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Table 2 The 27 Variations Found in the MEF2A Gene

KAJIMOTO K et al.

Region Polymarphisms

Sequence around polymaorphisms

Amino acid muration

Promoter  GGTCCTGT(-933~-940)-
C(-671)T
ACAG(-595~-598)-
Intron 4 A(73015)G
Intron § G(73302)A
G(73315)A
Intron 6 T(76273)C
A(76296)T
Intren 8 A(92128)G
—(104830~104831)T
Intron 9 G(105010)A
G(108172)T
Exon 10 Cr108274)T
Intron 10 C(112113)T
G(112114)A
Intran 11 C(112353)G
G(113854,T

Exon 12 (CAG)n(n=4-15)

(114048-114080)
CCG(114081-114083)-
G(1714095)A
CAACCCCCGCAGCCCCAGC

CC(114108-114128)-
Ci114129)T

Exon 12
G(I14143)T

3-UTR GTGT( 1144591 14460)-

G(114889)-

T(114%966)G

-(115100~115101)C

AGACATTTTAATTTCACCTC[GGTCCTGT-]
GGTCCTGTGGTCCTGTGATC
TGGCCGACGCTTAAGGAAAA[C/T]
AGAAAAGAACCTACATGAAT
TTTATTAATGTGAATCATAG[ACAG/-]
CCATCAGTCTTCTATTCATT
CCTGTAAGTACTTTTACTTT[A/G]
CCTCTACTTTTTATTTGTTG
GGTGATGACAACAATAAGTA[G/A)
AAGGGAAGAAATGCATTTTA
ATAAGTAGAAGGGAAGAAAT] G/A]
CATTTTATTAGTATTTTTTA
CTTTGATGAGCAAGAATCAC[T/C]
GATACATAATTGGCCTCATT
TACATAATTGGCCTCATTTT[AT]
AAGTATTTTTTTGAAAATCA
GTATTTGAAGAGACAAGTCT(A/G]
TTTCAAATACACAAAAATCA
TAGTGTCCAAATATGTTTTT|T/-]
CTAAAGAAATATTTTGITIG
CGTGTTGTTATCTAACCAAT[G/A]
TTCCCTTTGTTACACAAATT
CAGTGCTTCAGAAAATGACA[T/G]
TCATATGAAACTGTGAAAAA
TCTTTTTTGATCTCACAGAA[T/C)
ACCCAGAGGATCAGTAGTTC
AGGAACTTITGCAGTAGCTA[ C/T]
GTAAAAAATAGATTCCGTA
GGAACTTTTGCAGTAGCTAC|G/A |
TAAAAAATAGATTCCGTATG
TTACTCCTGGCCTACACACT[C/G]
TCTTTTCCTATCAGTGACAG
CTCTGGGCCCTTTTCCATCA[G/T]
GCAGTGTCTCTACTGTATCA
GTATGACCCCATCGGGCTTC[(CAGn]
CCGCCGCCACCACCGCAGCC
AGCAGCAGCAGCAGCAGCAG[CCG/-]
CCGCCACCACCGCAGCCCA
CAGCAGCCGCCGCCACCACCIGIA)
CAGCCCCAGCCACAACCCCC
CACCACCGCAGCCCCAGCCA{CAACCCCCGCA
GOCCCAGCCCH-]CGACAGGAAATGGGGCGCTC
AACCCCCGCAGCCCCAGCCC[CAT]
GACAGGAAATGGGGCGCTCC
CAGCCCCGACAGGAAATGGGGAT]
CGCTCCCCTGTGGACAGTCT
ATATATGTATGTGGGTGIGA| /GTGT]
GTGTGTATGTGTGGGTGTGT
AAAACAAACAAAACAAAAAA[GS ]
CCCCACACATAACTGTTTTG
TAGCTAATAAAGAAAGAGAA[T/G]
AGAAAACACGCATGAGATAT
TCATATCTTAAAAATTAAAG]-/C]
AAACTGATTTTAGCTCATGT

N297N

(Qn (n=4-15)

(P (n=4 or5)
P435P

7 amino acid deletion
R447X

G451G

It the polymorphisins found in the exons, mutations of the amino acid sequence are also indicated,

TCCAATTTATCCATTAATACCAACCAAARACATCAGCATCAAGTCCGAACCGATTTCACCTCCTCGGGATCGTATG
N T N Q N

S N L 8 I

ACCCCATCGGGCTTC
T P S G F

I 8 1 K 8 E P I & P

P R D R M

A(4~15)
CARCCCCCGCAGCCCCAGCCCEGACAGGARRTGGGGCGCTCCCCTGTGGACAGTCTGRGCAGCTCTAGTAGCTCC

B(4ors)

o P P Q P Q P
C (21bp deletion)

R 0 B M G R &§ F ¥ D § L 8 8 8
TGA
X

8 S 8

Fig2, Nucleotide and amino acid sequences of the region containing the 4 variations in exon 12 of MEF2A. The gray
box marks the polyglutamine and proline tandem repeats: the number of polyglutamine tandem repeats varies between 4
and 15, the number of proline tandem repeats varies between 4 and 5. The 21-bp deletion site is indicated by a hox. The
nonsense mutation (R447X) site is localized just downstream to the 21-bp deletion site.
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Table 3 Frequencies of Haplotypes Defined by the 3 Genotypes

A Haplotype  C (numbers) % (row)  MI (numbers) % (row)
A4BSC+ 20 23 10 1.32
ASBSC+ 2 0.17 5 0.66
ASB4C+ / 0.09 0 0.00
A6BSC+ 2 0.17 2 0.26
A7B5C+ 5 0.43 2 0.26
\ ASBSC+ 3 0.26 $ 1.05
i A9B5C+ 396 33.90 263 34.61
A9B5C- 3 0.26 3 0.39
A9B4C+ 78 6.68 50 6.58
AlOB5C+ 140 11.99 96 12.63
AlOB4C+ 0 0.00 2 0.26
AllIB5C+ 475 40.67 298 39.21
AllB4C+ ] 0.51 1 013
Al2B5C+ 5 0.43 f 0.79
AlZB4C+ 0 0.00 1 0.13
Al4BSC+ 22 1.88 11 1.45
. AISBSC+ 4 0.34 2 0.26
1.168 760
The frequencies of huplotvpes defined by genonvpes 1-3 in the control (C)
B CAG CCC CAG CCC CGA CAG GAA or njr_mcardja! r'rgfar!r]i«m I:‘MU groups are shown. The haplorypes are
Q P Q P R Q E defined as follows: A represents the number of polyghaamine tandem
repeats between 4 and 15 (region A in Fig2); B represents the number of
proline tandem repeats between 4 and 5 (region B): and C+ or - represens
the existence or deletion of the 21-bp nucleotide (region C).
CAG CCC CAG CCC TGA CAG GAA
Q P Q P X 11. Weng L, Kavaslar N, Ustaszewska A, Doelle H, Schackwitz W,

Fig3. MEF2A nonsense mutation R447X in exon 12 in the subject

Hebert §, et al. Lack of MEF2A mutations in coronary artery disease.
J Clin Invest 2005; 115: 1016~1020.
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CLINICAL INVESTIGATIONS

Assessment of Genetic Effects of Polymorphisms
in the MCP-1 Gene on Serum MCP-1 Levels
and Myocardial Infarction in Japanese

Naoharu Twai, MD***; Kazuaki Kajimoto, PhD*; Yoshihiro Kokubo, MD';
Akira Okayama, MD?; Shunichi Miyazaki, MD**; Hiroshi Nonogi, MD**;
Yoichi Goto, MD*#*: Hitonobu Tomoike, MD'

Background Recently, the Framingham Heart Study reported that genetic variations in CCL2 influence serum
levels of monocyte chemoattractant protein-1 (MCP-1) and the incidence of myocardial infarction (MI). The
purpose of the present study was (o investigate the possible involvement of CCL2 in the pathogenesis of athero-
sclerosis and MI in Japanese.

Methods and Results Multiple regression analysis indicated that the MCP-1 levels were significantly influ-
enced by various factors including age, body mass index, smoking, alcohol intake, high density lipoprotein-cho-
lesterol, and systolic blood pressure. Moreover, the serum MCP-1 level was significantly correlated with intima—
media thickness (p<0.0001). However, this association disappeared when other clinical confounding factors
were included in the analyses. Comprehensive analysis of common polymorphisms of CCL2 in a large commu-
nity-based population and in subjects with MI found that the A(=2138)T polymorphism affected the serum
MCP-1 level in a subgroup of subjects 65 years and older. However, no significant differences in the frequencics
of any of the polymorphisms or haplotypes were found between subjects with and without MI. None of the poly-
morphisms in CCL2 affected carotid atherosclerosis.

Conclusions Thc scrum MCP-1 level was a good surrogate marker of atherosclerosis in the present study
population. Although genetic variations in CCL2 may have some influence on MCP-1 production, their influence
does not seem to contribute appreciably to atherosclerosis in Japanese. The present results did not support the
recently published findings from the Framingham Heart Study. The discrepancy between the 2 studies may be
related to differences in confounding factors that contribute to MCP-1 levels and in the haplotype structure of the
2 populations.  (Cire J 2006; 70: 805-809)

Key Words: Atherosclerosis; Epidemiology; Monocyte chemoattractant protein-1; Myocardial infarction;
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Polymorphisms

onocyte chemoattractant protein-1 (MCP-1; gene

M name CCL2) has been suggested to play an im-

portant role in the initiation of atherosclerosis

by recruiting monocytes to sites of injured endothelium.

