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ABSTRACT

Fullerenes (C60s) occur in the environment due to natural and anthropogenic sources such as volcanic
eruptions, forest fires, and the combustion of carbon-based materials. Recently, production and application of
engineered C60s have also rapidly increased in diverse industrial fields and biomedicine due to C60’ unique
physico-chemical properties, so toxicity assessment on environmental and human health is being evaluated
as a valuable work. However, data related to the toxicity of C60s have not been abundant up to now. In this
study, we studied the immunotoxic mechanism and change of gene expression caused by the instillation of
C60s. As a result, C60s induced an increase in sub G1 and G1 arrest in BAL cells, an increase in pro-
inflammatory cytokines such as IL-1, TNF-c, and IL-6, and an increase of Th1 cytokines such as IL-12 and IFN-
rin BAL fluid. In addition, IgE reached the maximum at 1 day after treatment in both BAL fluid and the blood,
and decreased in a time-dependent manner. Gene expression of the MHC class II (H2-Eb1) molecule was
stronger than that of the MHC class I (H2-T23), and an increase in T cell distribution was also observed
during the experiment period. Furthermore, cell infiltration and expression of tissue damage related genes in
lung tissue were constantly observed during the experiment period. Based on this, C60s may induce

inflammatory responses in the lung of mice.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Fullerene was discovered in 1985 by Robert Curl and is a carbon
allotrope that is composed entirely of carbon. The most abundant
form is buckminsterfullerene (C60) with 60 carbon atoms arranged in
a spherical structure (Kroto et al., 1985). C60s occur in the
environment due to natural and anthropogenic sources such as
volcanic eruptions, forest fires, and the combustion of carbon-based
materials (e.g., coal, soot) as MWCNT (multiwall carbon nanotube).
Recently, production and application of engineered C60s have also
rapidly increased in diverse industrial fields and biomedicine due to
C60’ unique physico-chemical properties, so toxicity assessment on
environmental and human health is being evaluated as more valuable
work. In this respect, it is fortunate that full-scale exposure to the
public has not been started yet, so the current study results can be
directly fed back to the product development plan. Manufacturers can
produce safer products without risks of waiting for toxicology studies
to be finished after the products are widely marketed (Tsuda et al.,
2008).

Currently, there are contradictory reports whether C60s act as a
radical scavenger or as a generator. Krusic et al. characterized
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fullerenes as “radical sponges” in 1991, and many researchers
supported the hypothesis by publishing other results. However,
others have reported that C60s induced damage in tissues and cells
through lipid peroxidation and oxidative stress in vivo and in vitro
(Krusic et al., 1991; Misirkic et al., 2009; Sayes et al.,, 2005;
Oberdorster, 2004; Hu et al., 2007; Zhu et al., 2006, 2008; Usenko et
al., 2008).

In addition, particles stimulate the immune system in the body.
C60s induced MHC (major histocompatibility complex)-mediated
immunotoxicity under the systemic inhalation exposure condition
and a significant increase of protein in BAL (Bronchoalveolar Lavage)
fluid due to a nose-only exposure system (Baker et al., 2008; Fujita et
al., 2009). In this study, we investigated the imunotoxic mechanism of
C60s in mice intratracheally instilled with this material. Furthermore,
to give useful information concerning the hazards of nanoparticles to
the public, characterization related to physico-chemical properties of
nanoparticles such as morphology, size, and surface chemistry had to
be performed before the toxicity test. C60s have a low solubility of
about 1.3x10 ' pg/L in water, and form water-stable aggregates
with diameters up to 500 nm (Spohn et al., 2009). Toxicologists get
water-soluble suspension of C60s by utilizing various organic
solvents, including THF, benzene, toluene, and DMSO to overcome
this problem. Prior studies suggest that this solvent can alter the
physico-chemical properties and the toxicity of C60s. Therefore, we
measured the size, conductance, mobility, and surface charge of C60s,
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which was modified by toluene as the solvent for PBS-soluble
suspension, and confirmed the shape, aggregation, and agglomeration
state using TEM prior to the toxicity test; we also utilized the solvent
as control vehicle.

