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Abstract Modified forms of LDL, including oxidized low
density lipoprotein (OxLDL), contribute to macrophage lipid
accumulation in the vessel wall. Despite the pathophysiolog-
ical importance of uptake pathways for OxLDL, the molec-
ular details of OxLDL endocytosis by macrophages are not
well understood. Studies in vitro demonstrate that the class B
scavenger receptor CD36 mediates macrophage uptake and
degradation of OxLDL. Although the closely related scaven-
ger receptor class B type I (SR-BI) binds OxLDL with high
affinity, evidence that SR-BI plays a role in OxLDL metab-
olism is lacking. In this study, we directly compared OxLDL
uptake and degradation by CD36 and SR-BI. Our results
indicate that although CD36 and SR-BI internalize OxLDL,
SR-BI mediates significantly less OxLDL degradation. Endo-
cytosis of OxLDL by both SR-BI and CD36 is independent
of caveolae, microtubules, and actin cytoskeleton. However,
OxLDL uptake by CD36, but not SR-BI, is dependent on
dynamin. The analysis of chimeric SR-BI/CD36 receptors
shows that the CD36 C-terminal cytoplasmic tail is necessary
and sufficient for dynamin-dependent OxLDL internalization
by class B scavenger receptors. These findings indicate that
differentmechanisms are involved inOxLDL uptake by SR-BI
and CD36, which may segregate these two structurally homol-
ogous receptors at the cell surface, leading to differences
in intracellular trafficking and degradation.—Sun, B., B. B.
Boyanovsky, M. A. Connelly, P. Shridas, D. R. van der
Westhuyzen, and N. R. Webb. Distinct mechanisms for
OxLDL uptake and cellular trafficking by class B scav-
enger receptors CD36 and SR-BI. J. Lipid Res. 2007. 48:
2560–2570.
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Macrophage binding and uptake of oxidized low density
lipoprotein (OxLDL) has been proposed to play a key role

in the initiation of atherosclerotic lesion development, the
formation of lipid-laden foam cells. CD36 is one of several
OxLDL receptors contributing to this process (1, 2). CD36
is an 88 kDa plasma membrane glycoprotein that binds a
diverse array of ligands in addition to OxLDL, including
thrombospondin-1 (3), the native lipoproteins LDL, HDL,
and VLDL (4), long-chain fatty acids (5), anionic phos-
pholipids (6), and apoptotic cells (7). As a result of its
broad specificity, CD36 has been reported to contribute
to various normal and pathologic processes, such as apo-
ptotic cell clearance, fatty acid transport, angiogenesis,
atherosclerosis, inflammation, and lipid metabolism
(reviewed in Ref. 8). CD36 is expressed in a range of
cells and tissues that includes monocytes/macrophages,
platelets, mammary epithelial cells, vascular endothelial
cells, and adipose tissues (9). Studies performed ex vivo
indicate that 60–70% of macrophage foam cell formation
induced by OxLDL may be CD36-dependent (10–12).
CD36-mediated OxLDL degradation has been reported in
cell lines in addition to macrophages, including adipo-
cytes (13). Studies in Chinese hamster ovary (CHO) cells
transfected with CD36 cDNA and C32 cells with endoge-
nous expression of CD36 have investigated CD36 traffick-
ing after OxLDL binding. The results indicate that
binding of OxLDL to CD36 leads to the internalization
of CD36 and OxLDL into endosomal compartments that
do not contain caveolin-1 or transferrin but do contain a
glycosylphosphatidylinositol-anchored lipid raft protein
decay-accelerating factor (14). Thus, CD36 appears to
endocytose OxLDL through a nonclathrin, noncaveolar,
lipid raft-mediated pathway. Studies using site-directed
mutagenesis demonstrate that the C-terminal six amino
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acids of the CD36 cytoplasmic tail are critical for the
binding and endocytosis of OxLDL (15).

Scavenger receptor class B type I (SR-BI) is another class
B scavenger receptor closely related to CD36 (16). The
membrane topology of SR-BI is similar to that of CD36,
such that both receptors contain a large extracellular
domain flanked by short N- and C-terminal cytoplasmic
domains. The two receptors share sequence similarity
(35%) throughout their entire extracellular domains.
SR-BI is best known as a physiological HDL receptor, but
it can bind a broad range of other lipoprotein ligands,
including LDL, OxLDL, and acetylated LDL (16, 17).
Indeed, OxLDL binding to SR-BI reportedly occurs at
relatively higher affinity (dissociation constant ? 4 mg/ml)
compared with HDL binding to SR-BI (dissociation
constant ? 50 mg/ml) (18). Consistent with its role as an
HDL receptor, SR-BI is most highly expressed in liver and
steroidogenic tissues. However, SR-BI is also present in
monocytes/macrophages and human and mouse athero-
sclerotic lesions (19–21). SR-BI expressed in transfected
CHO cells mediates the uptake and degradation of
OxLDL (18), but the molecular mechanism and in vivo
significance of this uptake have not been defined.

Although CD36 and SR-BI have been shown to bind
OxLDL with similar high affinity, the metabolism of
OxLDL by these two class B scavenger receptors has not
been compared directly. In this study, we determined that
CD36 and SR-BI differ in their ability to internalize and
degrade OxLDL. Experiments to define the fate and
intracellular trafficking of OxLDL after SR-BI or CD36
binding indicate that distinct mechanisms are involved in
OxLDL uptake by these two receptors, which appear to
lead to differences in intracellular trafficking and the
extent of lysosomal degradation.

