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Abstract Endogenous expression of apolipoprotein (apo)E
in macrophages facilitates cholesterol efflux in the presence
and absence of extracellular sterol acceptors. A proteoglycan-
associated pool of apoE has also been described. The re-
lationship between a proteoglycan-associated pool of apoE
and enhanced cholesterol efflux was investigated in these
studies. Inhibition of proteoglycan expression reduced cho-
lesterol efflux from apoE-expressing cells ( J774E

 

�

 

) in the
presence and absence of HDL, but did not do so from non-
expressing cells ( J774E

 

�

 

). The effect of proteoglycan de-
pletion on sterol efflux from J774E

 

�

 

 cells was confirmed by
measuring differences in cell sterol mass, secreted sterol
mass, and sterol efflux rates. Furthermore, apoE-containing
particles secreted from proteoglycan-depleted J774E

 

�

 

 cells
were denser than those secreted from J774E

 

�

 

 cells with intact
proteoglycan expression. Also, in J774E

 

�

 

 cells with intact pro-
teoglycans, apoE particles isolated from the cell surface
proteoglycan layer were denser than secreted particles. The
apoE-lipid particles isolated from the cell surface proteogly-
can layer had a lower lipid-to-apoE and cholesterol-to-apoE
ratio compared with secreted particles. In distinction, pro-
teoglycan depletion of J774E

 

�

 

 cells did not reduce sterol
efflux produced by the exogenous addition of apoE.
These observations indicate that one mechanism by which
endogenous expression of apoE facilitates effective choles-
terol efflux from macrophages is related to its retention at
the cell surface in a proteoglycan-associated pool. Further,
our data suggest that apoE arrives at the cell surface in a rel-
atively lipid-poor state, and that a proximate source of lipid
available to the proteoglycan-bound apoE at the cell surface
resides in the plasma membrane.

 

—Lin, C-Y., Z. H. Huang,
and T. Mazzone.
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Macrophages play an important role in protecting the
vascular wall from injury (1). In the presence of hyper-
lipemia, macrophages are among the first cells to accumu-
late in the vessel wall, and they express plasma membrane
receptors that allow them to clear the extracellular space

 

of denatured or oxidized lipoproteins. Macrophages are
also the major source of secreted proteins that modulate
vessel wall lipid/lipoprotein homeostasis including lipo-
protein lipase and apolipoprotein (apo)E (2–4). The ves-
sel wall expression of each of these proteins by macro-
phages produces effects on atherosclerosis that are distinct
from those that can be attributed to systemic expression,
as demonstrated in engineered mouse models (5–18).
Macrophage-derived apoE, in particular, has been shown
to have important effects on the susceptibility of the vessel
wall to hyperlipemic injury, and to significantly modulate
development of atherosclerotic lesions after such injury.
The modulation of cholesterol efflux by endogenously
produced apoE in the macrophage is one mechanism by
which macrophages could influence vessel wall response
to hyperlipemic injury. We and others demonstrated that
endogenous expression of apoE by macrophages en-
hances efflux of cholesterol (19–23). This enhanced ef-
flux can be observed in the absence of extracellular accep-
tors, but is magnified in the presence of such acceptors
(e.g., HDL or phospholipid vesicles). In addition, the ex-
perimental characteristics of cholesterol efflux produced
by endogenous expression of apoE can be distinguished
from efflux produced by the exogenous addition of lipid-
free apoE (23). This supports the notion that endogenous
expression and exogenous addition of apoE may work by
distinct mechanisms to produce cholesterol efflux from
macrophage cells.

In previously reported studies, we demonstrated the
usefulness of the transfected J774 model to study the effect
of apoE expression on cholesterol flux in macrophages
(21, 23, 24). We showed that cholesterol efflux produced
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in this model is very similar to that observed in human
monocyte macrophages, in terms of amount of choles-
terol and phospholipid secreted, the density of the apoE-
containing lipid particle, and the response of cholesterol
and phospholipid efflux to enriching cells with excess
cholesterol. The availability of this transfected model of-
fers a unique opportunity to evaluate the mechanism of
endogenous apoE-induced sterol efflux from macro-
phages by comparing cells that express physiologic amounts
of apoE with nontransfected parental cells that do not ex-
press apoE.

