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Fiber-shaped particles of potassium octatitanate (tradename TISMO; chemical for-
mula K,0-6TiO;), which are morphologically similar to asbestos particles, were
shown to induce severe proliferative reactions in the pleural mesothelium in a
previous experiment carried out over 21 weeks. The present study aims to deter-
mine whether these fibers induce malignant mesotheliomas in rodents, and to
examine chronic toxicity induced. Additionally, we investigated the specific dif-
ferences observable between the biological responses to the direct infusion of
the fibers alone into the pleural cavity and those induced by the co-administra-
tion of the fibers with a known carcinogen. To detect the induction of malignant
pleural mesotheliomas, two experiments were undertaken. In Experiment 1, four
strains of mice, A/J, C3H, ICR, and C57BL, were examined for 52 weeks after
experimental treatment with TISMO. In Experiment 2, the F344 rats were treated
with TISMO alone, the lung carcinogen N-bis (2-hydroxypropyl) nitrosamine
(DHPN) alone, both TISMO and DHPN, or left untreated and were then examined
for 52 weeks. In this experiment, malignant lesion induction was expected in the
co-administration group. TISMO fibers were observed in the alveoli, indicating
penetration through the visceral pleura in mice and rats. The histopathological
detection of TISMO fibers in the liver and kidneys of mice and rats indicated
migration of the fibers out of the pleural cavity. Atypical mesothelial cells with
severe pleural proliferation were observed, but malignant mesotheliomas were
not detected. Among the rats, there were no observed malignant alterations in

the mesothelium induced by DHPN-TISMO co-administration.

he incidence of pleural malignant mesotheliomas 1is

increasing, particularly in less regulated countries"” and
appropriate animal models for the same are necessary for the
development of new therapeutic approaches. There have been
reports of the induction of peritoneal mesotheliomas in rodents
using chemicals or fibers,” ® but pleural malignant mesothe-
liomas, more common than the peritoneal form in humans, are
difficult to induce in rodents.”

In a previous study, we examined the effects of physical pul-
monary collapse in mice by performing a thoracotomy fol-
lowed by polymer gel infusion directly into the left cavity of
the thorax.®® In this model, we observed pronounced mesothe-
lial cell reactions on the left lung surfaces and parietal pleura.
In an associated experiment,” thoracotomy was followed by
the separate infusion of three kinds of test particles directly
into the pleural cavity of three groups of A/J mice (1.5 mg per
0.2 mL saline per mouse). These were fiber-shaped particles of
potassium octatitanate (tradename TISMO, morphologically
similar to asbestos), and granule-shaped micro-sized and nano-
sized particles of titanium dioxide (TiO,). After 21 weeks,
only the TISMO fibers induced a severe reaction, with the
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accumulation of iron derived from endogenous sources. The
results indicated that the risk of adverse response in mesothe-
lial cells depend not only on particle size but also on shape.

The objective of this study was to identify TISMO fiber-
induced malignant mesotheliomas in rodents, if any, and to
examine the pleural reaction to the fibers in a 1-year experi-
mental period. In the present experiment, two studies, one to
examine interstrain differences and the other to study inter-
species differences, were used to confirm the presence or
absence of induced malignant pleural mesotheliomas over a
long observation period. In Experiment 1, interstrain effects of
TISMO were studied over 52 weeks using A/J, C3H, ICR, and
C57BL strains of mice. In Experiment 2, F344 rats treated
with TISMO were examined for 52 weeks. Malignant
mesothelioma induction by co-administration of TISMO with
N-bis (2-hydroxypropyl) nitrosamine (DHPN), a lung carcino-
gen, was anticipated. We hypothesized that one of the mecha-
nisms to induce malignant mesotheliomas might involve
carcinogenic initiation by another agent in addition to direct
stimulation by the fiber-shaped particles, especially in the case
of epithelial-type malignant mesotheliomas.
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Materials and Methods

Chemicals. Potassium octatitanate fibers (TISMO-D; chemi-
cal formula K,0-6TiO,) were supplied by Otsuka Chemical
Co. Ltd. (Osaka, Japan) as fibers with length (mean dimension)
<50 pm and width <2 pm. We had confirmed these dimen-
sions in previous work using scanning electron microscope
imaging of the TISMO fibers.”” The mean length and width of
the 21 counted TISMO fibers on the previously obtained scan-
ning electron microscope image were 16.6 £ 10.5 um (aver-
age £ SD) and 0.7 £ 0.9 um, respectively. For
administration, the fibers were suspended in saline (isotonic
sodium chloride solution; Otsuka Pharmaceutical Factory, Inc.,
Tokushima, Japan). Three milligrams of TISMO particles sus-
pended in 0.2 mL saline showed both aggregated TISMO
fibers as well as separated single fibers.'” N-bis (2-hydroxy-
propyl) nitrosamine (Nacalai Tesque Inc., Kyoto, Japan) was
used to induce lung tumorigenesis in Experiment 2.