EXPERIMENTAL PROCEDURES

Cells

COS-7 cells were originally obtained from the American Type
Culture Collection (Manassas, VA) and maintained in DMEM
supplemented with 2 mM L-glutamine, 50 U/l penicillin G,
50 mg/l streptomycin, and 10% heat-inactivated fetal calf serum
(all from Invitrogen, Carlsbad, CA). Peritoneal macrophages
were obtained from C57BL/6 mice (Jackson Laboratory, Bar
Harbor, ME) and CD36-deficient mice (provided by R. L.
Silverstein) (22) using procedures that were reviewed and
approved by the Lexington Veterans Affairs Institutional Animal
Care and Use Committee. Animals were injected intraperitone-
ally with a sterile solution (1 ml) of 1% Biogel 100 (Bio-Rad) in
phosphate-buffered saline. After 96 h, the animals were
anesthetized, and peritoneal macrophages were harvested by
lavage with 5 ml of ice-cold phosphate-buffered saline. Macro-
phages were seeded on glass coverslips in 12-well dishes at a
density of ?2.0 3 106 cells/well in DMEM supplemented with
10% fetal bovine serum, 100 U/ml penicillin/streptomycin,
2 mM L-glutamine, and 25 ng/ml macrophage colony-stimulating
factor (Calbiochem) and allowed to attach for 4 h. Nonattached
cells were then removed by washing the dishes with phosphate-
buffered saline. Macrophages were incubated in supplemented
DMEM overnight at 37jC before the experiments.

Expression of CD36, SR-BI, CD36/SR-BI chimeras,
and dynK44A in COS-7 cells

COS-7 cells were transiently transfected with murine SR-BI or
CD36 using the LipofectamineTM transfection reagent as directed
by the manufacturer (Invitrogen). The next day, cells were
replated in 12-well cluster dishes and incubated for an additional
24 h before uptake assays. For studies of chimeric CD36/SR-BI
receptors, COS cells were cotransfected with pSV2neo along with
expression plasmids encoding wild-type rat CD36, mouse SR-BI,
CD/SRT, or SR/CDT (23, 24). Stable transfectants were
propagated in medium containing 0.5 mg/ml G418. Alterna-
tively, SR-BI or CD36 was expressed in COS-7 cells using the
adenoviral vectors AdSR-BI and AdCD36 using a multiplicity of
infection of 5,000 particles/cell (25, 26). In some experiments,
dynK44A (a dominant negative mutant of dynamin 1 that inhibits
dynamin function) was coexpressed by adenoviral vector
(generously provided by Dr. D. L. Silver) (27). Cells were seeded
in 10 cm dishes, and when ?80% confluent, inoculated with ade-
noviral vectors. Twenty-four hours after inoculation, cells were
reseeded in 12-well clusters and incubated at 37jC for an ad-
ditional 24 h before the addition of ligands. To confirm SR-BI and
CD36 expression, Western blot analysis of representative cell
lysates was performed as described previously (25, 26).

Preparation of OxLDL, Alexa488-OxLDL, 125I-OxLDL,
and 125I-transferrin

The LDL (d 5 1.019–1.063 g/ml) fraction was isolated from
fresh human plasma by density gradient ultracentrifugation as
described previously (28). Isolated fractions were dialyzed against
150 mM NaCl and 0.01% EDTA, sterile-filtered, and stored under
argon gas at 4jC. Protein concentrations were determined by the
method of Lowry et al. (29). Native LDL (2 mg/ml) was dialyzed
against 150 mM NaCl to remove EDTA and then dialyzed against
5 mM CuSO4 overnight at 4jC, followed by 6 h at room tem-
perature with minimal stirring. Oxidation was terminated with
10 mM EDTA and dialysis against 150 mM NaCl and 0.01% EDTA
to remove CuSO4. The relative mobility of OxLDL compared
with native LDL electrophoresed on a 1.8% agarose gel for 1 h
at 100 V was ?1.8. Thus, the relative mobility of our OxLDL
preparations corresponds to the “mildly” OxLDL described by
Kunjathoor et al. (10) (relative mobility ? 2.0), which has been
shown to be preferentially internalized by macrophages via
CD36. OxLDL apolipoproteins and mouse transferrin (Sigma,
St. Louis, MO) were iodinated in the presence of 125I (Amersham
Biosciences, Piscataway, NJ) by the iodine monochloride
method (30). Alternatively, OxLDL was covalently modified
with Alexa488 (Molecular Probes, Eugene, OR) according to the
manufacturer’s directions. Labeled OxLDL preparations were
stored under argon gas at 4jC and used for experiments within
3 weeks.

Association and degradation assays

Control COS-7 cells and COS-7 cells expressing CD36 (COS-
CD36) or SR-BI (COS-SRBI) with or without coexpression of
dynK44A were incubated at 37jC with 10 mg/ml 125I-OxLDL for
4 h. As a control, cells were similarly incubated with 25 mg/ml
125I-labeled transferrin for 15 min at 37jC. After the incubation,
the medium was collected and cells were washed three times with
ice-cold washing buffer (50 mM Tris, 150 mM NaCl, and 2 mg/ml
fatty acid free BSA) followed by two washes with washing buffer
without BSA to remove unbound ligand. All washes were per-
formed at 4jC with prechilled solutions. The cells were then
solubilized in 0.1 N NaOH for 60 min at room temperature, and
cellular protein and radioactivity content were measured. 125I
present in the lysate corresponded to cell-associated OxLDL
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protein or transferrin. The trichloroacetic acid-soluble degraded
material in cell medium was assayed as described previously (31).
In all experiments, receptor-specific values were calculated as the
difference between values from receptor-expressing COS-7 cells
and control cells. The amount of cell-associated and degraded
125I for control cells did not exceed 10% of the corresponding
values for receptor-expressing cells.

