Foam Cell-forming J774 Macrophages Have Markedly Elevated Acyl Coenzyme
A:Cholesterol Acyl Transferase Activity Compared with Mouse Peritoneal
Macrophages in the Presence of Low Density Lipoprotein (LDL) Despite Similar

LDL Receptor Activity

ira Tabas, George C. Boykow, and Alan R. Tall

Department of Medicine, Columbia University College of Physicians and Surgeons, New York 10032

Abstract

Cholesteryl ester (CE) accumulation in arterial wall macrophages
(foam cells) is a prominent feature of atherosclerotic lesions. We
have previously shown that murine J774 macrophages, unlike
mouse peritoneal macrophages, accumulate large amounts of CE
from unmodified low density lipoprotein (LDL). We now report
a direct comparison of acyl coenzyme A:cholesterol acyl trans-
ferase (ACAT) activity in J774 and mouse peritoneal macro-
phages. Despite similar chloroquine-inhibitable I-LDL deg-
radation in the two macrophages, ACAT activity in LDL-treated
J774 macrophages was 10-30-fold higher than that in LDL-
treated mouse peritoneal macrophages. In contrast, acetyl-LDL
(matched for degradation with LDL) caused marked stimulation
of ACAT activity in mouse peritoneal macrophages. From these
data we conclude that (a) in the presence of LDL, J774 mac-
rophages have a highly active ACAT cholesterol esterification
pathway compared with mouse peritoneal macrophages; and (b)
in mouse peritoneal macrophages, there is a marked difference
in the ability of acetyl-LDL vs. LDL to stimulate ACAT even
when the lipoproteins are matched for degradation.

Introduction

Cholesteryl ester accumulation in arterial wall macrophages
(foam cells) is a prominent feature of atherosclerotic lesions (1-
3). Based primarily on the mouse peritoneal macrophage model,
one theory of foam cell formation proposes that macrophages
interact not directly with LDL! but rather with a modified form
of LDL (e.g., acetyl-LDL) internalized by a distinct, nonregu-
latable receptor or “scavenger receptor” (4). The reported in-
ability of mouse peritoneal macrophages to form foam cells in
the presence of LDL has not been fully explained but has been
thought to be due to a paucity of LDL receptors (5) or to the
existence of receptors with a very low affinity for LDL (6) on
these cells.
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As an alternative to this theory, we have been exploring the
possibility that foam cells may form by the interaction of native
LDL, which has been implicated as the major atherogenic li-
poprotein (7), with macrophages in an altered metabolic state
(8, 9). In particular, we have shown that the J774 macrophage,
another murine macrophage, accumulates cholesteryl ester (CE)
from native LDL. LDL enters the cell by the apo B,E receptor
and is hydrolyzed in lysosomes. The LDL-derived cholesterol is
reesterified by acyl coenzyme A:cholesterol acyl transferase
(ACAT) (8). However, the J774 macrophage LDL receptor and
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reduc-
tase, the rate-limiting enzyme of cellular cholesterol biosynthesis,
are relatively resistant to down regulation by LDL, resulting in
receptor-mediated CE storage (8). In addition, we recently found
that in ACAT-inhibited J774 cells, receptor and reductase down
regulation were more complete and cholesterol accumulation
did not occur (9). These data led us to hypothesize that in the
basal state in J774 macrophages, LDL-derived cholesterol was
diverted away from an intracellular regulatory cholesterol pool
by an overactive ACAT cholesterol esterification pathway, lead-
ing to diminished down regulation and increased cholesterol
esterification (9).

To further explore this hypothesis, we now compare LDL-
cholesterol metabolism, with an emphasis on cholesterol ester-
ification by ACAT in foam cell-forming J774 macrophages, with
that of mouse peritoneal macrophages, which do not form foam
cells in the presence of LDL. This comparison was made possible
by the discovery that when mouse peritoneal macrophages are
cultured under the appropriate conditions, they express the same
degree of LDL receptor activity as J774 macrophages. Thus with
equivalent amounts of LDL cholesterol entering the cells, we
are able to make a direct comparison of cellular cholesterol me-
tabolism in these two murine macrophages.

Methods

Materials. Dulbecco’s modified Eagle’s medium (DMEM), penicillin
(10,000 U/ml), streptomycin (10,000 pg/ml), and glutamine (200 mM)
solution were obtained from Gibco Laboratories (Grand Island, NY),
and defined fetal bovine serum (lot no. 110451) was obtained from Hy-
clone Laboratories (Logan, UT). The Falcon tissue culture plasticware
used in these studies was purchased from Fisher Scientific Co. (Pittsburgh,
PA). Compound 58-035 (3-[decyldimethylsilyl]-N-[2-(4-methylphenyl)-
1-phenyl-ethyl] propanamide) was generously provided by Sandoz, Inc.
(East Hanover, NJ). Stock solutions (10 mg/ml) were prepared in di-
methylsulfoxide and stored at — 20°C. Na'?I (carrier-free in 0.1 N NaOH)
was purchased from ICN K & K Laboratories, Inc. (Plainview, NY),
and [1-“Cloleic acid, [1-'“C]oleoyl-CoA, and [1,2,6,7-*H]cholesteryl
oleate were purchased from New England Nuclear (Boston, MA). Oleic
acid, essentially fatty acid-free BSA, egg phosphatidylcholine, and chlo-
roquine were from Sigma Chemical Co. (St. Louis, MO), and cholesterol
was obtained from Steraloids, Inc. (Wilton, NH).

Cells. Monolayer cultures of J774 cells were grown and maintained
in DMEM containing 10% (vol/vol) fetal bovine serum, penicillin (100



U/ml), streptomycin (100 g/ml), and glutamine (292 ug/ml) as described
previously (8). For each experiment, the cells were plated in 16 X 35-
mm dishes at a density of 10 cells/dish and then incubated at 37°C in
an atmosphere containing 8% C0,/92% air.

Monolayer cultures of mouse peritoneal macrophages were prepared
as previously described (10). Briefly, peritoneal cells from unstimulated
female Swiss Webster mice (25-35 g) were harvested in phosphate-buff-
ered saline (PBS), collected by centrifugation, and plated on 35-mm
dishes (5 X 10° cells from 1.5 mice/dish) in DMEM containing 10%
(vol/vol) fetal calf serum and penicillin, streptomycin, and glutamine as
above. After 2 h of incubation in the 37°C incubator, the monolayers
were washed with warm PBS to remove nonadherent cells and then
incubated overnight in the 10% fetal calf serum medium unless otherwise
indicated.

