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Abstract Cholesterol-laden macrophages are the hallmark
of atherogenesis. The class B scavenger receptor, CD36,
binds oxidized low density lipoprotein (OxLDL), is found
in atherosclerotic lesions, and is upregulated by OxLDL. We
tested the effects of 

 

a

 

-tocopherol (AT) enrichment of hu-
man monocyte-derived macrophages on CD36 expression
and cholesteryl ester accumulation. Monocytes isolated
from normal volunteers were cultured into macrophages.
Macrophages were enriched overnight with various doses of
AT (25, 50, and 100 

 

m

 

M). LDL from normal volunteers was
oxidized or acetylated (AcLDL) and incubated with mac-
rophages for 48 h at a concentration of 50 or 100 

 

m

 

g/ml.
CD36 expression was assessed by flow cytometry. Quantita-
tive analysis of scavenger receptor class A (SR-A) activity
was performed with 1,1

 

9

 

-dioctadecyl-3,3,3

 

9

 

,3

 

9

 

-tetramethylin-
docarbocyanide perchlorate (DiI)-labeled LDL. CD36 ex-
pression was maximal after 8–10 days of culture. AT (

 

>

 

50

 

m

 

M) significantly decreased CD36 expression upregulated
by OxLDL and AcLDL (

 

P

 

 

 

,

 

 0.01). Other antioxidants (

 

b

 

- or

 

g

 

-tocopherol) or protein kinase C inhibitors failed to de-
crease CD36 expression. Concomitantly, DiI-AcLDL and
DiI-OxLDL uptake was significantly decreased after AT
treatment (

 

P

 

 

 

,

 

 0.001). Cholesteryl ester accumulation was
significantly decreased after AT enrichment (AcLDL 

 

1

 

 AT,
77% inhibition; OxLDL 

 

1

 

 AT, 42% inhibition).  In conclu-
sion, AT decreases both CD36 and SR-A expression and
cholesteryl ester accumulation in human macrophages. This
provides additional scientific support for the antiathero-
genic properties of AT.
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A number of epidemiological studies have demon-
strated that increased levels of low density lipoproteins
(LDL) are associated with an increased risk of atheroscle-
rosis. However, the mechanism(s) by which LDL pro-
motes the evolution of the fatty streak lesion remains to
be elucidated. Uptake of cholesterol by the classic LDL re-
ceptor pathway cannot result in appreciable cholesterol
accumulation because the LDL receptor is subject to feed-

 

back inhibition by the intracellular cholesterol content
(1). However, modified LDL, such as acetylated or oxi-
dized LDL (AcLDL and OxLDL, respectively), can be taken
up by the scavenger receptor (SR) pathway, resulting in
unregulated cholesterol accumulation and foam cell for-
mation. The most plausible and biologically relevant mod-
ification of LDL is oxidation (2–5). Several lines of evi-
dence point to a proatherogenic role for OxLDL. All
major cells of the artery wall, such as monocyte-derived
macrophages, endothelial cells, and smooth muscle cells,
can oxidatively modify LDL in vitro (2–5).

Modified LDL, for example, OxLDL, is processed via
the SR pathway. Because these receptors are not regulated
by the intracellular cholesterol content, they can lead to
substantial cholesteryl ester accumulation (6). The first
SR was identified on macrophages as an AcLDL receptor,
SR class A or SR-A (7). However acetylation does not
occur under physiological circumstances. Other SR include
MARCO, macrosialin, LOX-1, and SREC (8).

A second class of SR, SR class B (SR-B), has been identi-
fied as the OxLDL receptor. CD36, first cloned by Ende-
mann et al. (9), is a member of the SR-B family. It is an
88-kDa transmembrane glycoprotein expressed on mono-
cyte-derived macrophages, platelets, adipocytes, and cer-
tain endothelial and epithelial cells (10). CD36 may play a
quantitatively significant role in modified LDL binding to
macrophages (9). In addition to binding AcLDL and
OxLDL (11), CD36 binds thrombospondin (12), anionic
phospholipids (13), and long-chain fatty acids and col-
lagen (14). CD36 is highly expressed on lipid-laden mac-
rophages in human atherosclerotic aorta (15). Monocyte-
derived macrophages obtained from patients with inherited
deficiency of CD36 bind 40% less OxLDL and accumulate
40% less cholesteryl ester compared with control cells. In
addition, elicited macrophages derived from CD36 knock-
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out mice bound and internalized 60% less modified LDL
(16–18). CD36 and apolipoprotein E (apoE) double-
knockout mice exhibit significantly less atherosclerosis
than do apoE

 

2

 

/

 

2

 

 mice (18). CD36 has been shown to be
upregulated by OxLDL in HL-60 and THP-1 cells via in-
duction of the peroxisome proliferator-activated receptor

 

g

 

 (PPAR

 

g

 

) (19) and in smooth muscle cells and RAW cells
via protein kinase C (PKC) (20). These findings suggest
that CD36 plays a key role in foam cell formation in ath-
erosclerotic lesions and is therefore an important recep-
tor to modulate. Also, it appears that the majority of mod-
ified LDL processing by macrophages is via CD36 and SR
class A (SR-A) (40–90%) (16, 18, 20a).

