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Abstract

Westudied the metabolism of lipoprotein-proteoglycan com-
plexes by macrophage-derived foam cells. Foam cells were iso-
lated from atherosclerotic rabbit aortas. ApoB-lipoprotein-
proteoglycan complex was isolated from human aorta fibrous
plaque lesions and LDL-proteoglycan complex was formed in
vitro. Both in vitro and in vivo complexes stimulated choles-
teryl ester synthesis in foam cells by a dose-dependent, satura-
ble process that resulted in the intracellular accumulation of
cholesteryl ester. Stimulation of cholesteryl ester synthesis was
linear with time over a 32-h period. Polyinosinic acid inhibited
the stimulation of cholesteryl ester synthesis by the complexes
by 32-37%, whereas cytochalasin D only produced a 6-16%
inhibition. Foam cells degraded '25I-LDL-proteoglycan com-
plex and 125I-acetyl LDL in a saturable, dose-dependent man-
ner. Excess unlabeled acetyl-LDL inhibited the degradation of
'251-LDL-proteoglycan complex by 52%, while LDL had no
effect. Similarly, excess unlabeled complex suppressed the deg-
radation of '251-acetyl-LDL by 48%. Foam cells degraded 1251.
methyl-LDL-proteoglycan complex to the same extent as 1251_
LDL-proteoglycan complex. These results show that foam
cells from atherosclerotic lesions metabolize lipoprotein-pro-
teoglycan complexes predominantly via receptor-mediated en-
docytosis and consequently continue to accumulate intracellu-
lar cholesteryl ester. (J. Clin. Invest. 1993. 91:1011-1018.)
Key words: rabbit aorta foam cells * lipoprotein-proteoglycan
complex uptake * cholesteryl ester accumulation * receptor
pathway * atherosclerosis

Introduction

Foam cells of atherosclerotic lesions originate predominantly
from macrophages ( 1-5). It is well recognized that the choles-
teryl ester that accumulates in foam cells is derived from LDL;
however, the in vivo mechanism of LDL-mediated cholesteryl
ester accumulation in macrophages is not known. In vitro, mac-
rophages accumulate cholesteryl ester when exposed to acetyl-
LDL (6), malondialdehyde modified LDL (7), oxidized LDL
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(8), LDL isolated from atherosclerotic lesions (9), and aggre-
gated LDL (10), but not native LDL.

Several studies including our own have shown that com-
plexes of LDL and arterial wall proteoglycan also promote cho-
lesteryl ester accumulation in macrophages in vitro (1 1-14).
The demonstration of the existence of lipoprotein-proteogly-
can complexes in vivo and their successful isolation from ath-
erosclerotic lesions in humans and animals ( 15, 16) have led to
the hypothesis that the uptake of such complexes by macro-
phages could cause foam cell formation in vivo. Our recent
studies have provided support to this hypothesis ( 17). Apo
B-lipoprotein-proteoglycan complexes isolated from fatty
streaks and fibrous plaques of human aorta were taken up by
human monocyte-derived macrophages and consequently in-
duced cellular cholesteryl ester synthesis and accumulation.

In an attempt to obtain further experimental evidence in
support of this hypothesis, we have turned to the foam cells.
Foamcells isolated from atherosclerotic lesions take up chemi-
cally modified LDL and apo E-containing lipoproteins (18-
20). In contrast, very little native LDL is metabolized by these
cells (20). The uptake of lipoprotein-proteoglycan complexes
by foam cells followed by stimulation of cholesteryl ester for-
mation would strongly indicate a role for proteoglycans in
foam cell formation. Therefore, in this study we have investi-
gated the metabolism of lipoprotein-proteoglycan complexes
by freshly isolated foam cells from atherosclerotic lesions of
rabbit aorta. The results show that these complexes are taken
up by rabbit aorta foam cells by a receptor-mediated mecha-
nism and they stimulate further intracellular accumulation of
cholesteryl ester.

Methods

Materials
Opti-MEM I reduced serum media was obtained from GIBCOBRL
(Gaithersburg, MD). Collagenase (CLSPA) came from Worthington
Biochemical Corp. (Freehold, NJ) and elastase (type III), soybean
trypsin inhibitor, and Percoll from Sigma Immunochemicals (St.
Louis, MO). Tissue culture plastics were purchased from Costar Corp.
(Cambridge, MA) and anti-rabbit macrophage monoclonal antibody
RAM- 1 I from Dako Corp. (Carpinteria, CA).

