylated `251-LDL by intimal cells was threefold
to fourfold greater than that of native LDL. The deg-
radation rate for aggregated LDL by monocytes was
twofold to fourfold greater than that for native LDL
(Table 6).
To determine whether the receptors for native and

modified LDL were involved in the interaction between
cells and LDL aggregates, we examined the effect of
excess of native unlabeled LDL on uptake and degra-
dation of 125I-LDL aggregates. A 20-fold excess of native
or acetylated unlabeled LDL had no effect on uptake
and degradation of 15I-LDL aggregates (Table 7). On
the other hand, the addition of a 20-fold excess of
aggregated unlabeled LDLs resulted in a notable de-

TABLE 4. Effects of Aggregated and Nonaggregated Low Density Lipoproteins on the Cholesteryl Ester Content in
Cultured Smooth Muscle Cells

Cholesteryl ester accumulation
(% above control)

Total lipoprotein Nonaggregated lipoprotein Aggregated lipoprotein
Native LDL of healthy subjects 7±12 4±7
LDL of CHD patients 103±7* 17±11 311+19*
LDL of diabetic patients 187± 20* 5±+-8 323±14*
Lipoprotein (a) 84±6* 15+6 345±28*
Desialylated LDL 215+23* 19±12 305±17*
Glycosylated LDL 82±6* 3±6 308±10*

LDL, low density lipoprotein; CHD, coronary heart disease. Values are mean±SEM of four determinations.
Freshly filtered lipoprotein preparations were preincubated for 6 hours at 37°C. Aggregated and nonaggregated

modified lipoproteins were separated by gel filtration on a Sepharose CL-2B column (1.6x 90 cm) at a flow rate of 1.5
ml/min. Fractions of aggregated and nonaggregated lipoproteins were pooled and examined (concentration, 100 ,g/ml)
for their ability to induce cholesteryl ester accumulation in cultured smooth muscle cells from grossly normal human
aortic intima.

*p<0.05 vs. control value.
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TABLE 6. Uptake and Degradation of Aggregated and Nonaggregated Low Density Lipoproteins by Human Aortic
Smooth Muscle Cells

Uptake after 6 hours Degradation after 6 hours
(nmol/mg protein) (nmol/mg protein)

SMCs Monocytes SMCs Monocytes

Healthy subjects
Total 1lI-LDL 302+25 210+11 217+34 225+17

CHD patients
Total 1`I-LDL 627+32* 407+39* 486+41* 486+27*
Nonaggregated 1`I-LDL 356+41 276+29 205+27 198+15
'21I aggregates 2,137+284* 1,245+137* 1,083+172* 735+74*

Desialylated LDL
Total 1`I-LDL 715+63* 493+25* 457+26* 475+45*
Nonaggregated 1`I-LDL 417+52* 226+32 286+27 293+36
1'2I aggregates 2,249+189* 1,347+106* 1,238+79* 863+92*

Glycosylated LDL
Total `PI-LDL 485+14* 356+13* 302+18* 452+33*
Nonaggregated 1"I-LDL 298+32 178+22* 242+27 235+21*
12II aggregates 1,743+152* 853+106* 1,045+92* 672+15*

SMCs, smooth muscle cells; LDL, low density lipoprotein; CHD, coronary heart disease. Values are mean+±SEM of
four determinations.
Aggregated and nonaggregated 251I-LDLs were separated by gel filtration on a Sepharose CL-2B column. Cells were

cultured in the presence of S ,ug/ml isolated 1`I-LDL for 6 hours.
*p<0.05 vs. corresponding value for healthy subjects.

crease in the uptake of `1P-LDL aggregates by intimal
cells and monocytes.
To determine whether the uptake of LDL aggregates

was mediated by phagocytosis, we examined the influ-
ence of the phagocytosis inhibitor cytochalasin B on the
metabolism of 1`I-LDL aggregates by cultured cells.
This agent inhibited uptake and degradation of 125`-LDL
aggregates by both smooth muscle cells and monocytes
(Table 7), without any significant change in the uptake
and degradation rate for the native LDL of healthy
subjects.
Marked suppression (twofold to threefold) of uptake

and degradation of `251-LDL aggregates by latex beads

also confirmed the crucial role of phagocytosis in these
processes in the case of cultured smooth muscle cells
and monocytes (Table 7).
The aggregate-cell interaction is probably indepen-

dent of the type of LDL modification. This is confirmed
by the fact that the uptake of modified LDL aggregates
can be suppressed by an excess of aggregated LDL
modified in any other manner (Figure 7).