 

a

 

-Tocopherol (AT) is the most potent member of the vi-
tamin E family and is a potent lipophilic chain-breaking
antioxidant (21). Decreased intakes are associated with in-
creased risk of atherosclerosis, whereas increased intakes
of AT appear to be cardioprotective. In addition to de-
creasing the oxidative susceptibility of LDL, AT has been
shown to have direct antiatherogenic effects on endothe-
lial cells, monocytes, and smooth muscle cells (22). The
monocyte-derived macrophage is a readily accessible cell
and is a critical cell that is present in all stages of athero-
genesis. Although AT has been shown to reduce choles-
terol esterification and uptake of AcLDL in J774 cells,
there is a paucity of data examining the role of AT in
CD36 expression and activity in human monocyte-derived
macrophages, the pivotal cell in early atherogenesis.
Thus, the aim of this study was to determine the effect of
AT on CD36 expression and function in human monocyte-
derived macrophages.

MATERIALS AND METHODS

 

Human monocyte-derived macrophages

 

Mononuclear cells were isolated from human volunteers by
density-gradient centrifugation, using Ficoll-Hypaque (Sigma,
St. Louis, MO) and were suspended in RPMI 1640 plus antibiot-
ics (50 

 

m

 

g/ml each of penicillin and streptomycin) as described
previously (23). Mononuclear cells were plated in six-well plates
(Primaria; Becton Dickinson, Franklin Lakes, NJ) and incubated
for 2 h at 37

 

8

 

C. Nonadherent cells were then removed by wash-
ing the wells twice with RPMI, and the remaining adherent cells
were grown in the culture medium supplemented with 10% au-
tologous human serum and 2 mM glutamine. The medium was re-
placed every 2–3 days. The cells were used after 8 days of culture.

Cell viability, determined by trypan blue exclusion, was 

 

.

 

94%
in all experiments. (

 

RRR

 

)-AT was dissolved in dimethyl sulfoxide
(DMSO), and macrophages were incubated in the presence of
vehicle control or AT for 24 h before addition of modified LDL
for 48 h.

 

Isolation and modification of LDL

 

LDL (1.019–1.063 g/ml) was isolated from ethylenediamine-
tetraacetic acid (EDTA)-plasma of fasting healthy volunteers
by sequential ultracentrifugation, desalted through columns
(Econopak DG; Bio-Rad, Hercules, CA), and sterilized by filtra-
tion through a 0.22-

 

m

 

m pore size filter (Millipore, Waltham,
MA), and stored under nitrogen in the dark at 4

 

8

 

C. Protein con-
tent was determined by the method of Lowry et al. as described
previously (23).

LDL was labeled with the fluorescent probe 1,1

 

9

 

-dioctadecyl-
3,3,3

 

9

 

,3

 

9

 

-tetramethylindocarbocyanide perchlorate (DiI; Molecu-
lar Probes, Eugene, OR), as described by Innerarity, Pitas, and
Mahley (24) and acetylated according to the procedure of Basu
et al. as described previously (25). Briefly, LDL was incubated
overnight at 37

 

8

 

C with 50 

 

m

 

l of DiI in DMSO (3 mg/ml) for each
milligram of LDL protein. The labeled LDL was then reisolated
by ultracentrifugation (24). The LDL must be labeled before any
other modification such as acetylation or oxidation.

OxLDL was prepared by incubating LDL with 5 

 

m

 

M CuSO

 

4

 

for 8 h at 37

 

8

 

C as described previously (26). The extent of oxida-
tive modification of LDL was evaluated by examining relative
electrophoretic mobility in an agarose gel and by quantitation of
conjugated dienes at 234 nm as described previously (26). We
have measured the endotoxin concentration in LDL, using re-
agents from BioWhittaker (Walkersville, MD), as described pre-
viously (27); the concentration was 

 

,

 

60 pg/ml, a level devoid of
any biological activity.

 

DiI-LDL uptake by macrophages

 

After an overnight incubation with AT (25–100 

 

m

 

M), mac-
rophages were incubated with DiI-AcLDL (50 

 

m

 

g/ml) for 48 h.
After incubation with DiI-AcLDL, cells were washed with phos-
phate-buffered saline (PBS) and 1 ml of lysis reagent was added
(0.1% sodium dodecyl sulfate in 0.1 N NaOH) (24). The fluores-
cence intensity of the lysate was measured on microtiter plates,
with excitation and emission wavelengths set at 520 and 580 nm,
respectively. Results were expressed as mean fluorescence inten-
sity (MFI) per 10

 

5

 

 cells. In another set of experiments, after incu-
bation with DiI-AcLDL, cells were washed with PBS and analyzed
for DiI-LDL uptake by flow cytometry.

 

Flow cytometry analysis of CD36 expression

 

Cells were washed with PBS and detached with 5 mM EDTA in
PBS, pH 8.2. The pellet was incubated with fluorochrome-conju-
gated antibody for 30 min on ice. The monoclonal antibodies
used were CD36-fluorescein isothiocyanate (FITC), CD14-TC,
and isotype controls. The cells were then washed to remove the
unspecific bound antibody and fixed with 1% paraformalde-
hyde. Isotype-matched phycoerythrin, FITC, and Tricolor (TC)
controls were run with each sample. The cells were analyzed on
a Becton Dickinson FACScan, using CellQuest software as re-
ported previously (28).

 

Cholesteryl ester levels in human macrophages

 

After incubation with AcLDL or OxLDL in the presence or
absence of AT or blocking antibody, cells were extracted with
hexane–isopropanol 3:2 (v/v) and total and free cholesterol lev-
els were measured by gas chromatography after extraction, as
described previously (25). Esterified cholesterol levels were ob-
tained by subtracting free cholesterol from TC.

