
Introduction
The accumulation of lipid-laden foam cells is character-
istic for developing atherosclerotic lesions. Most of these
cells are recruited from the circulation and take up resi-
dence in the vessel wall where they ingest massive
amounts of lipids to become foam cells. Blood mono-
cytes are the primary source of arterial macrophages, and
there is strong evidence that the monocyte chemoat-
tractant protein-1 (MCP-1) is involved in the recruit-
ment process (1, 2). MCP-1 is expressed and secreted by
the cells of the vessel wall in response to a variety of
proinflammatory stimuli, and the presence of MCP-1 in
atherosclerotic lesions is well documented (3–9). More
direct evidence for a role of MCP-1 in atherosclerosis
came from mouse models demonstrating that MCP-1
deficiency reduced atherosclerosis, whereas overexpres-
sion of MCP-1 accelerated atherosclerosis (10–12).

MCP-1 is a member of the CC family of chemokines
and was isolated on the basis of its potent chemoat-
tractant activity for monocytes (13, 14). The effect of
MCP-1 is mediated by the seven-transmembrane–span-
ning G protein–coupled receptor CCR2, which is
expressed mainly in monocytes, basophils, and certain
subsets of T cells (15, 16). The functional interaction
between CCR2 and MCP-1 is complex and is consistent

with a multidomain binding model (17, 18). The
nonredundant function of CCR2 in host defense and
its important role in atherogenesis was demonstrated
recently in animal models (19–21).

If a reduction in CCR2 expression decreases lesion
formation, then any increase in expression should
accelerate atherosclerosis. In a recent study we
demonstrated that CCR2 expression is significantly
increased in circulating monocytes in hypercholes-
terolemic humans (22). The level of CCR2 expression
correlated directly with the plasma levels of LDL and
inversely with the plasma concentrations of HDL.
The increase in CCR2 expression enhanced the
chemotactic response to MCP-1 and may promote
the initial recruitment of monocytes to atheroscle-
rotic lesions. In contrast to native LDL, oxidized LDL
(OxLDL) caused a rapid downregulation of CCR2
expression, and these monocytes no longer respond-
ed to MCP-1. Plasma LDL can cross the endothelium
and accumulate in the intima where it may undergo
oxidative modification to acquire a number of bio-
logical properties that are potentially proatherogenic
(23, 24). As a negative regulator of monocyte CCR2
expression, it may promote the arrest of newly
recruited monocytes in the arterial wall, allowing for
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The CCR2-mediated recruitment of monocytes into the vessel wall plays an important role in all
stages of atherosclerosis. In recent studies, we have shown that lipoproteins can modulate CCR2
expression and have identified native LDL as a positive regulator. In contrast, oxidized LDL
(OxLDL), which is mainly formed in the aortic intima, reduces CCR2 expression, promotes mono-
cyte retention, and may cause pathological accumulation of monocytes in the vessel wall. We now
provide evidence that OxLDL reduces monocyte CCR2 expression by activating intracellular sig-
naling pathways that may involve peroxisome proliferator–activated receptor γ (PPARγ). Receptor-
mediated uptake of the lipoprotein particle was required and allows for delivery of the exogenous
ligand to the nuclear receptor. The suppression of CCR2 expression by OxLDL was mediated by lipid
components of OxLDL, such as the oxidized linoleic acid metabolites 9-HODE and 13-HODE,
known activators of PPARγ. Modified apoB had no such effect. Consistent with a participation of
the PPARγsignaling pathway, BRL49653 reduced CCR2 expression in freshly isolated human mono-
cytes ex vivo and in circulating mouse monocytes in vivo. These results implicate PPARγ in the inhi-
bition of CCR2 gene expression by oxidized lipids, which may help retain monocytes at sites of
inflammation, such as the atherosclerotic lesion.
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their cytokine- and growth factor–induced matura-
tion to macrophages (25).

Peroxisome proliferator–activated receptor γ(PPARγ) is
a member of the nuclear receptor superfamily that func-
tions as ligand-dependent transcription factor. PPARγ is
abundantly expressed in adipose tissue and appears to
play an important role in adipose differentiation and
lipid metabolism (26, 27). It may also be the target for
some thiazolidinediones that are used for the treatment
of type 2 diabetes (28, 29). In addition to adipocytes,
PPARγis also expressed in monocytes/macrophages and
has been implicated in the regulation of macrophage
inflammatory responses (30–32).

The present study was designed to investigate the
mechanisms responsible for the reduction of mono-
cyte CCR2 expression by OxLDL. Internalization of
the lipoprotein particle was required, and the inhibi-
tion of CCR2-gene expression was mediated by the
lipids from OxLDL but not by the isolated apoB.
OxLDL is rich in oxidized polyunsaturated fatty
acids, which are known ligands for PPARγ, and there
is strong evidence that the OxLDL-mediated inhibi-
tion of monocyte CCR2 expression involves PPARγ-
dependent intracellular signaling events.

