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ABSTRACT: We previously reported that unsaturated fatty acids stimulated low-density lipoprotein (LDL)
particle uptake in J774 macrophages by increasing LDL receptor activity. Since free fatty acids (FFA)
also change plasma membrane properties, a putative cholesteryl ester (CE) acceptor for selective uptake
(SU), we questioned the ability of FFA to modulate SU from LDL. Using [3H]cholesteryl ether/125I-LDL
to trace CE core and whole particle uptake, we found that oleic acid and eicosapentaenoic acid, but not
saturated stearic acid, increased SU by 30% over control levels. An ACAT inhibitor, Dup128, abolished
FFA effects on SU, indicating that increased SU by FFA was secondary to changes in cell-free cholesterol
(FC). Consistent with these observations, ACAT inhibition increased cell FC and reduced LDL SU by
half. The important role of plasma membrane composition was further demonstrated in thatâ-cyclodextrin-
(â-CD-) mediated FC removal from the plasma membrane increased SU from LDL and was further
stimulated by U18666A, a compound that inhibits FC transport between lysosomes and the plasma
membrane. In contrast, cholesterol-saturatedâ-CD markedly reduced LDL SU. In contrast to LDL SU,
oleic acid, ACAT inhibition, U18666A, orâ-CD had no effects on HDL SU. Moreover, HDL SU was
inhibited by antimouse SR-BI antibody by more than 50% but had little effect on LDL SU. In C57BL/6
mice fed a high fat diet, plasma FFA levels increased, and SU accounted for an almost 4-fold increased
proportion of total cholesterol delivery to the arterial wall. Taken together, these data suggest that LDL
SU is mediated by pathways independent of SR-BI and is influenced by plasma membrane FC content.
Moreover, in conditions where elevated plasma FFA occur, SU from LDL can be an important mechanism
for cholesterol delivery in vivo.

Low-density lipoprotein (LDL) is the major lipoprotein
carrier for cholesterol in human plasma. LDL metabolism
in humans is well characterized (1). Although LDL receptors
are the primary pathway for plasma LDL clearance via the
liver in human and many animal models, other uptake
mechanisms exist in peripheral tissues (2, 3) where few LDL
receptors are expressed, such as the arterial wall (4).
Moreover, these processes, which involve non-LDL receptor
pathways, contribute to development of atherosclerosis (5).
These include scavenger class A receptors, or classical
scavenger receptors, and CD36 that mediates uptake of
modified lipoproteins by macrophages and smooth muscle
cells (6-8). In addition, low-affinity, high-capacity pathways
such as cell surface proteoglycans (9-11) have also been

suggested to play an important role in atherosclerotic lesion
development (12).

Selective lipid transfer from lipoproteins, or selective
uptake, is another pathway for cholesterol delivery to cells,
whereby CE1 from the lipoprotein core is taken up by cells
without concomitant uptake of whole lipoprotein particles.
Selective uptake from HDL is mediated by scavenger
receptor type BI, or SR-BI, and is important in steroidogen-
esis and reverse cholesterol transport (13, 14). Although less
information is available, selective uptake also occurs with
other lipoproteins such as VLDL, LDL, and IDL (15-17).
SR-BI can also contribute to selective uptake from these
lipoproteins (18), and in some cells, SR-BI can almost
exclusively mediate selective uptake from LDL (19). Never-
theless, selective uptake from LDL occurs in tissues where
little or no SR-BI is present (20). This indicates that, in
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addition to SR-BI, alternative mechanisms for selective
uptake are likely present in these cells. We have reported
that cell surface proteoglycans mediate selective uptake from
LDL and that this pathway is enhanced by lipoprotein lipase
(21). The physiological significance of selective uptake from
non-HDL lipoproteins is not fully delineated. However, with
the relatively high content of CE in LDL, it is possible that
selective uptake from LDL can contribute substantially to
CE delivery to cells and to the development of athero-
sclerosis.

The plasma membrane is a putative CE acceptor for
selective uptake (22). Still, little information is available as
to how properties of the plasma membrane might affect
selective uptake. We previously found that oleic acid (OA)
stimulated LDL particle uptake via increased LDL receptor
activity in J774 macrophages (23). We hypothesized that this
was due to a decrease in cholesterol content in the plasma
membrane as a result of fatty acid induction of increased
ACAT activity and a concomitant need for the plasma
membrane to supply FC required for cholesterol esterification
(23). Potential effects of FFA on altering cholesterol in the
plasma membrane are consistent with studies showing that
FFA changed the membrane fluidity in various cell types
(24, 25) and can alter the rate of cholesterol efflux in vascular
smooth muscle cells (26). Since the ability of plasma
membrane lipids to accommodate CE is influenced by
changes in plasma membrane cholesterol content (27, 28),
the presence of FFA and subsequent changes in membrane
cholesterol might influence selective uptake from LDL.

In the current studies, we examined selective uptake from
LDL in J774 macrophages and the potential of FFA to
modulate selective uptake from LDL and HDL. To examine
potential roles of LDL selective uptake in vivo, studies were
also performed to determine whether elevated FFA levels
in plasma influence LDL particle uptake and selective uptake
in the arterial wall. Our results show that unsaturated FFA
stimulate selective uptake for LDL but not HDL. OA
decreases cholesterol content in the plasma membrane, and
other factors that change cholesterol content in the plasma
membrane markedly affect selective uptake from LDL but
not HDL. Studies described herein suggest different mech-
anisms for selective uptake from LDL as compared to HDL.
HDL selective uptake was primarily mediated by SR-BI,
while pathways that were influenced by the cholesterol
content in the plasma membrane largely contributed to
selective uptake from LDL. Moreover, mice fed a high fat
diet showed a 2-fold increase in plasma FFA levels, and
selective uptake from LDL was enhanced in the arterial wall.

