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Abstract In atherosclerotic lesions, macrophages store
lipid in cytoplasmic inclusions and lysosomes. Regression
studies show that lysosomal lipid is not as easily cleared as
cytoplasmic inclusion lipid. Macrophages enriched with
mildly oxidized low density lipoprotein (oxLDL) accumu-
late cholesteryl ester (CE) and free cholesterol (FC) in lyso-
somes. We examined whether lysosomal stores of choles-
terol from oxLDL are cleared from THP-1 and mouse
macrophages. As in previous studies, oxLDL-enriched THP-1
macrophages accumulated substantial lysosomal choles-
terol. Surprisingly, less than 12% of oxLDL-derived lyso-
somal CE was cleared to efficient FC acceptors (e.g., cyclo-
dextrins, apolipoprotein/phosphatidylcholine vesicles, and
fetal bovine serum). Filipin staining showed that lysosomes
of oxLDL-treated THP-1 cells contained FC, and despite re-
moval of most of the cell FC (70–80%) by incubation with
cyclodextrins, filipin staining of FC in lysosomes did not di-
minish. Also, when THP-1 macrophages were incubated
with [

 

3

 

H]CE oxLDL, 73–76% of the [

 

3

 

H]CE was retained in
a lysosomal hydrolysis resistant pool. In contrast, greater
than 90% of acetylated low density lipoprotein (acLDL)
[

 

3

 

H]CE was hydrolyzed. Furthermore, [

 

3

 

H]FC liberated
from oxLDL [

 

3

 

H]CE was released at a slower rate to cyclo-
dextrins than was [

 

3

 

H]FC from acLDL [

 

3

 

H]CE. In contrast,
only 27% of oxLDL [

 

3

 

H]CE was resistant to hydrolysis in
mouse macrophages, and the [

 

3

 

H]FC generated from oxLDL
and acLDL [

 

3

 

H]CE was released to cyclodextrins at similar
rates.  We conclude that lack of hydrolysis and efflux of
oxLDL cholesterol is not exclusively inherent in oxLDL, but
also requires specific cell factors present in one cell type
but not the other.

 

—Yancey, P. G., and W. G. Jerome.
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An important early event in the development of ath-
erosclerotic lesions is the appearance of macrophage
foam cells. Initially, cholesteryl ester (CE) accumulation
in foam cells is primarily localized to cytoplasmic inclu-
sions. However, in the development of atherosclerosis at
the transition point from a fatty streak to a fibrous
plaque, CE and free cholesterol (FC) accumulate in lyso-
somes of macrophages (1–3). Subsequently, smooth

 

muscle cells that migrate into the intima and become
foam cells also store lipid lysosomally. This lysosomal
lipid accumulation occurs in foam cells of lesions in
many animal models besides humans, including pigeons,
rabbits, and primates (1–3). The key question of why CE
and FC are not cleared from lysosomes of foam cells re-
mains to be answered.

Low density lipoprotein (LDL) is the main source of
cholesterol found in atherosclerotic foam cells (4). Be-
cause uptake of native LDL is regulated, LDL requires
modification in order to be processed by unregulated re-
ceptors, which load cells with levels of cholesterol typical
of atherosclerotic foam cells (4). Acetylation and oxida-
tion of LDL cause uptake by unregulated mechanisms,
principally scavenger receptors (4–6). Oxidation is both
physiologic and clearly linked to atherosclerosis (7–9). It
is well known that acetylated LDL (acLDL) can induce
macrophage CE accumulation (4, 10–12). The ability of
oxidized LDL (oxLDL) to promote significant CE accu-
mulation in macrophages, however, is more controversial
(13–18). oxLDL studies have been confounded by using
heavily oxLDL and short loading periods (13–18).
Heavily oxLDL contains little or no unoxidized choles-
terol (13, 19), and the use of short loading periods com-
promises the degree of CE accumulation. Studies by
Greenspan et al. (20) have shown that when heavily oxLDL
is enriched with FC, significant CE accumulation is ob-
tained in mouse peritoneal macrophages. This is further
evidence that it is lack of unoxidized cholesterol in heavily
oxLDL that limits cholesterol accumulation. Our recent
studies add further confirmation. We showed that LDL

 

Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; acLDL,
acetylated low density lipoprotein; BSA, bovine serum albumin; CE,
cholesteryl ester; EC, esterified cholesterol; EM, electron microscopy;
FBS, fetal bovine serum; FC, free cholesterol; LDL, low density lipopro-
tein; MEM, Eagle’s minimum essential medium; oxLDL, oxidized low
density lipoprotein; PBS, phosphate-buffered saline; TBARS, thiobarbi-
turic acid-reactive substances; TC, total cholesterol; TPA, phorbol ester.
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that is mildly oxidized and retains much of its cholesterol
in unmodified form can stimulate significant foam cell
formation. In our studies, CE levels ranged from 83 to 336

 

m

 

g/mg cell protein in mouse, pigeon, or THP-1 macro-
phages (21).

Although mildly oxLDL produced CE accumulation in
mouse, pigeon, and THP-1 macrophages, there were dif-
ferences in loading between different cell types (21).
Mildly oxLDL cholesterol enrichment of THP-1 and pi-
geon macrophages produced lysosomal lipid engorge-
ment similar to that found in atherosclerotic foam cells,
with most oxLDL CE localized to lysosomes (21). In con-
trast, mouse peritoneal macrophages metabolized, for the
most part, oxLDL cholesterol normally leading to CE accu-
mulation in cytoplasmic inclusions (21). Thus, the ability of
mildly oxLDL to induce lysosomal lipid engorgement is dif-
ferent between murine and nonmurine macrophages. In
addition to CE accumulation, our studies indicated FC ac-
cumulation in lysosomes (21). This is consistent with
reports that heavily oxLDL produces enrichment of FC in
lysosomes of macrophages (16, 18). Our studies, however,
demonstrated considerably more cholesterol accumula-
tion using mildly oxidized LDL (21). These findings, com-
bined with those studies localizing oxLDL to atheroscle-
rotic lesions, suggest that oxLDL could be responsible for
the lysosomal lipid engorgement found in foam cells of
lesions.