Methods
Reagents and Ab’s. Linoleic acid and TNF-α were
obtained from Sigma Chemical Co. (St. Louis, Mis-
souri, USA). 1-Palmitoyl 2-arachidonoyl phos-
phatidylcholine (PAPC) was from Avanti Polar Lipids
(Alabaster, Alabama, USA), and 9-hydroxyoctadeca-
dienoic acid (9-HODE) and 13-HODE were from Cay-
man Chemical Co. (Ann Arbor, Michigan, USA).
Dibutyl phthalate and dioctyl phthalate were pur-
chased from Aldrich Chemical Co. (Milwaukee, Wis-
consin, USA), and 3,3′-dihexadecyloxacarbocyanine
perchlorate (DiO) was from Molecular Probes
(Eugene, Oregon, USA). BRL49653 was from Glaxo
Wellcome (Research Triangle Park, North Carolina,
USA). Recombinant MCP-1 was purchased from R&D
Systems Inc. (Minneapolis, Minnesota, USA), and 125I-
MCP-1 (specific activity, 2200 Ci/mmol) was from
DuPont NEN (Boston, Massachusetts, USA). The neu-
tralizing mouse anti-human CD36 IgM, OKM5, was
purchased from Sigma Chemical Co. Phycoerythrin-
conjugated mouse anti-human CCR2 IgG and non-
specific IgG were obtained from R&D Systems Inc.,
and unlabeled mouse and human nonspecific IgG was
from Sigma Chemical Co. Fluorescein isothio-
cyanate–conjugated mouse anti-human CD14 IgG
and rat anti-mouse CD80 IgG were from PharMingen
(San Diego, California, USA). Taq polymerase and
deoxynucleotide triphosphates were from Promega
(Madison, Wisconsin, USA).

Animals, cell culture, and preparation of monocytes. THP-1
cells (American Type Culture Collection, Manassas, Vir-
ginia, USA) were maintained in RPMI-1640 medium
(BioWhittaker, Walkersville, Maryland, USA), supple-
mented with 10% low-endotoxin FCS (Hyclone, Logan,

Utah, USA), 100 U/mL penicillin, and 100 µg/mL strep-
tomycin (Irvine Scientific, Santa Ana, California, USA).
To avoid activation and differentiation, the concentra-
tion of THP-1 cells never exceeded 0.5 × 106 cells/mL.

Human monocytes were isolated as described earlier
(22). Briefly, 100 mL of whole blood was drawn into
tubes containing 3 mM EDTA, the buffy coat was iso-
lated by centrifugation at 1,500 g for 30 minutes at 4°C,
carefully layered onto an equal volume of Histopaque
1077 (Sigma Chemical Co.), and mononuclear cells
were isolated by centrifugation at 400 g for 30 minutes
at room temperature. The cell pellet was washed twice
with PBS containing 0.02% EDTA, and the cells were
plated into a 150-mm dish containing RPMI-1640
medium supplemented with 10% autologous serum.
After 1 hour of incubation at 37°C, nonadhering cells
were removed by washing the plate twice with PBS, and
the adhering monocytes were harvested by brief
trypsinization. The purity of monocytes was greater
than 85% as estimated by flow cytometry using anti-
CD14 IgG. The brief adherence step in the purification
procedure did not affect monocyte CCR2 expression,
and no difference in CCR2 expression was observed
between purified monocytes and monocytes that were
analyzed in freshly drawn blood using flow cytometry
as described below.

For the in vivo experiments, tenth-generation
homozygous LDL receptor–deficient mice in a
C57BL/6 background were obtained from The Jackson
Laboratories (Bar Harbor, Maine, USA). A breeding
colony was generated, and 6- to 8-week-old female
mice, weighing 17 g, on average, were used. The animals
were divided into two groups. Both groups received reg-
ular mouse chow (Harlan-Teklad, Madison, Wisconsin,
USA), to which 0.075% cholesterol was added. The low-
cholesterol addition did not significantly raise the
plasma lipid level but maintained a level that was com-
parable between all animals. The animals were fed 3-4
g of food per mouse every day. In addition to the diet,
for up to 8 weeks one group received BRL49653 at a
concentration of 20 mg/kg body weight/day and the
other a control solvent. The animals were weighed every
2 weeks and the drug dosage was adjusted accordingly.
Blood samples were obtained retro-orbitally for deter-
mination of cholesterol and triglycerides. All animals
received water ad libitum. The animal experiments were
done according to NIH guidelines and were approved
by University of California at San Diego Animal Sub-
jects Committee. Mouse monocytes were isolated from
0.5–1 mL of whole blood, diluted with an equal volume
of PBS containing 0.02% EDTA. Mononuclear leuko-
cytes were separated by centrifugation through 3 mL of
Histopaque 1077, and CCR2 protein was estimated
using flow cytometry on gated CD80-positive mono-
cytes, as described below. For the preparation of
mRNA, mouse monocytes were further purified by
plating for 1 hour in 10% serum prepared from litter-
mates with identical genetic background in 60-mm
dishes, as described above for human monocytes.
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For the various experiments, human monocytes were
maintained in RPMI-1640 medium supplemented
with 10% autologous serum. To avoid cell activation
and differentiation, all incubations were carried out in
24-well plates that were coated with a hydrophobic
surface to prevent adhesion (Sarstedt, Newton, North
Carolina, USA). The incubation of THP-1 cells with
lipoproteins or PPARγ ligands was carried out in
RPMI-1640 containing 5% lipoprotein-deficient
serum. The final concentration of ethanol used to dis-
solve BRL49653 was 0.1% and did not affect monocyte
viability or CCR2 expression.