Materials and methods

Animals.  ICR male mice (2541 g) were purchased from Orient-Bio
Animal Company (Seongnam, Gyunggi-do, Korea) and were allowed
to adapt to the animal room conditions prior to initiation of the study.
The environmental conditions were a temperature of 23+1 °C,
relative humidity of 5545%, and a 12 h light/dark cycle. All the
animals used in this study were cared for in accordance with the
principles outlined in the “Guide for the Care and Use of Laboratory
Animals” issued by the Animal Care and Use Committee of NVRQS
(National Veterinary Research and Quarantine Service). The animals
were treated to observe dose-dependent (n=>5) and time-dependent
(n=11) change, respectively.

Preparation of test material. ~ C60s were purchased from Tokyo Kasei
Kogyo Co., Ltd. C60-water suspension was prepared using the method
proposed by Andrievsky (Andrievsky et al., 1995). C60s 0.1 g was added
to 50 mL toluene. It was added to ion-free distilled water 300 mL. This
layered mixture was then sonicated with heating until all of the toluene
evaporated. The brown suspension was then filtered sequentially
through a 200 nm pore membrane filter, and then C60s in water-phase
were obtained. Finally, the water-soluble suspension was diluted to 1:1
by 2x PBS (0.15 M, pH 7.2). Particle size measurement was performed
using a submicron particle sizer (NICOMPTM, CA, USA), and images of the
nanoparticles were acquired by transmission electron microscopy (TEM;
JEM1010, JEOL, Japan). Then, the surface charge was measured using a
zeta potential analyzer (Brookhaven Instruments Corp., NY, USA).

Intratracheal instillation and sample preparation. C60s were deliv-
ered with a 24-gauge catheter at the described dose (dose-dependent
change: 0.5 mg/kg, 1 mg/kg and 2 mg/kg, time-dependent change:
2 mg/kg) by intratracheal instillation under light tiletamine anesthe-
sia (day 0). The animals were terminated at days 1, 7, 14, and 28 after
treatment. The control group was treated by a solvent that was
manufactured by the same method. At the selected time intervals
after instillation, 1 mL of blood was collected per mouse from the
retro-orbital venous plexus into heparinized capillary tubes. One
hundred micoliters of whole blood was used for cell phenotype and
the rest was centrifuged at 3000 rpm for 20 min for serum
preparation. About 350 L of serum was obtained from each mouse
pooled for cytokine assay. BAL fluid collection was performed by
cannulating the trachea and lavaging the lungs with 1 mL of cold
sterile (Ca2+ plus Mg2+)-free PBS (0.15 M, pH 7.2). Approximately
500-600 pL BAL fluid was harvested per mouse, and this was
centrifuged at 3000 rpm for 10 min, and supernatant of 400 pL per
mouse was pooled for cytokine assay, and fluid of 50 pL containing
pellet was pooled for cell cycle.

To isolate the splenocytes, the spleen was aseptically removed
from an ICR mouse, and suspended by passage through a sterile plastic
strainer in Dulbecco's modified Eagle's medium (DMEM) with 2% fetal
bovine serum (FBS). After centrifugation at 1500 rpm for 3 min, the
supernatant was discarded, and the pellet was briefly vortexed in
500 L distilled water and then resuspended in DMEM with 2% FBS.
The cells were filtered through a nylon mesh to yield the final
splenocyte preparation (Byun et al., 2006; Vendrame et al., 2006;
Manosroi et al., 2005; Cho et al., 2007).

Cell cycle analysis.  BAL cells were stained using propidium iodide
and RNase. The cell cycle was analyzed by measuring their DNA
content with the FACSCalibur system and CellQuest software (BD
Biosciences, Franklin Lakes, NJ, USA).

Measurement of cytokines. The concentrations of each cytokine in
the supernatant of the BAL fluid and serum were determined using
commercially available ELISA kits (eBioscience, San Diego, CA, USA).
Briefly, each well of a microplate was coated with 100 pL of capture
antibody, and incubated overnight at 4 °C. After washing and blocking
with assay diluent, and BAL fluid, serum, or standard antibody was
added to individual wells, then the plates were maintained for 2 h at
room temperature. The plates were washed, and biotin-conjugated
detecting antibody was added to each well, and incubated at room
temperature for 1 h. The plates were washed again and further
incubated with avidin-HRP for 30 min before detection with TMB
solution. Finally, reactions were stopped by adding 1 M H3P04, and
the absorbance at 450 nm was measured with an ELISA reader
(Molecular Devices, Sunnyvale, CA, USA). The amount of cytokine was
calculated from the linear portion of the generated standard curve
(Byun et al., 2006).

