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Evidence of premature atherosclerosis late after Kawasaki
disease (KD) is accumulating. Given the potential roles of mono-
cyte chemoattractant protein-1 (MCP-1), chemokine receptor
CCR-2, and inducible nitric oxide synthase (iNOS) in atherogen-
esis, we sought to determine whether serum obtained from
children late after KD would induce expression of these genes in
macrophages in vitro. A total of 79 subjects were studied, which
comprised 57 KD patients, 33 of whom had coronary aneurysms,
and 22 age-matched controls. Expression of MCP-1, CCR2, and
iNOS mRNA in THP-1 macrophages in the presence of patient
and control serum was quantified as a ratio to �-actin mRNA and
expressed as a percentage of control. MCP-1 expression was
significantly increased in the presence of serum from patients
with coronary aneurysms. Expression of CCR2 and iNOS was
significantly increased when THP-1 macrophages were incu-
bated with serum from patients with and without coronary an-

eurysms. The magnitude of induction of MCP-1, CCR2, and
iNOS or in combinations correlated positively with serum high-
sensitivity C-reactive protein (hs-CRP), and low-density lipopro-
tein (LDL) cholesterol levels and negatively with high-density
lipoprotein (HDL) cholesterol level. In conclusion, the serum of
patients with a history of KD induces expression of MCP-1,
CCR2, and iNOS in THP-1 macrophages in vitro. Induction of
these genes in vivo may be related to chronic inflammation and
may have important implications for premature atherosclerosis.
(Pediatr Res 58: 1306–1310, 2005)

Abbreviations
hs-CRP, high-sensitivity C-reactive protein
iNOS, inducible nitric oxide synthase
KD, Kawasaki disease
MCP-1, monocyte chemoattractant protein-1

KD is at present the most common acquired heart disease in
children in developed countries (1). It has been more than 25 y
since its first description and concerns have been raised regard-
ing the possibility of its predisposition to premature athero-
sclerosis later in life (2–6). We have previously reported on the
adverse cardiovascular risk profile, as characterized by a
proatherogenic alteration of lipid profile and increased periph-
eral conduit arterial stiffness, in children with a history of KD
(7). Furthermore, carotid intima-media thickness, a marker of

atherosclerosis (8), has been found to be significantly increased
in patients studied at about 10 y after the acute illness (9).
While there is growing evidence to suggest premature athero-
sclerosis in patients with a history of KD, the underlying
mechanism remains unknown.
Inflammatory processes play a pivotal role in atherogenesis

(10). Recently, we (11) and the others (12) have provided
evidence that low-grade chronic inflammation may continue
unabated after the acute phase of KD. One of the important
features of atherosclerosis is infiltration of monocytes into the
injured arterial wall followed by their differentiation into mac-
rophages (13). Recent evidence suggests that the inflammatory
response in vascular injury involves recruitment and activation
of monocytes through activation of the MCP-1 (10,14,15), a
potent chemotactic factor for monocytes. In both human and
experimental animal models (16), expression of the MCP-1
mRNA and protein has been found to be markedly elevated in
atherosclerotic lesions. MCP-1 exerts its action mainly through
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the interaction with the chemokine receptor CCR2 on the
surface of monocytes (17).
Apart from the MCP-1/CCR2 pathway, the possible role of

iNOS in atherogenesis has also been implicated (18). The
iNOS is expressed mainly in the macrophages. Prolonged
production of nitric oxide at high levels upon iNOS induction
may lead to cell injury in the vessels and may play a role in the
atherosclerotic process via mechanisms relating to enhance-
ment of oxidative stress (19,20). Indeed, iNOS expression has
been demonstrated in atheromatous plaque (21) and its expres-
sion correlates with atherosclerotic intimal thickening (22).
Given the growing evidence of premature atherosclerosis in

patients with a history of KD and the potential roles of MCP-1,
CCR2, and iNOS in atherogenesis, we determined in the
present study whether the serum obtained from children late
after KD would induce the expression of these genes in the
macrophages in vitro. We further determined the effects of
serum hs-CRP and lipids, known to be altered in the long term
after KD (7,11,12,23) and that may affect chemokine and
chemokine receptor expression (24–27), on the magnitude of
gene expression.

