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Aim: Adiponectin (APN) exhibits different atheroprotective effects, and we have previously reported that APN 
function is modulated by its binding proteins, E-selectin ligand 1, Mac-2 binding protein, and cystatin C. In the 
present study, we aimed to identify a novel atheroprotective mechanism of APN via C–C motif chemokine 2 
(CCL2).

Methods: We conducted iMAP®-intravascular ultrasound (IVUS) in 111 Japanese male patients with stable 
angina. The plaque characteristics were determined where “plaque burden” [(EEM CSA − lumen CSA)/(EEM 
CSA)×100 (%)] ＞50%, and their correlation with serum CCL2 and APN levels was analyzed. Using western 
blot analysis, the effects of APN on the biological effects of CCL2 were examined in their mutual binding by 
co-immunoprecipitation assay, the monocyte migration, and the phosphorylation of MAP kinases.

Results: In a clinical study, we found that the percentage of plaque in the culprit lesion was correlated positively 
with serum CCL2 and negatively with serum APN levels, with significance. We identified CCL2 as a novel APN-
binding serum protein using immunoprecipitation and western blot analysis. CCL2-induced phosphorylation of 
MAP kinases and monocyte migration was significantly attenuated by APN in vitro.

Conclusion: The opposite association of APN and CCL2 on the percentage of coronary plaque might be caused 
by their direct interaction and competitive functions on monocyte migration.

to the endothelium and penetrate the intima. As 
atherosclerosis progresses, monocyte-derived 
macrophages and the synthetic phenotype of smooth 
muscle cells phagocytose oxidized low-density 
lipoprotein and transform into foam cells. The lipid-
laden foam cells degrade the extracellular matrix to 
establish vulnerable plaque3). Prothrombotic materials 
are exposed to the coagulation system when plaques 
are damaged and rupture, which leads to the 
development of acute coronary syndrome4). Therefore, 
evaluating the vulnerability of plaque is crucial, and 
several modalities, including coronary angiography, 

Introduction

Cardiovascular diseases (CVDs) are still among 
the leading causes of death in many countries, and 
their major cause is atherosclerosis. Atherosclerosis is 
regarded as a chronic inflammatory condition in 
which abundant immune-competent cells produce 
cytokines in the lesions, especially proinflammatory 
cytokines1, 2). The first step in atherosclerosis is 
endothelial inflammation with enhanced expression of 
adhesion molecules, which allows mononuclear 
leukocytes (such as monocytes and T cells) to attach 
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the deletion of the MCP-1 gene in transgenic mice 
expressing human apolipoprotein B resulted in a 
decrease in the formation of atherosclerosis lesions20, 21). 
These results suggested that the monocyte migration 
and macrophage infiltration induced by CCL2 play 
essential roles in the initiation of atherosclerosis. 

Recently, we determined several APN-interacting 
molecules, E-selectin ligand-1 (ESL-1)22), cystatin C 
(CysC)23), and Mac-2 binding protein (M2BP)24), and 
we demonstrated that the functions of APN and its 
interacting molecules are mutually regulated. 
Moreover, the possible interaction between APN and 
several chemokines was suggested in a previous 
report25). On the basis of these reports and the 
opposite effects of APN and CCL2 on atherosclerosis, 
we hypothesized a direct interaction between APN 
and CCL2. In the present study, we examined the 
relationship between coronary plaque parameters with 
APN or CCL2 in patients with stable angina and the 
roles of the interaction between APN and CCL2 on 
atherosclerosis in vitro. 

Methods

Patients
In the present study, we enrolled consecutive 111 

male patients with stable angina who underwent 
elective percutaneous coronary intervention and 
iMAP®-IVUS (Boston Scientific, Marlborough, MA) 
at the Department of Cardiology in Hyogo Prefectural 
Nishinomiya Hospital, Japan. Patients who were aged 
＞82 years, had renal dysfunction (serum creatinine 
＞1.5 mg/dL) or malignant disease, or whose target 
lesions were chronic total occlusion or in-stent 
restenosis were excluded from this study. This study 
was conducted according to the Declaration of 
Helsinki and was approved by the ethics committees 
of Hyogo Prefectural Nishinomiya Hospital and 
Osaka University Graduate School of Medicine.