Immunophenotyping.  All monoclonal antibodies were purchased
from eBioscience (San Diego, CA, USA). T cells (CD3, 1:50), B cells
(CD19, 1:50), NK cells (DXS5, 1:100), CD4+ T cells(CD4+, 1:160), and
CD8+ T cells (CD8+, 1:50) were identified using directly conjugated
anti-mouse antibodies. Briefly, splenocytes of 3-5 x 10> cells/mL were
blocked with Fc-block (eBioscience, San Diego, CA, USA) to reduce
non-specific antibody binding. Cells were then incubated in the dark
with 10 pL of the appropriate fluorochrome-conjugated antibody for
20 min at 4 °C. Cells were then washed with 500 pL FACS
(Fluorescence Activated Cell Sorter) buffer. The blood was lysed for
5 min with FACS lysis buffer (BD Bioscience, Franklin Lakes, NJ, USA)
at room temperature and then re-washed with FACS buffer. Finally,
each sample was fixed with 1% paraformaldehyde until further
analysis. Flow cytometry analysis was performed on the FACSCalibur
system (BD Biosciences, Franklin Lakes, NJ, USA). Control samples
were matched for each fluorochrome. Data were analyzed using
CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA) (Silva
et al.,, 2005; Vendrame et al., 2006).

Measurement of IgE. The concentration of IgE in serum and the
supernatant of BAL fluid was determined using commercially
available IgE ELISA kits (Komabiotech, Seoul, Korea). Briefly, each
well of a microplate was coated with coating antibody and incubated
overnight at 4 °C. After the wells were washed and blocked with
blocking solution for 1 h at room temperature, BAL fluid, serum and
IgE standards were added to individual wells, then left for 1 h at room
temperature. The plates were washed, detection antibody was added
to each well, and the plates were incubated at room temperature for
1 h. After washing, the plates were further incubated with color
development solution. Finally, the reaction was terminated by the

Table 1
Primer sequences used in this study.
Primer GB NO. Sequence
H2-Eb1 NM_010382 (L) : gccatgaaaacatgtectge
(R) : gaagtgccagacaaaaggca
H2-T23 NM_010398 (L) : aggttcctcacagacccagg
(R) : tccacgtagccgacaatgat
MMP-2 NM_008610 (L) : tgttcttcgcagggaatgag
(R) : ggatggcattccaggagtct
MMP-3 NM_010809 (L) : gttctgggctatacgagggc
(R) : ggcagcatcgatcttcttca
MMP-11 NM_008606 (L) : cccatgccttettccctaag
(R) : gctgtggtgtgttgtagecc
Slpi NM_011414 (L) : catggtcctgectgaaacag
(R) : ctecttccacagtccagggt
Timp 1 NM_011593 (L) : tatgcccacaagtcccagaa
(R) : cctgatccgtccacaaacag
SOD 1 NM_011434 (L) : cgtccatcagtatggggaca
(R) : aatggacacattggccacac
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Fig. 1. The physico-chemical properties of C60s. (A) The size distribution, (B) surface charge, (C) TEM image.
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addition of 2 M H,S04, and the absorbance was measured at 450 nm
with an ELISA reader (Molecular Devices, Sunnyvale, CA, USA). The
amounts of secreted IgE were calculated from the linear portion of the
prepared standard curve.

Gene expression of tissue.  Gene expression analysis using RT-PCR
was also evaluated. To prepare the total RNA from lung tissue, the
RNAgent Total RNA Isolation System (Promega, Madison, WI, USA)
was used according to the manufacturer's instructions. Amplified
cDNA products were separated on 1.5% agarose gel by electrophoresis.
The primer sequence showed on Table 1.