METHODS

Subjects. Patients with a history of KD were recruited from the pediatric
cardiac clinic of Grantham Hospital. Patients diagnosed to have KD within 12
mo of study were excluded to minimize potential confounding influence
relating to subacute inflammation (28). From the medical records, the follow-
ing data were collected: interval from disease onset to the time of study,
coronary complications, and cardiac symptoms at the time of study. Coronary
aneurysms were documented by serial two-dimensional echocardiography.
Healthy age-matched subjects were recruited as controls. These were healthy
children previously discharged from our clinic with a diagnosis of a functional
heart murmur and their healthy siblings. The subjects presented for study after
an overnight fast. Body weight and height were measured, and body mass
index was calculated accordingly. The Institutional Review Board of the
University of Hong Kong/Hospital Authority Hong Kong West Cluster ap-
proved the study, and parents of all subjects gave written, informed consent.

Blood investigations. Venous blood was withdrawn for measurement of
fasting total cholesterol, HDL and LDL cholesterol and triglyceride levels.
Serum total cholesterol level was determined enzymatically using a Hitachi
912 analyzer (Roche Diagnostics, GmbH, Mannheim, Germany). HDL cho-
lesterol was measured using a homogeneous method with polyethylene glycol–
modified enzymes and sulfated �-cyclodextrin. LDL cholesterol was calcu-
lated by the Friedewald equation. The serum was separated by centrifugation
and stored at �70°C until use. The hs-CRP was measured using a highly
sensitive assay, which is a particle-enhanced immunoturbidimetric assay using
anti-CRP MAb coupled to latex microparticles (Roche Diagnostics, GmbH).
The assay is standardized against CRM 470 Reference Preparation for Proteins
in Human Serum (RPPHS) and has a functional sensitivity of 0.1 mg/L.

Cell culture. THP-1 cells, a human monocytic cell line, were purchased
from the American Type Culture Collection (Manassas, VA). Cells were
cultured in RPMI 1640 medium containing 10% low endotoxin fetal bovine
serum, 100 U/mL penicillin, and 10 �g/mL streptomycin. For experiments,
THP-1 cells were cultured in six-well dishes in the presence of phorbol
12-myristate 12-acetate for 16 h to induce differentiation of these cells into
macrophage-like cells (defined as THP-1 macrophages) (29).

Analysis of MCP-1, CCR2, and iNOS mRNA expression. THP-1 macro-
phages were incubated for 24 h in RPMI 1640 (1 mL) in the presence of serum
(10%, vol/vol). After incubation, total RNA was isolated from cultured cells
with TRIzol Reagent (Life Technologies). The MCP-1, CCR2, and iNOS
mRNA expressions were examined by semiquantitative reverse-transcriptase
(RT-PCR) analysis. The �-actin was used as an internal standard to verify
equal PCR product loading for each experiment. The nucleotide sequences of
primers for MCP-1 cDNA were 5=-CAA ACT GAA GCT CGC ACT CTC
GCC-3= and 5=-ATT CTT GGG TTC TGG AGT GAG TGT TCA-3=. The
nucleotide sequences of primers for �-actin cDNA were 5=- GTG GGG CGC
CCC AGG CAC CA-3= and 5=- CTC CTT AAT GTC ACG CAC GAT TT-3=.
The PCR was performed under the following conditions: initial denaturation

for 5 min at 95°C, 35 cycles of amplification (95°C for 45 s, 55°C for 50 s, and
72°C for 90 s), and an additional 10-min extension at 72°C. The PCR products
were separated by 1.8% agarose gel (containing 0.5 �g/mL ethidium bromide)
electrophoresis. Bands corresponding to MCP-1 mRNA and �-actin were
visualized using autoradiography and analyzed using a gel documentation
system (Bio-Rad Gel Doc1000). The ratio of MCP-1 mRNA to �-actin mRNA
was calculated and values were expressed as a percentage of control. Similar
experiments were carried out to determine the expression of CCR2 and iNOS
mRNA in the THP-1 macrophages. The nucleotide sequences of primers for
CCR2 were 5=-ATG CTG TCC ACA TCT CGT TCT CG-3= and 5=-TTA TAA
ACC AGC CGA GAC TTC CTG C-3=. The nucleotide sequences of primers
for iNOS were 5=-CGG TGC TGT ATT TCC TTA CGA GGC GAA GAA
GG-3= and 5=-GGT GCT GCT TGT TAG GAG GTC AAG TAA AGG GC.