Lipoproteins
LDL (d = 1.02-1.055 g/ml) was isolated from pooled human serum
by sequential ultracentrifugation (21). 0.05% EDTA, 10 ,uM butylated
hydroxytoluene, and 20 mMPMSFwere added to the blood immedi-
ately after collection. The purity of LDL was determined by agarose gel
electrophoresis. LDL was acetylated by the repeated addition of acetic
anhydride (22), which modified 91% of available free amino groups.
Reductive methylation of LDL was performed as described by Weis-
graber et al. (23). This modified 82% of available free amino groups.
Aggregated LDL was prepared by vortexing LDL for 30 S (10). Lipo-
proteins were radiolabeled with carrier free Na 1251 (24).
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Proteoglycan
A chondroitin sulfate-dermatan sulfate proteoglycan aggregate was
prepared from bovine aorta. The isolation and characterization of the
proteoglycan has been reported previously ( 11). Briefly, bovine aorta
intima-media slices were extracted with 0.5 Mguanidine hydrochlo-
ride in the presence of protease inhibitors. The extract was subjected to
CsCl isopycnic density gradient centrifugation at a loading density of
1.60 g/ml. The bottom two-fifths of the gradient represented proteogly-
can aggregate. The aggregate contained 18% hyaluronic acid, 19%der-
matan sulfate, and 63% chondroitin sulfate.

Lipoprotein-proteoglycan complexes
In vitro complexes. Complexes of LDL or '25I-LDL and the proteogly-
can aggregate were prepared essentially as described previously (25). In
brief, 0.1 ml of proteoglycan solution ( 18.2 ,ug uronic acid or 60 yg
glycosaminoglycan) was mixed with LDL or '251I-LDL ( 150 Mg choles-
terol). CaC12 (final concentration 30 mM) was added to the mixture
followed by appropriate volumes of 0.001 MTris-HCl, pH 7.4, to bring
the final volume to 1.5 ml. After 15 min at room temperature, the
precipitated LDL-proteoglycan complex was sedimented by centrifuga-
tion (8,000 g for 5 min). The complex was solubilized in the foam cell
culture medium (see below) and filtered through a 0.45-,MM filter be-
fore use in various experiments. Cholesterol and uronic acid contents
of the complex were assayed and used as measures of LDL and proteo-
glycan, respectively. Almost all of the LDL and 80% of the proteogly-
can were recovered in the complex.

In vivo complex. Lipoprotein-proteoglycan complex was isolated
from fibrous plaque lesions of human aorta. Details of the isolation and
purification procedures have been reported ( 17). Briefly, human aor-
tas were obtained at autopsy within 12 h of death. Fibrous plaque
lesions from four to five aortas were pooled and extracted with 0.15 M
NaCl and 0.05 MTris-HCl, pH 7.4, containing protease inhibitors (0.1
Me-amino-n-caproic acid, 0.005 Mbenzamidine hydrochloride, 0.005
M N-ethylmaleimide, 0.001 M PMSF), and antioxidants (0.05%
EDTA, 20MgMbutylated hydroxytoluene):.Fractionation of the extract
on a column of Bio-Gel A-50m yielded two complexes containing both
lipoprotein and proteoglycan, one eluting at the V. (complex 1) and
the other eluting in the inclusive volume ahead of human LDL (com-
plex 2); lipoprotein-proteoglycan complex 2 was further purified by
anti-apoB-affinity chromatography and used in this study.

Foam cells
Foam cells were prepared by a modification of the procedures de-
scribed previously (20, 26). 46 male NewZealand white rabbits weigh-
ing 2-2.3 kg were fed a high cholesterol (2%) diet for 1 wk. The aorta
and left iliac artery of each animal were deendothelialized with a Fo-
garty embolectomy catheter and the rabbits were continued on the high
cholesterol diet for an additional 12 wk. Recently, Rosenfeld et al.
reported that this procedure improved the yield of foam cells (20).
Rabbits were killed by intravenous injection of sodium pentobarbital
and aortas and left iliac arteries were quickly transferred to sterile
HBSScontaining glucose, amino acids, and antibiotics (26).

Atherosclerotic lesions, which covered almost the entire vessel sur-
face, were dissected aseptically and chopped into - 0.5-mm pieces.
The tissue pieces were placed in fresh Hanks' solution with the supple-
ments in which the calcium concentration had been reduced to 0.2
mM(10 ml/g tissue). The lesions were digested with a mixture of
collagenase (600 U/ml), elastase ( 5 U/ml), and soybean trypsin inhib-
itor (1 mg/ml) at 37°C with shaking for 30 min. The enzyme-tissue
mixture was filtered through a 100-Mum mesh nylon screen (Whatman
Inc., Clifton, NJ) in a Swinex filter holder (Millipore Corp.; Bedford,
MA). The tissue chunks on the filter were returned to the digestion
flask. The filtrate was centrifuged at 2,300 rpm for 5 min in a desk top
centrifuge (model TJ-6; Beckman Instruments, Inc., Fullerton, CA)
and the supernatant was returned to the digestion flask. The cells from
the centrifugation were washed with supplemented Hanks' solution