Lipoproteins. LDL (d, 1.020-1.063 g/ml) and high-density lipopro-
teiny (HDL;) (d, 1.125-1.21 g/ml) from fresh human plasma and lipo-
protein-deficient serum (LPDS) (d, 1.215 g/ml) from fetal bovine serum
were isolated by preparative ultracentrifugation. Acetyl-LDL was prepared
by reaction with acetic anhydride as described by Goldstein and coworkers
(11). '*I-labeled LDL and acetyl-LDL were prepared by the iodine
monochloride method (12). LDL labeled with [*’H]CE was prepared by
incubating [PH]CE-labeled HDL,; (see ref. 13; 97% of the radioactivity
was present in CE and 3% in free cholesterol) with LDL in the presence
of CE transfer protein, purified ~ 400-fold through the carboxymethyl-
cellulose chromatography step as described previously [14]). Specifically,
107 cpm of [*H]CE-labeled HDL; (1.6 mg CE) plus LDL (16 mg CE)
plus CE transfer protein (~ 450 ug of the partially purified protein) were
incubated in a total volume of 2 cc for 20 h at 37°C. The labeled LDL
was isolated by ultracentrifugation at 1.063 g/ml, dialyzed against 150
mM NaCl, 0.5 mM ethylenediaminetetraacetic acid, pH 7.4, and sterilized
by filtration (0.2 uM). The final preparation of [*H]CE-labeled LDL
contained 99% of the radioactivity in CE and had a specific activity of
447 cpm/ug CE.

Lipid mass assays. After incubation in the indicated media, cells
were washed and collected as described (8). After an aliquot was removed
for protein determination (15), the cells were lipid-extracted by the
method of Folch et al. (16). When the cell medium was assayed, lipid
extraction was by the method of Bligh and Dyer (17). The lipid extracts
were then analyzed for free and total cholesterol content by gas-liquid
chromatography (18). B-sitosterol served as an internal standard to correct
for losses during the extraction procedure.

12 lipoprotein degradation assay. Monolayers of J774 cells and
mouse peritoneal macrophages were preincubated according to the in-
dividual figure legends and then incubated for 5 h (unless otherwise
noted) at 37°C with the indicated concentrations of '*I-LDL or '*’I-
acetyl-LDL (100 cpm/ng) alone or with 500 ug/ml excess of the respective
unlabeled lipoprotein. The media was then assayed for '*I-lipoprotein
degradation as previously described (8). Specific degradation was cal-
culated by subtracting the nonspecific value (assay in the presence of
excess unlabeled lipoprotein) from the total value (assay with '**I-lipo-
protein alone).?

Whole cell cholesterol esterification assay. Monolayers of J774 and
mouse peritoneal macrophages were preincubated for 20 h in DME/
10% LPDS and then incubated for 7 h (unless otherwise noted) in DMEM
containing 10% LPDS in the absence or presence of added lipoproteins.
During the last 2 h of the 7-h incubation, the cells were pulsed at 37°C
with ["*Cloleate-albumin complex (10 mM [**CJoleate-1.2 mg/ml bovine
serum albumin (BSA), 5,000 cpm/nmol of [*“Cloleate), and the lipid
extracts of these cells were assayed for cholesteryl ['*CJoleate (and other
['“C]oleate-containing lipids when indicated) according to published

2. The “specific” values shown for '*I-LDL degradation at high '%I-
LDL concentrations (= 100 ug/ml) may be less than the true specific
value because the maximal amount of excess unlabeled LDL used in
this study was limited to 1 mg/ml (< 10-fold excess for high '>’I-LDL
concentrations). Larger amounts of unlabeled LDL could not be used
due to cell toxicity.

procedures (12). The incorporation of [*Cloleate into CE was linear up
to at least a 3-h ["“CJoleate pulse time.

Cellular metabolism of [’HCE-labeled LDL. Monolayers of J774
and mouse peritoneal macrophages were incubated with [*H]CE-labeled
LDL as described in the legend to Table I. The medium was lipid extracted
by the method of Bligh and Dyer (17) and analyzed for free [*H]cholesterol
content by thin-layer chromatography (hexanes/diethyl ether/glacial
acetic acid, 70:30:1). The cells were lipid extracted by the method of
Folch et al. (16) and analyzed for [*H]CE and free [*H]cholesterol by
the above thin-layer chromatography system. ['*C]cholesterol served as
an internal standard to correct for losses during the extraction procedure.

Microsomal ACAT assay. A modification of the method of Brown
et al. (19) was used. Monolayers of J774 and mouse peritoneal macro-
phages (three confluent 100-mm dishes) were preincubated for 20 h with
DMEM/10% LPDS and treated for 5 h with DMEM/LPDS alone or
containing LDL or acetyl-LDL as indicated. The monolayers were then
washed three times with ice-cold PBS, and the cells were scraped with a
rubber policeman (without noticeable cell disruption) into PBS (5 cc per
dish) and collected by centrifugation. After washing once with 10 cc
PBS, the cell pellets were stored at — 70°C until use the next day. For
preparation of microsomes, the cell pellets were thawed in 2 cc of 20
mM potassium phosphate, pH 7.4, containing 2 mM dithiothreitol and
homogenized at 4°C with 60 strokes of a Dounce homogenizer with a
type A (tight-fitting) pestle. The cell homogenate was then depleted of
whole cells and nuclei by centrifugation at 800 g for 10 min. The post-
nuclear supernate was then centrifuged at 100,000 g for 1 h, and the
microsomal pellet was resuspended in 0.5 cc of 0.1 M potassium phos-
phate, pH 7.4, containing 2 mM dithiothreitol. The protein contents of
the postnuclear supernate, 100,000 g supernate, and 100,000 g pellet
(microsomes) were, respectively, 4.74, 2.16, and 1.87 mg for J774 mac-
rophages and 6.00, 3.34, and 1.83 mg for mouse peritoneal macrophages.