 

Isolation of total RNA and reverse transcription-
polymerase chain reaction (RT-PCR)

 

Cells were lysed in RNAzol (GIBCO-BRL, Gaithersburg, MD);
total cellular RNA was extracted with chloroform and precipitated
in isopropanol. CD36 mRNA expression was performed with
RT-PCR reagents from Ambion (Austin, TX) with SuperTaq poly-
merase and specific primers for CD36 (Integrated DNA Technolo-
gies, Coralville, IA) for 30 cycles at 94

 

8

 

C, 30 s; 55

 

8

 

C, 30 s; 72

 

8

 

C, 30 s;
and, finally, at 72

 

8

 

C, 5 min, using 18S RNA as internal standard.
Primers that were used to identify CD36 matched published se-
quences 5

 

9

 

-CAGCCCAATGGAGCCATC-3

 

9

 

 and 5

 

9

 

-CAGCGTAGATA
GACCT GC-3

 

9

 

 as described previously (29). The amplified tran-
scripts were analyzed by loading on 2% agarose gels, and the signal
intensity of the bands with the expected size (487 bp) was examined.
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Statistical analyses

 

Paired 

 

t

 

-tests were used to assess significant differences in pa-
rameters measured in the presence and absence of AT and the
level of significance was set at 

 

P

 

 

 

,

 

 0.05. All experiments have
been performed at least three times.

 

RESULTS

After incubation of human monocyte-derived macro-
phages overnight with 25, 50, and 100 

 

m

 

M AT, there was a
dose-dependent enrichment of macrophages with AT
(1.5-, 2-, and 2.3-fold, respectively; n 

 

5

 

 3 experiments).
CD36 expression was time dependent and was maximal

at 8–12 days of culture (

 

Fig. 1

 

; n 

 

5

 

 4 experiments). AT en-
richment resulted in significant inhibition of CD36 ex-
pression on days 4, 8, and 12. All subsequent experiments
were conducted after 8 days in culture. In contrast to AT,
incubation with 

 

b

 

- or 

 

g

 

-tocopherol (100 

 

m

 

M), while result-
ing in a 1.7- and 2.4-fold enrichment in macrophages
compared with control, did not significantly affect CD36
expression (16% and 8% decrease compared with con-
trol, 

 

P

 

 

 

5

 

 0.11 and 0.37, respectively; n 

 

5

 

 4 experiments).
Incubation with AT (

 

>

 

50 

 

m

 

M) significantly decreased
macrophage CD36 expression after incubation with
AcLDL (46% and 71% with AT at 50 and 100 

 

m

 

M, respec-
tively) and OxLDL (47% and 77% with AT at 50 and 100

 

m

 

M, respectively) (

 

Fig. 2A 

 

and 

 

B

 

; n 

 

5

 

 6). Also, incubation
of macrophages with the blocking antibody to CD36 in-
hibited its expression induced by both AcLDL and
OxLDL (88%).

DiI-AcLDL and DiI-OxLDL uptake was studied to deter-
mine the effect of AT on SR-A activity. DiI-AcLDL uptake
was significantly inhibited after incubation with fucoidan
(

 

Fig. 3A 

 

and 

 

B

 

, n 

 

5

 

 4, 

 

P

 

 

 

,

 

 0.01). AT significantly inhib-
ited DiI-AcLDL as well as DiI-OxLDL uptake by human

macrophages (Figs. 3A and B). Furthermore, the combi-
nation of fucoidan and AT was additive with regard to in-
hibition of DiI-AcLDL and DiI-OxLDL uptake (AcLDL:
128 

 

6

 

 14.9 MFI/10

 

5

 

 cells; AcLDL 

 

1

 

 fucoidan, 50 

 

m

 

g/ml:
68 

 

6

 

 11.8 MFI/10

 

5

 

 cells; AcLDL 

 

1

 

 AT: 87 

 

6

 

 9 MFI/10

 

5

 

cells; AcLDL 

 

1

 

 AT 

 

1

 

 fucoidan: 44 

 

6

 

 8 MFI/10

 

5

 

 cells;
OxLDL: 118 

 

6

 

 12 MFI/10

 

5

 

 cells; OxLDL 

 

1

 

 fucoidan: 72 

 

6

 

15 MFI/10

 

5

 

 cells; OxLDL 

 

1

 

 AT: 83 

 

6

 

 11 MFI/10

 

5

 

 cells;
OxLDL 

 

1

 

 AT 

 

1

 

 fucoidan: 49 

 

6 8 MFI/105 cells). Similar
results were obtained with polyinosinic acid (100 mg/ml).

Incubation of macrophages with AcLDL or OxLDL sig-
nificantly augmented cholesteryl ester accumulation in
macrophages compared with control (Fig. 4; n 5 4). As is
depicted in Fig. 4, after AT enrichment, there was a signif-
icant decrease in cholesteryl ester accumulation in mac-
rophages compared with AcLDL alone (77%, P , 0.001)
or OxLDL alone (48%, P , 0.005).

Fig. 1. Time course of CD36 expression. Monocytes were isolated
from the peripheral blood of healthy human volunteers and cul-
tured for 12 days in autologous serum to differentiate into mac-
rophages, enriched with AT (100 mM; solid columns) or vehicle
control (open columns) for 24 h before assessment of CD36 ex-
pression by flow cytometry as described in Materials and Methods.
Data are expressed as means 6 SD of four experiments. * P , 0.001
and ** P , 0.01 compared with control.