MCP-1 promotes monocyte differentiation to lipid-laden

macrophages, and also contributes to the proliferation of
arterial smooth muscle cells!—

In various murine models of atherosclerosis, deletion of
CCL2 has resulted in large reductions in atherosclerotic
plaque sized but conversely, overexpression of MCP-1 in
the leukocytes of susceptible mice resulted in increased
plaque size®

Several human epidemiological studies have also sug-
gested links between MCP-1 levels and atherosclerotic
disease’-!V Higher MCP-1 levels have been associated with
increased risks of myocardial infarction (MI), sudden death.
coronary angioplasty, and stent reslenosis. Very recently.
the Framingham Heart Study reported that CCL2 polymor-
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Table 1 Characteristics of the Study Population

Suita Mi p value
n 2,266 342
M (%) 46.0 87.1 <0.0001
Age 63.2(11.0) 57.9(9.9) <0.0001
BMI 228(3.1) 219(2.9) <0.0001
HIN (%) 387 534 <0.0001
DM (%) 94 40.4 <0.0001
TG 107 (71) 125 (69)* 0.0007
i 209 (33) 197 (37)* <0.0001
HDL-C 60 (16) 43(13)* <0.0001
Smoking 16.3 61.1 <0.0001
MCP-1 243 1958)** -
log (MCP-1) 5.23(0.42)%* -
IMT 0.79 (0.13)%** -
MI 3411.5%) 342 (100%)

Values are expressed as mean (SD).
*n=235, ¥*n=2,180, ***n=2,035.
M, myvocardial infarction; M, male subjects; BMI, body mass index
(kg/m?): HTN, hypertensive subjects; DM, diabetes mellius; TG, righycer-
ides (mg/dl); TC, total cholesterol (mg/dl); HDL-C. high density lipopro-
tein cho-lesterol (mg/dl); Smoking, current smokers; MCP-1, sernm MCP-1
level (ng/ml); log (MCP-1), logarithmic transformation of MCP-1 level:
IMT. intima media thickness ().
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Table 2 Probes and Primers in TagMan

[WAI N et al.

. Probe Primer

Polvmorphisms
VIC FAM Forward Reverse

G(-2581)A acagetGieacttte agacagclAfcactiic Ittceacticactiereteacge gactiggecnigeatatatcaga
A(-2138)T creretctaateTgrragrgeat cletctctaatcAgtiaggear cccgaageargacrggariat cclaggecalcicacclearct
A(-1811)G aaarggecAcicealag aalggecGeteeata caaageaggpolcgaghy celgggaclagactigatgictea
C(-972)G cittageigtCrgecear ttagctgiGlgeccatt gectectadeicataaqigactiagec ciclgleclcagealcticcaa
G(-928)C aageaGgeaactagt ceaageacgCaacta tggaagaigcigaggucagaga ggaaacgigtacaagiectccaa
C(7320112)G argagetetntCretret tgagoremGrettet tgaggtatagguagaagedctgg aagcaaaqaggeaggeagga

Table 3 Summary of CCIL.2 Polymorphisms

Polymorphism Sequence Region Mi-AF
G(-2581)A GACAGCT|G/A]TCACTTT Promoter 0.332
G(-2411)C CAAAGCT[G/C]) GGAAGTT Promoter 0.082
A(=-2138)T CACTAAC[T/A]GATTAGA Promoter 0.049
A(-1811)T AATGGCC[A/T]CTCCATA Promoter 0.082
Ci{-972)G TAGCTGT[C/G]TGCCCAT Promoter 0.005
G(-928)C CCAAGCA[G/C]GCAACTA Promuoter 0.049
C(-362)G CGCTTCA[C/GIAGAAAGC Promaoter 0.332
C(7320112)G GCTCTTT[C/G]TCTTCTC Intron) 0.086
T(7320249)C CCTGCTG|T/C]TATAACT Exon2 Cys—>Cys 0.044
C(7320891)T AGACACC[C/T]TGTTTTA Exon3 3-UTR 0.332

Mi-AF (minor allele frequency) was calculated based on the sequencing data of 93 subjects.

phisms are associated with serum MCP-1 levels and MI!!
In genetic association studies, validation in other study
populations is very important to confirm that the observed
cffects are not statistical errors, so the purpose of the
present study was to assess the genetic effects of CCL2
polymorphisms on scrum MCP-1 levels and atherosclerosis
in Japanese subjects.

Methods

Study Population

The selection criteria and design of the Suita study have
been described previously!2-14 The genotypes were deter-
mined in 2,266 subjects (including 34 MT subjects) recruited
from the Suita study between September 2003 and March
2005. Serum MCP-1 levels were measured in 2,180 sub-
jects. The MI group consisted of 342 randomly selected in-
patients and outpatients with documented MI who were
enrolled in the Division of Cardiology at the National Car-
diovascular Center between May 2001 and April 2003!5.16
All the subjects enrolled in the present study gave written
informed consent. The present study was approved by the
Ethics Committee of the National Cardiovascular Center and
by the Committee on Genetic Analysis and Gene Therapy
of the National Cardiovascular Center. The characteristics
of the study population are shown in Table |. Subjects with
systolic blood pressure (SBP) 2140 mmHg, diastolic blood
pressure 290mmHg, and/or who were taking antihyperten-
sive medication were categorized as having hypertension.
Subject with fasting blood glucose 2126 mg/dl, hemoglobin
Alc 26.5%. and/or who were being treated (or diabetes
mellitus was categorized as having the disease.

Fasting serum samples were collected and stored at —80°C.
MCP-1 levels were measured in duplicate with a com-
mercially available ELISA kit (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions.
The inter- and intra-assay variabilities were 6.3% and
6.2, respectively. Because the distribution of serum
MCP-1 levels was skewed. the values were logarithmically

—39-

transformed in the statistical analysis.

The details of the method used for the carotid ultrasonic
examination have been reported previously!* We used a
high-resolution B-mode ultrasonic machine with 7.5-MHz
transducers, which gave an axial resolution of 0.2mm. The
regions between 30 mm proximal from the beginning of the
dilation of the bifurcation bulb and 15 mm distal from the
flow divider of both common carotid arteries (CCAs) were
scanned. All measurements were made at the time of scan-
ning with the instrument’s electronic caliper and were re-
corded as photocopies. The intima—media thickness (IMT)
was measured on a longitudinal scan of the CCA at a point
10mm proximal from the beginning of the dilation of the
bulb.

DNA Study

The promoter (up to —2.8kb) and exons 1, 2, and 3 (in-
cluding 3UTR) regions were sequenced in 93 subjects,
which included the top 12 subjects with high serum MCP-1
levels and the bottom 12 subjects with low serum MCP-1
levels. The sequence primers will be provided on request.
The genotypes were determined by the TagMan method
(Table 2). The success rate of genotyping was greater than
96%.

Statistical Analysis

Values are expressed as mean + standard deviation (SD).
All statistical analyses were performed with the JMP statis-
tical package (SAS Institute Inc, Cary, NC, USA). Multiple
regression analysis was performed to obtain predictors of
the serum MCP-1 level and to assess the contribution of
polymorphisms of CCL2 to the serum MCP-1 level. Multi-
ple logistic analysis was performed to obtain predictors for
MI. Residuals of the serum MCP-1 level and IMT were cal-
culated by adjusting for appropriate confounding factors.
R-square values between polymorphisms and haplotype
frequencies in the control and MI groups were analyzed
using the SNPAlyze Pro statistical package (version 3.2,
Dynacom Inc). A statistical power calculation was per-

Vel. 70, July 2006
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Table 4 Linkage Disequilibrium Among the Polymorphisms of CCL2

G(-2581)A  A(-138]T  A(-18IT  C(-9721G G(-928)C  (C(7320112)G
G(-2581)A
A(=2138)T 0.12356
A(-I1811)T 0.16035 0.00565
C(-972)G 0.02467 0.00086 0.00034
G(-928)C 0.12411 0.00582 0.0008Y
C(7320112)G 0.15605 0.00546 0.00716 0.00108 0.00562

Linkage disequilibrium (LD) among the polymorphisms of CCL2 was calculated from the TagMan data of the Suita subjects. R-square
values between polymorphisms ave shown. Tight LD was observed between the A(-2581)T and G(-928)C polymorphisms.

Table 5 Predictors of Serum MCP-1 Level

Table 6 Predictors of Intima-Media Thickness

807

Predictor t-ratio pvalue Predictor [-rutio p vulue
Age 79 <0.0001 log (MCP-1) 0.13 0.7191
BMI -3.21 0.0014 Age 353.82 <0.0001
SBP 242 0.0155 SBP 29.67 <0.0001
Alcohol 270 0.0067 Sex 3321 <0.0001
Smoking 3.36 0.0008 BMI 3345 <0.0001
HDL-C -2.59 0.0096

Predictors of serum MCP-1 levels were identified by wdtiple regression
analysis (n=2,180). Alcohol, ethanol conswumption per day (g/dav): Smok-
ing, number of cigarettes per dav X vears.

SBP, systolic blood pressure. See Tuble | for other abbreviations.

n=2,034, F=128.197, p<0.0001.
The serum MCP-1 levels were assessed in 2.034 of the 2,035 subjects
assessed by carotid sonography.
See Tables 1,5 for abbreviations.

Table 7 Influence of the Polymorphisms of CCL2 on Serum MCP-1 Level

AA Aa aq p value
G(-2581)A 0.002 (0.399) 0.004 (0.418) —0.020(0.387) 0.692
n 936 961 270
A(-2138)T ~0.006 (0.402) 0.049 (0.436) -0.054(0.211) 0.122(0.052)
n 1,909 253 7
A-1811)T 0.006 (0.407) —0.031 (0.406) —0.079(0.292) 0.268(0.117)
n 1,839 313 13
C(-972)G 0.001 (0.406) 0.045 (0.404) - 0.409
n 2,11 54
G(-928)C —0.006 (0.403) 0.048 (0.430) -0.054(0.211) 0.123(0.052)
n 1,896 262 7
C(7320112)G 0.004 (0.401) -0.013(0.023) —0.163 (0.108) 0.259(0.349)
1,840 31 14
A(-2138)T -0.012 (0.351]) 0.08] (0.462) -0.051 (0.153) 0.0126 (0.0041)
Age 263 yeurs 1,041 154 4
G(-928)C -0.012 (0.351) 0.081 (0.500) —0.051(0.153) 0.0124 10.0040)
Age 265 years 1.035 156 4

Residuals of log (MCP-1) were calculated by adjusting for Age, BMI, SBP. alcohol, smoking, and HDL-C. Values are expressed as
mean (SD). p values calcwlated by grouping AA/Aa + aa are shown in parentheses. The effects of the A(-2138)T and G(-928)C
polymorphisms on the MCP-1 level were more significant in subjects uged 65 years and older.

See Tables 1,3 for abbreviations.

formed with the statistical package SamplcPower (version
2.0, SPSS, Chicago, IL, USA).