Preparation of lipoproteins. Human LDL was isolated
from normolipidemic plasma by density ultracentrifu-
gation (33). The LDL preparation was dialyzed against
PBS with 0.3 mM EDTA, and the protein concentra-
tion was determined (34). Before oxidation, EDTA was
removed by extensive dialysis and OxLDL was prepared
by incubation of LDL (100 µg/mL) with 10 µM CuSO4

in Ham’s F-10 media for 18 hours at 37°C. OxLDL
contained 42 nmol of thiobarbituric acid–reactive sub-
stances (TBARS) per milligram of protein (35). For
mild oxidation of LDL (MM-LDL), EDTA-free LDL was
incubated with 2 µM CuSO4 in Ham’s F-10 media for
4 hours at 37°C. MM-LDL contained 5 nmol of TBARS
per milligram of protein. To prevent further oxidation,
0.1 mM EDTA was added and the lipoproteins were
stored in the dark at 4°C.

Isolation of lipids and apoB from lipoproteins and prepara-
tion of lipid microemulsions. ApoB was isolated from
OxLDL by extracting the lipids with ice-cold chloro-
form/methanol (1:1 vol/vol) as described (36). The
residual protein was washed with water and acetone,
solubilized in octylglucoside (octylglucoside/protein,
30:1 wt/wt). The detergent was removed by dialysis
against PBS, and the protein concentration was meas-
ured by the method of Lowry et al. (34).

Lipids from OxLDL were isolated as described (37).
Briefly, HCl was added to LDL to a final concentration
of 10 mM, the lipids were extracted with chloro-
form/methanol (1:1 vol/vol) and separated by cen-
trifugation. The chloroform phase was removed, the
solvent evaporated under N2, and the dried lipids were
resuspended in 10 mM Tris buffer containing 1 mM
EDTA and 150 mM NaCl, pH 7.4. The lipid suspension
was extruded eight to ten times through 0.1 µm poly-
carbonate membranes under N2 at 37°C to form
microemulsions with particle sizes of 80–120 nm. For
lipid labeling, DiO in an amount equal to 0.2% of the
weight of the lipids was added to the chloroform phase
before drying and resuspending the lipids in buffer for
extrusion. For the preparation of microemulsions with
PAPC or oxidized PAPC, the phospholipids were first
mixed in chloroform with free cholesterol at a
PAPC/cholesterol molar ratio of 2:1. The concentra-
tions of lipid microemulsions were estimated by phos-
phorous assay (38). Linoleic acid and oxidized linoleic
acid were used as solutions in ethanol, and 9-HODE
and 13-HODE were dissolved in DMSO. For the oxi-

dation, 1 mg of PAPC or linoleic acid was dried on the
surface of a 50-mL glass tube under N2 and exposed to
air for 48 hours. The oxidation of the fatty acids pro-
ceeded to completion, which was confirmed by fatty-
acid analysis using gas chromatography (chromato-
graph from Varian, Walnut Creek, California, USA) as
described (39) and by analysis of conjugated dienes as
described (40).

Flow cytometry. Human and mouse mononuclear cells
purified by centrifugation through Histopaque and
THP-1 cells were washed twice with ice-cold PBS con-
taining 0.1% BSA and 0.01% sodium azide (buffer A).
The freshly isolated mononuclear cells (106) or THP-1
cells (2 × 105) were resuspended in 100 µL of buffer A.
To block the Fc receptors, the cells were treated with 5
µg of nonspecific human or mouse IgG for 15 minutes
at room temperature. Human and mouse monocytes
were identified and gated by the expression of the sur-
face markers CD14 (human monocytes) and CD80
(mouse monocytes) using the respective FITC-conju-
gated Ab’s. To estimate monocyte CCR2 expression
(CCR2 expression in the CD14- or CD80-positive cell
population), cells were incubated with 0.25 µg of phy-
coerythrin-conjugated mouse IgG against human
CCR2 for 30 minutes at 4°C. Mouse and human CCR2
share more than 80% homology in their amino-acid
sequence, and our preliminary data showed that the
polyclonal Ab reacted with both mouse and human
CCR2. After labeling, the cells were washed twice with
excess of ice-cold buffer A and analyzed by FACScan
instrument using CELL QUEST software (Becton Dick-
inson, San Jose, California, USA). In control experi-
ments phycoerythrin-conjugated nonspecific mouse
IgG was used to measure nonspecific binding. The rel-
ative surface expression of CCR2 was estimated by sub-
tracting the median fluorescence intensity of the con-
trol cells from that of cells labeled with anti-CCR2 Ab.
This normalization method reduced variations between
individual experiments. For the experiments with DiO-
labeled OxLDL lipids, THP-1 cells (2 × 105 cells/100 µL
buffer A) were incubated with 0.5 µg of DiO-labeled
lipids from OxLDL for 1 hour at 4°C in the absence or
presence of competitors. The assessment of DiO-labeled
OxLDL-lipid binding using flow cytometry was essen-
tially identical to the procedure described above.

125I-MCP-1 equilibrium-binding assay. Cells were
washed twice with PBS, suspended in binding buffer
consisting of RPMI-1640 without phenol red, 0.1%
BSA, and 10 mM HEPES (pH 7.4), and the binding
analysis was carried out as described (25). Briefly, the
cells (106 in 200 µL binding buffer) were incubated for
90 minutes at room temperature with 0.11 nM 125I-
MCP-1 (specific activity, 2,200 Ci/mmol) in the
absence or presence of 100 nM unlabeled MCP-1. At
the end of the incubation period, the cells were sepa-
rated from the binding buffer by centrifugation
through 500 µL of dibutyl phthalate/dioctyl phtha-
late (1:1 vol/vol), and the radioactivity of the cell pel-
let was counted. The specific 125I-MCP-1 binding was
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determined by subtracting nonspecific binding esti-
mated in the presence of 100 nM unlabeled MCP-1
from total binding.