Fig. 2. A: Effect of AT enrichment of macrophages on AcLDL-
induced CD36 expression. Human monocyte-derived macrophages
were incubated in the presence of vehicle control or AT (25, 50, or
100 mM) for 24 h followed by addition of AcLDL, 50 mg/ml, for
48 h; CD36 expression was assessed by flow cytometry as described
in Materials and Methods. Data are expressed as means 6 SD of six
experiments. * P , 0.02 compared with AcLDL. B: Effect of AT en-
richment of macrophages on OxLDL-induced CD36 expression.
Human monocyte-derived macrophages were incubated in the
presence of vehicle control or AT (25, 50, or 100 mM) for 24 h fol-
lowed by addition of OxLDL, 50 mg/ml, for 48 h; CD36 expression
was assessed by flow cytometry as described in Materials and Meth-
ods. Data are expressed as means 6 SD of six experiments. * P ,
0.02 compared with OxLDL.
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CD36 mRNA expression was upregulated in the pres-
ence of AcLDL or OxLDL. However, incubation of mac-
rophages with AT had no effect on CD36 mRNA in con-
trol cells or in AcLDL- or OxLDL-loaded cells (Fig. 5,
n 5 3 experiments). There was no significant difference
in CD36/18S mRNA ratio in the absence and presence
of AT.

To examine mechanisms by which AT decreased CD36
expression, the effect of PKC inhibitors on CD36 expres-
sion was also examined by flow cytometry, because AT
has been shown to inhibit PKC. Calphostin C (250 and
500 nM), bisindoleylmaleimide (0.1 and 1 mM), and
chelerythrine (3 mM) did not result in any significant re-
duction in CD36 expression (n 5 4 experiments; data
not shown).

DISCUSSION

Low levels of AT have been associated with increased
prevalence of coronary artery disease morbidity and mor-
tality, and higher intakes of AT are associated with de-
creased incidence of cardiovascular disease (30–33). Oxi-
dative modification of LDL is believed to be an important
event in atherogenesis (2–5), and several studies have re-
ported on the antioxidant effect of AT, that is, decreasing
the susceptibility of LDL to oxidation (21, 34–36). Also,
evidence of the antiatherogenic effects of AT on crucial
cells in atherogenesis such as endothelial cells, platelets,
smooth muscle cells, and monocyte-derived macrophages
is mounting (21, 22). The monocyte-derived macrophage
is a critical cell in the arterial intima and is present during
all stages of atherogenesis. The formation of foam cells in
the intima, the fatty streak lesion, is an important early
event in atherogenesis (37). We have shown that high-
dose AT supplementation (1,200 IU/day) significantly de-
creased monocyte proatherogenic activity (superoxide
anion release; lipid oxidation; release of cytokines such as
interleukin 1b, tumor necrosis factor a, and interleukin 6;
and adhesion to endothelium) and decreased levels of sol-

Fig. 3. A: Effect of AT enrichment of macrophages on DiI-AcLDL
uptake by human macrophages. Human monocyte-derived mac-
rophages were incubated in the presence of vehicle control or AT
(100 mM) for 24 h followed by addition of AcLDL, 50 mg/ml, for
48 h in the presence and absence of fucoidan, 50 mg/ml; DiI-AcLDL
uptake was assessed by flow cytometry as described in Materials and
Methods. Data are expressed as means 6 SD of four experiments.
* P , 0.01 compared with AcLDL. B: Effect of AT enrichment of
macrophages on DiI-OxLDL uptake by human macrophages. Hu-
man monocyte-derived macrophages were incubated in the pres-
ence of vehicle control or AT (100 mM) for 24 h followed by addi-
tion of OxLDL, 50 mg/ml, for 48 h in the presence and absence of
fucoidan, 50 mg/ml; DiI-OxLDL uptake was assessed by flow cytom-
etry as described in Materials and Methods. Data are expressed
as means 6 SD of four experiments. * P , 0.01 compared with
OxLDL.

Fig. 4. Effect of AT enrichment of macrophages on cholesteryl
ester accumulation. Human monocyte-derived macrophages were
incubated in the presence of vehicle control or AT (100 mM) for
24 h followed by addition of AcLDL/OxLDL, 50 mg/ml, for 48 h;
cholesteryl ester levels were measured as described in Materials and
Methods. Data are expressed as means 6 SD of four experiments.
* P , 0.005 compared with AcLDL/OxLDL.

Fig. 5. Effect of AT enrichment of macrophages on CD36 mRNA.
Human monocyte-derived macrophages were incubated in the
presence of vehicle control or AT (100 mM) for 24 h followed by ad-
dition of AcLDL, 50 mg/ml, for 48 h; CD36 mRNA was quantitated
by RT-PCR, using 18S RNA as control as described in Materials and
Methods. Data are representative of three experiments. Lane 1, ve-
hicle control; lane 2, AcLDL (50 mg/ml); lane 3, AcLDL 1 AT (100
mM); lane 4, OxLDL (50 mg/ml); lane 5, OxLDL 1 AT (100 mM).
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uble cell adhesion molecules in healthy human volunteers
as well as in type 2 diabetic subjects, who are prone to
accelerated atherosclerosis (23, 38). Further studies di-
rected at mechanisms revealed that AT decreased mono-
cyte superoxide release and lipid oxidation via inhibition
of PKC activity (23), inhibited the release of interleukin
1b from human monocytes via inhibition of 5-lipoxygen-
ase (39), decreased monocyte-endothelial cell adhesion
via inhibition of nuclear transcription factor kB activity,
and decreased expression of counterreceptors CD11b and
very late antigen 4 (VLA-4) on monocytes (28). In addi-
tion to these intracellular effects, we now report that in
human monocyte-derived macrophages, AT exerts novel
effects of decreasing CD36 SR expression and subsequent
cholesteryl ester accumulation, and could thereby reduce
foam cell formation, a hallmark of the early atheroscle-
rotic lesion.