For the ACAT assay, aliquots (50 ug of protein) of the cell fractions
were incubated in duplicate for 15 min (within the linear range of the
reaction for both protein and time) at 37°C in a final volume of 0.2 cc
containing 100 mM potassium phosphate, pH 7.4, 2 mM dithiothreitol,
1.2 mg of fatty acid-free BSA, and, to start the reaction, 0.1 mM
[1-"*Cloleoyl-CoA (15 cpm/pmol). The reaction was stopped and assayed
for cholesteryl [**CJoleate radioactivity as described (19). Control reactions

Table I. Chloroguine Inhibition of '*I-LDL Degradation
by LPDS-preincubated Mouse Peritoneal Macrophages

131 DL degradation

Concentration 100 uM .
of BI.LDL chloroquine Specific Total
ng/ml ug/mg cell protein
10 - 1.00* 1.19*
10 + 0.05 (92%)* 0.09 (95%)
200 - 445 6.35
200 + 0.38 (86%) 0.91 91%)

Monolayers of mouse peritoneal macrophages (preincubated with
DMEM/10% LPDS for 20 h) were incubated for 5 h with DMEM/
0.1% BSA containing either 10 ug/ml or 200 ug/ml '*I-LDL in the
absence or presence of either 0.5 mg/ml or 1 mg/ml unlabeled LDL,
respectively. Parallel dishes were preincubated for 30 min in medium
containing 100 M chloroquine and then were incubated for 5 h with
the 'I-LDL =+ excess unlabeled LDL (as above) plus 100 @M chloro-
quine. The chloroquine-treated cells appeared fully viable. The me-
dium was then assayed for total and specific’ '**I-LDL degradation as
described under Methods.

* Average of duplicates that varied by < 10%.

* Number in parentheses is percent of '>I-LDL degradation inhibited
by chloroquine.
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in which the protein had been omitted and O-time incubations contained
no detectable cholesteryl ['“CJoleate. :

In certain reactions, exogenous cholesterol was added in the form of
liposomes. Briefly, 10 mg of cholesterol and 19.5 mg of egg phosphati-
dylcholine were cosonicated in 5 cc of 0.1 M potassium phosphate, pH
7.4, containing 2 mM dithiothreitol. Varying amounts (50-100 ul) of
the translucent solution were added to the reaction mixture at the start
of the 15-min incubation.

Results

LDL receptor activity in mouse peritoneal macrophages. Freshly
isolated mouse peritoneal macrophages degrade only very small
amounts of '>I-LDL as reported previously (5, 11) and as dis-
played in Fig. 1 (solid bar). However, when the cells were in-
cubated for 48 h in medium containing LPDS, which has been
shown to up-regulate the fibroblast LDL receptor (7), 'I-LDL
degradation increased ~ seven-fold (Fig. 1). Both total-and spe-
cific degradation were inhibited ~ 90% by treatment of the cells
with 100 M chloroquine (Table I), indicating lysosomal hy-
drolysis of the LDL. Inclusion of butylated hydroxytoluene (20
M) in the incubation of '*I-LDL with LPDS-preincubated
mouse peritoneal macrophages did not decrease the amount of
lipoprotein degradation, indicating that the augmented degra-
dation of '*I-LDL in these cells was not due to lipoprotein ox-
idation and subsequent uptake by the scavenger receptor as has
been described in other systems (20). That this up-regulation of
LDL receptor activity was related to the incubation with LPDS
rather than to the two extra days of cell culture was demonstrated
by showing that mouse peritoneal macrophages incubated for
48 h in medium containing 20% fetal bovine serum instead of
LPDS degraded '*I-LDL only slightly more than fresh mouse
peritoneal macrophages (Fig. 1). Thus, when mouse peritoneal
macrophages are preincubated in LPDS-containing medium, the
cells acquire the ability to degrade substantial amounts
of '*I-LDL.

To directly compare LDL receptor activity in mouse peri-
toneal and J774 macrophages, cells preincubated in LPDS-con-
taining medium were incubated with increasing amounts of '2°I-
LDL for 5 h (Fig. 2 A4) or with 10 pg/ml '®I-LDL for increasing
time periods (Fig. 2 B) and assayed for total and specific '2’I-

Figure 1. Specific '*I-LDL degradation by
control and LPDS-preincubated mouse
peritoneal macrophages. Mouse peritoneal
macrophages were isolated by peritoneal
lavage and allowed to adhere for 2 h to
35-mm tissue culture dishes in the pres-
ence of DMEM containing 20% FCS as
described in Methods. The monolayers
were then washed three times with warm
PBS to remove nonadherent cells. Some
of the monolayers (Fresh) were then incu-
bated at 37°C for 5 h with 1 ml DMEM/
0.1% BSA containing 10 ug/ml '*I-
LDL+500 ug/ml unlabeled LDL and as-
sayed for specific '*I-LDL degradation as
described in Methods. The remaining
monolayers were incubated for 48 h with
1.5 ml of DMEM containing either 10% LPDS (LPDS) or 10% fetal
calf serum (FCS) and then assayed for specific '’I-LDL degradation
as above. The total '*I-LDL degradation values for the Fresh, LPDS,
and FCS cell were, respectively, 0.33+0.01, 1.55+0.11, and 0.54+0.04
ug/mg cell protein. Values shown are means of triplicates+SE.
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Figure 2. Concentration and time dependence of '?I-LDL degrada-
tion by LPDS-preincubated J774 and mouse peritoneal macrophages.
Monolayers of J774 macrophages (circles) and mouse peritoneal mac-
rophages (triangles) were preincubated for 20 h in 1.5 ml DMEM con-
taining 10% LPDS. The cells were then incubated with 1 ml of
DMEM/0.1% BSA containing either the indicated concentrations of
'.LDL (+ 1 mg/ml unlabeled LDL) for 5 h (4) or 10 pg/ml '¥I-
LDL (+ 500 pg/ml unlabeled LDL) for the indicated time periods (B).
The cells were then assayed for total (solid symbols) and specific2
(open symbols) '"PI-LDL degradation as described under Methods.