containing 10% fetal bovine serum and kept in supplemented Hanks'
solution at 370C. The remaining tissue was digested for 30 min and
cells were separated and washed as before. This procedure was repeated
five times. The cells from all digestions were combined and pelleted by
centrifugation. The cell pellet was resuspended in 1-2 ml of 90% Per-
coll in calcium- and magnesium-free Hanks' solution and layered
under a preformed gradient of 40% Percoll in calcium- and magne-
sium-free Hanks' solution (27). The solution was centrifuged at 400 g
for 20 min in a swinging bucket rotor (model TH-4; Beckman Instru-
ments, Inc.). The top fraction (d < 1.06 g/ml) containing exclusively
the foam cells was removed and the cells were washed with Opti-MEM
I containing 0.5% fetal bovine serum (medium A). The cells were
plated in the above medium in 24-well dishes at a density of 5 X 105
cells/well and incubated at 370C in a humidified CO2(5%) incubator.
Nonadherent cells were washed off the wells after 24 h and the adherent
foam cells were used immediately for the experiments. Viability of the
cells was assessed by their ability to exclude trypan blue. The purity of
the foam cells was established by immunohistochemical staining with
anti-rabbit macrophage monoclonal antibody RAM-11 (28).

Macrophages
Humanmonocyte-derived macrophages were isolated as described pre-
viously ( 17 ). The monocytes were cultured in RPMI- 1640 containing
20% homologus serum (vol/vol), penicillin ( 100 U/ml), and strepto-
mycin (100 jug/ml). The cells were maintained in culture for 8 d with
medium changes every 3 d before they were used for experiments.

Cholesterol esterification
The ability of various ligands to stimulate cholesteryl ester synthesis in
foam cells was determined essentially as described previously ( 11).
Briefly, foam cells were incubated in medium A containing 0.2 mM
[14C]oleate-albumin and different ligands for 16 h at 370C. For time
course studies, the incubations ranged from 4 to 32 h. Cellular lipids
were extracted and separated by thin layer chromatography. Choles-
teryl ester spots were identified from the position of cholesteryl oleate
standard and scraped off the plate. Cholesteryl ester content was quan-
tified by liquid scintillation spectrometer. Results were corrected for
the percent recovery of an internal [3H ] cholesteryl oleate standard.
The solvent-extracted cells were dissolved in 0.5 ml of 0.2 MNaOH
and an aliquot was used for protein assay.

Cholesteryl ester accumulation
For cellular cholesterol mass determination, foam cells were incubated
with various ligands for 48 h. [3H]Cholesterol was then added as an
internal standard and cellular lipids were extracted with hexane/iso-
propanol (3:2, vol/vol). Cholesterol and cholesteryl ester were sepa-
rated by thin layer chromatography and quantitated by the procedure
of Bowmanand Wolf (29) with the modification that the chromophore
was measured spectrofluorometrically.

Degradation of '25I-labeled ligands
Cellular degradation of various 125I-labeled ligands was assayed as de-
scribed previously ( 11). Foam cells were incubated in medium A con-
taining '25M-labeled ligands and other additions as required by individ-
ual experiments. After 6 h at 37°C, the culture medium was assayed for
trichloroacetic acid soluble (noniodide) radioactivity. Results were
corrected for small amounts of acid-soluble radioactivity formed in
parallel cell-free incubations.

Analytical methods
Uronic acid was assayed by the method of Blumenkrantz and Asboe-
Hansen (30) and protein by a modified Lowry procedure (31 ). Choles-
terol determination was done with a commercial enzymatic reagent kit
(Autoflow Cholesterol 236691; Boehringer Mannhein Diagnostics,
Houston, TX). Other assays were done as described previously ( 17).
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Figure 1. (A) Immunohistochemical staining of rabbit aorta foam cells. Foam cells were plated on slides. After overnight incubation, the cells
were immunostained with anti-rabbit macrophage monoclonal antibody RAM- and detected with avidin-biotin system conjugated with
horseradish peroxidase. The cells were photographed with an Olympus photomicroscope. Phase contrast; final magnification 100. (B) Light
photomicrograph of oil red O-stained foam cells. Final magnification 400.

Results

Isolation and characterization offoam cells
46 rabbits were used in the study. During the course of the
1 3-wk period, six rabbits died due to middle ear infection. Cho-
lesterol feeding produced marked hypercholesterolemia (aver-
age cholesterol 1,250±112 mg/dl) in the remaining 40 rabbits.

The cells obtained by the Percoll gradient technique were

entirely foam cells of macrophage lineage as evidenced by their
immunoreactivity with macrophage-specific monoclonal anti-
body RAM- 11 (Fig. 1 A). This antibody did not stain smooth
muscle cells isolated from rabbit aorta. The average yield of
cells was 2.5 X 106 cells per gram of aorta. Cell viability varied
between 89 and 94%. The cells contained a large number of oil
red O-positive lipid droplets (Fig. 1 B), which were due to
massive intracellular cholesterol deposits. The free and esteri-
fied cholesterol contents of the cells were 1 10±23 and 420±36
ag/mg protein, respectively (mean±SD of four separate assays,

each in triplicate). There was no significant loss of cellular
cholesterol when the cells were incubated in Opti-MEM I con-

taining 0.5% serum for up to 7 d.

