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Notes

ERE A a~ N TT 41— — 2T NEBSITEIC L DAY T 7T — L DG HTED R 5

AREEE, BEFRKT, EKAEF, SEREM, LRAE, BArNga

Development of a liquid chromatography-tandem mass spectrometry method for the determination of

fullerenes Cq and Cy in biological samples

Reiji Kubota®, Maiko Tahara, Kumiko Shimizu, Naoki Sugimoto, Akihiko Hirose, and Tetsuji Nishimura

Wide application of fullerenes in various areas would increase the risk of occupational and environmental
exposure to human. However, information about toxicity and biological behavior of fullerenes is not sufficient
for the risk assessment at present. For the determination of fullerene Cso in biological samples, an analytical
method using high performance liquid chromatography — tandem mass spectrometry (LC-MS/MS) and extrac-
tion procedure from tissues of experimental animals was established in this study. Using LC-MS/MS with an
atmospheric pressure chemical ionization in negative mode, Cso were identified and quantified. After optimiza-
tion of mobile phase and separation column, good separation of peak of fullerene and sensitivity were obtained
in case of using toluene and acetonitrile as the mobile phases and Develosil RPFULLERENE as the separation
column. For method validation, rat brain, kidney, liver, lung, spleen tissues and blood were used for recovery
tests. Good results were obtained and the recovery percentages were found to be between 98.1% and 106.5%.

Keywords: fullerene, analytical method, LC-MS/MS, biological Sample, extraction
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ABSTRACT — Expressed in renal carcinoma (ERC)/mesothelin is a good biomarker for human mes-
othelioma and has been investigated for its mechanistic rationale during the mesothelioma development.
Studies are thus ongoing in our laboratories to assess expression of ERC/mesothelin in sera and normal/
proliferative/neoplastic mesothelial tissues of animals untreated or given potentially mesothelioma-induc-
ible xenobiotics, by an enzyme-linked immunosorbent assay (ELISA) for N- and C-(terminal fragments
of) ERC/mesothelin and immunohistochemistry for C-ERC/mesothelin. In the present paper, we intend
to communicate our preliminary data, because this is the first report to show how and from what stage
the ERC/mesothelin expression changes during the chemical induction of mesothelial proliferative/neo-
platic lesions. Serum N-ERC/mesothelin levels were 51.4 + 5.6 ng/ml in control male Fischer 344 rats,
increased to 83.6 + 11.2 ng/ml in rats given a single intrascrotal administration of 1 mg/kg body weight
of multi-wall carbon nanotube (MWCNT) and bearing mesothelial hyperplasia 52 weeks thereafter, and
further elevated to 180 + 77 ng/ml in rats similarly treated and becoming moribund 40 weeks thereaf-
ter, or killed as scheduled at the end of week 52, bearing mesothelioma. While C-ERC/mesothelin was
expressed in normal and hyperplastic mesothelia, the protein was detected only in epithelioid mesothelio-
ma cells at the most superficial layer. It is thus suggested that ERC/mesothelin can be used as a biomarker
of mesothelial proliferative lesions also in animals, and that the increase of levels may start from the early
stage and be enhanced by the progression of the mesothelioma development.

Key words: Serum mesothelin, Rat, MWCNT, Mesothelial proliferative lesions

INTRODUCTION with early stage tumors or even as yet without tumors
among the high-risk population.
Mesothelioma is a highly aggressive malignant tumor Expressed in renal carcinoma (ERC)/mesothelin is a

and developed in people previously exposed to asbestos,  product of the Erc gene discovered in renal carcinomas
after a long latency period of 30-40 years. It is desired to  of the Eker rats (Hino ef al., 1995) and confirmed as a
establish a biomarker that can identify potential patients ~ homolog of the human mesothelin/megakaryocyte poten-
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ciating factor gene (Hino, 2004; Yamashita ef al., 2000).
A 71-kDa glycosylphosphatidylinositol anchor-type mem-
branous protein is produced and physiologically cleaved
by a furin-like protease to yield a membrane-binding 40-
kDa C-terminal (C-ERC/mesothelin) and a secreting 31-
kDa N-terminal (N-ERC/mesothelin) fragments (Chang
and Pastan, 1996; Maeda and Hino, 2006; Yamaguchi, ef
al., 1994). ERC/mesothelin is a useful marker for human
mesothelioma cases (Hino et al., 2007; Maeda and Hino,
2006) and its specific enzyme-linked immunosorbent
assay (ELISA) system has been developed (Hagiwara et
al., 2008; Nakaishi et al., 2007) for the clinical use (Maeda
and Hino, 2006; Shiomi, ef al., 2006, 2008; Tajima ef al.,
2008). The most important question is as to whether ERC/
mesothelin can be efficient also in the early phase of the
mesothelioma development, and studies are ongoing in
our laboratories to assess ERC/mesothelin levels in ani-
mals untreated or given potentially mesothelioma-induc-
ible xenobiotics.

We preliminarily assessed ERC/mesothelin lev-
els using the samples of our previous study demonstrat-
ing the induction of mesothelial proliferative lesions in
male Fisher 344 rats given multi-wall carbon nanotube
(MWCNT) (Sakamoto et al., 2009) In the present paper,
we intend to communicate this preliminary data, despite
its very limited sample numbers, because this is the first
report to show how and from what stage the ERC/mes-
othelin expression changes during the chemical induction
of mesothelial proliferative/neoplatic lesions.