EXPERIMENTAL PROCEDURES

Materials.Sodium [125I]iodide (NEZ033) and [1,2,6,7-3H-
(n)]cholesteryl oleate were purchased from Dupont NEM,
Wilmington, DE. [1R,2R(n)-3H]Cholesteryl oleoyl ether
(TRK888) was purchased from Amersham Life Science,
Arlington Heights, IL. Fatty acids, bovine serum albumin
(BSA), (+)-4-cholesten-3-one,â-hydroxypropylcyclodextrin
(â-CD), cholesterol oxidase, and filipin were purchased from
Sigma Chemical Co. (St. Louis, MO).â-CD was solubilized
in deionized H2O (46%, w/v) and kept sterile. Cholesterol-
saturatedâ-CD was prepared as described (29). U18666A
was purchased from BIOMOL Research Laboratories, Inc.

(Philadelphia, PA). Rabbit antimouse SR-BI antibodies (30)
were kindly provided by Drs. David Silver and Alan Tall
(Columbia University). Fetal bovine serum (FBS) was
purchased from Hyclone Laboratories (Logan, VT). Lipo-
protein-deficient serum (LPDS) was prepared from FBS as
described (21). Dulbecco’s modified Eagle’s medium
(DMEM), RPMI, glutamine (200 mM), penicillin (10000
units/mL), and streptomycin (10000µg/mL) were purchased
from Gibco laboratories (Grand Island, NY). The ACAT
inhibitor, Dup128 (31), was kindly provided by Dr. Jefferey
Billheimer, Dupont Pharmaceutical Co., Wilmington, DE.
Rabbit antirat cytochrome P450 reductase antibody (OSA-
300C) was purchased from StressGen Biotechnologies Corp.
(Victoria, BC, Canada).

Cells. J774 (A2) murine macrophages (32) were grown
in culture in RPMI medium containing 10% FBS, vitamins,
2 mM L-glutamine, 100 units/mL penicillin, and 100µg/
mL streptomycin at 37°C in 95% atmosphere with 5% CO2.
Two days before the experiments, cells were plated to either
16 or 35 mm dishes at a density of 104 or 105 cells/dish,
respectively, and grown to 80% confluency. For the plasma
membrane isolation, cells were plated on 100 mm dishes
and maintained in the above medium until 100% confluency.

Lipoprotein Preparation and Labeling.LDL and HDL
were isolated from normolipidimic subjects and labeled with
[3H]cholesteryl oleoyl ether ([3H]CEt) and125I and assayed
for CE content using gas-liquid chromatography as de-
scribed (21). For in vivo studies, LDL was labeled with
nondegradable [125I]tyramine cellobiose (125I-TC) instead of
conventional125I labeling (21). The calculated cholesterol
to protein ratios of LDL and HDL ranged from 1.6 to 1.8 (n
) 20) and 0.2 to 0.5 (n ) 6), respectively. In both HDL and
LDL, more than 85% of total cholesterol was accounted for
by CE.

Determination of LDL and HDL Metabolism in Cultured
Cells.J774 macrophages were incubated with double-labeled
LDL or HDL in RPMI containing 1% BSA in the presence
or absence of 0.3 mM FFA (2:1 mol ratio FFA:BSA). At
the end of the incubation, medium was removed to determine
LDL degradation, and cells were washed twice with PBS
and solubilized in 0.1 N NaOH to determine cell-associated
[3H]CEt and125I by a Wallac 4090 scintillation counter as
described (21). In separate experiments, LDL was incubated
with FFA or cells for extended periods and was characterized
for structural and potential oxidation effects (33, 34). Under
the described experimental conditions, there was no evidence
of changes in LDL structure, and oxidized LDL was not
detected during incubation with cells. Cell-associated and
degraded125I-apo B were summed to show total cell apo B
metabolism, and values were used to calculate cholesterol
delivery to cells using cholesterol to protein ratios of the
experimental LDL. This value was compared to CE uptake
using [3H]CEt, and the difference between CE uptake from
[3H]CEt and125I uptake was defined as selective uptake.

To promote FC accumulation in the plasma membrane,
LDL incubation was performed in the presence of 10µM
Dup128, an ACAT inhibitor (31). Also, cells were incubated
with RPMI containing 5 mMâ-CD or cholesterol-saturated
â-CD for 1 h at 37 °C before being incubated with
lipoproteins.â-CD rapidly removes cholesterol from the
membrane, while treatment of cells with cholesterol-saturated
â-CD leads to a cholesterol-rich plasma membrane (35).
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Similar experiments were also performed in the presence of
2.5 µM U18666A, an amphiphile that inhibits the transport
of hydrolyzed cholesterol from lysosomes to the plasma
membrane (36) or vice versa (37) to prevent the redistribution
of cell cholesterol between the plasma membrane and
intracellular compartments (38, 39).

To examine the roles of cell surface proteins, cells were
pretreated with Pronase (3µg/mL) for 30 min at 37°C prior
to experiments to digest cell surface proteins. Cells were then
incubated with labeled LDL for 4 h in the presence or
absence of cyclohexamide (0.89 mM) to inhibit protein
synthesis. A 4 h incubation was chosen for the latter studies
since longer incubations of cells with cyclohexamide leads
to substantial cell death.

Filipin Staining of Cell-Free Cholesterol.Cells were plated
on the slide chamber and incubated with 100µg/mL LDL
in the presence or absence of 10µM ACAT inhibitor or 2.5
µM U18666A for 30 min to 18 h at 37°C. After incubation,
cells were incubated with DMEM containing heparin (1400
IU/mL) for 45 min at 4°C to remove cell surface bound
LDL and fixed with 3% paraformaldehyde for 1 h atroom
temperature. After extensive washing with PBS, cells were
incubated with PBS containing 10% FBS and filipin (0.05
mg/mL) for 1 h atroom temperature and washed with PBS
to remove unbound filipin (40). Studies were repeated twice
and showed very similar results. The stained cells were
visualized with a Leica Orthlux II florescent microscope and
were photographed using a Leica Vario-Orthomat at a
magnification of 400×. Equal exposure times were used for
all photographs. Thus, the 30 min incubation shows only
minimal staining. This was necessary to show the variations
of filipin intensity under the treatment conditions (C-F) that
were much higher than after 30 min incubation.

