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Figure 2. Autoradiograms of NIAN-DNA adducts in glandular stomach of MGs or calf thymus DNA treated with NIAN. Adducts were analyzed
by ??P-postlabeling method, as described in the Material and Methods. DNA samples were isolated from glandular stomach of MGs (a) or
calf thymus DNA (b) after treatment with NIAN. DNA samples were also prepared from glandular stomach of MGs without NIAN treatment
(c). Arrowheads indicate adducts. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.)

animals of groups C and D were given an intragastric inocu-
lation of H. pylori broth culture (0.5 ml, 0.9 % 10° CFU/ani-
mal) whereas animals of groups A and B were given steri-
lized broth alone (0.5 ml).**

During the experiments, animals which became moribund
or emaciated (<80 g body weight) were sacrificed. At 104 weeks
after H. pylori infection, all surviving animals were sacrificed
under ether anesthesia. At performance of necropsy, all tissues
were carefully checked macroscopically and the stomachs and
major organs were removed and assessed for macroscopic
lesion development. Effective numbers of animals were defined
as those surviving until week 54 of the study, when gastric
tumors were observed for the first time. In addition, in the
H. pylori-infected groups, the animals developing gastritis
observed on histological examination were regarded as effective.
The percentages of gastritis-bearing animals by the single inoc-
ulation of H. pylori were 62% for group C and 76% for group
D, being similar to those previously reported.”” All animal
experiments were performed according to the “Guidelines for
Animal Experiments in the National Cancer Center” and were
approved by the Institutional Ethics Review Committee for
Animal Experimentation in the National Cancer Center.

Detection of DNA adducts by >?P-postlabeling method

Calf thymus DNA (0.5 mg, Sigma, St. Louis, MO) treated
with NIAN (3 mg) for 12 hr under neutral conditions was
used for authentic NIAN-DNA adducts.”®> DNA samples
from the glandular stomach of MGs and calf thymus DNA
samples were digested with micrococcal nuclease and phos-
phodiesterase II, and subjected to 2p_postlabeling analysis
using the same procedure as described previously’® except
with solvent systems for two-dimensional development. The
solvent system consisted of buffer A (4.0 M lithium formate,
7.7 M urea, pH 3.5) from bottom to top, and buffer B (0.90
M lithium chloride, 0.45 M Tris-HCl, 7.7 M urea, pH 8.0)
from left to right, followed by 1.7 M sodium phosphate
buffer, pH 6.0, from left to right, with 3.5 cm filter paper.
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Adducts were detected with a Bio-Image Analyzer (BAS
3000; Fuji Photo Film, Tokyo, Japan) after exposing the TLC
sheets to Fuji imaging plates. Relative adduct labeling was
determined by the methods of Reddy et al,* and values
were calculated as averages using data from three assays.

Histological examination

All excised stomachs were opened along the greater curvature
and washed twice with saline, then fixed in 10% neutral-buffered
formalin. The fixed stomachs were sliced along the longitudinal
axis into 9-12 strips of equal width, and routinely processed to
sections stained with hematoxylin and eosin (H&E). The degree
of chronic active gastritis was graded according to criteria modi-
fied from the Updated Sydney System,’ by scoring the infiltra-
tion of neutrophils and mononuclear cells. Other organs, in
which macroscopic lesions were observed, were also fixed in
10% neutral-buffered formalin and routinely processed to sec-
tions stained with H&E for histological examination.

Statistical analysis

The significance of differences in quantitative data for gastric
inflammation, gastric adenocarcinoma and tumors of other
organs was analyzed by Fisher’s exact test. Data for stomach wet
weight and inflammation score were examined using Tukey’s
multiple comparison test. Significance was concluded at p < 0.05.

Results

DNA adduct formation by NIAN administration in the
glandular stomach of MGs

To confirm the formation of NIAN-DNA adducts in the
glandular stomach of MGs, NIAN was injected two times a
week at a dose of 100 mg/kg by gavage, and then analyzed
by **P-postlabeling method. Three adduct spots were
observed in DNA samples derived from NIAN-treated ani-
mals (Fig. 2a). The adduct levels were 0.3 for adduct 1, 1.1
for adduct 2, 0.2 for adduct 3 and 1.6 adducts/10°® nucleotides
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Table 1. H. pylori infection induced-gastritis in MGs

Induction of glandular stomach cancers by NIAN and H. pylori

Stomach wet Inflammation
Group Treatment Effective No. weight (g) score
A Broth 15 0.647 = 0.097 0
B NIAN + Broth 22 0.631 = 0.094 0
¢ H. pylori 18 1.432 * 0.445* 2.22 * 0.43*
D NIAN + H. pylori 26 1.483 * 0.445* 2.38 * 0.64*

*p < 0.01 versus group A and B.
Values for results are expressed as averages = SD.

Figure 3. Macroscopic and microscopic views of gastritis in MGs infected or uninfected with H. pylori. (@) Normal gastric mucosa in group
A. (b) Severe infiltration of many inflammatory cells with development of heterophilic proliferative glands in group C; H&E staining, x40.

Yellow boxes are shown at greater magnification below, x200.

in total. This TLC pattern was similar to that in the in vitro
reaction of calf thymus DNA with NIAN (total adduct level
of 4.8 adducts/10” nucleotides, Fig. 2b). In the case of DNA
samples derived from control animals, no adduct spots were
seen on the TLC sheets (Fig. 2c).

Macroscopical and microscopical observation of

H. pylori-induced gastritis in MGs

MGs were sacrificed until 104 weeks after H. pylori infection,
and gastric disorders were analyzed. Stomach wet weights
and gastric inflammation scores are shown in Table 1. Mac-
roscopically, edematous thickening with hemorrhagic spots

was apparent in the gastric mucosa in H. pylori-infected MGs
(groups C and D), but not in animals uninfected with
H. pylori (groups A and B). The stomach wet weight, reflect-
ing edematous thickening, in animals infected with H. pylori
(groups C and D) was significantly increased compared with
that of animals not infected with H. pylori (groups A and B)
(p < 0.01). No significant differences of stomach wet weight
were detected between groups A and B and also between
groups C and D.

Microscopically, gastritis, featuring infiltration of many
inflammatory cells, and hyperplastic change of glandular epi-
thelium, and erosion were observed in the pyloric regions of

Int. J. Cancer: 130, 259-266 (2012) © 2011 UICC
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Table 2. Incidence of glandular stomach adenocarcinoma in MGs

No. of animals with glandular stomach
adenocarcinoma (%)

Group Treatment Effective No. Total Well dif. Moderately dif.
A Broth 15 0 (0) 0 (0) 0(0)
B NIAN + Broth 22 0 (0) 0 (0) 0 (0)
£ H. pylori 18 0 () 0 () 0 (0)
D NIAN + H. pylori 26 8 B1* 7 (27) 1 (4)

Well dif., well differentiated adenocarcinoma; Moderately dif., moderately differentiated adenocarcinoma.
*p < 0.05 versus group A and C and p < 0.01 versus group B.

Figure 4. Histological findings of gastric adenocarcinoma in the animals treated with both NIAN and H. pylori. (a) Typical macrograph of a
stomach. The yellow circle shows the suspected lesion of gastric cancer. (b) Well differentiated adenocarcinoma. (¢) Moderately

differentiated adenocarcinoma. (b and ¢) H&E staining, x400.

the animals infected with H. pylori (groups C and D)
(Fig. 3). Heterotopic proliferative glands, whose development
is related to severe gastritis in H. pylori-infected MGs, were
sometimes observed in H. pylori-infected groups (groups C
and D). No gastritis was found in animals not infected with
H. pylori (groups A and B). The gastric inflammation score
in H. pylori-infected animals was significantly increased com-
pared with that of animals uninfected with H. pylori (p <
0.01). There were no significant differences of gastric inflam-
mation score between groups C and D.