LDL degradation. The '*I-LDL concentration data (Fig. 2 4)
show that specific degradation (open symbols) was similar for
both cell types at all concentrations tested.? Total degradation
(solid symbols) was also similar for the two cell types at lower
'I-LDL concentrations, and at higher concentrations total deg-
radation was actually greater for mouse peritoneal macrophages
(solid triangles) than for J774 macrophages (solid circles). The
time course data (Fig. 2 B), done at an LDL concentration of
10 pg/ml, showed similarity of both total and specific '>’I-LDL
degradation for the two cell types up to at least 6 h of incubation.
Thus, when the two murine macrophages are incubated with
similar amounts of LDL for these time periods, mouse peritoneal
macrophages degrade at least as much LDL as J774 macro-
phages, indicating that at least as much LDL cholesterol reaches
the lysosomal compartment of the mouse peritoneal macrophage
as in the J774 macrophage.

CE mass accumulation in LPDS-preincubated J774 and
mouse peritoneal macrophages. Because LPDS-preincubated
mouse peritoneal macrophages initially (i.e., at least up to 6 h)
degrade at least as much LDL as J774 macrophages, we wanted
to compare directly the ability of these two cell types to accu-
mulate LDL-derived CE under these conditions. Therefore,
LPDS-preincubated mouse peritoneal and J774 macrophages
were incubated with increasing amounts of LDL for 24 h and
then assayed for cholesterol content (Fig. 3). At all LDL con-
centrations tested, J774 macrophages (solid symbols) accumu-
lated significantly more CE than mouse peritoneal macrophages
(open symbols). This difference in CE accumulation in the two
murine macrophages, despite the same initial amount of LDL
cholesterol uptake, could be explained by two possibilities: (a)
J774 macrophages esterify the internalized LDI~cholesterol more
efficiently than mouse peritoneal macrophages (a possibility
consistent with our previous data with ACAT-inhibited J774
macrophages; see Introduction and ref. 8); and/or (b) mouse
peritoneal macrophages internalize less LDL over a 24-h period
(note that the degradation experiments in Fig. 2 were performed



Figure 3. Cholesterol
content of LPDS-prein-
cubated J774 and
mouse peritoneal mac-
rophages incubated with
LDL. J774 macrophages
(solid symbols) and
mouse peritoneal mac-
rophages (open symbols)
were preincubated for
20 h in DMEM/10%
LPDS and then incu-
bated for 24 h with
DMEM/10% LPDS
containing the indicated
concentrations of LDL.
The cells were then ana-
lyzed for free cholesterol
(circles) and CE (trian-
gles) content as de-
scribed in Methods.
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in 6 h or less) due to relatively efficient LDL receptor down-
regulation in comparison with J774 macrophages, which we have
previously shown to have diminished LDL receptor down-reg-
ulation (8).

Cholesterol esterification in LPDS-preincubated J774 and
mouse peritoneal macrophages. To directly test the possibility
that J774 macrophages more actively esterify cholesterol in the
presence of LDL than do mouse peritoneal macrophages, we
took advantage of the above findings that, over an incubation
period of at least 6 h, LPDS-preincubated mouse peritoneal
macrophages degrade at least as much LDL as J774 macrophages
(Fig. 2). Thus, with comparable amounts of LDL cholesterol
reaching the lysosomal compartments of the two cells, we could
meaningfully compare their LDL-stimulated cholesterol ester-
ification rates. Therefore, LPDS-preincubated J774 and mouse
peritoneal macrophages were incubated with increasing amounts
of LDL for 5 h, pulsed with ['“CJoleate for 2 h (the reaction is
linear up to at least a 3-h pulse), and then assayed for cholesteryl
[**C]oleate radioactivity (Fig. 4 4). Cholesterol esterification in
J774 cells was markedly greater than that in mouse peritoneal
macrophages in both LPDS-treated cells treated with a wide
range of LDL concentrations. In addition, the marked difference
in LDL-induced cholesterol esterification in the two cell types
was evident when the cells were pulsed with [**Cloleate after
exposure to LDL for different times (Fig. 4 B). In contrast, in-
corporation of ['“CJoleate into other cellular lipids (Fig. 5) was
either similar in the two cell types or actually greater (in the case
of phospholipids plus monoglycerides) in the mouse peritoneal
macrophages. Thus, the marked differences in cholesterol ester-
ification in the two cell types is not due to an overall difference
in cellular lipid fatty acylation. In addition, the data in Fig. 5
imply that the cholesterol esterification differences observed by
the [**C]oleate pulse assay are not due to differences in ['“Cloleate
uptake or in unlabeled intracellular oleate pools in the two cell
types. Therefore, cholesterol esterification in LDL-treated J774
macrophages is much greater than that in LDL-treated mouse
peritoneal macrophages, despite the fact that mouse peritoneal
macrophages degrade at least as much LDL as J774 macro-
phages.

We next undertook a series of experiments with [*H]CE-
labeled LDL with the following objectives in mind: (a) to prove
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Figure 4. Concentration and time dependence of cholesterol esterifica-
tion by LPDS-preincubated J774 and mouse peritoneal macrophages
in the presence of LDL. J774 macrophages (solid circle) and mouse
peritoneal macrophages (open circle) were preincubated for 20 h in
DMEM/10% LPDS. For the concentration dependence study (4), the
cells were incubated for 7 h in DMEM/10% LPDS containing the in-
dicated concentrations of LDL. During the last 2 h of this 7-h incuba-
tion, the cells received [*Cloleate-albumin complex, and at the end of
the 7-h incubation, the cells were assayed for cholesteryl ['*Cloleate
content as described in Methods. For the time dependence study (B),
cells were incubated with DMEM/10% LPDS containing LDL (117 ug
protein/ml) for the indicated time periods. During the last 2 h of these
indicated time periods, the cells received ['*Cloleate-albumin complex
and were then assayed for cholesterol esterification as above.