Determination of Cholesterol Content in the Plasma
Membrane Using Cholesterol Oxidase.After incubation of
cells with 100µg/mL [3H]CE-labeled LDL for 30 min to 18
h, cells were washed with PBS and incubated with DMEM
containing heparin (1400 IU/mL) for 45 min at 4°C to
remove surface-bound LDL. After the cells were quickly
washed with PBS, the cells were fixed with 1% glutaldehyde
at room temperature for 10 min and were washed with PBS
to remove the fixative. Cells were then incubated with RPMI
containing cholesterol oxidase (1 units/mL) for 1 h toallow
the conversion of cholesterol to cholestenone in the plasma
membrane (41). After the cells were washed with PBS,
cellular lipids were extracted with 2-propanol containing 60
µg/mL cholestenone as an internal standard. [3H]Cholesterol,
[3H]cholestenone, and [3H]CE were separated on thin-layer
chromatography as described (23) and measured for radio-
activity.

Plasma Membrane Isolation and Characterization.DEAE-
Sephadex beads were washed, coated with 0.1% nitro-
cellulose, and stored in PBS containing 100 units/mL
penicillin and 100µg/mL streptomycin at 4°C as described
by Gotlib and Searls (42). Six 100 mm confluent dishes per
condition were used to isolate the plasma membrane using
cationized beads as described by DeGrella et al. (43). There
was very little endoplasmic reticulum membrane contamina-
tion as determined by western blot with antirat cytochrome
P450 reductase antibody. Isolated plasma membranes were
extracted with 2-propanol and measured for cholesterol and
PL content using Waco enzymatic assays (Richmond, VA),

and the plasma membrane cholesterol content was normal-
ized per 100µg of phospholipid (PL).

Cell Phospholipid Measurement.After incubation of cells
with FFA, cell lipids were extracted with hexane-2-propanol
(3:2) overnight. Isolated lipids were assayed for PLs by the
method of Bartlett (44), and cell FC and CE were determined
by GLC as described previously (21).

LDL Uptake in the Arterial Wall in ViVo. Male C57BL/6
mice (4 weeks old) weighing approximately 15-18 g were
fed a normal chow or a high fat diet (45% calories come
from fats that are primarily saturated coconut oil; TD97108,
Harlan Tekland, Indianapolis, IN) in the clean room at
Rockefeller University. At the end of a 12 week feeding
period, mice were injected with double-labeled human LDL
(200µg) through the tail vein, and mice were continued on
their respective diets for 24 h. Previous studies indicated that
99% of injected LDL was cleared after 24 h (21). At the
end of the experiments, the vascular system was thoroughly
perfused with 20 mL of phosphate-buffered saline (PBS)
containing 1 mg/mL EDTA and 100 IU/mL heparin. Aortas
from these mice were isolated and quickly rinsed with saline
containing EDTA (1 mg/mL) followed by separation of lipid
and protein phases for determination of125I-TC-apoB and
[3H]CEt uptake as described in previous studies (21). In
separate sets of mice fed the same diets, blood was obtained
by retro-orbital sampling, and plasma lipid profiles were
determined by enzymatic kits.

Statistics.Two-tailedt-tests were performed to determine
the statistical significance of experiments (p < 0.01).

RESULTS

Effects of Oleic Acid, ACAT Inhibition, and U18666A on
Plasma Membrane Cholesterol.As previously reported (23),
incubation of OA increased LDL particle uptake by increas-
ing LDL receptor activity. We have hypothesized that this
is likely due to decreases in cholesterol content in the plasma
membrane cholesterol secondary to increased ACAT activity
(23). Since the plasma membrane is important for selective
uptake (14, 22, 45), we hypothesized that changes in the
plasma membrane cholesterol would influence selective
uptake from LDL. To test this, we first examined whether
OA would modulate cholesterol content in the plasma
membrane in cells incubated with LDL by using the
cholesterol binding resin, filipin (Figure 1). Effects of ACAT
inhibitor and U18666A on filipin staining were also exam-
ined since these compounds are reported to alter the plasma
membrane cholesterol content (46). Compared to cells
incubated with LDL alone for 30 min (Figure 1B), LDL
incubation increased filipin staining at both 4 and 18 h
(Figure 1C,D), an effect associated with increasing membrane
cholesterol. Filipin staining was more pronounced in the
presence of ACAT inhibitor, particularly at the cell periphery,
and at 18 h, entire cells were stained, indicating substantial
cholesterol accumulation within cells (Figure 1E). In contrast,
the presence of U18666A during LDL incubation led to less
filipin staining of the plasma membrane at 4 h (Figure 1G)
and punctated staining patterns in lysosomes at 18 h,
indicative of intracellular but not plasma membrane choles-
terol accumulation (Figure 1H). There were no apparent
differences in filipin staining intensity between cells incu-
bated with or without OA, presumably due to the lower
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sensitivity of filipin assays to changes in cell membrane
cholesterol in the presence of FFA (data not shown).

Thus, we quantitatively assessed the LDL-derived cho-
lesterol content in the plasma membrane utilizing cholesterol
oxidase assays. [3H]CE-labeled LDL (100 µg/mL) was
incubated with cells for 4 h in thepresence or absence of
OA, Dup128 ACAT inhibitor, or U18666A, and changes in
LDL-derived cholesterol in the plasma membrane were
determined (Figure 2). Incubation of LDL with OA caused
a significant reduction (∼25%) in plasma membrane FC in
cells compared to control cells. In contrast, ACAT inhibition
caused a 1.5-fold increase in cholesterol content in the plasma
membrane. LDL-derived cholesterol in the plasma membrane
was consistently lower (50% of control) in cells incubated
with U18666A despite continuous LDL uptake, consistent
with an effect of inhibiting cholesterol transport from
lysosomes.