CD36 is the major receptor responsible for the uptake
of modified LDL. Human macrophage CD36 expression
is upregulated by day 4 and is elevated about 5-fold in 8–
10 days of culture. Nakagawa et al. (40) also reported that
in human macrophages, CD36 expression was maximal
after 10 days of culture. This is in contrast to Huh et al.
(20a), who have previously shown that CD36 expression is
upregulated and is maximal on day 4 (8- to 10-fold) and
is reduced by day 8 of culture. This discrepancy may be
because their monocytes were cultured in 5% AB serum,
purchased from Sigma, in 24-well plates, whereas we used
10% autologous heat-inactivated serum for culturing our
macrophages in 6-well plates. Furthermore, loading of
macrophages with AcLDL or OxLDL significantly in-
creases CD36 expression about 10-fold. This is in accor-
dance with Han et al. (41, 42), who have shown that mod-
ified LDL and cellular cholesterol upregulate CD36
expression in J774.1 murine macrophages. Incubation of
macrophages with AT at doses that can be achieved with
supplementation significantly decreased CD36 expression
in human monocyte-derived macrophages. To determine
whether the inhibition by AT was due to its antioxidant
properties, macrophages were incubated with b- or g-to-
copherol, which have comparable antioxidant potential
and differ only in the position of the methyl groups on the
chroman ring. CD36 expression in human monocyte-
derived macrophages was not affected by these tocoph-
erol homologs. Teupser, Thiery, and Seidel (43) have pre-
viously shown that a- and b-tocopherol, but not g- or
d-tocopherol, downregulated SR-A activity in rabbit perito-
neal macrophages and only a-tocopherol reduced AP-1
activity. However, they did not report on CD36 expression
or cholesteryl ester accumulation. While this article was in
preparation, Ricciarelli, Zingg, and Azzi (44) reported
that a-tocopherol, but not b-tocopherol, reduced CD36
expression in a cultured human aortic smooth muscle cell
line by downregulating CD36 mRNA and protein expres-
sion. However, they did not examine the effect of AT on
SR-A activity or intracellular cholesteryl ester accumula-
tion. Furthermore, they did not examine the effect of AT
on CD36 expression in human monocyte-derived mac-
rophages, the critical cells in atherogenesis, and did not

test the effect of AT on CD36 mRNA in HL-60 cells. Also,
the effect of AT on CD36 expression upregulated by mod-
ified LDL was not examined.

To examine whether AT only decreased CD36 expres-
sion or had effects on SR-A activity as well, quantitative
analysis of SR activity was performed with DiI-labeled
AcLDL and DiI-labeled OxLDL. DiI-AcLDL uptake was
significantly inhibited after incubation with fucoidan or
polyinosinic acid. AT significantly inhibited DiI-AcLDL as
well as DiI-OxLDL uptake by human macrophages. Fur-
thermore, the combination of fucoidan and AT was addi-
tive with regard to inhibition of DiI-AcLDL uptake. Thus,
it appears that AT exerts dual effects in inhibiting SR-A
and CD36 activities. Ricciarelli, Zingg, and Azzi (44) also
demonstrated decreased uptake of Di-OxLDL by the hu-
man aortic smooth muscle cell line; however, they failed
to assess whether this affected subsequent intracellular
cholesteryl ester accumulation.

To elucidate whether decreased expression of CD36
translates to decreased cholesteryl ester accumulation,
cholesteryl ester accumulation in macrophages was deter-
mined. Incubation with AcLDL or OxLDL significantly in-
creased cholesteryl ester accumulation. AT significantly
inhibited cholesteryl ester accumulation after incubation
with AcLDL and OxLDL. Suzukawa et al. (45) reported
that enrichment of J774, a murine macrophage cell line,
with AT inhibited macrophage-mediated LDL oxidation
and cholesteryl ester formation. However, they did not ex-
amine whether these effects of AT were due to the de-
creased capacity of macrophages to oxidize LDL or due to
its effects on cholesterol metabolism. Asmis et al. (46) re-
ported that enrichment of P:388D murine macrophages
with AT reduced the cellular ratio of cholesteryl ester to
free cholesterol after incubation with fetal bovine serum
but not modified LDL. Shige et al. (47) reported that AT
(50 mM) significantly reduced uptake of labeled AcLDL
with a trend toward suppression of ACAT activity, result-
ing in decreased cholesteryl esterification in J774 cells, a
murine macrophage cell line. However, they did not study
the effect of AT on OxLDL-induced cholesteryl ester accu-
mulation. The present study goes further in demonstrat-
ing that in human monocyte-derived macrophages, AT de-
creases CD36 expression and SR activity, and this is
associated with decreased cholesteryl ester accumulation.

