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Abstract Monocytes are recruited from the circulation
into the subendothelial space where they differentiate into
mature macrophages and internalize modified lipoproteins
to become lipid-laden foam cells. The accumulation of
monocytes is mediated by the interaction of locally pro-
duced chemoattractant protein-1 (MCP-1) with its receptor
CCR2. The objective of the present study is to demonstrate
the differential effects of plasma lipoproteins on monocyte
CCR2 expression. The CCR2 expression was increased
about 2.4-fold in monocytes isolated from hypercholester-
olemic patients, compared to monocytes from normal con-
trols. There was a significant correlation between CCR2 ex-
pression and plasma low density lipoprotein (LDL).
Elevated levels of high density lipoprotein (HDL) blunted
and even reverted the effects of LDL on CCR2 expression,
both in vivo and in vitro. The causal relationship between
plasma lipoproteins and CCR2 expression was further con-
firmed by modulating the lipoprotein profile. Estrogen sup-
plement therapy decreased plasma LDL cholesterol, in-
creased plasma HDL cholesterol, and reduced CCR2
expression in hypercholesterolemic postmenopausal women,
but had no effect on the plasma lipid profile or CCR2 expres-
sion in normocholesterolemic subjects. The physiological sig-
nificance of altered CCR2 expression was tested by chemo-
taxis assay, and our results demonstrated that treatment of
THP-1 monocytes with LDL induced CCR2 expression and
substantially enhanced the chemotaxis elicited by MCP-1.
Our findings suggest that plasma lipoproteins differentially
control monocyte function and that monocytes from hyper-
cholesterolemic subjects are hyperresponsive to chemotactic
stimuli. This may increase their accumulation in the vessel
wall and accelerate the pathogenic events of atherogenesis.

 

—
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Excessive recruitment of monocytes to the vessel wall is
one of the earliest detectable events in human and experi-
mental atherosclerosis. Their cytokine and growth factor-
induced maturation to macrophages and their transfor-
mation to lipid-laden foam cells constitute important
stages in the initiation and progression of plaques of ath-
erosclerosis (1–3). Substantial evidence supports a role for
monocyte chemoattractant protein 1 (MCP-1) in the re-
cruitment of monocytes to the subendothelial space of ar-
teries (4). MCP-1 belongs to the family of the C-C or 

 

b

 

chemokines and is characterized by its ability to evoke
chemotaxis mainly in monocytes (5, 6), T-lymphocytes
(7), and natural killer cells (8). It is expressed by a variety
of cells such as fibroblasts, vascular endothelial cells, vas-
cular smooth muscle cells, and monocytes/macrophages
in response to pro-inflammatory stimuli (9, 10). Based on
these properties, MCP-1 has been suggested to play an im-
portant role in attracting specific leukocytes to sites of in-
flammation (11).

Despite the beneficial role of leukocyte during inflam-
mation, a poorly regulated inflammatory response can re-
sult in tissue damage and cause harm. A sustained expres-
sion of MCP-1 was reported in a number of diseases that
are characterized by monocyte infiltration, such as rheu-
matoid arthritis (12), and the secretion of MCP-1 by cells
of the vessel wall may be central to the pathogenesis of
atherosclerosis (13). It is triggered by various stimuli in-
cluding low density lipoprotein (LDL) that has under-
gone minimal oxidative modification (14, 15), cytokines
and growth factors (10, 16, 17) and exposure of the en-
dothelium to fluid mechanical forces (18).

 

Abbreviations: MCP-1, monocyte chemoattractant protein 1; CCR2,
receptor for MCP-1; LDL, low density lipoprotein; HDL, high density
lipoprotein; LDL-C, LDL cholesterol; HDL-C, HDL cholesterol.
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Chemokines induce cell migration by binding to dis-
tinct seven-transmembrane-spanning surface receptors that
signal through heterotrimeric G-protein complexes. The
receptor for MCP-1 (CCR2) was identified and shown to
exist in two highly homologous isoforms that differ only in
the intracellular carboxyl tails (19). CCR2B appears to be
the predominant form found on human monocytes, but
the exact cellular localization and function of CCR2A re-
main uncertain (20).

The CCR2 expression on leukocytes is highly regulated
and can vary depending on the microenvironment. Re-
cent studies in our laboratory have demonstrated that pro-
inflammatory cytokines such as IFN-

 

g

 

, IL-1, or TNF rap-
idly decreased CCR2 gene expression, which may help
retain monocytes at sites of inflammation and prevent
their reverse transmigration (21). Macrophage matura-
tion factors had similar effects on CCR2 expression, and
differentiated macrophages did not migrate in response
to MCP-1. In contrast, IL-2 enhanced the expression of
CCR2 and augmented the chemotactic capacity of resting
natural killer cells and T lymphocytes (22).

The non-redundant role of CCR2 in monocyte recruit-
ment and host defense has been demonstrated in mice
with a targeted disruption of the CCR2 gene (23, 24).
Monocytes from CCR2-deficient mice did not migrate in
response to MCP-1, and the mice failed to recruit mono-
cytes in an experimental inflammation model and to clear
infection. Furthermore, the monocytes from the CCR2-
deficient mice were less able to adhere to the endothe-
lium, suggesting that CCR2 is not only involved in chemo-
taxis but may also support agonist-induced firm adhesion
of monocytes to the endothelium. This hypothesis was
confirmed by recent findings that have demonstrated that
the stimulation of chemoattractant receptors by their re-
spective agonists can trigger the integrin-dependent adhe-
sion of leukocytes to vascular ligands (25).

In previous reports we described the inhibitory effects
of pro-inflammatory cytokines on monocyte CCR2 expres-
sion in vitro, which contrasted the effects of LDL (21, 26).
In the present study we investigated monocyte CCR2 ex-
pression in vivo. Our data suggest a regulatory role for
plasma lipoproteins, and we demonstrate an enhanced
CCR2 expression in monocytes isolated from hypercholes-
terolemic patients. High density lipoprotein (HDL) can
prevent and even reverse the effects of LDL. Our results
support the hypothesis that pro-atherogenic lipoproteins
enhance the chemotactic motility that may contribute to
increased recruitment of monocytes to the vessel wall and
accelerate the events of atherogenesis.