Fluorescence energy transfer assay for measurement of
intracellular OxLDL

Intracellular accumulation of OxLDL was quantified using a
fluorescence-based assay described previously by our laboratory
(32). COS-7, COS-CD36, and COS-SRBI cells with and without
dynK44A expression were incubated at 37jC with 10 mg/ml
Alexa488-OxLDL and then collected from the dish by gentle
rinsing. The cells were subsequently incubated with or without
trypan blue (0.4% solution in PBS; Cellgro, Richmond, VA) at
4jC for 15 min and washed once in PBS before analysis. To
quantify intracellular accumulation of Alexa488-OxLDL, cells
were analyzed by flow cytometry, and cell-surface OxLDL was
estimated by calculating the difference in mean fluorescence
intensity (MFI) in cells with or without trypan blue. The per-
centage of total cell-associated OxLDL that was intracellular was
calculated by dividing the MFI of cells in the presence of trypan
blue by the MFI of cells in the absence of trypan blue. In all
experiments, CD36- or SR-BI-specific MFIs were calculated as the
difference between values from COS-CD36 and COS-SRBI cells
and control COS-7 cells. For time course studies, Alexa488-
OxLDL was added to the cells at staggered intervals so that
cells were harvested at the same time. For experiments using
inhibitors, cells were preincubated at 37jC with or without
25 mg/ml nystatin (N6261; Sigma), 10 mM nocodazole (M1404;
Sigma), or 10 mM cytochalasin D (C8273; Sigma) for 1 h. Cells
were then incubated with 10 mg/ml Alexa488-OxLDL at 37jC
for 1 h in the presence of the same drug concentrations.

Fluorescence microscopy

For analysis by confocal microscopy, COS-7, COS-CD36 and
COS-SRBI cells were seeded on glass coverslips in 12-well cluster
dishes and incubated at 37jC for an additional 24 h. For pulse-
chase experiments, cells were incubated with 20 mg/ml Alexa488-
OxLDL at 37jC for 30 min, washed three times with PBS to
remove unbound material, and then processed immediately
(0 min chase) or incubated with fresh medium without fluores-
cent ligand for an additional 30 or 90 min. In all cases, Alexa568-
transferrin (Invitrogen) was added during the last 15 min of
incubation. Cells were fixed with 4% formaldehyde (pH 7.2) at
room temperature for 15 min and then washed two times with
PBS. Coverslips were mounted on slides using fluorescence-
protecting medium (Vectashield; Vector Laboratories, Burlin-
game, CA) and analyzed with an Olympus BX51 fluorescence
microscope or a Leica TCS confocal laser scanning fluorescence
microscope using a 603 oil-immersion objective and argon
(488 nm) and krypton (568 nm) lasers. For experiments using
inhibitors, cells were preincubated with 25 mg/ml nystatin,
10 mM nocodazole, or 10 mM cytochalasin D at 37jC for 1 h. Cells
were then incubated with 10 mg/ml Alexa488-OxLDL in the pres-
ence of the same drug concentration at 37jC for 1 h.

The efficacy of dynK44A or nystatin inhibition was assessed in
control experiments, whereby COS-7 cells were incubated with
Alexa488-transferrin (15 min) or Alexa488-albumin (Molecular
Probes) (30 min), respectively. To assess the effect of cytocha-
lasin D treatments, cells were fixed with 4% formaldehyde and
then incubated with rhodamine phalloidin (R415; Molecular
Probes) at room temperature for 1 h. In another control exper-

iment, COS-7 cells with or without preincubation with 10 mM
nocodazole at 37jC for 1 h were fixed with 4% formaldehyde and
then permeabilized with 0.1% Triton X-100. Cells were washed
and incubated with FITC-conjugated monoclonal primary
antibody against tubulin (1:200, Sigma) at room temperature
for 1 h. For OxLDL-dynamin colocalization experiments, mouse
peritoneal macrophages were incubated with Alexa568-OxLDL
for 1 h, fixed in 10% formalin for 15 min, washed two times with
PBS, and blocked for 1 h at room temperature with PBS
containing 5% normal goat serum and 0.5% Triton X-100.
Cells were then incubated for 1 h at room temperature with a
mouse monoclonal anti-dynamin antibody (Abcam, Cambridge,
MA). After four washes with 0.2% Tween in PBS, dynamin was
detected using Alexa488-labeled goat anti-mouse IgG (1:200;
Molecular Probes).

Data and statistical analysis

Data are expressed as means 6 SEM. Results were analyzed by
Student’s t-test. Differences were considered statistically signifi-
cant at P , 0.05.