Atherosclerotic foam cell cholesterol accumulation is
dependent on the balance between influx of LDL choles-
terol and efflux of cell cholesterol. The cholesterol ef-
flux process is driven by the presence of extracellular FC
acceptors (22). Sequestration of FC and CE within lyso-
somes may prevent it from being mobilized to plasma
membrane for efflux. Indeed, studies on regression of
atherosclerotic lesions have shown that lysosomal lipid is
not as easily cleared as cholesterol in cytoplasmic inclu-
sions (23, 24). This is true even when excess cholesterol
acceptors are infused (25). To determine whether oxLDL
mimics the FC and CE accumulation seen in atheroscle-
rotic foam cells, we examined the availability of mildly
oxLDL cholesterol for clearance from macrophages in
the presence of acceptors. We combined quantitative mi-
croscopic and biochemical approaches to compare the
efflux potential of oxLDL- and acLDL-derived choles-
terol from THP-1 and mouse peritoneal macrophages.
Our studies show that cholesterol from oxLDL in THP-1
macrophages is more resistant to hydrolysis and that free
and esterified cholesterol sequestered in lysosomes is es-
sentially unavailable for clearance even in the presence
of cyclodextrins, a highly efficient cholesterol acceptor
(26). In contrast, acLDL cholesterol was readily available
for clearance from lysosomes of THP-1 macrophages. In
mouse macrophages, where lysosomal accumulation of
oxLDL cholesterol is only modest, oxLDL cholesterol
was more available for efflux when compared with clear-
ance from THP-1 macrophages. This suggests that condi-
tions leading to lysosomal lipid accumulation are poten-
tially more deleterious than those promoting cytoplasmic
CE accumulation.

MATERIALS AND METHODS
 

Materials

 

Male B

 

6

 

C

 

3

 

F

 

1

 

 mice were purchased from Charles River Labora-
tories, Raleigh, NC. Bovine serum albumin (BSA; fatty acid-free
from fraction V), ethylenediaminetetraacetic acid (EDTA), tri-
olein, and CE were purchased from Sigma Chemical Company,
St. Louis, MO. Cholesterol and stigmasterol were obtained from
Steraloids, Wilton, NH. Heat-inactivated FBS was purchased
from Atlanta Biologicals, Norcross, GA. Eagle’s minimum essen-
tial medium (MEM), RPMI, L-glutamine, Eagle’s vitamins, strep-
tomycin, and penicillin were obtained from Mediatech, Washing-
ton, DC. All tissue-culture plasticware was purchased from Falcon,
Lincoln Park, NJ. The radioisotopes, cholesteryl [

 

14

 

C]oleate (59.5
mCi/mmol), [

 

3

 

H]cholesteryl oleate, and [

 

3

 

H]cholesteryl linole-
ate were obtained from New England Nuclear, Boston, MA. All
other chemical reagents and chemical solvents were obtained
from Fisher Scientific, Pittsburgh, PA. acyl-CoA:cholesterol acyl-
transferase (ACAT) inhibitor, compound CP113,818, was a gen-
erous gift from Pfizer Central Research, Groton, CT.

 

Lipoprotein isolation, radiolabeling, and modification

 

Human LDL was isolated from plasma given by normocholes-
terolemic human volunteers following procedures approved by
the Human Subjects Institutional Review Board. Pigeon LDL was
isolated from plasma of White Carneau pigeons fed a diet of
commercial pigeon pellets containing 0.5% cholesterol and 5%
corn oil for at least 1 month. All animal procedures followed
protocols approved by the University Animal Care and Use Com-
mittee. Apolipoprotein high density lipoprotein/phosphatidyl-
choline (apoHDL/PC) vesicles were prepared as previously de-
scribed (27). Both human and pigeon LDLs (1.006 

 

<

 

 d 

 

<

 

 1.063)
were isolated by sequential ultracentrifugation as previously de-
scribed (10). LDL was dialyzed extensively against 0.9% NaCl
containing EDTA (0.3 mmol/l) and sterilized by filtration
through a millipore filter (0.45 

 

m

 

M). Before radiolabeling of hu-
man LDL with [

 

3

 

H]cholesteryl oleate or [

 

3

 

H]cholesteryl linole-
ate (40 

 

m

 

Ci/mg LDL protein), LDL was dialyzed against buffer
containing Tris-HCL (20 mmol/l), NaCl (150 mmol/l) and
EDTA (1 mmol/l, pH 7.4). LDL was radiolabeled with [

 

3

 

H]CE
essentially as described by Brown, Dana, and Goldstein (28).
Briefly, 640 

 

m

 

Ci [

 

3

 

H]CE was solubilized in 10 

 

m

 

l of toluene, and
1 ml of prewarmed dimethyl sulfoxide was added to the [

 

3

 

H]CE
solution. This mixture was incubated for 15 min at 40

 

8

 

C. The
[

 

3

 

H]CE solution was then diluted by addition of 1 ml of Tris-
HCL buffer prewarmed to 40

 

8

 

C, and 16 mg of LDL in 6 ml of
Tris-HCL buffer was added to the [

 

3

 

H]CE solution. The mixture
was incubated overnight at 40

 

8

 

C. Before modification, the la-
beled LDL was dialyzed extensively against 0.9% NaCl contain-
ing EDTA (0.3 mmol/l) and used within 2 weeks of preparation.

Pigeon, human, or [

 

3

 

H]CE labeled LDL was acetylated follow-
ing the procedure of Basu et al. (29). Before oxidation, LDLs
(1–2 mg LDL protein/ml) were dialyzed three times against
0.9% NaCl to remove EDTA. To oxidize both native and [

 

3

 

H]CE
labeled human LDL, the lipoproteins were dialyzed at 37

 

8

 

C for
2–5 h against 0.9% NaCl containing 20 

 

m

 

mol/l of CuSO

 

4

 

. Imme-
diately before addition to cells, thin-layer chromatography
(TLC) analysis was done on the [

 

3

 

H]cholesteryl oleate oxLDL
using hexane–ethyl ether–acetic acid 80:20:1 (v/v/v) as the sol-
vent system. This confirmed that 85 

 

6

 

 3% of the total tritium la-
bel was unoxidized CE. After oxidation of the [

 

3

 

H]cholesteryl li-
noleate LDL, 55 

 

6

 

 3% of the [

 

3

 

H]CE was unoxidized. Pigeon
LDL was oxidized by dialysis at 4

 

8

 

C for 18 h against 0.9% NaCl
containing 20 

 

m

 

mol/l of CuSO

 

4

 

. Oxidation of LDLs was ended
by extensively dialyzing against 0.9% NaCl containing EDTA (0.3
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mmol/l). All modified LDLs were sterilized by filtration through
a Millipore filter (0.45 

 

m

 

M).
Oxidation or acetylation of LDL was confirmed by agarose gel

electrophoresis as described (30). Oxidation of LDLs was also
assayed by measuring thiobarbituric acid-reactive substances
(TBARS) as described previously (21), using malonaldehyde
bis(dimethyl acetal) (MDA) as a standard. Oxidation conditions
were set to obtain thiobarbituric acid reactivity that ranged from
5 to 10 nmol MDA/mg LDL protein. Our previous studies have
shown that mildly oxidized LDL is not toxic to cells and contains
a sufficient amount of unoxidized cholesterol to induce a level
of CE loading in macrophages that is typical of foam cells in ath-
erosclerotic lesions (21).