MATERIALS AND METHODS

Ethical consideration of the experiments

An experimental protocol was approved by the Exper-
iments Regulation/Animal Experiment Committees of the
Tokyo Metropolitan Institute of Public Health for its sci-
entific and ethical appropriateness, including concern for
animal welfare, with strict obedience to domestically and
internationally applicable declarations, laws, guidelines
and rules.

Samples

Male Fisher 344 rats were purchased at their age of
4 weeks old from Charles River Laboratories Japan Inc.
(Kanagawa, Japan) and maintained in our animal room
(24-25°C, 50-60% relative humidity, 10 times/hr air ven-
tilation and 12-hr light/dark cycle) until use.

Normal rat samples

Serum samples were obtained from 3, 1 and 2 untreated
rats at their ages of 11, 42 and 81 weeks old, respectively.

Vol. 35 No. 2

Vehicle/MWCNT-treated rat samples

As detailed elsewhere (Sakamoto et al., 2009), rats
were given a single intrascrotal administration of 1 ml/kg
body weight of vehicle (2% carboxymethylcellulose) or
1 mg/kg body weight of MWCNT at the age of 12 weeks
old and left untreated for up to 52 weeks. In the present
study, 9 samples were used: 3 from vehicle-treated rats
killed as scheduled at the end of week 52, without any
mesothelial changes; 3 from MWCNT-treated rats similar-
ly killed, with mesothelial hyperplasias but without mes-
otheliomas; and 3 from other MWCNT-treated animals, |
killed as moribund at week 40 and 2 killed as scheduled
at the end of week 52, with early and advanced stages
mesotheliomas and hemorrhagic ascites. Serum samples
and in the last case an ascites sample were obtained at the
time of the autopsy, and 10% neutrally buffered forma-
lin-fixed, paraffin-embedded, mesothelial tissue samples
were routinely prepared.

ERC/mesothelinin ELISA assay

Serum and ascites ERC/mesothelin levels were ana-
lyzed using rat N- and C-ERC/mesothelin assay kits
(Immuno-Biological Laboratories [IBL] Co., Ltd., Gun-
ma, Japan) adapting from the method of Hagiwara ef al.
(2008), the detection limit being 0.1 ng/ml. A 6-pl alig-
uot was diluted with 234 pl of phosphate-buffered saline
containing 1% bovine serum albumin and 0.05% Tween
20. Assays were conducted according to the manufactur-
er’ instruction to measure an optical density at 450 nm.
Each sample was assessed in duplicate.

Histology and C-ERC/mesothelin
immunohistochemistry

Two serial, 4-pm-thick sections were prepared and
deparaffinized. One was processed through a routine
hematoxylin and eosin (HE) staining procedure and his-
gtologically examined. The other was heated in 10 mM
citrate buffer, pH 6.0, treated with 3% hydrogen perox-
ide, incubated with a primary anti-rat C-ERC/mesothelin
antibody (IBL) overnight at 4°C, washed with tris-buff-
ered saline, and re-incubated using an Envision system
(DAKOQ Japan Company, Limited, Tokyo, Japan). Signals
were visualized by 3,3’-diaminobenzidine, and the sec-
tions were counter-stained with hematoxylin.

Statistical analysis

Statistical significance of intergroup difference for the
N-ERC/mesothelin level was assessed using Student’s ¢-
test, and p-values less than 0.05 were considered significant.
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Fig. 1.
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Serum levels of A, N-ERC/mesothelin and B, C-ERC/mesothelin. Each data is a mean of duplicate assays. #1- #6 in Fig. A

and #1- #9 in Fig. B show sample numbers. “N.D.”, not detectable, indicates that the data was below the detection limit of
0.10 ng/ml. Values of N-ERC/mesothelin of samples from vehicle, hyperplasia and mesothelioma groups in Fig. B represent

the means = S.D. (n=3).

Statistical significant difference by Student’s t-test: *P < 0.05, **P < 0.01 as compared from the vehicle group and * P <0.05

as compared from the hyperplastic group.

RESULTS AND DISCUSSION

Serum N-ERC/mesothelin levels of the normal rats
were 43.4, 65.1 and 37.3 ng/ml, 47.1 ng/ml and 51.1 and
67.5 ng/ml; while those of C-ERC/mesothelin were < 0.1,
0.8 and < 0.1 ng/ml, 0.2 ng/ml and 0.3 and 0.5 ng/ml; for
11, 42 and 81 weeks of their ages, respectively (Fig. 1).
These were respectively within the same range, and the

N-ERC/mesothelin levels were substantially higher than
the C-ERC/mesothelin levels. No apparent age-dependent
changes were obtained for either fragment.