Results

Sequence Analysis of CCL2

Sequence analyses in 93 subjects revealed the existence
of 10 polymorphisms (Table 3) of CCL2. The G(-2581)A
was 1n almost complete linkage disequilibrium (LLD) with
the C(-362)G and C(7320891)T polymorphisms. The
A(-1811)G polymorphism was in almost complete LD
with the G(-2411)C polymorphism. Thus, the genotypes
of the C(-362)G, C(7320891)T, and G(-2411)C polymor-
phisms were not determined in the present study. Because
the polymorphism in exon 2 [T(7320249)C] was synony-
mous (Cys—>Cys), this polymorphism was also not deter-
mined in the present study. The genotypes of the remaining

Circulation Joumal  Fol. 70, July 2006

6 polymorphisms were determined by the TagMan method
in a total of 2,570 subjects. The LD values calculated from
R-square values among these SNPs are shown in Table 4.

Clinical Correlates of Serum MCP-1 Level

Multiple regression analysis indicated that the MCP-1
level was significantly influenced by various factors (p<
0.0001, R-square=0.054) including age (p<0.0001). body
mass index (BMT; p=0.0014). smoking (p=0.0008), alcohol
intake (p=0.0067), high-density lipoprotein cholesterol
(p=0.0096), and SBP (p=0.0155) (Table3).

Many studies have reported that the serum MCP-1 level
is an excellent indicator of atherosclerosis and in our study
population the serum MCP-1 level significantly correlated
with IMT (p<0.0001, R-squarc=0.009). However, this asso-
ciation disappeared when other clinical confounding factors
were included in the multiple regression analyses (Table 6).
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Table 8 (CCL2 Polymorphisms and Incidence of MI

MI () M1
P value
AA Au ad AA Au ad
G(-2581)A (%) 946 966 274 149 176 39 0.2857
(43.35) (44.13) (12.52) (40.93) (48.53) (10.71)
A(-2138)T (%) 1,931 250 7 218 45 1 0.8686
(88.25) (11.43) (0.32) (87.36) (12.36) (0.27) [0.6289]
A(=I811T (%) 1,861 314 14 304 36 3 0.3337
(85.02) (14.34) (0.64) (83.29) (15.34) (1.37) [0.3999]
C(-972)G (%) 2,130 34 357 7 0.5548
(97.53) (2.47) (98.08) (1.92)
G(-928)C (%) 1918 259 7 319 45 / 0.9578
(87.82) (11.86) (0.32) (87.40) (12.33) (0.27) j0.8200]
C(7320112)G (%) 1.855 315 4 o2 61 2 0.5229
(84.94) (14.42) (0.64) (82.74) (16.71) (0.55) [0.2850)

Genotype frequencies between subjects with and withour MI are shown. p values calculated by grouping AA/Aa + aa are shown in

square parentheses.

See Tuble | fur ubbreviation.

Table 9 Influence of CCL2 Polymorphisms on IMT

AA Aa ad p value
G(-2581)A ~0.003 (0.104) 0.001 (0.105) 0.006 (0.115) 0.421
n 865 908 255
A(-2138)T 0.000 (0.106) ~0.001 (0.103) 0.065(0.118) 0.319
n 1,784 237 O (0.958)
Al-1811)T 0.000 (0.105) 0.003(0.112) ~0.049 (0.0608) 0.227
n L7I7 294 12 (0.752)
C(-972)G 0.000 (0.106) 0.000(0.113) - 0.964
n 1.970 53
G(-928)C 0.000 (0.106) —0.003 (0.103) 0.065(0.118) 0.291
n 1,771 246 6 (0.802)
C(7320112)G -0.001 (0.106) 0.005 (0.101) 0.039(0.159) 0.275
(0.278)

Residuals of IMT were calculated by adjusting for sex. age, BMI, and SBP. Values are expressed as mean (SD). p values calculated
by grouping AA/Aa + aa are shown in parentheses

See Tables 1.5 for ubbreviations.

Table 10 Haplotype Analysis of the 2 Study Populations

Suita Framingham G(-2581)A  A2138)T  A(-1811)G  G(-928)C C7320112G Mi(-) MI Framingham
Haplol H1 G A A G C 65.2 65.0 270
Haplo2 H4+ HS5 A A A G c 132 10.9 26.9
Haplo3 H6 A A G G ¢ 7.8 9.0 4.2
Haplo4 - A A A G G 75 8.7 -
Haplo5 - A T A [ C 6.1 6.5 -

- H2 A T A G G <0.0/ <0.01 20.3

= Hi A A A C (#5 <0.01 <0.01 18.6

anlr;rwe frequencies in the MI () and MI groups were calculated. Huplotype frequencies reported in the Framingham study are also shown for reference.

See Tuble | for abbrevianon,

Thus, the serum MCP-1 level was only a surrogate marker

of atherosclerosis in the present study population.

Influence af Polymorphisms on Serum MCP-1 Level

Next, we examined the influence of polymorphisms of

Association Study Between CCL2 Polymorphisms and M1
No significant difference was found in the frequencies of
any of the polymorphisms between the cases and controls
(Table 8). Multiple logistic analyses including age and BMI
indicated that none of the polymorphisms contributed to

CCL2 on residuals of the MCP-1 level after adjusting for
the above-mentioned confounding factors (Adj-MCPI1)
(Table 7). Two polymorphisms, A(-2138)T and G(-928)C,
tended to affect Adj-MCP1. The A(-2138)T and G(-928)C
polymorphisms were in tight LD (R-square=0.97084) in
this study population (Table4). Interestingly, the influence
of these polymorphisms on Adj-MCP1 seemed to be exag-
gerated in subjects 65 years and older whose MCP-1 levels
were significantly higher than those of younger subjects.

MI. Moreover, none of them affected IMT after adjusting
lor sex, age, SBP, and BMI (Table 9).

Haplotvpe Analysis

We constructed haplotypes based on the G(-2581)A,
A(=2138)T, A(-1811)T, G(-928)C, and C7320112G poly-
morphisms and identified 5 common haplotypes that
accounted for 99.7% of all haplotypes. The C(—972)G poly-
morphism was not included because of its low frequency.
No significant difference was observed in haplotype fre-
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quencies between subjects with and without MI (Table 8).

The haplotype frequencies reported in the Framingham
study'! were significantly different from those in the pres-
ent study population (Table 10). Although H2 and H3,
which accounted for 20.3% and 18.6%, respectively, in the
Framingham study. were very rare in this study population,
Haplo4 and 5. which were rare in the Framingham study,
Were common.

Discussion

This report describes a comprehensive analysis of the
common polymorphisms of CCL2 in both a large commu-
nity-based population and subjects with MI. No significant
differences in the frequencics of any of the polymorphisins
were found between cases and controls. Moreover, none of
the polymorphisms of CCL2 affected carotid atherosclero-
sis as asscssed by IMT. However, the A(=2136)T and
G(-928)C polymorphisms tended to affect the serum MCP-
1 level. Although genetic variations in CCL2 may have
some influence on MCP-1 production, their does not seem
to contribute appreciably to atherosclerosis in Japanese sub-
jects. Thus, our findings do not support the recently pub-
lished result from the Framingham Heart Study!! that
genetic variations in CCL2 significantly influence serum
MCP-1 levels and the incidence of MI,

There may be several reasons for this discrepancy. The
MCP-1 levels in the Framingham Heart Study were approx-
imaltely 1.4-fold higher than those in the present study
population. Geneltic variation might well have an influence
under a stimulated state. MCP-1 levels are influenced by
various factors, as described in Table5. It is conceivable
that subjects in the Framingham Heart Study may have had
higher MCP-1 levels because of stimulation by atherogenic
factors that may be more prevalent in Caucasians. Indeed,
the influence of genetic variations was more evident in the
present study population when the analysis was limited to
older subjects who had higher MCP-1 levels (Table 7).

In the Framingham Heart Study, the haplotype H2 was
reported to contribute to higher MCP-1 levels. and the
frequency of this haplotype was 20.3%!! It is defined by
the (-2138)T and (77320112)G genotypes, and although
the A(=2138)T and G(7320112)C polymorphisms were
observed in the present study population, the H2 haplotype
was not (p<0.01%). This difference in the haplotype struc-
ture between Caucasians and Japanese might also contrib-
ute to the discrepancy between the 2 studies.

The reported positive association between the A(-2581 T
polymorphism and MI in the Framingham Hcart Study was
based on 1,797 study subjects, including just 107 MI sub-
jects!! which was insufficient statistical power (p<0.50) to
conclude that there was a positive association between the
genotype and MI. Moreover. although the H2 haplotype was
reported to be associated with the serum MCP-1 level, the
H1 haplotype but not the H2 haplotype, was reported to be
associated with ML This inconsistency might also indicate
that the Framingham study had insufficient statistical power.

Although the serum MCP-1 level is an excellent indicator
of atherosclerosis!-1® MCP-1 itself appears (o0 make only a
slight contribution to atherosclerosis (Table6). Thus, it is
unlikely that genetic polymorphisms that may only slightly
influence the serum MCP-1 level will contribute significant-
ly to the occurrence of MI and atherosclerosis. Our present
findings suggest that, although genetic variations in CCL2
may have some influence on MCP-1 production. their influ-
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ence on the incidence of MI is not appreciable in Japanese.
The present study also indicates the importance of clarify-
ing the haplotype structure for comparing genetic associa-
tion studies involving different ethnic backgrounds.
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EXPERIMENTAL INVESTIGATIONS

Mechanisms Underlying Nano-Sized Air-Pollution-
Mediated Progression of Atherosclerosis

—— Carbon Black Causes Cytotoxic Injury/Inflammation
and Inhibits Cell Growth in Vascular Endothelial Cells ——

Hideyuki Yamawaki, PhD; Naoharu Iwai, MD

Background Epidemiological studies indicate a significant link between exposure to environmental air pollu-
tion and mortality and morbidity from ischemic heart discase. Because nanoparticles can translocate into blood
circulation, the present study aimed to clarify their direct effects on human vascular endothelial cells (ECs).
Methods and Results Human umbilical vein ECs (HUVECs) were treated with carbon black (CB), a compo-
nent of diesel exhaust particles, for 24h. CB induced cytotoxic morphological changes such as cytosolic vacuole
formation, cell disorientation and decreased density. Lactate dehydrogenase assay revealed that CB induced
cytotoxic injury in both the cells and plasma membranes. Proliferation assay showed that CB inhibited cell
growth. Monocyte chemoattractant protein-1 but not vascular cell adhesion molecule-1 was induced by CB. CB
reduced the expressions of connexin37 and endothelial nitric oxide (NO) synthase. Microarray analysis revealed
the induction of pro-inflammatory molecules by CB.