Discussion
In the present study we have demonstrated that the

glycosylated LDL of diabetic patients, desialylated LDL

TABLE 7. Effects of Lipoproteins and Agents on the Uptake and Degradation of W2I-Labeled Low Density Lipoprotein From
Healthy Subjects and Aggregated '"I-Labeled Low Density Lipoprotein From Patients With Coronary Heart Disease

Uptake Degradation
(% of control) (% of control)

Additions SMCs Monocytes SMCs Monocytes

'I-LDL of healthy subjects
Cytochalasin B 78+6 82+5 76+8 80±4
LDL of healthy subjects 49+5* 56±8* 54+3* 61+5*

Acetylated LDL 82+4 85+7 79±8 86±4

Aggregates of LDL of CHD patients 78±7 86±5 82±5 97±6

Aggregates of '5I-LDL of CHD patients
Cytochalasin B 28±2* 19±1* 23±1* 22±2*
Latex beads 39±4* 36±5* 24±3* 25±2*
LDL of healthy subjects 79±7 85±4 86±5 83±8

Acetylated LDL 93±6 88±8 92±5 89±7

Aggregates of LDL of CHD patients 32±5* 25±3* 24±2* 19±2*

SMCs, smooth muscle cells; LDL, low density lipoprotein; CHD, coronary heart disease. Values are mean±SEM of
four determinations.
SMC from human aortic intima and human peripheral blood monocytes were cultured in Medium 199 containing

10% lipoprotein-deficient serum and either 5 gg/ml 'lI-LDL from healthy subjects or aggregated l5I-LDL from CHD
patients. Control cells were cultured without any additions.

*p<0.05 vs. the control value.
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FIGURE 7. Bar graphs showing the effect of unlabeled low
density lipoprotein aggregates on the uptake of aggregated
'251-labeled low density lipoprotein ('25I-LDL). Human aortic
smooth muscle cells were incubated for 6 hours with 5 pglml
aggregated I251-LDL from patients with coronary heart dis-
ease (panel A), from desialylated low density lipoprotein
(panel B), orfrom glycosylated low density lipoprotein (panel
C) in the absence (control, open bars) or in the presence of
100 pg/ml of unlabeled aggregated low density lipoprotein
from the following sources: patients with coronary heart
disease (widely hatched bars), desialylated low density lipo-
protein (densely hatched bars), or glycosylated low density
lipoprotein (solid bars). Each value is the mean+SEM offour
determinations. *p<0.05 compared with the control value.

of CHD patients, and lipoprotein (a) induce the accu-

mulation of cholesteryl esters in cultured human
smooth muscle aortic cells and peripheral blood mono-

cytes. It follows that all known modified forms of LDL
isolated from human blood caused lipid accumulation
regardless of the type of modification, suggesting that
similar mechanisms may govern lipid accumulation that
is promoted by different modifications of LDL in vivo.
In a previous work we showed that in vitro modified
LDL can aggregate and that aggregation of LDL plays a

crucial role in intracellular lipid accumulation." We
suggested that aggregation of in vivo modified LDL also
is an important step in the deposition of intracellular
lipid.

In this study, we provide evidence that LDL and
lipoprotein (a) isolated from the blood of patients with
CHD or diabetes mellitus can aggregate. By contrast,
native LDL of healthy subjects does not aggregate
under the conditions of cell culture used in this study.
Thus, lipoprotein modification appears to be a neces-

sary step in the formation of LDL aggregates. The
mechanism of lipoprotein aggregation as yet remains
unclear. The changes in the lipid or protein moieties
leading to aggregation are unknown. These changes
include an extremely wide range of chemical modifica-
tions. For example, in earlier work we have also dem-
onstrated the aggregation of oxidized and malondialde-
hyde-treated LDLs.1" On the other hand, we have found
that modified lipoproteins bind to native LDLs, consis-
tent with the findings of Ye et a137 that LDLs bind to
lipoprotein (a) and other apolipoprotein B-containing
lipoproteins. Considered together, these data suggest
that aggregates may consist of both modified and native
LDLs.