We also previously demonstrated the presence of a sig-
nificant pool of apoE sequestered by proteoglycans on
the macrophage cell surface in both the transfected J774
line and in human monocyte-derived macrophages (25).
Using the transfected J774 macrophage model, it was re-
cently demonstrated that apoE expression increases macro-
phage proteoglycan production and increases the length
of glycosaminoglycan chains in proteoglycans (26). Con-
versely, inhibiting proteoglycan production by macro-
phages increases apoE secretion from cells and decreases
its endogenous degradation (25). These observations sug-
gest an important interaction between endogenously syn-
thesized apoE and proteoglycans in macrophages. This in-
teraction could have important implications for the
binding of growth factors, or in cell-cell and cell-matrix
associations in the vessel wall. In addition, as we discussed
previously (23), observations in the literature suggest a
potential role for cell surface apoE in producing choles-
terol efflux from macrophages. For example, a cell sur-
face pool of apoE, formed during movement of endoge-
nously synthesized apoE across the pericellular space,
could be optimally positioned to facilitate desorption of
lipids from the plasma membrane or to enhance apoE in-
teraction with ATP-binding cassette (ABC) transporters.
In the current series of studies, we evaluate the impor-
tance of proteoglycan-apoE interactions, predominantly
at the cell surface, for facilitating cholesterol efflux from
macrophage cells.

MATERIALS AND METHODS

 

Materials

 

[

 

3

 

H]cholesterol, [

 

35

 

S]methionine, and the Enhanced Chemi-
luminescent kit were purchased from Amersham (Arlington
Heights, IL). Aprotinin, leupeptin, PMSF, benzamidine, 4-methyl-
umbelliferyl-

 

�

 

-D-xyloside (

 

�

 

-DX), heparinase, cholesterol, and
peroxide-conjugated rabbit-anti-goat IgG were obtained from
Sigma (St. Louis, MO). Coprostanol was obtained from Steraloids
(Newport, RI). The goat anti-human apoE antiserum was ob-
tained from International Immunology Co. (Murrieta, CA). All
tissue culture reagents including DMEM, fetal calf serum (FCS),
and neomycin were purchased from Gibco (Grand Island, NY),
and all organic solvents including isopropanol, methanol, hex-
ane, and chloroform were from Fisher Scientific Co. (Pittsburgh,
PA). Acetylated LDL (ALDL) and apoE-free HDL

 

3

 

 (HDL

 

3

 

) were
prepared as previously described (21, 23). HDL

 

3

 

 was radiola-
beled as previously described (24). Purified apoE from human
VLDL was purchased from Calbiochem (San Diego, CA).

 
Cells

 

ApoE-expressing ( J774E

 

�

 

) and nonexpressing ( J774E

 

�

 

)
macrophages have been previously characterized in detail (21,
23, 25–28), and were maintained in DMEM containing 10% FCS
and neomycin (0.5 mg/ml) at 37

 

�

 

C in an atmosphere of 5%
CO

 

2

 

. One week prior to experiments, the cells were switched to
neomycin-free growth medium. Where indicated, cells were en-
riched with cholesterol by incubating with ALDL at 80 

 

�

 

g/ml
in DMEM containing 5% FCS. For studies in which cell sur face
proteoglycans were to be depleted, 

 

�

 

-DX was added into the
growth medium at final concentration of 1 mM 72 h prior to
the start of the experiments; 2 h before the start of experiments,
the cells were washed three times with DMEM containing 0.1%
BSA, and incubated in the same medium containing 5 U/ml
heparinase at 37

 

�

 

C for 2 h. We previously showed that treat-
ment with 

 

�

 

-DX reduces the synthesis of proteoglycans by up to
80%, and that treatment of J774E

 

�

 

 cells with 

 

�

 

-DX and heparin-
ase significantly reduces cell surface apoE (25). Because apoE
synthesis does not change after proteoglycan depletion, this re-
duction in cell surface trapping leads to increased apoE release
from proteoglycan-depleted J774E

 

�

 

 cells (25).

 

Cholesterol efflux kinetics

 

Cells were plated as previously described and labeled with
[

 

3

 

H]cholesterol (2 

 

�

 

Ci/ml) for 48 h in DMEM plus 10% FCS
(23). [

 

3

 

H]cholesterol was added in ethanol vehicle and the final
ethanol concentration in the medium was 

 

�

 

0.4%. Prior to the
start of efflux incubation, the cells were rinsed three times with
DMEM plus 0.1% BSA, incubated in DMEM plus 0.5% BSA for
2 h, and then rinsed again in DMEM alone. The efflux time
course was initiated by the addition of efflux medium (DMEM 

 

�

 

0.1% BSA) to the culture, and aliquots of the medium were sam-
pled at the time point indicated. Medium samples were centri-
fuged at 2,500 rpm 

 

�

 

 15 min to pellet detached cells. 

 

3

 

H radio-
activity in the supernatant was quantitated by liquid scintillation
counting. Efflux is expressed as a percentage, calculated as
[

 

3

 

H]cholesterol radioactivity released divided by that measured
in cells at the beginning of the efflux incubation. Cell monolayers
were washed three times with PBS, dissolved in 0.1 N NaOH, and
assayed for protein and cholesterol content.