Conclusions The present results demonstrate [or the first time that CB directly affects the endothelium,
causing cytotoxic injury, inflammatory responses, and inhibition of cell growth. As EC injury/inflammation and
membrane disintegration are related to the initiation of atherosclerosis, and NO is anti-atherogenic and anti-
thrombogenic, the direct cffects of nanoparticles on ECs may represent one mechanism behind environmental air

Cire J2006; 70: 129-140

pollution-mediated atherosclerosis and ischemic heart disease.  (Circ J 2006; 70: 129-140)

Key Words: Air pollution; Atherosclerosis; Cell death; Endothelium; Inflammation

States and Europe!? modest rises in the mass of

particulate matter (PM) are associated with in-
creases in hospitalizations and mortality because of car-
diovascular diseases. The absolute number of deaths attrib-
utable to PM is much higher for cardiovascular than for
respiratory causes?* Traffic-derived nano-sized particles
are most likely responsible for the cardiovascular effects
because of their larger surface area, potentially leading to
the enhanced biological toxicity?

Several mechanisms have been proposed: for example,
inhaled particles accumulating in the lungs may cause
systemic inflammation via oxidative stress, which mediates
endothelial dysfunction and atherosclerosis!-® The systemic
inflammation may also increase blood coagulability by
activating platelets and coagulation factors such as fibrino-
gen! 6 In addition, some of the cardiovascular effects of PM
involve enhancement of autonomic nervous systems via
pulmonary reflexes, leading to the arrhythmia!-” However,
these mechanisms have not heen precisely examined.

More recently. Nemmar et al demonstrated that nano-
sized particles translocate from the lungs into the blood! 89
and these particles are barely recognized by phagocytosing

!. ccording to epidemiological studies in the United
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cells, such as macrophages, compared with micro-sized
particles? Therefore, because of the low uptake by macro-
phages, nanoparticles appear to be taken up by epithelial or
endothelial cells (ECs) and thus may directly interact with
ECs to induce injury and inflammation, promote throm-
bosis and destabilize atheromatous plaques. However, the
effects on vascular ECs have not been precisely examined
and so the present study focused particularly on the direct
effects of traffic-derived nanoparticles on cultured vascular
ECs in order to explore the cellular mechanisms responsi-
ble for air pollution-mediated cardiovascular diseases. This
study is relevant given that exposure to nano-materials is
rapidly increasing, with benefits to medicine from nano-
technology such as imaging and drug delivery$ 10

Methods

Materials

Carbon black (CB:; The Association of Powder Process
Industry and Engineering, Japan) was suspendéd in culture
medium by sonication and vortexing. CB is a mimetic of
soot-like PM derived [rom the incomplete combustion of
diesel engines. Particle size was measured by a Particle
Size Analyzer (UPA-EX150, Nikkiso, Japan), revealing a
mean diameter£SD of 248.2+161.4nm (50% accumula-
tion, Fig 1). Antibody sources were as follows: eNOS,
VCAM-1, and total actin (Santa Cruz Biotech, CA, USA);
proliferating cell nuclear antigen (PCNA: BD Bioscience,
CA, USA); and connexin37 (Alpha Diagnostica, TX, USA).
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Fig1. Particle size of carbon black suspended in culture medium, (A) Frequency. (B) accumulation.

Cell Culture

Human umbilical vein ECs (HUVECSs) were purchased
from Cascade Biologics and cultured in Medium 200 sup-
plemented with low serum growth supplement (LSGS:
Cascade Biologics, OR, USA) as described previously!!
Cells at passages 3—6 were used for experiments.

Electron Microscopy

HUVECs in 60-mm dishes were fixed in 0.1 mol/L sodi-
um cacodylate-buffered (pH7.4) 2.0% glutaraldehyde solu-
tion at 4°C overnight and postfixed in 0.1 mol/L sodium
cacodylate-buffered (pH7.4) 1% OsO« solution at 4°C for
2h. After dehydration in an ethanol gradient (50-100%
cach 10min), samples were embedded in EPON812 at 60°C
for 2 days. Ultrathin sections (80nm) were stained with
uranyl acetate and lead citrate. Sections were examined in a
JEOL JEM2000EX at 100kV,

Cytotoxicity Assay

The cytotoxicity assay was performed using a CytoTox
96 non-radioactive cylotoxicity assay kit (Promega. WI,
USA) in accordance with the manufacturer’s instructions.
Briefly, after treating HUVECs at approximately 90%
confluence in 6-well plates with CB (1-100/ml) for 24 h.
the culture medium was collected and the level of lactate
dehydrogenase (LDH), a stable cytosolic enzyme that is
released during cell lysis, was measured at absorbance
490nm using a standard 96-well plate recader. Maximal
LDH release was assessed by freeze—thaw lysis of cells,
and cytotoxicity was expressed relative to this maximal
LDH release.

Proliferation Assay

The proliferation assay was performed using a Cell
Counting-8 Kit (Dojindo Laboratories, Japan) according to
the manulacturer’s instructions. Briefly, alter treating
HUVECs at approximately 30% confluence in 12-well
plates with CB (1-100gg/ml) for 24 h, water-soluble tetra-
zolium salt (WST-8) was added for 3h and the culture
medium was collected. Conversion of tetrazolium salt into
formazan by living cells (active mitochondria) was mea-
sured using a standard 96-well plate reader at absorbance
450nm. The total number of living cells was shown rela-
tive o an untreated control sample.

Western Blotting

Western blotting was performed as described previously!?
Proteins were obtained by homogenizing HUVECs with
Triton-based lysis buffer (1% Triton X-100, 20mmol/L
Tris, pH7.4, 150mmol/L NaCl, I mmol/L EDTA, | mmol/L
EGTA, 2.5mmol/L sodium pyrophosphate, | mmol/L j3-
glycerol phosphate, 1 mmol/L NasVOs, 1 g/ml leupeptin,
and 0.1% protease inhibitor mixtre; Nacalai Tesque,
Japan). Protein concentration was determined using the
bicinchoninic acid method (Pierce, IL, USA). Equal
amounts of protcins (15 £g) were scparated by SDS-PAGE
(7.5%) and transferred to a nitrocellulose membrane (Pall
Corporation, MI, USA). After blocking with 5% bovine
serum albumin, membranes were incubated with primary
antibody (1:1,000 dilution) at 4°C overnight, and mem-
brane-bound antibodies were visualized using horseradish
peroxidase-conjugated secondary antibodies (1:10,000
dilution, 1 h) and the ECL system {Amersham Biosciences,
UK). The resulting autoradiograms were analyzed using
NIH Image 1.63 software. Experiments were performed at
least 3 times and equal loading of protein was ensured by
measuring total actin expression.

Quantitative Determination of Monocyte Chemoartractant
Protein (MCP)-1 Release

The MCP-1 protein level was measured using an ELISA
kit (Biosource, CA, USA) in accordance with the manufac-
turer’s instructions. Briefly, after treating HUVECs at
approximately 90% confluence in 6-well plates with CB
(100 zg/ml) for 24 h, the culture medium was collected and
the level of MCP-1 was measured at absorbance 450nm
using a standard 96-well plate reader.

Microarray Analysis

Total RNA was isolated from HUVECS treated with or
without CB (100 zg/ml. 24 h) using RNeasy Kit (QUIAGEN
Inc, CA, USA) according to the manufacturer’s instruc-
tions. Only samples with an A260/A280 between 1.7 and
2.2 (measured in 10mmol/L Tris-HCI, pH7.6) were consid-
ered suitable for use. Hybridization samples were prepared
according to the GeneChip Expression Analysis Technical
Manual, 701021 Rev.5 (Section 2: Eukaryotic Sample and
Array Processing, Chapter 1: Eukaryotic Target Preparation;
http:fiwww.affymetrix.com/support/technical/manuals.affx).

Circulation Journal 170/, 70, January 2006
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Fig2. Representative photomicrographs of human umbilical vein endothelial cells (HUVECS) treated with carbon black
(CB). HUVECs at ~90% confluence were treated with CB (A,E: Ogg/ml; B: 1 gg/ml: C: 104g/ml; D,F: 100 zg/ml) for

24 h. Scale bar: 100 zgm (A-D) and 50 (E,F)

Total RNA (2z&) was amplified for each sample; cRNA
(30g) was fragmented in 40zd of 1xfragmentation buffer.
Hybridization cocktails were made as described in the
GeneChip Expression Analysis Technical Manual, 701021
Rev.5 (Section 2, Chapter 2; Eukaryotic Target Hybridiza-

Cireulation Jowmal - Vol . 70, January 2006

Fig3. Ultrastructural features of
human umbilical vein endothelial cells
(HUVECs) treated with carbon black
(CB). HUVECs were treated without
(A, control) or with 100zg/ml CB (B,
C) for 24 h. Arrows, autophagic vacu-
oles: (*) membranous whorls. N, nucle-
us. Scale bar: 2 gm (A,B) and 500nm
()

tion) and hybridized to Human genome U133 plus2.0 chips
at 60 rpm, 45°C for 16h using the Hybridization Oven 640
110V (Affymetrix 800138). The Human genome U133
plus2.0 chips comprise 54,000 probe sets and provide com-
prehensive coverage of the transcribed human genome on a
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Fig4, Carbon black (CB) induced cytotoxic injury in human umbil-
ical vein endothelial cells (HUVECS) in a dose-dependent manner,

HUVECs at ~90% confluence were treated with CB (1-100 zg/ml) for

24 h. Lactate dehydrogenase (LDH) released into supernatant was
measured and maximal LDH release was assessed by freeze—thaw
lysis of cells. Cytotoxicity was expressed relative to maximal LDH
release (n=6-8)

single array to analyze the expression level of more than
47.000 transcripts and variants, including 38.500 well-char-
acterized human genes plus approximately 6,500 new genes.
GeneChips were stained with streptavidin-phycoerythrin
using the Fluidics Station 450 (Affymetrix 00-0079). After
extensive washing, GeneChips were scanned using a
GeneChip Scanner 3000 (Affymetrix 00-0074) and the data
were analyzed using the GeneChip Operating Soltware
version 1.1 (Affymetrix 690036) according to the GeneChip

Expression Analysis Data Analysis Fundamentals (Chapter

A A

YAMAWAKI H et al

4: First-Order Data Analysis and Data Quality Assessment
and Chapter 5: Statistical Algorithms Reference; http:/www.
affymetrix.com/support/technical/manuals.affx). To allow
comparison, all chips were scaled to a target intensity of
500 based on all probe sets on each chip. Comparison of
the GeneChip array data was obtained using the KURABO
custom analysis services (KURABO Industries Ltd, Osaka,
Japan, the authorized service provider of Affymetrix
Japan K.K.. Tokyo, Japan). Hierarchical cluster analysis
was performed using Avadis Software version 3.3 for
Windows (proprietary product of Strand Genomics Pvt.
Lid. Bangalore, India). Genes that were significantly upreg-
ulated by more than 2-fold (top 89 genes, Table 1, Fig9A)
or downregulated by more than —0.5-fold (top 99 genes,
Table2, Fig9B) in 2 independent cxperiments are summa-
rized.