Effects of FFA and ACAT inhibition on membrane FC
content were further assessed by direct measurement of FC

and PL in isolated plasma membrane from J774 cells.
Compared to cells incubated with LDL alone, addition of
OA caused a 20% reduction in FC content and a correspond-
ing 20% decrease in FC to PL molar ratios in isolated plasma
membrane after 8 h (Table 1). Similar reductions in FC
content with FFA were also observed at 4 h (data not shown).
In contrast, ACAT inhibition led to substantial increases in
FC content in the plasma membrane, in keeping with results
from the filipin and cholesterol oxidase studies. Incubation
of FFA alone or with LDL did not increase cell phospholipid
content, indicating that changes in FC to PL ratios induced
by FFA are due to modulation of FC in the plasma
membrane. Collectively, these studies demonstrated that
incubation of fatty acids reduced cholesterol in the plasma
membrane. In contrast, ACAT inhibition increased plasma
membrane FC.

SelectiVe Uptake from LDL Is Dose and Time Dependent
and Stimulated by Oleic Acid.To determine whether selective
uptake from LDL was stimulated by OA, J774 murine
macrophages were incubated with double-labeled LDL in
the presence or absence of OA for up to 18 h, and cellular
CE uptake was calculated on the basis of125I and 3H
measurements. LDL concentration was 100µg/mL, a level

FIGURE 1: Changes in free cholesterol content in the plasma
membrane of J774 cells by Dup128 ACAT inhibitor and U18666A
as determined by filipin staining. Cells were incubated with 100
µg/mL LDL in the presence or absence of Dup128 ACAT inhibitor
(10 µM) or U18666A (2.5µM) for 30 min to 18 h. Cells were
stained with filipin and visualized using a florescent microscope
(400× magnification) to determine changes in cholesterol content
in the plasma membrane as described in Experimental Procedures.
Cells incubated with LDL for 30 min (light microscope image)
(A), filipin staining (B), LDL incubation for 4 h (C) and 18 h (D),
LDL + Dup128 for 4 h (E) and 18 h (F), and LDL+ U18666A
for 4 h (G) and 18 h (H).

FIGURE 2: Changes in LDL-derived free cholesterol in the plasma
membrane by OA, Dup128 ACAT inhibitor, and U18666A as
determined by cholesterol oxidase. J774 cells were incubated with
100 µg/mL [3H]cholesteryl ester labeled LDL in the presence or
absence of 0.3 mM OA, 10µM Dup128, or 2.5µM U18666A for
4 h at 37°C. At the end of the experiments, cell surface cholesterol
was determined by cholesterol oxidase as described in Experimental
Procedures. Percent changes in LDL-derived cholesterol content
in the plasma membrane are compared to control cells incubated
with LDL alone set to 100%. Results are the mean of triplicate
determinations( SD of a representative experiment. An asterisk
indicates significant differences in cholestenone content in the
plasma membrane of control cells (p < 0.01).

Table 1: Effect of Oleic Acid and Dup128 ACAT Inhibitor on FC
Content in the Plasma Membranea

FC
(µg/100µg of PL)

FC/PL ratio
(mol/mol)

LDL 26.9 ( 1.10 0.52( 0.02
LDL + FFA 20.5( 0.84b 0.40( 0.02b

LDL + Dup128 44.0( 1.58b 0.87( 0.03b

a J774 cells were incubated with 100µg/mL LDL in the presence
or absence of 0.3 mM oleic acid or ACAT inhibitor Dup128 (10µM)
for 8 h at 37°C, and the plasma membrane was isolated as described
in Experimental Procedures. Free cholesterol (FC), phospholipid (PL),
and protein content were determined by enzymatic assays and expressed
as the mean of quadruple determinations( SD of a representative
experiment.bSignificant difference from LDL alone (p < 0.05).

7888 Biochemistry, Vol. 41, No. 25, 2002 Seo et al.



which saturates cell uptake via the LDL receptor (11).
Selective uptake was calculated from the differences between
125I and 3H uptakes (Figure 3). At early incubation times
(1-2 h), calculated CE delivery from125I or 3H was similar,
suggesting that LDL and CE uptake was initially mediated
primarily by receptor-mediated endocytosis. However, selec-
tive uptake was noted at 4 h, and at 18 h selective uptake
accounted for nearly 50% of cell CE uptake. Selective uptake
from LDL was also concentration dependent (inset). In the
presence of 0.3 mM OA, selective uptake increased by an
additional 30%. Taken together, these studies indicated that
selective uptake from LDL in J774 macrophages was both
time and dose dependent and showed that OA promoted
selective uptake from LDL.

Fatty Acid Specificity in Stimulating LDL SelectiVe Uptake.
Previous studies showed that certain unsaturated FFA such
as OA and EPA were more effective in stimulating ACAT
activity in J774 cells compared to saturated fatty acids (23).
Since increased ACAT activity by fatty acids would lead to
reduced cholesterol in the plasma membrane, different fatty
acids with varying effects on ACAT activity were tested for
their abilities to stimulate selective uptake from LDL (Table
2). Dup128 ACAT inhibitor was used to prevent fatty acid
induced cholesterol esterification. Stearic acid, a poor

substrate for ACAT (23, 47), failed to increase selective
uptake compared to control cells. However, OA and EPA,
which both efficiently enhance ACAT activity in J774 cells
(23, 48), led to a substantial increase in LDL selective uptake,
and this effect was abolished by ACAT inhibition. Since
stearic acid and OA are incorporated into cell membranes
at very similar rates (49, 50), this effect on stimulating
selective uptake was not due to differences in plasma
membrane uptakes between these fatty acids. Rather, in-
creased selective uptake by OA and EPA was likely due to
their ability to stimulate ACAT activity, an effect abolished
by ACAT inhibition.