 

[

 

35

 

S]apoE and 

 

3

 

H lipid labeling, isolation, and 
analysis of macrophage-derived apoE particles

 

ApoE-expressing macrophages were grown in DMEM containing
10% FCS until 80% confluence, and switched to DMEM con-
taining 5% lipoprotein-deficient FCS for 8 h to up-regulate de
novo sterol synthesis. The cells were labeled with [

 

35

 

S]methionine
(100 

 

�

 

Ci/ml) and [

 

3

 

H]sodium acetate (40 

 

�

 

Ci/ml) for 18 h in
methionine-free DMEM supplemented with 10 

 

�

 

M cold me-
thionine and 0.1% BSA. After three washes with PBS plus
0.1% BSA at 37

 

�

 

C, the cells were incubated for an additional 1 h
in the methionine-free DMEM containing the same amount of
[

 

35

 

S]methionine and [

 

3

 

H]sodium acetate. This medium (i.e.,
secreted fraction) was collected into prechilled tubes containing
a protease-inhibitor cocktail (aprotinin, PMSF, leupeptin, and
benzamidine). Cell monolayers were subsequently treated with
heparinase (5 U/ml) in DMEM plus 0.1% BSA for 30 min at
37

 

�

 

C. This fraction (cell surface) was collected as noted above.
Both fractions were centrifuged at 2,500 rpm 

 

�

 

 15 min to pellet
detached cells. ApoE-lipid particles in each fraction were then
recovered by immobilization on protein G agarose beads coated
with apoE antiserum in detergent-free buffer. The pelleted
beads were extensively washed with PBS, and resuspended in
0.2 ml PBS; the pellets were then split into two equal volumes.
From one set of samples, 

 

3

 

H-labeled lipid components were ex-
tracted using hexane–isopropanol (3:2, v/v), separated by TLC
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(hexane–acetone–acetic acid, 70:30:2, v/v/v), and radioactivity
in cholesterol was quantified by liquid scintillation counting. From
the other set of samples, immunoprecipitated apoE was released
from the beads by boiling in a dissociation buffer containing 5%
SDS, 0.12 M Tris-HCl (pH 6.8), and 

 

�

 

-mecaptoethanol (40 

 

�

 

l/ml)
for 15 min, and subjected to SDS-PAGE. ApoE-associated 

 

35

 

S radio-
activity in apoE was detected and quantified with a Molecular Dy-
namics Storm Phosphorimager using ImageQuant software. This
immunoisolation procedure allows for highly specific and quanti-
tative recovery of biosynthetically labeled apoE (27, 29).

 

Density distribution of apoE-lipid and HDL

 

3

 

 particles

 

To assess the effect of proteoglycan depletion on the density
of the secreted apoE-lipid particles, apoE-expressing macro-
phages were plated in T-75-cm

 

2

 

 flasks at 3 to 4 million cells per
flask in DMEM plus 10% FCS until 60 –70% confluence. Control
apoE-expressing cells are incubated for an additional 72 h in
growth medium prior to the start of the apoE particle collection.
For proteoglycan-depleted apoE-expressing cells, 

 

�

 

-DX at 1 mM
was included in this 72-h incubation, and cells were treated
with heparinase (5 U/ml) for 2 h at 37

 

�

 

C prior to start of the
apoE particle collection. Cells were washed extensively, and
0.1% BSA in DMEM was added to start the apoE particle collec-
tion. After 24 h, the medium was harvested into prechilled tubes
containing pepstatin (5 

 

�

 

g/ml), leupeptin (5 

 

�

 

g/ml), benzami-
dine (10 

 

�

 

g/ml), aprotinin (0.1 mg/ml), and PMSF (0.5 mM).
The samples were centrifuged at 2,500 rpm 

 

�

 

 15 min (4

 

�

 

C) to
pellet floating cells. The supernatant was recovered and sub-
jected to KBr density-gradient ultra-centrifugation as previously
described (23). Fractions were exhaustively dialyzed against
saline/EDTA (4

 

�

 

C) to remove KBr, and lyophilized using a speed
vacuum. The lyophilized fractions were resuspended in an equal
volume of PBS (0.2 ml); an aliquot was taken for SDS-PAGE and
Western blotting in which a goat-anti-human apoE antiserum
was used as the primary antibody, and horseradish peroxidase-
conjugated rabbit-anti-goat IgG as the secondary antibody. ApoE
bands were visualized using an enhanced chemiluminescent kit
from Amersham. Quantitation was performed using a UMAX
scanner and Zero Dscan software (Scanalytics Inc., Fair fax, VA).