Animals. A/J (A/JJmsSlc) and C3H (C3H/HeNSlc) mice
were purchased from Japan SLC, Inc. (Shizuoka, Japan). ICR
(Crl:CD1) and C57BL (C57BL/6J) mice and F344 (F344/
DuCrlCrj) rats were from Japan Charles River (Shiga, Japan).
The mice were female and 5 weeks of age at arrival; the rats
were male and 4 weeks of age. The animals were maintained
in the Division of Animal Experiments, Life Science Research
Center, Kagawa University (Kagawa, Japan), according to the
Institutional Regulations for Animal Experiments. The regula-
tions included the best considerations on animal welfare and
good practices in animal handling including the replacement,
refinement, and reduction of animal testing. The protocols used
for these experiments were approved by the Animal Care and
Use Committee of Kagawa University. The animals were
housed in polycarbonate cages on bedding consisting of recy-
cled paper chips (EchoChip, CL-4163; CLEA Japan, Inc.,
Tokyo, Japan) and maintained under controlled conditions of
humidity (60 £ 10%), lighting (12:12 h light:dark cycle), and
temperature (24 + 2°C). The animals were given free access
to drinking tap water and a basal diet of Oriental MF (Oriental
Yeast Co., Ltd., Tokyo, Japan) for mice and CE-2 (CLEA
Japan Inc., Tokyo, Japan) for rats. The animals were accli-
mated for 2 weeks prior to the start of the experiments
described below.

Experimental design. Experiment 1. Groups were formed
from 144 seven-week-old mice. The eight groups consisted of
four groups of 30 mice each and another four groups of six
mice each (groups 1-8). Groups 1 and 5 consist of A/J mice,
groups 2 and 6 comprise ICR mice, groups 3 and 7 include
C3H mice, and groups 4 and 8 have C57BL mice. Groups 14
were TISMO-treated groups and groups 5-8 were sham-oper-
ated groups. At the beginning of the experiment, all mice from
groups 1-8 underwent a left thoracotomy, with those of groups
1-4 treated with 3 mg TISMO suspended in 0.2 mL saline per
mouse directly into the left pleural cavity. Under deep anesthe-
sia, a skin incision (approximately 7 mm long) was made on
the left axilla. After confirmation of the location of the tho-
racic wall, thoracotomy was completed with an incision (ap-
proximately 5 mm long) between ribs. The left lung was
observed directly through the opened hole and atelectasis was
confirmed. After infusion of the test solutions into the left
pleural cavity for groups 1-4 (no infusion for groups 5-8), the
skin was clipped together to close the thorax. Of the TISMO-
treated mice, 28 (nine of group 1; two of group 2; four of
group 3; and 13 of group 4) died just after treatment; these
mortalities were presumed to be the result of surgery and/or
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anesthesia. The experiment was terminated at 415 days after
surgery for the decrease in effective number, when all surviv-
ing animals were killed under deep anesthesia.”’

Experiment 2. Groups were formed from 46 six-week-old
rats. The four groups consisted of 15, 15, 11, and 5 rats each
(groups 14, respectively). At the beginning of the experiment,
rats from groups 1 and 2 were given 0.1% DHPN in drinking
water for 2 weeks. Rats from groups 1 and 3 were given
30 mg TISMO suspended in 2 mL saline per rat in the fourth
week. The operation for TISMO treatment to rats followed the
same procedure adopted in mice. Group 2 was a DHPN con-
trol group and group 4 an untreated control group. No rat died
during TISMO treatment. All rats were killed at 52 weeks
after surgery.