Statistical Analysis

Data are shown as mean+SEM. Statistical evaluations
were performed using unpaired Student’s t-test and values
of p<0.05 were considered statistically significant.

Results

Effecis of CB on HUVECs

Cytotoxic Morphological Changes To examine the di-
rect effects of environmental air pollution on vascular ECs,
cultured HUVECs were treated with CB (1-100g¢g/ml) for
24h. This induced cytotoxic morphological changes such
as cytosolic vacuole formation. cell disorientation, and

g

Cell number (% of control)
-]
(=]

0 1 10 100
CB (pg/ml, 24 h)

Fig5. Carbon bluck (CB) inhibited cell growth in a dosc-dependent manner. Human umbilical vein endothelial cells

(HUVECS) at ~30% confluence were treated with CB (1-100,/ml) for 24 h. (A) Representative photomicrographs

fCB

for 24h (a: at start; b: 0gg/ml; ¢: 1 gg/ml; d: 10g/ml; e: 100 gg/ml). Scale bar: 100m (B) Total number of living cells
was counted using water-soluble tetrazolium salt (WST-8). Results are shown as percentage relative to control (n=4)

*p<0.05 and **p<0.01 compared with control.
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Fig6. Carbon black (CB) inhibited expression of proliferation
marker in human umbilical vein endothelial cells (HUVECs). After
HUVECs at ~30% confluence were treated with CB (0, 10 or
100 gg/ml) for 24 h, total cell lysates were harvested. (A) Proliferating
cell nuclear antigen (PCNA) expression determined by Western blot-
ting. Equal protein loading was confirmed based on total actin anti-
body. (B) PCNA expression is shown as the fold-change relative to
control (n=7-13), **p<0.01 compared with control.

decreased density in a dose-dependent manner (Fig2A-F).
We next performed an ultrastructural analysis using trans-
mission electron microscopy. The cytoplasm of non-treated
HUVEC:s (control; Fig3A) contained a number of organelles
and small vesicles. It has been reported that in vascular
smooth muscle cells the formation of small vesicles occurs
under normal physiological conditions for the removal of
abnormal proteins and other cytoplasmic macromolecules!?
Treatment of HUVECs with CB (100zg/ml, 24h) caused
extensive vacuolization and internalization of CB (Fig 3B),
mainly within autophagic vacuoles, which contained mem-
branous whorls (Fig 3C). Of note, there were a number of
CB particles less than 100 nm within the vacuoles.
Increased Release of LDH  To quantitatively assess EC
injury by CB, we measured endothelial LDH release, a
marker of cell death and injury of the plasma membrane.
Treatment of HUVECs with CB (1-100zg/ml, 24h) in-
creased LDH release into culwre medium in a dose-depen-
dent manner (Fig4; 5.3+3.1% at 1gg/ml, 12.2+4.2% at
10 2g/ml, and 22.4£5.3% at 100 2&/ml; n=6-8).
Antiproliferative Effects  To examine the effects of CB
on cell growth, HUVECsS at approximately 30% confluence
were treated with CB (1-100zg/ml) for 24h and then the
total number of living cells was measured using WST-8.
HUVECs growth was inhibited in a dose-dependent man-
ner (Fig5A). Quantitative analysis (Fig5B) revealed that

Circulation Joumal V7ol 70, January 2006
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Fig7. Carbon black (CB) increased proinflammatory chemokine but
not leukocyte adhesion molecule in human umbilical vein endothelial
cells (HUVECs). After HUVECs at ~90% confluence were treated
with CB (1-100 zg/ml) for 24 h, (A) culture medium and (B) total cell
lysates were harvested. (A) Monocyte chemoattractant protein (MCP)-
| released into supernatant was measured and its concentration ex-
pressed as pg/ml. **p<0.01 compared with control (n=5). (B) Vascu-
lar cell adhesion molecule (VCAM)-1 expressions determined by
Western blotting. Equal protcin loading was confirmed using total
actin antibody (n=4).

cell growth was significantly inhibited from 28.0+9.3%
(10 g/ml CB, n=4, p<0.05) to 46.7+7.0% (100 tg/ml] CB,
n=4, p<0.01). We next examined the e¢ffects of CB on
the expression ol PCNA, which is specifically expressed
in the S phase of the cell cycle!* Western blotting showed
that PCNA expression was significantly suppressed by
100 £g/ml CB compared with controls (Fig6A.B; 15.0+
3.5% inhibition, n=13, p<0.01).

Increased Level of Pro-Inflammatory Chemokines We
next examined the effects of CB on the expressions of pro-
inflammatory molecules, because in addition to EC injury,
inflammation is another key initiating process for athero-
sclerosis. MCP-1, acting through its receptor CCR2, ap-
pears Lo play an early and important role in the recruitment
of monocytes to atherosclerotic lesions!® and it has been
suggested that the serum concentration of MCP-1 is an
independent risk factor for progression of atherosclerosis!®
CB (1004g/ml, 24 h) significantly increased the production
of MCP-1 in HUVECs (Fig7A, 55.1+14.2 pg/ml in control
vs 366.0+26.0pg/ml in CB, n=5. p<0.01). Vascular cell
adhesion molecule (VCAM)-1 parlicipate in the recruit-
ment of leukocytes by inducing their firm adhesion to the
activated endothelium!” Western blotting revealed that the
expression levels of VCAM-1 were similar between the
controls and CB-treated HUVECs (Fig 7B, n=4).

Suppression of Expressions of Gap Junctions and Endo-
thelial NO Synthase (eNOS) Because impairment of the
membrane permeability of ECs is crucial for the initiation
of atherosclerosis!®!? the effects of CB on the expression
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Table 1 List of Top 89 Probe Sets Upregulated by Carbon Black (CB) Identified on U133 Chips
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Carbon black (CB) inhibited expressions of connexin37 (Cx37) and endothelial nitric oxide synthase (eNOS)
in human umbilical vein endothelial cells (HUVECs). After HUVECs at ~90% confluence were treated with CB (1-
100 gg/ml) for 24 h, total cell lysates were harvested. (A) Cx37 and (B) eNOS expressions were determined by Western
blotting. Equal protein loading was confirmed using total actin antibody. Expression is shown as the fold-change relative
to control (n=4-6 (A) and n=3-5 (B)). *p<0.05 and **p<0.01 compared with control.

Probe set ID

200939 _s_at
201566_x_at
202637 s_at
202638 _s_at
202672 _s_at
202768_ut
202859 x_at
203665 _at
203868 _s5_at
204114_at
204472 _at

204698_ar
204748_at

204802 _ar
204948 s _at
205290 _s_ar
205680 _ar
205822 _s_at
206211 _at
206463 _s_at
206942 _s_at
207148 _x_at
207343 _at
207850_at
209189 _at
209277 _at
209278 _s_at
209419 at
209774 _x_ar
209785 s at
209795_ar
210139 _s_ar

GenBank accession

NM_o12102
DI3891
AT608725
NM_000201
NM_001674
NM_006732
NM_000584
NM_002133
NM_001078
NM_007361
NM_005261
Al300520
NM_006186
NM_002201
NM_000963

NM_004165
NM_013409
NM_001200
NM_002425
NM_002130
NM_000450
NM_005794
NM_002674
NM_016599
NM_020426
NM_002090
BC004490
AL574096
L27624
AB023200
M57731
AF065214
LO7555
L03203

ICAM1
ATF3
FOSB
1.8
HMOX]
VCAM1
NID2
GEM
STCI
NR4A2
18G20
PTGS2

RRAD
FST
BMP2
MMPIO
HMGCS1

C220rf19
CXCL2
PLA2G4C
CD69
PMP22

Gene symbol

Interleukin 8

Nidogen 2 (osteonidogen)

Stanniocalcin 1

Follistatin

Myozenin 2
Lysozyme-like 6

Gene name Ratia 1 Ru,"”' 2
(fold) (fold)
Arginine-glutamic acid dipeptide (RE) repeats 2.08 323
Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein 225 2.39
Intercellular adhesion molecule | (CD54), human rhinovirus recepior 5.29 2,43
Intercellular adhesion molecule 1 (CD54), human rhinavirus receptor 520 5.33
Activaling transcription factor 3 3.02 4.85
FBJ murine vsteosarcoma viral oncogene homolog B 2841 8.97
2.29 2.34
Heme oxygenase (decycling) 1 4.13 231
Vaseular cell udhesion molecule 1 3.96 5.39
2.04 2.20
GTP binding protein overexpressed in skeletal muscle 4.28 4.54
2.57 227
Nuclear receptor subfamily 4, group A, member 2 13.88 4.2
Interferon stimulated gene 20 kDa 176 4.06
Prostaglandin-endoperoxide synthase 2 3.26 2.43
{prostaglandin G/H synthase and cyclooxygenase)
Ras-related assaciated with diabetes 21.54 7.03
391 3.18
Bone morphogenetic protein 2 2.28 2.00
Matrix metalloproteinase 10 (stromelysin 2) 2.79 2.18
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (soluble) 3.11 2.52
Selectin E (endothelial adhesion malecule 1) 9.91 4.16
Dehydrogenase/reductase (SDR family) member 2 33.63 41.57
Pro-melanin-concentrating hormone 7.95 5.09
6.87 2.54
3.62 4.81
Chemokine (C-X-C motif) ligand 3 3.03 2.96
V-fos FBJ murine osteosarcoma viral oncogene homolog 5.57 13.67
Tissue fuctor pathway inhibitor 2 722 4.00
Tissue factor pathway inhibitor 2 5.24 3.25
Chromosome 22 open reading frame 19 4.64 3.04
Chemokine (C-X-C motif) ligund 2 271 2.60
Phosphelipase A2, group IVC (cytosolic, calcium-independent) 2.99 2.98
CD69 antigen (p60, early T-cell activation antigen) 2.03 2:42
2.28 2.07