In experiments designed to evaluate the density of proteoglycan-
associated cell surface apoE, the cells were plated and grown as
described above without 

 

�

 

-DX. The surface proteoglycan-associated
apoE was harvested from the cell surface by heparinase treat-
ment (5 U/ml, 37

 

�

 

C for 30 min). ApoE-lipid particles released
from the cell surface were collected for density-gradient ultra-
centrifugation, SDS-PAGE, and Western-blotting analysis as de-
scribed above. For HDL

 

3

 

 density distribution, iodinated HDL

 

3

 

was incubated with cells for 24 h as described in the figure leg-
ends. Cell culture medium was recovered and the distribution of
radioactivity along a KBr density gradient was determined.

 

Other procedures

 

Cholesterol mass in extracts of cells or media was measured by
gas-liquid chromatography using coprostanol as the internal
standard (23). Protein mass was measured using the method of
Lowry using BSA as standard. Statistical significance was evalu-
ated by ANOVA using SPSS software (SPSS Inc., Chicago, IL).

 

RESULTS

 

Depletion of cellular proteoglycans reduces
sterol efflux from J774E

 

�

 

 cells to HDL

 

3

 

In the first series of experiments, we incubated radio-
labeled HDL

 

3

 

 with J774E

 

�

 

 and J774E

 

�

 

 cells. Both cell types

Fig. 1. Density distribution of HDL3 after incubation with con-
trol or proteoglycan-depleted J774E� and J774E� cells. J774E�

and J774E� cells were grown in 5% FCS plus 80 �g/ml ALDL,
alone or with 1 mM �-DX. After 48 h, medium was aspirated and
cells treated with �-DX were incubated in 5 U/ml of heparinase
for 2 h at 37�C. All cells were extensively washed, and 0.1% BSA
with 40 �g 125I HDL3 and 1 �g/ml S58035 was added to all cul-
tures. In addition, cultures previously treated with �-DX and hep-
arinase received 1 mM �-DX. After 24 h, the medium was col-
lected, cells were removed by centrifugation, and the density
distribution of radioactivity in HDL3 was measured through a
KBr gradient as described in Materials and Methods. A: The den-
sity distribution of 125I HDL after incubation with J774E� or
J774E� cells. B: The density distribution of 125I HDL3 after incu-
bation with J774E� cells or proteoglycan-depleted J774E� cells.
C: The density distribution of 125I HDL3 after incubation with
J774E� or proteoglycan-depleted J774E� cells. The density gradi-
ents shown are from a representative analysis from a total of
three experiments performed. PG�, cells with intact proteogly-
cans; PG�, cells with depleted proteoglycans.
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J774E� cells, there is a substantial decrease in total cellu-
lar cholesterol during the 24-h incubation period in HDL3.
However, this decrease is significantly attenuated in
J774E� cells depleted of proteoglycans. There was no sig-
nificant change in total cellular cholesterol in J774E� cells
or in proteoglycan-depleted J774E� cells over the 24-h in-
cubation period in HDL3.

Depletion of cellular proteoglycans reduces
sterol efflux from J774E� in the absence of
extracellular sterol acceptors

We next evaluated the effect of proteoglycan depletion
on cholesterol efflux in the absence of a specific extra-
cellular sterol acceptor. In addition, these experiments
were performed in cells with basal levels of cholesterol
in order to determine whether cholesterol loading was re-
quired to observe differences. Because cell cholesterol
would likely not change substantially due to homeostatic
changes in cell cholesterol synthesis, for this experiment,
we measured the mass of cholesterol secreted into the me-
dium during a 24-h incubation. As shown in Table 2, the
highest amount of cholesterol was secreted from J774E�

cells with intact proteoglycans; this amount was signifi-
cantly reduced by proteoglycan depletion. The level of
cholesterol secreted from J774E� cells was lower than
J774E� cells and was not affected by proteoglycan deple-
tion. We next evaluated the effect of proteoglycan depletion
on cholesterol efflux using a radiolabeled kinetic efflux
assay. J774E� and J774E� cells with or without proteoglycan