Characterization of in vivo lipoprotein-proteoglyvcan
complex
Recently we reported detailed characterization of the in vivo
lipoprotein-proteoglycan complex isolated from fibrous
plaque lesions ( 17 ). The affinity-purified complex used in this
study contained 24% protein, 9% free cholesterol, 36% esteri-
fied cholesterol, 14% phospholipids, 7% triglycerides, and 10%

uronic acid. The complex showed positive immunoreactivity
against anti-human fibronectin antibody but not against anti-
human albumin antibody or anti-human IgG. Apo B, deter-
mined by electroimmunoassay, accounted for 48% of the total
protein. What percentage of the remainder represented modi-
fied apo B devoid of immunoreactivity (32, 33) and fibronec-
tin was not determined. The complex did not contain immuno-
reactive apolipoproteins C-I, C-II, C-III, and A-I. The glycos-
aminoglycan composition of the complex was 26% heparin,
20% hyaluronic acid, 45% chondroitin 6-sulfate, and 9% der-
matan sulfate. As compared with LDL in the in vitro complex,
the lipoprotein in the fibrous plaque complex underwent some

lipid peroxidation (thiobarbituricacid reactive substances
[TBARS]' nanomoles per milligram protein: LDL in in vitro
complex, 0.39; lipoprotein in fibrous plaque complex, 1.05).
Earlier we reported that there was no significant difference in
the TBARSbetween the complexes isolated from postmortem
samples and those isolated immediately from atherosclerotic
lesions obtained at surgical resection ( 17), indicating that the
peroxidation results probably from changes associated with the
pathogenesis of atherosclerosis.

Metabolic studies
Control experiments. The interaction of LDL and proteoglycan
is ionic in nature (25). Hence, there existed a possibility that
the lipoprotein-proteoglycan complexes might dissociate in

1. Abbreviation used in this paper: TBARS, thiobarbituricacid reactive
substances.
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Figure 2. (A) Bio-Gel A-5m chromatography of '25I-LDL and
'25I-LDL-proteoglycan complex. '25I-LDL-proteoglycan com
was formed and dissolved in I ml of medium A. The solutio
incubated at 37°C for 40 h along with '25I-LDL (in medium A
125I-LDL and 1251I-LDL-proteoglycan complex were then elute
a Bio-Gel A-Sm column (1.5 X 90 cm) with 0.15 MNaCl, 0
Tris-HCl, pH 7.4, at a flow rate of 12 ml/h. Fractions of 1 ml i

collected and analyzed for 125I radioactivity and uronic acid. 1
tion position of proteoglycan (PG) is indicated by the arrow.
Bio-Gel A-Sm chromatography of LDL and in vivo fibrous p
complex. LDL and affinity-purified fibrous plaque complex v
cubated in medium A for 40 h at 37°C. They were then elute
the Bio-Gel column as described for the in vitro complex. Fr
were analyzed for cholesterol and uronic acid as measures of li1
tein and proteoglycan, respectively.

solutions of physiologic ionic strength. It was therefore
sary to establish that both the in vitro and in vivo cor
remained intact after adding to the incubation medi
foam cells. This was done as follows: An in vitro com
'251-LDL and proteoglycan was formed and dissolved
dium A. The solution was incubated at 37°C for 40
with 1251-LDL (in the above medium). Wethen compar
elution profiles on a column of Bio-Gel A-5m. As showr
2 A, the 251I-LDL-proteoglycan complex eluted ahead
LDL (Kav-complex 0.02; LDL, 0.29). Proteoglycan
acid) in the complex coeluted with 1251-LDL radioactiv
also performed a similar comparison of the elution pr
LDL and affinity-purified in vivo lipoprotein-prote4
complex from fibrous plaques. The complex was addec
dium A and incubated at 37°C for up to 40 h before app
the Bio-Gel column. As shown in Fig. 2 B, the in vivo c
had an elution profile similar to the in vitro comple:
eluted before LDL. Once again proteoglycan coeluted i

lipoprotein in the complex. Additionally, we pooled t

fractions for the in vivo complex from the Bio-Gel 5mcolumn
and quantitated cholesterol and uronic acid as measures of
lipoprotein and proteoglycan, respectively. The peak con-

°; tained 96% of lipoprotein and 91% of the proteoglycan origi-
nally present in the in vivo complex. These studies thus con-
firmed that both the in vitro and in vivo lipoprotein-proteogly-
can complexes remained intact in the culture medium through

E the various incubation periods. In addition, the results also
C; C40 verified that the in vivo complex did not dissociate during the

tn affinity chromatography step.
Cholesteryl ester synthesis and accumulation. Fig. 3 shows

o 9 the effect of lipoprotein-proteoglycan complex from fibrous
° plaques, in vitro LDL-proteoglycan complex, acetyl-LDL, and

0.5 '0
^°a LDL in stimulating cholesteryl ester synthesis by foam cells.