Quantification of CCR2 transcripts. Total RNA was iso-
lated from 1–2 million monocytes by guanidinium
thiocyanate-phenol-chloroform extraction (41). Tran-
scripts from 0.5 µg (circulating monocytes) or 2 µg
(THP-1 cells) of total RNA were reverse-transcribed by
Superscript II (Life Technologies Inc., Gaithersburg,
Maryland, USA) using oligo (dT)10 primer (Roche Mol-
ecular Biochemicals, Indianapolis, Indiana, USA), and
CCR2B expression was estimated by PCR, as described
(42). For a more quantitative assessment of CCR2B
transcripts, competitive RT-PCR analysis was per-
formed. A competitor cDNA was constructed by delet-
ing 185 internal nucleotides from CCR2B while retain-
ing the recognition sites for the primers. Two primers
with the sequences 5′-ATGCTGTCCACATCTCGTTCTCG-
3′ (sense primer) and 5′-TTATAAACCAGCCGAGACTTC-
CTGC-3′ (antisense primer) were used to amplify both
full-length (1083 bp) and the truncated-competitor
(898 bp) cDNA of CCR2B. The reverse-transcribed
cDNA (5% of the total) and diluted internal standard
ranging from 200,000 to 2,000 molecules were com-
bined and amplified in 30 cycles. PCR products were
analyzed using agarose gel electrophoresis and densit-
ometric scanning of the DNA bands (ImageQuant;
Molecular Dynamics, Sunnyvale, California, USA).
The densities of the bands of amplified CCR2B and

truncated competitor were plotted, and the point at
which both curves intersect indicates equal concen-
trations of both.

To ensure equal analysis conditions for both the semi-
quantitative and competitive RT-PCR, the intensity of
all CCR2B bands were normalized to that of GAPDH,
amplified and analyzed under identical conditions (22).
Human GAPDH was amplified using the sense primer
5′-TCGGAGTCAACGGATTTGGTCGTA-3′ and the anti-
sense primer 5′-ATGGACTGTGGTCAGAGTCCTTC-3′.
Mouse GAPDH was amplified using the sense and anti-
sense primers 5′-TGCCATTTGCAGTGGCAAAGTGG-3′ and
5′-TTGTCATGGATGACCTTGGCCAGG-3′, respectively. To
compensate for the relatively high expression of
GAPDH, the reverse-transcribed cDNA was diluted to
match the expression level of CCR2B. The concentra-
tion of the templates had been adjusted to give a linear
relation between templates and products.

Results
We have reported previously that OxLDL significant-
ly decreased the binding of 125I-MCP-1 to THP-1 cells
(25). The inhibition of CCR2-gene expression was par-
ticularly pronounced with OxLDL that was exten-
sively modified (42 nmol TBARS/mg protein), where-
as MM-LDL (5 nmol TBARS/mg protein) displayed
only modest effects (Figure 1a). To determine the
mechanisms by which OxLDL inhibits CCR2 expres-
sion, we incubated monocytic THP-1 cells for 24
hours with various concentrations of apoB purified
from OxLDL and microemulsions prepared from
lipids of OxLDL. The inhibitory activity on CCR2
transcription was clearly associated with the lipids
from OxLDL, but not with the protein moiety (Figure
1b). Phospholipids make up about 25% of the total
lipids of LDL and are a primary source of polyunsat-
urated fatty acids, which are highly susceptible to oxi-
dation. Oxidized phospholipids, as contained in
OxLDL, have been shown to have a number of bio-
logical effects in cultured cells (43, 44). To explore if
they can also mediate the reduction of CCR2 expres-
sion, we oxidized synthetic PAPC and incubated THP-
1 cells with microemulsions prepared from it. As
shown in Figure 1b, oxidized PAPC inhibited CCR2
transcription quite efficiently. Estimation of CCR2
surface expression using flow cytometry gave similar
results. As expected, OxLDL and the lipids prepared
from it reduced CCR2 protein in a dose-dependent
manner (Figure 2a). In contrast, reconstituted apoB
isolated from OxLDL showed no inhibitory activity
(Figure 2a). The inhibition of CCR2 expression by the
OxLDL lipids including phospholipids was strictly
oxidation dependent, and only oxidized PAPC
reduced CCR2 protein, whereas no changes were
observed with native PAPC (Figure 2b). Lysophos-
phatidylcholine, another component of OxLDL, had
no effect on CCR2 expression at concentrations up to
20 µg/mL (data not shown). Oxidized lipids may exert
certain cytotoxic effects and were therefore used only
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Figure 1
OxLDL lipids, but not apoB, reduce CCR2 transcripts in THP-1 cells.
THP-1 cells were treated with modified intact LDL, with microemul-
sions of lipids from OxLDL, with reconstituted apoB from OxLDL, and
with oxidized synthetic PAPC. The effect of the various treatments on
CCR2 expression was determined by semiquantitative RT-PCR.
GAPDH was analyzed under identical conditions and served as inter-
nal standard. (a) THP-1 cells were incubated for 24 hours at 37°C with
the indicated concentrations of either minimally modified LDL (MM-
LDL) or fully oxidized LDL (OxLDL). The LDL concentrations in the
incubation medium are given in micrograms of protein per milliliter.
(b) THP-1 cells were incubated with the indicated concentrations of
either the isolated lipid (Ox-lipid) or the protein (Ox-apoB) moiety of
OxLDL and with oxidized PAPC (OxPAPC). The lipid concentrations
are expressed in terms of micrograms of phospholipid per milliliter.



at low concentrations. The possible cytotoxicity of any
of the materials at the concentrations used was ruled
out by flow cytometry using propidium iodide stain-
ing. Under our experimental conditions, the percent-
age of cells that stained with propidium iodide was
less than 3%, essentially excluding cellular damage as
cause for the reduction of CCR2 expression.