MATERIALS AND METHODS

 

Subjects

 

Forty-eight post-menopausal women (at least 6 months since
onset) with various plasma lipid levels participated in this study.
Informed consent was obtained from all subjects and the experi-
mental protocol was approved by the Human Subjects Commit-
tee. The participants were nonsmokers and had no clinical evi-
dence of diseases. Twenty women were selected and subdivided

into four categories according to their plasma LDL cholesterol
(LDL-C) and HDL cholesterol (HDL-C) levels. Group A con-
tained 6 individuals with LDL-C

 

,

 

100 mg/dl and HDL-C

 

>

 

50
mg/dl; group B included 4 subjects with LDL-C

 

,

 

100 mg/dl
and HDL-C

 

,

 

40 mg/dl; group C included 6 individuals with
LDL-C

 

>

 

160 mg/dl and HDL-C

 

>

 

50 mg/dl; and group D in-
cluded 4 participants with LDL-C

 

>

 

160 mg/dl and HDL-C

 

,

 

40
mg/dl (Table 1).

Another group of 28 volunteers received estrogen supplement
(0.625 mg of 17-

 

b

 

 estradiol p.o. per day). Their lipid profile was
determined prior to the treatment, and the subjects were divided
into three groups according to their LDL-C/HDL-C ratios. The
plasma level of 17-

 

b

 

 estradiol was monitored regularly using the
Biodata radioimmune assay kit (Biodata Diagnostic, New York,
NY). The replacement therapy increased the estrogen level
from 15.0 

 

6

 

 26.5 pg/ml to 54.4 

 

6

 

 65.8 pg/ml (

 

P

 

 

 

,

 

 0.01 by
paired 

 

t

 

-test). After 2 months on therapy the final analyses were
performed.

 

Isolation of human monocytes

 

For the isolation of human monocytes the subjects were in-
structed to fast overnight and 20 ml of blood was drawn into
tubes containing 3 m

 

m

 

 EDTA. The buffy coat was isolated by cen-
trifugation (1500 

 

g

 

 for 30 min at 4

 

8

 

C), and 7 ml of the buffy coat
and adjacent plasma was carefully layered onto 3 ml of Histo-
paque, d 1.077 g/ml (Sigma, St. Louis, MO). The leukocytes
were separated by centrifugation (400 

 

g

 

 for 30 min at 22

 

8

 

C). To
further purify the monocytes and to eliminate platelets, the cells
were washed twice with PBS containing 0.1% BSA and 0.02%
EDTA. The cells were recovered by centrifugation (400 

 

g

 

 for 15
min at 4

 

8

 

C), plated for 2 h at 37

 

8

 

C in RPMI-1640 medium (Life
Technologies, Inc., Gaithersburg, MD) and 10% autologous
serum, and the adhering cells were harvested for RNA prepara-
tion. The purity of monocytes was 

 

.

 

90% estimated by flow cy-
tometry using anti CD14 antibody (Pharmingen, San Diego, CA).

 

Cell culture and incubation conditions

 

THP-1 monocytes were obtained from the American Type Cul-
ture Collection (Manassas, VA) and were cultured in RPMI 1640
containing low endotoxin calf serum, 100 units/ml penicillin,
100 

 

m

 

g/ml streptomycin (Gemini Bioproducts Inc., Calabasas,
CA), and 20 

 

m

 

m

 

 mercaptoethanol. To prevent differentiation and
down-regulation of CCR2, the cell concentration was always kept
below 0.5 

 

3

 

 10

 

6

 

 cells/ml. The incubations with various concen-
trations of LDL, HDL, and apolipoprotein A-I were carried out in
5% lipoprotein-deficient serum. For the treatment of the cells
with 17-

 

b

 

 estradiol, medium supplemented with 1% serum was
used to minimize the effects of 17-

 

b

 

 estradiol contained in the
serum, which was 0.08 

 

6

 

 0.02 pg/ml (

 

,

 

10

 

2

 

12

 

 

 

m

 

) according to
the specification of the distributor (Gemini Bioproducts Inc.,
Calabasas, CA). After the treatment, the cells were washed three
times with PBS and used for the analyses as described. Cell via-
bility, determined by trypan blue exclusion, was greater than
95%. The endotoxin level in the incubation medium was rou-
tinely monitored by the timed gel formation method using the
endotoxin kit (Sigma, St. Louis, MO) and never exceeded 0.05
ng/ml, even at the highest lipoprotein concentrations used. At
this concentration endotoxin does not affect monocyte CCR2
expression (27).

 

Preparation of lipoproteins

 

Lipoprotein fractions were prepared by ultracentrifugation as
described (28). Native human LDL (d 1.03–1.063 g/ml) and
HDL (d 1.063–1.21 g/ml) were isolated from fresh plasma of
normolipidemic donors and stored under N

 

2

 

 in the dark at 4

 

8

 

C
in PBS containing 1 m

 

m

 

 EDTA. The subfractions of HDL, HDL

 

2
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(d 1.063–1.12 g/ml) and HDL

 

3

 

 (d 1.15–1.21 g/ml) were pre-
pared from HDL by serial centrifugation. For the preparation of
apolipoprotein A-I, lyophilized HDL was delipidated with ethanol–
ether 3:2 (v/v); apolipoprotein A-I was purified by anion ex-
change chromatography on Q-Sepharose (29); and the concen-
tration of apolipoprotein A-I was adjusted to 5 mg/ml PBS. The
integrity of the lipoproteins was confirmed by agarose gel elec-
trophoresis as described (30) and the preparations showed no ev-
idence of oxidation (thiobarbituric acid-reactive substances

 

,

 

0.5 nmol/mg protein).