 

Cell culture and isolation of mouse macrophages

 

Mouse peritoneal macrophages were isolated from B

 

6

 

C

 

3

 

F

 

1

 

mice by peritoneal lavage with phosphate buffered-saline (PBS)
4 days after intraperitoneal injection with 0.5 ml of 10% thiogly-
collate as described previously (10). Cells were plated onto
35-mm wells at a density of 1 –2 

 

3

 

 10

 

6

 

 cells and allowed to ad-
here by incubation for 2 h at 37

 

8

 

C in MEM containing 1% FBS.
After removal of nonadherent cells by washing with PBS, the ex-
periments were initiated. For experiments with THP-1 human
monocyte/macrophage cell line, cells were plated onto 35-mm
wells at a density of 1.5 

 

3

 

 10

 

6

 

 cells and incubated for 3–4 days at
37

 

8

 

C in RPMI containing 10% FBS and phorbol ester (TPA), 50
ng/ml of medium, to allow for differentiation into macrophages
(31). For the entire duration of the experiments, TPA was in-
cluded in the incubation medium. Culture media for all cell in-
cubations were supplemented with HEPES (20 mmol/l), bicar-
bonate (23 mmol/l), Eagle’s vitamins, L-glutamine (200 mmol/l),
glucose (1.5 mg/ml), streptomycin (100 

 

m

 

g/ml), and penicillin
(100 IU/ml). All cells were incubated in a humid atmosphere at
37

 

8

 

C with 95% air and 5% CO

 

2

 

.

 

Cholesterol loading of cells, cell cholesterol efflux,
and lipid analyses

 

Cholesterol clearance was compared in THP-1 and mouse
peritoneal macrophages loaded with either oxLDL or acLDL.
Cholesterol clearance was examined by two methods. In some
experiments, cells were first loaded with oxLDL or acLDL, then
cellular cholesterol mass was measured during efflux. For choles-
terol loading, THP-1 or mouse macrophages were incubated for
7 days at 37

 

8

 

C in culture medium containing 0.25% FBS and the
ACAT inhibitor, compound CP113,818 (1.5 

 

m

 

g/ml of medium,
0.1% dimethyl sulfoxide final concentration) alone or with 150 –
200 

 

m

 

g of oxLDL or acLDL protein/ml (as is indicated in the
figure legends). The ACAT inhibitor was included in the me-
dium to provide a means to measure lysosomal CE clearance,
and the low concentration of 0.25% FBS was used during load-
ing to minimize the net efflux of cholesterol from acLDL loaded
cells. The cholesterol loading medium was changed every 3–4
days to fresh medium containing the modified lipoproteins. At
the end of loading, the cell monolayers were washed three times
with MEM containing HEPES (20 mmol/l), and for efflux, cells
were incubated for 1–24 h at 37

 

8

 

C in culture medium containing
1.5 

 

m

 

g/ml of compound CP113,818 alone or with the cholesterol
acceptor (concentration as is indicated in the figure legends).
FBS, apoHDL/PC vesicles, and 2-hydroxypropyl-

 

b

 

-cyclodextrins
(2-OH

 

rb

 

-CD) were used as cholesterol acceptors. At the end of
the incubations, cells were washed three times with 2 ml of PBS.
To quantitate cellular cholesterol, cell lipids were extracted by
incubation at room temperature overnight with 2 ml of isopro-
panol containing 5–20 

 

m

 

g of stigmasterol as an internal stan-
dard. The lipid extract cholesterol content was then quantified
by gas-liquid chromatography (GLC) following the procedure

of Ishikawa et al. (32) as modified by Klansek and colleagues
(33). Cell proteins were solubilized by addition of 1N NaOH to
the wells, and the protein content was measured using the
method of Lowry et al. (34).

Another approach to examining cholesterol clearance was to
quantitate release of [

 

3

 

H]cholesterol from THP-1 and mouse
macrophages loaded with [

 

3

 

H]CE labeled oxLDL or acLDL. Cell
monolayers were incubated for 6 h to 3 days at 37

 

8

 

C in serum-
free medium containing 1.5 

 

m

 

g/ml of compound CP113,818
and 20–50 

 

m

 

g of [

 

3

 

H]CE labeled oxLDL or acLDL protein/ml
(as is indicated in the figure legends). After cholesterol loading,
cells were washed three times with MEM containing HEPES,
then incubated for 1–7 h with culture medium containing 1.5

 

m

 

g/ml of compound CP113,818 alone or with 2-OH

 

rb

 

-CD (15
mmol/l). At times during both cholesterol loading and efflux,
the medium was sampled for quantitation of [

 

3

 

H]cholesterol. To
remove any floating cells, the medium was centrifuged for 15
min at 2,500 rpm. Aliquots were then taken to measure both total
[

 

3

 

H]cholesterol content and distribution of [

 

3

 

H]FC and [

 

3

 

H]CE.
Media lipids were extracted by the method of Bligh and Dyer
(35). Cell lipids were extracted with isopropanol containing cho-
lesteryl [

 

14

 

C]oleate as an internal standard. After drying under
N

 

2

 

, cell and media lipids were dissolved in 25 

 

m

 

l of chloroform–
methanol 2:1 (v/v) and plated onto LK6D silica gel 60 TLC
plates. Free cholesterol and CE were separated from other lip-
ids using hexane–ethyl ether–acetic acid 80:20:1 (v/v/v) as the
solvent system and visualized with I

 

2

 

. The FC and CE bands
were scraped, and radioactivity was measured by liquid scintilla-
tion counting.

