Nanoparticles and Acherosclerosis

particles-mediated superoxide production?®

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 <100 nm was only 5.6% in our
preparations, the number of 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 1-100zgg/ml of CB for in vitro
experiments, Levels of PM (PMzs; particles <2.5 ¢gm) are
high, especially in the developing countries such as China,
It has been reported that the maximal concentration of
PM25 in Chongqing, one of the biggest cities in China, was
666 cg/ml3 (daily average)!” which indicates that a person
can inhale 9.590 2 of PM2s for 24 h, which is equivalent to
0.8 zg/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 100.g/ml CB were very strong,
we observed dose-dependent (1-100zg/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 IHD. 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 Naoharu 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 (o 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)z4 induced cytotoxic morphological changes such as
cytosolic 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 Ceo(OH)aa
inhibited EC growth. Cesi(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 Ceo(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-
malerials appears o 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-
losis 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
toxicity (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 plaques. 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 (o explore the
possibilities of cellular toxicity leading to cardiovascular dis-
ease.

MATERIALS AND METHODS

Materials. Hydroxyl fullerene [Ceo(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 [nter-
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 cultred 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 micrascopy. 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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C1496 WATER-SOLUBLI
0504 solution at 4°C for 2 h. After dehydration in an ethanol gradient
(50-100% for 10 min each), samples were embedded in EPONS12 a
60°C for 2 days. Ultrathin sections (80 nm) were stained using uranyl
acetate and lead citrate. Sections were examined using an electron
microscope (model JEM2000EX: JEOL, Tokyo, Japan) at 100 kV.

LDH cytotoxicity assay. Cytotoxicity assay was performed using a
CytoTox 96 nonradioactive cytotoxicity assay kit (Promega, Madison,
WI) in accordance with the instructions of the manufacturer. Briefly.
after treating HUVECs at ~90% confluence in six-well plates with
Coo(OH)24 (1-100 pg/ml) for 24 h, culture medium was collected.
Lactate dehydrogenase (LDH), a stable cylosolic enzyme released
during cell lysis, was measured at 490-nm absorbance using a stan-
dard 96-well plate reader. Cytotoxicity was expressed relative to basal
LDH release in untreated control cells.

Proliferation assay. Proliferation assay was performed using a Cell
Counting-8 kit (Dojindo Laboratories, Kumamoto, Japan) according
to the instructions of the manufacturer. Briefly, after treating
HUVECs at ~30% confluence in 12-well plates with Cgo(OH)24
(1-100 pg/ml) for 24 h, water-soluble tetrazolium salt (WST-R8) was
added for 3 h and culture medium was collected. Conversion of
WST-8 into formazan by living cells (active mitochondria) was
measured using a standard 96-well plate reader at 450-nm absorbance.
Total numbers of living cells were compared with untreated control
samples.

Western blot analysis. Western blot analysis was performed as
described previously (29). Proteins were obtained by homogenizing
HUVECs with Triton X-based lysis buffer (1% Triton X-100, 20 mM
Tris, pH 7.4, 150 mM NaCl, 1| mM EDTA, | mM EGTA, 2.5 mM
sodium pyrophosphate, | mM (-glycerol phosphate, 1 mM Na;VO,,

FULLERENE AND ENDOTHELIAL TOXICITY

| pg/ml leupeptin, and 0.1% protease inhibitor mixture; Nacalai
Tesque, Kyoto, Japan). Protein concentration was determined using
the bicinchoninic acid method (Pierce, Rockford, IL). Equal amounts
of proteins (15 pg) were separated by SDS-PAGE (7.5% and 14%)
and transferred onto nitrocellulose membrane (Pall, Ann Arbor, MI)
After being blocked with 3% BSA, membranes were incubated with
primary antibody (1:1,000 dilution) at 4°C overnight and membrane-
bound antibodies were visualized using horseradish peroxidase-con-
jugated secondary antibodies (1:10,000 dilution, 1 h) and the ECL
system (Amersham Biosciences, Little Chalfont, UK). Experiments
were performed three or more times, and equal loading of protein was
ensured by measuring total actin expression.

Activity assay for 208 proteasome. Activity of the 208 proteasome
was determined using the 208 proteasome assay kit (Calbiochem, San
Diego, CA) according to the instructions of the manufacturer. Cells
were lysed in Triton X-based lysis buffer as described above. The
assay mixture contained 178 pl of reaction buffer (25 mM HEPES
and 0.5 mM EDTA, pH 7.6), 10 wl of substrate [10 pM Suc-Leu-
Val-Tyr-7-amino-4-methylcoumarin (AMC)], 2 pl of SDS (0.03%),
and 10 pl of cell lysate (10 g of protein). After incubation for 30 min
at 37°C, the fluorescence of liberated AMC was measured using
excitation and emission wavelengths at 340 and 450 nm, respectively

Microarray analysis. Total RNA was isolated from HUVE
treated with or without Ceo(OH),4 (100 wg/ml, 24 h) using an RNeasy
Kit (Qiagen, Valencia, CA) according to the instructions of the
manufacturer. Only samples with A260/A280 between 1.7 and 2.2
(measured in 10 mM Tris-HCI, pH 7.6) were considered suitable for
use. Hybridization samples were prepared according to the GeneChip
Expression Analysis Technical Manual (701021, Rev. 5, section 2,

Fig. 1.

AJP-Cell Physiol -

VOL 290 -7

Representative photomicrographs of human umbilical vein endothelial cells (HUVECS) treated with hydroxyl fullerene [Coo(OH)z¢]. HUVECs at ~90%
confluence were treated with Ceo(OH)z4 (A and E: 0 pg/ml; B: 1 pg/ml; C: 10 pg/ml; D and F: 100 pg/ml) for 24 h. Scale bars, 50 pm (A-D) and 100 pm
(E and F)
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Fig. 2. Fullerene-induced cytotoxic injury in
f‘é * = HUVECs. HUVECs at ~90% confluence were
= e U reated with Cea(OH)ze (1-100 pg/ml for
% g 2 g S 24 h). Culture medium was then collected. A:
% ; g g lactate dehydrogenase (LLDH) released into the
- 2 = supernatant was measured using a commer-
z3 ] — cially available kit. Cylotoxicity was expressed
B LS : s :
— m Owm relative 1o basal LDH release in controls (n
L o 4-11). B: living cell number was calculated
- ._. l = using water-soluble tetrazolium salt (WST-8)
o 0 1 0 100 0 1 i s n = 3; **P < (.01 vs. controls
Ceo(OH),, (ug/ml) Cyo(OH),, (ng/ml)

“Eukaryotic Sample and Array Processing,”
Target
manuals.affx). Total RNA (2 pg) was amplified for each sample
Next, cRNA (30 ng) was fragmented in 40 pl of 1X fragmentation
buffer. Hybridization cocktails were made as described in the Gene
Chip Expression Analysis Technical Manual (701021, Rev. 5, section
2, chapt. 2, “Eukaryotic Target Hybridization) and hybridized to
human genome U133 plus2.0 chips at 60 rpm and 45°C for 16 h using
the Hybridization Oven 640 110 V (no. 800138; Affymetrix, Santa
Clara, CA). Human genome U133 plus2.0 chips (Affymetrix) com-
prise 54,000 probe sets and provide comprehensive coverage of the

chapt. 1, “Eukaryotic

A

Preparation”; http://www.affymetrix.com/support/technical/

transcribed human genome on a single array to analyze expression
levels of >47,000 transcripts and variants, including 38,500 well-
characterized human genes plus ~6,500 new genes. GeneChips were
stained with streptavidin-phycoerythrin using a Fluidics Station 450
(00-0079; Affymetrix). After being washed extensively, GeneChips
were scanned using a GeneChip Scanner 3000 (00-0074; Affymetrix).
Data were analyzed using GeneChip Operating Software version 1.1
(no. 690036; Affymetrix) according to GeneChip Expression Analysis
Data Analysis Fundamentals (chapt. 4, “First-Order Data Analysis
and Data Quality Assessment™; and chapt. 5, “Statistical Algorithms
Reference”; htip://www.affymetrix.com/support/technical/manuals.