Statistical analysis. Data are presented as mean � SEM. Differences in
demographic data and serum lipid levels between patients and control subjects
were compared using unpaired t test. Patients with and without coronary
aneurysms were grouped together for comparison with control subjects as they
had no statistically significant differences in these variables. For the entire
cohort, Pearson correlation analysis was used to assess for possible relation-
ships between gene expression levels and serum hs-CRP, cholesterol, and
triglyceride levels. High-sensitivity CRP levels in the patients and controls
were expressed as median and interquartile range and compared using Mann-
Whitney U test. As hs-CRP levels showed a skewed distribution, logarithmi-
cally transformed CRP values were used in correlation analysis. A p value
�0.05 was considered statistically significant. All statistical analyses were
performed using SPSS version 10.0 (SPSS, Inc., Chicago, IL).

RESULTS

Subjects. A total of 79 subjects were studied, comprising 57
patients after KD and 22 controls subjects. Of the 57 patients
who all had received i.v. immunoglobulin during the acute
phase of the illness, 33 had coronary aneurysms. The patients
were studied at 7.0 � 0.4 y after KD. None were symptomatic
and none required coronary arterial interventions. All of the
subjects were Chinese in origin. The demographic data of the
patients and controls are summarized in Table 1. There were no
significant differences in age, sex distribution, and body mass
index between patients and controls.
Effects of patient serum on gene expression. The effects of

incubating THP-1 macrophages in the presence of serum from
patients and controls on MCP-1, CCR2 and iNOS expression
are shown in Figure 1.
MCP-1 expression in THP-1 macrophages was significantly

greater when incubated with serum from patients with coronary
aneurysms (112.8 � 4.1%, p � 0.015) than that for macro-
phages incubated with control serum (Fig. 1A). On the other
hand, incubation with serum from patients without coronary
aneurysms did not increase macrophage MCP-1 expression (p
� 0.47).

Table 1. Demographic data and cholesterol levels of patients
and controls

Patients
(n � 57)

Controls
(n � 22) p

Age (y) 9.0 � 0.4 8.2 � 0.4 0.26
Gender (M/F) 36/21 13/9 0.80
BMI (kg/m2) 16.7 � 0.4 16.1 � 0.5 0.45
Total cholesterol (mmol/L) 4.35 � 0.10 4.28 � 0.15 0.71
HDL cholesterol (mmol/L) 1.38 � 0.03 1.53 � 0.07 0.035*
Total cholesterol/HDL
cholesterol ratio

3.24 � 0.10 2.89 � 0.13 0.04*

LDL cholesterol (mmol/L) 2.61 � 0.09 2.33 � 0.14 0.10
Triglyceride (mmol/L) 0.81 � 0.04 0.91 � 0.08 0.29

* Statistically significant.
BMI, body mass index.
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Expression of CCR2 in THP-1 macrophages was signifi-
cantly greater when incubated with serum both from patients
with (139.0 � 13.2%, p � 0.02) and without (127.2 � 9.0%,
p � 0.016) coronary aneurysms than that for macrophages
incubated with control serum (Fig. 1B). Similarly, iNOS ex-
pression was significantly greater when incubated with serum
both from patients with (232.5 � 36.7%, p � 0.004) and
without (155.3 � 20.2%, p � 0.02) coronary aneurysms than
that for macrophages incubated with control serum (Fig. 1C).
The possibility of a linear trend of the magnitude of gene

expression in relation to the degree of inflammatory vascular
damage was further determined using linear regression analysis
of gene expression in the three cohorts: controls, patients
without coronary aneurysms, and patients with coronary aneu-
rysms. A significant trend was observed for MCP-1 (p �
0.016), CCR2 (p � 0.02), and iNOS (p � 0.006) expression.
Serum hs-CRP level and gene expression. When compared

with healthy controls (median 0.23, interquartile range 0.17–
0.26 mg/L), patients had significantly higher hs-CRP levels
(median 0.31, interquartile range 0.22–0.56 mg/L, p � 0.035).
Among patients, those with coronary aneurysms had signifi-
cantly higher hs-CRP levels (median 0.36, interquartile range
0.27–0.72 mg/L) than those without (median 0.25, interquar-
tile range 0.17–0.40 mg/L, p � 0.017). Table 2 summarizes the
correlations between serum hs-CRP level and MCP-1, CCR2,
and iNOS expression in THP-1 macrophages. MCP-1 (p �
0.031) and iNOS (p � 0.034) expression correlated positively
with hs-CRP level, while CCR-2 expression (p � 0.072) also
tended to correlate positively with hs-CRP level.
Serum lipids and gene expression. When compared with

healthy controls, patients had significantly lower HDL choles-

terol level (p � 0.035) and hence a greater total cholesterol-
to-HDL cholesterol ratio (p � 0.04) (Table 1). The LDL
cholesterol level also tended to be higher in patients (p � 0.1).
On the other hand, there were no statistically significant dif-
ferences in total cholesterol (p � 0.71) and triglyceride levels
(p � 0.29) between patients and controls.
The correlations between serum lipid levels and MCP-1,