RESULTS

CD36 mediates more efficient OxLDL degradation
than SR-BI

To compare OxLDL degradation by the two class B
scavenger receptors, CD36 or SR-BI was expressed in COS-
7 cells and receptor-specific OxLDL degradation was
determined. Cell association and degradation of 125I-
OxLDL for control COS-7 cells did not exceed 10% of the
corresponding values for receptor-expressing cells (data
not shown). After 4 h of incubation with 125I-OxLDL at
37jC, COS-CD36 cells mediated ?2-fold more OxLDL
degradation compared with COS-SRBI cells (Fig. 1A),
normalized for cell-associated OxLDL. This result indi-
cates that although both CD36 and SR-BI are OxLDL
receptors, CD36 mediates more efficient OxLDL degra-
dation than SR-BI.

CD36 and SR-BI mediate intracellular
accumulation of OxLDL

We investigated whether the difference in OxLDL deg-
radation by CD36 and SR-BI could be attributed to dif-
ferences in the extent to which the two receptors mediate
OxLDL internalization. Uptake of OxLDL by COS-CD36
and COS-SRBI cells was quantified in five separate exper-
iments using different batches of transiently transfected
cells by our previously described fluorescence energy
transfer assay, in which the fluorescence of cell surface
Alexa488-OxLDL, but not intracellular Alexa488-OxLDL,
is specifically quenched by trypan blue (32). COS-CD36
and COS-SRBI cells were incubated with Alexa488-
OxLDL, and the intracellular and cell surface accumula-
tion of OxLDL was determined using flow cytometry
(Fig. 1B). When measured at 1 h, 54.4 6 5.0% of total cell-
associated OxLDL was intracellular in COS-CD36 cells.
This compares with COS-SRBI cells, in which 40.3 6 4.3%
was intracellular. Although the difference in intracellular
accumulation was not significant for the two cell types
(P 5 0.08), our data suggest that OxLDL may be taken up

2562 Journal of Lipid Research Volume 48, 2007

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


by the two receptors at different rates. Additional studies
to quantify intracellular OxLDL after 15, 30, 120, and
240 min incubations consistently showed greater, albeit
nonsignificant, OxLDL accumulation in COS-CD36 cells
compared with COS-SRBI cells (data not shown).

OxLDL taken up by CD36- and SR-BI-expressing
cells traffics through a transferrin-positive
intracellular compartment

As another approach to assess OxLDL uptake by the two
class B scavenger receptors, we performed a pulse-chase

study in which COS-CD36 and COS-SRBI cells were incu-
bated with Alexa488-OxLDL (green fluorescence) for
30 min, washed to remove unbound ligand, and then ana-
lyzed by confocal microscopy after a 0, 30, or 90 min chase
interval (Fig. 2). Alexa568-transferrin (red fluorescence)
was used as a marker for the endocytic recycling com-
partment. In the case of COS-CD36 cells, OxLDL was easily
visualized inside the cells after the 30 min incubation
(0 min chase), which accumulated in a discrete perinu-
clear region, apparently colocalized with transferrin (indi-
cated by arrows). In contrast, colocalization of OxLDL

Fig. 2. Intracellular distribution of OxLDL in COS-CD36 and COS-SRBI cells. COS-7 cells expressing CD36
or SR-BI by adenoviral vector were incubated at 37jC with Alexa488-OxLDL (green fluorescence) for
30 min, washed to remove unbound ligand, and then analyzed by confocal microscopy after a 0, 30, or
90 min chase interval. Alexa568-labeled transferrin (red fluorescence) was added during the final 15 min.
White boxes indicate regions shown at higher magnification in insets; arrows indicate colocalization of
OxLDL and transferrin.

Fig. 1. Oxidized low density lipoprotein (OxLDL) degradation and internalization mediated by scavenger
receptor class B type I (SR-BI) and CD36. A: COS-7 cells expressing SR-BI or CD36 were incubated with
10 mg/ml 125I-OxLDL. After 4 h of incubation at 37jC, OxLDL apolipoprotein cell association and deg-
radation were measured. Results are expressed as the percentage of cell-associated OxLDL that was
degraded in 4 h. CD36- and SR-BI-specific values are shown, which are defined as the difference in cell-
associated radioactivity between CD36/SR-BI-expressing cells and nontransfected COS-7 cells. Values are
means 6 SEM of three independent experiments, each done in triplicate. * P, 0.05. B: COS-7 cells expressing
CD36 or SR-BI were incubated with 10 mg/ml Alexa488-OxLDL at 37jC for 1 h. Cells were washed, incubated
with or without 0.4% trypan blue at 4jC for 15 min to quench surface-bound fluorescence, and then subjected
to flow cytometry. Intracellular OxLDL, expressed as the percentage of total cell-associated OxLDL, was
calculated as the ratio of the mean fluorescence intensity (MFI) in the presence and absence of trypan blue.
CD36- and SR-BI-specific values are shown and are means 6 SEM of five independent experiments.

OxLDL uptake by CD36 and SR-BI 2563
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and transferrin was not evident in COS-SRBI cells after the
30 min incubation. Interestingly, the intracellular distribu-
tion of OxLDL in COS-SRBI cells after a 30 min chase was
similar to that observed in COS-CD36 cells after the shorter
time interval (compare COS-CD36, 30 min pulse and COS-
SRBI, 130 min chase), at which times the ligand was sim-
ilarly colocalized with transferrin in the two cell types.