Serum N-(n = 3) and C-(n = 3) ERC/mesothelin levels
of the vehicle-treated rat was 51.4 + 5.6 ng/ml and < 0.1
ng/ml, respectively, within the normal ranges, whereas
serum N-ERC/mesothelin levels of MWCNT-treated rats
were increased by the induction of mesothelial hyperpla-
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Fig. 2. Representative histology and C-ERC/mesothelin immunohistochemistry.
A, intact mesothelia in the parietal peritoneum of the vehicle-treated rat, HE; B, A’s serial section, C-ERC/mesothelin; C, a
mesothelial hyperplasia in the retroperotineal fat tissue of the MWCNT-treated rat, HE; D, C’s serial section, C-ERC/mes-
othelin; E, an early-stage epithelioid/polypoid type mesothelioma in retroperotineal fat tissue of the other MWCNT-treated
rat, HE; F, E’s serial section, C-ERC/mesothelin; G, an advanced-stage mostly-sarcomatoid/invasive-nodular type mesothe-

lioma in the diaphragm of the MWCNT-treated rat (the same animal as E/F), HE; H, G’s serial section, C-ERC/mesothelin.
Bars with their lengths are inserted to indicate magnifications.
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sia (83.6 + 11.2 ng/ml) and further by that of mesotheli-
oma (179 + 77 ng/ml; 3,004 + 665 ng/ml in ascites) (Fig.
1). Serum N-ERC/mesothelin levels in experimental ani-
mals have only been assessed in Eker and Wistar rats and
nude mice, untreated or transplanted with a rat mesotheli-
oma cell line, MetEt-40 (Hagiwara ef al., 2008; Nakaishi
et al., 2007). The present data for the first time demon-
strates that serum N-ERC/mesothelin level was increased
already at the stage of preneoplastic, mesothelial hyper-
plasia and further increased by the chemical induction of
mesothelioma. This may be in line with the recent find-
ings that elevated serum mesothelin is detected before the
development of grossly visible carcinoma lesions in a rat
pancreatic carcinoma models (Fukamachi ef al., 2009). In
human mesothelioma, it has been reported that N-ERC/
mesothelin level increased with the stage went up of epi-
thelioide type mesothelioma in human case (Shiomi et al.,
2008). It is not known, however, how N-ERC/mesothelin
levels change in the stage of preneoplasia at this moment.
Large-scaled, detailed investigations using the MWCNT-
mesothelioma model are ongoing in our laboratories.
Serum C-ERC/mesothelin levels of MWCNT-treat-
ed rats were 0.4 and 0.6 ng/ml, within the normal/vehi-
cle range (Fig. 1B). This is in accordance with the previ-
ous finding in nude mice transplanted with MetET-40
(Hagiwara ef al., 2008), and can be attributed to the mem-
brane-binding property of C-ERC/mesothelin (Maeda and
Hino, 2006). Ascites level of C-ERC/mesothelin in the
mesothelioma case was slightly increased to 10.9 ng/ml
(Fig. 1B). This is speculated to result from a release of
C-ERC/mesothelin by phosphatidylinositol-specific phos-
pholipase C (Chang and Pastan, 1996) or a contamination
of desquamated mesothelioma cells.
Immuohistochemical C-ERC/mesothelin signals were
constantly detected in cell membranes. C-ERC/mesothe-
lin was detected in intact (Figs. 2A and B) and hyperpas-
tic (Figs. 2C and D) mesothelia. Taken the ELISA data
together, it might be possible that the ERC/mesothelin
level starts increased from the preneoplastic stage.
C-ERC/mesothelin was found only in epithelioid (mes-
othelioid) tumor cells present at the most superficial lay-
er of early-stage, epithelioid/polypoid (Figs. 2E and F)
and advanced-stage, mostly-sarcomatoid/invasive-nodu-
lar (Figs. 2G and H) types of mesotheliomas. In humans,
epithelioid types, but not sarcomatoid types or sarco-
matoid components of biphasic (mixed) types, immu-
nohistochemically express C-ERC/mesothelin (Chang
and Pastan, 1996; Shiomi ef al., 2008; Ordéfiez, 2003).
Accordingly, serum N-ERC/mesothelin levels were
only slightly increased or often unchanged in sarco-
matoid and biphasic types, in contrast to the epithe-

lioid type (Hassan et al., 2006; Shiomi ef al., 2008). The
present findings suggest that the increaseof ERC/mesothe-
lin levels in mesotheliomas may be a universal event for
all types and stages, and that C-terminal fragments may
become unproduced or changed its tertiary structure and/
or epitope construction by the neoplastic conversion.

In conclusion, the present data suggests that ERC/mes-
othelin can be used as a biomarker of mesothelial prolif-
erative lesions also in animals, and that its increase of its
levels may start from the early stage and be enhanced by
the progression of the mesothelioma development.
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Titanium dioxide (TiO,) is evaluated by World Health
Organization/International Agency for Research on Cancer as
a Group 2B carcinogen. The present study was conducted to
detect carcinogenic activity of nanoscale TiO, administered by
a novel intrapulmonary spraying (IPS)-initiation—promotion pro-
tocol in the rat lung. Female human c-Ha-ras proto-oncogene
transgenic rat (Hras128) transgenic rats were treated first with
N-nitrosobis(2-hydroxypropyl)amine (DHPN) in the drinking
water and then with TiO, (rutile type, mean diameter 20 nm, with-
out coating) by IPS. TiO, treatment significantly increased the
multiplicity of DHPN-induced alveolar cell hyperplasias and ade-
nomas in the lung, and the multiplicity of mammary adenocarci-
nomas, confirming the effectiveness of the IPS-initiation—
promotion protecol. TiO, aggregates were localized exclusively
in alveolar macrophages and had a mean diameter of 107.4 nm.
To investigate the underlying mechanism of its carcinogenic effects,
TiO, was administered to wild-type rats by IPS five times over
9 days. TiO, treatment significantly increased 8-hydroxydeoxy
guanosine level, superoxide dismutase activity and macrophage
inflammatory protein la (MIP1a) expression in the lung. MIPla,
detected in the cytoplasm of TiO,-laden alveolar macrophages
in vivo and in the media of rat primary alveolar macrophages
treated with TiO; in vitro, enhanced proliferation of human lung
cancer cells. Furthermore, MIP1q, also detected in the sera and
mammary adenocarcinomas of TiQO,-treated Hras128 rats,
enhanced proliferation of rat mammary carcinoma cells. These
data indicate that secreted MIP1a from TiO,-laden alveolar mac-
rophages can cause cell proliferation in the alveoli and mammary
gland and suggest that TiO, tumeor preometion is mediated by
MIPla acting locally in the alveoli and distantly in the mammary
gland after transport via the circulation.