Development of glandular stomach adenocarcinomas

in MGs treated with both NIAN and H. pylori

The observed incidences of glandular stomach adenocarcino-
mas are shown in Table 2. Glandular stomach adenocarcino-
mas, histologically featuring tubular structures with cellular
atypia infiltrating into the muscle layer, were found in eight
animals treated with both NIAN and H. pylori (8/26 = 31%)
at 54-104 weeks. All adenocarcinomas were observed in the
pyloric mucosa and located in the lesser curvature of the
stomach, where macroscopically severe edematous thickening
was also seen (Fig. 4a). The observed adenocarcinomas in
seven animals were of well differentiated (Fig. 4b), and a
moderately differentiated lesion was observed in one animal
(Fig. 4c). In the animals treated with broth alone, broth +
NIAN and H. pylori alone (groups A, B and C), no glandular
stomach adenocarcinomas were observed. The incidence of
glandular stomach adenocarcinomas in group D was signifi-

Int. ). Cancer: 130, 259-266 (2012) © 2011 UICC

cantly higher than that in groups A, B and C (p < 0.05, p <
0.01 and p < 0.05, respectively).

Irrespective of NIAN treatment and H. pylori infection, skin
tumors, which histologically were well to poor differentiated
squamous cell carcinomas, sebaceous carcinomas and melano-
mas, were found in one animal (1/15 = 7%) in group A, three
animals (3/22 = 14%) in group B, two animals (2/18 = 11%)
in group C and five animals (5/26 = 19%) in group D. A he-
mangioma was also observed in a kidney of one animal in
group D (1/26 = 4%). No significant differences were apparent
in these tumor incidences among groups A-D.

Discussion

In the present study, NIAN was found to induce glandular
stomach adenocarcinomas in MGs in combination with H.
pylori infection. NIAN-DNA adducts were also detected in
the glandular stomach of MGs after treatment with NIAN,
although clarification of their chemical structure(s) has yet
to be performed. DNA adducts observed in the glandular
stomachs of NIAN-treated MGs probably contain an indole-
3-acetonitrile moiety. However, it is further likely that NIAN
would act as an NO donor under aqueous conditions,
thereby causing DNA modifications.”'** In fact, Lucas et al.
demonstrated that NIAN can efficiently transfer nitroso
groups to nucleophilic targets in purine nucleotides, causing
N-nitrosation, deamination and the formation of a novel gua-
nine analog, oxanine.*
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Glandular stomach adenocarcinomas induced by NIAN
treatment plus H. pylori infection were located in the pyloric
region, similar to MNNG or MNU treatment plus H. pylori
infection-induced glandular stomach adenocarcinomas in
MGs.**¥” Meanwhile, no glandular stomach cancers were
observed in the groups of H. pylori-infected MGs without
NIAN treatment, which is consistent with previous studies,*®*’
nor in the group treated with only NIAN. These findings indi-
cated that H. pylori is a strong promoter of gastric carcinogene-
sis. Histological examination revealed that the tumors devel-
oped by NIAN + H. pylori were of well or moderately
differentiated adenocarcinomas. Well or poorly differentiated
adenocarcinomas and signet ring cell carcinomas were observed
in H. pylori-infected MGs treated with MNNG or MNU.***
Further studies are required to clarify the histological variety of
stomach adenocarcinomas induced by NIAN, MNNG or
MNU, since the type of cancer might depend on the genotoxic
action of chemical carcinogens, rather than the effects of H.
pylori infection.”” In addition, tumors were observed in skin
and kidney, which were suspected to spontaneously develop.
The MGs have been reported to develop spontaneous skin
tumors such as sebaceous and squamous cell carcinoma.**

Epidemiological studies have indicated that nitrate intake
increases gastric cancer risk, and major sources are vegetables
including Chinese cabbage, spinach and parsley.'* Indole-3-
acetonitrile, a precursor of NIAN, is distributed widely in
cruciferous vegetables including Chinese cabbage and
sprouts.”” Furthermore, fava beans (Vicia faba), which are
commonly consumed in Colombia, give rise to a potent mu-
tagen in the presence of nitrite under acidic conditions.*®
The nitrosatable precursor of the mutagen in fava beans and
the major product of nitrosation are reported to be an indole
compound, 4-chloro-6-methoxyindole and an N-nitroso com-
pound, 4-chloro-2-hydroxy-N'-nitroso-indolin-3-one oxime,
respectively.”” Other indole compounds are also reported to
produce direct-acting mutagens after nitrite treatment under
acidic conditions.®* In general, conversion of indole deriva-
tives to nitrosated forms in vitro is known to be rapid and ef-
ficient at physiologically feasible nitrite concentrations with
the low pH of the human stomach.”” Thus, it is conceivable
that nitrosation of indole compounds such as indole-3-aceto-
nitrile probably occurs in human stomach. On the other
hand, nitric oxide is suggested to be produced by activated
macrophages in inflamed organs with H. pylori infection.'®
Therefore, nitrosation of indole compounds could be mediated
by both acid catalysis and inflammatory responses in the
human stomach.'®?*?”*® On the basis of the conversion rate
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of NIAN from indole-3-acetonitrile under physiological condi-
tions, the dose of NIAN used in the present study appears
about 500-1000 fold the expected human exposure to NIAN
via fresh or pickled Chinese cabbage. However, humans contin-
ually consume various kinds of foods containing indole com-
pounds and nitrate during ordinary life. Thus, it is probable
that the total amount of nitroso-indole compounds would be
much closer to the dose of NIAN used in the present study.
Moreover, it has been reported that low doses of chemical car-
cinogens, such as MNNG and MNU, could induce glandular
stomach cancers in rodents under inflammation conditions
including NaCl treatment and H. pylori infection, but hardly
induce glandular stomach cancer without NaCl treatment and
H. pylori infection. Therefore, the continuous intake of indole
compounds and nitrate may play an important role for gastric
carcinogenesis in East Asian countries still with a high salt con-
sumption and H. pylori infection rate,

Gastric cancer is tending to decline in most countries.
One of the explanations for this tendency is the reduced
prevalence of H. pylori infection.*> Changes in dietary habits,
mainly being lower salt consumption, could be also related to
reduced gastric cancer incidence. However, the gastric cancer
prevalence in East Asian countries, such as Japan and Korea,
is still high.> At present, we have not succeeded in detecting
NIAN in human bodies nor the exposure levels of the pre-
cursor, indole compounds for humans. Thus, it is necessary
to estimate the human exposure levels to nitroso-indole com-
pounds including NIAN, and to study further animal experi-
ments and epidemiological analyses for clarification of contri-
bution of nitroso-indole compounds under H. pylori infection
in humans gastric carcinogenesis.

In conclusion, the present study demonstrated that NIAN
can induce gastric cancer in H. pylori-infected MGs. It is
noteworthy that nitrosatable precursors widely exist in foods.
Thus, it is suggested that N-nitroso indole compounds
including NIAN might contribute to the frequent develop-
ment of gastric cancer in East Asian countries such as Japan
and Korea in which the prevalence of H. pylori infection is
relatively high. Further studies of interaction with other die-
tary elements appear warranted to promote the prevention of
human gastric cancer.
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Multi-walled carbon nanotubes have a fibrous structure similar
to asbestos and induce mesothelioma when injected into the
peritoneal cavity. In the present study, we investigated whether
carbon nanotubes administered into the lung through the tra-
chea induce mesothelial lesions. Male F344 rats were treated
with 0.5 mL of 500 pg/mL suspensions of multi-walled carbon na-
notubes or crocidolite five times over a 9-day period by intrapul-
monary spraying. Pleural cavity lavage fluid, lung and chest wall
were then collected. Multi-walled carbon nanotubes and crocido-
lite were found mainly in alveolar macrophages and mediastinal
lymph nodes. Importantly, the fibers were also found in the cell
pellets of the pleural cavity lavage, mostly in macrophages. Both
multi-walled carbon nanotube and crocidolite treatment induced
hyperplastic proliferative lesions of the visceral mesothelium,
with their proliferating cell nuclear antigen indices approximately
10-fold that of the vehicle control. The hyperplastic lesions were
associated with inflammatory cell infiltration and inflammation-
induced fibrotic lesions of the pleural tissues. The fibers were not
found in the mesothelial proliferative lesions themselves. In the
pleural cavity, abundant inflammatory cell infiltration, mainly
composed of macrophages, was observed. Conditioned cell cul-
ture media of macrophages treated with multi-walled carbon
nanotubes and crocidolite and the supernatants of pleural cavity
lavage fluid from the dosed rats increased mesothelial cell prolif-
eration in vitro, suggesting that mesothelial proliferative lesions
were induced by inflammatory events in the lung and pleural
cavity and likely mediated by macrophages. In conclusion, intra-
pulmonary administration of multi-walled carbon nanotubes, like
asbestos, induced mesothelial proliferation potentially associated
with mesothelioma development. (Cancer Sci 2012; 103: 2045-
2050)

M ulti-walled carbon nanotubes (MWCNT) are structur-
ally composed of cylinders rolled up from several lay-
ers of graphite sheets. They are several to tens of nanometers
in diameter and several to tens of micrometers in length. This
high length to diameter aspect ratio, a characteristic shared
with asbestos fibers, has led to concern that exposure to
MWCNT might cause asbestos-like lung diseases, such as lung
fibrosis, lun% cancer, pleural plaque and malignant
mesothelioma.