CCR2, and iNOS expression in THP-1 macrophages are sum-
marized in Table 2. MCP-1 expression correlated positively
with LDL cholesterol (r � 0.25, p � 0.038) and total choles-
terol/HDL cholesterol ratio (r � 0.28, p � 0.016), and nega-
tively with HDL cholesterol (r � �0.31, p � 0.007). CCR2
expression similarly correlated positively with LDL cholesterol
(r � 0.27, p � 0.026) and total cholesterol/HDL cholesterol
ratio (r � 0.25, p � 0.038), while iNOS expression correlated
positively only with LDL cholesterol (r � 0.27, p � 0.021).

DISCUSSION

This study demonstrated significant induction of MCP-1,
CCR2, and iNOS expression in THP-1 macrophages in vitro by
the serum of children with a history of KD. Furthermore, the
serum from patients with coronary aneurysms, compared with
that from patients without coronary complications, was found
to induce significantly greater expression of these genes. Given
the potentially important roles of MCP-1, CCR2, and iNOS in
atherogenesis (10,14–22), the findings of the present study
provide in vitro evidence that predisposition to premature
atherosclerosis in patients after KD may be related to chronic
activation of the MCP-1/CCR2 pathway and iNOS in vivo.
Additionally, the magnitude of induction was found to corre-
late with the serum hs-CRP and lipid levels.
Increased MCP-1 expression in the mononuclear cells and

increased plasma levels of MCP-1 and monocyte chemotactic
activity have been reported in the acute phase of KD (30).
Persistent elevation of MCP-1 expression in the peripheral
blood mononuclear cells into the subacute and convalescent
phases has further been shown in patients with coronary artery
lesions (31). Immunohistochemical studies using cardiac tis-
sues of patients with fatal KD revealed that extracellular
matrix-bound MCP-1 is associated with mononuclear cellular
infiltration and that the sites of MCP-1 expression correlate
with the distribution of the acute inflammation, including early
coronary vasculitis (32). The findings of the present study,
performed at a mean of 7 y after the acute illness, provide

Figure 1. Effect of serum from patients with coronary aneurysm (n � 33), patients without coronary aneurysm (n � 24), and controls (n � 22) on the expression
of MCP-1 (A), CCR2 (B), and iNOS (C) in THP-1 macrophages. * p � 0.05 when compared with control group.

Table 2. Correlation between serum lipid profile and in vitro
expression of MCP-1, CCR-2, and iNOS in THP-1 macrophages

MCP-1 CCR-2 iNOS

r p r p r p

Log hs-CRP (mg/L) 0.29 0.031* 0.25 0.072 0.29 0.034*
Total cholesterol (mmol/L) 0.02 0.43 0.13 0.29 0.23 0.06
HDL cholesterol (mmol/L) �0.31 0.007* -0.08 0.51 �0.003 0.98
Total cholesterol/HDL
cholesterol ratio

0.28 0.016* 0.25 0.038* 0.18 0.14

LDL cholesterol (mmol/L) 0.25 0.038* 0.27 0.026* 0.27 0.021*
Triglycerides �0.01 0.92 �0.10 0.44 0.10 0.94

* Statistically significant.
CCR-2, receptor for monocyte chemoattractant protein-1.
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additional evidence of persistent long-term induction of
MCP-1 expression by the serum of patients complicated by
coronary aneurysm formation.
MCP-1 exerts its action mainly through the interaction with

CCR2, a high-affinity receptor for MCP-1, on the surface of
monocytes (17). Unlike MCP-1 gene expression, CCR2 gene
expression in the THP-1 macrophages was induced by serum
obtained from both patients with and those without coronary
complications. Conceivably, upregulation of CCR2 would in-
crease the monocyte responsiveness to MCP-1. To our knowl-
edge, in vitro induction of CCR2 gene expression in macro-
phages by serum from patients after KD has not been reported
previously. In light of the aforementioned findings, it is tempt-
ing to speculate that the expression and activity of the MCP1/
CCR2 pathway is chronically increased in vivo in patients even
late after resolution of the acute illness KD.
While the cause of MCP-1/CCR2 pathway activation by the