Measurement of Serum Parameters
Fasting serum biochemical parameters were 

measured in commercial laboratories. Serum APN 
levels and CCL2 were measured using a total APN 
enzyme-linked immunosorbent assay (ELISA) kit 
(Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) and 
a human CCL2/MCP-1 immunoassay kit (R&D 
Systems, Inc., Minneapolis, MN, USA), respectively, 
according to the manufacturer’s instruction.

Evaluation of Plaque in Coronary Arteries by 
iMAP®-IVUS

IVUS was conducted with a 40 MHz catheter 
(Atlantis TM SR Pro Coronary Imaging Catheter, 

coronary computed tomography angiography, optical 
coherence tomography, and intravascular ultrasound 
(IVUS), have been invented for this purpose5).

IVUS is a very useful modality for evaluating the 
severity of CVD, as it accurately displays direct images 
of the inside of the vessel as well as plaque morphology 
and vessel composition6, 7). An evolved version of 
IVUS, iMAP®-IVUS, allows for the real-time 
quantification of coronary plaques, categorizing them 
into four different subtypes (i.e., fibrotic, lipidic, 
necrotic, and calcified). The plaques that contain 
many lipidic and necrotic components are regarded as 
“vulnerable,” with a high risk of plaque rupture. 
However, IVUS has the disadvantage of being 
invasive, and thus a non-invasive and simpler method 
has been explored for evaluating plaque characteristics.

Adiponectin (APN) is an adipocytokine that is 
secreted mainly from adipocytes8, 9). APN has various 
forms in vivo, including trimer, hexamer, and high 
molecular forms, and it is well known to be associated 
with metabolic syndrome and atherosclerosis. 
Hypoadiponectinemia plays a central role in obesity-
related diseases, including insulin resistance/type 2 
diabetes, hypertension, and CVD. Studies of diverse 
populations have demonstrated a negative correlation 
between serum APN levels and the prevalence and 
extent of coronary artery disease (CAD)10-14). In 
addition, high plasma APN concentrations are 
associated with a reduced risk of acute myocardial 
infarction in men over a long-term follow-up15). High-
molecular-weight APN, the major active form, appears 
to be selectively reduced in the presence of CAD16); 
however, the mechanisms underlying its atheroprotective 
effects have not been fully elucidated.

The main features of atherosclerosis are the 
continuous immigration and infiltration of activated 
macrophages and T cells into the atherosclerotic 
lesions, and these cells are recruited to the lesions via 
the guidance of endothelial leukocyte adhesion 
molecules and chemoattractants 17). Chemokines 
constitute a structurally related family of chemotactic 
cytokines and are expressed by activated endothelial 
cells, smooth muscle cells, and emigrated leukocytes. 
Different chemokines are reported to be involved in 
the pathogenesis of atherosclerosis18, 19). The C–C 
motif chemokine ligand 2 (CCL2), known as 
monocyte chemoattractant protein-1 (MCP-1), 
belongs to the CC family of the inflammatory 
chemokines and acts on monocytes, T cells, and NK 
cells through the interaction with its receptor, the C–
C chemokine receptor 2 (CCR2). CCL2 induces 
monocyte migration and macrophage infiltration into 
the arterial wall, and recent studies have shown that 
the lack of CCR2 in apolipoprotein E-null mice and 
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Immunoprecipitation
For in vivo analysis, first, we prepared anti-APN 

antibody-conjugated magnetic beads by coupling 100 
µg mouse anti-human APN monoclonal antibody 
(ANOC9121; Otsuka Pharmaceutical Co., Ltd., Tokyo, 
Japan) to 5 mg tosylactivated Dynabeads (M-280; 
Invitrogen, Carlsbad, CA, USA), according to the 
manufacturer’s instruction. Thereafter, 0.25 mg of these 
magnetic beads were used for the immunoprecipitation 
of human serum containing 200 ng APN. For in vitro 
analysis, the supernatant of the cell culture of 
HEK293T cells overexpressing myc-APN and FLAG-
CCL2 was used for immunoprecipitation with anti-c-
myc magnetic beads (Thermo Fisher Scientific, 
Waltham, MA, USA) or anti-FLAG magnetic beads 
(MBL, Nagoya, Japan).