To test if the inhibitory effect of OxLDL was medi-
ated by receptor-dependent transmembrane signaling
and to identify the receptor involved in this process, we
performed competition-binding experiments. As
shown in Figure 3, the binding of DiO-labeled OxLDL
lipids to THP-1 cells was specific and was inhibited by
an excess of unlabeled lipids from OxLDL, as well as by

microemulsions of oxidized PAPC. A similar inhibi-
tion in the binding was also seen with apoB from
OxLDL (Figure 3), but in contrast to intact OxLDL or
lipids prepared from it, it had no effect on CCR2
expression (Figure 2). These results indicated that
OxLDL regulates monocyte CCR2-gene expression by
pathways other then those that require ligand-induced
transmembrane signaling.

Next we determined if oxidized lipids can stimulate
intracellular signaling pathways and whether receptor-
mediated internalization was necessary. In a recent study
we have demonstrated that CD36 binds both the protein
and lipid moieties of OxLDL with high affinity (45). To
test for a specific involvement of CD36 in the delivery of
oxidized lipids, we incubated THP-1 cells with DiO-
labeled OxLDL lipids in the presence of a neutralizing
mouse anti-human CD36 Ab, OKM5. Consistent with
an important function for CD36, OKM5 substantially
reduced the binding of the oxidized lipids (Figure 3). The
functional blocking of CD36 also prevented the negative
regulatory effects on CCR2 expression. Monocyte CCR2
expression, reduced by OxLDL or oxidized lipids, was
completely restored in the presence of OKM5 (Figure 4).
Prolonged exposure of monocytes to high concentra-
tions of OxLDL potentially can induce differentiation
and downregulation of CCR2 expression. To ensure that
the ensuing inhibition of CCR2 expression was directly
related to OxLDL and not to differentiation, we used
exceptionally low concentrations (10 µg/mL) of OxLDL
or oxidized lipids in these experiments. No morpholog-
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Figure 2
Effect of OxLDL and oxidized phospholipids on expression of CCR2
protein. THP-1 cells were treated with OxLDL and the various pro-
tein and lipid fractions prepared from it as described in Figure 1.
CCR2 protein was estimated by flow cytometry using a phycoery-
thrin-labeled mouse anti-human CCR2 Ab. Nonspecific fluorescence
was obtained by labeling the cells with phycoerythrin-conjugated
mouse isotype IgG. The median CCR2-specific fluorescence is shown
as percentage of protein expression relative to that of untreated THP-
1 control cells (100%). The concentrations of the lipoproteins are
given in micrograms of protein per milliliter and concentrations of
the lipids in micrograms of phospholipids per milliliter. (a) THP-1
cells incubated with the indicated concentrations of MM-LDL (filled
triangles), OxLDL (filled squares), microemulsion of lipids from
OxLDL (filled circles), and reconstituted apoB from OxLDL (open cir-
cles). (b) THP-1 cells treated with oxidized (filled circles) and native
(open circles) PAPC. The data represent the means ± SD of three
independent experiments.

Figure 3
Inhibition of THP-1–cell binding of DiO-labeled OxLDL lipids by
various competitors. THP-1 cells were incubated for 1 hour at 4°C
with microemulsions of DiO-lipids from OxLDL (0.5 µg of phos-
pholipids per milliliter) in the absence (None) or presence of unla-
beled lipids from OxLDL (Ox-lipid) at 20 µg phospholipids/mL,
apoB from OxLDL (Ox-apoB) at 20 µg/mL, oxidized synthetic
PAPC (OxPAPC) at 20 µg/mL phospholipids, and 10 µg/mL neu-
tralizing mouse anti-human CD36 IgM, OKM5. The effect of the
various competitors on the binding of DiO-OxLDL lipids was
assessed by flow cytometry. All data are expressed as percentage of
binding relative to that seen in the absence of competitor (100%)
and represent the means ± SD of three independent experiments.
The reductions in binding by the various competitors are statisti-
cally significant (P < 0.001, unpaired Student’s t test).



ical changes characteristic for differentiation were
detectable, and the inhibitory effects were significant
even at the low agonist concentrations.