Tissue preparation. At necropsy, the lungs with visceral
pleura, the liver, and the kidneys were removed and, if some
other pathology was grossly observed, the relevant organ was
also removed. If thickening of the parietal pleura was
observed, the lesion was excised along with the chest wall,
including the ribs and intercostal muscle. The removed organs
were weighed, but the lungs in Experiment 1 could not be
weighed successfully due to severe adhesions. Other organs
were fixed and processed for histopathological evaluation of
HE stained sections. Specifically, organs were immersed in
10% neutral buffered formalin for 3 days, following which
two longitudinal slices from the left lobe of the lung and one
orthogonally oriented hilum slice from each of the right lobes
of the lung were processed for embedding in paraffin. When
lung nodules were observed by gross inspection, additional
slices were processed to allow histopathological assessment.
Lung lesions were categorized as bronchioloalveolar adenomas
and bronchioloalveolar adenocarcinomas in accordance with
the established criteria provided in the International Harmo-
nization of Nomenclature and Diagnostic Criteria."'"’ The diag-
nosis of mesothelial lesions was also carried out according to
this criteria. Pleural findings were examined and the parame-
ters of maximum pleural thickness, number of mitoses, pleural
cell atypia, and inflammatory cell infiltration were assessed.
Maximum pleural thickness was measured and its relative
value was calculated using body weight. The number of
mitoses in each HE section was counted in the pleura in a
whole slide. Atypia and inflammatory cells were scored as fol-
lows: 0, none; 1, mild; 2, moderate; and 3, severe.

In addition, immunostaining of calretinin and napsin A was
carried out to identify mesothelial cells and lung epithelial
tumors in the lung."*'? Lungs were immunostained by the
avidin—-biotin complex method. All staining processes from
deparaffinization to counterstaining with hematoxylin were
undertaken automatically using the Leica BOND-III staining
system (Leica Biosystems, Nussloch, Germany). Antigen
retrieval was not undertaken for calretinin or napsin A. The
anti-mouse calretinin mAb (clone 5A5), purchased from Novo-
castra Laboratories (Newcastle Upon Tyne, UK), was used at
1:100 dilution. The anti-mouse napsin A mAb (NCL-L-Napsin
A) was purchased from Leica Microsystems Newcastle Ltd.
(Newcastle Upon Tyne, UK) was used at 1:100 dilution. The
reaction time for each primary antibody was 15 min.

To detect the fibers, polarized light microscopy was used for
screening purposes. A BXS51 microscope equipped with the
Olympus Polarizer for Transmitted Light (U-P110; Olympus,
Tokyo, Japan) was used.

Statistical analysis. Data for body and organ weights were
analyzed using the Tukey—Kramer test (multiple comparison
test). Fisher’s exact probability test was used to analyze

Cancer Sci | July 2016 | vol. 107 | no.7 | 1048



www.wileyonlinelibrary.com/journal/cas

increases in incidence in macroscopic and histopathological
data.

Results

Experiment 1. Some mice were found dead before the end of
the experimental period, although the general condition of
rodents in all the groups showed no remarkable change. Imme-
diately after the operation, 28 mice died. The final numbers of
mice under observation were 13 in group 1, 23 in group 2, 13
in group 3, 10 in group 4, six in group 5, five in group 6, six
in group 7, and six in group 8. Due to increasing mortality in
group 4, the remaining mice were killed on day 415. Final
body and organ weights are shown in Table 1. There was no
significant difference in body weights and absolute (data is not
shown) and relative weights (body weight-normalized) of the
liver and kidneys between the TISMO-treated and control
groups belonging to the same strain. Due to exfoliation and
severe adhesion to the thorax, lung weights were too low for
reliable use as relative values.

At autopsy, some of the mice in groups 2 and 4 showed
gross hypertrophy of the liver and the occurrence of ascites
(Table 2). In all the mice of TISMO-treated groups 1-4, the
infused fibers formed discrete masses in the thoracic cavity,
with severe adhesions attaching the left lung (especially the
left lobe) to the thorax. The right lung showed slight or no
adhesion to the surrounding tissue and adequate expandability.
In Groups 2 and 4, nodules were observed in other organs,
diagnosed histopathologically as serous adenoma of the ovary,
sarcoma of the uterus, and calcifying epithelioma of the skin.

Table 1. Body weights and relative weights of liver and kidneys in
four strains of mice treated with potassium octatitanate fibers
(TISMO) (Experiment 1)

Group Strain TISMO No.t Body weight, Liver, Kidneys,
g % %
1 A/) + 12 28.6 £ 5.5 40+03 1.1+0.1
2 ICR + 22 50.2 + 10.5 3.7+09 09+03
3 C3H + 7 24.6 + 3.1 39+ 05 1.1 +0.1
4 C57BL + 9 31.0 £ 7.2 3.8+ 0.7 09 +0.2
5 A/l — 5 32.7 £ 3.8 35+0.1 1.0+ 0.1
6 ICR - 5 53.8 + 155 3.74+06 0.8+ 0.1
7 C3H — 6 252 + 25 44 +0.7 1.1+0.1
8 C57BL — 6 36.6 £ 5.8 3.7+08 0.7 +0.2

There are no significant differences between groups treated with
TISMO (+) or not (=) in the same strain. fEffective number of mice.