The diameter of LDL aggregates varied from 50 to
500 nm. Assuming that the diameter of an LDL particle
(25-27 nm) is not changed during aggregation and that
the aggregate has a spherical form, one can estimate the
number of particles forming the aggregate. The calcu-
lated number varies from 5 to 4,000 LDL particles per
aggregate. The major proportion of aggregates would
contain about 500 particles; thus, the uptake of one
aggregate would be equal to deposition of several
hundreds or thousands of LDL particles, which may
account for the high rate of intracellular lipid accumu-
lation when cells are incubated with aggregated LDL.
We have shown that removal of aggregates from the

cultural medium abolished cholesteryl ester accumula-
tion in cells. On the other hand, the accumulation was
apparently promoted by aggregated LDL, because iso-
lated LDL aggregates induced significant cholesteryl
ester deposition regardless of the type of LDL modifi-
cation. It follows from these observations that lipopro-
tein aggregation is an essential step in the process of
intracellular lipid accumulation.
The uptake of aggregated LDL was severalfold more

efficient than that of nonaggregated particles. It should
be mentioned that the uptake of aggregated `PI-labeled
LDL was not significantly suppressed by an excess of
native or acetylated LDL, suggesting that uptake of
aggregates is not mediated by B,E-receptors, or scaven-
ger receptors. Our data concerning the lack of effect of
acetylated LDL on the uptake of spontaneously formed
LDL aggregates agree with the results of Khoo et a138
obtained in experiments with aggregates produced by
vortexing an LDL suspension. On the other hand, they
have also shown that a 20-fold excess of aggregated
LDLs strongly suppresses the degradation of native
LDL, which may indicate that the aggregate binding and
uptake are mediated by B-receptors. But the calculation
of aggregate number in the incubation medium (assum-
ing an average diameter of aggregate to be 1 gm)
shows the amount of aggregates to be approximately
two orders lower than the number of native LDL
particles. One can suggest that the lower rate of degra-
dation of native `PI-LDL is due to the aggregate-
produced inhibition of LDL metabolism within the cell
rather than to occupation of the major proportion of
B,E-receptors by aggregates.
As other evidence of aggregate uptake via B,E-

receptor, Khoo et a138 adduced the data that heparin is
able to inhibit `PI-LDL aggregate degradation and that
rate of methylated LDL degradation is lower as com-
pared with native LDL aggregates. Heparin is a well-
known inhibitor of LDL-receptor interaction. How-
ever, we have found that heparin induces the reduction
of preformed LDL aggregate size and prevents the
formation of new aggregates (authors' unpublished
data). This fact can explain the lower rate of '2'I-LDL
aggregate degradation in the presence of heparin. The
number and diameter of aggregates formed by the
vortexing of methylated LDL are lesser than those in
the case of native LDL. It has been shown that smaller
size and lower concentration of particles result in
decreased uptake by macrophages.39 Thus, the lower
degradation of methylated LDL aggregates cannot be
accepted as evidence for the aggregate uptake via the
B,E-receptor. The possibility that a part of LDL aggre-
gates is bound and internalized via the apolipoprotein
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B,E-receptor cannot be excluded; however, we propose
that the major proportion of aggregates does not enter
the cell via this receptor. Definitive data on the role of
apolipoprotein B,E-receptors and scavenger receptors
in LDL aggregate uptake may be obtained in the
experiments using anti-receptor antibodies.

Excess of unlabeled aggregates or latex beads de-
creased the uptake of `1P-labeled lipoprotein aggre-
gates. Also, cytochalasin B, an inhibitor of macrophage
phagocytosis, decreased uptake and degradation of ag-
gregates. These findings strongly suggest phagocytosis to
be the mechanism responsible for the uptake of spon-
taneously formed LDL aggregates.
Fogelman et a18 were the first to demonstrate that