Pleural plaque and malignant mesothelioma are characteristic
lesions in asbestos-exposed humans. Although fiber dimensions,
blopemstence 0x1datwe stress and inflammation have all been
implicated,””'® the exact mechanisms of pleural pathogenesis
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are unclear. According to a pathogenesis paradigm suggested by
Donaldson er al.,'”’ asbestos fibers penetrate into the pleural cav-
ity from the a]veoh and deposit in the pleural tissue. Unlike spher-
ical particles, fibrous materials such as asbestos are not cleared
effectively from the pleural cavity, resulting in deposition of the
fibers in the parietal pleura. This deposition, in turn, causes frus-
trated phagocytosis-induced pro-inflammatory, genotoxic and
mitogenic responses in the deposition sites.

Administration of MWCNT into the peritoneal cavity or
scrotum in animals has been reportcd to induce me‘;othe]m]
lesions, similar to those observed in asbestos cases.">'9 The
induction of mesothelioma in the peritonum is dose dependent,
and is observed with as low as 3 pg/mouse in p53 heterozy-
gous mice."” These studies suggest a potential risk that
inhaled MWCNT might lead to pleural mesothelioma. How-
ever, actual experimental evidence demonstrating induction of
pleural mesothelioma by inhaled MWCNT fibers has not yet
been shown. It has been shown that inhaled MWCNT induced
subpleural fibrosis with_macrophage aggregates on the surface
of the visceral pleura.'” Notably, some of these macrophages
contained MWCNT fibers. In addition, penetration of MWCNT
administrated b%i pharyngeal aspiration into the pleural cavity
was observed,""™ and intrapleural injection of 5 pg/mouse of
MWCNT has been shown to lead to sustained inflammation
and ]ength dependent retention of MWCNT in the pleural cav-
ity. ¥ Accordingly, direct interaction of MWCNT with the
mesothelial tissue is postulated as an early pathogenic event,

In the present study, to examine whether MWCNT translocate
into the pleural cavity and cause inflammation leading to prolifera-
tive change of the mesothelial tissue, we administered relatively
high doses (five doses at 250 pg/rat) of two MWCNT samples
(MWCNT-N and MWCNT-M) to the rat lung by intrapulmonary
spraying (IPS)/intratracheal instillation; crocidolite (CRO; one
kind of asbestos fiber) was used as a positive control. Intrapulmo-
nary spraying has been shown to be an efhc1ent method to deliver
particle materials deep into the lung.*®* Our results demon-
strated that MWCNT, like asbestos, translocated from the lung
into the pleural cavity and induced inflammatory responses in the
pleural cavity and, importantly, hyperplastic visceral mesothelial
proliferation. These findings are important in understanding
whether MWCNT have the potential to cause asbestos-like pleural
lesions.

*To whom correspondence should be addressed.
E-mail: htsuda@phar.nagoya-cu.ac.jp
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Materials and Methods

Animals. Eight-week-old male F344 rats were purchased
from Charles River Japan Inc. (Kanagawa, Japan). The animals
were housed in the Animal Center of Nagoya City University
Medical School and maintained on a 12 h light/12 h dark
cycle, and received Oriental MF basal diet (Oriental Yeast Co.
Ltd, Tokyo, Japan) and water ad libitum. The study was con-
ducted according to the Guidelines for the Care and Use of
Laboratory Animals of Nagoya City University Medical
School and the experimental protocol was approved by the
Institutional Animal Care and Use Committee (H22M-19).

Preparation of MWCNT and CRO suspensions. The MWCNT
investigated were MWOCNT-N (Nikkiso Co., Ltd, Tokyo,
Japan) and MWCNT-7 (Mitsui Chemicals Inc., Tokyo, Japan;
designated as MWCNT-M). Crocidolite (Union for Interna-
tional Cancer Control grade) was from the National Institute
of Health Sciences of Japan stocks. Ten milligrams of
MWCNT-N or MWCNT-M were suspended in 20 mL of sal-
ine containing 0.1% Tween 20 and homogenized for 1 min
four times at 3000 r.p.m. in a Polytron PTI600E benchtop
homogenizer (Kinematika AG, Littau, Switzerland). The sus-
pensions were sonicated for 30 min shortly before use to mini-
mize aggregation. The CRO suspension was prepared
similarly, but without homogenization. The concentration of
the MWCNT and CRO suspensions was 500 pg/mL. The
lengths of MWCNT and CRO in the suspensions were deter-
mined using a digital map meter (Comcureve-9 Junior; Koizumi
Sokki MFG. Co., Ltd, Nigata, Japan) on scanning electron
microscope (SEM) photos. The SEM observation and length dis-
tributions of MWCNT and CRO are shown in Fig. S1A,B. To
count the fiber number, 500 pg/mL suspensions of MWCNT-N,
MWCNT-M and CRO were diluted 1:1000 with deionized water
and 0.5 pL of the diluted suspensions was loaded onto clean
glass slides and dried in a micro oven at 480°C for 1 min. The
fiber number on the slides was counted under a polarized light
microscope (PLM) (Olympus BXSIN-31P-O PLM, Tokyo,
Japan) (PLM detects all fibers longer than 200 nm). The results
are shown in Fig. S1C.

Intrapulmonary spraying of MWCNT and CRO into the lung
and pleural cavity lavage (PCL). We used the intrapulmonar
spraying technique that was developed in our laboratory.*"
Briefly, rats were anaesthetized using isoflurane; the mouth
was fully opened with the tongue gently held and the nozzle
of a microsprayer (series IA-1B Intratracheal Aerosolizer;
Penn-century, Philadelphia, PA, USA) was inserted into the
trachea through the larynx and 0.5 mL suspension was sprayed
into the lungs synchronizing with spontaneous respiratory inha-
lation. We confirmed that the dosed materials were distributed
deep into the lung tissue and reached most of the terminal
alveoli without causing obvious respiratory distress.

Ten-week-old male Fisher 344 rats were divided into four
groups of six animals each and given 0.5 mL of saline con-
taining 0.1% Tween 20 or 500 pg/mL MWCNT-N, MWCNT-
M or CRO suspension by IPS once every other day five times
over a 9-day period. The total amount of fibers administered
was 1.25 mg/rat. Six hours after the last IPS, the rats were
placed under deep isoflurane anesthesia; a small incision was
made in the abdominal wall, the pleural cavity was injected
with 10 mL of ice cold RPMI 1640 through the diaphragm,
and the lavage fluid was collected by syringe. The rats were
then killed by exsanguination from the inferior vena cava and
the major organs, including the lung, chest wall, brain, liver,
kidney, spleen and mediastinal lymph nodes, were fixed in 4%
paraformaldehyde and processed for histological examination.