Immunoblotting
Immunoprecipitated samples were used for gel 

electrophoresis and transferred to the nitrocellulose 
membranes (BioRad, Hercules, CA, USA). For the in 
vivo analysis, the membranes were sequentially 
incubated with a biotinylated mouse anti-human APN 
antibody and an HRP-conjugated streptavidin 
(Thermo Fisher Scientific, Waltham, MA, USA) or 
with a mouse anti-human CCL2 monoclonal antibody 
(R&D Systems, Inc., Minneapolis, MN, USA) and an 
HRP-conjugated donkey anti-mouse IgG (Jackson 
ImmunoResearch, Inc., West Grove, PA, USA). The 
secondary antibody was detected by enhanced 
chemiluminescence systems (Thermo Fisher Scientific, 
Waltham, MA, USA). For the in vitro analysis, the 
membranes were incubated with an HRP-conjugated 
anti-c-myc monoclonal antibody (Wako, Osaka, 
Japan) or an HRP-conjugated anti-FLAG monoclonal 
antibody (MBL, Nagoya, Japan), and these antibodies 
were detected by enhanced chemiluminescence 
systems.

Migration Assay
Using the CytoSelect TM 96-Well Cell Migration 

Assay kit (Cell Biolabs, Inc., San Diego, CA, USA), 
the migration of THP-1 cells was determined, in 
accordance with the manufacturer’s instruction. 
THP-1 cells were cultured overnight in RPMI1640 
containing 0.5% FBS with or without 10 µg/mL APN 
(Oriental Yeast Co., LTD., Tokyo, Japan). After 
adjusting the cell density to 2×106 cells/mL in serum-
free RPMI1640 with or without 10 µg/mL APN, 2×
105 cells were added to the upper chamber. Serum-
free RPMI1640 with or without 200 ng/mL CCL2 
(R&D Systems, Inc., Minneapolis, MN, USA) was 
added to the lower well. The cells that passed through 
the membrane were collected and counted after 2 h of 

Boston Scientific, Marlborough, MA), and the 
external elastic membrane cross-sectional areas (EEM 
CSA) and lumen CSA were measured at each section 
of PCI target lesions. We examined the plaque 
characteristics where “plaque burden” [(EEM CSA − 
lumen CSA)/(EEM CSA)×100 (%)] ＞50%. The 
percentage of plaque (%Plaque) was calculated from 
the integration using both the plaque and the EEM 
CSA of each section and was defined as “Σ(EEM 
CSA − lumen CSA)/Σ(EEM CSA)×100 (%).” The 
plaques were automatically classified into four 
histological tissue types, according to the tissue 
components (fibrotic, lipidic, necrotic, or calcified), 
and the percentage of each component in the entire 
plaque was calculated as “Σ(each component CSA)/Σ
(EEM CSA − lumen CSA)×100 (%)” and named as 
%Fibrotic, %Lipidic, %Necrotic, or %Calcified, 
respectively.

Plasmids
Myc-tagged APN (myc-APN) expression vector 

was generated by incorporating the human APN 
cDNA sequence into the upstream of myc in the 
pSecTag2 vector (Invitrogen TM, Carlsbad, CA, USA). 
FLAG-tagged CCL2 (FLAG-CCL2) expression vector 
was generated by adding 3xFLAG tags to the signal 
peptide-deleted human CCL2 cDNA in the pSF-
CMV-NEO-NH2-PPT-3xFLAG vector (Sigma-
Aldrich, St. Louis, MO, USA). We aimed to use these 
two vectors for protein secretion.

Cell Culture
Human embryonic kidney cel l s  293T 

(HEK293T) were cultured in Dulbecco’s modified 
Eagle medium (Nacalai Tesque, Kyoto, Japan) 
containing 10% fetal bovine serum (FBS; Biowest, 
NW Business Park Lane Riverside, MO, USA), 0.1 
mg/mL streptomycin, and 100 U/mL penicillin G 
(SM/PG; FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan). The monocytic cell line, 
THP-1, was purchased from the Riken BioResource 
Research Center (Ibaraki, Japan) and cultured in 
RPMI 1640 (Nacalai Tesque, Kyoto, Japan) with 10% 
FBS and SM/PG. Cell culture dishes were maintained 
in a humidified incubator at 37℃ and 5% CO2.