Table 2. Macroscopic findings in four strains of
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There were no intergroup differences in the incidence of the
lesions. The histopathological findings are summarized in
Table 3. Bronchioloalveolar adenomas and adenocarcinomas
were observed, but no significant intergroup differences in
incidence or multiplicity of these nodules was seen. Pleural
thickening, characterized by chronic inflammation, prominent
fibrosis of the lungs, and infolding of the pleura into the lungs
(Fig. 1b), were observed in all TISMO treated mice (groups
1-4, Table 2 and Fig. la—d). Several TISMO fibers, in aggre-
gated or isolated forms, were observed in the alveoli, indicat-
ing an ability of the fibers to penetrate the pleura.

Detailed findings regarding the pleura are summarized in
Table 4. ICR mice treated with TISMO (group 2) showed sig-
nificantly weaker thickening in the pleura than all the other
TISMO-treated groups. C57BL mice showed an increase in
occurrence of mitoses, and A/J mice displayed severe atypia of
pleural cells. Inflammation accompanied by prominent fibrosis
was limited to the pleura, but this finding could not be consid-
ered a diagnosis for malignant mesothelioma. Inflammatory
cell foci, characterized by macrophages, plasma cells, lympho-
cytes, and a small number of leukocytes, were observed in the
lungs and pleura of 19 mice of group 2, three of group 4, and
two of group 8. Several macrophages were observed in the
thickening pleura, some of which ingested the fibers com-
pletely, while others could not ingest the entire length.

The fibers were also detected histopathologically in the liver
and kidneys. In the liver, inflammatory cell infiltration was
observed around the fibers crossing into the portal area
(Fig. le,f) and TISMO fibers on the surface caused fibrosis
(Fig. 1g). In the kidney, TISMO fibers were detected mainly
in the glomeruli under polarized light microscopy but the renal
tissues did not show inflammation (Fig. 1h).

Experiment 2. No rat was killed during TISMO treatment.
The animals in all groups showed no remarkable change in
their general condition during the experimental period. From
day 262 onwards, increasing mortality was observed in groups
1 and 2 (DHPN treated). All the rats were killed 52 weeks fol-
lowing treatment and the final numbers of the rats were 10 in
group 1, 11 in group 2, 11 in group 3, and five in group 4.
Final body and organ weights are shown in Table 5. The aver-
age body weights of the DHPN-treated groups (groups 1 and
2) were significantly decreased compared with those of the
untreated group (group 4). The relative weights of the lungs in
groups 1 and 2 were significantly increased compared with
those in groups 3 and 4.

At necropsy, whitish nodules were grossly observed in the
lungs of rats of groups 1 and 2. The infused TISMO fibers were
associated with discrete masses and severe adhesions around the

mice treated with potassium octatitanate fibers Group Strain  TISMO No. Ascites Liver Ovary  Uterus Skin
(TISMO) (Experiment 1) hypertrophy nodule nodule nodule
1 A/) + 11 0 0 0 0 0
2 ICR + 22 4 4 2% 0 1§
3 C3H + 7 0 0 0 0 0
4 C57BL + 9 1 1 0 19 1
5 A/) — 5 0 0 0 0 0
6 ICR — 5 0 0 0 0 0
7 C3H — 6 0 0 0 0 0
8 C57BL — 6 0 0 0 0 0

tEffective number of mice. {Serous adenoma. §Calcifying epithelioma. {Sarcoma.
+, Treated with TISMO; —, untreated.
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Table 3. Histopathological findings in four strains of mice treated with potassium octatitanate fibers (TISMO) (Experiment 1)

Lung Liver

Kidney
Group Strain TISMO No.t Ascites Bronchioloalveolar Bronchioloalveolar TISMO Inflammatory Inflammatory
adenocarcinoma adenoma on surface cell foci cell foci
1 A/) + 11 0 0 0 0 0 0
2 ICR + 22 4 2 0 6 1 0
3 C3H + 7 0 0 0 0 0 0
4 C57BL + 9 1 0 0 2 4 0
5 A/) - 5 0 0 3 0 0 1
6 ICR - 5 0 0 0 0 0 0
7 C3H - 6 0 0 0 0 0 0
8 C57BL - 6 0 0 0 0 6 0

tEffective number of mice. +, Treated with TISMO; —, untreated.