Analysis of inflammatory reaction in the pleural cavity. Cells
in the lavage fluid were counted using a hemocytometer (Erma
Co., Ltd, Tokyo, Japan), and the cellular fraction was then
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isolated by centrifugation at 200g for 5 min at 4°C. Cell pel-
lets collected from three rats were combined (generating a total
of two cell pellets per group), fixed in 4% paraformaldehyde
and processed for histological examination. Total protein in
the supernatants of each of the lavage fluids was determined
using the Pierce BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL, USA) and the supernatants were then concen-
trated by centrifugation in Vivaspin 15 concentrators (Sartorius
Stedium Biotech, Goettingen, Germany) at 1500g for 30 min
at 4°C and used for in vitro cell proliferation assays.

Light microscopy and PLM. Haematoxylin—eosin (H&E)-
stained slides of the lung tissues and cellular pellets of the
PCL were used to observe MWCNT-N, MWCNT-M and CRO
fibers with PLM at x 1000 magnification. The exact localiza-
tion of the illuminated fibers was confirmed in the same H&E-
stained sections after removing the polarizing filter.

Scanning electron microscopy. The H&E-stained slides of the
lung tissue and PCL pellets were immersed in xylene for
3 days to remove the cover glass, then immersed in 100% eth-
anol for 10 min to remove the xylene and air-dried for 2 h at
room temperature. The slides were then coated with platinum
for viewing using a scanning electronic microscope (SEM)
(Model S-4700 Field Emission SEM; Hitachi High Technolo-
gies Corporation, Tokyo, Japan) at 5-10 kV.

Immunohistochemistry and Azan-Mallory staining. CD68,
proliferating cell nuclear antigen (PCNA) and mesothelin/Erc
were detected using antirat CD68 antibodies (BMA Biomedi-
cals, Augst, Switzerland), anti-PCNA monoclonal antibodies
(Clone PC10; Dako Japan Inc., Tokyo, Japan) and antirat
C-ERC/mesothelin polyclonal antibodies (Immuno-Biological
Laboratories Co., Ltd, Gunma, Japan). The CD68, PCNA and
C-ERC/mesothelin antibodies were diluted 1:100, 1:200 and
1:1000, respectively, in blocking solution and applied to depa-
raffinized slides. The slides were incubated at 4°C overnight and
then incubated for 1 h with biotinylated species-specific second-
ary antibodies diluted 1:500 (Vector Laboratories, Burlingame,
CA, USA) and visualized using avidin-conjugated horseradish
peroxidase complex (ABC kit; Vector Laboratories). Azan-
Mallory staining was used to visualize collagen fibers.

In vitro exposure and preparation of conditioned macrophage
culture media. The induction and preparation of primary alveo-
lar macrophages (PAM) has been described previously.*"
PAM were seeded into 6 cm culture dishes at 2 x 10° cells
per well in 10% FBS RPMI 1640. After overnight incubation,
the culture media was refreshed and MWCNT-N, MWCNT-M
or CRO suspensions were added to the cells to a final concen-
tration of 10 pg/mL. The cells were then incubated for another
24 h. The conditioned macrophage culture media was then
collected for in vitro cell proliferation assays.

In vitro cell proliferation assay. Human mesothelioma cells,
TCC-MESOI, derived from a patient in the Tochigi Cancer Cen-
ter,”” were seeded into 96-well culture plates at 2 x 10° cells
per well in 10% FBS RPMI 1640. After overnight incubation, the
cells were serum-starved for 24 h. The media was changed to
100 pL of the concentrated supernatants of the PCL or condi-
tioned macrophage culture media and incubated for 72 h. The rel-
ative cell number was then determined using the Cell Counting
Kit-8 (Dojindo Molecular Technologies, Rockville, MD, USA)
according to the manufacturer’s instruction.

Statistical analysis. Statistical analysis was performed using
anova. The statistical significance was analyzed using a two-
tailed Student’s t-test. A P-value of <0.05 was considered to
be significant.

Results

Translocation of MWCNT and CRO fibers into the pleural cav-
ity. The cell pellets of the PCL were used to examine whether
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the MWCNT or CRO fibers were present in the pleural cavity.
We first screened the H&E-stained PCL cell pellet slides using
PLM. The exact localization of the fibers was confirmed using
SEM of the same slide sections. MWCNT-N, MWCNT-M and
CRO fibers were present in PCL cell pellets, with most of the
fibers in macrophage-like cells (Fig. 1a—c) with very few fibers
located in the intercellular space or on cell surfaces (data not
shown). Immunohistochemistry with CD68, a macrophage
marker, showed that MWCNT and CRO fibers were mainly
found in macrophages (Fig. 1d.,e).

In tissue sections, MWCNT and CRO fibers were mainly
detected in focal granulomatous lesions in the alveoli and in
alveolar macrophages. Fibers were also found in the mediasti-
nal lymph nodes, and a few fibers were detected in liver sinu-
soid cells, blood vessel wall cells in the brain, renal tubular
cells and spleen sinus and macrophages (data not shown). We
detected only a few fibers penetrating directly from the lung to
the pleural cavity through the visceral pleura (Fig. S2) and did
not find any fibers in the parietal pleura.

(b) |

Fig. 1. Existence of multi-walled carbon nanotubes (MWCNT)-N,
MWCNT-M and crocidolite (CRO) fibers in the cell pellets of the pleu-
ral cavity lavage (PCL). (a) Images of H&E-stained slides of the cell pel-
lets of the PCL treated with MWCNT-N, MWCNT-M and CRO fibers. (b)
Polarized light microscope (PLM) images of the same view areas
shown in (a). (c) Scanning electron microscope observation showed
the existence of the MWCNT and CRO fibers in the cell pellets of the
PCL. (d) CD68 immunostaining of the PCL cell pellet slides. (e) PLM
observation of the same view areas shown in (d) indicate that MWCNT
and CRO fibers were present in the CD68-positive macrophages.
Arrows indicate MWCNT-N, MWCNT-M and CRO fibers.
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Induction of visceral mesothelial proliferation. Hyperplastic
visceral mesothelial proliferation (HVMP) was clearly
observed in all of the MWCNT and CRO treated groups. The
HVMP lesions were composed of mesothelial cells with cuboi-
dal appearance and increased size and density lining the vis-
ceral pleural tissue. Various degrees of lung inflammation and
fibrous thickening were observed underneath the HVMP
lesions (Fig. 2a, panel A). The PCNA immunostaining showed
proliferating mesothelial cells within the HVMP lesions
(Fig. 2a, panel B). The PCNA indices of the visceral mesothe-
lium were increased approximately 10-fold in all the MWCNT
and CRO treated groups compared with the control group
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Fig. 2. Induction of visceral mesothelial cell proliferation lesions by
treatment with multi-walled carbon nanotubes (MWCNT)-N, MWCNT-
M or crocidolite (CRO). (a) Serial sections were prepared and stained
with H&E, proliferating cell nuclear antigen (PCNA), Ercd/mesothelin
and Azan-Mallory's collagen staining. Panel A: increase in enlarged
visceral mesothelial cells with cuboidal shapes in the MWCNT-N,
MWCNT-M and CRO treated groups. Panel B: PCNA-positive cells are
clearly increased in the dosed groups. The inserts are immunostained
with Erdmesothelin and show the lining of the mesothelium. Panel C:
Azan-Mallory’s staining; sub-pleural collagenous fibrosis is present
under the mesothelial cell proliferation lesions. (b) PCNA index,
expressed as the percentage of PCNA-positive cells of the total num-
ber of visceral mesothelial cells per slide. ***P < 0.001.
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(Fig. 2b). Azan-Mallory staining showed increases in collagen
fibers underneath the HVMP lesions (Fig. 2a, panel C). Fibers
were not found within the HVMP lesions themselves. Alveolar
macrophages with phagocytosed MWCNT or CRO fibers were
frequently observed near the HVMP lesions (Fig. S3). Prolifer-
ation and other lesions of the parietal mesothelium were not
observed.