Fig. 3. Fullerene-inhibited cell growth in HUVECs. HUVECs at
photormicrographs are shown (a: Start; b2 0 pg/ml; ¢ 1 wg/ml; d: 10 pg/ml; and e: 100 wg/ml; all for 24 h). Scale bar, 100 wm. B: total number of living cells

was counted using WST-8. Results are shown relative 1o controls, n
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30% confluence were treated with Ceo(OH)2s (1-100 pg/ml) for 24 h. A: representative

6; **P < 0,01 vs. controls
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Fig. 4. Fullerene does not induce apoptosis in HUVECs. After HUVECs at
~90% confluence were treated with 100 pg/ml Ceo(OH)z4 for 24 h, total cell
lysates were harvested. Cleaved caspase-3 (17 kDa; A) and poly(ADP-ribose)
polymerase (PARP; B) expression were determined using Western blot anal-
ysis. Equal protein loading was confirmed using total actin antibody.

affx). To allow comparison, all chips were scaled to a target intensity
of 500 on the basis of all probe sets on each chip. Comparison of
GeneChip array data was obtained using custom analysis services
(Kurabo Industries, Osaka, Japan). Kurabo Industries is the authorized
service provider for Affymetrix Japan (Tokyo, Japan). Genes that
were significantly upregulated (top 100 genes; see Supplemental
Table 1. hup://ajpcell.physiology.org/cgi/content/full/00481.2005/
DC1) or downregulated (top 100 genes; Supplemental Table 2) in two
independent experiments are summarized. Microarray data were de-
posited in the National Center for Biotechnology Information’s Gene
Expression Omnibus (GenBank accession no. GSE3364).

A

Polyubiquitin
Fig. 5. Fullerene treatment induces polyubig- . S
uitination in HUVECs. After HUVECs at
-90% confluence were treated with Ceo(OH)24
(1-100 wg/ml) for 24 h, total cell lysates were
harvested. A: accumulation of polyubiquitin
was determined using Western blot analysis.
Equal protein loading was confirmed using
total actin antibody (n = 8). B: activity of
the 20S proteasome was delermined using a
commercially available kit. Activity of 208
proteasomes was measured on the basis of
fluorescence of liberated amino-4-methyl-
coumnarin (AMC) using excitation and emis-

0110 100 0 1 10 100 1 10 100
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Statistical analysis. Data are means = SE. Statistical evaluations
were performed using an unpaired Student’s r-test. Values of P < 0.05
were considered statistically significant.

RESULTS

Fullerene induces cytotoxic morphological changes in
HUVECs. To examine the direct effects on vascular ECs,
cultured HUVECs were treated with Cgo(OH)24 for 24 h.
Fullerenes (1-100 pg/ml) induced cytotoxic morphological
changes in HUVECs such as vacuole formation in the cytosol
and decreased cell density in a dose-dependent manner (Fig. 1,
A-D). Figure 1, E (Control) and F [100 pg/ml Ceo(OH)a4],
represent low-magnification pictures, and cell density was
clearly decreased after treatment with fullerene.

Fullerene increases release of LDH from HUVECs. To
assess EC injury by fullerene quantitatively, we examined the
effects of fullerenes on endothelial LDH release, a marker of
cell death and injury of the plasma membrane. Although 10
pg/ml Cg(OH)24 showed slight cytotoxic morphological
changes (Fig. 1C), only the maximal concentration of
Cso(OH)24 (100 pg/ml, 24 h, n = 8) significantly increased
LDH release into culture medium (Fig. 24) (LDH increased
24 * 0.2-fold vs. controls, n = 11; P < 0.01). To further
explore the degree of cell injury after fullerene treatment, we
calculated the living cell number using WST-8. A maximal
dose of 100 pg/ml Ceo(OH)24 killed 58.0 = 1.7% of cells (n =
3; P < 0.01 vs. controls) (Fig. 2B).

Fullerene has antiproliferative effects on HUVECs. To ex-
amine the effects of fullerene on cell growth, HUVECs at
~30% confluence were treated with Cgo(OH)24 (1-100 pg/ml)
for 24 h and then the total number of living cells was measured
using WST-8, HUVEC growth was inhibited by Cgo(OH)24 in
a dose-dependent manner (Fig. 34). Quantitative analysis (Fig.
3B) revealed that only the maximal concentration of 100 pg/ml
Cio(OH),4 significantly inhibited cell growth (64.2 = 4.7%,
n = 6; P < 0.01 vs. controls).

Fullerene does not induce apoptosis in HUVECs. We next
examined whether fullerene induces apoptosis in vascular ECs.
Serum starvation but not a maximal dose of Ceo(OH)24 (100
pg/ml, 24 h) induced cleavage of caspase-3 (17 kDa) and
PARP (Fig. 4), which are markers for the activation of the
apoptotic cascade (5, 20). This suggests that fullerene does not
induce apoptosis in HUVECs. Notably, protein bands for both

sion wavelengths at 340 and 450 nm. Results
shown are relative to controls (n = 3),

Cio(OH)24 (ng/mi)

Control

Control  Cyy(OH),,
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caspase-3 and PARP were weak in Cep(OH)24-treated samples.
This finding is consistent with fullerene-treated samples in
other immunoblot analysis experiments, We speculate that this
phenomenon is due to protein degeneration by fullerene.
Fullerene induces accumulation of polyubiquitinated pro-
teins in HUVECs. Because activation of the ubiquitin-protea-
some system represents another death pathway, protein polyu-
biguitination by fullerene was examined. Cgo(OH)z4 (1-100
pg/ml, 24 h, n = B) induced protein polyubiquitination in a
dose-dependent manner (Fig. 54). Proteasome aclivity assay
showed that 100 pg/ml Ceo(OH)a4 (24 h) did not directly
modify it (Fig. 58) (1.09 = 0.27-fold increase vs. controls; n =
3). Proteasome activity in cell lysates was suppressed almost
completely by a proteasome inhibitor, MG132 (1 uM).
Ultrastructural features of HUVECs: fullerene facilitates
autophagic cell death. We next performed ultrastructural anal-
ysis using transmission electron microscopy. The cytoplasm of
untreated HUVECs (control) (Fig. 64) contained small vesi-
cles. In vascular smooth muscle cells, the formation of small
vesicles reportedly occurs under normal physiological condi-
tions to remove abnormal proteins and cytoplasmic macromol-
ecules (15). Treatment of HUVECs with the maximal dose of
Cao(OH)24 (100 pg/ml, 24 h) caused extensive vacuolization
and internalization of fullerene (Fig. 6B). Fullerene aggregates
were observed primarily within autophagosome-like vesicles
(Fig. 6, C and D). To show that vesicles represented autopha-
gosomes, Western blot analysis was performed to detect LC3 11
because conversion of LC3 I (cytosolic isoform) to LC3 11
(membrane-bound form) are frequently used markers for au-
tophagosomes (9, 32). Figure 7 clearly shows that 100 pg/ml
Can(OH)24 (24 h) increased levels of the LC3 II isoform (n = 4).