 

Analysis of CCR2 transcripts

 

Total RNA was isolated by guanidinium thiocyanate–phenol–
chloroform extraction (31). The mRNA was reverse transcribed
from 2 

 

m

 

g total RNA using 0.12 nmol oligo(dT)10 primers
(Roche Molecular Biochemicals, Indianapolis, IN) and Super-
script II (Life Technologies, Inc., Gaithersburg, MD). CCR2 gene
expression was then estimated by semi-quantitative PCR using a
sense primer (5

 

9

 

-ATGCTGTCCACATCTCGTTCTCG) and an anti-
sense primer (5

 

9

 

-TTATAAACCAGCCGAGACTTCCTGC) to yield
full-length CCR2B (1083 base pairs) as described (26). Typically,
the amplification was carried out for 30 cycles with an annealing
temperature of 62

 

8

 

C. The concentration of the reverse tran-
scribed cDNA in the PCR mixture was adjusted to assure a linear
correlation between template and product. The specificity of the
amplification was confirmed by DNA sequencing, and all samples
tested negative for contamination with genomic DNA in PCR
analyses of RNA samples without prior treatment with reverse
transcriptase. The amplified DNA was analyzed by agarose gel
electrophoresis, the intensity of the band stained with ethidium
bromide was estimated by densiometric scanning (Image
Quant, Molecular Dynamics, Sunnyvale, CA) and compared to
that of the internal standard. As internal standard glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was amplified under
identical conditions as described (26), using 5

 

9

 

-TCGGAGTCAAC
GGATTTGGTCGTA as sense primer and 5

 

9

 

-ATGGACTGTGGTC
ATGAGTCCTTC as anti-sense primer.

 

Equilibrium binding analysis

 

THP-1 monocytes incubated with various concentrations of
HDL were isolated by centrifugation, resuspended at 3 

 

3

 

 10

 

6

 

cells/ml in 100 

 

m

 

l RPMI 1640 without phenol red (Irvine Scien-
tific, Santa Ana, CA) containing 0.5% BSA and 20 m

 

m

 

 HEPES,
pH 7.4, and the binding analysis was carried out essentially as de-
scribed (21). Briefly, the suspended cells were incubated for 90
min at room temperature with 0.05 n

 

m

 

 of 

 

125

 

I-labeled MCP-1
(2200 Ci/mmol, DuPont NEN, Boston, MA) in the absence and
presence of 50 n

 

m

 

 unlabeled MCP-1. The cells were separated
from the incubation mix by centrifugation through dibutylphtha-
late–dioctylphthalate 1:1 (v/v) and the 

 

125

 

I-labeled MCP-1 associ-
ated with the cells was estimated by counting the radioactivity in
a gamma counter. The specific binding was calculated by sub-
tracting the nonspecific binding estimated in the presence of un-
labeled MCP-1 from the total binding.

 

Chemotaxis assay

 

THP-1 monocytes were suspended at a concentration of 2 

 

3

 

10

 

6

 

 cells/ml in chemotaxis buffer consisting of RPMI 1640 with-
out phenol red, 0.2% BSA, and 20 m

 

m

 

 HEPES (pH 7.4). The cell
suspension (51 

 

m

 

l) was loaded in the upper chamber of the 48-
well microchemotaxis chamber, and MCP-1 was added to the
lower chamber which was separated from the upper chamber by
a 5-

 

m

 

m polycarbonate membrane. After 120 min of incubation at
37

 

8

 

C in a 5% CO

 

2

 

 atmosphere, the side of the membrane that
was in contact with the cell suspension was scraped off to remove
any cells; the THP-1 monocytes attached to the underside of the

membrane were fixed in 1% glutaraldehyde and stained with
crystal violet. The number of cells that had migrated through the
membrane was determined by counting the cells in four high
power 400

 

3

 

 fields per well under a microscope. Each experi-
ment was done in triplicate. All results were expressed as migra-
tion index defined as the number of cells migrating in response
to chemoattractant divided by the number of cells migrating in
response to buffer.

 

Determination of cellular and plasma lipids

 

For the estimation of cellular cholesterol, lipids were extracted
from 1 

 

3

 

 10

 

6

 

 cells with chloroform–methanol–HCL (0.03 

 

m

 

)
2:1:1 (v/v/v), dried under N

 

2

 

, and dissolved in 50 

 

m

 

l isopro-
panol. Free cholesterol and total cholesterol, obtained after hy-
drolysis of cholesteryl ester with cholesterol hydrolase, were esti-
mated by the fluorimetric method and the content of cholesteryl
ester was calculated by subtracting free cholesterol from total
cholesterol (32). Total plasma triglycerides, total cholesterol, and
HDL cholesterol after precipitation of other lipoproteins with
heparin/manganese (33), were measured by enzymatic tech-
niques (Boehringer Mannheim, Indianapolis, IN) with an Hita-
chi 7150 automatic analyzer (Hitachi, Japan).

 

Other analytical procedures

 

Protein was determined by the method of Lowry et al. (34). Li-
poproteins were tested for oxidation by the fluorimetric assay for
thiobarbituric acid-reactive substances (35). All assays were done
in triplicate and the statistical analyses of the data were per-
formed using the SPSS-PC program package (SPSS Inc.). All data
were expressed as mean 

 

6

 

 standard deviation (SD).

 

RESULTS

 

Correlation between plasma lipids and CCR2 expression 
in circulating monocytes

 

The effect of plasma lipids on CCR2 expression in cir-
culating monocytes was studied on 20 post-menopausal,
healthy, non-smoking females matched for age. 

 

Table 1

 

summarizes the lipid profiles of the volunteers. They were
selected and subdivided into four groups according to
their LDL-C and HDL-C levels. The individuals with low
LDL-C were assigned to groups A and B, and the volun-
teers with high LDL-C levels were placed in groups C and
D. Groups A and B displayed no significant difference in
their low LDL-C levels (

 

,

 

100 mg/dl), but the HDL-C
level was significantly lower in group B compared to A. In
contrast, groups C and D showed LDL-C levels characteris-
tic for hypercholesterolemia (

 

.