Inflammatory cell infiltration in the pleural cavity. Both
MWCNT and CRO treatment resulted in inflammatory reac-
tions in the pleural cavity. The total number of cells, com-
posed mostly of macrophages, neutrophils and lymphocytes, in
the PCL in the MWCNT and CRO treated groups was signifi-
cantly increased compared with the control group (Fig. 3a). As
can be calculated from Fig. 3(a,b), macrophages accounted for
a large part of the increase of the total cell number in the
PCL, although the number of neutrophils and lymphocytes also
increased. Overall, the proportion of macrophages in the cell
pellets of the PCL was increased, while those of neutrophils
and lymphocytes were decreased (Fig. 3b). MWCNT or CRO
treatment also significantly increased the total protein level in
the PLC (Fig. 3c). The proportion of cells in the PCL pellets
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Fig. 3. Inflammatory reaction in the pleural cavity. (a) The number
of leukocytes in the pleural cavity lavage (PCL) of rats treated with
multi-walled carbon nanotubes (MWCNT) and crocidolite (CRO). (b)
The proportion of macrophages, neutrophils and lymphocytes in the
cell pellets of the PCL. Total cell number and cell numbers of macro-
phages, neutrophils and lymphocytes in 10 randomly chosen fields
(x400) were counted. () Protein concentration in the supernatants of
the PCL. **P < 0.01; ***P < 0.001.
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positive for Mesothelin/Erc, a mesothelial cell marker, was
0.53-1.02%, and no intergroup difference was observed (data
not shown). These data indicate that the increased cell number
in the pleural cavity of the rats treated with MWCNT or CRO
resulted from inflammatory cell effusion, not from mesothelial
cell shedding of the pleural tissue. Many macrophages in the
PCL contained MWCNT or CRO fibers.

Mesothelial cell proliferation assay in vitro. To examine
whether inflammatory reactions, especially those mediated by
macrophages, exert proliferative effects on mesothelial cells,
we examined the effects of conditioned macrophage culture
medium on mesothelial cell proliferation in vitro. The condi-
tioned culture media of macrophages exposed to MWCNT-N,
MWCNT-M or CRO significantly increased the proliferation
of the human mesothelioma cell line TCC-MESOI. The con-
centrated supernatants of the PCL taken from the rats treated
with MWCNT-N, MWCNT-M or CRO exhibited similar
effects (Fig. 4). These results indicate that factors in the PCL,
possibly secreted by alveolar and pleural macrophages, are
able to cause mesothelial cell proliferation.

Discussion

In the present study, we compared the pleural translocation of
MWCNT and CRO and examined the mesothelial lesions they
induced. Our data demonstrate that after deposition in the lung,
MWCNT, like CRO, translocated into the pleural cavity,
mainly in pleural macrophages. Both MWCNT and CRO treat-
ment also caused hyperplastic visceral mesothelial proliferation
and marked pleural inflammation.

This is the first report to show that MWCNT administered
into the rat lung causes mesothelial proliferative lesions. Ad-
amson et al.*® reported that intratracheal instillation of asbes-
tos in mice induced pleural mesothelial cell proliferation
within several days; the degree of pleural mesothelial cell pro-
liferation did not appear to correlate with the localization of
asbestos fibers in the pleura.”” Similarly, we did not find
fibers within the HVMP lesions. Thus, our findings suggest
that HVMP lesions do not appear to be directly induced by the
deposited MWCNT or CRO fibers. Also, in vitro exposure to
MWCNT and CRO fibers did not lead to proliferation of TCC-
MESOI1 cells, but rather to cell death (Fig. S4). It has been
reported that macrophages play a significant role in mesothelial
cell proliferation caused by asbestos exposure and surgical

injury,®*>" and that the conditioned medium of macrophages
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Fig. 4. Effect of conditioned macrophage culture media and the su-

pernatants of the pleural cavity lavage (PCL) on mesothelial cell prolif-
eration in vitro. The conditioned culture media of macrophages
treated with multi-walled carbon nanotubes (MWCNT)-N, MWCNT-M
or crocidolite (CRQ) significantly increased the cell proliferation of
TCC-MESO1. The concentrated supernatants of the PCL from the rats
treated with MWCNT-N, MWCNT-M or CRO had similar effects. n = 6.
AP 2 0,001,
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exposed to MWCNT promotes mesothelial cell proliferation
in vitro.®9 Activated macrophages secrete a panel of growth
factors and cytokines to regulate cell proliferation, which can
augment transformation of mesothelial cells.?%*0>%3% Qur
observations that mesothelial cell proliferation is enhanced by
conditioned macrophage culture media and by the supernatants
of pleural cavity lavage are consistent with these results,
although the factors that are involved need to be identified.

Translocation of asbestos®**> and MWCNT!® fibers from
the lung to the pleural cavity has been found in rodents. This
translocation also probably occurs in humans since asbestos fibers
have been detected in human pleural lesions.C® However, the
mechanism and route of translocation are unclear. It has been sug-
gested that penetration through the visceral pleura, possibly dri-
ven by increased pulmonary interstitial pressure and assisted by
enhanced permeability of the visceral pleura due to asbestos-
induced inflammation might be a major route.” "’ In the present
study, only a few MWCNT and CRO fibers were observed pene-
trating through the visceral pleura, and a large number of the
fibers in the pleural cavity was observed in macrophages. We also
observed frequent deposition of MWCNT and CRO in the medi-
astinal lymph nodes, mostly phagocytosed by macrophages.
These results suggest that a probable route of translocation of the
fibers is lymphatic flow. Inflammation in the pleural cavity is
probably a defense response against translocated fibers. Murphy
et al."? reported that intrapleural injection of 5 pg/mouse of
long MWCNT or asbestos initiated sustained inflammation,
including increased granulocyte number and protein level, in the
pleural cavity. Thus, the observed proliferation of visceral meso-
thelial cells in the present study is probably caused by inflamma-
tory reactions both in the lung and in the pleural cavity. In the
present study, no MWCNT or crosidolite fibers or lesions were
observed in the parietal pleura. This is possibly due to the short
experimental period and limited amount of fibers in the pleural
cayity, which would result in little inflammation in the parietal
pleura.

Currently, the exposure level to MWCNT in the workplace is
unknown and there are no administrational regulations for the
occupational exposure limit for MWCNT. In November 2010, the
National Institute of Occupational Safety and Health (NIOSH)
released a non-official carbon nanotube exposure limit for peer
review. The recommended exposure limit in the air was set at
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7 pg/m3©3® Previously, we used a total dose of 1.25 mg/rat of
titanium dioxide over a 9-day period and identified factors
involved in titanium dioxide-induced lung lesions.** In the pres-
ent study, we used the same protocol for the purpose of induction
of observable pleural lesions and inflammation in the pleural cav-
ity as well to ensure the presence of a detectable number of fibers
in the pleural cavity after short-term administration; this dose was
higher than the NIOSH exposure limit. Time- and dose-dependent
experiments are needed in future studies, and further investiga-
tion is also required to elucidate cytokines and other factors that
cause parietal mesothelial proliferation in animal models that are
more relevant to humans. ;

The IPS/intratracheal instillation is a widely used method to
evaluate the respiratory toxicity of particles. It should be noted
that IPS/intratracheal instillation is a non-physiological method
and possibly affects the migration and distribution of particles
in the lung due to the pressure from spraying. However, IPS/
intratracheal instillation is relevant for identifying factors to be
examined using long-term, more physiologically relevant meth-
ods of CNT administration.