In addition, there appeared to be a marked change in the
intracellular distribution of OxLDL in COS-CD36 cells
during the 30 min chase, because extensive colocalization
with transferrin was no longer evident (compare COS-CD36,
30 min pulse and COS-CD36, 130 min chase). Differences
in the intracellular distribution of OxLDL in the two cell
types were also apparent after the 90 min chase period
(Fig. 2). Whereas colocalization of intracellular OxLDL and
transferrin was still evident in COS-SRBI cells, there was little
or no evidence of colocalization in COS-CD36 cells at this
time point. Thus, results from confocal microscopy provide
evidence that the uptake and intracellular trafficking of
OxLDL by CD36 and SR-BI is different. Consistent with our
quantitative analysis (Fig. 1B), our data indicate that in-
ternalization of OxLDL by CD36 may occur at a faster rate
compared with SR-BI. Furthermore, OxLDL trafficking into
and out of the endocytic recycling compartment in COS-

SRBI cells appears to be delayed compared with that in COS-
CD36 cells.

Endocytosis of OxLDL by SR-BI and CD36 is independent
of caveolae, microtubules, and actin cytoskeleton

We investigated the role of caveolae in OxLDL uptake by
CD36 and SR-BI using nystatin, which disrupts caveolae
structure by sequestering cholesterol (33). In a control
experiment, nontransfected COS-7 cells were preincubated
with 25 mg/ml nystatin at 37jC for 1 h and then incubated
with Alexa488-albumin in the presence of nystatin. Confocal
microscopy showed that albumin uptake was blocked by
nystatin treatment, as expected (Fig. 3A). However, uptake
of Alexa488-OxLDL by COS-CD36 or COS-SRBI cells was
not altered by nystatin treatment, as determined by both
confocal microscopy (Fig. 3A) and the fluorescence energy
transfer assay (Fig. 3B). This result indicates that endocytosis
of OxLDL by either class B scavenger receptor is not
caveolae-dependent.

The role of cytoskeletal elements in OxLDL uptake was
investigated by treating COS-CD36 and COS-SRBI cells
with either cytochalasin D or nocodazole, which disrupts
actin polymerization or microtubule elongation, respec-
tively. In control experiments, we confirmed that these

Fig. 3. Lack of a role for caveolae in OxLDL uptake by CD36 and SR-BI. Control COS-7 cells or cells
expressing CD36 or SR-BI by adenoviral vector were preincubated in the presence or absence of 25 mg/ml
nystatin at 37jC for 1 h, as indicated. A: Cells were then incubated at 37jC for 30 min with 30 mg/ml
Alexa488-albumin (analyzed by fluorescence microscopy with magnification at 203) or for 1 h with
10 mg/ml Alexa488-OxLDL (analyzed by confocal microscopy with magnification at 1003) with or without
25 mg/ml nystatin, as indicated. B: Cells were similarly treated and analyzed by fluorescence energy transfer
assay. CD36- and SR-BI-specific values are shown and are expressed as the percentage of total cell-associated
OxLDL after the 1 h incubation. Values are means 6 SEM of three independent determinations and are
representative of two experiments.
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reagents had the expected effect on cell morphology of
nontransfected COS-7 cells (Fig. 4A, B) (34, 35). However,
there was no evidence that these agents interfered with
OxLDL uptake by either COS-CD36 or COS-SRBI cells, as
determined by confocal microscopy (data not shown) or
the fluorescence energy transfer assay (Fig. 4C, D). Thus,
OxLDL uptake by CD36 or SR-BI does not depend on an
intact actin cytoskeleton or microtubules.

Endocytosis of OxLDL by CD36, but not SR-BI,
is dynamin-dependent

The GTPase dynamin plays a role in the fission of endo-
cytic vesicles from the plasma membrane (36). To study
the role of dynamin in OxLDL endocytosis by class B scav-
enger receptors, a dominant-negative mutant of dynamin-
1 (dynK44A) was expressed in COS-CD36 and COS-SRBI
cells and the effect on OxLDL degradation was deter-
mined. In a control experiment, we determined the effect
of dynK44A expression on the uptake of 125I-transferrin,
which is known to be endocytosed via a dynamin-dependent
pathway. Interestingly, expression of dynK44A signifi-
cantly reduced OxLDL degradation by COS-CD36 cells
but not COS-SRBI cells (Fig. 5A). The partial inhibition
(?40%) of CD36-mediated OxLDL degradation by
dynK44A likely reflects the extent to which the dominant-
negative mutant blocks dynamin function in our studies,

because cells expressing dynK44A showed only a 50%
decrease in 125I-transferrin uptake (Fig. 5B).

The dynamin dependence of OxLDL uptake was also
assessed using fluorescently labeled OxLDL and confocal
microscopy (Fig. 5C). For these experiments, COS-CD36
and COS-SRBI cells with and without dynK44A expression
were incubated with Alexa488-OxLDL (green fluores-
cence) for 1 h. To monitor the extent to which dynamin
function was inhibited by dynK44A in individual cells,
Alexa568-transferrin (red fluorescence) was added during
the final 15 min of incubation. Uptake of both OxLDL and
transferrin could easily be detected in control COS-CD36
and COS-SRBI cells (Fig. 5C, upper panels). The amount
of internalized transferrin was variable in COS-CD36 and
COS-SRBI cells expressing dynK44A, indicating that
dynamin-dependent endocytosis was not completely
blocked in all cells (data not shown). However, an absence
of intracellular transferrin was clearly observed in a sub-
set of the treated cells, indicating effective inhibition of
dynamin activity (Fig. 5C). For COS-CD36 cells exhibiting
a total block in transferrin uptake, virtually all of the
OxLDL appeared to be at or near the cell surface (Fig. 5C,
lower left panel). In contrast, there was no apparent dif-
ference in the uptake of OxLDL in control COS-SRBI cells
and cells in which dynamin-dependent uptake of transfer-
rin was effectively inhibited (Fig. 5C, right panels).