Abbreviations: CCR1, C-C chemokine receptor type 1; DHPN, N-nitrosobis
(2-hydroxypropyl) amine; ERK, extracellular signal-regulated kinase; GRO,
growth-regulated oncogene; Hras128 rat, human c-Ha-ras proto-oncogene
transgenic rat; IL, interleukin; IPS, intrapulmonary spraying; MEKI,
MAPK/ERK kinasel; MIP1a, macrophage inflammatory protein 1a; 8-OHdG,
8-hydroxydeoxy guanosine; PBS, phosphate-buffered saline; ROS, reactive
oxygen species; SD, Sprague-Dawley; SOD, superoxide dismutase; TEM,
transmission electron microscopy; TiO,, titanium dioxide.

Introduction

Inhalation of particles and fiber is well known to be strongly associ-
ated with increased lung cancer risk in the workplace (1,2). Although
the size of fiber particles was reported to be closely related to risk (3),
the precise role of particles and fibers in lung cancer induction has not
yet been elucidated.

Titanium dioxide (TiO,) particles of various sizes are manufactured
worldwide in large quantities and are used in a wide range of appli-

. cations. TiO, particles have long been considered to pose little risk to

respiratory health because they are chemically and thermally stable.
However, TiO; is classified as a Group 2B carcinogen, a possible
carcinogen to humans, by World Health Organization/International
Agency for Research on Cancer based on the findings of lung tumor
induction in female rats (3,4). This overall evaluation includes nano-
scale (<100 nm in diameter) and larger sized classes of TiO,. At
present, the mechanism underlying the development of rat lung
tumors by inhalation of TiO, particles is unclear.

Inhalation of TiO, particles can occur both at the workplace, e.g. in
manufacturing and packing sites, and also outside the workplace dur-
ing their use (5-7). Exposure to airborne nanoparticles has been re-
ported to be associated with a granulomatous inflammatory response
in the lung (8). Inhalation studies of nanoparticles for cancer risk
assessment is urgently needed, however, due to the high cost of
long-term studies, available data is severely limited (9,10). The aim
of this study is to understand the mechanism underlying rat lung
carcinogenesis induced by inhalation of TiO, particles. We choose
intrapulmonary spraying (IPS) because it does not require costly
facilities, allows accurate dose control and approximates long-term
inhalation studies (3,11).

We initially examined whether TiO, particles have carcinogenic
activity in the rat lung using a novel IPS-initiation—promotion pro-
tocol (12,13). For these experiments, Sprague-Dawley (SD)-derived
female human c-Ha-ras proto-oncogene transgenic rat (Hras!28)
transgenic rats, which are known to have the same carcinogen sus-
ceptibility phenotype in the lung as wild-type rats but are highly
susceptible to mammary tumor induction (14-16), were treated with
N-nitrosobis(2-hydroxypropyl)amine (DHPN) to initiate carcinogen-
esis and then treated with TiO, by IPS. We observed a promotion
effect of TiO, particles in lung and mammary gland carcinogenesis.

To identify factors involved in this promotion effect, wild-type SD
strain rats were treated with TiO, by IPS for 9 days. We found
macrophage inflammatory protein la (MIPla) was produced by
TiO,-laden alveolar macrophages in the lungs of rats treated with
TiO, MIPia is a member of the CC chemokine family and is primar-
ily associated with cell adhesion and migration of multiple myeloma
cells (17). It is reported to be produced by macrophages in response to
a variety of inflammatory stimuli including TiO, (18). In the present
study, MIP1a, detected in the medium of rat primary alveolar macro-
phages treated with TiO,, enhanced proliferation of human lung
cancer cells in vitro. MIPla was also detected in the sera and mam-
mary adenocarcinomas of TiO,-treated Hras128 rats and enhanced
proliferation of rat marmmary carcinoma cells.

Materials and methods

Animals

Female transgenic rats carrying the Hrus128 and female wild-type SD rats were
obtained from CLEA Japan Co., Ltd (Tokyo, Japan) (15). The animals were
housed in the animal center of Nagoya City University Medical School, main-
tained on a 12 h light-dark cycle and received Oriental MF basal diet (Orental
Yeast Co., Tokyo, Japan) and water ad libitum. The research was conducted
according to the Guidelines for the Care and Use of Laboratory Animals of
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Nagoya City University Medical School and the experimental protocol was
approved by the Institutional Animal Care and Use Cornmittee (H17-28).