In summary, MWCNT and CRO fibers were found to trans-
locate from the lung to the pleural cavity after intrapulmonary
administration. Importantly, MWCNT and CRO treatment
caused visceral mesothelial cell proliferation and inflammation
in the pleural cavity. This mesothelial proliferation was plausi-
bly induced by inflammatory events in the lung and pleural
cavity and mediated primarily by macrophages. The similarity
between MWCNT-N, MWCNT-M and CRO in translocation
to the pleural cavity, induction of pleural cavity inflammation
and induction of visceral pleural mesothelial proliferation sug-
gests that MWCNT might cause asbestos-like pleural lesions.
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Acute Phase Pulmonary Responses to a Single Intratracheal Spray
Instillation of Magnetite (Fe;0,) Nanoparticles in Fischer 344 Rats
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Abstract; Iron nanomaterials are of considerable interest for application to nanotechnology-related fields including environmental
catalysis, biomedical imaging, drug delivery and hyperthermia, because of their superparamagnetic characteristics and high catalytic
abilities. However, information about potential risks of iron nanomaterials is limited. The present study assessed pulmonary responses
to a single intratracheal spray instillation of triiron tetraoxide nanoparticles (magnetite) in rats. Ten-week-old male and female Fischer
344 rats (n=5/group) were exposed to a single intratracheal spray instillation of 0 (vehicle), 5.0, 15.0 or 45.0 mg/kg body weight (BW)
of magnetite. After 14 days, the rats were sacrificed, and biological consequences were investigated. The lung weights of the 15.0 and
45.0 mg/kg BW male and female groups were significantly higher than those of the control groups. The lungs of treated rats showed
enlargement and black patches originating from the color of magnetite. The typical histopathological changes in the lungs of the
treated rats included infiltration of macrophages phagocytosing magnetite, inflammatory cell infiltration, granuloma formation and an
increase of goblet cells in the bronchial epithelium. The results clearly show that instilled magnetite causes foreign body inflammatory
and granulating lesions in the lung. These pulmonary responses occur in a dose-dependent manner in association with the increase in

lung weight. (DOI: 10.1293/tox.25.233; J Toxicol Pathol 2012; 25: 233-239)

Key words: magnetite, Fe;O, nanoparticles, lung, intratracheal spray instillation, Fischer 344 rat

Introduction

Nanomaterials are defined as having a size of 100
nanometers or less in at least one dimension. Nanotechnol-
ogy -the creation, manipulation and application of nanoma-
terials- involves the ability to engineer, control and exploit
the unique chemical, physical and electrical properties that
emerge from infinitesimally tiny man-made particles!. En-
gineered nanoparticles, the surface volume increases, can
result in having unique photonic and catalytic properties
that display great differences from those of over-nanoscaled
materials with the same composition. The superb biological
and environmental reactivities of nanoparticles have led to
their wide and considerable use in disease treatment, pollut-
ant degradation and so forth!: 2. Among them, iron nanoma-
terials are of considerable interest for application to nano-
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technology-related fields including environmental catalysis,
magnetic storage, biomedical imaging!, magnetic target
drug delivery3. 4 and hyperthermias-8 because of their su-
perparamagnetic characteristics and high catalytic abilities.

Acute toxic reactions of nano-magnetic ferrofluid have
been evaluated, and half lethal doses (L.Ds,) of >2104.8,
>438.50 and >1578.6 mg/kg were found in cases of oral, in-
travenous and intraperitoneal administrations, respectively,
where no apparent pathological changes were observed®. It
was shown in vitro that triiron tetraoxide, Fe;0O,, causes a
decrease in mitochondrial function and lactate dehydroge-
nase leakage in Neuro-2A cells only with concentrations
reaching greater than 200 pg/mL1. Magnetic nanoparticles
of Fe;0O, affect the ICR mice immune system such that
Fe;O, nanoparticles enhance the production of interleukin
(IL)-2, interferon-y and IL-10, but not IL-4, in the peripheral
blood!l. A high amount of magnetite, 15 mg x 15 intratra-
cheal instillations, led to an unexpected lung tumor in the
female Wistar rat!'2, while chronic exposure to iron oxide
has been shown not to increase the incidence of pulmonary
tumors!3 14, Iron is a transition metal that is considered to
play a pivotal role in modulating oxidative stress and oth-
er biological responses!s. 16, which is speculated to be the
critical mechanism in eliciting the adverse effects of iron
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particulate matter exposure. Despite the above information,
the risk data for iron nanomaterials are limited. The pres-
ent study assessed pulmonary responses to a single intratra-
cheal spray instillation of Fe;O, nanoparticles (magnetite) in
male and female Fischer 344 rats.

Materials and Methods

Ethical considerations

The current study was performed principally in con-
formity with the Guidelines for the Toxicity Testing of Phar-
maceuticals released by the MHLW (Ministry of Health,
Labour and Welfare) of Japan (http:/www.pmda.go.jp/ich/s/
s4 93 8 10.pdf). The experimental protocol was approved
by the Experiments Regulation Committee and Animal Ex-
periment Committee of the Tokyo Metropolitan Institute of
Public Health prior to its execution. All the animals were
handled in accordance with the Japanese Government Ani-
mal Protection and Management Law, Japanese Govern-
ment Notification on Feeding and Safekeeping of Animals
and the Guidelines for Animal Experimentation issued by
the Japanese Association for Laboratory Animal Science!”.

Animals

A total of 42 male and female specific pathogen-free
Fischer 344 (F344/DuCrlCrlj) rats were purchased at 8
weeks of age from Charles River Laboratories Japan, Inc.
(Kanagawa, Japan). The rats were housed individually in
stainless steel cages and were kept under controlled condi-
tions of temperature (22-24°C), relative humidity (50-60%)
and ventilation (more than 10 times/hour) with a 12-hour
light/dark cycle; they were allowed free access to pelleted
chow CE-2 (CLEA Japan, Inc., Tokyo, Japan) and drink-
ing water throughout both the acclimation and experimental
periods. After confirming normal health status at the end
of the 2-week acclimation period, 20 rats of each sex were
selected for use and randomly allocated to 4 groups of 5 rats.
The rats were observed twice daily, and clinical signs and
mortality were recorded.

Test chemical and animal treatments

The magnetite slurry (Fe;O, nanoparticle suspension;
lot number, 90828) was generously supplied by Toda Kogyo
Corp. (Otake, Hiroshima, Japan). A representative transmis-
sion electron microscopic (TEM) view of magnetite particles
is shown in Fig. 1. The estimated primary particle size of the
prepared sample is 5—15 nm in diameter (TEM measure-
ment). The purity of the test chemical was determined by
an energy dispersive X-ray spectrometer, and only iron and
oxygen were detected. Prior to the toxicity study, the opti-
mal way to disperse magnetite was preliminarily examined.
Magnetite was dispersed in physiological saline, physiologi-
cal saline+0.05% tween 80, 0.1 M Tris buffer (pH 8.0), 0.5%
carboxymethyl cellulose, 0.1 M phosphate buffer (pH 8.1)
or ultrapure water (Milli-Q water, 18.2 MQ). Observation
of dispersed particles was carried out under a light micro-
scope and judged on the basis of Brownian motion. Among

Fig. 1. Representative transmission electron microscopic view of
magnetite nanoparticles. The estimated primary particle size
is about 5—15 nm in diameter.

these test dispersion vehicles, Milli-Q water was the best
vehicle to obtain the most homogeneous suspension. Mag-
netite slurry was thus diluted with sterile Milli-Q water and
adjusted to about pH 7.4 with 0.1 N hydrochloric acid. The
intratracheal instillation technique was performed accord-
ing to the recommendations of Driscoll et al.18. Before the
intratracheal spray instillation, the rats were anesthetized by
diethyl ether and placed in a supine position on an angled
board with their necks extended. Magnetite suspension was
placed in an ultrasonication bath (SONOREX RK31, BAN-
DELIN electronic, Berlin, Germany) and then instilled into
the trachea by a sterile stainless steel tube (IA-1B Micro-
Sprayer, Penn-Century, Inc., Wyndmoor, PA, USA) at the
concentrations of 0 (control), 5.0 (low), 15.0 (middle) and
45.0 (high) mg/1 mL/kg body weight, which was followed
by the insuffiation of 0.2 mL of air.