0.4~ The in vivo and in vitro complexes and acetyl-LDL induced
0 cholesteryl ester synthesis in a dose-dependent manner. All
> three ligands appeared to saturate cholesterol esterification at a

0.3 concentration of 100 ,ug cholesterol/ml. LDL had a very mini-
mal effect. At all concentrations the fibrous plaque complex

0.2 was more potent than the in vitro complex, and as effective as
acetyl-LDL in its ability to stimulate cholesteryl ester synthesis.

0.1 Fig. 4 demonstrates that cholesteryl ester synthesis stimu-
lated by the fibrous plaque complex and in vitro LDL-proteo-

00 glycan complex in foam cells was time dependent. Both ligands
20 increased cholesterol esterification linearly up to 32 h. This

indicates that in spite of the massive cholesterol content of the
foam cells, their uptake of the lipoprotein-proteoglycan com-

in vitro plexes was not downregulated over this period. Once again, the
plex in vivo fibrous plaque complex induced a greater stimulation
n was of cholesteryl ester synthesis than the in vitro complex.
,). Both In the above experiments it is possible that during the pro-
d on longed incubation period (16-32 h) secretory products from

1.05 M cells could modify the lipoprotein in the complexes and
were thereby influence their cellular uptake. To verify this, we incu-
rhe elu bated the in vitro and in vivo lipoprotein-proteoglycan com-
(1aque plexes with human monocyte-derived macrophages for 32 h.
vere in- The lipoprotein was then isolated from the complexes by disso-
d on ciative ultracentrifugation (17). Wethen determined the ex-
ractions tent of peroxidation of the lipoprotein. Exposure of the com-
popro-
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Figure 3. Cholesteryl ester synthesis in rabbit aorta foam cells incu-
bated with in vitro LDL-proteoglycan complex, in vivo fibrous
plaque complex, LDL, and acetyl-LDL. Foam cells were incubated
in medium A containing the indicated concentrations of in vitro
LDL-proteoglycan complex (LDL-PG complex), in vivo fibrous
plaque complex (FP complex), LDL or acetyl-LDL, and 0.2 mM
[ 14C] oleate-albumin. After 16 h at 37°C, the cellular content of cho-
lesteryl [ '4CIoleate was determined. Each data point represents the
mean of three separate experiments, each in triplicate.
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Figure 4. Stimulation of cholesteryl ester synthesis in foam cells by
fibrous plaque complex and in vitro LDL-proteoglycan complex as
a function of time. Monolayers of foam cells were incubated with 50
Ag cholesterol/ ml of fibrous plaque complex or in vitro LDL-pro-
teoglycan complex and 0.2 mM[ '4C ] oleate-albumin. At the indicated
time the cellular content of cholesteryl [ "'C] oleate was determined.
The data represent the average of triplicate assays.

plexes to macrophages increased oxidation of the lipoproteins
as compared with lipoproteins obtained from complexes not
exposed to cells (TBARS, nanomoles per milligram protein:
in vitro complexes, 0.59 vs. 0.42; in vivo complexes, 1.56
vs. 1.02).

The stimulation of cholesteryl ester synthesis by the lipo-
protein-proteoglycan complexes and acetyl-LDL resulted in
an increase in the cellular cholesteryl ester content (Table I).
Incubation of foam cells for 48 h with 100 ,g cholesterol/ml of
fibrous plaque complex, in vitro LDL-proteoglycan complex,
or acetyl-LDL increased their cholesteryl ester content by 74,
55, and 8 1%, respectively, above control cells. The correspond-
ing increase in cellular free cholesterol was 70, 44, and 91%,
respectively.

Effect ofpolyinosinic acid and cytochalasin Don cholesteryl
ester synthesis. In an attempt to determine the mechanism of
uptake of lipoprotein-proteoglycan complexes in foam cells,
we investigated the effect of polyinosinic acid, a specific inhibi-
tor of acetyl-LDL (scavenger) receptor, and cytochalasin D, an
inhibitor of phagocytosis, on the stimulation of cholesteryl es-
ter synthesis. As shown in Fig. 5, polyinosinic acid inhibited

Table I. Free and Esterified Cholesterol Content
of Foam Cells Incubated with Fibrous Plaque Complex,
In Vitro LDL-Proteoglycan Complex, or Acetyl-LDL

Free Esterified
Additions cholesterol cholesterol

gg/mg protein

None 97 392
Fibrous plaque complex 165 684
In vitro LDL-proteoglycan complex 140 610
Acetyl-LDL 186 710

Foam cells were incubated in medium A alone or medium A con-
taining 100 ,ug cholesterol/ml of fibrous plaque complex, in vitro
LDL-proteoglycan complex, or acetyl-LDL. After 24 h at 37°C, the
medium was removed and replaced with medium of identical com-
position. After an additional 24 h the cellular lipids were extracted
and free and esterified cholesterol were quantitated. Each value rep-
resents the average of quadruplicate assays.