Peripheral myelin protein 22
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210511 _s_at MI13436 INHBA Inhibin, B A (activin A, activin AB a polypeplide) 237 2.81
210675_s_at uz7917 PTPRR Protein tyrosine phosphatase, receptor type, R 2.18 2.97
211123 _at D87920 SLC5A5 Solute carrier family 5 (sodium iodide symporter), member 5 2.19 2.1
213355 _at AI989567 SIAT10 §T3 B-galactoside a-2,3-siulyltransferase 6 345 2,02
213375 _s_at N809I8 CGUIS 239 213
213782_s5_at BF939176 MYOZ2 Myozenin 2 2.02 3.09
214079 _ar AK000345 DHRS2 Dehydrogenase/reductase (SDR family) member 2 20.09 77.60
214321_at BF440025 NOV Nephrablastoma overexpressed gene 3232 5.05
215430_at AAT57089 GK2 Glycerol kinase 2 6.27 12.75
216598_s_at 569738 CCL2 Chemaokine (C-C morif) ligand 2 533 4.31
217054_at AF007194 MUC3B Mucin 3B 11.59 2.65
217589 _at AW300309 RAB40A RAB40A, member RAS oncogene family 7.51 355
2/9368_at NM_021963 NAPIL2 Nucleosome assembly protein 1-like 2 399 2.12
219468 s_at NM_017949 CUEDC] CUE domain containing | 253 2.1
220014 _at NM_016644 LOCS51334 2.31 24.75
220116_at NM_021614 KCNNZ Potassium intermediate/small conductance calcium-activated channel, 2.75 9.52

subfamily N, member 2
220243 _at NM_014155 HSPC063 BTB (POZ) domain containing 15 3.40 3.93
220266_s_ar NM_004235 KLF4 Kruppel-like factor 4 (gut) 218 364
220542 _s_at NM_016583 PLUNC Palare, lung and nasal epithelium carcinoma associated 218 2.08
221524_s_at AF272036 RRAGD Ras-related GTP binding D 4.80 8.50
221555 _x_at AU14594] CDCI14B CDC 14 cell division cycle 14 homolog B (5. cerevisiae) 3.04 2.05
221750_at BG035985 HMGCS! 3-hydroxy-3-methylglutaryl-Coenzyme A synthase I (soluble) 2.18 2.3
33304 _at 88964 1SG20 Interferon stimulated gene 20 kDa 2.12 2.0/
222486_s_at AF060152 ADAMTS! A disintegrin-like and metalloprotease (reprolysin rype) with 237 2.27

thrombospondin type 1 marif, |
226632_at AL513673 CYGB Cytoglobin 224 2.05
226731 _at AA156873 PELO Pelota hamolog (Drosaphila) 941 4.61
226847 _at BF438173 FST Follistatin 4.32 4.77
226991 _at AA459681 NFATC2 Nuclear factor of activated T-cells, eytoplasmic, calcineurin-dependent 2 3.10 2.04
227140_ar Al343467 INHBA Inhibin, beta A (activin A, activin AB alpha polypeptide) 2.07 217
228038 _ar Al669815 S0X2 SRY (sex determining region ¥)-box 2 223 2,07
230657 _at Al423466 CLOCK Clock homolog (mouse) 229 11.50
230966_at Al859620 NUP62 Nucleoporin 62kDa 6.24 2.46
231042_s_at AAB09487 CAMK2D Calcium/calmodulin-dependent protein kinase (CaM kinase) Il delta 2.97 213
233615_at AUI157698 CGA Glycoprotein hormones, alpha polypeptide 3.83 4.1
235652_at Al431345 SCMLI Sex comb on midleg-like | (Drosophila) 3.24 22.28
237885_at AW589793 Sox21 SRY (sex determining region ¥)-box 21 10.16 12.97
239998 a1 Al990484 ClOorf53 Chromosome 10 open reading frame 53 4.23 2.49
240156_w AA417099 RFX2 Regulatory factor X, 2 (influences HLA class Il expression) S 3.05
240793_at BF224054 TIN Titin 2.60 4.25
242593_a Al833186 KIAAODI43 533 3.38
242792_at AA004487 NFIB Nuclear factor I/B 2.60 2.34
244056_at AW293443 UNQ541 12.21 13.96
244684 _ar Al432340 PGGTIB Protein geranylgeranyltransferase type I, beta subunit 9.05 877
1553157_at AB055703 LHX4 LIM homeobox 4 1117 4.64
1553428_ar NM_173675 FLJ33708 14.17 14.84
1554514 _ar BCO13753 FLI20581 21.23 6.46
1554569_a_at BC036391 CUGBP2 CUG triplet repeat, RNA binding protein 2 2.18 327
1554741 _s_wt AF523265 FLI30435 11.89 2.43
1554804 _a_at BC030524 CLDNI9 Claudin 19 2.05 4.42
1554997 _a_at AY151286 PTGS2 Prostaglandin-endoperoxide synthase 2 4.34 2.94

(prostaglandin G/H synthase and cyclooxygenase)
1556773 _at M31157 PTHLH Parathyroid hormone-like hormone 3.67 2.83
1559121 _s_at Al767566 ARIH2? Ariadne homolog 2 (Drosophila) 2.07 2.36
1561589_a_at AB053319 NBEAL! Neurobeachin-like 1 7.70 2.20
1568589_at AF113014 ClOorf74 Chromosome 10 open reading frame 74 7.61 12.19
1570022_at BC0O38182 Clorfl Chromosome 3 open reading frame | 214 2382

Rativ 1: CBI00,24h-1/Controll; Rativ 2: CB100,24h-2/Control2.

of endothelial gap junctions were examined. CB (100 zg/ml,
24h) significantly inhibited the expression of connexin37
in HUVECs (Fig 8A, 20.8+7.4% inhibition, n=6, p<0.05).
Endothelium-derived nitric oxide (NO) is known (o be ant-
atherogenic and anti-thrombogenic?? and Western blotting
demonstrated that CB (100 g/ml, 24h) significantly sup-
pressed eNOS expression (Fig 8B, 43.4+7.7% inhibilion,
n=5, p<0.01).

Microarray Analysis

We performed the microarray analysis using total RNA
from HUVECs treated without or with CB (100 ze/ml,
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24h). Results from 2 independent samples are summarized
in Tables 1 and 2. Hierarchical cluster analysis of differen-
tially expressed genes is shown in Fig9A.B. The data
showed that several inflammation-related genes. including
ICAMI (intercellular adhesion molecule 1), interleukin 8,
HMOX1 (heme oxygenase 1), VCAM-1, PTGS2 (pros-
taglandin-endoperoxide synthase 2), SELE (selectin E),
and CCL2 (chemokine (C-C motif) ligand 2, also known
as MCP-1), are significantly upregulated by CB (Table1).
Although changes in the gene expression level for MCP-1
(Table 1), eNOS (NOS3, mean ratio (fold)=0.8, data not
shown), and connexin37 (GJA4, mean ratio (fold)=0.8, data
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Table 2 List of Top 99 Probe Sets Downregulated by Carbon Black (CB) Identified on U133 Chips

Probe set 1D GenBank accession  Gene symbol Gene name R;;,'IZ J] R(?::lff )2

203003 _at ALS530331 MEF2D MADS box transcription enhancer factor 2, polypeptide D 0.49 042
(myocyte enhancer factor 2D)