Finally, we examined whether the reduction in CD36
expression and activity in human monocyte-derived mac-
rophages by AT was due to decreased message for CD36.
Whereas CD36 mRNA expression was upregulated in the
presence of both AcLDL and OxLDL as reported previ-
ously, AT enrichment did not have any effect on CD36
mRNA. In a cell line of smooth muscle cells, AT appears
to downregulate CD36 mRNA (44). However, the differ-
ence in cell type used in their studies may underlie this
discrepancy in findings. Thus, in human monocyte-
derived macrophages, AT appears to downregulate CD36
expression at the posttranscriptional level. Feng et al. (20)
have shown that induction of CD36 expression by OxLDL
in a murine macrophage cell line, RAW 264.7, involves ini-
tial activation of PKC. AT has been shown to decrease PKC
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activity in monocytes (23). Thus, we tested the effect of
PKC inhibitors on OxLDL-induced CD36 expression by
flow cytometry. In our experiments with human monocyte-
derived macrophages, three PKC inhibitors failed to sig-
nificantly reduce CD36 expression. Thus, although AT
decreases smooth muscle cell proliferation, platelet aggre-
gation, and monocyte superoxide anion release and lipid
oxidation via inhibition of PKC (21, 22), in two different
cell systems (smooth muscle cells and human macro-
phages) CD36 expression is not regulated by AT via inhi-
bition of PKC (44). It is possible that AT affects PPARg,
which has also been implicated in CD36 upregulation by
OxLDL (19, 20) in macrophages. A decrease in the
PPARg pathway does not appear to be the mechanism in-
volved because troglitazone, a PPAR agonist that com-
prises a vitamin E moiety, increases and does not decrease
CD36 expression. Han et al. (48) showed that transform-
ing growth factor b1 and b2 decreased CD36 expression
and mRNA in THP-1 cells. Because we failed to show an
effect on CD36 mRNA in human monocyte-derived mac-
rophages, this is unlikely to explain the inhibition of
CD36 expression and cholesteryl ester accumulation by
AT. Future studies will be directed at elucidating the pre-
cise molecular mechanism by which AT decreases CD36
expression, such as its effect on tyrosine kinase activity
and transforming growth factor b, which appear to regu-
late CD36 expression.

In summary, we report for the first time in human
monocyte-derived macrophages that AT enrichment re-
sults in decreased CD36 expression, decreased SR activity,
and decreased cholesteryl ester accumulation, and that
the mechanism of inhibition appears to be posttranscrip-
tional. These findings, along with other reported benefi-
cial effects of AT (i. e., decrease in LDL oxidation, platelet
aggregation, improvement in endothelial function, de-
crease in monocyte proatherogenicity, and smooth muscle
cell proliferation) lend further support for the potential
antiatherogenic effects of AT.

This work was supported by grants from the National Institutes
of Health (1 RO1 AT00005-01; K24 AT00596) and the Ameri-
can Heart Association (0060034Y).

Manuscript received 21 August 2000 and in revised form 21 November 2000.

REFERENCES

1. Brown, M. S., and J. L. Goldstein. 1983. Lipoprotein metabolism
in the macrophage: implications for cholesterol deposition in ath-
erosclerosis. Annu. Rev. Biochem. 52: 223–261.

2. Witztum, J., and D. Steinberg. 1991. Role of oxidized low density
lipoprotein in atherogenesis. J. Clin. Invest. 88: 1785–1792.

3. Berliner, J., and J. Heinecke. 1992. The role of oxidized lipopro-
teins in atherogenesis. Free Radic. Biol. Med. 92: 127–143.

4. Devaraj, S., and I. Jialal. 1996. Oxidized LDL and atherosclerosis.
Int. J. Clin. Lab. Res. 26: 178–184.

5. Berliner, J. A., M. Navab, A. M. Fogelman, J. S. Frank, L. L. Demer,
P. A. Edwards, A. D. Watson, and A. J. Lusis. 1995. Atherosclerosis:
basic mechanisms, oxidation, inflammation and genetics. Circula-
tion. 91: 2488–2496.

6. Goldstein, J. L., Y. K. Ho, S. K. Basu, and M. S. Brown. 1979. Bind-
ing site on macrophages that mediates uptake and degradation of

Ac-LDL producing massive cholesterol deposition. Proc. Natl. Acad.
Sci.USA. 76: 333–337.

7. Kodama, T., P. Reddy, C. Kishimoto, and M. Krieger. 1988. Purifi-
cation and characterization of a bovine acetyl low density lipopro-
tein receptor. Proc. Natl. Acad. Sci.USA. 85: 9238–9242.

8. De Villiers, W. J. S., and E. J. Smart. 1999. Macrophage scavenger
receptors and foam cell formation. J. Leukoc. Biol. 66: 740–746.

9. Endemann, G., L. W. Stanton, K. S. Madden, C. M. Bryant, R. T.
White, and A. A. Protter. 1993. CD36 is a receptor for OxLD. J.
Biol. Chem. 268: 11811–11816.

10. Greenwalt, D., R. Lipsky, C. Ockenhouse, H. Iheda, N. Tandon,
and G. Jamieson. 1992. Membrane glycoprotein CD36: a review of
its roles in adherance, signal transduction and transfusion medi-
cine. Blood. 80: 1105–1115.