LDL cross-linked by glutaraldehyde induced cholesteryl
ester accumulation in human monocytes/macrophages.
Recently, Hoff et al40 have reported that 4-hydroxynon-
enal produced upon lipid peroxidation is capable of
lipoprotein cross-linking. Lipoprotein aggregates thus
formed elevate the cholesteryl ester level in cultured
macrophages; i.e., aggregates of covalently bound LDL
exhibit atherogenicity. Khoo et a138 have reported that
aggregates prepared by vortexing LDL suspension pro-
mote lipid accumulation in macrophages but not in
smooth muscle cells. We have found that in vitro
modified LDLs spontaneously aggregate under the con-
ditions of cell culture and that this aggregation is a
necessary step in the process of cholesteryl ester accu-
mulation within cultured human aortic smooth muscle
cells. It was shown that in vivo modified LDLs also
aggregate under these conditions.
At the present time, besides LDL aggregates, associates

of lipoproteins and various connective tissue components,
such as proteoglycans,41,42 collagenase-resistent debris,43
heparin-fibronectin-denaturated collagen,44 and elastin45
have been described. All of these associates are able to
induce lipid accumulation in macrophages and smooth
muscle cells. Associates between LDL and the artificial
compounds dextran sulfate46 or latex beads43 also induce
intracellular lipid accumulation. LDL-antibody com-
plexes elicit the same effect.4547 Taken together, these
data indicate that lipid accumulation in the cell occurs
after the formation of essentially large LDL-containing
particles. We assume that the formation of lipoprotein-
lipoprotein complexes (aggregates) or lipoprotein-matrix
component complexes (associates) with subsequent up-
take of these complexes by phagocytosis is the major
mechanism underlying massive accumulation of choles-
terol esters in human aortic cells.

References
1. Schonfeld G: Lipoproteins in atherogenesis. Artery 1979;5:

305-329
2. Nicoll A, Duffied R, Lewis B: Flux of plasma lipoproteins into

human intima: Comparison between grossly normal and athero-
sclerotic intima. Atherosclerosis 1981;39:229-242

3. Goldstien JL, Ho YK, Basu SK, Brown MS: A binding site on
macrophages that mediates the uptake and degradation of acety-
lated low density lipoprotein, producing massive cholesterol dep-
osition. Proc NatlAcad Sci U SA 1979;76:333-337

4. Traber MG, Kayden HJ: Low density lipoprotein receptor activity
in human monocyte derived macrophages and its relation to ather-
omatous lesions. Proc Natl Acad Sci USA 1980;77:5466-5470

5. Shechter I, Fogelman AM, Haberland ME, Seager J, Hokom M,
Edwards PA: The metabolism of native and malondialdehyde-
altered low density lipoproteins by human monocyte-macrophages.
J Lipid Res 1981;22:63-71

6. Leak DS, Peters TJ: Lipid accumulation in arterial smooth muscle
cells in culture: Morphological and biochemical changes caused by
low density lipoproteins and chloroquine. Atherosclerosis 1982;44:
275-291

7. Mahley RW, Innerarity TL, Weisgraber KH, Oh SY: Altered
metabolism (in vivo and in vitro) of plasma lipoproteins after
selective chemical modification of lysine residues of the apopro-
teins. J Clin Invest 1979;64:743-750

8. Fogelman AM, Shechter I, Seager J, Hokom M, Child JS, Edwards
PA: Malondialdehyde alteration of low density lipoprotein leads to
cholesteryl ester accumulation in human monocyte-macrophages.
Proc Natl Acad Sci U SA 1980;77:2214-2218

9. Witztum JL, Mahoney EM, Branks MJ, Fisher M, Elam R, Stein-
berg D: Nonenzymatic glucosylation of low density lipoprotein
alters its biologic activity. Diabetes 1982;31:283-291

10. Steinbrecher VP, Parthasarathy S, Leake DS, Witztum JL, Stein-
berg D: Modification of low density lipoproteins by endothelial
cells involves lipid peroxidation and degradation of low density
lipoprotein phospholipids. Proc Nati Acad Sci U S A 1985;81:
3883-3887

11. Orekhov AN, Tertov VV, Mukhin DN, Mikhailenko IA: Modifi-
cation of low density lipoprotein by desialylation causes lipid accu-
mulation in cultured cells: Discovery of desialylated lipoprotein
with altered cellular metabolism in the blood of atherosclerotic
patients. Biochem Biophys Res Commun 1989;162:206-211