203876_s_at Al761713 MMP11] Matrix metalloproteinase 11 (stromelysin 3) 0.19 0.22
204196 _x_ar NM_004571 PKNOX1 PBX/knotted 1 homeobox 1 045 0.31
205749_at NM_000499 CYPIAI Cytochrome P450, family 1, subfamily A, polypeptide 1 0.02 0.35
206679_at NM_001163 APBAI Amyloid beta (A4) precursor protein-binding, family A, member 1 (X11) 0.3 0.11
207045 _at NM_017667 FLJ20097 037 045
207252_amt NM_003669 INE] Inactivation escape 1 0.33 042
207323 _s_at NM_002385 MBP Myelin basic protein 0.34 047
209047 _at AL518391 AQP1 Aquaporin I (channel-forming integral protein, 28 kDa) 0.07 0.30
209841 _s_at AL442092 LRRN3 Leucine rich repeat neuronal 3 0.15 0.09
211516_at M96651 ILS5RA Interleukin 5 receptor, alpha 0.38 0.36
2711880_x_ar AF152507 PCDHGC3 Protocadherin gamma subfamily C, 3 0.33 0.13
2]3517_at AW[03422 PCBP2 Poly(rC) hinding protein 2 0.41 0.46
213593 _s_at AW978896 TRA2A 0.38 0.47
213948 _x_ar AI564838 IGSF4B Immunoglobulin superfamily, member 48 0.48 0.45
214184_at AWI95837 NPFF Neuropepride FF-amide pepiide precursor 0.30 0.33
215209_at AUI43984 SEC24D SEC24 related gene family, member D (5. cerevisiae) 0.13 0.48
215567 _at AUI44919 Cldorfli] Chromosome 14 vpen reading frame 111 0.20 0.28
2]5786_at AK022170 HBXAP Hepatitis B virus x associated protein 0.39 042
216147_at AL353942 38606 Septin 11 0.20 041
219957 _at NM_017987 RUFY2 RUN and FYVE domain centaining 2 043 0.36
220988 _s_at NM_030945 CIQTNF3 Clq and wumor necrosis factor related protein 3 0.31 0.45
221397 _at NM_023921 TAS2R10 Taste receptor, rype 2, member 10 0.40 0.29
226655_ar BF126274 STX17 Syntaxin 17 0.43 042
227223_at BE466173 RNPC2 RNA-binding region (RNPI, RRM) containing 2 0.48 0.46
228030_ar Al041522 RBM6 RNA binding morif protein 6 0.45 041
228173 _at AA810695 GNAS GNAS complex locus 0.28 0.50
229193 _at AA005430 CROP 0.21 0.44
229365_at BF475372 PPPIR3F Protein phosphatase 1, regulatory (inhibitor) subunit 3F 0.22 0.35
229894 _s_at AI858067 RAB43 RAB43, member RAS oncogene family 0.32 0.43
229996 _s_at BF196224 PCGF5 Polycomb group ring finger 5 0.40 0.35
230562_at R45298 MCPH1 Microcephaly, primary autosomal recessive 0.31 0.08
230609_at BF510429 ENTH 042 0.24
231400_s_at BE219311 TIMM22 Translocase of inner mitochondrial membrane 22 homolog (yeast) 0.48 0.42
232059 _at Al433419 DSCAML] Down syndrome cell adhesion molecule like 1 0.34 0.08
232291 _at AA256157 Cl3orf25 Chromosome 13 open reading frame 25 022 0.36
232757 _at AV705679 MT5S1 Metastasis suppressor 1 023 0.35
233193 _x_ar AK000455 MGC16733 0.34 0.38
233349_at AIROD481 TLK2 Tousled-like kinase 2 0.09 017
233637 at AU 146915 WDR42A WD repeat domain 42A 0.41 0.37
234047 _ar AK024127 SNRP70 Small nuclear ribonuclecprotein 70 kDa polypeptide (RNP untigen) 0.44 0.49
234562_x_at AK000115 CKLFSF§ Chemokine-like factor super family 8 0.27 0.38
234859 _at AL137352 DKFZp434G0625 0.33 0.40
235926_at Al312527 ANAPCS Anaphase promoting complex subunir 5 0.45 0.44
235927 _at BE350122 XPo1 Exportin 1 (CRM1 hemolog, yeast) 0.39 045
236076_at AW241549 LOC257396 0.21 0.04
237305_ar AW450381 CDH2 Cadherin 2, rype 1, N-cadherin (neuronal) 0.47 0.21
237834_at BF062366 SNCAIP Synuclein, o interacting protemn (synphilin) 0.43 0.07
238279 _x_at BF062155 COL4A3BP Collagen, type IV, alpha 3 (Goodpasture antigen) binding protein 0.17 0.46
238513 _at BF905445 PRRG4 Proline rich Gla (G-carboxyglutamic acid) 4 (fransmembrane) 0.02 0.05
238563 _at AV762916 TPRT Truns-prenyltransferase 0.40 0.37
238797 _at BF059582 TRIM11 Tripartite motif-containing 11 0.46 0.34
238982_at AWG65791 DENR Densiry-regulated protein 0.08 0.14
239243_at AA279654 ZNF638 Zinc finger protein 638 0.09 0.12
239441 _at Al359527 LOC284323 0.4 0.33
239448 _at Al475033 SMAD3 SMAD, mothers against DPP homolog 3 (Drosophila) 0.24 0.40
239583 _x_at BG354573 PSG4 Pregnancy specific beta-1-glycoprotein 4 0.49 045
239678 _at AL041224 APIGBPI AP] gamma subunit binding protein 1 0.33 0.43
240008_at Al955765 ARIDIB AT rich interactive domain 1B (SWI1-like) 0.02 0.16
240349 _at AV693202 PRKAA2 Protein kinase, AMP-activated, alpha 2 caralytic subunit 0.49 0.35
240458 _at Al242023 FAM20C Fumily with sequence similarity 20, member C 0.49 0.39
240655_at BES502785 ALCAM Activated leukocyte cell adhesion molecule 0.08 0.46
241027 _at BE858373 OPAl Opric atrophy | (autosomal dominant) 0.20 0.10
241174_ut AV647279 AP4E] Adapror-related protein complex 4, epsilon | subunit 047 0.07
241757 _x_at AA947051 D2LIC 042 0.38
241785 _at AA6I3520 DNAJCI1 Dnal (Hsp40) homolog, subfarmily C, member 11 041 0.08
241977 s_at Al634523 RAB3C RAB3C, member RAS oncogene family 0.38 0.40
242279_at R11494 SDFR1 Stromal cell derived factor receptor 1 0.31 0.20
242343 _x_at H57111 ZNF518 Zinc finger protein 518 041 0.11
242480_ar AAB68356 MYST3 MYST histone acetyltransferase (menocytic leukemia) 3 0.44 0.18
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242805 _at AW081636 CCNC Cvelin C 0.40 0.36
242937 _at AV763408 FOXK2 Forkhead box K2 0.34 0.43
243198 _at AA020920 TEX9 0.27 029
243650_ur Al217992 PLEKHH2 Pleckstrin homology domain containing, family H (with MyTH4 domain) 0.05 0.20

member 2
244778 _x_at N63691 M11S81 Membrane component, chromosome 11, surface marker | 0.44 0.41
244803_at Al335191 YAP YY! associated protein | 0.48 0.41
1552536_at NM_145206 VTIIA Vesicle transport through interaction with 1-SNAREs homolog 1A (yeast) 0.12 0.30
1552621_ar BQ613856 MGCI13098 0.45 0.34
1552935_ar NM_152694 ZCCHCS Zinc finger, CCHC domain containing 5 0.41 0.20
1553145 _at BCO10030 FLJ39653 0.18 035
1553693 _s_at NM_032783 CBR4 0.41 0.39
1554328 _at BC041485 STXBP4 Syntaxin binding protein 4 0.33 0.49
1554707 _at BC034293 CYorf68 Chromosome 9 open reading frame 68 0.34 021
1554960_at BC040018 MGC48998 0.44 0.48
1555878 _at AK094613 RPS24 Ribosomal protein 524 0.39 0.47
1556088 _at AK09849] RIP 0.44 0.28
1556322_a_at AW952920 TiP4 Tight junction protein 4 (peripheral) 0.18 0.38
1557223 _at AK057533 RBPMS RNA binding protein with multiple splicing 0.38 0.33
1557759 _at AW/102805 FLI10241 0.43 0.10
1559063 _at AL355689 C2lorf63 Chromosome 21 open reading frame 63 0.31 0.3]
1559691 _ar BC032767 NDUFS1 NADH dehydrogenase (ubiguinone) Fe-S protein 1, 75 kDa 0.02 0.45
(NADH-coenzyme Q reductase)
1559746_a_at AK096662 FLI90036 0.1l 0.14
1560776_at AUI21725 HIP2 Huntingtin interacting protein 2 0.44 0.43
1561175 _at AK092513 LOC283482 0.08 0.43
1564272_a_at AKO98735 KLHDC! Kelch domain containing 1 0.0 0.19
1564659 _at BC017920 CSorf4 Chromaosome 5 open reading frame 4 0.01 0.04
1568627 _at BC032531 KIAA1387 0.47 0.44
1568782_at BC027851 RP2 Retinitis pigmentosa 2 (X-linked recessive) 0.39 015
15659408 _at BCO16012 EIF2C4 Eukaryotic translation initiation factor 2C, 4 0.07 0.10

Ratio 1: CB100,24h-1/Controll; Ratio 2: CB100,24h-2/Control2.

not shown) were in accordance with those in the protein
cxpression level (Figs 7A,8), that of VCAM-1 (increase,
Table 1) was dissociated from the change in protein expres-
sion (no difference, Fig 7B). Further validation is necessary
by comparing the microarray data with quantitative reverse
iranscriptase-polymerase chain reaction (RNA level)
and/or Weslern blotting (protein level) data.

Discussion

The major findings of the present study are that CB
directly affects vascular ECs, causing cytotoxic injury,
inflammatory responses. and inhibition of cell growth. To
the best of our knowledge, this is the first demonstration of
the direct effects of CB on the vascular endothelium. Novel
aspects of this study include the finding that CB increases
the production of the inflammatory chemokine, MCP-1.,
while it suppresses the expressions of gap junctions and
eNOS in ECs. Although further validation is nccessary,
microarray analysis supports the finding that the expression
of genes related vascular inflammation is upregulated by
CB. Because EC injury, inflammation, and impairment of
membrane integrity are closely related to the initiation of
atherosclerosis!®1? and NO is anti-atherogenic and anti-
thrombogenic:? the direct effects of nano-sized air pollu-
tion on ECs could represent one mechanism by which air
pollution exacerbates atherosclerosis and ischemic heart
discase (THD),

We propose that EC injury is most likely mediated via
the direct physical contact of CB with the cells, including
the internalization of CB and excess autophagic vacuole
formation. Because CB has minimal metallic components?!
it seems unlikely that the effects were mediated by chemi-
cal reactions. In addition to the direct effects of CB, it could
also be possible that the changes were mediated secondari-
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ly via cytokines and/or reactive oxygen species produced
by the injured ECs. There is also a report that examined the
toxic effects of several nano-materials, including metals
(TiOz2, Si0O2, Co, Ni, polyvinyl chloride), on ECs and it
showed that only Co particles had a cytotoxic effect on
ECs2? Thus it seems likely that there are variations in the
effects of nano-particles and that our results could be
specific to CB.