Fig. 4. Lack of a role for actin cytoskeleton or intact microtubules in OxLDL uptake by CD36 and SR-BI. A: COS-7 cells with or without
preincubation with 10 mM cytochalasin D were incubated with rhodamine phalloidin and then analyzed by fluorescence microscopy, as
described in Experimental Procedures (magnification, 603). B: COS-7 cells with or without preincubation with 10 mM nocodazole were
immunostained with Alexa488-conjugated anti-tubulin antibody and then analyzed by fluorescence microscopy, as described in
Experimental Procedures (magnification, 603). C: Control COS-7, COS-CD36, or COS-SRBI cells were incubated in the presence or
absence of 10 mM cytochalasin D at 37jC for 1 h and then incubated with 10 mg/ml Alexa488-OxLDL with or without 10 mM cytochalasin D
at 37jC for 1 h, as indicated. Intracellular OxLDL was quantified by the fluorescence energy transfer assay. CD36- and SR-BI-specific values
are shown and are expressed as the percentage of total cell-associated OxLDL after the 1 h incubation. Values are means 6 SEM of three
independent determinations and are representative of two experiments. D: Control COS-7, COS-CD36, or COS-SRBI cells were incubated
in the presence or absence of 10 mM nocodazole at 37jC for 1 h and then incubated with 10 mg/ml Alexa488-OxLDL with or without 10 mM
nocodazole at 37jC for 1 h, as indicated. Intracellular OxLDL was quantified by the fluorescence energy transfer assay. CD36- and SR-BI-
specific values are shown and are expressed as the percentage of total cell-associated OxLDL after the 1 h incubation. Values are means 6
SEM of triplicate determinations and are representative of two independent experiments.

OxLDL uptake by CD36 and SR-BI 2565

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


We next investigated the possibility that dynamin plays a
role in CD36-mediated uptake of OxLDL in macrophages.
Peritoneal macrophages from wild-type C57BL/6 mice
and C57BL/6 mice deficient in CD36 (CD362/2) were
incubated for 1 h with Alexa568-OxLDL (red fluores-
cence) and then visualized by confocal microscopy. As
expected, CD362/2 macrophages appeared to accumulate
less intracellular OxLDL compared with C57BL/6 macro-
phages (Fig. 6). OxLDL taken up by C57BL/6 cells
showed extensive colocalization with dynamin (green
fluorescence) that was evident both intracellularly and at
or near the cell surface (Fig. 6, inset A). Substantially less
colocalization of OxLDL and dynamin was apparent in
CD362/2 cells (Fig. 6, inset B).

The CD36 C-terminal cytoplasmic domain confers
dynamin dependence of OxLDL uptake

The C-terminal six amino acids of CD36 have been shown
to be critical for endocytosis and degradation of OxLDL
(15). To investigate the role of the CD36 cytoplasmic
“tail” in dynamin-dependent uptake, we studied OxLDL
uptake by CD36/SR-BI chimeric receptors, in which the
amino acid sequences corresponding to the intracellular

C-terminal domain of the respective receptors were inter-
changed (23, 24). COS cells expressing wild-type rat CD36,
mouse SR-BI, CD/SRT (CD36 residues 1–458 and SR-BI
residues 464–509) or SR/CDT (SR-BI residues 1–467 and
CD36 residues 459–472) were analyzed by immunoblotting
to confirm receptor expression (Fig. 7A). As expected,
antisera raised against full-length mouse CD36 (26)
recognized wild-type CD36, CD/SRT, and to a lesser extent
SR/CDT, whereas anti-BI495 [an anti-peptide antibody
raised against SR-BI residues 495–509 (25)] interacted
only with wild-type SR-BI and CD/SRT (Fig. 7A). Control
COS cells expressing either CD/SRT or SR/CDT readily
took up Alexa488-OxLDL (Fig. 7B). However, expression of
dynK44A blocked OxLDL uptake by SR/CDT but not CD/
SRT. This result demonstrates that the C-terminal cytoplas-
mic tail of CD36 is necessary and sufficient for dynamin-
dependent OxLDL uptake by class B scavenger receptors.

DISCUSSION

CD36 and SR-BI are class B scavenger receptors that share
significant structural and sequence homology and bind with