were cholesterol loaded by incubation with ALDL prior
to the start of the incubation with radiolabeled HDL3.
Each cell type was also examined with and without pro-
teoglycan depletion. As noted in Materials and Methods,
proteoglycan depletion was accomplished by treatment
with heparinase and �-DX. The latter compound substi-
tutes for the core protein moiety of proteoglycans in the
cell and significantly reduces their synthesis and appear-
ance on the cell surface (25). After 24-h incubation with
labeled HDL3, the HDL3 was recovered from cell culture
medium and resolved on a KBr density gradient. As shown
in Fig. 1A, after incubation with J774E� cells, the HDL3
had a more buoyant density compared with HDL3 incu-
bated with J774E� cells. As shown in Fig. 1B, depletion of
proteoglycans from the J774E� cells resulted in a shift of ra-
diolabeled HDL3 to denser fractions. As shown in Fig. 1C,
similar proteoglycan depletion of J774E� cells did not
shift HDL3 to a denser fraction. These results (representative
of a total of three separate experiments) are consistent
with the interpretation that HDL3 acquires more cellular
lipid from J774E� cells than from J774E� cells (Fig. 1A),
and that proteoglycan depletion reduces lipid efflux from
J774E� cells but not from J774E� cells (Fig. 1B and C).
Next, this issue was evaluated in another way. The change in
cellular cholesterol mass in cholesterol-enriched macro-
phages was measured in control and proteoglycan-depleted
J774E� and in control and proteoglycan-depleted J774E�

cells during a 24-h incubation in HDL3. The results of a
representative experiment are shown in Table 1. In

TABLE 1. Proteoglycan depletion reduces HDL3-mediated cholesterol efflux only from J774E� macrophages

J774E� J774E�

Total Cellular Cholesterol Control Proteoglycan-Depleted Control Proteoglycan-Depleted

�g/mg cell protein

Before incubation with HDL3 63.96 	 3.35a 69.47 	 4.45 69.91 	 3.87 62.28 	 1.18
After incubation with HDL3 51.14 	 4.18a 69.41 	 2.35 65.37 	 4.04 62.77 	 1.39

Macrophages were incubated for 72 h in DMEM with 10% FCS. For proteoglycan depletion, 1 mM �-DX was
included. Forty-eight hours prior to the start of the efflux incubation, ALDL was added to the culture medium of
all cells to a final concentration of 80 �g/ml. The cells were then washed and incubated in DMEM with 0.1% BSA
for 2 h. Heparinase (5 U/ml) was included in cells preincubated with �-DX. Cells were subsequently incubated in
DMEM with 0.1% BSA plus apoE-free HDL3 (40 �g/ml). �-DX (1 mM) was included in proteoglycan-depleted
cells. After 24 h, cellular lipids were extracted and quantified. Data shown are mean 	 SD from triplicate samples.
a P � 0.05.

TABLE 2. Proteoglycan depletion decreases spontaneous cholesterol efflux only from J774E� macrophages

J774E� J774E�

Total Cholesterol Control Proteoglycan-Depleted Control Proteoglycan-Depleted

�g/mg cell protein

Cell 24.25 	 3.20 25.31 	 1.45 27.13 	 4.28 26.11 	 2.27
Medium 1.47 	 0.31a 0.71 	 0.12a 0.74 	 0.08 0.68 	 0.20

Macrophages were depleted of proteoglycans using �-DX (1 mM for 72 h), and heparinase (5 U/ml for 2 h),
as noted in the legend to Table 1. Cells were then washed extensively and incubated for an additional 24 h in
DMEM with 0.1% BSA. �-DX (1 mM) was included in proteoglycan-depleted cells. After this 24 h incubation, the
medium was collected, and total cholesterol in media and cells was measured as described in Materials and Meth-
ods. Data shown are mean 	 SD from triplicate samples.
a P � 0.01.
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depletion were labeled to equilibrium with [3H]choles-
terol, and the time course for the appearance of labeled
cholesterol in the medium was monitored. The efflux of
cholesterol was expressed as a percentage of total labeled
cellular cholesterol present at the start of the efflux incu-
bation. As shown in Fig. 2, there was increased cholesterol
efflux from J774E� compared with J774E� cells in the
proteoglycan-replete state as we have previously reported
(23). Depletion of cellular proteoglycans significantly
reduced the efflux of cholesterol from J774E�, but not
from J774E� cells. In summary, the results of the above ex-
periments examining either cellular cholesterol mass,
medium cholesterol mass, or cholesterol efflux kinetics
indicate that reduction of cellular proteoglycans reduces
cholesterol efflux from J774E�, but not from J774E�

macrophages. This result indicates that the decrease in
cholesterol efflux after proteoglycan depletion of macro-
phages involves a proteoglycan-apoE interaction.

Proteoglycan depletion leads to secretion of a
denser apoE-lipid particle from J774E� cells

We examined the density distribution of secreted apoE
particles from J774E� cells compared with proteoglycan-
depleted J774E� cells. J774E� cells (with intact proteogly-
cans) secreted an apoE particle with two major density
peaks (Fig. 3). Depleting cellular proteoglycans prior to
collection of the particles resulted in a shift in the distri-
bution of the secreted apoE particle from the more buoy-
ant to the denser peak (Fig. 3). This result indicated that

proteoglycan depletion resulted in the release of more
lipid-poor apoE particles from J774E� cells.