Associations between EC injury/inflammation and the
development ol atherosclerosis are well documented!®19
Injury and/or denudation of ECs triggers the attachment of
leukocytes to the subendothelial region and promotes
transendothelial migration of cells (ie, the EC inflammatory
process), initiating atherosclerosis. Platelets also readily
accumulate where there are injured ECs, which may pro-
mote thrombus formation. Interestingly, our results showed
that MCP-1 (ie, chemokine for leukocytes) but not VCAM-
I (leukocyte adhesion molecules), was induced by CB,
suggesting a specific role of CB in the vascular inflamma-
tory pathways. Impairment of EC growth may be related to
impairment of angiogenesis, the formation of new blood
vessels, from the existing vascular bed. Because angiogen-
esis is important for the maintenance of vascular integrity
in both wound healing and the formation of collateral
vessels in response o tissue ischemia?? the present finding
that CB inhibits EC growth may indicate an association
with the progression of THD,

In addition to EC injury/inflammation and inhibition of
cell growth, we observed that CB suppressed the expres-
sion of connexin37 and eNOS protein in the vascular endo-
thelium. Substantial evidence suggests altered expression
of gap junctions during atherogenesis. Kwak et al demon-
strated in mouse and human atheroma regions that expres-
sion of endothelial connexin37 was suppressed compared
with normal aorta?* Yeh et al2 also reported reduced expres-
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sion of connexin37 in the ECs of hyperlipidemic mouse tion?° and because it inhibits leukocyte adhesion?? and

aorta, and that expression recovered with simvastatin treat-
ment?® ECs apparently have to physically uncouple in
order to allow transendothelial migration of leukocytes. In-
flammatory mediators, such as tumor necrosis factor-¢!2-26
and lipopolysaccharide?” induce leukocyte adhesion mole-
cules such as VCAM-I, but also downregulate connexin37
expression in vascular ECs2%29 The inhibition of con-
nexin37 expression by CB thus seems to be associated with
EC inflammatory process such as adhesion and/or transmi-
gration of leukocytes. Finally, a genetic polymorphism has
been identified in the human connexin37 protein, apparent-
ly representing a prognostic marker lor atherosclerotic
plaque development3?

Impairment of the NO-producing function of ECs is
associated with progression of atherosclerosis and THD via
several mechanisms?!+32 For example, NO is known to in-
hibit platelet aggregation and thus prevent thrombus forma-

smooth muscle proliferation NO is atheroprotective. It has
recently been shown that NO regulates large artery stiffness
by altering smooth muscle tone?S Impairment of the NO-
producing function seems likely to increase cardiovascular
risk factors by enhancing arterial stiffness, because a num-
ber of cardiovascular risk factors, including hypertensiont
and diabetes?’ are associated with increased stiffness of
large arteries. An example of the likely mechanism involves
the induction of isolated systolic hypertension, which pre-
dominantly results from increased stiffness of large arteries,
rather than elevated peripheral vascular resistance. Of note,
it has been reported that EC cytotoxicity caused by organic
compounds in diesel exhaust particles (DEP), including
polyaromatic hydrocarbons, nitroaromatic hydrocarbons,
heterocyclics, quinines, aldehydes and aliphatic hydrocar-
bons, was inhibited by NOS inhibitor, suggesting the in-
volvement of peroxynitrite formation due to the organic
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particles-mediated superoxide production3®

The present study used CB to mimic traffic-derived nano-
particles. Measurement of particle size revealed a mean
diameter of approximately 250 nm (50% accumulation,
Fig1). DEP have a similar volume (mass) distribution?? It
was demonstrated by Nemmar et al that particles less than
100nm in diameter may translocate into the blood circula-
tion®? and recent studies have also demonstrated that such
particles are more toxic to cells, presumably because of
their larger surface area and greater reactivity? Although
the mass distribution of CB <100nm was only 5.6% in our
preparations, the number ol smaller sized CB should be
much higher than larger sized CB, as shown in DEP3 The
ultrastructural evaluation showed a number of particles
<100nm within the autophagic vacuoles, which supports
the concept.

The present study used 1-100zg/ml of CB for in vitro
experiments, Levels of PM (PMzs; particles <2.5m) are
high, especially in the developing countries such as China,
It has been reported that the maximal concentration of
PM25 in Chongging, one of the biggest cities in China, was
666 gg/ml? (daily average)? which indicates that a person
can inhale 9.590 2 of PM25 for 24 h, which is equivalent to
0.8 gg/ml when the extracellular fluid volume is 12L for a
60kg person. Thus it is estimated that the CB dosage used
in the present study is 1-100-fold higher, but we believe
that they are within the pathophysiologic ranges because
(1) although the effects of 100g/ml CB were very strong,
we observed dose-dependent (1-100gg2/ml) effects in the
experiments, and (2) CB is hardly metabolized and cumula-
tively accumulates in EC over time. Inhalation toxicity of
CB, cspecially on the cardiovascular system, needs to be
examined.

In summary, the present study examined the direct effects
of CB on vascular ECs to determine the mechanisms
underlying air pollution-induced increases in atherosclerosis
and THD. We observed CB-mediated cytotoxic, pro-inflam-
matory, and antiproliferative effects, in addition to inhibi-
tion of gap junctions and expression of eNOS proteins,
which could represent a possible mechanism. Further ex-
aminations using blood vessels and animal models are
required to show that traffic-derived nanoparticles have a
key role in air-pollution-induced cardiovascular diseases.
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Yamawaki, Hideyuki, and Nacharu Iwai. Cytotoxicity of water-
soluble fullerene in vascular endothelial cells, Am J Physiol Cell
Physiol 290: C1495-C1502, 2006. First published January 11, 2006;
doi:10.1152/ajpcell.00481.2005.—Nanoscale materials are presently
under development for diagnostic (nanomedicine) and electronic pur-
poses. In contrast to the potential benefits of nanotechnology, the
effects of nanomaterials on human health are poorly understood.
Nanomaterials are known to translocate into the circulation and could
thus directly affect vascular endothelial cells (ECs), causing vascular
injury that might be responsible for the development of atherosclero-
sis. To explore the direct effects of nanomaterials on endothelial
toxicity, human umbilical vein ECs were treated with 1-100 pg/ml
hydroxyl fullerene [Ceo(OH)24; mean diameter, 7.1 = 2.4 nm] for
24 h. Cso(OH)24 induced cytotoxic morphological changes such as
cylosolic vacuole formation and decreased cell density in a dose-
dependent manner. Lactate dehydrogenase assay revealed that a max-
imal dose of Cen(OH)24 (100 pg/ml) induced cytotoxic injury. Pro-
liferation assay also showed that a maximal dose of Cgo(OH)ay
inhibited EC growth. Ceo(OH)24 did not seem to induce apoptosis but
caused the accumulation of polyubiquitinated proteins and facilitated
autophagic cell death. Formation of autophagosomes was confirmed
on the basis of Western blot analysis using a specific marker, light
chain 3 antibody, and electron microscopy. Chronic treatment with
low-dose Cso(OH)z4 (10 pg/ml for 8 days) inhibited cell attachment
and delayed EC growth. In the present study, we have examined, for
the first time, the toxicity of water-soluble fullerenes to ECs. Although
fullerenes changed morphology in a dose-dependent manner, only
maximal doses of fullerenes caused cytotoxic injury and/or death and
inhibited cell growth. EC death seemed to be caused by activation of
ubiquitin-autophagy cell death pathways. Although exposure to nano-
materials appears Lo represent a risk for cardiovascular disorders,
further in vivo validations are necessary.

nanomaterials; ubiquitin proteasome; autophagy; atherosclerosis

THE ADVENT OF NANOSCALE MATERIALS seems (o offer marvel-
ous opportunities for biomedical applications such as ther-
apeutic and diagnostic tools as well as benefits in the fields
of engineering, electronics, and optics (1, 2, 12). Biomedical
applications under development include targeted drug delivery
systems to the brain and cancer tissues and intravascular
nanosensor and nanorobotic devices for imaging and diagnosis.
However, little is known yet regarding the potential adverse
effects or humoral immune responses after the introduction
of such devices or nanoscale particulates into the organism (7,
19, 25).

Several pathways have been proposed for potential exposure
of humans to nanomaterials (19). Whereas inhalation may be
the major route of exposure, ingestion and dermal exposure are
also possible during the manufacture, use, and disposal of
engineered nanomaterials. Furthermore, intravenous, subcuta-
neous, or intramuscular administration is needed for therapeu-

tic and diagnostic applications of nanotechnological devices.
After inhaled nanoparticles are deposited in the respiratory
tract, their small size promotes uptake into cells and transcy-
tosis into the vasculature and lymphatics. Because nanopar-
ticles are barely recognized by phagocytosing cells such as
lung macrophages compared with microsized particles (2),
uptake seems likely to occur via epithelial or endothelial cells
(ECs).

According to epidemiological studies conducted in the
United States and Europe (4, 10), modest increases in the mass
of particulate matter are associated with increased duration of
hospitalization and mortality as a result of cardiovascular
disorders. Traffic-derived nanosized particles are most likely
responsible for these cardiovascular actions, because the larger
surface area per mass potentially leads to enhanced biological
Loxicity (2, 19). Because nanoparticulate air pollution is known
to translocate into the vasculature (17, 18), direct effects of
nanoparticles on the cardiovascular system could be one pos-
sible mechanism explaining these epidemiological findings. In
this context, vascular endothelium could represent a primary
target for nanomaterials after translocation into the circulation.
We thus hypothesized that nanomaterials may directly interact
with ECs to induce endothelial injury or cell death, promote
thrombosis, and destabilize atheromatous plagues. In the
present study, we focused particularly on the direct effects of
fullerenes, one of the major nanomaterials, on endothelial
injury and toxicity, using cultured vascular ECs to explore the
possibilities of cellular toxicity leading to cardiovascular dis-
ease,

MATERIALS AND METHODS

Materials. Hydroxyl fullerene [Cso(OH)24; Tokyo Progress Sys-
tem, Tokyo, Japan] was suspended in culture medium by sonication
and vortexing. Particle size was measured using a particle size
analyzer (model UPA-EX150; Nikkiso, Tokyo, Japan), revealing a
mean * SD diameter of 7.1 = 2.4 nm after filtration (50% mass
accumulation). Antibody sources were as follows: total actin (Santa
Cruz Biotechnology, Santa Cruz, CA), poly(ADP-ribose) polymerase
(PARP; BD Biosciences, San Jose, CA), cleaved caspase-3 (Cell
Signaling Technology, Beverly, MA), and ubiquitin (Chemicon Inter-
national, Temecula, CA). Rabbit PAb against light chain (LC)3 was
kindly provided by Dr. T. Yoshimori (National Institute of Genetics,
Mishima, Japan).

Cell culture. Human umbilical vein ECs (HUVECs) were pur-
chased from Cascade Biologics (Portland, OR) and culwred in Me-
dium 200 supplemented with low-serum growth' supplement (LSGS;
Cascade Biologics) as described previously (30). Cells were used at
passages 3—6 for experiments.

Electron microscopy. Samples were fixed in 0.1 M sodium caco-
dylate-buffered (pH 7.4) 2.0% glutaraldehyde solution at 4°C over-
night and postfixed in 0.1 M sodium cacodylate-buffered (pH 7.4) 1%
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