Histopathology.  Histopathology analysis was performed and read by
a board-certified pathologist in Biotoxtech Cheongwon-gun, Chungbuk,
Korea), one of the GLP institutes of Korea. Briefly, lungs from mice of the
control group and the treated group were fixed with 10% neutral
buffered formalin and processed using routine histological techniques.
After paraffin embedding, 3 um sections were cut and stained with
hematoxylin and eosin (H&E) for histopathologic evaluation.

Statistical analysis. The results obtained from the chemically-
treated groups were compared to those of the control group. The
values were compared using Dunnett's t-test after one-way ANOVA
analysis, and levels of significance were represented comparted to the
control group.

Results
Stability of C60s in PBS

Before instillation, we investigated the stability of C60s in PBS.
Particle size was 46.7+18.6 nm (Fig. 1A), and surface charge was
—30.24 mV, conductance was 22 iS, and average mobility was —2.36
(W/s)/(V/cm) (Fig. 1B). TEM micrographs confirmed that the C60s
were spherical in shape and were mildly agglomerated in PBS (Fig.
10).

Cell cycle of BAL cell

Distribution of the G1 stage increased to 95.04%, 96.89%, 97.2%, and
97.29% at days 1, 7, 14, and 28 after treatment with 2 mg/kg C60s,
respectively, whereas that of the control group was 79.64%. And, the
distribution of sub G1 regard to cell apoptosis was significantly
increased to 24.83% and 25.41% at days 1 and 7 after treatment,

respectively, but returned to the same level with the control group at
day 28 after treatment (Fig. 2).
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Cytokines in the BAL

To identify inflammatory responses induced by C60s instillation,
the concentrations of pro-inflammatory cytokines (IL-1, TNF-c, and IL-
6), ThO cytokine (IL-2), Th1-type cytokines (IL-12 and IFN-vy), Th2-
type cytokines (IL-10) and antioxidant cytokine (TGF ) were
measured in the BAL fluid (Fig. 3). Secretion of pro-inflammatory
cytokines (IL-1, TNF-a and IL-6), Th1-type cytokines (IL-12, IFN-vy)
and Th2-type cytokines (IL-10) was increased in a dose-dependent
manner at day 1 after treatment (Fig. 3A). Pro-inflammatory cytokines
(IL-1, TNF-a, and IL-6) reached the maximum at day 1 after a single
instillation with 2 mg/kg C60s and decreased in a time-dependent
manner. ThO cytokine, IL-2, reached the maximum at day 14 after a
single instillation. IL-12 reached the maximum at day 1 after treatment

Asso

560 +H [ Control

540 ¢ 25 1.0 mg/kg
520 H 2.0 mg/kg

1

Concentration of cytokine (pg/ml)

500,

180

140

120

80

Concentration of cytokine (pg/ml)

60

40

20

74 0.5 mg/kg

L1 AT

160 |

[ Control
I 1 day e % e

Y 7 day
7 14 day
=3 28day

0%

7

14

BGIES BG2

Fig. 2. Change of cell cycle following instillation of C60s. Mice were treated with 2 mg/
kg of C60s, and BAL cells were harvested and pooled at days 1, 7, 14 and 28, respectively
(n=11). The cell cycle was analyzed by measuring the DNA content with PI staining
and RNase digestion in the FACSCalibur system.
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Fig. 3. Changes in cytokine levels in BAL fluid after a single instillation of C60s. BAL fluid
was harvested and pooled (400 pL per mouse) at days 1, 7, 14 and 28, respectively
(n=11), after instillation of C60 (2 mg/kg), and cytokine concentrations were
determined using ELISA kits. *P<0.05, **P<0.01. (A) Dose-dependent change (n=>5).
(B) Time-dependent change (n=11).
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and decreased in a time-dependent manner, whereas I[FN-y remained
at asimilar level until day 28. Furthermore, TGF-3 constantly remained
at a high level during the experiment period (Fig. 3B).