Preparation of TiO; and [PS

TiO, particles (rutile type, without coating; with a mean primary size of 20 nm)
were provided by Japan Cosmetic Association, Tokyo, Japan. TiO, particles were
suspended in saline at 250 pg/ml or 500 pg/ml. The suspension was autoclaved
and then sonicated for 20 min just before use. The TiO, suspension was intra-
tracheally administered to anirnals under isoflurane anesthesia using a Micro-
sprayer (Series IA-1B Intratracheal Aerosolizer, Penn-Century, Philadelphia,
PA) connected to a 1 ml syringe; the nozze of the sprayer was inserted into
the trachea through the larynx and a total of 0.5 ml suspension was sprayed into
the lungs synchronizing with spontaneous respiratory inhalation (IPS).

[PS-initiation—-promotion protocol

Thirty-three female Hras128 rats aged 6 weeks were given 0.2% DHPN,
(Wako Chemicals Co., Ltd Osaka, Japan) in the drinking water for 2 weeks
and 9 rats were given drinking water without DHPN. Two weeks later, the rats
were divided into four groups, DHPN alone (Group 1), DHPN followed by
250 pg/ml TiO, (Group 2), DHPN followed by 500 pg/ml TiO, (Group 3) and
500 pg/mi TiO, without DHPN (Group 4). The TiO, particle preparations were
administered by IPS once every 2 weeks from the end of week 4 to week 16 (a
total of seven times). The total amount of TiO, administered to Groups 1, 2, 3
and 4 were 0, 0.875, 1.75 and 1.75 mg per rat, respectively. Three days after the
last treatment, animaly were killed and the organs (brain, lung, liver, spleen,
kidney, mammary gland, ovaries, uterus and neck lymph nodes) were excised
and divided into two pieces; one piece was immediately frozen at —80°C and
used for quantitative measurement of elemental titanium, and the other piece
was fixed in 4% paraformaldehyde solution in phosphate-buffered saline (PBS)
buffer adjusted to pH 7.3 and processed for light microscopic examination and
transmission electron microscopy (TEM); the left lungs and inguinal mam-
mary glands were used for elemental titaniumn analysis and the right lungs and
inguinal mammary glands were used for microscopic examination.

IPS 9 day protocol

Twenty female SD rats (wild-type counterpart of Hras128) aged 10 weeks
were treated by IPS with 0.5 ml suspension of 500 pg/ml TiO, particles in
saline five times over a 9 day period (Figure 2A). The total amount of TiO,
administered was 1.25 mg per rat. Six hours after the last dose, animals were
killed and the lungs and inguinal mammary glands were excised. Fatty tissue
surrounding the mammary gland was removed as much as possible. The
left lungs and inguinal mammary glands were used for biochemical analysis,
and the right lungs were fixed in 4% paraformaldehyde solution in PBS
adjusted at pH 7.3 and processed for histopathological examination and
immunohistochemistry.

Light microscopic and TEM observation of TiO; particles in the lung

Paraffin blocks were deparaffinized and embedded in epon resin and processed
for TiO, particle observation and titanium element analysis, using a JEM-1010
transmission electron microscope (JEOL Co. Ltd, Tokyo, Japan) equipped with
an X-ray microanalyzer (EDAX, Tokyo, Japan). Size analysis of TiO; particles
was performed using TEM photos by an image analyzer system, (IPAP, Sumika
Technos Corporation, Osaka, Japan). A total of 452 particles from alveolar
macrophages from rats in Group 3 (DHPN followed by 500 pug/ml TiO,) of the
IPS-initiation-promotion study and a total of 2571 particles from alveolar
macrophages from rats in the IPS 9 day study were measured.

Biochemical element analysis of titanium

For the detection of elemental titanium, frozen tissue samples of 50-100 mg were
digested with 5 ml concentrated HNO; for 22 min in a microwave oven. Tita-
nium in the digested solutions was determined by inductively coupled plasma—
mass spectrometry (HP-4500, Hewlett-Packard Co., Houston, TX) under the
following conditions: RF power, 1450 W; RF refraction current, 5 W; Plasma
gas current, 15 Vmin; Carrier gas current, 0.91 Vmin; Peri pump, 0.2 rp.s.;
Monitoring mass-m/z 48 (Ti); Integrating interval, 0.1 s; Sampling period 0.31 s.

Analysis of superoxide dismutase activity, 8-hydroxydeoxy guanosine and
cytokine levels

For the analysis of superoxide dismutase (SOD) activity, 8-hydroxydeoxy
guanosine (8-OHAG) and cytokine levels, animals exposed to TiO, particles
for 9 days were used. For 8-OHdG levels, genomic DNA was isolated from the
left lung and inguinal mammary gland with a DNA Extractor WB Kit (Wako
Chemicals Co. Ltd). 8-OHdG levels were determined with an 8-OHdG ELISA
Check Kit (Japan Institute for the Control of Aging, Shizuoka, Japan) and by
a custom service (OHG Institute Co., Ltd, Fukuoka, Japan). For the analysis of
SOD activity and inflammation-related cytokines, tissue from the left lung and
inguinal mammary glands was excised and rinsed with cold PBS three times
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and homogenized in 1 ml of T-PER, Tissue Protein Extraction Reagent (Pierce,
Rockford, IL), containing 1% (vol/vol) proteinase inhibitor cocktail (Sigma-
Aldrich, St Louis, MO). The homogenates were clarified by centrifugation at
10 000g for 5 min at 4°C. Protein content was measured using a BCA™
Protein Assay Kit (Pierce). SOD activity was determined using an SOD Assay
Kit (Cayman Chemical Co., Ann Arbor, MI). The levels of interleukin (IL)-14,
IL-18, IL-6, granulocyte-macrophage colony-stimulating factor, granulocyte
colony-stimulating factor, tamor necrosis factor o, interferon v, IL-18, mono-
cyte chemotactic protein 1 and MIP1y, growth-regulated oncogene (GRO) and
vascular endothelial growth factor were measured by Multiplex Suspension
array (GeneticLab Co., Ltd, Sapporo, Japan).