KD serum remains speculative, data in the literature suggest a
potential role of chronic inflammation. Sustained expression of
MCP-1 has also been reported in chronic inflammation due to
rheumatoid arthritis (33). In a rat model of chronic adjuvant-
induced vasculitis, increased sensitivity to MCP-1 and in-
creased expression of chemokine receptors CCR1 and CCR2 in
neutrophils have been demonstrated (34). Previous studies
showed histologic (35) and biochemical (11,12) evidence of
chronic low-grade inflammation persisting for years after the
acute phase of KD. Nonetheless, the mechanism by which
chronic inflammation activates the MCP-1/CCR pathway re-
quires clarification. It seems, however, unlikely to be related to
the proinflammatory cytokines that are elevated during the
acute phase as their levels normalize rapidly in the subacute
and convalescent phases (36). In fact, interleukin-1, tumor
necrosis factor, and interferon gamma decrease, rather than
increase, CCR2 gene expression (37). In contrast, CRP has
been shown to promote MCP-1–mediated chemotaxis through
upregulation of CCR-2 expression in human monocytes (26).
Persistent elevation of baseline CRP level after KD (11,12)
might be one of the mechanisms that lead to chronic stimula-
tion of the MCP-1/CCR2 pathway.
The associations between MCP-1 and CCR2 expression and

serum lipoprotein concentrations are similarly intriguing. We
(7) and the others (23) have demonstrated a proatherogenic
lipid profile, as characterized by low HDL cholesterol and
apolipoprotein A-I levels and a high apolipoprotein B level in
KD patients long after resolution of the acute inflammatory
illness. In the present study, the LDL cholesterol levels also
tended to be higher in patients than in control subjects. Our
findings of positive correlations between CCR2 expression and
plasma LDL cholesterol level and total cholesterol/HDL cho-
lesterol ratio agree with those previously reported in patients
with hypercholesterolemia (25). The differential effects of
plasma lipoproteins on CCR2 expression as illustrated by the
reversal of effects of LDL on CCR2 expression by elevated
levels of HDL cholesterol has also been reported (25). Animal
experiments and in vitro studies have respectively shown that
oxidized LDL (38) and enzymatic nonoxidative degradation of
LDL (24) lead to induction of MCP-1. The effect of HDL on
MCP-1 has not been studied, however. Notwithstanding the

dose-dependent correlations between plasma lipoprotein levels
and induction of MCP-1/CCR2, the small differences in plasma
HDL cholesterol and LDL cholesterol between patients and
control subjects suggest that plasma lipoprotein may only play
a relatively minor role in modulating the activity of the MCP1/
CCR2 pathway in KD patients.
In human chronic inflammatory diseases, iNOS expression

has been localized to the macrophages and epithelial cells
among the inflammatory foci (39). Our findings similarly
suggest an increase in iNOS expression in macrophages in vivo
with inflammation as indicated by its positive correlation with
the serum hs-CRP level. In rat macrophages, CRP has been
shown to increase iNOS and iNOS mRNA (27). Importantly,
the high-output synthesis of nitric oxide is thought to contrib-
ute to local tissue destruction in inflammatory conditions in-
volving activated macrophages and neutrophils (40).
The novel findings in the present study of induction of

MCP-1/CCR2 pathway and iNOS in macrophages in vitro by
the serum of KD patients may have important clinical impli-
cations. Increased carotid intima-media thickness (9) and arte-
rial stiffening (7,9,11) have been demonstrated in patients with
a history of KD. Correspondingly, the importance of the
MCP-1/CCR2 pathway in the pathogenesis of neointimal hy-
perplasia in cuff-induced vasculitis in mice and monkeys was
recently demonstrated (41). Likewise, in a diet-induced athero-
sclerotic rabbit model, iNOS expression in the aorta has been
found to correlate with aortic intimal thickening (22). Induc-
tion of these genes in vivo in patients with KD may thus be one
of the underlying mechanisms predisposing these patients to
premature atherosclerosis. Although the exact pathways by
which serum of KD patients induce expression of MCP-1,
CCR, and iNOS in macrophages require further clarification,
the findings of this study implicate a potential role of chronic
low-grade inflammation.
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