Transfection
For in vitro analysis, myc-APN and FLAG-CCL2 

expression vectors were co-transfected into HEK293T 
cells with Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA), in accordance with the manufacturer’s 
protocol.
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Results

Patient Characteristics
Tables 1 and 2 list the clinical characteristics and 

medication of the 111 male CAD patients. The 
average age and body mass index (BMI) was 70±10 
years and 24.6±3.3 kg/m2, respectively. All patients 
were diagnosed with stable angina and received 
medication for the secondary prevention of CVD. 
Insulin and/or oral hypoglycemic agents and anti-
hypertensive agents were used by 46 patients (41.4%) 
and 81 patients (73.0%), respectively. Because of the 
medical treatment, blood sugar levels were well 
controlled, and mean HbA1c levels were 6.5%±1.1%. 
Blood pressure was mildly controlled, and mean 
systolic and diastolic blood pressure was 134±17 

incubation at 37℃.

Quantification of Phosphorylated and Total MAP 
Kinases

The THP-1 cells were stimulated for 1 min with 
100 ng/mL CCL2 with or without 1.5 µg/mL APN 
after 24 h of serum starvation in RPMI1640 
containing 0.1% BSA. The cells were lysed in 
Laemmli buffer, and the cell lysates were used for 
immunoblotting with the antibodies against ERK 
(Abcam, Cambridge, UK), phospho-ERK (Cell 
Signaling Technology (CST), Danvers, MA, USA), 
JNK (CST), phospho-JNK (CST), p38-MAPK 
(Bethyl Laboratories, Inc., Montgomery, USA), or 
phospho-p38-MAPK (CST). Using Image J (National 
Institutes of Health, Bethesda, MD, USA), the bands’ 
intensity was evaluated.

Statistical Analysis
Statistical analysis was conducted with JMP Pro 

version 14.0.0 (SAS Institute Inc., Cary, NC, USA). 
To evaluate the relationship between the plaque 
parameters and clinical characteristics, Spearman’s 
correlation coefficient was used. The Student t-test 
was used to compare two independent groups. P 
values of ＜0.05 are considered statistically significant.

Table 1. Clinical and plaque characteristics of the enrolled patients

 mean±SD range

Age (year)
BMI (kg/m2)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Fasting plasma glucose (mmol/L)
HbA1c (%)
Total cholesterol (mg/dL)
Triglycerides (mg/dL)
HDL-C (mg/dL)
cLDL-C (mg/dL)
hsCRP (mg/L)
eGFR (mL/min/ 1.73 m2)
APN (mg/mL)
CCL2 (pg/mL)

70±10
24.6±3.3
134±17

78±12
6.11±1.89

6.5±1.1
167.6±34.0
144.4±84.5

41.7±9.3
98.2±28.2
3.06±6.10
65.9±18.9
10.4±5.9

240.8±169.0

37−88
16.0−34.5

92−171
56−104

4.00−13.60
4.9−10.2

106−310
37−465
23−80
46−210

＜0.10−43.40
27.3−127.9

2.5−34.2
73.8−1716.9

IVUS
%Plaque
%Fibrotic
%Lipidic
%Necrotic
%Calcified
%Lipidic plus Necrotic

 
66.4±5.4
53.2±12.1
11.7±2.9
32.4±10.2

3.2±2.4
44.0±11.6

 
55.1−78.7
22.1−86.6

4.5−20.2
8.6−58.2
0.2−11.8

13.1−74.6

DATA are expressed as mean±standard deviation (SD).
cLDL-C, calculated LDL-C; hsCRP, high sensitive C-reactive protein

Table 2. Medication of the patients

number (%)

Anti-diabetic agents
Insulin only
Oral hypoglycemic agents (OHA) only
Insulin＋OHA

46 (41.4%)
7 (6.3%)

30 (27.0%)
9 (8.1%)

Anti-hypertensive agents 81 (73.0%)



Fujita et al.

1208

=−0.236, p＜0.05). The percentage of plaque 
(%Plaque) was significantly correlated negatively with 
serum APN (ρ=−0.280, p＜0.005) and positively 
with serum CCL2 (ρ=0.277, p＜0.005). However, 
neither serum APN nor CCL2 levels were associated 
with any histological plaque component.