It has been shown previously that oxidized metabo-
lites of linoleic or arachidonic acid, which are present
in OxLDL, are ligands of PPARγ (46, 47). To investi-
gate whether CCR2 expression is regulated by PPARγ-
dependent mechanisms, we incubated THP-1 cells
with oxidized linoleic acid. As shown in Figure 5, oxi-
dized linoleic acid and metabolites derived from it,
including 9-HODE and 13-HODE, inhibited CCR2-
gene expression and reduced both CCR2 protein and
CCR2 mRNA. In contrast, nonoxidized linoleic acid
had no effects on CCR2 expression. These results
suggested that PPARγ might be a negative regulator
for CCR2 expression. To more directly establish a
role of PPARγ in CCR2 expression, we incubated
THP-1 cells with 1 µM BRL49653 and measured the
effect on the functional expression of CCR2 by 125I-
MCP-1–binding analysis. BRL49653 (rosiglitazone)
is a well-characterized synthetic ligand for PPARγ (28,
48). As shown in Figure 6, BRL49653 reduced CCR2
surface expression by about 50–60% (P < 0.001) com-
pared with untreated control cells. We have reported
previously that proinflammatory cytokines also
reduce CCR2 expression (42) and have therefore
included TNF-α as positive control. The change in
CCR2 protein induced by BRL49653 was consistent
with the change in CCR2 mRNA, which decreased
about 2.3-fold after 72 hours, as determined by com-
petitive RT-PCR (Figure 7). A similar inhibition in
CCR2 expression was also observed with freshly iso-

lated human monocytes that were treated ex vivo
with the PPARγ ligand. Human monocyte CCR2
mRNA was reduced about 3.7-fold after 72 hours of
incubation with 1 µM BRL49653 compared with the
controls that were maintained in the absence of the
drug (Figure 8). The level of CCR2 mRNA of control
monocytes cultured under identical conditions
remained unchanged, and no difference in CCR2
transcripts was found between freshly isolated mono-
cytes and monocytes that were cultured for 72 hours
in the absence of the drug. Because CCR2 expression
is sensitive to cell activation and differentiation (42),
these results suggest that the control monocytes did
not become activated during isolation or subsequent
incubation. The effects on CCR2 expression are,
therefore, directly related to the drug treatment. The
level of protein expression, determined by flow
cytometry, paralleled that of the mRNA and was
reduced by about 39 ± 15% and 57 ± 12% after 48 and
72 hours, respectively (n = 3).

PPARγactivation by natural or synthetic ligands may
promote monocyte/macrophage differentiation (30),
which could cause a downregulation of CCR2 expres-
sion (42). To prevent differentiation, which was exam-
ined by estimating the expression of the differentia-
tion-dependent surface marker CD14, we selected the
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Figure 4
Neutralizing anti-human CD36 IgM, OKM5, blocks the negative regu-
latory effects of OxLDL and oxidized lipids on CCR2 expression. THP-
1 cells were incubated for 24 hours with 10 µg/mL of OxLDL (OxLDL),
microemulsions of lipids from OxLDL (Ox-lipid), and microemulsions
of oxidized PAPC (OxPAPC) at concentrations of 10 µg phospholipid/
mL in the absence (hatched bars) or presence (solid bars) of neutral-
izing anti-human CD36 IgM at 10 µg/mL. After 24 hours, the cells were
harvested by centrifugation and CCR2 expression was estimated by
125I-MCP-1–binding analysis. Binding of 125I-MCP-1 to untreated con-
trol cells was, on average, 3.8 fmol/106 cells, which was not affected
by the Ab. All data represent the mean ± SD of three independent
experiments. AP < 0.01 (unpaired Student’s t test).

Figure 5
Reduction of CCR2 expression by oxidized linoleic acid. THP-1 cells
were incubated for 24 hours with the indicated concentrations of
native linoleic acid (open circles), oxidized linoleic acid (filled circles),
9-HODE (filled triangles), and 13-HODE (filled diamonds). Due to
cytotoxic effects observed at high concentrations, the final concen-
tration of oxidized linoleic acid was limited to 10 µg/mL. CCR2 pro-
tein was estimated by flow cytometry using phycoerythrin-conjugat-
ed anti–CCR2 IgG. Nonspecific fluorescence, obtained by labeling of
the cells with phycoerythrin-conjugated human isotype IgG, was sub-
tracted, and the median CCR2-specific fluorescence is shown as per-
centage of protein expression. The values represent the means ± SD
of three independent experiments. Inset: The cells were incubated for
24 hours with the indicated concentrations of native (open circles)
or oxidized (filled circles) linoleic acid. CCR2 mRNA was estimated
by semiquantitative RT-PCR and normalized to GAPDH mRNA esti-
mated under identical conditions.



lowest effective concentration of BRL49653 (1 µM). At
this concentration, the drug did not induce expression
of CD14 or any morphological change characteristic
for differentiation. Similarly, neither oxidized linoleic
acid nor PAPC at concentrations used in the experi-
ments affected CD14 expression.

To demonstrate a physiological role of PPARγ acti-
vation in regard to CCR2 expression in vivo, LDL
receptor-negative mice were treated with BRL49653
(20 mg/kg body weight/day) for 2 and 8 weeks. The
plasma concentration of the drug was on average 5.1
± 0.6 µg/mL. Plasma lipid levels were not affected, and
total cholesterol (292.5 ± 49.2 mg/dL) as well as
triglycerides (77.8 ± 13.3 mg/dL) were not signifi-
cantly different from those of the control animals
that did not receive the drug treatment. In contrast,
CCR2 protein expression was on average 2.9- and 2.6-
fold lower in circulating monocytes from animals
treated for 2 and 8 weeks, respectively, compared with
monocytes from the control group (Figure 9a). The
difference between the 2- and 8-week treatment was
not statistically significant. Consistent with our
observations from the in vitro studies that suggested
that BRL49653 controls CCR2-gene transcription,
mRNA levels were reduced similarly by the treatment
(Figure 9b). Together our data provide compelling evi-
dence that activation of PPARγ causes a reduction in
monocyte CCR2 expression both in vitro and in vivo.