12. Orekhov AN, Tertov VV, Mukhin DN, Kabakov AE: Modified
(desialylated) low density lipoprotein and autoantibodies against
lipoprotein circulating in the blood of atherosclerotic patients
cause atherosclerotic manifestation in aortic cell culture, in Des-
covich GC (ed): Atherosclerosis and Cardiovascular Disease. Bolo-
gna, Editrice Compositori, 1989, vol 4, pp 523-529

13. Jurgens G, Lang J, Esterbauer H: Modification of human low-
density lipoprotein by the lipid peroxidation product 4-hydrox-
ynonenal. Biochim Biophys Acta 1986;875:103-114

14. Tertov VV, Sobenin IA, Gabbasov ZA, Popov EG, Orekhov AN:
Lipoprotein aggregation as an essential condition of intracellular
lipid accumulation caused by modified low density lipoproteins.
Biochem Biophys Res Commun 1989;163:489-494

15. Curtiss LK, Witztum JL: Plasma lipoproteins AI, All, B, CI and E
are glucosylated in hyperglycemic diabetic subjects. Diabetes 1985;
34:452-461

16. Orekhov AN, Tertov VV, Pokrovsky SN, Adamova IYu, Mart-
senyuk ON, Lyakishev AA, Smirnov VN: Blood serum atherogen-
icity associated with coronary atherosclerosis: Evidence for non-
lipid factor providing atherogenicity of low-density lipoproteins
and an approach to its elimination. Circ Res 1988;62:421-429

17. Tertov VV, Orekhov AN, Martsenyuk ON, Perova NV, Smirnov
VN: Low density lipoproteins isolated from the blood of patients
with coronary heart disease induce the accumulation of lipids in
human aortic cells. Exp Mol Pathol 1989;50:337-347

18. Berg K: A new serum type system in man: Lp system. Acta Pathol
Microbiol Scand 1963;59:369-382

19. Bihari-Varga M, Gruber E, Rotheneder M, Zechner R, Kostner
GM: Interaction of lipoprotein Lp(a) and low density lipoprotein
with glycosaminoglycans from human aorta. Arteriosclerosis 1988;
8:851-857

20. Lindgren FT: Preparative ultracentrifugal laboratory procedures
and suggestions for lipoprotein analysis, in Perkins EG (ed): Anal-
ysis ofLipids and Lipoproteins. New York, American Oil Chemical
Society, 1975, pp 205-224

21. Chazov El, Tertov VV, Orekhov AN, Lyakishev AA, Perova NV,
Kurdanov KhA, Khashimov KhA, Novikov ID, Smirnov VN: Ath-
erogenicity of blood serum from patients with coronary heart
disease. Lancet 1986;2:595-598

22. Kim H-J, Kurup IV: Nonenzymatic glycosylation of human plasma
low density lipoprotein: Evidence for in vitro and in vivo glucosy-
lation. Metabolism 1982;31:348-353

23. Tertov VV, Orekhov AN, Kacharava AG, Sobenin IA, Perova NV,
Smirmov VN: Low density lipoprotein-containing circulating
immune complexes and coronary atherosclerosis. Exp Mol Pathol
1990;52:300-308

24. Warren L: The thiobarbituric acid assay of sialic acids. JBiol Chem
1959;234:1971-1975

25. Kruse-Jarres JD, Jarausch J, Lehmann P, Vogt BW, Rietz P: A
new colorimetric method for the determination of fructosamine.
Lab Med 1989;13:245-253

26. Yagi K: Lipid peroxidation: Assay for blood plasma and serum.
Methods Enzymol 1984;105:328-333



228 Circulation Research Vol 71, No 1 July 1992

27. Shepherd JH, Bedford OK, Morgan HK: Radioiodination of
human low density lipoprotein: A comparison of four methods.
Clin Chim Acta 1976;66:97-105

28. Ehnholm C, Garoff H, Simons K: Purification and quantification of
the human plasma lipoprotein carrying the Lp(a) antigen. Biochim
Biophys Acta 1971;236:431-439

29. Gabbasov ZA, Popov EG, Gavrilov IYu, Pozin EYa: Platelet
aggregation: The use of optical density fluctuations to study micro-
aggregate formation in platelet suspension. Thromb Res 1989;54:
215-223