Cytokines in the blood

As shown in Fig. 4, the secretion of TNF-q, IL-6, IL-12, and IFN-y
increased in a dose-dependent manner in the blood by C60s
treatment, but IL-1 and IL-10 were not detected. In addition, when
instilled with 2 mg/kg of C60s, TNF-a, IL-6, and IL-12 reached the
maximum at day 1 after treatment, and decreased in a time-
dependent manner as in the BAL. IFN-y reached the maximum at
day 14 after treatment. However, IL-1, IL-2, and TGF-3 were not
detected at any of the designed time points.
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Fig. 4. Changes in cytokine levels in the blood after a single instillation of C60s. Serum
was harvested and pooled (350 pL per mouse) at days 1, 7, 14 and 28, respectively
(n=11), after instillation of C60 (2 mg/kg), and cytokine concentrations were
determined using ELISA kits. *P<0.05, **P<0.01. (A) Dose-dependent change (n=5).
(B) Time-dependent change (n=11).
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Secretion of IgE

The time-dependent change of IgE following instillation of 2 mg/kg
of C60s was also examined. As shown in Fig. 5, IgE reached the maximum
at 1 day after treatment in both the BAL and the blood, and decreased in a
time-dependent manner. In case of the blood, IgE was detected at the
level of 18.58 + 1.50 ng/mL, 13.35 4+ 1.54ng/mL, 7.71 £ 0.76 ng/mL, and
7.34+£0.10 ng/mL at days 1, 7, 14 and 28 after instillation, respectively,
and the level of the control group was 5.84 +0.70 ng/mL.

Lymphocyte phenotype

A single instillation of a C60s dose of 2 mg/kg significantly
increased the proportion of T cells in both blood and spleen. The
proportion of T cells in blood lymphocytes was 33.47% in the control
group and was 42.82%, 52.53%, and 41.68% at days 1, 14, and 28 after
C60s instillation, respectively (Figs. 6A-D). In the spleen, the
proportion of T cells composed of 23.35% of the lymphocytes in the
control was increased to 31.41%, 29.37%, and 26.82% at the day 1, 14,
and 28 groups after C60s instillation (data not shown). The ratio of
CD4+/CD8+ T cells also was increased at 1 day after instillation, from
3.47 to 4.53 in blood (Figs. 6E, F) and from 3.75 to 3.85 in spleen (data
not shown), which means a significant increase in CD4+ distribution.

Histopathology of lung tissue

Fig. 7 and Table 2 show the histopathological changes in the lung
tissue following instillation of C60s. C60s induced cell infiltration in
lung tissue during the experiment period.

Gene expression by C60s instillation

As shown in Fig. 8, gene expression of MHC class I (H2-T23) and
MHC class II (H2-Eb1) molecules, which is related to the presence of
antigens, was increased by the instillation of 2 mg/kg C60s during the
experiment period. The expression of genes related to tissue damage,
including MMP (matrix metalloproteinase) —2, —3 and —11, Slpi
(secretory leukocyte peptidase inhibitor) and Timp (tissue inhibitor of

25
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Fig. 5. Levels of IgE in BAL fluid and in blood after a single instillation of C60s. BAL fluid
and serum were harvested and pooled at days 1, 7, 14 and 28, respectively (n=11),
after instillation of 2 mg/kg C60s (n=11), and IgE concentration in each samples was
determined using commercially available kits. *P<0.05, **P<0.01.
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Fig. 6. Lymphocyte phenotypes in blood by instillation of C60s (2 mg/kg). Experiment was repeated 3 times using sample pooled by n=3, 3 and 4, and representative data are
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subtype of control, (F) T subtype of day 28.

metalloproteinase) 1 also increased. Furthermore, gene expression of
SOD (super oxide dismutase), which is related to oxidative stress,
increased during the experiment period.

Discussion

The carbon atoms in C60 together join to form a hexagonal
structure resembling a soccer ball. Now, it is known that C60s have
electron-donating or -accepting unique properties, but it is not clear
yet whether C60s act as an anti- or pro-oxidant in biological systems
(Zhu et al., 2006; Ryan et al., 2007). And, the organic solvent utilized
to prepare water-soluble suspension can modify the properties of
C60s and the modified C60s can alter the toxicity of pristine C60s.
Sayes et al. investigated the pulmonary toxicity effects after
instillation with nano-C60s dispersed by THF (tetrahydrofuran) in
rats. At the experiment, C60s had a diameter of 160450 nm, the
surface charge was —30 mV, and both nano-C60s and C60(0H)24
showed little or no difference in lung toxicity effects when compared
to controls (Sayes et al., 2007).