Immunohistochemistry

CD68 and MIPlu were detected using anti-rat CD68 (BMA Biomedicals,
Augst, Switzerland) and anti-rat MIP1la polyclonal antibodies (BioVision,
Lyon, France). Both antibodies were diluted 1:100 in blocking solution and
applied to slides, and the slides were incubated at 4°C overnight. The slides
were then incubated for 1 h with biotinylated species-specific secondary anti-
bodies diluted 1:500 (Vector Laboratories, Burlingame, CA) and visualized
using avidin-conjugated alkaline phosphatase complex (ABC kit, Vector
Laboratories) and Alkaline Phosphatase Substrate Kit (Vector Laboratories).

Isolation of primary alveolar macrophages and preparation of conditioned
media

Wild-type female SD rats were given 0.5 ml 6% thioglycollate medium
(Thioglycollate Medium II, Eiken Chemical Co., Ltd, Tokyo, Japan) by IPS
ondays 1,3 and 5, and 6 b after the last treatment, the lungs were excised and
minced with sterilized scissors in RPMI 1640 containing 10% fetal bovine
serum (Wako Chemicals Co., Ltd) and antibiotics. The homogenate was
washed twice and plated onto 6 cm dishes and incubated for 2 h at 37°C,
5% CO,. The dishes were then washed with PBS three times to remove un-
attached cells and cell debris. Samples of the remaining adherent cells were
cultured in chamber slides and immunostained for CD68 to confirm their
identity as macrophages; ~98% of the cells were positive for CD68.

Primary alveolar macrophages were treated with vehicle or TiO; particles in
saline suspension at a final concentration of 100 pg/ml and then incubated for
24 hina 37°C, 5% CO, incubator. The conditioned medium was collected and
diluted 5-fold with RPMI 1640; the conditioned medium had a final concen-
tration of 2% fetal bovine serum.

Western blotting

For the detection of MIP1a, aliquots of 20 pg protein from the extracts of
lung or mammary tissue were separated by 15% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes
and immunoblotted. For the detection of C-C chemokine receptor type 1
(CCR1), 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
was used for the separation. Membranes were probed overnight at 4°C with
anti-rat MIP1« polyclonal antibody (BioVision) diluted at 1:100 or anti-CCR1
(Santa Cruz Biotechnology, Santa Cruz, CA) diluted at 1:100. The blots were
washed and incubated for 1 h with biotinylated anti-species-specific secondary
antibodies (Amersham Biosciences, Piscataway, NJ) and then visualized using
ECL Western Blotting Detection Reagent (Amersham Biosciences). To ensure
equal protein loading, the blots were striped with Restore Western Blot Strip-
ping Buffer (Pierce) and reprobed with anti-§ actin antibody (dilution 1:2000;
Sigma-Aldrich) for 1 h at room temperature.

For the detection of serum MIPla, GRO and IL-6, aliquots of 150 pg of
protein from the sera of rats treated with TiO; for 16 weeks were subjected to
sodiumn dodecyl sulfate-polyacrylamide gel electrophoresis. Anti-human GRO
polyclonal antibody (BioVision) and anti-mouse IL-6 polyclonal antibody (Santa
Cruz) were diluted 1:100. For detection of activated extracellular signal-
regulated kinase (ERK) 1/2 and total ERK1/2, phospho ERK1/2 antiboby (Cell
signaling Technology, Beverly, MA) and ERK1/2 antibody (Upstate, Lake
placid, NY) were diluted 1:2000 and 1:25 000, respectively. The conditioned
medium from alveolar macrophages, prepared as described above, was also
subjected to westem blot assay for MIP1a detection as described above. The
blots were striped with Restore Western Blot Stripping Buffer (Pierce) and
stained with Ponceau S solution (Sigma-Aldrich) for 10 min. The major band
at 66 kDa was judged to be albumin and used as an intemal control.