 

160 mg/dl), with high
HDL-C levels in group C and low HDL-C levels in group
D. Circulating monocytes were isolated from these sub-
jects and the expression of CCR2 was estimated by semi-
quantitative RT-PCR. As internal standard, the expression
of GAPDH was analyzed under identical conditions. As
shown in Table 1 and in 

 

Fig. 1

 

, the monocyte CCR2 ex-
pression in the high LDL-C group was at least 2-fold
higher compared to the normolipidemic control group,
provided the HDL-C level was low (group D vs. B). Of con-
siderable interest, there was a significant inverse correla-
tion between CCR2 expression and HDL-C, but only in
the high LDL-C groups C and D (Spearman Correlation:

 

r

 

 

 

5

 

 

 

2

 

0.6168, 

 

P

 

 

 

5

 

 0.029). In contrast, basal CCR2 expres-
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sion was unaffected by HDL in the low LDL-C groups
(groups A and B). Similarly, triglycerides did not affect
CCR2 expression.

 

Reduction of monocyte CCR2 expression by 
modulating plasma LDL and HDL levels

 

To study the effects of lipoproteins more directly, we
sought to modulate lipid profiles and to assess whether

changes of plasma LDL and HDL levels affect CCR2 expres-
sion in circulating monocytes in vivo. We had available to us
additional 28 postmenopausal women who were placed on
estrogen replacement therapy. Their lipid parameters and
levels of monocyte CCR2 expression were determined prior
to the start of the therapy and are compiled in 

 

Table 2

 

.
Based on the results summarized in Table 1 suggesting that
LDL directly and HDL inversely affected CCR2 expression,
the volunteers were divided into three groups according to
their LDL/HDL cholesterol ratios. Group A represented
the control (basal LDL/HDL cholesterol ratio prior to es-
trogen therapy 

 

,

 

3), group B contained hypercholester-
olemic individuals, but with high basal HDL-C (LDL/HDL
cholesterol ratio between 3 and 4), and group C repre-
sented hypercholesterolemic individuals with low HDL-C
(LDL/HDL cholesterol ratio 

 

.

 

4). For the group as a
whole, the CCR2 expression, determined by RT-PCR and
normalized to GAPDH, correlated well with plasma LDL-C
levels (Spearman correlation: 

 

r

 

 

 

5

 

 0.339, 

 

P

 

 

 

5

 

 0.039), LDL/
HDL cholesterol ratios (Spearman correlation: 

 

r

 

 

 

5

 

 0.359,

 

P

 

 

 

5

 

 0.019) and total cholesterol levels (Spearman correla-
tion: 

 

r

 

 

 

5

 

 0.379, 

 

P

 

 

 

5

 

 0.021). Analysis of the results from the
whole study (n 

 

5

 

 48) clearly confirmed the correlation
between monocyte CCR2 expression and the plasma lipid
levels (

 

Table 3

 

). The most significant correlation was seen
between monocyte CCR2 expression and the LDL/HDL
cholesterol ratios (

 

Fig. 2).
It is well established that estrogen supplement de-

creases plasma LDL-C and increases HDL-C in meno-
pausal women (36). Therefore, the lipid profiles and
monocyte CCR2 expression were determined again 2
months after the women were placed on estrogen (0.625
mg per day), and the results are shown in the lower sec-
tion of Table 2. In the control group A (basal LDL/HDL
cholesterol ratio ,3), estrogen treatment produced no
significant changes in either lipoprotein profile or CCR2
expression. In the hypercholesterolemic group C with low
basal HDL-C (LDL/HDL cholesterol ratio .4), the estro-
gen treatment decreased plasma LDL-C, increased plasma
HDL-C, and improved LDL/HDL cholesterol ratios. Fur-

TABLE 1. Plasma lipid profile and monocyte CCR2 expression in 
normo- and hypercholesterolemic women

Group

ANOVA
(P value)

A
(n 5 6)

B
(n 5 4)

C
(n 5 6)

D
(n 5 4)

Age (yr) 46.7 6 4.2 53.0 6 6.3 53.5 6 6.3 55.8 6 7.3 NS
BMI (kg/m2) 22.5 6 1.0 23.7 6 3.0 23.0 6 2.5 24.5 6 3.5 NS
TC (mg/dl) 167.3 6 13.0 153.8 6 42.1 270.5 6 25.9 258.0 6 18.9 ,0.01
TG (mg/dl) 109.3 6 38.3 266.4 6 148.2 92.2 6 20.3 173.8 6 81.5 NS
HDL-C (mg/dl) 67.2 6 11.4 35.8 6 7.1 62.3 6 2.7 37.2 6 2.9 ,0.01
LDL-C (mg/dl) 78.2 6 12.7 64.7 6 21.7 189.7 6 24.0 186.0 6 25.9 ,0.01
LDL-C/HDL-C 1.2 6 0.3 1.9 6 0.8 3.0 6 0.4 5.0 6 0.6 ,0.001
CCR2 (% of GAPDH) 64 6 48 52 6 35 72 6 35 127 6 42 ,0.05

The subjects were divided into 4 groups according to their plasma LDL-C and HDL-C (group A: low LDL-C,
high HDL-C; group B: low LDL-C, low HDL-C; group C: high LDL-C, high HDL-C; group D: high LDL-C, low
HDL-C). Circulating monocytes were isolated and the CCR2 expression was estimated by semi-quantitative RT-PCR
as described. BMI, body mass index; TC, total cholesterol; TG, triglycerides; NS, not significant (P > 0.05); CCR2,
monocyte CCR2 mRNA normalized to GAPDH.

Statistical analysis: Kruskal-Wallis one-way ANOVA by ranks.