FP Complex LDL-PG Complex Acetyl-LDL

Figure 5. Effect of polyinosinic acid and cytochalasin Don cholesteryl
ester synthesis mediated by fibrous plaque complex, in vitro
LDL-proteoglycan complex, and acetyl-LDL. Foam cells were incu-
bated with 25 ,g cholesterol/ml of fibrous plaque complex, in vitro
LDL-proteoglycan complex, or acetyl-LDL and 0.2 mM[14C]-
oleate-albumin in the presence and absence of polyinosinic acid (Poly
I; 50 Ag/ml) or cytochalasin D (Cyto D; 2 ,g/ml). After 16 h at
37°C, cholesteryl [ 'CIoleate formed was quantitated. Data represent
the mean±SDof two experiments, each in duplicate.

cholesteryl ester synthesis induced by fibrous plaque complex
and in vitro LDL-proteoglycan complex by 32 and 37%, respec-
tively. In contrast, the drug completely inhibited acetyl-LDL-
mediated cholesteryl ester synthesis. Cytochalasin D (2 ,ug/ml)
had no effect on cholesteryl ester formation elicited by acetyl-
LDL, and it inhibited cholesteryl ester formation stimulated by
fibrous plaque complex and the in vitro complex by only 6 and
16%, respectively. In contrast, the drug inhibited the degrada-
tion of aggregated LDL by 90%(data not shown). These results
thus suggest that while the scavenger receptor might be in-
volved in the recognition of the complexes, phagocytosis plays
no significant role.

Degradation of2' I-LDL-proteoglycan complex. To under-
stand further the mechanism of recognition of the complexes,
we then studied the degradation of '25I-LDL-proteoglycan
complex by foam cells (Fig. 6). The cells degraded '251I-LDL-
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Figure 6. Degradation of '251-LDL-proteoglycan complex, '251-LDL,
and '251-acetyl LDL by foam cells. Monolayers of adherent foam cells
were incubated with the indicated concentrations of '251-LDL-pro-
teoglycan complex ( '251I-LDL-PG), '251I-LDL, or '251-acetyl-LDL in
the presence and absence of 500 gg cholesterol/ml of the corre-
sponding unlabeled ligand. After 6 h at 37°C, degradation of each li-
gand was determined and specific degradation calculated by subtract-
ing the micrograms degraded in the presence of excess unlabeled li-
gand from that obtained in the absence of unlabeled ligand. Each data
point represents the mean of three experiments, each in duplicate.
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proteoglycan complex and '251I-acetyl-LDL in a dose-depen-
dent manner. Degradation of both ligands appeared to reach
saturation at 100 ,gg cholesterol/ml. The cells degraded very
little 1251I-LDL.

In studies to be published elsewhere (Vijayagopal, P., S. R.
Srinivasan, B. Radhakrishnamurthy, and G. S. Berenson,
manuscript submitted for publication), we performed binding
studies of '251-LDL-proteoglycan complexes to human mono-
cyte-derived macrophages at 4VC. Binding was concentration
dependent and saturable. Scatchard analysis of the data gave a
Kd of 1.5 x 10-8 M, which was 1.75 times higher than the Kd
reported for LDL in macrophages (34).

Having established that the foam cells degrade a significant
amount of 125I-LDL-proteoglycan complex, we then per-
formed competitive degradation experiments using other li-
gands. The results are presented in Table II. A 50-fold excess of
unlabeled acetyl-LDL inhibited the catabolism of '25I-LDL-
proteoglycan complex by 52%. Excess unlabeled LDL had no
effect. In contrast, a 50-fold excess of unlabeled LDL-proteo-
glycan complex inhibited the degradation of the labeled com-
plex by 92%. In the reverse competition experiment, excess
LDL-proteoglycan complex suppressed the degradation of
'25I-acetyl LDL by 48%. Neither excess complex nor acetyl-
LDL inhibited the degradation of 125I-LDL (data not shown).
These results further emphasized a role for the scavenger recep-
tor in the uptake of lipoprotein-proteoglycan complexes in
foam cells.

Earlier, we reported that excess proteoglycan and hyal-
uronic acid did not inhibit the binding and degradation of '25-I-
LDL-proteoglycan complex in macrophages (35, 36).

Degradation of 125I-methyl LDL-proteoglycan complex.
The lack of competition by LDL against the degradation of
'25I-LDL-proteoglycan complex suggested that the uptake of
the complex was not through the apo B, E receptor. To further
confirm this, we studied the degradation of _25I-methyl-LDL-
proteoglycan complex by foam cells. While methylation of
LDL inhibits uptake via the apo B, E receptor pathway (23), it
does not interfere with proteoglycan interaction (35). The cells
degraded '251-methyl-LDL-proteoglycan complex to the same
extent as '25I-LDL-proteoglycan complex (data not shown).