that the substantial amount of LDL degraded by LPDS-prein-
cubated mouse peritoneal macrophages (as assayed by protein
degradation) resulted in the hydrolysis of LDL-CE to free cho-
lesterol; (b) to determine if the differences in cholesterol esteri-
fication seen in the two macrophages in the presence of LDL
involved esterification of cholesterol actually derived from LDL
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Figure 5. Incorporation of [“Cloleate into cellular lipids of LPDS-
preincubated J774 and mouse peritoneal macrophages. J774 macro-
phages (open bars) and mouse peritoneal macrophages (solid bars)
were preincubated for 20 h in DMEM/10% LPDS and then incubated
for 7 h in DMEM/10% LPDS containing 300 ug/ml LDL. During the
last 2 h of the 7-h incubation period, the cells received [“Cloleate-al-
bumin complex. At the end of the 7-h incubation period, the cells
were assayed for ['*Cloleate-containing lipids (CE, cholesteryl ester;
TG, triglyceride; PL + MG, phospholipid plus monoglyceride: DG,
diglyceride; OA, oleic acid) as described under Methods. Values shown
are means of triplicates+SE.
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itself; and (c) to determine the fate in LPDS-preincubated mouse
peritoneal macrophages of the internalized LDL~cholesterol that
is neither esterified (Fig. 4) nor accumulated as free cholesterol
(Fig. 3). Therefore, J774 and mouse peritoneal macrophages
were incubated with [*H]CE-labeled LDL (217 ug CE/ml, 110
g protein/ml) for 8 h, and then the cells were assayed for free
[*H]cholesterol and [*H]CE content and the medium for free
[*H]cholesterol content (Table II). The total amount of LDL-
cholesterol metabolized by the two cells (sum of cellular [*H]CE,
cellular free [*H]cholesterol, and medium free [*H]cholesterol)
was similar, corroborating the data showing similar amounts of
125I.LDL degradation by the two macrophages (Fig. 2). The
finding that 97% of the LDL-cholesterol metabolized by mouse
peritoneal macrophages was in the form of free cholesterol (cel-
lular free cholesterol + medium free cholesterol) establishes that
the LDL internalized by these cells results in LDL-CE hydrolysis
to free cholesterol. Most importantly, the amount of LDL-de-
rived cholesterol in cellular CE was more than 10-fold higher in
the J774 macrophage; we have previously shown that the CE
that accumulates in LDL-treated J774 cells represents hydrolyzed
and ACAT-reesterified cholesterol rather than simply the original
unhydrolyzed LDL-CE (8). Thus, over a time period when LDL
degradation by the two macrophages was similar (Fig. 2), the
amount of reesterified cholesterol derived from LDL was mark-
edly higher in the J774 macrophage, corroborating the previous
[**Cloleate pulse data (Figs. 4 and 5).

The data in Table II also demonstrate that a much greater
proportion of LDL-cholesterol is excreted by mouse peritoneal
macrophages than by J774 macrohages. We therefore considered
the possibility that overactive LDL~derived cholesterol excretion
by mouse peritoneal macrophages might cause the low LDL-
induced cholesterol esterification activity in these cells by di-

Table I1. Metabolism of [’ H)CE-labeled LDL
by J774 and Mouse Peritoneal Macrophages

Free [*H]cholesterol

Cellular
Macrophage [*HICE Cells Medium Total?
cpm/mg cell protein
J774 2945+204* 74041590 265+48 10614+842
Mouse
peritoneal 285+63 54224203 3709+214  9416+480

Monolayers of J774 and mouse peritoneal macrophages (35-mm
plates) were preincubated for 20 h in DMEM/10% LPDS and then in-
cubated for 8 h with 1.0 cc fresh DMEM/10% LPDS containing
[*H]CE-labeled LDL (110 ug protein/mg, 217 ug CE/ml; specific ac-
tivity of the cholesterol moiety of the [PH]CE-labeled LDL was 447
cpm/ug). The medium and cells were then lipid extracted and assayed
for [*H]cholesterol and [*H]CE content by thin-layer chromatography
as described in Methods. In addition, the cells were assayed for protein
content (average protein per plate: 0.64 mg for J774 macrophages and
0.13 mg for mouse peritoneal macrophages). 99% of the [*H] radioac-
tivity in the labeled LDL was in CE, and this percentage did not
change upon incubation of the labeled LDL in DMEM/LPDS at 37°C
in the absence of cells. The values shown for medium free
[*H]cholesterol are corrected for the small amount of free
[*H]cholesterol (1% of [*H]-radioactivity in LDL) in medium incu-
bated in the absence of cells.

* Mean of triplicates+SE.

# Total = [*H]CE in cells + free [*H]cholesterol in cells and medium.
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verting LDL-cholesterol away from the ACAT pathway. How-
ever, when mouse peritoneal macrophages were incubated with
LDL in serum-free, BSA-containing medium, which diminishes
LDL-cholesterol excretion to undetectable levels (see ref. 21 and
verified by us), LDL-induced cholesterol esterification was in-
creased by only 2.6-fold (from 0.5+0.06 to 1.3+0.02 nmol cho-
lesteryl [**Cloleate formed/mg cell protein/h in the presence of
200 pg/ml LDL; under similar conditions, cholesterol esterifi-
cation in J774 macrophges was 7.6+0.26 nmol/mg/h). Thus,
even in the absence of LDL cholesterol excretion by mouse peri-
toneal macrophages, cholesterol esterification in response to LDL
is six-fold less than that in J774 macrophges, indicating that the
difference in cholesterol excretion in the two cell types accounts
for only a minor part of the difference in cholesterol esterification.

Microsomal ACAT activity in J774 and mouse peritoneal
macrophages. To determine if differences in microsomal ACAT
activity in J774 and mouse peritoneal macrophages paralleled
the differences seen in these two cell types in whole cell choles-
terol esterification, microsomes were prepared from J774 and
mouse peritoneal macrophages that had been incubated in the
absence or presence of LDL. The microsomes were then incu-
bated with ['*CJoleoyl-CoA and assayed for cholesteryl
[**Cloleate formation (Table III). As was the case with whole
cell cholesterol esterification (Fig. 4), ACAT activity in micro-
somes from both LPDS and LDL-treated J774 macrophages
was greater than that in microsomes from similarly treated mouse
peritoneal macrophages. This was not due to selective loss of
mouse peritoneal macrophage enzymatic activity during the mi-
crosome isolation procedure, since recovery of the activity in
the microsomes compared with that originally in the postnuclear
supernate was 99% in mouse peritoneal macrophages and 75%
in J774 macrophages; both cell types contained essentially no
ACAT activity in the 100,000 g supernate. When the incubations
were carried out in the presence of saturating amounts of ex-
ogenous cholesterol/phosphatidylcholine liposomes, even greater

Table II1. Microsomal ACAT Activity in J774
and Mouse Peritoneal Macrophages Incubated
in the Absence and Presence of LDL

Microsomal ACAT activity
5-h cell
Macrophage incubation ~ cholesterol + cholesterol
nmol/mg/15 min
J774 LPDS 2.55¢ 9.32
LDL 5.15 12.44
MPMp* LPDS 0.15 0.34
LDL 1042 0.65

Monolayers of J774 and mouse peritoneal macrophages (preincubated
with DMEM/10% LPDS for 20 h) were incubated with DMEM/LPDS
alone or containing 200 ug/ml LDL for 5 h. Microsomes were then
prepared from these cells and assayed for ACAT activity in the ab-
sence or presence of cholesterol/phosphatidylcholine liposomes (1:1
molar ratio; 200 ug cholesterol/assay) as described in Methods. The
amount of microsomal protein assayed (50 ug) and the time of the in-
cubation (15 min) were within the linear range of the reaction. Satu-
rating amounts of the substrates ['“Cloleoyl-CoA (100 uM) and cho-
lesterol (200 ug) were utilized in the assay where indicated.