Animal sacrifice and assessments

Two weeks after instillation, all rats were deprived of
food (but not water) overnight. The rats were then lightly
anesthetized by diethyl ether and sacrificed by exsanguina-
tion after collecting blood samples via the abdominal aorta.
The blood for hematology was collected into tubes treated
with dipotassium ethylenediaminetetraacetate (EDTA-2K).
The hematological examination was carried out using an au-
tomatic analyzer (Sysmex KX-2INV; Sysmex Corporation,
Kobe, Hyogo, Japan) to determine the red blood cell count
(RBC), hemoglobin concentration (HGB), hematocrit level
(HCT), mean corpuscular volume (MCV), mean corpus-
cular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), white blood cell count (WBC) and
platelet count (PLT). Differential counts of leukocytes were
made by a light microscopic observation of smeared speci-
mens stained with a routine May-Griinwald-Giemsa proto-
col. A serum biochemistry analysis was performed with an
automatic analyzer (TBA-120FR; Toshiba Medical Systems
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Table 1. Initial and Final Body Weights and Lung Weights in Fischer 344 Rats Treated with a Single Intratracheal Administration of

Magnetite on Day 14

Dose of magnetite (mg/kg body weight)

ltem 0 (control) 50 150 45.0
Males
Initial number of rats 5 5 5 5
Initial body weight (g) 213.6 £ 3.9a 2117 +5.5 2149+ 4.6 212.9+4.0
Final effective number of rats 5 5 5 5
Final body weight (g) 2394+ 8.6 239.1+74 239.1 +10.3 229.0+2.8
Absolute lung weight (mg) 722.4+274 823.8 +58.0 923.4 + 91.5*% 1105.1 &+ 94.5*
Relative lung weight (mg/100 g BW) 301.9+9.5 344.4 + 194 386.4 + 38.1* 482.5 + 41.0*
Females
Number of rats 5 5 5 5
Initial body weight (g) 1389+71 138.0+5.8 138.6 7.7 141.8£9.3
Final effective number of rats 5 5 4 4
Final body weight (g) 151.0+ 6.7 148.7 £ 6.1 1493 £ 6.6 1452+ 124
Absolute lung weight (mg) 556.7+77.2 642.1+55.5 724.9 + 88.1* 821.7 &+ 68.0*
Relative lung weight (mg/100 g BW) 368.3 +46.6 431.3£23.5 485.6 + 57.7% 566.7 + 32.6*

a Values are means + standard deviations. *Significantly different from the corresponding control values (P<0.05, Dunnet’s test).

Corporation, Tokyo, Japan) to determine the levels of total
protein (TP), albumin (ALB), albumin/globulin ratio (A/G),
glucose (GLU), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total cholesterol (T-CHO), tri-
glyceride (TG), total bilirubin (T-BIL), blood urea nitrogen
(BUN), creatinine (CRE) and uric acid (UA). Upon sacri-
fice, the rats were macroscopically examined and subjected
to a full autopsy. The brain, heart, lung (including bronchi,
fixed by inflation with fixative), spleen, liver, kidneys, testes
and ovaries were weighed and then fixed in 10% neutrally
buffered formalin. Paraffin-embedded sections were rou-
tinely prepared and histopathologically examined after be-
ing stained with hematoxylin and eosin (HE), Azan Mallory
and Berlin blue procedures.

Statistical analysis

For numerical data such as body and organ weights and
hematological and serological outcomes, equality of means
between the values of the control group and those of each
treated group was assessed by Bartlett’s test. Homogeneity
of variance was then analyzed by one-way analysis of vari-
ance, and finally, differences between the values of the con-
trol group and those of each treated group were evaluated by
Dunnett’s test. If the Bartlett’s test was significant, the data
were subjected to the Kruskal-Wallis test and Dunnett’s-
type rank sum test. For contingent data such as incidences
of histopathological lesions, differences between the values
_ of the control group and those of each treated group were
evaluated by Fisher’s exact probability test!®. Statistical pro-
cessing was conducted using the StatLight software (Yukms
Co., Ltd., Tokyo, Japan). Intergroup differences were con-
sidered statistically significant when P-values less than 0.05
were obtained.

Results

General findings

All male rats survived throughout the experimental pe-
riod. In the females, one rat in each of the middle- and high-
dose groups died within 1 hour from deep anesthesia fol-
lowing intratracheal spray instillation. After instillation, the
male and female rats in the high-dose group were slightly
less active than the control rats but recovered later.

Hematology and serum biochemistry

In the hematology, the HGB of the high-dose group
males was significantly but slightly higher than that of the
male control group. In the serum biochemistry, the A/G of
the high-dose group females was significantly lower than
that of the female control group. There were no significant
differences in other items of hematology or biochemistry
between the control and treated rats at any doses. Mor-
phological findings and differential counts of leukocytes
showed no significant effects in any of the treated groups.

Pathology

There were no significant differences in the initial or
final body weights between the control and treated groups of
either sex. Absolute and relative lung weights of the treated
groups were higher than those of the control groups, and the
differences were statistically significant for the middle- and
high-dose groups (Table 1). In the male rats, the absolute
and relative testes weights of the low-dose group were sig-
nificantly higher than those of the control group. There were
no significant differences in other organ weights between
the control and treated groups for both sexes.

At necropsy, the lungs of the magnetite-treated groups
of both sexes were enlarged, and scattered dark brown
patches were observed in almost every lobe in all treated
rats (Fig. 2). These changes were more marked in the mid-
dle- and high-dose groups than in the low-dose groups.
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Fig. 2. Representative gross views of cross-sections of the formalin-fixed lungs from Fischer 344 rats treated
with a single intratracheal spray instillation dose of 0 (control, A), 5.0 (B). 15.0 (C) or 45.0 (D) mg/
kg body weight of magnetite on day 14. The enlargement and a large number of scattered dark brown
patches are marked in almost every lobe at the middle and high doses.

Table 2. Histological Findings of the Lungs and Parathymic Lymph Nodes in Fischer 344 Rats Treated with a Single
Intratracheal Administration of Magnetite on Day 14

Dose of magnetite (mg/kg body weight)

Item
0 (control) 5.0 15.0 45.0
Males
Effective number of rats 5 5 5 ]
Lung
Inflammatory cell infiltration 02 4* 4* 5%
Infiltration of macrophages phagocytosing magnetite 0 ¥ Sk 5%
Granuloma 0 1 3 5¥
Increase of goblet cells in the bronchial epithelium 0 0 0 5*
Parathymic lymph nodes
Infiltration of macrophages phagocytosing magnetite 0 3% 5* 5¥
Deposit of magnetite 0 5 5% 5%
Females
Effective number of rats 5 5 4 4
Lung
Inflammatory cell infiltration 0 3 4* 4*
Infiltration of macrophages phagocytosing magnetite 0 5% 4% 4*
Granuloma 0 0 | 4*
Increase of goblet cells in the bronchial epithelium 0 0 0 3
Parathymic lymph nodes
Infiltration of macrophages phagocytosing magnetite 0 Sl 4* 4*
Deposit of magnetite 0 5% 4* 4%

» Number of rats with the lesion. *Significantly different from the corresponding control values (P<0.05, Fisher’s
exact test). No apparent histological changes were observed in the other organs, when compared with the control rats.

Additionally, dark brown patches were also observed in
the parathymic lymph nodes of male and female rats in all
treated groups.

The histopathological changes in the lungs and para-
thymic lymph nodes are summarized in Table 2. In the lungs
of most of the rats in all the treated groups, typically ob-
served changes included the infiltration of multinucleated
cells and lymphocytes (Fig. 3A) and the infiltration of dark-
brownishly pigmented macrophages phagocytosing magne-
tite in the alveolar walls and spaces (Fig. 3B). In addition,
granulomas were observed in 1, 3 and 5 of the low-, mid-
dle- and high-dose males and in 1 and 4 of the middle- and
high-dose females, respectively. The granulomas were char-
acterized by the aggregation of macrophages phagocytosing
magnetite, inflammatory cell infiltration and proliferation
of collagenous fiber (Fig. 3C and D). Reactive changes in
alveolar and bronchial epithelia were observed in most of

the rats of all treated groups and in the high-dose groups,
respectively. An increase of goblet cells in the bronchial
epithelium was observed in 5 and 3 of the high-dose males
and females, respectively (Fig. 4). In the parathymic lymph
nodes, infiltration of macrophages phagocytosing magnetite
and deposits of magnetite particles were observed in male
and female rats of all treated groups (Fig. 5). Dark-brown-
ishly pigmented macrophages were observed at the center or
end of the lymph node. No treatment-related changes were
observed in other organs of either sex, whereas sporadic
spontaneous lesions were observed identically in the control
and treated rats.