CCL2 Binds to APN in vivo and in vitro
Masaie et al. examined the interaction between 

Immunoglobulin (Ig)-tagged chemokines and 
adiponectin in vitro25). They found that the globular 
adiponectin was able to bind to Ig-tagged SDF-1 and 
CCF18 and also possibly to Ig-tagged RANTES, or 
MCP-1. Accordingly, we examined the interaction 
between serum CCL2 and APN in vivo (Fig.1A). The 
immunoprecipitation with anti-APN antibody 
followed by the immunoblot with anti-CCL2 
antibody demonstrated that human serum CCL2 was 
co-immunoprecipitated with APN. Next, we 
examined the CCL2–APN interaction in vitro using 
HEK293T cells expressing myc-APN and FLAG-
CCL2. The immunoprecipitation with anti-myc 
antibody followed by the immunoblot with anti-
FLAG antibody demonstrated that FLAG-CCL2 was 
co-immunoprecipitated with myc-APN (Fig.1B).

mmHg and 78±12 mmHg, respectively. The mean 
calculated LDL-C (cLDL-C) levels were 98.2±28.2 
mg/dL. The average serum APN and CCL2 levels 
were 10.4±5.9 µg/mL and 240.8±169.0 pg/mL, 
respectively. Table 1 also shows the coronary plaque 
characteristics evaluated by iMAP ®-IVUS, the 
percentage of plaque within the examined segments of 
the culprit lesions (%Plaque), and the percentage 
contribution of four histological tissue types to the 
plaque (%Fibrotic, %Lipidic, %Necrotic, and 
%Calcified). The average %Plaque was 66.4%±5.4%. 
The average %Fibrotic, %Lipidic, %Necrotic, 
%Calcified, and %Lipidic plus Necrotic were 53.2% 
±12.1%, 11.7%±2.9%, 32.4%±10.2%, 3.2%±
2.4%, and 44.0%±11.6%, respectively.

Serum APN and CCL2 Levels Are Associated with 
Plaque  Percentage ,  But  not  wi th  Plaque 
Components

Next, we examined the clinical significance of 
APN and CCL2 with coronary plaques (Table 3). 
Serum APN levels were correlated positively with age 
(ρ=0.246, p＜0.01) and negatively with both BMI (ρ
=−0.363, p＜0.0001) and TG (ρ=−0.418, p＜
0.0001) with significance. Serum CCL2 levels had a 
negative correlation with HDL-C significantly (ρ

Table 3. Correlation between serum APN, CCL2 levels and clinical parameters or plaque characteristics

 APN  CCL2

ρ p ρ p

Age
BMI
Systolic blood pressure 
Diastolic blood pressure
Fasting plasma glucose
HbA1c
Total cholesterol
Triglycerides
HDL-C
cLDL-C
eGFR
hsCRP
CCL2 

0.246
−0.363

0.199
−0.125
−0.104
−0.002
−0.086
−0.418

0.139
−0.045

0.002
−0.129
−0.111

＜0.01
＜0.0001

n.s.
n.s.
n.s.
n.s.
n.s.

＜0.0001
n.s.
n.s.
n.s.
n.s.
n.s.

0.178
0.145
0.061

−0.175
−0.032

0.180
−0.027

0.170
−0.236
−0.068
−0.028

0.112

0.062
n.s.
n.s.
n.s.
n.s.
0.059
n.s.
n.s.

＜0.05
n.s.
n.s.
n.s.

IVUS
 %Plaque
 %Fibrotic
 %Lipidic
 %Necrotic
 %Calcified
 %Lipidic plus Necrotic

 
−0.280
−0.096

0.059
0.089
0.072
0.068

 
＜0.005

n.s.
n.s.
n.s.
n.s.
n.s.

  
0.277

−0.074
0.051
0.082
0.014
0.089

 
＜0.005

n.s.
n.s.
n.s.
n.s.
n.s.

cLDL-C, calculated LDL-C; hsCRP, high sensitive C-reactive protein
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and CCL2 in serum and in vitro experiments. The 
significance of APN–CCL2 binding was functionally 
demonstrated by the inhibition of THP-1 cell 
migration and MAP kinase phosphorylation, and 
these mechanisms could explain the clinical findings.