Table IL Effect of Excess Unlabeled Ligands on the Degradation
of '25I-LDL-Proteoglycan Complex and 125I Acetyl-LDL
by Foam Cells

'25I-Ligand degraded

Unlabeled competitor 1251-LDL-proteoglycan
ligand complex 1251-Acetyl-LDL

ag/mg protein

None 1.8±0.32 2.4±0.21
LDL 2.1±0.25 2.5±0.18
LDL-proteoglycan complex 0.15±0.12 1.24±0.05
Acetyl-LDL 0.87±0.04 0.06±0.02

Foam cells were incubated in medium A containing 10 ,ug choles-
terol/ml of '25I-LDL-proteoglycan complex or '25I-acetyl-LDL in the
presence or absence of a 50-fold excess (500 ,ug cholesterol/ml) of
various unlabeled ligands. After 6 h at 37°C, cellular degradation of
1251I-labeled ligand was determined. Each value is the mean±SDof
two separate experiments, each in triplicate.

These data further ruled out a role for the apo B, E receptor in
the uptake of the complexes in these cells.

Discussion

These studies show that foam cells isolated from atheroscle-
rotic rabbit aortas metabolize intact lipoprotein-proteoglycan
complexes. The uptake of the complexes was dose dependent
and saturable, indicating that the process is receptor mediated.
This caused stimulation of cholesteryl ester synthesis and depo-
sition. Thus, despite the massive cellular cholesterol content of
the foam cells, their uptake of lipoprotein-proteoglycan com-
plexes was not downregulated. The lack of downregulation
does not appear to be due to alterations in the surface proper-
ties of the foam cells caused by the enzymes used for cell isola-
tion. This is because as reported recently by Rosenfeld et al.
(20) and confirmed here, the use of collagenase and elastase for
foam cell isolation did not destroy the cellular apo B, E recep-
tors and scavenger receptors, or the Fc and C3 receptors (2).

It appears that the acetyl-LDL receptor is involved in the
uptake of lipoprotein-proteoglycan complexes in rabbit foam
cells. Support for the concept derives from the data that excess
acetyl-LDL inhibited the degradation of '251I-LDL-proteogly-
can complex by 52%. However, since the competition was in-
complete, it implies that in foam cells the LDL-proteoglycan
complexes are taken up only partially via the acetyl-LDL re-
ceptor. Similar partial recognition of LDL-proteoglycan com-
plexes (36) and oxidized LDL (37) by the acetyl-LDL receptor
has been reported in mouse peritoneal macrophages.

The incomplete competition by acetyl-LDL against the deg-
radation of '25I-LDL-proteoglycan complex could result from
a stronger affinity of LDL-proteoglycan complex for the ace-
tyl-LDL receptor. In this situation, one would expect competi-
tive inhibition of 1251I-acetyl-LDL degradation by excess unla-
beled LDL-proteoglycan complex. However, the actual inhibi-
tion was only 48%, and hence this is an unlikely possibility.
Also, since acetylation of LDL completely abolishes its ability
to form complexes with proteoglycans (25), excess acetyl-LDL
cannot compete with '251-LDL for binding to the proteoglycan
and cause reduced degradation of the radiolabeled ligand.
Therefore, an alternative explanation for the incomplete com-
petition is that rabbit aorta foam cells, similar to mouse perito-
neal macrophages (37), express multiple classes of binding
sites for modified lipoproteins.

Even though lipoprotein-proteoglycan complexes and ace-
tyl-LDL share some commonbinding determinants, the bind-
ing sites for the two ligands are not identical in foam cells. This
is because polyinosinic acid, a potent inhibitor of the binding
and degradation of acetyl-LDL, produced only a modest inhibi-
tion (32-37%) of cholesteryl ester synthesis induced by in vitro
LDL-proteoglycan complex and in vivo fibrous plaque com-
plex. This is in agreement with our results in mouse peritoneal
macrophages (36). Earlier, Basu et al. observed that polyino-
sinic acid inhibited the degradation of 1251-LDL-dextran sul-
fate complex in mouse peritoneal macrophages by only 25%
(38). Taken together, these data provide further support for
the concept of multiple classes of scavenger receptors in rabbit
foam cells and mouse macrophages for modified lipoproteins.

Phagocytosis appears to play a very minor role in the up-
take of lipoprotein-proteoglycan complexes by foam cells.
This is because cytochalasin D, an inhibitor of phagocytosis,
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inhibited cholesteryl ester synthesis elicited by the lipoprotein-
proteoglycan complexes by only 6-16%.