30. Orekhov AN, Tertov VV, Novikov ID, Krushinsky AV, Andreeva
ER, Lankin VZ, Smirnov VN: Lipids in cells of atherosclerotic and
uninvolved human aorta: I. Lipid composition of aortic tissue and
enzyme isolated and cultured cells. Exp Mol Pathol 1985;42:
117-137

31. Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ: Protein mea-

surement with the Folin phenol reagent. J Biol Chem 1951;193:
265-275

32. Hara A, Radin NS: Lipid extraction of tissue with a low-toxicity
solvent. Anal Biochem 1978;90:420-426

33. Siedel J, Hagele EO, Ziegenhorm J, Wahlefeld AW: Reagent for
enzymatic determination of serum total cholesterol with improved
lipolytic efficiency. Clin Chem 1983;29:1075-1080

34. Folch J, Lees M, Sloane-Stanley GH: A simple method for the
isolation and purification of total lipids from animal tissues. J Biol
Chem 1957;226:497-509

35. Dixon WJ, Brown MB: Biomedical Computer Programs: P-Series.
Berkeley, Calif, University of California Press, 1977, pp 185-198

36. Wallenstein S, Zucker CL, Fleiss JL: Some statistical methods
useful in circulation research. Circ Res 1980;47:1-49

37. Ye SQ, Trieu VN, Stiers DL, McConathy WJ: Interactions of low
density lipoprotein2 and other apolipoprotein B-containing lipo-
proteins with lipoprotein(a). J Cell Biol 1988;263:6337-6343

38. Khoo JC, Miller E, McLoughlin P, Steinberg D: Enhanced mac-

rophage uptake of low density lipoprotein after self-aggregation.
Arteriosclerosis 1988;8:348-358

39. Raz A, Bucana C, Foyer W: Biochemical, morphological and ultra-
structural studies on the uptake of liposomes by murine macro-
phages. Cancer Res 1981;41:487-494

40. Hoff HF, O'Neil J, Chisolm GM III, Cole TB, Quehenberger 0,
Esterbauer H, Jurgens G: Modification of low density lipoprotein
with 4-hydroxynonenal induces uptake of macrophages. Arterio-
sclerosis 1989;9:538-549

41. Vijayagopal P, Srinivasan SR, Jones KM, Radhakrishnamurthy B,
Berenson G: Complexes of low-density lipoproteins and arterial
proteoglycan aggregates promote cholesteryl ester accumulation in
mouse macrophages. Biochim Biophys Acta 1985;837:251-261

42. Camejo G, Lopez A, Lopez F, Quinones J: Interaction of low
density lipoproteins with arterial proteoglycans: The role of charge
and sialic acid content. Atherosclerosis 1985;55:93-105

43. Orekhov AN, Tertov VV, Mukhin DN, Koteliansky VE, Glukhova
MA, Khashimov KhA, Smirnov VN: Association of low density
lipoprotein with particulate connective tissue matrix components
enhances cholesterol accumulation in cultured subendothelial cells
of human aorta. Biochim Biophys Acta 1987;928:251-258

44. Falcone DJ, Mateo N, Shio H, Minick CR, Fowler SD: Lipoprotein-
heparin-fibronecrin-denaturated collagen complexes enhance cho-
lesteryl ester accumulation in macrophages. J Cell Biol 1984;99:
1266-1274

45. Orekhov AN, Tertov VV, Mukhin DN, Koteliansky VE, Glukhova
MA, Frid MG, Sukhova GK, KhashimovKhA, Smirnov VN: Insol-
ubilization of low density lipoprotein induces cholesterol accumu-
lation in cultured subendothelial cells of human aorta. Atheroscle-
rosis 1989;79:59-70

46. Brown MS, Basu SK, Falck JR, Ho YK, Goldstein JL: The scav-
enger cell pathway for lipoprotein degradation: Specificity of the
binding site that mediates the uptake of negatively-charged LDL
by macrophages. J Supramol Struc 1980;13:67-81

47. Klimov AN, Denisenko AD, Vinogradov AG, Nagornev VA, Piv-
ovarova YI, Sitnikova OD, Pleskov BM: Accumulation of cho-
lesteryl esters in macrophages incubated with human-antibody
autoimmune complexes. Atherosclerosis 1988;74:41-46