In this study, we used toluene as the dispersing agent and
prepared the PBS soluble-C60s (diameter; 46.7+18.6 nm, surface
charge; —30.24 mV). Toluene is a volatile solvent, and able to dissolve

paints, silicon sealants, rubber, and adhesives. It can also be used as a
fullerene indicator, able to dissolve C60s to 3 mg/mL, a higher dose
than in THF (0.006 mg/mL) (Bezmel'nitsyn et al., 1998). A significant
increased apoptosis was observed in the BAL cells of day 14 after the
instillation of C60s, and G1 arrest was also observed in BAL cells of day
28. These are in agreement with previous results that C60s induced
cytotoxicity in human umbilical vein endothelial cells, Chinese
hamster ovary cells, and Madin-Darby canine kidney cells (Han and
Karim, 2008; Yamawaka and Iwai, 2006).

Cytokines play an important role in the generation of inflamma-
tion by particles. Baker et al. compared inhalation toxicity and lung
toxicokinetics of C60s nanoparticles and microparticles using a nose-
only exposure system. They reported that C60s induced a significant
increase in protein concentration, greater body burdens, and longer
lung half-lives, but a significant increase in cytokines was not
observed in either size. However, in our study, secretion of cytokines,
including IL-1, TNF-o, IL-6, IL-10, IL-12, and IFN-vy, was significantly
increased in the BAL fluid of day 1 after instillation, and these
cytokines remained elevated level during the rest of experiment
period.

Furthermore, inflammatory responses triggered by MHC were
presented by antigen presenting cells which phagocyte xenobiotics.
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Fig. 7. Histopathological change of lung tissues after a single intratracheal instillation of C60s (2 mg/kg). Lung sections were stained with hematoxylin and eosin stains (x200). (A)

Solvent control, (B) day 1, (C) day 14, (D) day 28.

Generally, MHC class I and II stimulate CD8+ T cell (TH2) and CD4+ T
cell (TH1), respectively. However, under many circumstances in vivo,
there is a mixed TH1 and TH2 response, and the overall effect is
determined by which responses dominate. In this study, H2-Ebl,
which is an MHC class II antigen presenting related gene, was more
dominant than H2-T23, which is an MHC class I antigen presenting
related gene. CD4+ T cells were more dominant than CD8+ T cells in
the cell phenotype. These results are different from those of Fujita et
al. (2009), in which inhaled C60s are presented by MHC class I. We
guess that this may be different by experiment conditions such as
exposure method, exposure time, exposure dose and physico-
chemical properties of C60s used in the experiment.

Table 2
Time-dependent histopathological change.

Grade control Day 1 Day 7 Day 14 Day 28

Number of animals (total) 3 3 3 3 3
Microgranulomatous change, + 1

around terminal bronchioles
Cell infiltration, mononuclear, 4 0 2 3 3 3

macrophage, alveolar space,
alveolar wall

Cell infiltration, mononuclear,
macrophage, neutrophil,
alveolar space, alveolar wall

e 0 1 0 0 0

Grade: 4, minimal; +, mild.
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Fig. 8. Change of gene expression following instillation of C60s. RNA was extracted from
the lungs of mice that had been treated with 2 mg/kg of C60s according to the shown
time schedule, and amplified by RT-PCR using the respective primers described in Table
1. Results were confirmed by several separate experiments, and representative images
are shown.
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In an intact organism, TGF-3 was known to be involved in wound
repair processes and in inflammatory reactions (Lawrence, 1996). In
this study, TGF-> was sustained at an obviously high level in the BAL.
Furthermore, the expression of tissue damage related MMPs, Timp and
Slpi gene, and the expression of oxidative stress related SOD gene were
increased until day 28 after a single instillation. Cell infiltration in lung
tissue was also observed until day 28 (Nukiwa et al., 2008; Niu et al.,
2008; Wan et al., 2008; Visse and Nagase, 2003). These means that
C60s remaining in lung tissue can induce continuous tissue damage.

Based on this, C60 may induce inflammatory responses in mice by
a single intratracheal instillation.

Acknowledgment

This work was supported by the Ministry of Environment as the
Eco-technopia 21 project.