ApoE-lipid particles in the pericellular proteoglycan
layer are denser and have a lower lipid-to-apoE ratio
than secreted particles

We previously showed that a significant portion of cellular
apoE is sequestered in a pericellular proteoglycan matrix.
If release of lipid-poor particles in proteoglycan-depleted
J774E� cells (shown in Fig. 3) was due to decreased reten-
tion of these particles on the cell surface, then apoE-lipid
particles harvested from this pericellular proteoglycan
layer should be denser and lipid-poor compared with se-
creted particles. We directly evaluated this prediction.
J774E� cells were grown without proteoglycan depletion,
and secreted and proteoglycan-associated cell surface
apoE particles were collected (Fig. 4). ApoE collected
from the medium demonstrated a prominent buoyant
peak that was absent from the cell surface pool of apoE,
consistent with our prediction. The basis for the differ-
ence in density between cell surface and secreted apoE
particles was then further investigated; that is, we sought
to confirm that differences in density were specifically due
to changes in lipid-to-apoE ratio. Cellular apoE and lipids
were labeled to equilibrium over 18 h in apoE-expressing
cells. After labeling, secreted and cell surface apoE parti-
cles were harvested and isolated in the absence of deter-
gents on protein G agarose beads coated with apoE anti-
serum as described in Materials and Methods. The purified
apoE-lipid particles were then analyzed for labeled lipid
and apoE content. The results of this analysis are shown in
Fig. 5. The left panel of this figure shows the ratio of total
lipid radioactivity to apoE radioactivity in isolated parti-
cles. This ratio was significantly lower in the cell surface
fraction compared with the medium fraction. The right
panel shows the results for cholesterol (separated and

Fig. 2. Effect of proteoglycan depletion on cholesterol efflux ki-
netics in J774 macrophages. Cells with basal levels of cholesterol
were grown and labeled as described in Materials and Methods.
Seventy-two hours before the start of the efflux assay, �-DX (1 mM)
was added to cells for proteoglycan depletion. Cells were radiola-
beled with [3H]cholesterol (2 �Ci/ml) in DMEM plus 10% FCS for
48 h. Cells were then extensively washed and incubated in DMEM
with 0.1% BSA for 2 h. Heparinase (5 U/ml) was included in cells
previously incubated in �-DX. The cholesterol efflux assay was initi-
ated by adding fresh DMEM with 0.1% BSA. �-DX (1 mM) was
added to proteoglycan-depleted cells. The appearance of labeled
cholesterol was measured in the medium at the time points indi-
cated in the figure. Data shown are mean 	 SD from triplicate sam-
ples. The specific activities for cellular cholesterol (dpm/ng) in the
four groups are as follows: J774E� control cells, 35.0 	 1.3; J774E�

proteoglycan-depleted cells, 41.4 	 3.5; J774E� control cells, 30.1 	
2.1; J774E� proteoglycan-depleted cells, 32.4 	 2.3.

Fig. 3. Effect of proteoglycan depletion on the density of the se-
creted apoE-lipid particle. Control or proteoglycan-depleted
J774E� macrophages were incubated in DMEM containing 0.1%
BSA for 24 h. The medium was collected and subjected to KBr
density-gradient ultracentrifugation, as described in Materials and
Methods. ApoE in each fraction was detected and quantified as
described in Materials and Methods.
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identified by TLC) to apoE (isolated on SDS-PAGE)
ratios. Again, there is a significantly lower ratio in apoE
particles harvested from the proteoglycan pericellular
pool compared with those secreted into the medium.

Proteoglycan depletion of J774E� cells does not 
reduce efflux to exogenously added apoE

The above experiments demonstrate that apoE in a
pericellular proteoglycan pool is important for facilitating
the cholesterol efflux associated with endogenously ex-
pressed apoE in macrophages. Because this interaction
occurred on the cell surface, we next determined whether
apoE added exogenously to J774E� cells would be simi-
larly affected by proteoglycan depletion. Proteoglycan de-
pletion in the absence of exogenous apoE has no effect
on sterol efflux from J774E� cells (Fig. 2 and Table 2). We
previously showed that addition of exogenous apoE at 0.5

and 1.0 �g/ml significantly enhances sterol efflux from
J774E� cells with intact proteoglycans (23). For the current
evaluation, we added exogenous apoE at 2 �g/ml to
J774E� cells with intact and depleted proteoglycans. We
also examined J774E� cells with basal levels of cholesterol
and after cholesterol loading. The results of a represent-
ative experiment are shown in Table 3. A portion of the
cell cultures were harvested prior to addition of apoE for
measurement of total cell cholesterol mass. ApoE (2 �g/
ml) was then added to all remaining cultures and the cho-
lesterol in the medium was measured after 24 h. Pro-