 

Microscopy

 

After cholesterol loading and efflux, microscopy was used to
visualize cellular lipids. Fluorescence microscopy was used to vi-
sualize cellular filipin-stained FC, and transmission electron mi-
croscopy (TEM) was used to ultrastructurally quantitate cell lyso-
somal lipid volume. For filipin staining to visualize cell FC,
macrophages were plated on sterile glass coverslips placed in the
bottom of 35 mm tissue culture wells. After treatment with oxLDL
or acLDL, cells were washed in PBS and fixed for 30 min in 10%
neutral buffered formalin. Then, the coverslips were washed in
PBS and stained by incubation at 37

 

8

 

C for 3 h in a filipin stain so-
lution. The solution contained 1.25 mg of filipin dissolved in 0.5
ml of dimethyl sulfoxide (DMSO) diluted with 25 ml of PBS.
After staining, the cells were washed with distilled water and
mounted on glass slides with a phenylenediamine-glycerol solu-
tion to inhibit photobleaching. The glass slides were kept in the
dark until viewing. The presence of filipin-positive FC was de-
tected by epi-illumination with ultraviolet (UV) (UG-1 filter) ex-
citation and viewed through a 510-nm barrier filter. Owing to the
mild oxidation procedures used in these studies, the FC to pro-
tein ratios of the oxLDL and acLDL were similar (oxLDL 

 

5

 

 0.41 

 

6

 

0.01 and acLDL 

 

5

 

 0.42 

 

6

 

 0.05). Thus, fluorescence observed
with oxLDL-treated cells would be expected to be staining of
mainly FC as opposed to oxidized FC. In addition, separation of
cell lipids by TLC after treatment with oxLDL confirmed that
fluorescence was associated only with FC.

For thin-section ultrastructural examination, cell monolayers
were washed in cacodylate buffer and fixed in 2.5% glutaralde-
hyde. Lysosomes and related organelles were localized by the
presence of acid phosphatase. To demonstrate acid phosphatase,
samples were processed using a modification (2) of the Gomori
lead precipitation method (36). Beta-glycerolphosphate was
used as a substrate, and the reaction control was incubated in
identical medium without the enzymatic substrate. After incuba-
tion, cells were postfixed in 1% osmium tetroxide, enbloc stained
with uranyl acetate, dehydrated, and embedded in epoxy resin.
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A Phillips EM400 operated at 300 keV was used to view thin sec-
tions (80 nm) of the embedded cells. Before further staining,
electron microscopy (EM) sections were viewed to verify the
enzymatic reaction, and then stained with uranyl acetate and
lead citrate. The lipid volumes of lysosomes and cytoplasmic in-
clusions were estimated using point-counting sterologic tech-
niques (37), as routinely done in our laboratory (2). Five thin
sections from multiple parts of the embedded block were cut
for each sample. From each thin section, 10 –15 areas were ran-
domly chosen by shifting the region of view a predetermined
distance in both the x and y directions. The distances used
were based on a random number generator algorithm. From
these random fields, the average volume density (v/v cell cyto-
plasm) was computed for both lysosomal (acid phosphatase
positive) and cytoplasmic inclusion (acid phosphatase nega-
tive) lipid stores.

 

RESULTS

Many studies have shown that serum can stimulate net
removal of cholesterol from macrophage foam cells (38,
39). Initial studies were conducted using FBS as a choles-
terol efflux promoter. The time courses of FC and CE
clearance to FBS from THP-1 macrophages initially en-
riched with either oxLDL or acLDL cholesterol are shown
in 

 

Fig. 1

 

. The ACAT inhibitor, CP113,818, was included in
the cholesterol enrichment medium to enable measure-
ment of lysosomal CE clearance. Similar to our previous
report, when THP-1 macrophages were loaded with oxLDL
cholesterol in the presence of an ACAT inhibitor, cells ac-

cumulated significant CE ( 136 
 

6
 

 10 
 

m
 

g/mg cell protein).
During the 24-h incubation with FBS, only 10% of this
oxLDL CE was cleared. In addition, cellular FC content
that was initially 92 

 

6

 

 3 

 

m

 

g FC/mg cell protein decreased
only by 25% after 24 h of incubation with FBS. In contrast,
acLDL cholesterol-enriched THP-1 cells initially con-
tained higher FC than CE (65 

 

6

 

 1 

 

m

 

g FC/mg cell protein
vs. 37 

 

6

 

 3 

 

m

 

g CE/mg cell protein). During incubation
with FBS, 60% of the CE was cleared and the cell FC con-
tent was reduced by 45%. Most of the CE clearance oc-
curred during the first few hours, and thereafter little
clearance was observed. Thus, both FC and CE were
readily cleared to FBS from acLDL-treated cells, but oxLDL
cholesterol was resistant to clearance. Similar results
were observed in CE clearance from oxLDL-treated THP-1
macrophages incubated with apoHDL/PC vesicles (data
not shown).

In recent years, much progress has been made in defin-
ing the mechanisms of cholesterol efflux. It is evident that
specific cell factors including the SRB-1 receptor (40–42)
and the ATP binding cassette (ABC-1) transporter (43)
play a role. Studies have shown that the contribution of
these two receptors to total cellular cholesterol efflux de-
pends not only on the kind of acceptor, but varies exten-
sively between types of cells (42). Cyclodextrins (CDs) are
cyclic oligomers that are highly efficient at stimulating ef-
flux, and previous studies have shown that any inherent
differences in efflux between cell types are eliminated
with efflux to CDs (26, 44). Therefore, CDs are a powerful
tool for comparing the availability of exogenous sources
of cholesterol for efflux from different cell types. 

 

Figure 2

 

shows the time course of FC and CE clearance from THP-1
(Fig. 2A) or mouse macrophages (Fig. 2B) incubated with
2-OH

 

rb

 

-CD. As when FBS was used as an acceptor, oxLDL
cholesterol-enriched THP-1 macrophages did not clear
CE to 2-OH

 

rb

 

-CD, whereas acLDL-loaded cells cleared
51%. Similar results (range 

 

5

 

 0–10%) were observed in
THP-1 macrophages loaded with a wide range (16–216 

 

mg
CE/mg cell protein) of oxLDL CE, suggesting that the
mechanism preventing lysosomal CE clearance is inde-
pendent of the degree of CE loading. In contrast, CDs
stimulated CE clearance from both oxLDL (59%) and
acLDL (65%) cholesterol-enriched mouse macrophages.
The 2-OHrb-CD promoted a substantial decrease in FC
content from both oxLDL and acLDL cholesterol-
enriched THP-1 or mouse macrophages (Figs. 2A and 2B).