References

Andrievsky, G.V., Kosevich, M.V., Vovk, 0.M., Shelkovsky, V.S., Vashchenko, L.A., 1995.
On the production of an aqueous colloidal solution of fullerenes. J. Chem. Soc.,
Chem. Commun. 1281-1282.

Baker, G.L.,, Gupta, A., Clark, M.L,, Valenzuela, B.R., Staska, L.M., Harbo, S.J., Pierce, ].T.,
Dill, J.A.,, 2008. Inhalation toxicity and lung toxicokinetics of C60 fullerene
nanoparticles and microparticles. Toxicol. Sci. 101 (1), 122-131.

Bezmel'nitsyn, V.N., Aleksandr Eletskii, V., Okun’', M.V., 1998. Fullerenes in solutions.
Phys.-Usp. 41, 1091-1114.

Byun, J.A., Ryu, M.H,, Lee, ].K., 2006. The immunomodulatory effects of 3-monochloro-
1,2-propanediol on murine splenocyte and peritoneal macrophage function in
vitro. Toxicol. In Vitro 20 (3), 272-278.

Cho, W.S., Choi, M., Han, B.S., Cho, M., Oh, ]., Park, K., Kim, S.J., Kim, S.H., Jeong, ]., 2007.
Inflammatory mediators induced by intratracheal instillation of ultrafine amor-
phous silica particles. Toxicol. Lett. 175, 24-33.

Fujita, K., Morimoto, Y., Ogami, A., Myojyo, T., Tanaka, 1., Shimada, M., Wang, W., Endoh,
S., Uchida, K., Nakazato, T., Yamamoto, K., Fukui, H., Horie, M., Yoshia, Y., Iwahashi,
H., Nakanishi, ], 2009. Gene expression profiles in rat lung after inhalation
exposure to C60 fullerene particles. Toxicology 258, 47-55.

Han, B, Karim, M.N., 2008. Cytotoxicity of aggregated fullerene C60 particles on CHO
and MDCK cells. Scanning 30, 213-220.

Hu, Z., Guan, W., Wang, W., Huang, L., Xing, H., Zhu, Z., 2007. Protective effect of a novel
cystine C60 derivative on hydrogen peroxide-induced apoptosis in rat pheochro-
mocytoma P12 cells. Chem. Biol. Interact. 167 (2), 135-144.

Kroto, HW., Heath, J.R., O'Brien, S.C., Curl, R.F.,, Smalley, R.E., 1985. C60: Buckminster-
fullerene. Nature 318, 162-163.

Krusic, PJ., Wasserman, E., Keizer, P.N., Morton, J.R., Preston, KF., 1991. Radical
reactions of C60. Science 254 (5035), 1183-1185.

Lawrence, D.A., 1996. Transforming growth factor-beta: a general review. Eur. Cyokine
Netw. 7 (3), 363-374.

Manosroi, A., Saraphanchotiwitthaya, A., Manosroi, J., 2005. In vitro immunomodula-
tory effect of Pouteria cambodiana (Pierre ex Dubard) Baehni extract. J.
Ethnopharmacol. 101 (1-3), 90-94.

Misirkic, M.S., Todorovic-Markovic, B.M., Vucicevic, L.M., Janjetovic, K.D., Jokanovic, V.
R., Dramicanin, M.D., Markovic, Z.M., Trajkovic, V.S., 2009. The protection of cells
from nitric oxide-mediated apoptotic death by mechanochemically synthesized
fullerene(C60) nanoparticles. Biomaterials 30, 2319-2328.

Niu, R.C,, Luo, B.L,, Hu, C.P., Feng, ].T., 2008. Expression of secretory leukocyte proteinase
inhibitor in human bronchial epithelial cell is downregulated by transforming
growth factor-betal/smads pathway. Zhonghua Yi Xue Za Zhi 88 (30), 2117-2121.

Nukiwa, T., Suzuki, T., Fukuhara, T., Kikuchi, T., 2008. Secretory leukocyte peptidase
inhibitor and lung cancer. Cancer Sci. 99 (5), 849-855.

Oberdorster, E., 2004. Manufactured nanomaterials (fullerenes, C60) induce oxidative
stress in the brain of juvenile largemouth bass. Environ. Health. Perspect. 112 (10),
1058-1062.