* Mouse peritoneal macrophages.

* Average of duplicates that varied by < 10%.



differences in microsomal ACAT activity between J774 and
mouse peritoneal macrophages were found. Thus, whether
comparing ACAT activity in microsomes from LPDS vs, LDL-
treated cells or in the absence or presence of exogenous choles-
terol added to the ACAT assay itself, ACAT activity in J774
microsomes is markedly greater than that in mouse peritoneal
microsomes.

Cholesterol esterification in acetyl-LDL-treated J774 and
mouse peritoneal macrophages. The above data could be con-
sistent with an overall deficiency in the amount of ACAT in
mouse peritoneal macrophages in comparison with J774 mac-
rophages. However, other investigators have found that acetyl-
LDL, which delivers lipoprotein cholesterol to macrophages by
a receptor (the scavenger receptor) other than the LDL receptor,
markedly stimulates cholesterol esterification in mouse perito-
neal macrophages (4). Therefore, we directly compared the ability
of acetyl-LDL to stimulate cholesterol esterification in LPDS-
preincubated J774 and mouse peritoneal macrophages both as
a function of acetyl-LDL concentration (Fig. 6 A) and time of
acetyl-LDL incubation (Fig. 6 B). In sharp contrast to the results
with LDL, acetyl-LDL stimulates high levels of cholesterol es-
terification in mouse peritoneal macrophages as well as J774
macrophages. The data in Table IV more precisely relate cho-
lesterol esterification to the amount of LDL or acetyl-LDL de-
graded in the two cell types. When the two macrophages were
matched for similar amounts of total lipoprotein degradation at
two different levels (~ 4.8 and 9.6 ug protein degraded/mg cell
protein/5 h), there is a marked deficiency of cholesterol esteri-
fication in LDL-treated mouse peritoneal macrophages in com-
parison with either acetyl-LDL treated mouse peritoneal mac-
rophages or LDL-treated or acetyl-LDL-treated J774 macro-
phages. Note in Table IV that at lower lipoprotein
concentrations, specific '’I-LDL degradation is also matched.
At the higher lipoprotein concentrations, specific degradation?
was approximately two-fold greater in acetyl-LDL-treated mac-
rophages than in LDL-treated macrophages, but this difference
was not enough in the case of the mouse peritoneal macrophage
to explain the 12-fold greater ACAT activity in acetyl-LDL-
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Figure 6. Concentration and time dependence of cholesterol esterifica-
tion by LPDS-preincubated J774 and mouse peritoneal macrophages
in the presence of acetyl-LDL. LPDS-preincubated J774 macrophages
(solid circle) and mouse peritoneal macrophages (open circle) were in-
cubated for 7 h with the indicated concentrations of acetyl-LDL (4) or
with 117 ug/ml acetyl-LDL for the indicated times (B) and assayed for
cholesterol esterification exactly as described in the legend to Fig. 4.

Table IV. Comparison of the Stimulation
of Cholesterol Esterification by LDL and Acetyl-
LDL in J774 and Mouse Peritoneal Macrophages

'L lipoprotein
degradation
_— Cholesterol
Macrophage Lipoprotein Total Specific esterification
ug/mg cell protein nmol/mg cell
protein/h
J774 LDL (100)* 4.7% 3.8 5.43+0.55"
acetyl-LDL (10) 5.4 43 5.46+0.47
MPMp* LDL (50) 42 3.0 0.14+0.02
acetyl-LDL (2) 4.8 33 1.57+0.02
J774 LDL (600) 9.9 40 8.03+0.15
acetyl-LDL (25) 9.2 7.0 6.84+0.42
MPMp LDL (200) 9.4 42 0.41+0.02
acetyl-LDL (5) 9.8 8.9 5.12+0.20

Monolayers of J774 and mouse peritoneal macrophages (preincubated
with DMEM/10% LPDS for 20 h) were incubated with DMEM/LPDS
containing the indicated concentrations of '*’I-LDL or '*I-acetyl-
LDL for 5 h and assayed for total and specific? lipoprotein degrada-
tion. Parallel dishes of the two LPDS-preincubated macrophages were
incubated with DMEM/LPDS containing the indicated concentrations
of unlabeled LDL or acetyl-LDL for 5 h, pulsed with ['*CJoleate for

2 h, and then assayed for cholesterol ['“C]oleate as described in
Methods.

* Mouse peritoneal macrophage.

# Number in parentheses is lipoprotein concentration in ug protein/
ml.

§ Average of duplicates that varied by < 10%.

' Mean of triplicates+SE.

treated cells. Thus, despite relatively low levels of both whole
cell and microsomal ACAT activity in LPDS and LDL-treated
mouse peritoneal macrophages, whole-cell ACAT activity in
acetyl-LDL-treated mouse peritoneal macrophages is very high.