To examine the availability of oxLDL CE for clearance
more accurately, [3H]CE-labeled oxLDL was used in the
next series of experiments. Besides being a more sensitive
means of measuring lipoprotein-derived cholesterol than
quantitating cell cholesterol mass by GLC, [3H]CE-
labeled oxLDL provides a way to examine clearance of un-
oxidized CE without including oxidized esters (13). The
distribution of cell [3H]CE and cell [3H]FC over time in
THP-1 macrophages incubated with either [3H]CE-
labeled oxLDL or [3H]CE-labeled acLDL is shown in
Fig. 3A and B. Also shown is the [3H]FC content of the
medium. During the first 6 h of incubation, the majority
(55%) of the [3H]CE derived from oxLDL was hydro-

Fig. 1. Time courses of efflux of cholesterol from THP-1 mac-
rophages loaded with oxLDL or acLDL in the presence of FBS.
THP-1 macrophages were incubated for 7 days at 378C in RPMI
containing 0.25% FBS, 50 ng TPA/ml, and 1.5 mg CP113,818/ml
alone or with 150 mg protein/ml of either pigeon oxLDL or
acLDL. After cholesterol enrichment, cells were incubated for up
to 24 h in RPMI containing 50 ng TPA/ml, 1.5 mg CP113,818/ml,
and 10% FBS. At the end of each incubation, the cells were har-
vested and the cell cholesterol contents were measured by gas-
liquid chromatography as described in Materials and Methods. The
results are expressed as a percentage of the initial cholesterol con-
tent and are the mean 6 SD for triplicate dishes. The initial FC and
EC contents of the oxLDL-treated cells were 92 6 3 and 136 6 10
mg/mg cell protein, respectively. The initial FC and EC contents of
the acLDL-treated cells were 65 6 1 and 37 6 3 mg/mg cell pro-
tein, respectively.
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lyzed, and most of the [3H]FC generated was available for
release to oxLDL in the medium. However, after 6 h,
oxLDL [3H]CE accumulated in the cells, and only 23–27%
of the total oxLDL [3H]CE internalized was hydrolyzed.
Furthermore, the additional [3H]FC generated was unavail-
able for release into the medium. In contrast, at all times
the majority (90–95%) of the acLDL [3H]CE taken up by
cells was hydrolyzed. The release of acLDL-derived [3H]FC
into the medium increased linearly over time, and after 24

h, no additional [3H]FC accumulated in the cells. Similar
results were observed when THP-1 macrophages were in-
cubated with [3H]cholesteryl linoleate labeled oxLDL and
acLDL (data not shown), suggesting that the type of fatty
acid does not affect lysosomal sequestration.

Next, we compared efflux of [3H]FC with 2-OHrb-CD
from THP-1 and mouse macrophages loaded for 3 days
with either [3H]CE oxLDL or [3H]CE acLDL. Figure 4A
shows the distribution of [3H]FC and [3H]CE in cells and
medium at the end of the 3 days of loading. As observed
in the previous experiment, the majority (71%) of oxLDL
[3H]CE was not hydrolyzed, and only 6% of the total
[3H]cholesterol appeared in the medium during the 3
days of incubation with THP-1 cells. The bulk of acLDL
[3H]CE (89%) internalized by THP-1 cells was hydro-
lyzed, with most of the generated [3H]FC appearing in
the medium (63%). Similarly, mouse macrophages hydro-
lyzed 95% of the internalized acLDL [3H]CE. Metabolism
of oxLDL [3H]CE by mouse macrophages was more slug-
gish when compared with hydrolysis of acLDL [3H]CE,
but mouse macrophages still hydrolyzed 65% of the inter-
nalized oxLDL [3H]CE. Despite the difference in oxLDL
CE hydrolysis between mouse and THP-1 macrophages,
the [3H]FC generated from oxLDL in mouse macro-
phages, like that in THP-1 cells, was less available for re-
lease into the medium during loading than the [3H]FC
derived from acLDL [3H]CE.

The time course of [3H]CE and [3H]FC clearance from
THP-1 and mouse macrophages to 2-OHrb-CD is shown
in Fig. 4B and C. The appearance of [3H]FC in the me-
dium is shown in Fig. 4D. Although none of the oxLDL
[3H]CE in THP-1 macrophages was hydrolyzed during the
7-h incubation with 2-OHrb-CD, 40% of the acLDL
[3H]CE was hydrolyzed. Thus, of the total acLDL[3H]CE
internalized by THP-1 cells during loading, only 7% was
resistant to hydrolysis. In contrast, 73% of internalized
oxLDL [3H]CE existed in a hydrolysis-resistant pool. In
addition, during the 7-h incubation with CDs, only 44% of
the initial oxLDL [3H]FC present in THP-1 macrophages
was released into the medium, whereas 86% of the acLDL
[3H]FC appeared in the medium (Fig. 4B). This suggests
that [3H]FC derived from oxLDL was not readily trans-
ported to the plasma membrane and available for release
to the CDs, whereas most of the acLDL-generated [3H]FC
was transported to the plasma membrane. During the 7-h
incubation, 63% and 18% of the total cellular [3H]choles-
terol appeared in the medium from acLDL- and oxLDL-
treated THP-1 cells, respectively (Fig. 4D).

In mouse macrophages, this difference in clearance to
2-OHrb-CD between [3H]FC derived from oxLDL and
that derived from acLDL [3H]CE was not seen (Fig. 4C).
Of the initial [3H]CE, 77% and 54% remained in oxLDL-
and acLDL-treated mouse macrophages, respectively.
Thus, of the total [3H]CE internalized during cholesterol
loading, 27% of the oxLDL and 7% of the acLDL [3H]CE
was resistant to hydrolysis. Consistent with this difference
in [3H]CE hydrolysis clearance, 61% of the total cellular
[3H]cholesterol from acLDL, but only 42% of the oxLDL
[3H]cholesterol, was released into the medium (Fig. 4D).