C1499
LC3 1
LC3 1l
& & > A
0# C#Q. o&db f 0§
actin

Fig. 7. Fullerene induced the formation of autophagosomes in HUVECs. After
HUVECs at ~90% confluence were treated with 100 pg/ml Ceo{OH)a4 for
24 h, total cell lysates were harvested. Autophagosomes were detected using
Western blot analysis with light chain (LC)3 antibody (n = 4). Top band
represents cytosolic LC3 1, and bottom band represents membrane-bound LC3
II, a typical marker for autophagosomes. Equal protein loading was confirmed
using total actin antibody.

Chronic effects of low-dose fullerene on EC toxicity. We
examined the chronic effects of low concentrations of
Ceo(OH)24 (1-10 pg/ml, up to 10 days) on EC toxicity. During
this time, cells were subcultured three times (passages 3-6).
Media containing fullerene were changed every 2 days.
Chronic treatment with 1 pg/ml Ceo(OH)24 for 10 days had no
significant effects on EC toxicity (data not shown). Figure 8
shows the morphological features of HUVECs treated without
(control) or with 10 pg/ml Cgo(OH)a4. Fullerene was treated
soon after splitting cells from passages 3 to 4. On day 2, both
control and fullerene-treated cells reached subconfluence, but
fullerene-treated cells showed clear morphological changes
such as cytosolic vacuole formation and spindlelike cell shape.

Fig. 6. Ultrastructural features of HUVECs
treated with Cego(OH)2s. HUVECs were
treated without (A; control) or with 100
pg/ml Cea(OH)a4 (B-D) for 24 h, N, nucleus.
Armrows indicate vacuoles with phagocytotic
function. Scale bars, 2 pm (A and B) and 500
nm (C and D).
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Fig. 8. Chronic effects of low-dose fullerene on HUVECs. HUVECSs were treated without (Control

entauve morphological features are shown. Scale bar

After the second passage, control cells reached confluence
within 4 days. In contrast, the attachment of cells (day 3) was
bad in fullerene-treated groups and cell growth speed was
slow. On day 8, fullerene-treated cells reached confluence, but
the shapes of the cells were bad (spindlelike) and vacuole
formation was commonly observed, suggesting the possibility
that fullerene-resistant types of cells survived and increased.

Microarray analysis. Finally, microarray analysis was per-
formed using total RNA from HUVECs treated with the
maximal dose of Cea(OH)24 (100 pg/ml, 24 h). Results from 2
independent samples are summarized in Supplemental Tables 1
and 2. Of note, although these were not top 100 genes, several
genes related to the ubiquitin-proteasome system were signif-
icantly upregulated by fullerene [HECT (a COOH-terminal
catalytic homologous to E6-AP-COOH terminus domain), C2,
and WW domain containing E3 ubiquitin protein ligase 2
(ratio, 2.3 to 1), ubiquitin-specific protease 31 (ratio, 1.7 to 1),
ubiquitin-specific protease 32 (ratio, 1.7 to 1), and ubiquitin-
conjugating enzyme E2 (ratio, 1.5 to 1)].

DISCUSSION

The major findings of the present study are that water-
soluble fullerene directly affects vascular ECs to cause cyto-
toxic injury or cell death and inhibition of cell growth. To the
best of our knowledge. this study provides the first demonstra-
tion of the direct effects of water-soluble fullerene on vascular
endothelium. In other human cells, including dermal fibro-
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blasts, liver carcinoma cells (HepG2), neuronal astrocytes, and
T-lymphocytes (Jurkat cells), recent reports have noted that
water-soluble fullerene shows cytotoxic effects, presumably
via production of reactive oxygen species (22, 24). Notably,
several types of water-soluble fullerene derivatives are avail-
able [e.g., hydroxyl fullerene used herein, dendritic Cgy mono-
adduct (22), malonic acid Cep (22) and nano-Ceo (24) (basi-
cally pristine Cgo)]. and cytotoxicity to cells varies depending
on the fullerene subtype used, presumably because of surfac-
tant chemistry, including a balance between hydrophobicity
and hydrophilicity (3).

Some novel mechanistic insights of this study are that
fullerene causes EC injury or cell death by increasing the
accumulation of polyubiquitinated proteins in the cytosol and
facilitating excessive autophagic cell death. EC injury and
death are closely related to the initiation of atherosclerosis (14,
23). Furthermore, through nitric oxide production, ECs offer
important protective functions against ischemic heart disease,
including myocardial infarction, by inhibiting platelet aggre-
gation (16) and lowering blood pressure (27). We thus propose
that exposure to nanomaterials is a potential risk for cardio-
vascular disease, including atherosclerosis and ischemic
heart disease. However, because quantitatively significant
EC toxicity from water-soluble fullerene was observed only at
high dosage, further validations (particularly in vivo) are needed.

We recently found that carbon black (CB), a chemically
inert carbon nanoparticle present in diesel exhaust particles
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(13), shows endothelial cytotoxicity by mechanisms different
from those of fullerene (31). Specifically, microarray analysis
revealed that CB stimulated the induction of several proinflam-
matory mediators, including E-selectin, ICAM-I, IL-8, heme
oxygenase-1, and prostaglandin endoperoxide synthase 2.
However, such effects were not observed in fullerene-stimu-
lated ECs. Furthermore, CB did not cause accumulation of
polyubiquitinated proteins in ECs. Although the underlying
mechanisms remain unclear, our findings indicate that the
results reported herein could be specific to fullerene. Another
report (21) examined the effects of several nanomaterials,
including metals (TiO,, Si0O, Co, Ni, polyvinyl chloride), on
endothelial toxicity. The report showed that only Co®* parti-
cles possessed cytotoxic effects on ECs, supporting the concept
that cytotoxicity varies among different nanoparticles.

Several pathways lead to cell death (6). Two major types of
programmed cell death have been distinguished: the caspase-
mediated process of apoptosis and the caspase-independent
process involving autophagy.

In the present study, we found that exposure to fullerene did
not induce cleavage of caspase-3 or PARP, which are the
hallmarks of apoptosis (5, 20). Furthermore, no clear chroma-
tin condensation was apparent in the nuclei (Fig. 6B). The
present results thus indicate that the induction of apoptosis
does not seem to be responsible for fullerene-induced cell
death and/or injury.

Conversely, fullerene markedly increased the accumulation
of polyubiquitinated proteins (Fig. 5A). Normally, under phys-
iological conditions, cells degrade ubiquitinated proteins using
208 proteasomes. Fullerene does not seem o modify protea-
some activity directly (Fig. 5B). Ultrastructural analysis re-
vealed the excess formation of phagosome-like vesicles in the
cytosol (Fig. 6B). Vesicles have been determined to be auto-
phagosomes on the basis of Western blot analysis using spe-
cific marker LC3 II (9, 32) (Fig. 7). Similarly, the formation of
phagosomes was observed after treating alveolar macrophages
with single-wall and multiwall carbon nanotubes (8). Autoph-
agy (type II programmed death) is known to be an alternative
pathway to exclude unnecessary proteins and cellular or-
ganelles. We thus propose that accumulation of ubiguitinated
proteins and abnormal activation of an autophagic death path-
way could be responsible at least for cell death or injury caused
by water-soluble fullerene.

EC injury and/or death appears to represent a primary
mechanism for the initiation of atherosclerosis (14, 23). Injury
and/or denudation of ECs trigger the attachment of leukocyltes
to the subendothelial region and promote transendothelial mi-
gration of cells, allowing the initiation of atherosclerosis. EC
injury also leads to the loss of beneficial functions, including
antithrombogenic and blood pressure-lowering functions via
nitric oxide, which leads to the progression of ischemic heart
disease, including myocardial infarction. In addition to cell
death and injury, fullerene also inhibited EC growth. Impair-
ment of EC growth may be related to impairment of angiogen-
esis. Because angiogenesis is crucial to the maintenance of
vascular integrity by forming collateral vessels in response to
tissue ischemia (11), fullerene inhibition of EC growth may be
related to the progression of ischemic heart disease. Collec-
tively, the present findings support the concept that exposure to
fullerene could be a risk for atherosclerosis and ischemic heart
disease.