Ryan, ]J., Bateman, H.R,, Stover, A., Gomez, G., Norton, S.K,, Zhao, W., Schwartz, L.B.,
Lenk, R., Kepley, C.L., 2007. Fullerene nanomaterials inhibit the allergic response. J.
Immunol. 179 (1), 665-672.

Sayes, C.M., Gobin, A.M., Ausman, K.D., Mendez, J., West, ].L., Colvin, V.L., 2005. Nano-
C60 cytotoxicity is due to lipid peroxidation. Biomaterials 26 (36), 7587-7595.
Sayes, C.M., Marchione, A.A., Reed, K.L., Warheit, D.B., 2007. Comparative pulmonary
toxicity assessments of C60 water suspensions in rats: few differences in fullerene

toxicity in vivo in contrast to in vitro profiles. Nano. Lett. 7 (8), 2399-2406.

Silva, LA, Graber, ]., Nyland, J.F.,, Silbergeld, E.K., 2005. In vitro HgCI2 exposure of
immune cells at different stages of maturation: effects on phenotype and function.
Environ. Res. 98, 341-348.

Spohn, P., Hirsch, C., Hasler, F., Bruinink, A., Krug, H.F., Wick, P., 2009. C60 fullerene: a
powerful antioxidant or a damaging agent? The importance of an in-depth material
characterization prior to toxicity assay. Environ. Pollut. 157 (4), 1134-1139.

Tsuda, H., Tokunaga, H., Hirose, A., Kanno, ]., 2008. Hazard identification of
nanomaterials. Yakugaku Zasshi 128 (12), 1727-1732.

Usenko, C.Y., Harper, S.L, Tanguay, R.L., 2008. Fullerene C60 exposure elicits an oxidative
stress response in embryonic zebrafish. Toxicol. Appl. Pharmacol. 229 (1), 44-55.
Vendrame, M., Gemma, C., Pennypacker, K.R,, Bickford, P.C., Davis, S.C., Sanberg, C.,
Sanberg, P.R., Willing, A.E., 2006. Cord blood rescues stroke-induced changes in

splenocyte phenotype and function. Exp. Neurol. 199, 191-200.

Visse, R., Nagase, H., 2003. Matrix metalloproteinases and tissue inhibitors of metallopro-
teinases: structure, function, and biochemistry. Circ. Res. 92 (8), 827-839.

Wan, R.,, Mo, Y. Zhang, X., Chien, S., Tollerud, DJ., Zhang, Q., 2008. Matrix
metalloproteinase-2 and -9 are induced differently by metal nanoparticles in
human monocytes: the role of oxidative stress and protein tyrosine kinase
activation. Toxicol. Appl. Pharmacol. 233 (2), 276-285.

Yamawaka, H., Iwai, N., 2006. Cytotoxicity of water-soluble fullerene in vascular
endothelial cells. Am. J. Physiol. Cell. Physiol. 290, 1495-1502.

Zhu, S., Oberdorster, E., Haasch, M.L., 2006. Toxicity of an engineered nanoparticle
(fullerene, C60) in two aquatic species, Daphnia and fathead minnow. Mar.
Environ. Res. 62, S5-S9.

Zhu, X.S., Zhu, L, Lang, Y.P., Li, Y., Duan, Z.H., Yao, K., 2008. Oxidative damages of long-
term exposure to low level fullerenes (C60) in Carassius auratus. Huan Jing Ke Xue
29 (4), 855-861.



	Carbon fullerenes (C60s) can induce inflammatory responses in the lung of mice
	Introduction
	Materials and methods
	Animals
	Preparation of test material
	Intratracheal instillation and sample preparation
	Cell cycle analysis
	Measurement of cytokines
	Immunophenotyping
	Measurement of IgE
	Gene expression of tissue
	Histopathology
	Statistical analysis

	Results
	Stability of C60s in PBS
	Cell cycle of BAL cell
	Cytokines in the BAL
	Cytokines in the blood
	Secretion of IgE
	Lymphocyte phenotype
	Histopathology of lung tissue
	Gene expression by C60s instillation

	Discussion
	Acknowledgment
	References