11. Calvo, D., D. Gomez-Coronado, M. A. Suarez, A. Lasuncion, and
M. A. Vega. 1998. Human CD36 is a high affinity receptor for the
native lipoproteins, HDL, LDL, VLDL. J. Lipid Res. 39: 777–788.

12. Silverstein, R. L., M. Baird, S. K. Lo, and L. M. Yesner. 1992. Role of
CD36 as a thrombospondin receptor. J. Biol. Chem. 267: 16607–16612.

13. Rigotti, A., S. L. Acton, and M. Krieger. 1995. The class B scaven-
ger receptors SRB-1 and CD36 are receptors for anionic phospho-
lipids. J. Biol. Chem. 270: 16221–16224.

14. Tandon, N. N., U. Kralisz, and G. A. Jamieson. 1989. Identification
of glycoprotein IV (CD36) as a primary receptor for platelet-
collagen adhesion. J. Biol. Chem. 264: 7576–7583.

15. Nakata, A., Y. Nakagawa, M. Nishida, S. Nozaki, J. Miyagawa, T.
Nakagawa, R. Tamura, K. Matsumoto, K. Kameda-Takemura, S.
Yamashita, and Y. Matsuzawa. 1999. CD36 a novel receptor for
OxLDL is highly expressed on lipid laden macrophages in human
atherosclerotic lesions. Arterioscler. Thromb. Vasc. Biol. 19: 1333–
1339.

16. Nozaki, S., H. Kashiwagi, S. Yamashita, T. Nakagawa, B. Kostner, Y.
Tomiyama, A. Nakata, M. Ishigami, J. Miyagawa, K. Kameda-
Takemura, Y. Kurata, and Y. Matsuzawa. 1995. Reduced uptake of
OxLDL in monocyte derived macrophages from CD36 deficient
subjects. J. Clin. Invest. 96: 1859–1865.

17. Febbraio, M., N. A. Abumrad, D. P. Hajjar, K. Sharma, W. Cheng,
S. F. A. Pearce, and R. L. Silverstein. 1999. A null mutation in mu-
rine CD36 reveals an important role in fatty acid and lipoprotein
metabolism. J. Biol. Chem. 274: 19005–19062.

18. Febbraio, M., E. A. Podrez, J. D. Smith, D. P. Hajjar, S. L. Hazen, H. F.
Hoff, K. Sharma, and R. L. Silverstein. 2000. Targeted disruption
of the class B scavenger receptor CD36 protects against atheroscle-
rotic lesion development in mice. J. Clin. Invest. 105: 1049–1056.

19. Nagy, L., P. Tontonoz, J. G. Alvarez, H. Chen, and R. M. Evans.
1998. OxLDL regulates macrophage gene expression through
ligand activation of PPAR gamma. Cell. 93: 229–240.

20. Feng, J. W., J. H. Han, S. F. A. Pearce, R. L. Silverstein, A. M. Gotto,
D. P. Hajjar, and A. C. Nicholson. 2000. Induction of CD36 expres-
sion by oxidized LDL and IL-4 by a common signaling pathway de-
pendent on protein kinase C and PPAR-gamma. J. Lipid Res. 41:
688–696.

20a. Huh, H. Y., S. F. Pearce, L. M. Yesner, J. L. Schindler, and R. L. Sil-
verstein. 1996. Regulated expression of CD36 during monocyte-to-
macrophage differentiation. Blood. 87: 2020–2028.

21. Brigelius-Flohe, R., and M. G. Traber. 1999. Vitamin E: function
and metabolism. FASEB J. 13: 1145–1155.

22. Chan, A. C. 1998. Vitamin E and atherosclerosis. J. Nutr. 128:
1593–1596.

23. Devaraj, S., D. Li, and I. Jialal. 1996. The effects of alpha toco-
pherol supplementation on monocyte function—decreased lipid
oxidation, interleukin 1-beta secretion, and monocyte adhesion to
endothelium. J. Clin. Invest. 98: 756–763.

24. Innerarity, T. L., R. E. Pitas, and R. W. Mahley. 1986. Lipoprotein-
receptor interactions. Methods Enzymol. 129: 542–565.

25. Jialal, I., and A. Chait. 1989. Differences in the metabolism of oxi-
datively modified low density lipoprotein and acetylated low den-
sity lipoprotein by human endothelial cells: inhibition of choles-
terol esterification by oxidatively modified low density lipoprotein.
J. Lipid Res. 30: 1561–1568.

26. Jialal, I., C. J. Fuller, and B. A. Huet. 1995. The effect of alpha-tocoph-
erol supplementation on LDL oxidation. A dose-response study.
Arterioscler. Thromb. Vasc. Biol. 15: 190–198.

27. Islam, K. N., D. O’Byrne, S. Devaraj, B. Palmer, S. M. Grundy, and
I. Jialal. 2000. Alpha-tocopherol supplementation decreases the
oxidative susceptibility of LDL in renal failure patients on dialysis
therapy. Atherosclerosis. 150: 217–224.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Devaraj, Hugou, and Jialal Effect of a-tocopherol on CD36 expression 527

28. Islam, K. N., S. Devaraj, and I. Jialal. 1998. Alpha-tocopherol en-
richment of monocytes decreases agonist-induced adhesion to hu-
man endothelial cells. Circulation. 98: 2255–2261.

29. Yoshida, H., O. Quehenberger, N. Kondratenko, S. Green, and D.
Steinberg. 1998. MMLDL increases expression of SR_A, CD36 and
macrosialin in resident mouse peritoneal macrophages. Arterioscler.
Thromb. Vasc. Biol. 18: 794–802.