Effects of Increased Cholesterol in the Plasma Membrane
on LDL SelectiVe Uptake.FFA-stimulated selective uptake
from LDL was inhibited by an ACAT inhibitor, suggesting
that changes in cell cholesterol partitioning affected selective
uptake from LDL. Thus, we next examined whether changes
of cholesterol in the plasma membrane in the absence of
added FFA would modulate selective uptake from LDL and
whether this would be affected by ACAT inhibition. Selective
uptake from LDL was compared in cells that were relatively
cholesterol enriched as compared to cholesterol depleted by
growing them in culture with fetal bovine serum (FBS) and
cholesterol-poor lipoprotein-deficient serum (LPDS), respec-
tively. Consistent with different effects of FBS or LPDS on
modulating cell cholesterol, LPDS incubation for 24 h
resulted in a significantly reduced FC content in isolated
plasma membranes compared to cells incubated with FBS
(19.9 vs 30.12µg per 100 µg of phospholipid, with a
reduction in FC/PL molar ratios of over 25%). When
selective uptake from LDL was determined in FBS- vs
LPDS-treated cells, cells grown in FBS showed less selective
uptake (Figure 4). Selective uptake from LDL was much
reduced by ACAT inhibition under both growing conditions.
These studies indicated that increasing cholesterol mass in
the plasma membrane decreased selective uptake from LDL.

Effect ofâ-Cyclodextrin and U18666A on LDL SelectiVe
Uptake.Since FFA and ACAT inhibition might have effects
on other cell pathways, we directly tested the role of

FIGURE 3: Effects of oleic acid on selective uptake from LDL in J774 macrophages. Cells were incubated with 100µg/mL LDL, labeled
with [3H]CEt and125I as described in Experimental Procedures, in the presence (circles) or absence (squares) of 0.3 mM OA for 1-18 h
at 37°C. At the end of the experiments, LDL CE uptake was determined on the basis of uptake of125I-apo B (125I-apoB) and [3H]CEt as
described in Experimental Procedures. Selective uptake is shown as the difference in [3H]CEt and125I-apo B. Inset: Cells were incubated
with varying concentrations of LDL for 8 h in thepresence or absence of 0.3 mM OA. Results are shown as the mean of triplicate
determinations( SD of a representative experiment. After 4 h incubation, all differences in selective uptake between OA-treated and
control cells are significant atp < 0.01.

Table 2: Effects of Different Fatty Acids and ACAT Inhibition on
Selective Uptake from LDL in J774 Cellsa

selective uptake (µg of CE/mg of cell protein)

FFA LDL LDL + Dup128

none 13.3( 0.4 10.4( 1.1
stearic acid (18:0) 12.4( 0.6 8.4( 0.2
oleic acid (18:1) 18.2( 2.4b 11.5( 2.2
EPA (20:5) 16.7( 1.2b 12.6( 1.0

a Cells were incubated with 100µg/mL double-labeled LDL in the
presence or absence of 0.3 mM stearic acid, oleic acid, and eicosap-
entaenoic acid (EPA) with or without the ACAT inhibitor Dup128 (10
µM) for 8 h at 37°C. Results are expressed as the mean of triplicate
determinations( SD of a representative experiment.bSignificant
difference from LDL alone (p < 0.05).
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cholesterol in the plasma membrane on LDL selective uptake
by usingâ-CD. We usedâ-CD to rapidly extract cholesterol
from the plasma membrane or cholesterol-saturatedâ-CD
to enrich cholesterol in the plasma membrane (35) (Figure
5). U18666A was also incubated withâ-CD or cholesterol-
saturatedâ-CD. Rationales for inclusion of U18666A in these
studies were that, in the case ofâ-CD, the plasma membrane
would remain cholesterol depleted since U18666A prevents
transport of intracellular cholesterol to the plasma membrane.
In contrast, when the plasma membrane is saturated with
cholesterol by cholesterol-saturatedâ-CD, U18666A would

also inhibit redistribution of plasma membrane cholesterol
within cells, leaving the plasma membrane cholesterol
enriched. Incubations of U18666A together with LDL led
to a 20% increase in selective uptake from LDL compared
to nontreated cells. This indicates blockage of LDL-derived
cholesterol delivery to the plasma membrane by U18666A-
promoted selective uptake. When cells were treated with
â-CD, selective uptake from LDL increased by 30%, and
the presence of U18666A caused an additional 20% increase
in selective uptake. In contrast, when FC-saturatedâ-CD was
used to saturate the plasma membrane with cholesterol, we
observed a 50% reduction in selective uptake from LDL,
reduced further when cell redistribution of the newly added
plasma membrane cholesterol was inhibited by U18666A.
These results are consistent with selective uptake from LDL
being directly influenced by changes in the plasma membrane
cholesterol content and not by other changes in cell
cholesterol distribution that might be induced by ACAT
inhibition or changes in intracellular cholesterol trafficking.

Effect of OA, ACAT Inhibition, and U18666A on LDLVs
HDL SelectiVe Uptake. To test whether selective uptake from
LDL and HDL is similarly affected by cholesterol content
in the plasma membrane, cells were incubated with double-
labeled LDL or HDL in parallel studies in the presence or
absence of OA, Dup128 ACAT inhibitor, or U18666A
(Figure 6). Similar to results described above, selective
uptake from LDL was increased by both OA and U18666A,
while ACAT inhibition reduced selective uptake from LDL
(Figure 6A). In contrast, HDL selective uptake was not
affected by incubation with OA or ACAT inhibitor. U18666A
consistently caused a small reduction in HDL selective
uptake, contrasting the effect on LDL (Figure 6B). Differing
effects of cholesterol content in the plasma membrane on
HDL vs LDL selective uptake were further observed in
studies usingâ-CD. In contrast to effects with LDL shown
in Figure 4, there was little effect on HDL selective uptake
after treatment withâ-CD in the presence or absence of
U18666A (Figure 6C). Cholesterol-saturatedâ-CD had a
small effect on reducing HDL selective uptake, but effects
were much less than that with LDL. Thus, changes in the
plasma membrane cholesterol had little or no effects on HDL
selective uptake, suggesting that different processes mediated
LDL and HDL selective uptake.