Fig. 1. The effect of plasma lipoproteins on the CCR2 expression
in circulating human monocytes. Twenty nonsmoking female volun-
teers were divided into four groups according to their plasma LDL-
C and HDL-C levels as described in Table 1 (group A: LDL-C,100
mg/dl, HDL-C>50 mg/dl; group B: LDL-C,100 mg/dl, HDL-
C,40 mg/dl; group C: LDL-C>160 mg/dl, HDL-C>50 mg/dl;
group D: LDL-C>160 mg/dl, HDL-C,40 mg/dl). Circulating
monocytes were isolated, total RNA was prepared, and CCR2 mRNA
was estimated by semi-quantitative RT-PCR as described under Mate-
rials and Methods. The results are expressed as percent (mean 6
SD) of GAPDH mRNA, estimated under identical conditions, and
monocyte CCR2 expression among the four groups was first ana-
lyzed by the non-parametric Kruskal-Wallis one-way ANOVA by
ranks. The significance of the differences between monocyte CCR2
expression in group D versus all other groups was then established
by the non-parametric Mann-Whitney U test (P , 0.05).
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ther, monocyte CCR2 expression was reduced almost 2-
fold (P 5 0.028) and was then comparable to the control
group (Fig. 3A, Table 2). In the group B with a basal
LDL/HDL cholesterol ratio between 3 and 4, estrogen
lowered LDL-C significantly and increased HDL-C slightly,
which significantly decreased the LDL/HDL ratio. The
treatment also lowered monocyte CCR2 expression, al-
though not statistically significant. Multiple regression
analysis indicated that the change in the LDL/HDL choles-
terol ratios in the hypercholesterolemic patients by the es-
trogen treatment was the most significant factor to predict
a change in monocyte CCR2 expression (Significant T 5
0.003). No significant correlation between the individual
changes of LDL-C or HDL-C and changes in CCR2 expres-
sion was found. In contrast, a highly significant correlation
was found between the changes of LDL/HDL cholesterol
ratios and the changes in CCR2 expression (Fig. 3B).
These findings are consistent with our hypothesis that

monocyte CCR2 expression and chemotactic response to
MCP-1 are in part regulated by plasma lipoproteins.

To test whether estrogen directly affected CCR2 expres-
sion, we incubated THP-1 monocytes with various concen-
trations of 17-b estradiol (10210 to 1028 m) for 24 h and
then estimated CCR2 expression by semi-quantitative RT-
PCR. The results demonstrated that 17-b estradiol af-
fected neither the CCR2 mRNA level nor the chemotactic
response to MCP-1 (data not shown), indicating that the
reduction in monocyte CCR2 expression after estrogen

TABLE 2. Effect of estrogen replacement therapy on plasma lipids and 
monocyte CCR2 expression in postmenopausal women

Group

LDL/HDL,3
(n 5 11)

3<LDL/HDL<4
(n 5 11)

LDL/HDL.4
(n 5 6)

ANOVA 
(P value)

Age (yr) 51.3 6 6.5 55.5 6 4.4 55.3 6 5.7 NS

BMI (kg/m2) 22.9 6 2.0 24.5 6 2.6 25.3 6 3.0 NS

Before treatment
TC (mg/dl) 198.8 6 42.2 256.5 6 29.2 255.0 6 22.4 ,0.001
TG (mg/dl) 132.3 6 72.5 151.5 6 48.1 207.2 6 74.8 NS
HDL-C (mg/dl) 60.3 6 15.2 51.4 6 7.9 38.2 6 2.7 ,0.01
LDL-C (mg/dl) 112.1 6 46.5 174.8 6 27.1 175.2 6 22.9 ,0.01
LDL-C/HDL-C 2.0 6 0.8 3.4 6 0.3 4.6 6 0.7 ,0.0001
CCR2 (% of GAPDH) 69 6 39 97 6 42 118 6 34 ,0.05

After treatment
TC (mg/dl) 195.8 6 33.4 232.2 6 27.2 242.2 6 21.1 ,0.01
TG (mg/dl) 132.9 6 66.1 167.2 6 79.8 238.0 6 179.7 NS
HDL-C (mg/dl) 61.4 6 11.0 58.9 6 13.5 50.7 6 9.8a NS
LDL-C (mg/dl) 107.8 6 35.3 139.9 6 27.6a 143.9 6 44.9 0.05
LDL-C/HDL-C 1.8 6 0.6 2.5 6 0.7b 2.9 6 1.1b ,0.05
CCR2 (% of GAPDH) 64 6 41 77 6 29 78 6 25a NS

Twenty-eight postmenopausal women were placed on estrogen therapy (0.625 mg/day), and their plasma lipid
profile and monocyte CCR2 expression were determined at the start of the treatment and again after 2 months.
They were divided into 3 groups according to their LDL-C/HDL-C ratios prior to the treatment. LDL/HDL indi-
cates the ratio between LDL-C and HDL-C; BMI, body mass index; TC, total cholesterol; TG, triglycerides; NS, not
significant (P > 0.05); CCR2, monocyte CCR2 mRNA normalized to GAPDH. Statistical analysis: Kruskal-Wallis
one-way ANOVA by ranks.

a P , 0.05 and b P , 0.01 versus before treatment by paired t -test.

TABLE 3. Correlation between demographic and lipid
parameters and monocyte CCR2 expression

r P

Age (yr) 0.261 0.074
BMI (kg/m2) 0.225 0.125
TC (mg/dl) 0.380 0.008
TG (mg/dl) 0.186 0.205
HDL-C (mg/dl) 0.225 0.125
LDL-C (mg/dl) 0.375 0.009
LDL-C/HDL-C 0.441 0.002

Data were compiled from the results of the analyses of the entire
study population (n 5 48). The correlation between the individual pa-
rameters and monocyte CCR2 expression was determined by the
Spearman analysis.

Fig. 2. Correlation between monocyte CCR2 expression and
plasma LDLC/HDL-C ratios. The CCR2 mRNA data of all subjects
in the study (n 5 48) were blotted as a function of the respective
plasma LDL and HDL cholesterol ratios (LDL/HDL) and the re-
gression line was calculated (Spearman analysis, r 5 0.441; P 5
0.002).
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replacement therapy was mainly due to the elicited
changes in the lipoprotein profiles.