C1501

The present study used 1-100 pg/ml fullerene concentra-
tions for in vitro experiments. The pathophysiological concen-
trations of fullerene are barely known. In addition to engi-
neered nanomaterials, traffic-derived nanoparticles are known
to represent a risk for cardiovascular disorders, including
atherosclerosis and ischemic heart disease (2, 4). The maximal
concentration of particulate matter <<2.5 wm in Chongging,
one of the biggest cilies in China, was ~700 pg/m® (daily
average) (26), indicating that an individual could inhale
~10,000 pg of particulate matter during the course of 24 h
there. This value is equivalent to ~1 pg/ml when the extra-
cellular fluid volume is 12 L in a 60-kg person. The fullerene
dosage used in this study was up to 100-fold higher than this
level.

The kinetics of water-soluble fullerene in vivo have not yet
been completely determined. Normally, inhaled microparticles
are cleaned off by alveolar macrophages via phagocytosis.
However, this is not applicable to nanoparticles (2, 19), which
appear to translocate to extrapulmonary sites via blood and
lymph and thus reach other tissues (19). Using radiolabeled
water-soluble fullerene administered intravenously to rats,
Yamago et al. (28) demonstrated that most fullerenes moved
rapidly to the liver (within 1 h) and then were distributed to
various other tissues, including spleen, lung, kidney, heart, and
brain, Extraction seems slow, and >90% was retained in the
body 1 wk later, raising concern about chronic toxic effects.
Although we could not clearly observe EC cytotoxicity after
acute treatment with low-dose fullerene (10 pg/ml, 24 h),
treatment for 8 days seems to enhance toxicity (Fig. 8). The
effects of chronic exposure to low-dose fullerene in vivo need
o be examined, particularly with regard to the cardiovascular
system.

In summary, in the present study, we examined the direct
effects of water-soluble fullerene on vascular endothelial cells
to explore the potential toxicity of fullerene in humans, espe-
cially regarding the cardiovascular systems. We found that
fullerene causes cytotoxic injury or cell death in vascular ECs,
indicating that exposure to fullerene could represent a risk for
atherosclerosis and ischemic heart disease. Because cytotoxic-
ity by water-soluble fullerene occurs only at high doses, further
validation experiments using blood vessels and animal models
are warranted.
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Abstract

Objectives: Nanomaterials have numerous potential benefits for society, but the effects of
nanomaterials on human health are poorly understood. In this study, we aim to determine the
genotoxic effects of chronic exposure to nanomaterials in various cell lines.

Methods: Chinese hamster ovary (CHO) cells, human epidermoid-like carcinoma (Hela) cells and
human embryonic kidney 293 (HEK293) cells were treated with the water-soluble fullerene C,(OH),,
for 33-80 days. Cell proliferation, cytotoxic analysis and micronucleus tests were performed.

Results: When treated with Cg(OH),, (0, 10, 100, or 1000 pg/ml) for 33 days, both the HEK293
and Hela cells showed increased cell proliferation, but cellular lactate dehydrogenase (LDH) activity
was not affected. After long-term exposure (80 days) to C,,(OH),, (0, 10, 100, or 1000 pg/ml), the CHO,
Hela and HEK293 cells showed increased genotoxicity on the micronucleus test,

Conclusion: This study suggests that nanomaterials, such as C,(OH),,, have genotoxic effects.

Key words: water-soluble fullerene, genotoxicity, micronucleus test

Introduction

Environmental health studies have focused on the relation-
ship between health outcome and ambient levels of PM10 and
PM2.5, which are particles having aerodynamic diameters <10
and 2.5 pm, respectively. Recently, however, epidemiological
studies have begun focusing on ultrafine particles (UFPs)
having a diameter of <100 nm, which are abundant but account
for a small proportion of total particle mass. UFPs are important
with regard to adverse health effects due to their high alveolar
deposition fraction (1-3).

Biomedical applications under development include tar-
geted drug delivery systems for brain and tumor tissues, as well
as intravascular nanosensor and nanorobotic devices for imag-
ing and diagnosis. However, the potential adverse effects or
humeral response following the introduction of nanomaterials
into an organism remain unknown (4-6). After inhaled nano-
materials are deposited in the respiratory tract, their small size
allows cellular uptake and transcytosis into the vascular and
lymphatic systems.
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Our experiments have demonstrated that both carbon black
(CB) and water-soluble fullerene [C,(OH),.] exhibit cytotoxic-
ities, such as decreased cell density and cell growth, and that
CB facilitates autophagic cell death in human umbilical vein
endothelial cells. Furthermore, CB and C,,(OH),, up-regulate the
expression of inflammation- and ubiquitin-proteasome-related
genes, indicating that exposure to CB or C,(OH),, represents a
risk of atherosclerosis and ischemic heart disease (7, 8).

The results of epidemiologic and animal studies have
suggested that exposure to nanoparticles plays roles in cardio-
vascular diseases such as atherosclerosis and myocardial infarc-
tion (2, 3, 9-12), and in genetic damage to cells or tissues (13—
16). However, how exposure to airborne particulate matter
induces genetic changes in germ lines or tissues is poorly
understood. The small size of nanoparticles may allow them to
be inhaled into the respiratory system, where they can pass
into the bloodstream, ultimately reaching the germ lines. Nano-
materials then have the potential to adversely affect these cells.

Nanomaterial cytotoxicity in cells varies with chemical
characteristics and surface properties, including hydrohobicity,
hydrophilicity, and surface area per molecule (1, 5). Experimen-
tal studies have shown that C,(OH),, may stimulate reactive
oxygen species production in cells or tissues, and may inhibit
cell proliferation or induce cell death (14). In contrast, other
experimental studies have shown that C, (OH),, may scavenge
produced reactive oxygen species, and inhibit cell proliferation
(17). The aim of the this study is to investigate the cytotoxic

—46 -



Environ. Health Prev. Med.

and genotoxic effects of long-term exposure to Cy(OH),, in
cultured cells. In particular, we focused on genotoxicity in germ
cell [Chinese hamster ovary (CHO) cells: short G1 phase],
somatic cell [human embryonic kidney 293 (HEK293) cells],
and adult cell [human epidermoid-like carcinoma cells (Hela)
cells: long period of G1 phase] models.

Materials and Methods

Materials

Hydroxyl fullerene {C,(OH),,; Tokyo Progress System,
Tokyo, Japan} was used as described (7, 8), and its diameter
was 7.142.4 nm.

Cell culture

All cell lines (CHO, Hela, HEK293) were obtained from
Dainippon Seiyaku (Osaka, Japan) and were cultured in DMEM
with 10% fetal bovine serum (Hyclone, Utah, USA). In ex-
periments, cells were cultured in DMEM with 2% FBS and
sonicated C(OH),, (0, 10, 100, or 1000 pg/ml or 20, 100
ng/ml). Cells were passaged every 3-4 days. Representative
photomicrographs of CHO, Hela and HEK293 cells treated with
Cg(OH),, had taken. CHO, Hela and HEK293 cells at ~30%
confluence were treated with C,(OH),, (0, 20, or 100 ng/ml)
for 3 or 6 days.

LDH assay

Lactate dehydrogenase (LDH) activity was analyzed using
a CytoTox 96 nonradioactive cytotoxicity assay kit (Promega,
Madison, WI) in accordance with the manufacturer’s protocols,
Cells at 50-60% confluence were treated with Cy,(OH),, for 33
days. LDH activity in the culture medium was evaluated on
the basis of absorbance at 490 nm using a microplate reader
(ARVO; PerkinElmer, Japan). Cytotoxicity was expressed
relative to basal LDH release rate in untreated cells.