Fig. 5. Dynamin dependence of OxLDL uptake by CD36. CD36, SR-BI, and dynK44A (a dominant-negative
mutant of dynamin 1) were expressed in COS-7 cells by adenoviral vector, as indicated. A: Cells were
incubated with 10 mg/ml 125I-OxLDL at 37jC for 4 h, and OxLDL apolipoprotein degradation was
quantified. B: COS-7 cells were incubated with 25 mg/ml 125I-transferrin for 15 min. Values shown are means
6 SEM (* P , 0.05) of three determinations and are representative of three independent experiments.
C: Cells were incubated with 10 mg/ml Alexa488-OxLDL at 37jC for 45 min followed by 15 min of coin-
cubation with 20 mg/ml Alexa568-transferrin. Cells were washed and then analyzed by confocal microscopy.
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high affinity a wide variety of lipoprotein ligands, including
HDL and OxLDL. Despite these similarities, CD36 and
SR-BI are considered to have very distinct functions in
lipoprotein metabolism. The importance of CD36 in
macrophage foam cell formation has been well documented
in vitro by its substantial capacity to endocytose and degrade
OxLDL (1, 2). On the other hand, the major function of
SR-BI is to mediate the transfer of cholesteryl ester from
HDL to cells by a selective lipid uptake process in which
HDL proteins are not intracellularly degraded. In addition,
SR-BI has been shown to facilitate the efflux of excess
cellular cholesterol to HDL. To date, the molecular path-
ways that underlie differences in OxLDL and HDL
metabolism by CD36 and SR-BI are not well understood.
In this study, we directly compared the uptake, intracellular
trafficking, and degradation of OxLDL by CD36 and SR-BI.
The major findings of these studies are as follows: 1) relative
to total cell-associated OxLDL, CD36 mediates more
efficient OxLDL degradation than SR-BI; 2) OxLDL uptake
by SR-BI and CD36 is independent of caveolae, micro-
tubules, and actin cytoskeleton; 3) endocytosis of OxLDL by
CD36, but not SR-BI, is dynamin-dependent; and 4) the
cytoplasmic C-terminal tail of CD36 confers dynamin
dependence of OxLDL uptake.

Our results show that after 4 h of incubation at 37jC,
COS-7 cells expressing CD36 mediate ?2-fold more
OxLDL degradation than SR-BI-expressing cells when
normalized to OxLDL cell association. We investigated
whether differences in the amount of OxLDL taken up by
the two receptors could explain this discrepancy. We
determined that the fraction of the total cell-associated

OxLDL that had accumulated intracellularly in CD36-
expressing cells was consistently larger compared with that
of SR-BI-expressing cells, although the difference was not
statistically significant. It should be noted that the differ-
ence in OxLDL internalization between the two cell types
may be underestimated in our experiments, because the
fluorescence-based assay would not take into account the
greater amount of OxLDL degradation that occurs in
COS-CD36 cells compared with COS-SRBI cells.

Although studies in vitro demonstrate a significant role
for CD36 in the uptake and degradation of OxLDL by
human (37) and mouse (12) macrophages, insights into
the molecular details of CD36-mediated endocytosis and
subsequent intracellular trafficking of OxLDL are limited.
An initial study in lung tissue localized CD36 to lipid rafts/
caveolae (33). However, a more recent study indicated that
CD36 expressed in CHO cells is localized to lipid rafts but
not caveolae, and the binding of OxLDL to CD36 leads to
endocytosis through a lipid raft pathway that is distinct
from clathrin- or caveolin-mediated internalization path-
ways (14). Our results in COS-7 cells support the
conclusion that CD36 internalizes OxLDL by a clathrin-
and caveolin-independent pathway. Although SR-BI has
been reported to be localized to caveolae in several cell
lines, SR-BI-mediated HDL-selective cholesteryl ester
uptake does not appear to be caveolin-dependent (27).
Here, we show that nystatin, which disrupts caveolae
structure by sequestering cholesterol, has no effect on the
intracellular accumulation of OxLDL mediated by SR-BI.
Our data also show that treatment with nocodazole or
cytochalasin D does not reduce OxLDL uptake by either

Fig. 6. The colocalization of intracellular OxLDL and dynamin in macrophages is CD36-dependent.
Peritoneal macrophages isolated from wild-type mice (left panel) and mice deficient in CD36 (right panel)
were incubated with Alexa568-OxLDL (red fluorescence) for 1 h at 37jC. Cells were immunostained to
detect dynamin (green fluorescence) and then analyzed by confocal microscopy. White boxes indicate
regions shown at higher magnification in the middle panels.
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CD36 or SR-BI, indicating that microtubules and actin
cytoskeleton are not involved in the endocytosis of OxLDL
by either receptor. However, we cannot rule out the possi-
bility that these elements play a role in the subsequent
intracellular trafficking of OxLDL.

Receptor-mediated endocytosis involves the formation
of endocytic vesicles followed by membrane fission. The
molecular mechanisms driving fission have been studied
extensively, and it is now clear that many fission events are
controlled by three closely related (.80% identical)
isoforms of dynamin. Dynamin, a ?100 kDa GTPase, has
been implicated in both clathrin-mediated and caveolae-
mediated endocytosis as well as in clathrin- and caveolae-
independent endocytic events (38–40). Our data clearly
show that OxLDL degradation in COS-CD36 cells is
reduced significantly in cells expressing a dominant-
negative mutant of dynamin (dynK44A). We also show
that in mouse peritoneal macrophages, dynamin colo-

calizes with intracellular OxLDL in a CD36-dependent
manner. Together, our data strongly suggest that dynamin
plays an important role in CD36-mediated OxLDL endo-
cytosis in macrophages.

A role for dynamin in OxLDL uptake has also been
demonstrated in vascular smooth muscle cells (VSMCs)
(41). In this study, dynamin-2 was shown to colocalize with
OxLDL in the cytoplasm of VSMCs, leading the authors to
conclude that dynamin is involved in scavenger receptor-
mediated OxLDL endocytosis in these cells. Expression of
dynK44A significantly reduced OxLDL endocytosis, as well
as OxLDL-induced apoptosis, in VSMCs. Interestingly, the
addition of OxLDL to VSMCs resulted in the movement of
dynamin-2 from the cytoplasm to the cell surface, where it
colocalized with lectin-like oxidized low density lipo-
protein receptor 1. The authors reported that dynamin-2
also colocalized with CD36; however, the data for this
statement were not presented. Our data from the analysis
of macrophages differ from the previous report involving
VSMCs in that we failed to find a global movement of
dynamin to the cell surface induced by OxLDL (data not
shown). Although we did not specifically address the role
of lectin-like oxidized low density lipoprotein receptor 1
in our studies, the observation that the colocalization of
intracellular OxLDL and dynamin is reduced significantly
in mouse peritoneal macrophages lacking CD36 suggests
that other scavenger receptors play only a minor role in
dynamin-dependent OxLDL uptake in these cells.