LDL enhances MCP-1 mediated chemotaxis
in THP-1 monocytes

The physiological role of increased CCR2 expression
was tested by chemotaxis assays. The results from our pre-
vious study indicated that LDL substantially increased the
expression of CCR2 in THP-1 monocytes (26). To deter-
mine the effect on the chemotactic activity, THP-1 mono-
cytes were incubated with LDL (50 mg of protein/ml) for
24 h. This treatment increased both CCR2 mRNA and
protein about 2-fold (data not shown), resulting in an en-
hanced chemotactic response to MCP-1 (Fig. 4). MCP-1
induced chemotaxis in untreated THP-1 monocytes with a
maximal response between 2 and 10 nm MCP-1 (Fig. 4),
which was comparable to that of human blood monocytes
(37). Treatment of the cells with LDL increased the chemo-
taxis elicited by MCP-1 about 2 fold at optimal (10 nm)
concentration of the chemoattractant.

Reduction of CCR2 expression by HDL
The results from the in vivo experiments suggested that

CCR2 expression in circulating monocytes was affected by
LDL as well as by HDL. In a recent study we have demon-
strated that a cellular increase of LDL-derived cholesterol
substantially induced monocyte CCR2 expression (26). Con-
versely, any mechanism resulting in a reduction in cellular
cholesterol should lower CCR2 expression. We therefore
postulated that HDL particles might act directly on circulat-

ing monocytes and decrease CCR2 expression by mediating
cholesterol efflux. To test this hypothesis we incubated
THP-1 monocytes for 24 h with various concentrations of
HDL ranging from 0 to 300 mg of HDL protein/ml. For the
duration of the experiments, the cells were kept in medium

Fig. 3. Effect of lowering plasma LDL cholesterol and increasing plasma HDL cholesterol on monocyte CCR2 expression. (A) The lipid
profile and monocyte CCR2 expression was determined on 28 postmenopausal women before and after (2 months) estrogen replacement
therapy (0.625 mg p.o. per day). The volunteers were divided into three groups according to their pre-therapy plasma LDL-C/HDL-C ratios
(group A: LDL-C/HDL-C,3; group B: 3<LDL-C/HDL-C>4; group C: LDL-C/HDL-C.4). Monocyte CCR2 expression was determined by
semi-quantitative RT-PCR as described in Fig. 1 and the expression levels before (before) and after (after) estrogen replacement therapy
were compared. The data were analyzed by the paired t-test; n, number of subjects. (B) Correlation between the changes in the LDL/HDL
cholesterol ratios and the changes in monocyte CCR2 expression. The changes in the levels of CCR2 expression were blotted as a function
of the calculated differences in the LDL/HDL cholesterol ratios of the hypercholesterolemic patients (group B and C; n 5 17) before and
after the estrogen replacement therapy. The correlation was determined by the Spearman analysis (r 5 0.704; P 5 0.002).

Fig. 4. Effect of LDL on monocyte chemotaxis. THP-1 monocytes
were treated with native LDL (50 mg protein/ml) in 5% lipoprotein-
deficient serum for 24 h. Chemotaxis in response to the indicated
concentrations of MCP-1 was estimated in a Boyden chamber as de-
scribed under Materials and Methods. The number of migrated cells
was determined by counting the cells in four random high power
4003 fields and expressed as the mean number of cells per field.
Data represent the mean 6 SD of three independent experiments
and were analyzed by t-test. *P , 0.05; **P , 0.01; ***P , 0.0001.
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supplemented with 5% lipoprotein-deficient human serum
to prevent any effects mediated by lipoproteins of the calf
serum. The HDL preparations used in our experiments
showed no evidence of oxidation (thiobarbituric acid-
reactive substances ,0.5 nmol/mg protein), and the en-
dotoxin levels in the incubation medium even at the highest
HDL levels never exceeded 0.05 ng/ml and did not affect
CCR2 expression (27). Incubation of THP-1 monocytes
with HDL for 24 h resulted in a dose-dependent decrease
of intracellular cholesterol (Fig. 5). The reduction of cellu-
lar cholesterol was paralleled by a concomitant decrease of
CCR2 transcripts (Fig. 6). The whole particle was most ef-

fective although the subfractions HDL2 and HDL3 also sig-
nificantly reduced CCR2 expression. The inhibition of CCR2
gene expression by HDL was also observed in the presence
of LDL, provided that the LDL/HDL cholesterol ratio ,3
(data not shown).

The change in CCR2 protein was estimated by 125I-
labeled MCP-1 binding analysis and correlated well with
the respective changes of the mRNA levels (Fig. 7), sug-

Fig. 5. Cholesterol efflux from THP-1 monocytes to HDL. THP-1
monocytes were incubated for 24 h with the indicated concentra-
tions of HDL in 5% lipoprotein-deficient serum. At the end of the
incubation period, the cells were collected and the content of free
cholesterol (FC) and cholesteryl ester (CE) was determined. The
data are expressed as the mean 6 SD of three independent experi-
ments and were analyzed by t -test. *P , 0.05 versus the untreated
cells.

Fig. 6. Inhibition of monocyte CCR2 expression by HDL. THP-1 monocytes cultured in 5% lipoprotein-deficient serum were incubated
for 24 h with the indicated concentrations of either HDL or with the subfractions HDL 2 or HDL3. (A) CCR2 expression was determined by
semi-quantitative RT-PCR, normalized to GAPDH estimated under identical conditions, and expressed as percent of that of untreated con-
trol cells. (B) Agarose gel electrophoresis of amplified CCR2 transcripts of THP-1 cells after treatment with HDL, HDL2 or HDL3. Lane 1,
untreated cells; lanes 2–4, cells treated with HDL at 50, 150, and 300 mg protein/ml.