Fig. 2. Time courses of efflux of cholesterol from THP-1 and
mouse macrophages loaded with oxLDL or acLDL in the presence
of 2-OHrb-CD. THP-1 (A) or mouse (B) macrophages were incu-
bated for 7 days at 378C in medium containing 0.25% FBS and 1.5 mg
CP113,818/ml alone or with 200 mg protein/ml of either human
oxLDL or acLDL. After cholesterol enrichment, cells were incu-
bated for the indicated times in medium containing 1.5 mg
CP113,818/ml and 15 mM 2-OHrb-CD. During cholesterol loading
and efflux with THP-1 cells, 50 ng TPA/ml of medium was present.
At the end of each incubation, the cells were harvested and the cell
cholesterol contents were measured by gas-liquid chromatography
as described in Materials and Methods. The results are expressed as
a percentage of the initial cholesterol content and are the mean 6
SD for triplicate dishes. The initial FC and EC contents of the THP-1
cells were as follows: 1) oxLDL FC 5 93 6 8, 2) oxLDL EC 5 95 6 6,
3) acLDL FC 5 166 6 16, and 4) acLDL EC 5 63 6 7 mg/mg cell
protein. The initial FC and EC contents of the mouse macrophages
were as follows: 1) oxLDL FC 5 135 6 15, 2) oxLDL EC 5 42 6 6,
3) acLDL FC 5 112 6 0, and 4) acLDL EC 5 39 6 7 mg/mg cell
protein.
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Fig. 3. Time courses of hydrolysis of oxLDL
[3H]CE and acLDL [3H]CE in THP-1 macro-
phages. THP-1 macrophages were incubated for up
to 3 days at 378C in RPMI containing 50 ng TPA/
ml, 1.5 mg CP113,818/ml, and 50 mg protein/ml of
either human [3H]CE-labeled oxLDL (A) or
acLDL (B). At the indicated times, the cells were
harvested and the [3H]CE and [3H]FC in both cells
and medium were measured as described in Materi-
als and Methods. The results are expressed as
either mg [3H]CE/mg cell protein or mg [3H]FC/
mg cell protein, and are the mean 6 SD for tripli-
cate dishes. The average total cpms/mg cell pro-
tein (cells [3H]CE 1 [3H]FC and medium [3H]FC)
after 3 days of incubation with [3H]CE oxLDL or
[3H]CE acLDL were 1.6 3 106 and 1.2 3 106, re-
spectively. After 3 days of treatment, the FC and EC
contents of the [3H]CE oxLDL-enriched cells were
81 6 2 and 101 6 11 mg/mg cell protein, respec-
tively. The FC and EC contents of the [3H]CE
acLDL-treated cells were 56 6 1 and 5 6 1 mg/mg
cell protein, respectively.

The studies presented in the previous figures suggest
that the FC from oxLDL is not as readily available for re-
lease from cells as is acLDL FC. Next, we used fluores-
cence microscopy with filipin, a specific marker for FC, to
demonstrate the presence of FC pools in oxLDL- and
acLDL-treated cells (Fig. 5). The FC contents of cells after
cholesterol enrichment and efflux are shown in Table 1.
When THP-1 macrophages were loaded with oxLDL (FC
content 5 98 mg/mg cell protein), there was staining of
both plasma membrane and large perinuclear pools (Fig.
5A). These perinuclear pools were confirmed by EM to be
large, swollen, lipid lysosomes similar to those we have re-
ported previously (21). In contrast, acLDL-treated cells
(FC content 5 74 mg/mg cell protein) exhibited substan-
tial staining of plasma membrane and only minor staining
of intracellular structures (Fig. 5B). The filipin staining of
both plasma membranes and intracellular structures
greatly diminished when acLDL cholesterol-enriched
THP-1 macrophages were incubated with either FBS or
CDs (Fig. 5D and F). In contrast, incubation of oxLDL
cholesterol-enriched THP-1 cells with either FBS (Fig. 5C)
or 2-OHrb-CD (Fig. 5E) did not induce much diminution
in fluorescence staining of perinuclear lysosomes. How-
ever, the FC content of both oxLDL- and acLDL-treated
cells decreased similarly after incubation with either FBS
or CDs (Table 1). In addition, only 27% of cell FC re-
mained in oxLDL-enriched THP-1 cells after incubation
with 2-OHrb-CD. The fact that there was substantial
staining of FC in large perinuclear pools after oxLDL-
treated cells were incubated with CDs suggests that most
of the small amount of FC remaining in the cells was local-
ized in lysosomes.

oxLDL-treated mouse macrophages had some lysoso-
mal fluorescence staining, confirmed by EM (Fig. 5G), al-
though not as prominent as with oxLDL-treated THP-1
cells. The oxLDL-treated mouse macrophages initially
contained 198 mg FC/mg cell protein; after incubation
with 2-OHrb-CD, 28% remained. However, unlike oxLDL-

treated THP-1 macrophages, mouse macrophages showed
minimal staining of FC in lysosomes after incubation with
2-OHrb-CD (Fig. 5H). Therefore, like oxLDL CE, oxLDL
FC is not as easily cleared from THP-1 cells as from mouse
macrophages. Incubation of mouse or THP-1 cells in me-
dium alone did not affect plasma membrane or intracellu-
lar staining.

DISCUSSION

During the early fatty streak phase of atherosclerosis,
CE is stored in cytoplasmic inclusions of macrophages (1–
3, 45, 46). However, as the disease advances from a fatty
streak to a fibrous plaque, lipid is also stored in lysosomes
(1–3, 45, 46). Our previous studies showed that lysosomal
accumulation can be mimicked by loading of some mac-
rophages with mildly oxLDL (21). THP-1 and pigeon
macrophages accumulated substantial lysosomal stores,
but mouse peritoneal macrophages stored only minor
amounts of oxLDL cholesterol in lysosomes. The current
studies extend these observations by examining lysoso-
mal CE hydrolysis and the potential for oxLDL-derived
lysosomal cholesterol to be cleared from THP-1 mac-
rophages under conditions that are favorable for net ef-
flux of cholesterol.