We next examined ACAT activity in microsomes from ace-
tyl-LDL-treated mouse peritoneal macrophages. The cells were
incubated for 5 h with 50 ug/ml acetyl-LDL, and microsomes
isolated from these cells were assayed for ACAT activity, which
was 1.78 and 2.49 nmol/mg/15 min in the absence and presence
of exogenous cholesterol liposomes (200 ug cholesterol/assay),
respectively. Thus, although microsomal ACAT activity in ace-
tyl-LDL-treated mouse peritoneal macrophages was substan-
tially higher (approximately four-fold) than that in LDL-treated
mouse peritoneal macrophages (see Table III), the increase was
much less than that seen in the whole cell ACAT assay (~ 40-
fold increase in acetyl-LDL vs. LDL-treated cells; see Figs. 4
and 6). In contrast, microsomal ACAT activity in acetyl-LDL-
treated J774 macrophages—4.24 and 9.98 nmol/mg/15 min in
the absence and presence of cholesterol, respectively—was sim-
ilar to that in LDL-treated J774 macrophages (see Table III).
This similarity was also seen in whole-cell ACAT activity in
LDL and acetyl-LDL-treated J774 macrophages (see Figs. 4
and 6).

Down-regulation of the LDL receptor in mouse peritoneal
and J774 macrophages. The marked stimulation of cholesterol
esterification by LDL in J774 macrophages is clearly an impor-
tant property related to the ability of these cells to accumulate
CE in the presence of LDL. Another important characteristic
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of the J774 macrophage that contributes to its ability to accu-
mulate LDL-CE is the diminished down-regulation of its LDL
receptor and HMG-CoA reductase (8), and we have demon-
strated a relationship between these two important J774 mac-
rophage properties by showing that inhibition of cholesterol es-
terification leads to increased receptor and reductase down-reg-
ulation (9). We theorized that, in the basal state, J774
macrophages divert LDL cholesterol away from its down-reg-
ulatory function into the ACAT pathway and that this diversion
is prevented by ACAT inhibition (9). To further test this rela-
tionship, we determined the degree of LDL receptor down-reg-
ulation in mouse peritoneal macrophages, cells which in the
basal state have very low levels of LDL-induced cholesterol es-
terification and thus would not be expected to divert regulatory
cholesterol. Cells were incubated for 14 h in LPDS-containing
medium alone or in the presence of increasing amounts of LDL
and then assayed for specific '*’I-LDL degradation (Fig. 7). At
each preincubation LDL concentration, the mouse peritoneal
macrophage receptor is substantially more down-regulated than
the J774 receptor. For example, after incubation with 50 ug/ml
LDL, mouse peritoneal macrophage receptor activity is down-
regulated by 55% whereas the J774 receptor is down-regulated
by only 34%. Furthermore, when the cells were preincubated
with 50 ug/ml LDL in the presence of the ACAT inhibitor 58-
035 (5 ug/ml), J774 receptor down-regulation increased to a
level (62%) similar to that in the mouse peritoneal macrophage,
whereas mouse peritoneal macrophage receptor down-regulation
was little changed (58%) by ACAT inhibition. In a related ex-
periment, the LDL receptor of mouse peritoneal macrophages
was first up-regulated by an initial incubation with LPDS alone
and then subjected to a second incubation with LDL+58-035,
and similar results were obtained: 61% down-regulation by LDL
and 60% down-regulation by LDL + 58-035. Thus, in mouse
peritoneal macrophages, as in ACAT-inhibited J774 macro-
phages, LDL-derived cholesterol is a relatively poor substrate
for cholesterol esterification and a relatively effective mediator
of LDL receptor down-regulation.

100 Figure 7. LDL-mediated
down-regulation of LDL
receptor activity in J774
and mouse peritoneal
macrophages. J774 mac-
rophages (solid circle)
and mouse peritoneal
macrophages (open cir-
cle) were preincubated
for 14 h in DMEM/10%
LPDS alone or contain-
ing the indicated con-
ar centrations of LDL. The
cells were then washed
with warm PBS and
subjected to a 5-h incu-
bation with DMEM/
0.1% BSA containing 5
ug/ml 'ZI-LDL+500
ug/ml unlabeled LDL. The cells were then assayed for specific '*°I-
LDL degradation as described in Methods; the duplicate values ob-
tained at each LDL concentration varied by < 5%. The data are ex-
pressed as the percentage of control value, the specific '>I-LDL degra-
dation in cells preincubated in DMEM/LPDS alone. The control val-
ues were 0.9 and 0.7 ug '*I-LDL degraded/mg cell protein for J774
and mouse peritoneal macrophages, respectively.
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Discussion

We have demonstrated that foam cell-forming J774 macro-
phages metabolize intracellular cholesterol in a markedly dif-
ferent fashion from mouse peritoneal macrophages, which do
not form foam cells in the presence of LDL. Whereas the two
murine macrophages display similar degrees of chloroquine-in-
hibitable '>’I-LDL degradation (Fig. 2) and LDL-CE hydrolysis
(Table II), indicating similar delivery of LDL-cholesterol to ly-
sosomes, whole cell cholesterol esterification (Fig. 4) and mi-
crosomal ACAT (Table III) in LDL-treated J774 and mouse
peritoneal macrophages differs markedly. In addition, there is
also a difference in the ability of LDL to down-regulate LDL
receptor activity in the two cells (Fig. 7). Thus, in J774 mac-
rophages, as opposed to mouse peritoneal macrophages, LDL
cholesterol is markedly more effective at stimulating cholesterol
esterification and less effective at causing receptor down-regu-
lation, two properties which help to explain the ability of J774
macrophages to accumulate LDL-derived CE. Conversely, the
contrasting fates of LDL-~cholesterol in mouse peritoneal mac-
rophages (decreased esterification and increased down-regula-
tion) help to explain the inability of these cells to form foam
cells in the presence of LDL. The failure of mouse peritoneal
macrophages to accumulate CE from LDL is clearly not due to
a simple lack of LDL receptor activity.