Fig. 7. Reduction of functional CCR2 protein in THP-1 mono-
cytes treated with HDL. THP-1 monocytes were treated with HDL
as described in Fig. 5 and the effect on the expression of functional
CCR2 protein on the cell surface was analyzed by ligand binding
assay as described under Materials and Methods. Shown is the spe-
cific binding of 125I-labeled MCP-1 estimated by subtracting non-
specific binding, determined in the presence of an excess of unla-
beled MCP-1, from the total binding. Data are expressed as percent
specific binding of that of untreated control cells (100%), which
bound 3.8 6 0.2 fmol 125I-labeled MCP-1/106 cells. The data repre-
sent the mean 6 SD of three independent experiments and were
analyzed by t-test. *P , 0.05; **P , 0.001 versus untreated control
cells.
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gesting that HDL regulates CCR2 expression at the level
of gene transcription. The reduction of CCR2 had a pro-
found effect on chemotaxis. A loss of about 60% of sur-
face receptors achieved by incubation of THP-1 mono-
cytes with HDL at 300 mg protein/ml greatly reduced the
chemotactic response of THP-1 monocytes to 10 nm MCP-
1 (Fig. 8).

Finally, we determined whether the reduction in CCR2
expression by HDL was induced by receptor-mediated
signaling. Recently, a murine and a human receptor for
HDL were identified and shown to be expressed at high
levels in circulating monocytes (38, 39). To test whether
receptor-mediated transmembrane signaling reduced
CCR2 expression, we incubated THP-1 monocytes with
delipidated apolipoprotein A-I which can bind directly
to the scavenger receptor BI (40) but mediates choles-
terol efflux very inefficiently (41). Incubation of THP-1
monocytes for 24 h with various concentrations of apolipo-
protein A-I did not change the cellular cholesterol levels
(Fig. 9A) and did not affect MCP-1-mediated chemotaxis,
indicating unaltered CCR2 expression (Fig. 9B). These re-
sults suggested that CCR2 expression was not regulated by
lipoprotein-mediated and receptor-dependent transmem-
brane signaling, but was primarily affected by cellular cho-
lesterol levels.

DISCUSSION

In these studies we examined the role of plasma lipo-
proteins on CCR2 expression and monocyte function.
Monocyte recruitment from the circulation to the intima
and the subendothelial accumulation of monocyte-derived
macrophages are characteristic events in the initiation
and progression of atherosclerosis. These cells ingest mas-
sive amounts of lipids and contribute to the formation
and propagation of atherosclerotic lesions (1–3). Further,
lesion-derived foam cells were shown to constitutively ex-
press matrix metalloproteinases that degrade components
of the extracellular matrix and weaken atherosclerotic tis-
sue at certain macrophage-rich areas resulting in plaque
rupture (42). Thus, cells of the monocytic lineage may
not only be involved in the events leading to plaque initia-

Fig. 8. Effect of HDL-induced inhibition of CCR2 expression on
monocyte chemotaxis. For the final 24 h before analysis, THP-1
monocytes were incubated in 5% lipoprotein-deficient serum with
the indicated concentrations of either HDL or the subfractions
HDL2 or HDL3. At the end of the treatment, the cells were isolated
by centrifugation and suspended in chemotaxis buffer. The cells
were then placed into the upper chamber of the Boyden chamber
and the migration rate induced by MCP-1 (10 nm) was determined
as described under Materials and Methods. The number of mi-
grated cells was counted under a microscope in four random high
power 4003 fields and averaged. The data are expressed as migra-
tion index and represent the mean 6 SD of three independent ex-
periments. The migration index is defined as the number of cells
migrating in response to chemoattractant divided by the number of
cells migrating in response to buffer.

Fig. 9. Effect of apolipoprotein A-I on cellular cholesterol and monocyte chemotaxis. THP-1 monocytes were incubated for 24 h with the
indicated concentrations of delipidated apolipoprotein A-I in 5% lipoprotein-deficient serum. At the end of the incubation period, the cells
were collected by centrifugation and (A) the cellular content of free cholesterol (FC) and of cholesteryl ester (CE), and (B) the chemotaxis
mediated by 10 nm MCP-1 were determined. Chemotaxis was expressed as migration index as described in Fig. 8. All values are expressed as
the mean 6 SD of three independent experiments.
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tion and progression, but could also play an important
function in the acute clinical events of atherosclerosis.

Endothelial cell dysfunction and changes in gene ex-
pression have been extensively associated with hypercho-
lesterolemia (43). Conversely, a growing body of evidence
suggests that lipoproteins may also affect gene expression
in monocytes. Monocytes from hypercholesterolemic sub-
jects or animal models were shown to be functionally dif-
ferent, they were more responsive to inflammatory stimuli
and adhered in larger numbers to the endothelium com-
pared with monocytes from normocholesterolemic con-
trols (44–47). The non-redundant role of CCR2 in mono-
cyte chemotaxis and recruitment to the arterial wall
during atherogenesis has recently been demonstrated in
mouse models susceptible to atherosclerosis. The targeted
disruption of the CCR2 gene in apolipoprotein E2/2 mice
resulted in a considerable reduction of atherosclerotic le-
sion formation promoted by high fat diet (48). Similarly,
the disruption of the MCP-1 gene in LDL receptor2/2

mice reduced monocyte recruitment to the vessel wall and
lipid deposition in the aorta (49). Conversely, up-regula-
tion of monocyte CCR2 expression may accelerate mono-
cyte accumulation in the vessel wall and increase lesion
formation. In a previous report we demonstrated that
CCR2 expression in THP-1 monocytes was greatly affected
by LDL (26). In this in vivo study we provide evidence that
monocytes isolated from hypercholesterolemic patients
showed an about 2-fold increase in CCR2 expression.
There was a significant correlation between plasma LDL
levels and monocyte CCR2 expression, but only in individ-
uals with low HDL levels. HDL was identified as a lipid pa-
rameter that inversely affected the expression of CCR2,
and high levels of HDL (HDL-C . 50 mg/dl) significantly
reduced the LDL-induced expression of CCR2 in hyper-
cholesterolemic subjects. In contrast, monocyte CCR2 bio-
synthesis was not affected by triglycerides.