Proliferation assay

Cell proliferation assay was performed using a Cell
Counting-8 kit (Dojindo laboratories, Kumamoto, Japan) in
accordance with the manufacturer’s protocols. Cells were cul-
tured in 12-well plates and treated with C,,(OH),, (0, 10, 100,
or 1000 pg/ml) for 33 days. An assay solution was added in
each well, and after incubating for 3 h, the media were
transferred to 96-well plates. Cell growth was measured on
the basis of absorbance at 450 nm using an ARVO microplate
reader.

Micronucleus test

A micronucleus test was performed in accordance with the
method of Matsushima et al. (18), with slight modifications.
Cells were cultured in six-well plates for 24 h, and then exposed
to Cy(OH),, (0, 10, 100, or 1000 pg/ml) for 80 days. After
exposure to Cy(OH),,. the cells were washed 3 times with PBS,
and suspended in a hypotonic solution (75 mM KCI) for 10 min
at room temperature. The cells were then resuspended in cold
methanol containing 25% acetic acid, After fixation, the cells
were then suspended in methanol containing 1% acetic acid and
spotted onto a glass slide. The cells were then air-dried and

Genotoxicity in Cell Lines Induced by Water-Soluble Fullerenes

mounted with 4',6-diamido-2-phenyindole dilactate (DAPI)-
containing medium. The nucleus was observed under a fluoro-
metry microscope at 200x magnification. The number of micro-
nucleated cells per 1000 cells was determined.

Statistical analysis

Data are presented as meantSEM. Statistical evaluation
was performed using an unpaired Student’s t test. p values of
<0.05 were considered to be statistically significant.

Results

We first analyzed the acute effects of exposure to relatively
high doses of Cy,(OH),, (0, 20, and 100 ng/ml) on cells by
treating CHO, Hela and HEK293 cells with Cg,(OH),, for 3
or 6 days (Fig. 1). The numbers of CHO and HEK293 cells
decreased significantly in a dose-dependent manner, but the
number of Hela cells did not significantly change for the 3-
day exposure. The cytotoxic effects of Cy,(OH),, in CHO and
HEK293 cells were suppressed after 6 days; Hela cells
exhibited a significantly decreased cell growth rate in a dose-
dependent manner. We believe that C,(OH),,-sensitive cells
died within 3 days, but C,,(OH),,-resistant CHO and HEK293
cells were able to survive for 6 days. In contrast, CHO and
HEK293 cells were more sensitive to ng/ml doses of C,,(OH),,
than Hela cells.

To analyze the effects of very low doses of Cy(OH),,
(0, 10, 100, and 1000 pg/ml), we investigated cell proliferation
rate, cytotoxicity, and mitogenic effects in the three cell lines.
After C,(OH),, exposure for 33 days, the cell proliferation
rates of HEK293 (peak, 1.3 fold) and Hela (peak, 2.0 fold) cells
significantly increased in a dose-dependent manner (Fig. 2a).
Moreover, cytotoxic effects were not observed, rather than
suppressed in Hela cells under this condition (Fig. 2b). In
addition, cell morphology did not change after C,(OH),,
exposure for 33 days (data not shown). These results suggest
that C;,(OH),, has mitogenic rather than cytotoxic effects with
long-term exposure at very low concentrations. Hela cells were
more sensitive to Cy(OH),, than HEK293 cells with regard to
cell growth efficiency. These results may differ owing to the
cell cycle period; the G1 phase period of CHO and HEK293
cells is shorter than that of Hela cells. We hypothesized that if
nanomaterials have mitogenic activity when cells are chroni-
cally exposed to C,(OH),,, abnormal nuclei such as micro-
nuclei would be observed. After treating the cells with very
low doses of C,(OH),, for 80 days, the number of micronuclei
that were stained with DAPI were determined (Fig. 3, arrow-
heads). The number of micronuclei was significantly higher
after exposure to C,(OH),, for 80 days than control (Fig. 4).
The ratio (%) of cells with micronuclei was also significantly
high in CHO, Hela and HEK293 cells. CHO and HEK293 cells
were more sensitive to Cy(OH),, than Hela cells in terms of
the ratio of cells with micronuclei.

These results demonstrate that the effects of nanomateri-
als, such as Cg(OH),,, which may have toxic, mitogenic, or
mutagenetic activity, may contribute to cardiovascular diseases
as well as other diseases such as cancer.
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Cell proliferation (fold)
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CHO HEK293 Hela

Fig. 1 Representative photomicrographs of CHO, Hela and HEK293 cells treated with C,,(OH),,. CHO, Hela and HEK293 cells at ~30%
confluence were treated with C,(OH),, (0, 20, 100 ng/ml) for 3 or 6 days (upper panels). Cell number was calculated using 2 hemocytometer
(n=4). Results are shown relative to those of controls (lower panel). * p<0.02, ** p<0.03, * p<0.05.
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Fig. 2 C,(OH),-induced cell growth in dose-dependent manner. HEK293 and Hela cells at ~30% confluence were treated with C(OH),,
(0-1000 pg/ml) for 33 days. (a) The number of cells was determined using water-soluble tetrazolium salt (WST-8). (b) C,,(OH),, did not induce
cytotoxic injury in HEK293 or Hela cells. Cells at ~30% confluence were treated with Cy(OH),, (0-1000 pg/ml) for 33 days. The amount of
lactate dehydrogenase released into culture medium was measured. Cytotoxicity was calculated as the fold-change relative to that of the controls
(n=4). Results are shown relative to those of the controls. p values indicate significance.
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HEK293

0 ng/ml
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Fig. 3 The number of cells with micronuclei among HEK293 cells exposed to C,(OH),, (0 or 10 pg/ml) for 80 days was elevated.
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Fig. 4 Formation of micronuclei (%) in CHO, Hela and HEK293 cells after treatment with different concentrations of C,,(OH),, for

80 days. p values indicate significance,

Discussion

The aim of this study is to clarify effects of chronic
exposure to very low doses of nanomaterials, such as C ,(OH),,,
particularly with regard to genotoxicity in vifro. There is no
evidence that pg/ml doses of C,(OH),, have oncogenic or
antioncogenic activity. Short-term exposure to relatively high
doses of C,(OH),, in the ng/ml range may induce antionco-
genic functions, such as cell growth suppression (Fig. 1);
however, long-term exposure to pg/ml doses of C(OH),, may
induce cell growth (Fig. 2a). Recent studies have shown that
ng/ml doses of C,(OH),, have antioncogenic activity in various
cancer cell lines (4, 19). In contrast, very low concentrations of
C4(OH),, are able to stimulate micronucleus production after
long-term exposure. In this study, the cells (CHO, Hela, and
HEK293) probably experienced DNA damage via an unknown
mechanism (Fig. 4).

We believe that micronucleus generation caused by
C4(OH),, is not the result of chromosomal DNA damage by

genotoxic molecules, such as reactive oxygen species, but is
rather due to unsuccessful chromosomal DNA division during
cell division during the M phase (20-22). Indeed, micronucleus
production is thought to be caused when one daughter cell
becomes trisomic and the other monosomic owing to aberrant
segregation.