Role of SR-BI on LDL and HDL SelectiVe Uptake.HDL
selective uptake is mediated by SR-BI (13, 14). We next
examined the role of SR-BI on HDL as compared to LDL
selective uptake. Cells were incubated with LDL or HDL in
the presence or absence of antimouse SR-BI antibodies for
8 h at 37°C (Table 3). When LDL was incubated with
antimouse SR-BI antibody, there was a reduction in both
3H and125I uptake, consistent with previous data that LDL
also binds to SR-BI (21, 51). Nonetheless, this antibody
caused only a small nonsignificant reduction in selective
uptake from LDL, suggesting that most LDL selective uptake
was mediated by non-SR-BI pathways in J774 cells. The
major effect of antimouse SR-BI antibodies on LDL was on
decreasing whole particle uptake but not selective uptake.
Antimouse SR-BI antibodies had very different effects on
HDL. While HDL 125I uptake remained unchanged, HDL
lipid uptake, as determined by3H uptake, was reduced by
∼65%. As a result, selective uptake from HDL was markedly

FIGURE 4: Effect of ACAT inhibition on selective cholesteryl ester
uptake from LDL in cholesterol-enriched (FBS) and -depleted
(LPDS) J774 macrophages. Cells were incubated in RPMI contain-
ing 10% LPDS or 10% FBS, conditions to deplete or enrich cellular
cholesterol, respectively, for 24 h at 37°C. On the day of the
experiments, cells were incubated with 100µg/mL double-labeled
LDL with or without Dup128 ACAT inhibitor (10µM) for the
indicated time periods, and CE uptake from LDL was determined
on the basis of125I-apo B and [3H]CEt counts. The resulting
selective uptake is shown as the mean of triplicate determinations
( SD of a representative experiment. After 9 h incubation, all
differences in selective uptake in the presence or absence of Dup128
ACAT inhibitor are significant atp < 0.05.

FIGURE 5: Modulation of plasma membrane free cholesterol with
â-cyclodextrin and resulting effects on selective uptake from LDL.
Cells were preincubated with 2.5 mMâ-CD for 1 h at 37°C to
rapidly remove cholesterol from the plasma membrane. To inhibit
replenishment of cholesterol to the plasma membrane and the
movement of newly synthesized cholesterol from endoplasmic
reticulum, U18666A was also incubated in some dishes. To saturate
the plasma membrane with cholesterol, cholesterol- saturatedâ-CD
(â-CD/FC) was incubated in the presence or absence of 2.5 mM
U18666A to prevent redistribution of membrane cholesterol. After
â-CD treatment, cells were incubated with 100µg/mL double-
labeled LDL for 8 h toassess selective uptake from LDL. Results
are shown as the mean of triplicate determinations( SD of a
representative experiment. An asterisk indicates significant differ-
ences in LDL uptake from control cells (p < 0.01).
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reduced by antimouse SR-BI antibody, in keeping with HDL
selective uptake being primarily mediated by SR-BI.

To determine further whether selective uptake from LDL
was mediated by cell surface proteins such as SR-BI, cells

were incubated with or without a proteolytic enzyme,
Pronase, followed by incubation with double-labeled LDL
or HDL for 4 h. To inhibit new cellular protein synthesis,
LDL and HDL were also incubated in the presence or
absence of cyclohexamide (Figure 7). In cells incubated with
LDL, there was no apparent difference in selective uptake
with Pronase or Pronase with cyclohexamide (Pronase+
cyclo). Although selective uptake from LDL was not altered
by proteolytic digestion of cell surface proteins, whole
particle uptake of LDL was reduced; e.g., with cells treated
with Pronase+ cyclohexamide LDL protein uptake was 2.2
µg/mg of cell protein compared to 6.0µg/mg of cell protein
in control cells. This was consistent with reduced LDL
particle uptake via cell receptors such as LDL receptor. In
contrast to LDL selective uptake, HDL selective uptake was
markedly reduced in cells treated with Pronase and/or
cyclohexamide. These studies strengthen our conclusion from
previous experiments that SR-BI, and likely other cell surface
proteins, are not essential for LDL selective uptake, but SR-
BI is the predominant pathway for HDL selective uptake.

Contribution of SelectiVe Uptake on Cholesterol DeliVery
to the Arterial Wall. To determine a potential role for LDL
selective uptake in CE delivery to the arterial wall and
whether increased FFA levels could modify this process,
C57BL/6 mice were fed a normal chow or a high fat diet
for 12 weeks. In experiments performed in parallel, mice
fed a high fat diet demonstrated elevated plasma FFA levels
(0.89( 0.20 vs 0.38( 0.11 mmol/L, respectively,n ) 8 in
each group) but had no atherosclerotic lesions as determined
by Oil Red O staining (data not shown). Mice were injected
with double-labeled LDL, and isolated aortas were measured
for [3H]CEt and125I-TC radioactivity to determine LDL-CE
and whole particle uptakes, respectively (Table 4). When
arterial LDL was assessed in these mice, there was a slight
reduction in radiolabeled LDL particle uptake in mice fed a
high fat diet (125I-TC-apoB). This was likely due to dilution
of labeled LDL with endogenous mouse lipoproteins, as total
plasma cholesterol was almost 2-fold higher in mice fed a
high fat diet compared to control (130.5( 21.1 vs 69.3(
11.5 mg/dL, respectively). There was no difference in plasma
triglycerides in control vs mice fed a high fat diet (60.5(
15.0 vs 73.2( 22.0 mg/dL). Despite reduced total LDL
particle uptake, relative ratios of selective uptake to total
LDL uptake (SU/total) were increased substantially by 4-fold
(20% as compared to 5% in control and normal chow-fed
mice). These experiments indicated that cholesterol delivery
via LDL selective uptake may be physiologically important
and is enhanced by a high fat diet.