Although the exact mechanisms by which lipoproteins
affect CCR2 gene expression remain unclear, intracellular
cholesterol appears to play a regulatory function. Increas-
ing cellular cholesterol by incubation of monocytes with
either LDL or free cholesterol resulted in enhanced
CCR2 expression (26). Accordingly, lowering cellular cho-
lesterol should reduce CCR2 expression. HDL plays a crit-
ical role in the reverse cholesterol transport, i.e., transport
from the peripheral tissue to the liver (50). A murine re-
ceptor with high affinity for HDL termed scavenger recep-
tor BI was recently identified (38). This receptor is
thought to play an important function in the selective up-
take of cholesteryl esters from HDL, and it also mediates
cellular cholesterol efflux (51). In a previous study we
have shown that the human homologue of scavenger re-
ceptor BI was present on circulating monocytes and THP-
1 cells (39). Although the function of this receptor on
monocytes remains unclear, it could play a role in the
maintenance of cholesterol homeostasis and mediate cho-
lesterol efflux. This would lower cellular cholesterol and
decrease monocyte CCR2 expression, as was demon-
strated in subjects with high plasma HDL levels. These
findings were further confirmed in in vitro experiments

using THP-1 monocytes. Treatment with HDL reduced
the cellular cholesterol level and CCR2 expression, which
suggests a causal relationship between cholesterol and
CCR2 biosynthesis.

Alternatively, CCR2 expression could be regulated by
receptor-mediated transmembrane signaling. To test this
possibility we incubated THP-1 monocytes with delipi-
dated apolipoprotein A-I. The apolipoproteins of HDL, ei-
ther reconstituted into phospholipid vesicles or in the de-
lipidated form, bind with high affinity to the scavenger
receptor BI (40). However, in contrast to HDL, the puri-
fied apolipoproteins are very inefficient mediators of cho-
lesterol efflux (41). The treatment of THP-1 monocytes
with apolipoprotein A-I did not affect the cellular choles-
terol content and the chemotactic response of the cells
to MCP-1 remained unchanged, suggesting that CCR2
expression remained unchanged as well. These results in-
dicated that the binding of HDL did not induce trans-
membrane signaling affecting CCR2 expression, and that
HDL-mediated cholesterol efflux was necessary for the in-
hibition of CCR2 biosynthesis.

The differential effects of LDL and HDL on CCR2 ex-
pression were further tested in postmenopausal women
before and after estrogen replacement therapy. Estrogen
replacement therapy significantly altered the lipoprotein
profile but not the levels of total plasma cholesterol. The
therapy reduced plasma LDL cholesterol but increased
HDL cholesterol. This trend was especially emphasized in
the group with high LDL-C, low HDL-C, and an LDL/
HDL cholesterol ratio .4 before the treatment. The ther-
apy significantly improved the lipid profile, lowered the
cholesterol ratio, and reduced monocyte CCR2 expres-
sion. The results suggested that the basal level of CCR2 ex-
pression in circulating monocytes is not entirely deter-
mined by the genetic predisposition of the individual, but
may also be affected by the plasma lipid profile. Even
short-term elevation of plasma LDL-C can increase mono-
cyte CCR2 expression, but because of the relatively short
half-life of monocytes in circulation, the expression level
would most likely return to basal level within 48 h. Corre-
spondingly, improvement of plasma lipid levels through
cholesterol-lowering therapy will reduce monocyte CCR2
expression.

Enhanced CCR2 expression increased MCP-1–induced
monocyte chemotaxis several fold, which may accelerate
monocyte accumulation in the arterial wall in hypercho-
lesterolemia. The increase in the chemotactic motility was
particularly pronounced at chemoattractant concentra-
tions that were optimal for chemotaxis. In contrast, HDL
substantially inhibited monocyte CCR2 expression and re-
duced the chemotaxis mediated by MCP-1. In a previous
study we demonstrated that the effects of lipoproteins on
chemotaxis were specific for CCR2, and chemotaxis medi-
ated by N-formylated peptides remained unchanged (26).
This can, in part, be explained by the difference in the ex-
pression levels of the two chemoattractant receptors. On
average, monocytes express between 50,000 and 100,000
receptor molecules for N-formylated peptides, but a full
cellular response requires the activation of just a fraction
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of the available receptors. In contrast, the level of mono-
cyte stimulation by MCP-1 appears to be restricted by the
rather low expression of CCR2 (about 5000 receptors per
cell), and an optimal chemotactic response requires the
activation of the entire receptor population. Any changes
in CCR2 expression will, therefore, directly affect cellular
function.

Leukocyte diapedesis is a complex process and involves
reversible rolling, firm adhesion to the endothelium, and
subsequent chemoattractant-mediated transendothelial
migration (52). The initial adhesion is transient and in-
volves the interaction between vascular selectins and
monocyte ligands. This slows the movement of monocytes
and may allow time to scan the vascular environment for
chemoattractant signals. The subsequent firm integrin-
mediated adhesion requires the activation of monocyte
adhesion receptors and interaction with the endothelial
counterreceptors. a4b1 integrin has been identified as a
potentially important monocyte adhesion receptor, and
activation of chemoattractant receptors was shown to en-
hance the interaction between integrins and vascular cell
adhesion molecule-1 which is expressed in a localized fash-
ion in lesion-prone areas (25, 53, 54). Similarly, agonist-
stimulated CCR2 may induce and enhance the activation-
dependent adhesion of monocytes to the endothelium.
Increased CCR2 expression may intensify this process, en-
hance endothelial transmigration and the chemotactic re-
sponse to MCP-1, and magnify monocyte recruitment to
the arterial wall during atherogenesis.

In summary, we have shown that monocyte gene expres-
sion is altered in hypercholesterolemia. High plasma con-
centrations of atherogenic LDL increase monocyte CCR2
expression and the chemotactic response to external stim-
uli. This may enhance monocyte recruitment to the in-
tima and accelerate the formation of atherosclerotic le-
sions. In contrast, HDL helps to lower CCR2 expression
and MCP-1–mediated chemotaxis, reducing monocyte ac-
cumulation in the arterial wall. Thus, the beneficial effects
of lipid-lowering therapy on atherosclerosis may include
the reduction of monocyte CCR2 expression and chemo-
tactic motility to basal levels.
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