Clearance of acLDL and oxLDL cholesteryl ester
Normally, receptor-mediated uptake of LDL results in

complete lysosomal hydrolysis of CE with the generated
FC transported to the plasma membrane (28, 47, 48).
Without FC acceptors, excess plasma membrane FC is
transported to the endoplasmic reticulum, where it is re-
esterified and stored in cytoplasmic CE droplets (47, 49).
Our earlier studies showed that acLDL loading of THP-1
and mouse macrophages results in substantial cytoplasmic
CE droplets (21). The current studies show that only a
very minor pool of internalized acLDL CE (5–11%) is re-
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sistant to hydrolysis. In addition, FC generated from
acLDL CE was readily released to acLDL (acting as a FC
acceptor), suggesting that the FC is freely transported to
the plasma membrane and available for efflux.

Unlike acLDL CE, a large pool of oxLDL CE was resis-
tant to lysosomal hydrolysis in THP-1 cells and to a lesser
extent in mouse macrophages. Seventy-three percent of
the pool of internalized oxLDL CE in THP-1 macro-
phages remained undegraded in lysosomes, compared
with only 27% in mouse macrophages. The mechanism of
impaired oxLDL CE hydrolysis in THP-1 cells was inde-
pendent of CE loading, because similar CE clearance was
observed over a wide range of loading levels (16–215 mg
CE/mg cell protein). In addition, the size of the hydrolysis-
resistant pool increased over time, and the FC generated

from oxLDL CE in THP-cells, unlike that generated from
acLDL, was not readily transported to the plasma mem-
brane and released. This increase in hydrolysis resistance
is consistent with our earlier observation that FC initially
builds up in lysosomes, but continued lipid accumulation
produces lysosomal CE accumulation (21, 50).

There are many possible mechanisms for a hydrolysis-
resistant pool of oxLDL CE. One is the retention of oxLDL
in a prelysosomal compartment. The increasing size, over
time, of the CE hydrolysis-resistant pool is consistent with
this possibility. However, inconsistent with this possibility,
our previous studies showed that most of the oxLDL lipid
(70%) is localized to acid hydrolase-containing compart-
ments (21), and recent studies of Lougheed et al. (51)
demonstrated, both structurally and by cell fractionation,

Fig. 4. Loading of THP-1 or mouse macrophages with [3H]CE-labeled oxLDL or acLDL and efflux of the liberated [3H]FC to 2-OHrb-
CD. THP-1 or mouse macrophages were incubated for 3 days at 378C in medium containing 1.5 mg CP113,818/ml and 20 mg protein/ml of
human [3H]CE-labeled oxLDL or acLDL. After cholesterol loading, one set of cells was harvested and the [3H]CE and [3H]FC in both cells
and medium were measured as described in Materials and Methods. After cholesterol loading, sets of THP-1 or mouse macrophages were
harvested, and parallel sets were then incubated for up to 7 h in medium containing 1.5 mg CP113,818/ml and 15 mM 2-OHrb-CD. After
each incubation, the cells were harvested and [3H]CE and [3H]FC in both cells and medium were measured as described in Materials and
Methods. A: The distribution of [3H]CE and [3H]FC in THP-1 or mouse macrophages and medium after 3 days of loading with [3H]CE
oxLDL or acLDL. B: The percent [3H]CE or [3H]FC remaining in THP-1 or (C) mouse macrophages during incubation with 2-OHrb-CD.
D: The percent [3H]FC efflux ([3H]FC cpms in medium/[3H]FC and [3H]CE in cells 1 [3H]FC in medium) during incubation of THP-1 or
mouse macrophages with 2-OHrb-CD. In THP-1 cells, the average total cpms/mg cell protein (cells [3H]CE 1 [3H]FC and medium
[3H]FC) after 3 days of incubation with [3H]CE oxLDL or [3H]CE acLDL were 9.1 3 105 and 4.8 3 105, respectively. In mouse macro-
phages, the average total cpms/mg cell protein (cells [3H]CE 1 [3H]FC and medium [3H]FC) after 3 days of incubation with [3H]CE
oxLDL or [3H]CE acLDL were 19.6 3 105 and 3.7 3 105, respectively.
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that oxLDL is trafficked to acidic compartments that have
lysosomal enzyme activity. In addition, our recent studies
show that colloidal gold-labeled oxLDL and acLDL are
routed to lysosomes at similar rates and are extensively
(60%) colocalized in the same lysosomes (P. G. Yancey
and W. G. Jerome, unpublished observations).

Another possibility, consistent with a delay in inhibition
of hydrolysis, is that fusion of vesicles carrying enzymes
from the trans-golgi network (TGN) with lipid-containing
lysosomes becomes compromised. Consistent with this,
our previous studies demonstrated accumulation of acid
phosphatase activity in the TGN of THP-1 and pigeon
macrophages loaded with oxLDL (50). Also consistent
with this hypothesis, Lougheed et al. (51) showed that
oxLDL was localized to lysosomes with decreased density.
This could be the result of both increased lipid accumula-
tion and decreased fusion of hydrolase-containing vesicles
with secondary lysosomes. Other studies have shown that
fusion events are less likely to occur with lysosomes con-
taining significant quantities of undigested material (52).

A final possibility, consistent with a delay in suppression
of hydrolysis, is that oxidized lipids continue to accumu-
late until they reach a point that inhibits the acid lipase.
Recent studies (53) showed that hydrolysis of unoxidized
CE is compromised in mouse peritoneal macrophages in-
cubated with mildly oxidized acLDL. It was proposed that
this impairment resulted from accumulation of choles-
teryl linoleate hydroperoxides that inhibit acid lipase (53,
54). In our current studies, mildly oxidized LDL, which
should contain lipid hydroperoxides (13), was used. How-
ever, it is unclear why any of these proposed mechanisms
would be more pronounced in THP-1 cells than in mouse
macrophages, because in our studies, both were incu-
bated with the same oxLDL. There must be other con-
founding factors to explain our results, such as differences
in basal lysosomal function, retention of oxidized lipids,
or additional oxidation of the oxLDL by THP-1 and
mouse macrophages.