Fig. 4. Comparison of the density distribution between secreted
and proteoglycan-associated cell sur face apoE-lipid particles.
Secreted apoE-lipid particles were collected in medium from
J774E� cells with intact proteoglycans as described in the legend to
Fig. 3. A pericellular proteoglycan-associated pool of apoE-lipid
particles was harvested by treating proteoglycan-replete cells with
medium containing heparinase (5 U/ml) for 2 h at 37�C. Medium
and pericellular apoE particles were analyzed as described in the
legend to Fig. 3.

Fig. 5. Comparison of lipid to apoE and cholesterol to apoE ratios
in secreted and proteoglycan-associated cell surface apoE-lipid
particles. J774E� cells were incubated in DMEM containing 10%
lipoprotein-deficient FCS for 8 h and subsequently labeled in
medium containing [3H]sodium acetate (40 �Ci/ml) and
[35S]methionine (100 �Ci/ml) for 18 h as described in Materials
and Methods. The cells were then washed and incubated in 0.1%
BSA containing DMEM for 1 h. This medium was then collected for
subsequent analysis (medium fraction). The labeled apoE-lipid par-
ticles remaining in the pericellular proteoglycan-associated pool
were harvested by heparinase treatment as described in the legend
to Fig. 4 (surface fraction). Medium and cell surface apoE-lipid par-
ticles were recovered on protein G agarose beads coated with apoE
antisera and analyzed for labeled lipid content as described in Mate-
rials and Methods. ApoE particles isolated by immunoaffinity were
denatured and analyzed by SDS-PAGE as described in Materials and
Methods. The apoE band was identified by phosphorimager, and ra-
dioactivity in apoE was quantitated as described in Materials and
Methods. Data shown are mean 	 SD from triplicate samples.

TABLE 3. Proteoglycan depletion of J774E� cells does not reduce cholesterol efflux 
to exogenously added apoE

J774E� Basal Cholesterol J774E� Cholesterol Loaded

Total Cholesterol Control Proteoglycan-Depleted Control Proteoglycan-Depleted

�g/mg cell protein
Cell 22.1 	 2.30 24.7 	 4.00 52.8 	 2.52 48.81 	 2.73
Medium 0.54 	 0.10 0.75 	 0.10 1.0 	 0.27 1.22 	 0.22

J774E� cells were grown in 10% FCS with or without 1 mM �-DX. For cholesterol-loaded cells, acetylated LDL
at 80 �g/ml was also included. After 48 h, the medium was aspirated, the cell layer was washed, and cultures previ-
ously treated with �-DX were incubated with 10 U/ml heparinase for 2 h at 37�C in 0.2% BSA. Control cells re-
ceived 0.2% BSA for 2 h at 37�C alone. A portion of cell cultures from each group was harvested for measurement
of total cell cholesterol. The remainder of the cell layers were extensively washed and 0.1% BSA containing 2 �g/
ml apoE was added. After 24 h, the cell medium was recovered, and cholesterol mass in the medium was measured.
Values shown are the mean 	 SD from triplicate samples.
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teoglycan depletion did not reduce sterol efflux from cells
with either basal or expanded cholesterol stores to exoge-
nous apoE. In fact, efflux to exogenous apoE tended to be
somewhat greater from proteoglycan-depleted cells. These
results indicate that reduction of apoE-associated sterol ef-
flux from macrophages after proteoglycan depletion is
specific for endogenously synthesized apoE.

DISCUSSION

We previously reported that interrupting proteoglycan
synthesis, or removing proteoglycans from the cell sur-
face, markedly reduces apoE retention in a cell surface
pool and increases its release from the cell layer (25). We
also previously showed that at steady state, as much as 8–
10% of total cellular apoE is in a cell surface pool, and
that this pool serves as precursor for secreted apoE (29).
We also made the unexpected observation that there ap-
pears to be a cell surface fraction of apoE with a long re-
tention time, and that it undergoes recycling to the Golgi
prior to secretion (29). We previously considered multiple
mechanisms by which endogenous synthesis/secretion of
apoE could enhance cholesterol efflux utilizing mecha-
nisms distinct and somewhat more effective than those
utilized by exogenous addition of lipid-free apoE (23). In-
cluded in our considerations was the possibility that a cell
surface pool, efficiently formed by endogenous expres-
sion of apoE, could be involved. The studies in this article
establish a role for proteoglycan-apoE interaction in facili-
tating cholesterol efflux; with specific importance of the
proteoglycan-associated cell surface pool of apoE.