1

greg The lagging chromosome may then form a micro-
cleus.

nu Micronuclei can contain an entire chromosome that
lags at mitosis or chromosome fragments that are not incorpo-
rated into daughter nuclei during cell division owing to kineto-
chore dysfunction. In addition, LDH activity was suppressed
depending on the concentration of C,(OH),, in culture medium

(Fig. 2b). This shows that C,(OH),, may scavenge reactive

species, and protect inst cell death. Fullerene

oxygen species, such as O, and nitric oxide (17). On the basis
of these results, reactive oxygen species were determined not to
be involved in micronucleus generation in these experiments.
C.(OH),,

w) organic solvents, such as toluene. We analyzed the cytotoxic

We used comme containing about 2% (w/
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effects of a 3-week exposure to toluene in cultured cells. At 2%,
toluene did not exert any cytotoxic effects on cells (data not
shown). We thus believe that C,,(OH),, stimulated a signaling
pathway that influenced cell division, particularly during the
period between the G2 phase and the M phase.

The results of other experiments suggest that although
Cso(OH),, was used at more than 100-fold higher concentra-
tions, both CB and C,(OH),, induce nonapoptotic cell death
mediated by the accumulation of polyubiquitinated proteins in
antophagosomes, and the expression of inflammatory genes
(MCP-1, ICAM-1, and E-cadhelin) or ubiquitin-proteasome
system genes [HECT (a COOH-terminal catalytic homologous
to E6-AP-COOH), C2- and WW-domain-containing E3 ubiquitin
protein ligase 2, ubiquitin-specific protease 31, ubiquitin-specific
protease 32 and ubiquitin-conjugating enzyme E2] in human
umbilical vein cells (7, 8). Furthermore, we demonstrated that
CB and Cy(OH),, facilitate the uptake of oxidized LDL in
macrophages to form foam like cells and induce the expression
of the oxidized LDL receptor LOX-1 (in submission).

The kinetics of nanomaterials in vivo have not yet been
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Characterization of Subclinical Thyroid Dysfunction
From Cardiovascular and Metabolic Viewpoints
—— The Suita Study ——

Naoyuki Takashima, MD; Yasuharu Niwa, PhD; Toshifumi Mannami, MD#*-#%;
Hitonobu Tomoike, MD*; Nacharu Iwai, MD

Background Subclinical hypothyroidism, defined as high serum thyroid-stimulating hormone (TSH) levels
and normal serum free-triiodothyronine (fT3) and serum free-thyroxine (fT4) levels, is a common medical prob-
lem among the elderly. but it is unclear whether it should be treated with thyroid hormone replacement therapy.

Methods and Results A cross-sectional study of 3,607 participants in a community health survey in Suita, in
the northern part of Osaka, was performed. Participants were categorized into 5 groups: normal. hyperthyroidism,
hypothyroidism, subclinical hypothyroidism, and subclinical hyperthyroidism. The association between each
group and various phenotypes was examined, in relation to cardiovascular disease and metabolic syndromes.
Serum TSH levels increased and fT3 and (T4 levels decreased with age. A total of 14.6% of subjects aged 70-80
years and 20.1% of subjects aged older than 80 years were classificd as having subclinical hypothyroidism. Sub-
clinical hypothyroidism was not associated with glycol-hemoglobin Alc, body mass index, pulse rate, hyperten-
sion. total cholesterol, high-density lipoprotein cholesterol or triglyceride levels or intima—media thickness. It was
only associated with higher fasting blood glucose and glycol-hemoglobin Alc levels compared with euthyroidism.
Conclusions The present observation does not support the need for treatment of subclinical hypothyroidism or

subclinical hyperthyroidism. (Circ J 2007, 71: 191-195)

Key Words: Blood sugar; Diabetes; Lipids; Subclinical hyperthyroidism; Subclinical hypothyroidism

serum thyroid-stimulating hormone (TSH) levels and
normal levels of serum free-triiodothyronine (fT3)
and serum free-thyroxine (fT4), is a common medical prob-
lem among the elderly. The prevalence of SCH has been re-
ported to be 4-10% in the general population and up to 20%
in women older than 60 years!=? The incidence of SCH is
2.1-3.8% per year in thyroid-antibody-positive subjects
and 0.3% per year in thyroid-antibody-negative subjects?
Serum lipid levels in SCH have been reported as either
normal’ or elevated®’ In the Tromsg study, low-density
lipoprotein-cholesterol (LDL-C) levels were significantly
higher in subjects with SCH compared with controls” and,
moreover, they were reduced with thyroxine treatment. In
addition, associations between left ventricular function and
SCH have been widely investigated, but the findings arc
controversial. Some studies have shown an association
between SCH and poor left ventricular function and others
have not¥ Moreover, the positive association between arte-
rial stiffness and hypothyroidism, even in the subclinical
stage, has been reported?!? Subclinical hyperthyroidism
has been associated with a higher prevalence of atrial fibril-
lation (AF) and increased heart rate® but not with elevated
serum lipid levels®

Subclinical hypothyroidism (SCH), defined as high
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In the present study we investigated whether subclinical
thyroid dysfunction in Japanese individuals is associated
with various phenotypes related to cardiovascular disease
and metabolic syndromes.

Methods

Study Population

The selection criteria and design of the Suita study have
been described previously!'-13 Serum TSH. T3, and T4
levels were measured in 3,607 subjects who were not being
treated for thyroid disease. The present study was approved
by the Ethics Committee of the National Cardiovascular
Center, and all subjects provided written informed consent.
We categorized patients into 5 groups: normal (normal levels
of scrum TSH [0.436-3.78 xU/ml|, fT3 [2.1-4.1 pg/ml]
and T4 [1.0-1.7ng/dl]), hyperthyroidism (low levels of
TSH and high levels of fT3 and/or {T4), hypothyroidism
(high levels of TSH and low levels of T3 and/or {T4), SCH
(high levels of TSH and normal levels of fT3 and fT4), and
subclinical hyperthyroidism (low levels of TSH and normal
levels of T3 and fT4)!4 Body mass index (BMI) was cal-
culated as body weight (kg) divided by height in square
melers,

The intima—media thickness (IMT) was measured on
longitudinal scan of the common carotid artery at a point
10mm proximal [rom the beginning ol the dilation of the
bulb!'

Serum TSH, fT3, and fT4 Levels
Fasting serum samples were collected at study entry and
stored at —80°C until tests were run. Serum TSH was mea-
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Figl. Serum TSH, [T3. and T4 hormone
levels and age. (A-C) Correlation between
serum TSH (A), fT3 (B), and fT4 levels (C)
and age are plotted (grey dot). Serum TSH

levels increased with age. There was a linear
correlation between log transferred serum
TSH levels and age. Serum fT3 and T4
levels decreased with age. There was a linear
correlation between these thyroid hormone

3 levels and age (p<0.01). (D-E) The preva-
% lence of women (D) and men (E) in each
200 thyroid state according to age is shown. The
250 total number of subjects according to age is
200 shown by the black line. The prevalence of
150 subclinical hypothyroid in both men and
100 women increased with age. However the pre-
50 valence of subclinical hyperthyroidism did

0 not increase with age. TSH thyroid-stimulat-
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sured by a chemiluminescent immunoassay kit (Mitsubishi
Kagaku BCL, Abbott Laboratories, Chicago, IL, USA). as
were serum 13 and T4 levels (Mitsubishi Kagaku BCL,
Bayer, Leverkusen, Germany).

Statistical Analysis

Values are expressed as mean+standard deviation. All
statistical analyses were performed with the JMP statistical
package (SAS Institute Inc, Cary, NC, USA). One-way
analysis of variance tests were used to determine whether
an association existed among thyroid status and BMI
(adjusted for age and sex), systolic and diastolic blood
pressures (SBP: adjusted for age, BMI, and sex; DBP:
adjusted for age? BMI, and sex), pulse rate (PR; adjusted
for age and sex), glycol-hemoglobin Alc (HbAlc: adjusted
for age, BMI, and sex), lasting blood glucose levels (FBG:
adjusted for age, BMI, and sex), high-density lipoprotein
(HDL: adjusted for cholesterol BMI, sex, age, number of
cigarettes/day. and alcohol consumption [g/day]), total
cholesterol (TC: adjusted for age, BMI, and sex), triglycer-
ides (TG: adjusted for age, BMI. and sex) and IMT. Simple
correlation analyses were used to determine whether an
association existed between normal states and each thyroid
state, as well as between the variables assessed after adjust-
ing for confounding factors. Logistic analysis was used to
determine whether an association existed among thyroid
status and the prevalence of AF.