Discussion
Our data demonstrate that OxLDL effectively down-
regulates the expression of CCR2 in monocytes.
OxLDL is present in atherosclerotic lesions of all

stages and is thought to be critically involved in the
pathogenesis of atherosclerosis. Oxidative modifica-
tion of LDL stimulates its uptake by macrophages via
scavenger receptors, which results in the formation
of foam cells, recognized as the initial stage of a
developing atherosclerotic lesion (49). OxLDL
exhibits many other potentially proatherogenic prop-
erties. It stimulates the expression of MCP-1, adhe-
sion molecules, and cytokines in cells of the vessel
wall, including endothelial cells and smooth muscle
cells, which promote the recruitment of monocytes
(2, 7). OxLDL affects gene expression in leukocytes
also, and in a previous study we have demonstrated
that exposure of monocytes to OxLDL reduces CCR2
expression, causes a rapid loss of functional CCR2
protein, and inhibits the physiological response of
monocytes to MCP-1 (25).

In this study we examined the mechanisms by which
OxLDL regulates monocyte CCR2 expression. We now
provide evidence that receptor-mediated uptake of
OxLDL induces intracellular signaling and causes an
inhibition of CCR2B expression by mechanisms that
may involve the activation of the ligand-dependent
transcription factor PPARγ. Our results demonstrate
that the effect of OxLDL on monocyte CCR2 expres-
sion is associated with the lipid moiety of the modified
lipoprotein, which most likely contains the ligands for
PPARγ such as oxidized polyunsaturated fatty acids.
Microemulsions prepared from lipids extracted from
OxLDL reduced CCR2 expression in THP-1 cells as
effectively as did the intact particle. Similar inhibition
was seen also with an oxidized synthetic phospholipid,
namely PAPC. In contrast, reconstituted apoB from
OxLDL after exhaustive extraction of the lipids had no
effect on monocyte CCR2 expression, although it com-
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Figure 6
Activation of PPARγ reduced the expression of functional CCR2.
THP-1 cells were incubated for the indicated time periods with 1 µM
BRL49653, and the effect of the synthetic PPARγ ligand on CCR2
expression was estimated using 125I-MCP-1–binding assays. Cells that
were kept for 72 hours without any additions were used as control.
Data are expressed as percentage of specific binding relative to that
of control cells (100%), which bound 2.4 ± 0.4 fmol 125I-MCP-1 per
106 cells. As a positive control, cells were treated for 24 hours with
10 ng/mL TNF-α (TNF, 24), which is known to decrease CCR2
expression (42). All data represent the mean ± SD of three inde-
pendent experiments. AP < 0.05; BP < 0.001 (Mann Whitney U test).

Figure 7
PPARγ-mediated reduction of CCR2 mRNA. THP-1 cells (106) were
incubated for 72 hours in the absence (0 hours) or presence (72
hours) of 1 µM BRL49653, as described in Figure 6, and CCR2 tran-
scripts were estimated using competitive RT-PCR. The competitor
was added at final dilutions indicated in the graphs. At a dilution of
10–8, 2,000 molecules of competitor were present. The point at
which both curves intersect indicates equal concentration of CCR2
and competitor templates. GAPDH was analyzed by semiquantita-
tive RT-PCR to ensure that equal amounts of RNA were used.



peted for the binding of oxidized lipids.
PPARγ is a member of the nuclear receptor super-

family that also includes PPARα and PPARδ.
Although they all are activated by a diverse group of
lipids, including long-chain fatty acids and metabo-
lites such as prostaglandins, certain ligand specificity
has been observed. Both PPARα and PPARδ recognize
polyunsaturated fatty acids, including linoleic acid,
which in its nonoxidized form is a poor activator for
PPARγ (50). However, oxidized metabolites of linole-
ic and arachidonic acid, including 9-HODE and 13-
HODE, are very effective PPARγ activators (46, 47).
Consistent with an involvement of PPARγ, oxidized
linoleic acid, 9-HODE and 13-HODE, reduced very
potently monocyte CCR2 expression (Figure 5). In
contrast, native linoleic acid without oxidative modi-
fications had no effect. Linoleic acid is the major
polyunsaturated fatty acid in LDL and therefore the
predominant target for peroxidation. Although the
mechanisms by which LDL is oxidized in vivo are not
clearly established, there is substantial evidence that
cellular 15-lipoxygenase contributes to the formation
of OxLDL (51, 52). The enzymatic reaction results in
regiospecific oxidation of polyunsaturated fatty acids
to produce the known ligands for PPARγ in OxLDL
(53). Our results with oxidized linoleic acid are con-
sistent with a major role for PPARγ in the OxLDL-
induced reduction of CCR2 expression.