30. Gey, K. F., P. Puska, P. Jordon, and U. Moser. 1992. Inverse correla-
tion between vitamin E and mortality from ischemic heart disease
in cross-cultural epidemiology. Am. J. Clin. Nutr. 53: 326–334.

31. Riemersma, R. A., D. A. Wood, C. C. A. MacIntyre, R. A. Elton, K. F.
Gey, and M. F. Oliver. 1991. Risk of angina pectoris and plasma
concentrations of vitamins A, C, and E and carotene. Lancet. 337:
1–4.

32. Rimm, E. B., M. J. Stampfer, A. Ascherio, E. Giovannucci, G. A.
Colditz, and W. C. Willett. 1993. Vitamin E consumption and the
risk of coronary heart disease in men. New Engl. J. Med. 328: 1450–
1453.

33. Stampfer, J. J., C. H. Hennekens, J. E. Manson, G. A. Colditz, B.
Rosner, and W. C. Willett. 1993. Vitamin E consumption and the
risk of coronary disease in women. N. Engl. J. Med. 328: 1444–1449.

34. Esterbauer, H., M. Dieber-Rotheneder, G. Striegl, and G. Waeg.
1991. Role of vitamin E in preventing the oxidation of low-density
lipoprotein. Am. J. Clin. Nutr. 53: 314S–318S.

35. Princen, H. M. G., G. van Poppel, C. Vogelezang, R. Buytenhek,
and F. J. Kok. 1992. Supplementation with vitamin E but not b-
carotene in vivo protects low density lipoprotein from lipid peroxi-
dation in vitro: effect of cigarette smoking. Arterioscler. Thromb. 12:
554–559.

36. Devaraj, S., B. Adams-Huet, C. J. Fuller, and I. Jialal. 1997. Dose-
response comparison of RRR-a-tocopherol and all-racemic a-to-
copherol on LDL oxidation. Arterioscler. Thromb. Vasc. Biol. 17:
2273–2279.

37. Ross, R. 1999. Atherosclerosis—an inflammatory disease. N. Engl.
J. Med. 340: 115–126.

38. Devaraj, S., and I. Jialal. 2000. Low-density lipoprotein postsecre-
tory modification, monocyte function, and circulating adhesion
molecules in type 2 diabetic patients with and without macrovascu-
lar complications: the effect of alpha-tocopherol supplementation.
Circulation. 102: 191–196.

39. Devaraj, S., and I. Jialal. 1999. Alpha-tocopherol decreases inter-
leukin-1 beta release from activated human monocytes by inhibi-
tion of 5-lipoxygenase. Arterioscler. Thromb. Vasc. Biol. 19: 1125–
1133.

40. Nakagawa, T., S. Nozaki, M. Nishida, J. M. Yakub, Y. Tomiyama, A.
Nakata, K. Matsumoto, T. Funahashi, K. Kameda-Takemura, Y.
Kurata, S. Yamashita, and Y. Matsuzawa. 1998. OxLDL increases
and IFN-gamma decreases expression of CD36 in human mono-
cyte-derived macrophages. Arterioscler. Thromb. Vasc. Biol. 18: 1350–
1357.

41. Han, J., D. P. Hajjar, M. Febbraio, and A. C. Nicholson. 1996. Na-
tive and modified LDL increase functional expression of macro-
phage CD36. J. Biol. Chem. 272: 21654–21659.

42. Han, J., D. P. Hajjar, J. M. Tauras, and A. C. Nicholson. 1999. Cellu-
lar cholesterol regulates expression of the macrophage type B
scavenger receptor, CD36. J. Lipid Res. 40: 830–838.

43. Teupser, D., J. Thiery, and D. Seidel. 1999. Alpha-tocopherol
down-regulates scavenger receptor activity in macrophages. Athero-
sclerosis. 144: 109–115.

44. Ricciarelli, R., J. M. Zingg, and A. Azzi. 2000. Vitamin E reduces
the uptake of oxidized LDL by inhibiting CD36 scavenger recep-
tor expression in cultured aortic smooth muscle cells. Circulation.
102: 82–87.

45. Suzukawa, M., M. Abbey, P. Clifton, and P. J. Nestel. 1994. Effects
of supplementing with vitamin E on uptake of LDL and stimula-
tion of cholesterol ester formation in macrophages. Atherosclerosis.
110: 77–86.

46. Asmis, R., V. C. Llorente, and K. F. Gey. 1995. Prevention of choles-
teryl ester accumulation in P388D1 macrophage-like cells by in-
creased cellular vitamin E depends on species of extracellular cho-
lesterol. Eur. J. Biochem. 233: 171–178.

47. Shige, H., T. Ishikawa, M. Suzukawa, M. Nishiwaki, and T. Yamash-
ita. 1998. Vitamin E reduces cholesterol esterification and uptake
of Ac-LDL in macrophages. Lipids. 33: 169–175.

48. Han, J., D. P. Hajjar, J. M. Tauras, J. Feng, A. M. Gotto, and A. C.
Nicholson. 2000. Transforming growth factor-beta1 (TGF-beta1)
and TGF-beta2 decrease expression of CD36, the type B scavenger
receptor, through mitogen-activated protein kinase phosphoryla-
tion of peroxisome proliferator-activated receptor-gamma. J. Biol.
Chem. 275: 1241–1246.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