Results

Serum concentrations of TSH increased and serum con-
centrations of fT3 and T4 decreased with age (Figs 1A-C).
Similarly, the number of men and women with SCH also
increased with age (Figs 1D,E). Overall, 11.6% of women
aged 71-80 years and 13.8% of women aged older than 80
years were classified into the SCH category (Fig D). For
men, 13.4% aged 71-80 years and 24.5% older than 80
years were classified into the SCH category (Fig 1E).

The characteristics of the study population are shown in
Table 1. Participants included 3,130 normal subjects, 19
with hyperthyroidism, 4 with hypothyroidism, 77 with sub-

61-85
86-70

ing hormone; fT3. serum free-triiodothyro-
nine: T4 serum free-thyroxine.

7176
78-80
81-85
91-95

clinical hyperthyroidism, and 377 with SCH. The preva-
lence of SCH was 10.45% and that of subclinical hyper-
thyroidism was 2.13%. Compared with normal individuals,
subjects with SCH were significantly older (69.02+10.43
years vs 64.22+11.29 years, respectively; p<0.05) and had
significantly lower serum fT3 levels (2.99+0.33ng/dl vs
3.12+0.32 ng/dl, respectively; p<0.01, adjusted for age and
scx) and fT4 levels (1.09£0.19pg/ml vs 1.24+0.15 pg/ml,
respectively: p<0.01, adjusted for age and sex). On the
other hand. when individuals with subclinical hyperthy-
roidism were compared with normal subjects, they showed
significantly higher concentrations of T4 (1.34+0.18 pg/ml
vs 1.24+0.15 pg/ml, respectively: p<0.01, adjusted for age
and sex). Subjects with overt hyperthyroidism had signifi-
cantly lower HDL (p<0.01) and TC levels (p<0.01) and
higher PR (p<0.01) than subjects with normal thyroid [unc-
tion. Subjects with overt hypothyroidism had significantly
higher TC levels (p<0.01) than subjects with normal thy-
roid function. Characteristics associated with hyper- and
hypothyroid subjects were as reported previously!3

Characteristics of subjects with normal and subclinical
thyroid dysfunction are shown in Table2. The PR among
subjects not being treated for arthythmia was not signifi-
cantly associated with subclinical hyperthyroidism or SCH
after adjusting for age and sex. Blood pressure among sub-
jects not being treated for hypertension was not significant-
ly associated with subclinical hyperthyroidism or SCH
after adjusting for appropriate confounding factors. Among
subjects not being treated for hypertriglyceridemia, TG
levels were not significantly associated with subclinical
hyperthyroidism or SCH compared with normal subjects.
HDL-cholesterol and TC levels were not significantly asso-
ciated with subclinical hyperthyroidism or SCH subjects
not being treated for hyperlipidemia. Among all subjects
not receiving treatment for diabetes, FBG was significantly
associated with SCH (p<0.01). Subjects with subclinical
hyperthyroidism had significantly higher HbAlc (p<0.05)
and FBG (p<0.01) levels than normal subjects. The num-
bers of subjects not being treated for each discase is shown
in Table 2.

The prevalence of AF in subjects with subclinical hyper-

Cireulation Joumal ol 71, February 2007
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Table 1 Characteristics of the Study Population
fﬁ:?::fj Hyperthyroidism — Hypothyroidism h\;f:::;:?r:ﬁ:\m h\f:(‘rf;i::li{m Total

Ni(%) 3,130 (86.78) 19(0.53) 4(0.11) 77(2.13) 377 (10.45) 3,607 (100)
Male (%) 1,442 (46.07) 5(26.32) 3(75.0) 39 (50.65) 203 (53.85) 1,692 (44.55)
Age (vears) 64.22411.29 62.16+12.85 76.50+8.43 63.94+10.85 69.02+10.43* 64.70+11.29
BM1 22.82+1.11 22734348 24.0210.58 22.7743.03 22.84£3.34 22.8213.14
SBP (mmHyg) 129.24419.65 131.32420.63 1355041047 1255741545 131.93£19.06 129.41£19.69
DBP (mmHg) 77.82410.09 76.11%111.95 71.50+15.37 75.03£10.76 77.9749.61 77.74£10.17
PR (beats/min) 66.10+£8.25 72.4249.74¢ 62.00+3.27 67.1249.38 66,5118 35 66.20+8.38
FBG (mg/dl)? 99.75+21.32 105.16+40.89 99.00+4.97 106.79+38.83" 98.64118.68 99.79+2].67
HbAle (%)* 5.49+0.74 5.4710.86 5.57+0.31 5.73+1.497 5.54£0.77 5.50¢0.77
HDL-C (mghil) 60.56+15.52 S1.11115.81° 55.25416.80 58.71+17.01 5847£16.01 60.20£15.61
TC (mgldl) 208.26+32.09 185.58+35.83¢ 247.25455.05° 206.79£33.26 206.34£35.48 207.99+32.53
TG (mgfdi) 106.90£74.77 111.74+64.30 156.00461.36 123.12472.03 113.30£69.72 108.16£74.59
Prevalence of MI (%) 40(1.28) 0(0.00) 0(0.00) 2(2.60) 7(1.86) 49(1.36)
Prevalence of CVA (%) N9 (2.84) 0{0.00) 010.00) 3(3.90) 131(3.45) 105(2.91)
Prevalence of AF (%) 44(1.41) 0(0.00) 010.00) 2(2.60) 15(3.98) 61(1.69)
TSH (ullfml) 1.723+0.824 0.1010.20 209.85+171.57 0.2710.13* 8.32+11.42¢ 2.60£9.51
T4 (ngfdl) 1.2440.15 2.26+0.97 0. 35+0.0¢ 1.3440.18! 1.09+0.19° 1.2340.20
JT3 (pg/ml) 3.1210.32 6.75+5.77* 1.6520.29% 3.15+0.46 2.99+0.33¢ 3.1240.59

'p<0.05 and *p<0.01.

P vahtes are for comparisons with normal thyroid subjects after adjustment for appropriate confounding factors.
Values are mean + standard deviation.
SNumber of patients treated for arviyythmia was 61 in normal subjects, I in subclinical hyperthyroidism subjects, and 9 in subclinical hypothyroidism subjects;
Tnumber of patients nreated for diabetes was 150 in normal subjects, 1 in hyperthyroidism subjects. 7 in subclinical hyperthyroidism subjects, and 22 in sub-

clinical hypothyroidism subjects.

BMI, body mass index; SBE, systolic blovd pressure; DBP. diustolic blood pressure; PR, pulse vare; FBG. fusting hlood glucose levels: Hb, hemoglobin; HDL,
high-density lipoprotein; C, cholesterol; TC, totul cholesterol; TG, trighveeride; MI, myocardial infraction; CVA, cerebrovascular accident; AF, atrial fibrilla-
tion; TSH. thyroid-stimulating hormone; (T4, free-thyroxine; fT3, free-triiodothyronine.