Several reports regarding the relationship 
between cardiovascular plaque characteristics and 
serum levels of APN or CCL2 exist. Sawada et al. 
reported that serum APN levels were negatively 
associated with the presence of vulnerable coronary 
thin-cap fibroatheroma in patients with stable 
angina26). Conversely, Otake et al. reported an inverse 
relationship between serum APN and necrotic core 
ratio in both culprit and non-culprit lesions in 
patients with ACS, but not in those with stable 
angina27). Fuchs et al. reported that serum CCL2 
levels were positively correlated with necrotic core 
areas in both stable and unstable angina patients but 
not with plaque burden28). Conversely, Cheng et al. 
reported that serum CCL2 levels were positively 
associated with plaque burden in patients with acute 
myocardial infarction and unstable angina 29). 
Although there are some discrepancies among those 
clinical studies, APN and CCL2 are generally 
considered to have opposite effects on plaque 
vulnerability.

Because APN and CCL2 had opposite effects on 
coronary plaque and atherosclerosis, we hypothesized 
their direct interaction. A previous report suggested the 
interaction between APN and several chemokines using 
an Ig-tagged chemokine-coated ELISA plate, an artificial 
system25). Thus, we here examined the protein–protein 
interaction using the immunoprecipitation-immunoblot 

APN Prevents CCL2-Induced THP-1 Cell Migration
CCL2 is one of the key chemokines that regulate 

migration and infiltration of monocytes/macrophages. 
Then, we examined the effects of APN on the THP-1 
cell migration induced by CCL2 using Boyden 
chamber system (Fig.2). The migration of THP-1 
cells was significantly stimulated in the presence of 
200 ng/mL CCL2 in 2 h. This CCL2-stimulating 
migration of THP-1 cells was significantly reduced by 
the pretreatment of 10 µg/mL APN overnight.

APN Suppresses Phosphorylation of MAP Kinases 
Induced by CCL2

We examined the effects of APN on CCL2-
induced phosphorylation of MAP kinases in THP-1 
cells to elucidate mechanisms of the APN–CCL2 
complex. After 1 min treatment with CCL2 at 100 
ng/mL, the phosphorylation levels of ERK, JNK, and 
p38 MAP kinases were all upregulated significantly (p
＜0.05; Fig.3). When 100 ng/mL of CCL2 was 
preincubated with 1.5 µg/mL of APN, all the 
upregulated phosphorylation of MAP kinases was 
significantly decreased (p＜0.05).

Discussion

In the present study, we examined the roles of 
APN and CCL2 on atherosclerosis in vivo and in 
vitro. First, we found that the percentage of plaque in 
the coronary culprit lesions was negatively correlated 
with serum APN levels and positively correlated with 
serum CCL2 levels in male patients with stable 
angina. Second, we found direct binding of both APN 

Fig.1. CCL2 binds with APN in the serum and in vitro

(A) Human serum was immunoprecipitated with the anti-APN antibody, followed by the immunoblot either with the 
anti-CCL2 (upper panel), or with the anti-APN (lower panel) antibody. n=3.
(B) The supernatant of the cultured HEK293T cells that overexpress both myc-APN and FLAG-CCL2 was used for 
immunoprecipitation with either anti-myc, or anti-FLAG antibody, followed by the immunoblot with anti-myc (upper 
panel), or with anti-FLAG antibody (lower panel). 
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Fig.2. APN inhibits CCL2-induced THP-1 cell migration

The migration of THP-1 cells was determined by a CytoSelect TM 96-Well Cell Migration Assay kit. THP-1 cells were 
cultured overnight in RPMI1640 containing 0.5% FBS with or without 10 µg/mL APN. On the day of analysis, those 
THP-1 cells were added to the upper chamber in serum-free RPMI1640 with or without APN, as well as the serum-
free RPMI1640 with or without 200 ng/mL CCL2 in the lower chamber. The cells passing through the membrane dur-
ing 2 h incubation at 37℃ were counted.
Data are expressed as mean±SEM; n=5–9, ＊p＜0.05.