Fig. 5. Fluorescence photomicrographs of filipin-stained oxLDL or
acLDL cholesterol-enriched THP-1 and mouse macrophages before
and after incubation with FBS or 2-OHrb-CD. THP-1 or mouse mac-
rophages were cholesterol-enriched and treated with cholesterol ac-
ceptors as described in the legend of Table 1. After treatment, the
cells were fixed and stained with filipin as described in Materials and
Methods. All images were collected under the same conditions.
There was no further manipulation of the images, except that con-
trast and brightness in panels F and H have been enhanced to display
the very low levels of fluorescence. A: oxLDL cholesterol-enriched
THP-1 macrophages. In addition to plasma membrane staining,
bright fluorescence is seen in large perinuclear pools indicative of FC
in lysosomes. Magnification 5 4003, bar 5 13 mm. B: acLDL choles-
terol-enriched THP-1 macrophages. There is substantial staining of
plasma membrane and only minor staining of intracellular struc-
tures. Magnification 5 4003, bar 5 13 mm. C: Substantial staining of
FC in perinuclear pools remains in oxLDL cholesterol-enriched
THP-1 cells after efflux to either FBS or (E) 2-OHrb-CD. Magnifica-
tion 5 5253, bar 5 10 mm. D: The fluorescence staining of both
plasma membrane and intracellular structures is greatly diminished
in acLDL-treated THP-1 cells after incubation with either FBS or (F)
2-OHrb-CD. Magnification 5 5253, bar 5 10 mm. G: Filipin staining
of oxLDL-enriched mouse macrophages. As with THP-1 cells, there is
staining of FC in lysosomal perinuclear pools. Magnification 5 4003,
bar 5 13 mm. H: In contrast to that in THP-1 macrophages, the stain-
ing of FC in lysosomes is greatly diminished after oxLDL-loaded
mouse macrophages are incubated with 2-OHrb-CD. However, in
some cells, minor amounts of FC could still be seen in lysosomes.
Magnification 5 5253, bar 5 10 mm.

TABLE 1. Cell FC contents before and after incubation 
with FBS or 2-OHrb-CD

Foam Cell Type
Initial FC Content

Cholesterol 
Acceptor

Cell FC Content
After 8-h Efflux 

 mg/mg cell protein mg/mg cell protein

THP-1 macrophages
oxLDL: 98 6 6 FBS 78 6 3 (79)

2-OHrb-CD 26 6 3 (27)

acLDL: 74 6 1 FBS 49 6 2 (67)
2-OHrb-CD 19 6 0 (25)

Mouse macrophages
oxLDL: 198 6 3 2-OHrb-CD 33 6 2 (28)

THP-1 or mouse macrophages were cholesterol-enriched by incu-
bation for 7 days at 378C in medium containing 0.25% FBS and 150 mg
of protein/ml of oxLDL or acLDL. After cholesterol loading, the cells
were incubated for 7 h at 378C in medium alone or with 10% FBS or 10
mM 2-OHrb-CD. Shown are the cell free cholesterol (FC) contents
after cholesterol enrichment and efflux. Values are the means 6 SD for
triplicate dishes. Shown in parentheses are the percent remaining
values.
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Removal of acLDL and oxLDL free cholesterol

There was substantial lysosomal sequestration of oxLDL
FC in THP-1 macrophages, and some minor accumula-
tion in mouse macrophages; this was not true of acLDL
FC. Recent studies also showed that clearance of oxLDL FC
is only minimally compromised, compared with that of
acLDL FC, in mouse macrophages (55). Our current
study extends these observations and shows that there is
substantial lysosomal accumulation of oxLDL FC in THP-1
macrophages, but not in mouse macrophages, that re-
mains sequestered in lysosomes even under conditions ex-
tremely favorable for net efflux of FC.

There are several possible mechanisms to explain the ly-
sosomal sequestration of oxLDL FC. The CE that builds
up in lysosomes could act as a sink for FC. Consistent with
this, the differences in oxLDL CE hydrolysis between
mouse and THP-1 cells paralleled the differences in lyso-
somal sequestration of oxLDL FC. A second possible me-
diator of lysosomal sequestration of FC is sphingomyelin.
Indeed, studies by Maor, Mandel, and Aviram (17) dem-
onstrated both FC and sphingomyelin buildup in lyso-
somes of oxLDL-treated J774 and human macrophages.
These studies also showed that addition of 7-ketocholesterol
to lysosomal extracts inhibits acid sphingomyelinase activ-
ity, resulting in accumulation of both FC and sphingomye-
lin. However, other factors would have to be considered to
explain why such a mechanism would be more effective in
THP-1 cells than in mouse macrophages. One possibility
is that the lysosomal sequestration of 7-ketocholesterol is
more pronounced in THP-1 macrophages than in mouse
macrophages. Alternatively, the acid sphingomyelinase ac-
tivity before oxLDL treatment could be different. Consis-
tent with this, we have preliminary evidence that in mouse
macrophages, not only is the basal activity of acid sphingo-
myelinase 7 times higher than in THP-1 cells, but the en-
zyme is not significantly down-regulated with oxLDL treat-
ment (P. G. Yancey and W. G. Jerome, unpublished
observations). In fact, the basal activity in THP-1 cells is
similar to that in Nieman-Pick Type C cells, which also ac-
cumulate FC and sphingomyelin lysosomally (56).

Sphingomyelin accumulation in Nieman-Pick cells is
due to inhibition of acid sphingomyelinase by lysosomal
FC (56–59). In this regard, sequestration of oxLDL FC
could be exacerbated and not readily reversed, as is sug-
gested with our THP-1 cells incubated with 2-OHrb-CD,
in which most of cell FC was removed. It is also conceiv-
able that lysosomal FC and sphingomyelin could affect fu-
sion of lysosomes with vesicles and promote hypertrophy
of TGN. It is worth noting that an abnormal, cholesterol-
enriched TGN, as is seen in THP-1 cells, is also observed
in Niemann-Pick cells (60). Recently, the lysosomal se-
questration of FC in Nieman-Pick Type C cells was shown
to result from a defect in the cholesterol trafficking pro-
tein, NPC-1 (61). Similarities between Nieman-Pick cells
and oxLDL-treated cells raise the possibility that NPC-1
protein may also contribute to the lysosomal accumula-
tion of oxLDL FC. Studies are ongoing in our laboratory
to examine this possibility.

In summary, enrichment of macrophages with oxLDL
promotes lysosomal cholesterol accumulation by both se-
questration of FC and inhibition of oxLDL CE hydrolysis.
In mouse macrophages, lipid sequestration is reversible,
whereas in THP-1 cells, lysosomal FC and CE are trapped
even in the presence of efficient FC acceptors. Thus,
oxLDL enrichment of THP-1 macrophages mimics two
important features of atherosclerotic foam cells: lyso-
somal lipid accumulation (1, 2) and irreversible seques-
tration (23).
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