We found that J774 macrophages incubated in the absence
of lipoproteins have greater whole-cell ACAT activity than sim-
ilarly treated mouse peritoneal macrophages (Fig. 4). We also
found that isolated microsomes from J774 macrophages dem-
onstrate much greater ACAT activity than microsomes from
mouse peritoneal macrophages even when assayed in the pres-
ence of saturating amounts of exogenous cholesterol (see Table
I1I). These data may suggest that J774 macrophages have a greater
amount of the ACAT enzyme. However, it is also possible that
neither the whole cell ACAT assay in cells incubated in the ab-
sence of lipoproteins nor the microsomal ACAT assay in the
presence of cholesterol liposomes is a reliable indicator of the
amount of ACAT in cells. For instance, the former finding may
indicate that J774 ACAT is better-able to be stimulated by en-
dogenous cellular cholesterol than mouse peritoneal macrophage
ACAT. The latter finding may imply that the J774 enzyme is
simply more stable in a broken cell preparation or that choles-
terol/phosphatidylcholine liposomes are a relatively poor cho-
lesterol donor for the mouse peritoneal macrophage enzyme.
The finding that acetyl-LDL can markedly stimulate whole-cell
ACAT activity in mouse peritoneal macrophages (to levels even
greater than those in similarly treated J774 macrophages; see
Fig. 6) indicates that under the proper conditions, perhaps related
to the route of lipoprotein—cholesterol delivery to the cell, mouse
peritoneal macrophage ACAT can be markedly stimulated. If
in fact these cells do have less ACAT, this deficiency can be
compensated for by maximal stimulation by acetyl-LDL. Inter-
estingly, the ratio of microsomal ACAT activity from acetyl-
LDL vs. LDL-treated mouse peritoneal macrophages (~ 4:1)
was much less than the ratio of whole-cell ACAT activity in
acetyl-LDL vs. LDL-treated mouse peritoneal macrophages
(~ 40:1). This may indicate that either microsomal ACAT from
acetyl-LDL-treated cells is relatively unstable or that the acetyl-
LDL effect involves processes requiring the intact cell for full
expression, such as intracellular cholesterol transport.

Along these lines, we considered the possibility that the dif-
ference in LDL vs. acetyl-LDL-induced cholesterol esterification



in mouse peritoneal macrophages as well as the difference in
LDL-induced cholesterol esterification in J774 vs. mouse peri-
toneal macrophages might be due to differences in the kinetics
of lipoprotein entry into and degradation by the cells. However,
this idea is not supported by '*I-lipoprotein degradation time
course data that show that '»I-LDL degradation and '*I-—acetyl-
LDL degradation follow similar time courses in mouse peritoneal
macrophages (not shown). Similarly, '>’I-LDL degradation fol-
lows a similar time course in J774 macrophages and mouse peri-
toneal macrophages (Fig. 2 B).

Another possibility is related to the observation in other cells
that the general mechanism of lipoprotein-induced stimulation
of ACAT is related to substrate (i.e., lipoprotein-derived cho-
lesterol) activation (22, 23) and perhaps cholesterol-induced al-
losteric activation (22). Thus, one possible interpretation of our
data is that J774 and mouse peritoneal macrophages differ in
their ability to transfer LDL-derived cholesterol, but not acetyl-
LDL-derived cholesterol, to microsomal ACAT. Perhaps LDL
and acetyl-LDL, which enter the cell by two distinct receptors
(4), are routed to two different subpopulations of lysosomes (see
refs. 24-26 for examples of lysosomal subpopulations) that differ
in their ability to transfer cholesterol to microsomal ACAT in
the mouse peritoneal macrophage but not in the J774 macro-
phage. This hypothesis implies that the information directing
the ligands to different lysosomal pathways initially resides in
the ligand-receptor complex.

The demonstration that J774 macrophages and mouse peri-
toneal macrophages degrade similar amounts of LDL was nec-
essary to allow us to subsequently compare intracellular lipo-
protein—-cholesterol metabolism in these two murine macro-
phages. Freshly isolated mouse peritoneal macrophages have
been previously demonstrated to display very low LDL receptor
activity (5, 11), and thus their inability to accumulate LDL-
derived CE was thought to be explainable by this finding. How-
ever, Mahley et al. (27) have stated that mouse peritoneal mac-
rophage LDL receptors can be up-regulated to a certain degree,
and Hammond et al. (6), using the immunoblot technique with
antibodies to the adrenal LDL receptor, have recently demon-
strated that mouse peritoneal macrophages possess high levels
of the apo B,E receptor. These data, together with our data
showing significant '>’I-LDL degradation by cells that had been
preincubated in LPDS-containing medium (Fig. 1), indicate that
the inability of these cells to accumulate LDL-derived CE is not
simply due to a lack of LDL receptors or LDL receptor activity.
In this respect, mouse peritoneal macrophages are similar to
human monocyte-derived macrophages, which also demonstrate
significant LDL receptor activity and yet do not accumulate
LDL-derived CE (28, 29). In fact, we have found that despite
the relatively high level of '*I-LDL degradation by human
monocyte-derived macrophages, cholesterol esterification in
these cells is stimulated very poorly by LDL (at 200 ug/ml LDL,
cholesterol esterification was 0.56 nmol/mg/h) compared to LDL
stimulation of cholesterol esterification in J774 cells (7.56 nmol/
mg/h; see Fig. 4). Thus the inability of internalized LDL cho-
lesterol to stimulate cholesterol esterification described in this
report for mouse peritoneal macrophages is also found in mac-
rophages derived by tissue culture of human blood monocytes.

Our current findings together with those in our previous re-
ports (8, 9) have helped define the mechanisms whereby J774
macrophages accumulate CE from LDL. The cells poorly down-
regulate their LDL receptors and HMG-CoA reductase (8), thus
leading to increased cholesterol entry into the cell and synthesis

by the cell, and they very efficiently esterify LDL-derived cho-
lesterol (and also, perhaps, endogenous cholesterol). Further-
more, we have demonstrated that ACAT inhibition increases
receptor and reductase down-regulation and have suggested that
overactive cholesterol esterification by ACAT leads to diversion
of LDL-cholesterol away from its regulatory functions (9). The
present report confirms that a high level of ACAT activity is a
prominent feature of the J774 macrophage. In addition, J774
macrophages have a relative deficiency in lipoprotein-derived
cholesterol excretion in response to LPDS (Table I). Whether
this is a primary characteristic of these cells or secondary to
diversion of LDL-cholesterol by overactive ACAT (or possibly
secondary to underactive CE hydrolysis) has yet to be deter-
mined. These important properties of J774 macrophages that
lead to their ability to accumulate LDL-derived CE are not sim-
ply due to the fact that these macrophages are a continuous cell
line, because two other macrophage cell lines—the murine
P388D1 line and the human HL60 line—do not accumulate
LDL-derived CE (8). Whether or not one or all of the J774
properties can be experimentally induced in macrophage models
that do not form foam cells with LDL (e.g., the mouse peritoneal
macrophage or the human monocyte-derived macrophage) and
whether or not actual atheroma foam cells possess these prop-
erties is yet to be determined.
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