Inhibiting proteoglycan synthesis reduced cholesterol
efflux only from apoE-expressing macrophages. Addi-
tional studies confirmed that inhibiting synthesis of pro-
teoglycans leads to the secretion of a denser apoE-lipid
particle from J774E� macrophages. In addition, direct
evaluation of apoE-lipid particles in the pericellular pro-
teoglycan pool indicates that they are denser than se-
creted apoE-lipid particles. Direct examination of total
lipid-to-apoE ratio or sterol-to-apoE ratio indicates that
both of these are higher in secreted apoE-lipid particles
compared with pericellular proteoglycan-associated apoE-
lipid particles. These observations, in conjunction with
our previous findings that cell surface apoE is the precur-
sor pool for secreted apoE, suggest that nascent apoE ar-
rives at the cell surface in a relatively lipid-poor state and
acquires lipid while retained in a proteoglycan pool on
the macrophage cell surface. This efflux mechanism
could help to explain the greater efficacy of endogenous
apoE expression compared with exogenous apoE addition
for producing efflux from macrophages (23). It could be
predicted that endogenous synthesis and secretion of
apoE would more effectively lead to formation and main-
tenance of a cell surface pool. For example, endogenously
synthesized apoE may be more efficiently sequestered at
the cell surface due to an increased exposure to low affin-
ity binding sites at the cell surface during passage through
the pericellular space.

There are several mechanisms one could consider for
how a proteoglycan-bound cell surface pool of apoE could
facilitate cholesterol efflux. ApoE held in proximity to the
plasma membrane by proteoglycan binding could facili-
tate passive desorption of lipid from the plasma membrane.
Alternatively, binding by plasma membrane proteoglycans
could facilitate the presentation of apoE to specific cell
surface sites responsible for enhancing cholesterol efflux
(30). In this regard, scavenger receptor BI (SR-BI) or ABC-1
could be involved (31–36). Both proteins are expressed
on the macrophage cell surface and each has been shown
to be important for the flux of free cholesterol across the
plasma membrane. A direct interaction of cell surface apoE
with ABC-1 or SR-BI may not be required; only the close
proximity of apoE as a sterol acceptor may be needed.
Finally, the recycling of proteoglycan-bound apoE through
intracellular membrane compartments including the Golgi
could facilitate lipid acquisition by apoE (29). These issues
will require additional investigation.

The observations in this article were facilitated by the
use of a stably transfected macrophage line that produces
physiologic levels of apoE. The fact that depletion of pro-
teoglycan had no effect on cholesterol efflux in nonex-
pressing cells indicates that the results in apoE-expressing
cells were not due to nonspecific changes resulting from
the treatment to deplete macrophages of proteoglycans,
or to proteoglycan depletion itself. The results of our
studies establish a new role for cell surface apoE in facili-
tating the cholesterol efflux associated with endogenous
expression of apoE. Other important functions can also
be considered. The matrix of the vessel wall has assumed
increasing importance as the understanding of atherogen-
esis develops (37–39). Proteoglycans provide important
binding sites for growth factors and cytokines, and the
presence of apoE could potentially modulate retention of
these factors on the macrophage cell surface. We previ-
ously showed that apoE on the macrophage cell surface
modulates the interaction of cells with HDL (24). It was
also recently shown that apoE in a pericellular proteo-
glycan matrix modulates the metabolism of apoE-containing
triglyceride-rich lipoproteins by macrophages (40, 41).

In summary, in these studies, we established one mecha-
nism by which endogenous expression of apoE facilitates
effective cholesterol efflux from macrophages. Reduction
of apoE in a proteoglycan pool suppresses sterol efflux.
Further, the specific retention of endogenously synthe-
sized macrophage apoE in a proteoglycan-associated cell
surface pool appears to play a critical role in the en-
hanced cholesterol efflux produced by endogenous apoE
expression in the macrophage. Our data further indicate
that endogenously synthesized apoE arrives at the cell sur-
face in a more lipid-poor state than when it is eventually
released from the cell surface. We previously showed that
cell surface apoE serves as the precursor for secreted
apoE, and it is possible that changes in apoE conforma-
tion, which attend lipidation, play a role in its release
from proteoglycan binding sites on the cell surface. Al-
though a proximate source of lipid available to cell sur-
face apoE resides in the plasma membrane, recent obser-
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vations demonstrating recycling of cell surface apoE
suggest that acquisition of lipid from intracellular mem-
branes must also be considered and investigated.
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