Discussion

In the present study, rats were exposed to the magne-
tite nanoparticles by a single intratracheal spray instillation
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Fig. 3. Representative histologies of the lungs from Fischer 344 rats treated with a single intratracheal spray instillation dose of 5.0 (A,
B) or 45.0 (C. D) mg/kg body weight of magnetite on day 14 (A-C, hematoxylin and eosin; D, Azan-Mallory). Infiltration of
inflammatory cells (A) and alveolar macrophages phagocytosing magnetite particles (B) are evident in rats given the low dose.
Granulomas consisting of macrophages with magnetite particles, infiltrating inflammatory cells and proliferative collagenous

fiber (C and D) are evident in rats given the high dose.

Fig. 4. Representative histology of the lung from Fischer 344 rat
treated with a single intratracheal spray instillation dose of
45,0 mg/kg body weight of magnetite on day 14 (hematoxylin
and eosin). An increase in goblet cells in the bronchial epithe-
lium is evident in a rat given the high dose.

at the doses of 0, 5.0, 15.0 and 45.0 mg/kg body weight.
Macroscopically, enlargement of the lung was marked at
middle and high doses. Black patches were scattered in al-
most every lobe of the lungs and the lung-associated lymph
nodes of all treated rats. Two weeks after instillation, a large
amount of the administered magnetite remained in the lung,
and some of the magnetite was distributed into the regional
lymph nodes. Histopathologically, infiltration of macro-
phages phagocytosing magnetite, multinucleated cells and
lymphocytes were observed in the lungs of the treated rats.
In addition, granulomas were observed in the lungs of the
treated rats. Infiltration of multinucleated cells and lym-
phocytes which supposed to be macrophages, generally in-
dicates chronic change. From the present result, it was not
clear whether the macrophages died because of frustrated
phagocytosis.

In an inhalation (nose-only) toxicity test using pig-
ment-sized Fe;O, for Wistar rats, subchronic responses have
been reported. Pulmonary inflammation was evidenced by
bronchoalveolar lavage (BAL) fluid analysis, histopathol-
ogy, particle deposition and increased lung and lung-asso-
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Fig. 5. Representative histologies of the parathymic lymph node
(hematoxylin and eosin; inset, Berlin blue) from Fischer 344
rat treated with a single intratracheal spray instillation dose
of 15.0 mg/kg body weight of magnetite on day 14. Infiltra-
tion of macrophages phagocytosing magnetite and deposits of
magnetite particles are evident in rats given the middle dose.

ciated lymph node weights at the inhalation doses of 16.6
and 52.1 mg/m3 20, Another report described data from an
inhalation study in which male and female Han Wistar rats
were exposed to a photocopying toner with an average par-
ticle size of 5.1 um that contained 45-50% magnetite by
inhalation for 6 hours/day, 5 days/week, for a total of 13
or 104 weeks!4, The microscopic findings indicated a mild
inflammatory response and infiltration of black-pigmented
macrophages in the lungs and the tracheobronchial and me-
diastinal lymph nodes after 104 weeks of exposure at an in-
halation dose of 16 mg/m3. It is thus suggested that a longer
time is required to develop apparent adverse effects, while
the responses are generally less severe in the case of ad-
ministration by inhalation than in the case of administration
by instillation. Osier er al. compared the response of rats
exposed by intratracheal inhalation to titanium dioxide par-
ticles with that of rats exposed to similar doses by intratra-
cheal instillation2!. Animals receiving particles through in-
halation showed a decreased pulmonary response, measured

by bronchoalveolar lavage parameters, in both severity and
persistence when compared with those receiving particles
through instillation. These results demonstrate a difference
in pulmonary response to an inhaled vs an instilled dose,
which may be due to differences in dose rate, particle distri-
bution or altered clearance between the two methods. Sev-
eral experiments have been performed in rats using quartz
as a typical lung toxic particle in order to establish an appro-
priate bioassay for detection of lung damage after particle
instillation22, The results of those experiments indicated
that an intratracheal instillation bioassay system for detec-
tion of lung toxicity appeared to be suitable for rapid hazard
identification. Even though inhalation is more similar to the
exposure route of magnetite in humans than intratracheal
instillation, studies using the latter route are still important.

Generally, the acute pulmonary response to foreign
bodies is characterized by the inflammation to remove such
substances and the resultant cellular debris. If this process is
successfully accomplished, complete resolution can occur.
On the other hand, if the injury caused by foreign bodies
and the subsequent inflammation are severe and sustained
due to the persistence of the substances, irreversible pul-
monary damage may occur23, It is well known that, if the
lung is not overloaded with dust, dust-laden macrophages
on the alveolar surface migrate upward and are carried by
the mucociliary “escalator” system up to the trachea to be
cleared into the esophagus. However, when dust enters into
the interstitial or subepithelial space of the lung, it becomes
very difficult to clear from the lung?4. Ultrafine particles
that penetrate into the lung interstitium make contact with
interstitial macrophages and other sensitive cell popula-
tions, which is likely to have powerful inflammatory effects
that underlie the development of subsequent disease?s. In the
present study, magnetite-laden macrophages were seen not
only in the alveolar space but also in the alveolar septa or in-
terstitial space, even in the low-dose group, which indicates
the possibility of severe injury resulting from intratracheal
administration of magnetite.

In conclusion, these results show that intratracheally
administered magnetite nanoparticles cause foreign body
inflammatory and granulating lesions in the lung. Magne-
tite particles are accumulated mainly in the lung and partly
translocated to the regional lymph nodes. These pulmonary
responses occur in a dose-dependent manner in association
with the increase in lung weight.
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Abstract: Docetaxel (DTX) is one of the most important anticancer drugs; however, the severity
of its adverse effects detracts from its practical use in the clinic. Magnetic nanoparticles of Fe O,
(MgNPs-Fe,0,) can enhance the delivery and efficacy of anticancer drugs. We investigated the
effects of MgNPs-Fe,0, or DTX alone, and in combination with prostate cancer cell growth
in vitro, as well as with the mechanism underlying the cytotoxic effects. MgNPs-Fe,O, caused
dose-dependent increases in reactive oxygen species levels in DU145, PC-3, and LNCaP cells;
8-hydroxydeoxyguanosine levels were also elevated. MgNPs-Fe, O, alone significantly reduced
the viability of LNCaP cells; however, MgNPs-Fe,O, enhanced the cytotoxic effect of a low
dose of DTX in all three cell lines. MgNPs-Fe, O, also augmented the percentage of DU 145 cells
undergoing apoptosis following treatment with low dose DTX. Expression of nuclear transcrip-
tion factor kB in DU145 was not affected by MgNPs-Fe,0, or DTX alone; however, combined
treatment suppressed nuclear transcription factor kB expression. These findings offer the pos-
sibility that MgNPs-Fe,0 -low dose DTX combination therapy may be effective in treating
prostate cancer with limited adverse effects.

Keywords: prostate cancer, magnetic nanoparticles, docetaxel, reactive oxidative species

Introduction

Prostate cancer is the most common cancer affecting men, and the second leading
cause of cancer death in the United States.! The incidence and mortality rates of
prostate cancer vary greatly among different geographic areas and ethnic groups.
Although the incidence of prostate cancer in Japan remains low compared with that in
the United States, it has been increasing in recent years. However, by 2020, prostate
cancer is projected to surpass stomach cancer as the most frequently diagnosed cancer
in Japanese men.

Several management options are available when prostate cancer is diagnosed at
an early stage, including watchful waiting, surgery, cryosurgery, radiation therapy,
and hormonal therapy. For advanced prostate cancers, surgical or medical ablation
of androgens is regarded the optimal first-line treatment. In most patients treated by
androgen deprivation, disease progression will continue until reaching a stage referred
to as castration-resistant prostate cancer (CRPC). Progression to a hormonal refractory
state is a complex process, involving both selection and outgrowth of preexisting

! clones of androgen-independent cells as well as adaptive upregulation of genes that

help cancer cells survive and grow after androgen ablation.?
Although the effects of several anticancer drugs for prostate cancer have been
evaluated in vitro and in animal experiments in vivo, most have little or no impact
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