Table 3: Effect of Antimouse SR-BI Antibodies on Selective Uptake from LDL and HDL in J774 Macrophagesa

control (µg of CE/mg of cell protein) RSR-BI (µg of CE/mg of cell protein)

[125I]apolipoprotein [3H]CEt SU [125I]apolipoprotein [3H]CEt SU

LDL 18.6 ( 2.3 33.2( 1.1 14.6( 1.0 13.8( 1.3b 25.6( 1.7b 11.9( 2.7
HDL 1.2 ( 0.2 6.7( 0.7 5.4( 0.5 1.1( 0.2 3.1( 0.6b 2.0( 0.4b

a Cells were incubated with 100µg/mL double-labeled LDL or HDL in the presence or absence of irrelevant antimouse IgG (control) or antimouse
SR-BI antibodies (1:20 dilution, 2µg/mL) (RSR-BI) for 8 h at 37°C. At the end of the experiments, CE uptake from LDL or HDL was determined
as described in Experimental Procedures. Results are shown as the mean of triplicate determinations( SD of a representative experiment.bSignificant
differences from control (p < 0.01).

FIGURE 6: Selective uptake from LDL and HDL in J774 macroph-
ages after treatment with oleic acid, Dup128, U18666A, and
â-cyclodextrin. Cells were incubated for 8 h at 37°C with 100
µg/mL double-labeled LDL (A) or HDL (B) in the presence or
absence of 0.3 mM OA, 10µM ACAT inhibitor, or 2.5 mM
U18666A or with (C) HDL in the presence ofâ-CD. At the end of
the experiments, selective uptake was determined as described in
Experimental Procedures. Selective uptake is shown and expressed
as percent changes over control where cells were incubated with
only HDL or LDL. Actual amounts of selective uptake in control
cells were 13.54( 1.75 µg/mg of cell protein and 8.24( 0.70
µg/mg of cell protein for LDL and HDL, respectively. Alternatively,
cells were treated withâ-CD or cholesterol-saturatedâ-CD with
(open bars) or without (filled bars) U18666A as described in the
legend of Figure 5 (C). The resulting selective uptake is shown as
the mean of triplicate determinations( SD of a representative
experiment. An asterisk indicates significant differences in selective
uptake from control cells (p < 0.01).
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DISCUSSION

In the current studies, effects of FFA on selective CE
uptake from LDL were examined in mouse macrophages,
and potential mechanisms were elucidated. Our results
showed that selective uptake from LDL was both time and
LDL concentration dependent, and OA enhanced selective
uptake from LDL. Since OA reduced cholesterol content in
the plasma membrane, we speculated that the effect of fatty
acids on increased selective uptake could be secondary to
changes in the plasma membrane composition. Consistent
with this hypothesis, ACAT inhibition abolished the effects
of OA on enhancing selective uptake from LDL. Also,
changes in cholesterol content in the plasma membrane in
the absence of FFA also markedly affected selective uptake
from LDL; increasing FC in the plasma membrane by ACAT
inhibition reduced LDL selective uptake. Further evidence
for plasma membrane cholesterol modulating selective uptake
from LDL was obtained by studies withâ-CD treatment,
which depleted cholesterol from the plasma membrane and
increased LDL selective uptake; saturation of the plasma
membrane with cholesterol via cholesterol-saturatedâ-CD
reduced selective uptake from LDL. These studies indicate

that selective uptake from LDL is influenced by the
cholesterol content in the plasma membrane and that
increased selective uptake with OA is associated with
alterations of plasma membrane cholesterol. Moreover, in
C57BL/6 mice fed a high fat diet, a condition that leads to
elevated plasma FFA levels, there was a marked increase in
the contribution of selective uptake in total LDL-CE delivery
compared to control mice, suggesting FFA-enhanced selec-
tive uptake could also occur in vivo and may enhance
cholesterol delivery to the arterial wall.

In contrast to LDL selective uptake, neither FFA nor
ACAT inhibition changed HDL selective uptake. Moreover,
cholesterol depletion or enrichment byâ-CD did not
significantly alter HDL selective uptake, suggesting that HDL
selective uptake is mediated by mechanisms different from
for LDL.

The plasma membrane, as an initial CE acceptor, has been
suggested to play an important role in selective uptake (22).
This concept is supported by the ability of the plasma
membrane to accommodate CE from plasma lipoproteins,
as demonstrated by Morrison et al. (52). Their studies showed
that the isolated plasma membrane as well as protein-free
model PL bilayers was capable of accepting CE from
lipoproteins. Since addition of cholesterol to the plasma
membrane under normal condition causes reduced membrane
fluidity, or a “stiff” membrane (53), such events could
decrease the capacity of the plasma membrane as a CE
reservoir. In contrast, depletion of cholesterol from the
plasma membrane would increase the reservoir capacity and,
hence, increase selective uptake. In keeping with this
hypothesis, increased FC relative to PL reduced solubility
of CE within model membranes (27, 28). In cells treated
with OA, we observed a 20% reduction in plasma membrane
cholesterol content, with a concomitant reduction in FC to
PL ratios. These changes are more than sufficient to double
the capacity of lipid bilayers to accommodate cholesteryl
esters (27). It is not known which areas of the plasma
membrane contribute to non-SR-BI-mediated selective up-
take. It is possible that CE transfer is facilitated in lipid-rich
regions such as membrane rafts (54, 55) compared to lipid-
poor regions of the plasma membrane.

FIGURE 7: Effect of Pronase and cyclohexamide on selective uptake from LDL and HDL in J774 macrophages. Cells were incubated with
serum-free RPMI containing Pronase (3µg/mL) for 30 min at 37°C. Treated and untreated control cells were incubated with 100µg/mL
double-labeled LDL or HDL for 4 h at 37°C. To inhibit new cell protein synthesis, cyclohexamide (0.89 mM) was also added to the
incubation medium. At the end of the experiments, CE uptake from LDL or HDL was determined as described in Experimental Procedures.
Results are expressed as the amount of selective uptake from triplicate dishes( SD of a representative experiment. An asterisk indicates
significant differences from control (no treatment) (p < 0.01).