The acetyl-LDL receptor-mediated uptake combined with
phagocytosis accounts for - 60% of the uptake of lipoprotein-
proteoglycan complexes in foam cells. Other types of scavenger
receptors that recognize modified lipoproteins other than ace-
tyl-LDL may mediate the uptake of the other 40%. The present
data, however, rule out the possibility that the apo B, E receptor
plays a role in the recognition of LDL-proteoglycan complexes
in foam cells. This is because LDL did not block the degrada-
tion of '25I-LDL-proteoglycan complex. Similarly, excess un-
labeled complex also did not compete against the degradation
of '25I-LDL. In addition, cellular degradations of '25I-methyl-
LDL-proteoglycan complex and '25I-LDL-proteoglycan com-
plex were identical.

That the apo B, E receptor does not mediate the uptake of
lipoprotein-proteoglycan complexes in foam cells differs from
the results of Hurt et al. (39) in human monocyte macro-
phages. These investigators reported that LDL-proteoglycan
complex is metabolized predominantly via the LDL receptor
in these cells. The discrepancy may be due to the nature of the
complexes used in the two studies. The use of a high ratio of
LDL to proteoglycan in complex formation by Hurt et al. (39)
resulted in complexes containing only 2-4 ,g of glycosamino-
glycan per 100 jig of apo B protein. Moreover, under the condi-
tions used for complex formation, the complex dissociated
when redissolved in the culture medium. Consequently, the
properties of LDL such as surface charge and hydrodynamic
size remained unchanged. This resulted in the lipoprotein be-
ing internalized via the LDL receptor. In contrast, the glycos-
aminoglycan content of the in vitro and in vivo complexes in
our study was 48 and 200 Atg, respectively, per 100 ,g apo B
protein. The complexes did not dissociate when dissolved and
incubated in the culture medium. Also, the hydrodynamic size
of the lipoprotein increased as a result of its association with a
relatively large amount of proteoglycan (Fig. 1). More impor-
tantly, since the lysine and arginine residues of LDL are in-
volved in both receptor binding and complex formation with
proteoglycan (25, 40, 41), continued association with proteo-
glycan effectively blocks the positive charges of LDL and thus
prevents cellular uptake via the apo B, E receptor.

Wealso considered the possibility that the proteoglycan or
hyaluronic acid in the complexes might be the ligands carrying
the lipoprotein into the cells. However, this was ruled out be-
cause earlier we observed that excess proteoglycan and hyal-
uronic acid did not prevent the binding of '25I-LDL-proteogly-
can complex in macrophages (35, 36).

Fibronectin was identified in the affinity-purified fibrous
plaque complex. Earlier, Hoff and Clevidence (42) also identi-
fied this protein in large cholesteryl ester-rich particles isolated
from human atherosclerotic lesions. A receptor that recognizes
fibronectin has been reported on macrophages (43) and proba-
bly exists in foam cells as well. The receptor shows greater
affinity when fibronectin is complexed to other connective tis-
sue components (43). Falcone and Salisbury (44) have re-
ported that fibronectin stimulates the uptake of LDL-heparin-
collagen complexes in macrophages. Since the fibrous plaque
complexes contain both heparin and chondroitin sulfate pro-
teoglycan, their interaction with fibronectin can facilitate up-
take of the complexes in foam cells, probably through binding
to the fibronectin receptors. This could provide an additional

pathway for the uptake not mediated by the scavenger recep-
tor. Since the in vitro LDL-proteoglycan complex lacks both
fibronectin and heparin, this also could explain the fact that
stimulation of cholesteryl ester synthesis induced by LDL-pro-
teoglycan complex was less than that of the fibrous plaque
complex in foam cells at equivalent cholesterol in the medium.

Compared with the in vitro LDL-proteoglycan complex,
the stimulation of cholesteryl ester synthesis mediated by the in
vivo fibrous plaque complex was particularly greater during
long-term incubation with cells. We found that during pro-
longed incubation (32 h) of the in vivo complex with macro-
phages, an already oxidized lipoprotein in the complex was
further oxidized, probably by factors secreted by the cells. Even
though the cells also oxidized LDL in the in vitro complex, the
extent of oxidation was less compared with the lipoprotein in
the in vivo complex. Consequently, uptake of the in vivo com-
plex through the scavenger receptors is augmented by the in-
creased oxidation of its component lipoprotein during long-
term incubation with cells.

In summary, these studies show for the first time that foam
cells isolated from atherosclerotic lesions metabolize lipopro-
tein-proteoglycan complexes via receptor-mediated endocyto-
sis, and consequently continue to accumulate cholesteryl ester.
Earlier we showed that such complexes isolated from human
fatty streaks and fibrous plaques are taken up by human mono-
cyte-derived macrophages, transforming the cells into foam
cells ( 17). Taken together these observations indicate that lipo-
protein-proteoglycan complexes play a role not only in the
transformation of macrophages into foam cells, but also in the
continued maintenance of the foam cells in that state.
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