It is increasingly apparent that not all endocytic events are
dependent on dynamin, suggesting the existence of other
fission machineries. For example, G-protein AT1A angio-
tensin receptors and M2 muscarinic receptors are internal-
ized by a dynamin-independent pathway (42, 43). Bonazzi
et al. (44) recently reported that CtBP3/BARS controls the
formation of transport vesicles that are operative in endo-
cytic and exocytic pathways that do not require dynamin.
Here, we show that, unlike CD36, SR-BI mediates OxLDL
uptake through a pathway that is independent of dynamin.
Endocytosis of HDL by SR-BI has also been shown to be
dynamin-independent (27). By analyzing chimeric CD36/
SR-BI receptors, we determined that the 14 amino acid
C-terminal domain of CD36 (constituting the C-terminal
cytoplasmic tail) is necessary and sufficient to confer
dynamin-dependent OxLDL endocytosis. This domain has
also been shown to be required for the binding, internal-
ization, and degradation of OxLDL by CD36 (26).

Our analysis by confocal microscopy suggests that the
trafficking into and out of the endocytic recycling com-
partment may be slower for OxLDL internalized by SR-BI
compared with CD36. This conclusion is consistent with
previous evidence that different endocytic mechanisms may
participate in vesicular trafficking to distinct intracellular
locations. In an elegant study, Vickery and von Zastrow (45)
investigated the endocytic membrane trafficking of D1 and
D2 dopamine receptors, two structurally homologous G
protein-coupled receptors. These receptors were shown to
selectively endocytose in the same cells by distinct dynamin-
dependent and -independent mechanisms. Interestingly,
these endocytic pathways differed in their physiological

Fig. 7. Dynamin dependence of OxLDL uptake by chimeric
CD36/SR-BI receptors. Wild-type rat CD36, mouse SR-BI, and
chimeric CD/SRT or SR/CDT receptors were expressed in COS
cells as described in Experimental Procedures. A: Immunoblot
analysis of total cell lysates (20 mg of protein) was performed using
anti-mouse CD36 (top panel) or anti-BI495, which recognizes the
C-terminal cytoplasmic domain of SR-BI (bottom panel). B: COS
cells expressing CD/SRT or SR/CDT with and without adenovirus
expression of dynK44A, as indicated, were incubated with 10 mg/ml
Alexa488-OxLDL at 37jC for 45 min followed by 15 min of
coincubation with 20 mg/ml Alexa568-transferrin. Cells were
washed and then analyzed by confocal microscopy.
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regulation, and they delivered D1 and D2 to different pri-
mary endocytic vesicles. Although the mechanism of
dynamin-independent endocytosis of D2 receptors was
not elucidated, it was noted that the cytoplasmic domains
of D1 and D2 are not well conserved. These findings
demonstrate that molecular sorting of structurally homol-
ogous receptors can occur at the plasma membrane.

Our studies provide the new finding that OxLDL taken
up by the structurally related class B scavenger receptors
SR-BI and CD36 may be selectively sorted at the plasma
membrane into different endocytic pathways. Although it
was not possible in our studies to determine the extent to
which OxLDL taken up by these two pathways remains
segregated or converges, it is notable that pulse-chase
studies revealed differences in the apparent intracellular
trafficking of OxLDL in COS-CD36 and COS-SRBI cells.
Whereas little OxLDL could be detected after 30 min in
COS-SRBI cells, OxLDL in COS-CD36 cells was easily
observed in a perinuclear compartment, colocalized with
transferrin. After 60 min (30 min pulse followed by 30 min
chase), OxLDL was widely distributed in a punctate
pattern throughout COS-CD36 cells, separate from trans-
ferrin. At this time point, intracellular OxLDL could be
visualized in the perinuclear region of COS-SRBI cells,
colocalized with transferrin. Thus, OxLDL initially trafficks
through a transferrin-positive compartment in both CD36-
and SR-BI-expressing cells, but transit to this compart-
ment in SR-BI-expressing cells appears to be slower
compared with that in CD36. This suggests that OxLDL
may be differentially distributed among distinct endocytic
vesicles in the two cell types. Based on these observations,
it is possible that OxLDL transits through analogous intra-
cellular compartments but with different kinetics after
uptake by CD36 or SR-BI. However, given the difference in
the efficiency of OxLDL degradation by the two class B
scavenger receptors, it is likely that uptake by CD36 and
SR-BI destines OxLDL to differential intracellular traffick-
ing through distinct pathways.

In summary, we have shown that uptake of OxLDL by
CD36 and SR-BI occurs through distinct endocytic mecha-
nisms dictated by their respective C-terminal cytoplasmic
tails. This finding identifies a novel functional property that
distinguishes these structurally homologous receptors,
which may have important implications with regard to
lipoprotein metabolism by these two receptors.
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