In vitro cell proliferation assay

AS549 cells, a human lung cancer cell line, and the rat mammary cancer cell line
C3 (19), derived from the Hras128 transgenic rats, were used in the in vitro cell
proliferation assays. A549 or C3 cells were seeded into 96-well culture plates
at 5 x 10° cells per well in 2% fetal bovine serum Dulbecco’s modified
Eagle's medium (Wako Chemicals Co., Ltd). After overnight incubation, the
cells were treated as noted below, incubated for 72 h and the relative cell
number was then determined.
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To investigate the effect of culture supernatant from alveolar macrophages
on A549 cell proliferation, their media were replaced with diluted conditioned
medium, and the cells were incubated for 72 h with 0, 5, 10 and 20 pg/ml of
anti-MIP1x neutralizing antibody (R&D Systems, Minneapolis, MN) or with
20 pg/mi of irrelevant IgG. To investigate the effect of recombinant cytokines
on AS549 cell proliferation, 10, 50 or 100 ng/ml of recombinant protein, rat
MIPla (R&D Systems), human GRO (R&D Systems) or human IL-6 (R&D
Systems), was added to A549 cells. To investigate the role of ERK in MIP1a-
stimulated cell proliferation, A549 cells, treated with or without 2 x 107'M
of the specific MAPK/ERK kinasel (MEK1) inhibitor PD98059 (Cell Signal-
ing Technology) for 10 min, were treated with 50 ng/ml of MIP1a protein. To
investigate the effect of reactive oxygen species (ROS) on cell proliferation,
A549 cells, with or without pretreatment with 1 mM N-acetyl cysteine (Wako
Chemicals Co. Ltd) for 30 min, were treated with 0.5 mM H,0, (Wako Chem-
icals Co. Ltd). To investigate of the effects of MIP1a on rat mammary cells, C3
cells were treated with serially diluted recombinant rat MIP1x (0, 0.4, 2.0, 10
and 50 ng/ml, respectively; R&D Systems). For detecting the direct effect of
TiO, particles on A549 and C3 cell proliferation, 5 x 10° A549 or C3 cells
were cultured overnight and then treated with 10 or 50 pg/ml of TiO; particles.

After 72 h incubation, the relative cell number of A549 and C3 was de-
termined using the Cell Counting Kit-8 (Dojindo Molecutar Technologies,
Rockville, MD) according to the manufacturer’s instruction.

Statistical analysis

For in vivo data, statistical analysis was performed using the Kruskal-Wallis
and Bonferroni-Dunn’s multiple comparison tests. In vitro data are presented
as means + standard deviations. The statistical significance of in vifro findings
was analyzed using a two-tailed Student’s r-test and Bonferroni-Dunn’s mul-
tiple comparison tests. A value of P < 0.05 was considered significant. The
Spearman’s rank corrclation test was used to determine the association
between TiO, dose and TiO; carcinogenic activity.

Results

Promoting effects of TiO, particles in DHPN-induced lung and
mammary carcinogenesis

Prior to initiation of the IPS-initiation—-promotion and IPS 9 day stud-
ies, we conducted a preliminary study to confirm whether IPS would
be a good tool to deliver TiO, particles to the alveoli. Rats were
treated by IPS with India ink. We observed that ink particles of
~50 to 500 pm in diameter were diffusely distributed throughout
the alveoli space (data not shown), confirming that IPS could deliver
TiO, particles to the alveoli.

Four groups of female Hras128 rats were treated with +/— DHPN to
initiate carcinogenesis and then treated with TiO, by IPS for 12 weeks:
Group 1, DHPN alone; Group 2, DHPN followed by 250 pg/ml TiOy;
Group 3, DHPN followed by 500 pg/ml TiO, and Group 4, 500 pg/ml
TiO, without DHPN. Microscopic observation in the lung showed
scattered inflammatory foci, alveolar cell hyperplasia (Figure 1A)
and adenomas in the DHPN-treated rats. The multiplicity (numbers
per square centimeter lung) of hyperplasias and adenomas in Group
3 (DHPN followed by 500 pg/ml TiO,) were significantly increased
compared with Group 1 (DHPN followed by saline, Table I), and the
increase showed a dose-dependent cormelation (tho = 0.630,
P = 0.001 for hyperplasias and rho = 0.592, P = 0.029 for adeno-
mas) by the Spearman’s rank correlation test. In the mammary gland,
TiO, treatment significantly increased the multiplicity of adenocarci-
nomas (Figure 1C) and tended to increase the weight of the mammary
tumors (Figure 1C). In the rats, which received TiO, treatment without
prior DHPN ueatment, alveolar proliferative lesions were not observed
although slight inflammatory lesions were observed.

TiO, was distributed primarily to the lung, but minor amounts of
TiO, were also found in other organs (supplementary Figure LA is
available at Carcinogenesis Online).

Various sizes of TiO, aggregates were observed in alveolar macro-
phages (Figure 1B). The TiO;-laden macrophages were evenly scat-
tered throughout the lung alveoli. The number of hyperplasias with
TiO,-laden macrophages was dose dependently increased (supple-
mentary Table 1 is available at Carcinogenesis Online). This result
suggests that TiO,-laden macrophages may be involved in the pro-
motion of alveolar hyperplasia.

The size distribution of TiO, particle aggregate is shown in Figure 1D.
Of 452 particle aggregates examined, 362 (80.1%) were nanosize, i.e.

Involvement of MIP1la in TiO, carcinogenesis

<100 nm. Overall, the average size was 84.9 nm and the median size
was 44.4 nm.

IPS 9 day study—uanalysis of TiO,

Female SD rats were treated with TiO, by IPS over a 9 day period
(Figure 2A). Microscopic observation showed scattered inflammatory
lesions with infiltration of numerous macrophages mixed with a few
neutrophils and lymphocytes in TiO,-treated animals. Overall, the
number of macrophages in the alveoli was significantly increased in
the TiO,-treated animals (Figure 2B). As expected from the results of
the IPS-initiation—promotion study, alveolar proliferative lesions were
not observed (Figure 2C).