Table 2 Characteristics of the Subjects in the Normal and Subclinical Thyroidism Groups

Nl ihreiid Subclinical Subclinical ANOVA
g hyperthyraidism hypothyroidism p-value**
N 3.130 77 377
BMI 22,8245.11 22.77+3.03 22.8443.34 NS
N 2,355 57 270
SBP (mmtig) 124.95+18.37 122.53£20.00 127.74117.98 NS
DREFP (mmHg) 76.6719.98 73.49+10.99 76.93+9.50 NS
N3 3,057 y3 364
PR (beats/min) 66.1248.23 67.33£9.40 66.47+8.27 NS
NT 2,976 70 355
HbAlc 5.40£0.56 5.56t1.34* 5412048 <0.05
FBG (mg/dl) 97.07+15.27 103.6+36,73' 95.58+11.57" <0.0001
Nt 3,084 73 371
TG (mg/dl) 105.95£74.12 121.52+75.98 112.73269.70 NS
Nt 2,726 63 320
HDL (mg/dl) 60.58+15.65 584017 36 58371641 N§
TC (mg/dl) 207.78+32.47 207.40+34.8] 205.44136.39 NS
*<0.05 and '<0.01.

**P values are fur comparisons with normal thvroid subjects after adjusiment for appropriate confounding fuctors.
Values are mean + standard deviation.
"Without treatment for hypertension; Swithout treaiment for arrhvihmia; Ywithout treamment for diabetes mellitus; “'withowr reatment
0 . . . Jp . . M ;
tor hypertriglyeeridemiu; “without freamment for hyperlipidemia.
ANOVA, analysis of variance. Other abbreviations see in Tuble 1.

thyroidism was higher than that in normal subjects (3.98%
vs 1.41%) but the difference was not statistically signifi-
cant. Subjects who had been diagnosed with AF were
included with those with AF,

A total of 12% of subjects with SCH had high serum
TSH levels (>10uU/ml). Subjects with SCH and TSH
levels >10uU/ml were older than subjects with SCH and
TSH levels =10uU/ml (67.28+9.62 years vs 71.07+£9.70
years, p<0.05). Subjects with SCH and high TSH levels
(>102U/ml) did not have lower FBG, HbAlc or lipid
levels compared with normal subjects (unpubl. data).
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The correlation between laboratory data and T3, T4,
and TSH levels in normal subjects is shown in Table3.
Serum (T4 and [T3 levels in normal subjects were signifi-
cantly associated with various laboratory data after adjust-
ing for appropriate confounding factors.

We examined whether an association between IMT and
thyroid dysfunction existed (Table4). There were weak
associations between thyroid states and IMT-mean, and
IMT-max, but these disappeared alter adjusting for age and
sex. Multiple logistic analysis did not detect a significant
correlation between thyroid state (normal or subclinical
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Table 3 Correlation Between Laboratory Data and Thyroid Hormone Level in Normal Subjects

Thyroid stare TG FBGT HbAlcT ! HDL" BM! PR} SBP! DBP!
No. of subjects 3.084 2,976 2,976 2,726 2,726 3,130 3,057 2:353 2,355
TSH
P 0.0015 NS N§ 0.015 0.0055 NS NS NS NS
* 521 0.20 0.0090 1.83 -0.92 0.045 -0.10 —0.24 0.12
Nornal thyroid
T3
P 0.0043 NS N§ NS <0.0001  <0.0001 N§ NS NS
¥ 12.16 0.15 -0.023 0.22 .01 1.06 012 1.75 0.64
T4
P 0.039 0.0006 0.030 0.0010 0.071 NS <0.0001 0.002 0.023
# 18.00 6.03 0.14 13.09 316 043 4.83 7.06 295

*Correlation coefficient with each value.

P values are coefficient of correlation; p values are for comparisons with normal thyroid subjects after adjustment for appropriate

confounding factors.

“Without trearment for hypertension; *without treatment for arrhythmia; Ywithow treatment for diabetes mellitus; "without trear-
ment for hypertrighcerideniia; "without treanment for hyperlipidemia.

Abbreviations see in Table 1.

Table 4 Correlation Between Thyroid Status and IMT

Normal Hyperthyroidi Hynotlyroidi Subclinical Subclinical ANOVA
thyroid RS il hyperthyroidism — hypothyroidism p value
N 2,819 17 4 65 321
IMT-max (num) 1.3040.55 1.2140.63 1.73+0.97 1.2540.53 1.40+0.58 0.048
Residual IMT-max* 0.002+0.491 -0.0151£0.492 0.089+0.892 005210467 -0.009£0.520 0.892
Residual IMT-max” 0.00140.784 —0.046+0.506 0.09410.855 ~0.064%0.463 -0.001x0.510 0.786
N 2,818 17 4 65 320
IMT-mean (nm) 0.821%0.13 0.79+0.13 0.93+0.09 0.83+0.13 0.83+0.713 0.042
Residnal IMT-mean™ 0.00040.105 —0.004£0. 108 0.02240.4%6 0.01820.118 -0.008+0.112 0.581
Residual IMT-mean’ 0.000£0.103 —0.301£0.103 0.014£0.035 0.014£0.111 -0.005%£0.110 0821

Values are mean  standard deviation

*Aadjusted for age and sex: “adjusted by age, BMI, SBP. FBS, manber of cigarettestday, TG, TC and HDL.

IMT, intima —media thickness. Other abbreviations see in Tables 1,2.

thyroid dysfunction) and the prevalence of atherosclerotic
vascular diseases, such as cerebral infarction, transient
cercbral ischemic attack, cerebral stroke, acute myocardial
inlarction and angina pectoris (p=0.090, unpubl. data).

Discussion

In this large cross-sectional study of subclinical thyroid
dysfunction in Japanese subjects, although the prevalence
of SCH increased with age overall, the prevalence of SCH
in elderly patients was lower than that reported in other
studies, particularly in women: 18.8% for men older than
75 years and 12.7% for women older than 75 years. This
finding differs from that of previous studies in which the
prevalence of SCH was higher in elderly women than in
elderly men!36 In the Colorado study, the prevalence of
SCH was 16% in men older than 75 years and 21% in
women older than 75 years! The differences in these trends
might be due to different genetic, ethnic or environmental
backgrounds of the subjects. On the other hand. the preva-
lence of subclinical hyperthyroidism was 2.13% in our
study, which is similar to that in the Colorado study
(2.1%)!

We found that the presence of SCH was associated with
lower FBG levels and that subclinical hyperthyroidism was
associated with higher FBG and HbAlc levels. Moreover,
our results also indicate that thyroid hormone levels in nor-
mal subjects are significantly associated with various labo-
ratory data, including FBG and HbAlc levels. Compared

with normal subjects, serum thyroid hormone levels in
subjects with SCH were lower and levels in subjects with
subclinical hyperthyroidism were higher. Therefore, lower
or higher levels of thyroid hormone (within the normal
range) in subclinical thyroid dysfunction might influence
glucose metabolism.

We did not observe any significant association between
subclinical thyroid dysfunction and lipid metabolism.
which was consistent with a previous US study? However.
other studies in Norway and Australia have reported dys-
lipidemia in subjects with SCH%7 We examined whether
higher TSH levels (>10uU/ml) in subjects with SCH were
associated with lipid metabolism, but did not find any
significant association between lipid metabolism and TSH
levels >10uU/ml in subjects with SCH compared with
normal subjects. Moreover, higher TSH levels did not
show any association with FBG levels. These results might
be related to aging, because hypofunction of the endocrine
glands occurs with age. Serum lipid, FBG, and HbAlc¢
levels were sustained in subjects with high TSH levels and
SCH.

We did not observe any significant association between
subclinical thyroid dysfunction and IMT. which suggests
that subclinical thyroid dysfunction might not be related to
an increased nisk of atherosclerosis. Moreover, we did not
find any significant association between SCH and previous
history of arteriosclerotic vascular discases. However, this
result was not consistent with previous studies®!? possibly
because of the size of our study population and different
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