Fig.3. APN prevents CCL2-induced MAP kinase activation in THP-1 cells

After 24 h serum starvation, the THP-1 cells were stimulated for 1 min with 100 ng/mL CCL2 with or without 1.5 µg/
mL APN. Those cell lysates were analyzed by western blot using the antibodies against ERK and phospho-ERK (left 
lower panels), JNK and phospho-JNK (middle lower panels), and p38-MAPK and phospho-p38-MAPK (right lower 
panels). Representative figures are shown. 
Data in the bar graphs (upper panels) are mean±SEM of two independent measurements; n=5–6, ＊p＜0.05.
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M2BP24), and their roles in the pathogenesis of 
atherosclerosis. ESL-1 is a membrane protein on 
monocytes involved in the initiation of atherosclerosis 
through the binding to vascular endothelial E-selectin. 
Therefore, APN inhibits monocyte adhesion to the 
vascular endothelium by interfering with the binding 
between ESL-1 and E-selectin, which could be an 
anti-atherosclerotic mechanism of APN22). Originally, 
we found that APN decreased the TNF-α-stimulated 
expression of adhesion molecules on vascular 
endothelial cells40). CysC and M2BP are well-known 
biomarkers of chronic kidney disease (CKD) and non-
alcoholic steatohepatitis (NASH), respectively. The 
atheroprotective effects of APN on vascular endothelial 
cells are suppressed by M2BP or CysC through their 
direct association with APN, which may explain the 
increased atherogenicity in patients with CKD and 
NASH. Here, we demonstrated that CCL2 caused 
THP-1 cells to lose their migration ability after 
incubation with APN. Taken together, the binding 
between APN and its associated molecules mutually 
regulates monocyte adhesion to vascular endothelial 
cells via these three pathways, chemokine CCL2, 
monocyte ESL-1, and endothelial E-selectin.

The present study suggests that the reciprocal 
role of CCL2 and APN against atherosclerosis could 
be controlled by their direct interaction. Further 
investigation of the serum APN/CCL2 complex 
should reveal that it would be a useful biomarker for 
CVD.
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system.
Fi r s t ,  we  found CCL2 as  a  spec i f i c 

co-immunoprecipitated serum protein by anti-APN 
antibody, but because of the unavailability of a suitable 
anti-CCL2 antibody for immunoprecipitation, we 
failed to identify APN as a specific co-immunoprecipitant 
with CCL2 using the anti-CCL2 antibody. However, 
we found that CCL2 and APN were mutual 
co-immunoprecipitants in the immunoprecipitation 
and western blot analysis using epitope-tagged CCL2 
and APN, indicating that the binding of APN to 
CCL2 was more conclusive. Interestingly, APN 
mainly bound to low-molecular-weight FLAG-CCL2 
among the multiple forms in our observation, and the 
modification of CCL2 bound to APN has not been 
clarified yet. Therefore, further studies would be 
necessary to identify the precise binding mechanisms 
of these two molecules. 

Next, we examined the effects of APN–CCL2 
interaction on the biological roles of CCL2, i.e., 
CCL2-induced chemotaxis of THP-1 cells. CCL2-
induced chemotaxis of THP-1 cells was suppressed by 
APN at 1.5 µg/mL, the corresponding serum 
concentration of high-molecular-weight APN, which 
was a similar molar level of CCL2. Since CCL2/
CCR2-induced MAPK activation (ERK1/2, p38/
SAPK, and JNK) was previously reported in THP-1 
monocytes30), the rapid activation of MAPK in the 
present study is considered through the binding of 
CCL2 and CCR2. In addition, APN itself had no 
effects on MAPK activities (data not shown), 
suggesting that the inhibitory effects of APN on 
CCL2-induced rapid MAPK activation would be 
based on CCR2 inhibition by the binding of APN 
and CCL2. MAP kinases are necessary for 
proliferation, differentiation, apoptosis, and certain 
kinds of stress responses in various cells, including the 
activation of monocytes31, 32). Previous studies using 
specific inhibitors of MAP kinase pathways 
demonstrated that p38 and ERK play important roles 
in chemotaxis, and integrin activation and firm 
adhesion of monocytes 31, 33-36). Therefore, the 
inhibition of CCL2-activated MAPK signaling cascade 
by APN could lead to anti-inflammatory and 
atheroprotective effects.

It has been shown that APN expresses its 
biological functions through associated molecules, 
such as AdipoR1, AdipoR2 37), calreticulin38), and 
T-cadherin39). Particularly, AdipoR1 and AdipoR2, 
the cell membrane-bound receptors of APN, are 
involved in insulin sensitivity and antidiabetic effects, 
whereas calreticulin promotes the removal of apoptotic 
cells via binding to APN. We have reported several 
APN-associating molecules, ESL-1 22), CysC23), and 
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