Morphologically, TiO, particles were observed as yellowish,
polygonal bodies in the cytoplasm of cells (Figure 2D). These cells
are morphologically distinct from neutrophils and strongly positive
for CD68 (Figure 2E), indicating that the TiO, engulfing cells were
macrophages. TiO, aggregates of various sizes were found in macro-
phages, and aggregates larger than a single macrophage were sur-
rounded by multiple macrophages (supplementary Figure IB is
available at Carcinogenesis Online)

TEM also showed electron dense bodies in the cytoplasm of macro-
phages (Figure 2F and G). These bodies were found exclusively in
macrophages and not found in the alveolar parenchyma, including
alveolar epithelium and alveolar wall cells, or in any other cell type.
The shape of the electron dense TiO, particles in the cytoplasm was
quite similar to that observed in preparations taken from TiO, suspen-
sions before administration (Figure 2H and supplementary Figure 1C
and D is available at Carcinogenesis Online). Individual TiO,
particles were rod-like in shape (supplementary Figure 1C is available
at Carcinogenesis Online).

Element analysis by TEM and X-ray microanalysis indicated that
these electron dense bodies were composed primarily of titanium
particles (supplementary Figure 1E and F-1 and [F-2 is available at
Carcinogenesis Online). Titanium was not observed in the surround-
ing alveolar cells without electron dense bodies (supplementary
Figure LF-3 is available at Carcinogenesis Online). The size distribu-
tion of TiO, particle aggregates is shown in Figure 2I. Of 2571 par-
ticle aggregates examined, 1970 (76.6%) were <100 nm and five
particles were >4000 nm in size. Overall, the average size was
107.4 nm and the median size was 48.1 nm.

IPS 9 day study—analysis of oxidative stress and inflammation-
related factors in the lungs of wild-type rats
IPS of TiO, particles significantly increased SOD activity (Figure 3A)
and 8-OHdG levels (Figure 3B) in the lungs of wild-type rats, but not
in the mammary glands. Analysis of the expression levels of 12
cytokines using suspension array indicated that administration of
TiO, particles significantly upregulated the expression of MIPla,
GRO and IL-6 in the lung tissue of wild-type rats (supplementary
Table 2 is available at Carcinogenesis Online). MIPla levels were
slightly elevated (0.4 pg/mg protein) in the mammary gland
(Figure 3C), although the elevation was not statistically significant.
Elevation of MIPla in the lung tissue of animals treated with TiO,
particles was confirmed by western blotting (Figure 3D).
Immunohistochemically, MIPla was detected in the cytoplasm of
alveolar macrophages with phagocytosed TiO, particles (Figure 3E
upper, stained in red) and these macrophages could be found in
hyperplastic lesions of the lung (supplementary Figure 2A and B is
available at Carcinogenesis Online). MIP o was not detected in mac-
rophages without TiO, particles (Figure 3E lower). Expression of
CCR1, the major receptor of MIPla, was observed in the lung; IPS
of TiO, particles had little or no effect on CCRI expression (supple-
mentary Figure 2C is available at Carcinogenesis Online).

Effect of MIPl« on proliferation of a human lung cancer cell line
in vitro

Alveolar macrophages were isolated from the lungs of SD rats and
were confirmed to be macrophages by morphology and CD68 staining
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Fig. 1. Promoting effects of TiO, particles in DHPN-induced lung and mammary carcinogenesis (A) Alveolar hyperplasias observed in the lung of an Hras128
rat receiving DHPN and 500 pg/ml TiO, particles. (B) Alveolar macrophages with TiO, particles were also observed in hyperplasia lesions. (C) IPS of TiO,
particles significantly increased the multiplicity of adenocarcinomas in the mammary gland and tended to increase the size of mammary tumors. (D) The size
distribution of TiO, particle aggregates; among 452 particle aggregates examined, 362 (80.1%) were nanosize, i.e. <100 nm in diameter.

(data not shown). The macrophages were treated with TiO; particles
suspended in saline (Figure 4A). TiO, induced secretion of MIPla
into the cutture media (Figure 4B), and the culture medium collected
from macrophages treated with TiO, particles promoted proliferation
of A549 cells, whereas culture media collected from unexposed mac-
rophages did not (Figure 4C). MIP1a neutralizing antibodies attenu-
ated the promotion of A549 proliferation in a dose-dependent manner
(Figure 4C). MIPla-induced cell proliferation was also significantly
suppressed by the ERK inhibitor PD98059 (Figure 4D). In addition,
MIPla increased ERK phosphorylation and PD98059 diminished
ERK phosphorylation (Figure 4E).

We also examined the effect of MIP1la, GRO and IL-6, H,O; and
TiO, on the proliferation of A549 cells. MIPla increased cell pro-
liferation in a dose-dependent fashion, but GRO and IL-6 did not
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(supplementary Figure 3A-C is available at Carcinogenesis Online).
H,0, significantly suppressed cell proliferation, and antioxidant treat-
ment diminished this suppression. Antioxidant treatment did not
affect MIPla-induced cell proliferation (supplementary Figure 3D
is available at Carcinogenesis Online). These results suggest that
ROS have no effect on tumor cell growth in this experiment.

In addition, TiO, did not directly increase proliferation of A549 cell
(supplementary Figure 3E is available at Carcinogenesis Online).

Mechanism analysis of the promotion of mammary carcinogenesis

MIPlo was markedly elevated in the serum of the Hras128 rats trea-
ted with TiO, particles (Figure 5A). Serum levels of IL-6 were not
changed by TiO, ueatment and GRO was not detected in the serum
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