Table 4: Effects of a High Fat Diet on Aortic LDL Uptake and
Selective Uptake in C57BL/6 Micea

CE uptake (ng/mg of artery)
125I-TC-apoB [3H]CEt SU

% total CE
uptake from

LDL SU

normal chow
(n ) 4)

46.2( 8.1 49.1( 9.9 2.7( 2.4 5.6( 3.1

high fat diet
(n ) 6)

34.1( 5.6 43.8( 6.8 9.3( 2.7 21.6( 6.2

p ) 0.06 p ) 0.4 p ) 0.007 p ) 0.002
a Uptake of [3H]cholesteryl oleoyl ether and [125I]tyramine cellobiose

tracers for human LDL was determined in the arterial wall of C57BL/6
mice that were fed with a normal chow or high fat coconut oil diet for
12 weeks. 24 h after LDL injection (200µg of protein), the vascular
system was thoroughly perfused and uptake of3H, 125I-TC, and selective
uptake was determined as described in Experimental Procedures. Results
are expressed as calculated CE uptake per milligram of aorta( SEM
and as the percent contribution of LDL cholesteryl ester delivery to
the arterial wall via selective uptake.p values are shown for differences
in LDL uptake between mice fed with a normal chow or a high fat
diet.
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OA leads to reduced cholesterol in the plasma membrane
because of enhanced intracellular cholesterol esterification.
OA might also directly influence FC transport from the
relatively cholesterol-rich plasma membrane. In our recent
studies using NMR spectroscopy, cholesterol transfer from
phosphotidylcholine model membranes was markedly en-
hanced by OA and other polyunsaturated fatty acids because
of increased transfer rates of FC from cholesterol-rich to
cholesterol-poor membranes (56). Thus, FFA may act not
only to stimulate ACAT activity but also to facilitate FC
removal from the plasma membrane, allowing accommoda-
tion of more CE. Although OA and other FFA can also
stimulate PL synthesis, we did not observe any significant
changes in cell PL content within the 8 h experimental
periods used for most of our experiments. Nevertheless, it
is possible that longer incubations with FFA (e.g., 18 h) could
also enhance selective uptake by increasing PL synthesis and
hence PL to cholesterol ratios in the plasma membrane.

Different effects of FFA and cholesterol on LDL and HDL
selective uptake indicated distinct selective uptake pathways.
Possible explanations include (a) selective uptake from both
LDL and HDL was mediated by SR-BI, but subsequent
processing (i.e., hydrolysis, distribution, etc.) was different,
and/or (b) selective uptake from these lipoproteins is medi-
ated by different pathways; SR-BI mediates HDL selective
uptake, while most LDL selective uptake is mediated by other
pathways. We favor the latter possibility since antimouse
SR-BI antibodies inhibited selective uptake from HDL but
had little effect on LDL selective uptake in J774 cells.

Another major difference between LDL vs HDL selective
uptake was the effect of Pronase( cyclohexamide treatment.
Removal of most cell surface proteins by Pronase decreased
LDL whole particle uptake but not selective uptake from
LDL. In contrast, selective uptake from HDL was essentially
abolished after Pronase treatment, in keeping with critical
roles of SR-BI binding for most selective uptake from HDL
but not LDL. Although a role of cell surface proteins in
mediating LDL selective uptake cannot be completely
excluded from these studies, other processes such as cell
surface lipid-LDL lipid interaction may be important in
determining LDL selective uptake.

Nevertheless, a small degree of inhibition of selective
uptake from LDL in J774 cells by antimouse SR-BI
antibodies suggests that at least two pathways for LDL
selective uptake are available: SR-BI and a non-SR-BI
pathway that is influenced by FC content in the plasma
membrane. In our studies using macrophages, SR-BI con-
tributed little to selective uptake from LDL. However,
Swarnakar and colleagues demonstrated that SR-BI-trans-
fected Cos cells had significantly increased selective uptake
from LDL (19). We have previously hypothesized (21) that
differences in how cells internalize and distribute cholesterol
may relate to a varying role of SR-BI in LDL selective
uptake. J774 cells, and the CHO cells used in previous studies
(21), internalized and degraded LDL particles, and the
majority of CE was internalized by endocytic pathways but
only at low LDL concentrations (<25 µg/mL). At the LDL
concentrations used herein (50-100µg/mL), concentrations
commonly found in interstitial fluid (57), substantial uptake
of LDL-CE can occur via selective uptake after saturation
of the LDL receptor (17, 21). Although some selective uptake
may occur via SR-BI in these cells, CE delivery via SR-BI

may be masked by relatively large amounts of CE entering
via endocytic pathways and non-SR-BI selective uptake
pathways. In cells with high uptake of LDL-CE via LDL
receptors (e.g., J774 cells), the selective uptake pathway may
only become dominant after saturation of CE delivery via
the LDL receptors, in keeping with our data showing
increasing contribution of LDL selective uptake after 2-3
h incubation (Figures 3 and 4). In Cos cells, which have
about 1/150 of LDL particle uptake compared to J774 cells,
expression of SR-BI may also be an important mechanism
for LDL CE delivery (19).

Our findings indicate that changes in the composition of
the plasma membrane will have marked effects on selective
uptake from LDL. We suggest that similar changes of the
plasma membrane could occur in vivo. For example, during
hydrolysis of triglyceride-rich particles at the arterial wall
by lipoprotein lipase, higher local concentrations of released
FFA could occur in microdomains and potentially lead to
higher LDL selective uptake. Similarly, elevated plasma FFA
level in diabetic states (58, 59) with high FFA availability
to tissues might enhance selective uptake in the artery, a
process that could contribute to accelerated atherosclerosis
in this disease (60). Consistent with this hypothesis, our
studies in vivo demonstrated that high fat feedings associated
with increased contribution of selective uptake to cholesterol
delivery to the arterial wall. In other ongoing studies, we
are finding that high fat diets can increase the contribution
of LDL selective uptake to>50% of total CE delivery to
the arterial wall in mice genetically modified for accelerated
atherosclerosis (e.g., apolipoprotein E null mice) (unpub-
lished observations). Although delineation of the contribution
of selective uptake from LDL to the atherosclerotic process
in humans and in animal models requires additional studies,
we suggest that changes in the plasma membrane composi-
tion by FFA and cholesterol have important regulatory roles
on this process not only in vitro but likely in vivo as well.
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