More direct evidence for a causative role of PPARγ
was obtained with BRL49653, a synthetic ligand that
specifically activates PPARγ (28). PPARγ is expressed
in human peripheral blood monocytes and in mono-
cytic cell lines (30). Activation of PPARγ with
BRL49653 decreased in a time-dependent fashion
CCR2 expression in both cultured monocytic THP-1
cells and freshly isolated human monocytes ex vivo.
A significant decrease (30%) was already observed

after 24 hours of treatment, and after 72 hours func-
tional CCR2 protein was reduced by about 60%. At
this expression level, the chemotactic response of
monocytes to MCP-1 is greatly diminished (25). The
continued reduction of CCR2 seen at later time
points is probably due to OxLDL-induced stimula-
tion of PPARγ expression (30).
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Figure 8
Effect of BRL49653 on CCR2 expression in freshly isolated human monocytes. Freshly isolated human monocytes were cultured in the
absence or presence of 1 µM BRL49653 for the indicated time periods. Total RNA was isolated from 106 cells, and 0.5 µg was used for analy-
sis of CCR2 transcripts. (a) The time course of the BRL49653-induced reduction of CCR2 mRNA was analyzed by semiquantitative RT-PCR.
As an internal standard, GAPDH was analyzed under identical conditions. (b) CCR2 transcripts of cells cultured for 72 hours in the absence
(0 hours) or presence (72 hours) of 1 µM BRL49653 were further analyzed using competitive RT-PCR as described in Figure 7. A dilution
factor of 10–8 represents 2,000 molecules of competitor templates in the reaction mix. The point at which both curves intersect indicates
that both CCR2 and competitor templates were present at equal concentrations.

Figure 9
Reduction of CCR2 expression in circulating monocytes by BRL49653
in vivo. LDL receptor–deficient mice were placed for 2 and 8 weeks on
BRL49653 (20 mg/kg body weight), and the effect on CCR2 expres-
sion in circulating monocytes was determined. (a) Analysis of CCR2
protein by flow cytometry. Mononuclear leukocytes were isolated
from untreated control (n = 8) and BRL49653-treated (n = 4) animals.
The monocyte population was identified with anti-CD80 Ab, stained
with phycoerythrin-conjugated anti-CCR2 IgG, and analyzed by flow
cytometry. In preliminary experiments it was established that the anti-
human CCR2 IgG crossreacted with mouse CCR2. Phycoerythrin-
labeled non-specific IgG was used to estimate background fluores-
cence. (b) Analysis of CCR2 transcripts. The monocytes were purified
from mononuclear leukocytes by plating. The levels of CCR2 mRNA
in circulating monocytes from control and treated animals were esti-
mated by semiquantitative RT-PCR using 0.5 µg of total RNA. All val-
ues shown are normalized to GAPDH. P values were estimated using
the unpaired Student’s t test. AP < 0.01; BP < 0.05.



Some recently published results suggested that
BRL49653 induced CCR2 expression in THP-1 cells,
which conflicts with our observation (54). In that
report the THP-1 cells used did not show any MCP-
1–mediated chemotactic responses, indicating that a
partially differentiated, heterogeneous cell culture
with very low basal expression of CCR2 may have been
used. From previous studies we know that culture
conditions greatly affect the maturation level of THP-
1 cells and CCR2 expression. THP-1 cells maintained
under conditions that are routinely applied in our
experiments expressed CCR2 at levels that were simi-
lar to that of freshly isolated human monocytes, and
the cells showed comparable chemotactic responses
to MCP-1 (25, 42). To confirm our data on monocyt-
ic THP-1 cells, we included freshly isolated human
monocytes in our study. In both cell types PPARγacti-
vation caused a reduction in CCR2 expression.

To further demonstrate the involvement of PPARγ in
the regulation of monocyte CCR2 expression and to
establish physiological relevance in vivo, we examined
the effect of BRL49653 on monocyte CCR2 expression
in mice. In all treated animals, the PPARγ ligand sub-
stantially reduced both CCR2 protein and mRNA in
circulating monocytes. These results confirm the find-
ings of the in vitro studies with cell cultures or freshly
isolated human monocytes and are consistent with
recent reports demonstrating that PPARγ is a regulator
of monocyte/macrophage gene expression (32, 46).

Lipids from OxLDL do not diffuse freely across the
cell membrane, and the delivery of PPARγ ligands
involves particle internalization that is mediated by
scavenger receptors. CD36 is one of the major scav-
enger receptors responsible for binding and internal-
ization of OxLDL by macrophages (45, 55, 56). Con-
sistent with an important role in monocyte function,
our data indicated that CD36 is the primary mono-
cyte scavenger receptor responsible for most of the
binding of OxLDL and delivery of PPARγ ligands. In
addition to its role as a scavenger receptor, there is evi-
dence that CD36 can also function as a signal-trans-
duction molecule (57). However, our data do not sup-
port such a function in regard to the inhibition of
CCR2 expression by OxLDL. Although both moieties
are ligands for CD36 and appear to bind to the same
receptor site, only the oxidized lipids inhibited mono-
cyte CCR2 expression, whereas apoB from OxLDL
had no effect at all.

In summary, the data presented in this work impli-
cate PPARγ in the inhibition of CCR2 expression by
OxLDL. The regulation of chemokine-receptor
expression may be a crucial mechanism to control
monocyte responses to chemokines. Any distur-
bances of the delicate balance that governs a tolera-
ble immune response may cause pathological condi-
tions such as atherosclerosis. High plasma levels of
LDL increase CCR2 expression and the chemotactic
response of monocytes to MCP-1 (22, 25). In con-
trast, OxLDL reduces CCR2 expression, which may

block reverse transmigration and retain monocytes at
sites of inflammation such as the atherosclerotic
lesion. This may promote excessive monocyte accu-
mulation, foam cell formation, and may accelerate
atherogenesis.
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