Fig. 1. Histopathological findings on day 415 for
mice treated with potassium octatitanate fibers
(TISMO) (groups 1-4; Experiment 1). Lungs from A/J
mice (group 1) (a), ICR mice (group 2) (b), C3H mice
(group 3) (c), and C57BL mice (group 4) (d) with HE
staining. Livers from C57BL mice (group 4) (e, f) and
ICR mice (group 2) (g). (h) Kidneys from C57BL mice
(group 4). Pleural thickening of the lungs and
infolding of the pleura into the lungs (b) were
observed in all mice of the TISMO-treated groups
(a—d). Fibers were detected in the liver and kidneys,
despite TISMO infusion only into the pleural cavity
(e, f, yellow arrows). In the liver, inflammatory cell
infiltration was observed around the fibers in the
portal area (e, f) and TISMO fibers on the surface
caused fibrosis (g). TISMO fibers were detected
mainly in the glomeruli under polarized light
microscopy but the renal tissues did not show
inflammation (h).
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Table 4. Pleural findings in four strains of mice treated with potassium octatitanate fibers (TISMO) (Experiment 1)

Pleural thickening

Pleural findings

Group strain TISMo No.t . Absolute, Relative, Number . Inflammatory
Incidence mm mm/kg B.W. of mitosist Atypias cells§

1 AlJ + 11 100 (11/11) 0.6 +£ 0.2 22.4 + 8.0 0.2 +04 2.7 £ 0.5* 0.6 £ 0.7

2 ICR + 22 100 (22/22) 0.4 +0.3 8.5 + 5.8** 0.1 +£0.3 23+ 0.8 1.1+ 0.8

3 C3H + 7 100 (7/7) 0.7 £ 0.2 27.6 + 7.6 0.3 £ 0.5 2.1+04 0.9 +£0.7

4 C57BL + 9 100 (9/9) 0.6 £ 0.3 20.7 £ 11.6 0.4 + 0.7 1.9 +03 2.0 £ 0.7%**

5 A/) - 5 0 (0/0) 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 0.6 +£ 0.5

6 ICR - 5 0 (0/0) 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 02+04

7 C3H - 6 0 (0/0) 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0

8 C57BL - 6 0 (0/0) 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 0.2+04

*P < 0.05 vs group 4. **P < 0.05 vs groups 1, 2, and 4. ***P < 0.05 vs groups 1, 2, and 3. fEffective number of mice. {Counted in pleura of left
lobe of specimen. §Scored as: 0, none; 1, mild; 2, moderate; 3, severe. +, Treated; —, untreated. B.W., body weight.

Table 5.
(2-hydroxypropyl) nitrosamine (DHPN) (Experiment 2)

Body weights and relative weights of lung, liver, and kidneys in rats treated with potassium octatitanate fibers (TISMO) and/or N-bis

Kidneys, %
Group DHPN TISMO No.f Body weight, g Lung, % Liver, %
Right Left
1 + + 10 347.8 £+ 39.1%** 0.9 £ 0.2%** 25+ 0.1 0.3 £0.0 23 +5.2
2 + — 1 351.7 + 48.2*%* 0.7 4+ 0.3%** 25+ 0.1 1.4+ 3.7 0.3 £0.0
3 + 1 392.7 + 211 0.4 + 0.1 2.6 £0.2 0.3+ 0.0 0.3 £0.0
4 - - 5 404.2 + 18.8 0.4 £ 0.1 2.6 £0.1 0.3 £0.0 0.3 £0.0

*P < 0.05 vs group 3. **P < 0.05 vs group 4. fEffective number of rats. +,

Treated; —, untreated.

Table 6. Histopathological findings in rats treated with potassium octatitanate fibers (TISMO) and/or N-bis (2-hydroxypropyl) nitrosamine

(DHPN) (Experiment 2)

Lung proliferative lesions

Incid 9 Multiplici
Group DHPN TISMO No.t ncidence, % ultiplicity
. Bronchioloalveolar Bronchioloalveolar
Tumori . Tumor .
adenocarcinoma adenocarcinoma

1 + + 10 100 (10/10) 80 (8/10) 9.7 £+ 45 254+ 2.1

2 + — 11 100 (11/11) 90.9 (10/11) 95+ 28 25+ 14

3 - + 11 0 (0/11) 0 (0/11) - -

4 - - 5 0 (0/5) 0 (0/5) - -

There are no intergroup significant differences in tumor or carcinoma incidence between groups 1 and 2 by Tukey-Kramer test. fEffective num-
ber of rats. {Bronchioloalveolar adenoma + bronchioloalveolar adenocarcinoma. +, Treated; —, untreated.

left lobes of the lungs in all the TISMO-treated rats (groups 1
and 3). Some rats with swellings or nodules in the kidney were
observed in DHPN-treated groups (groups 1 and 2).

The incidences and multiplicities of the histopathological
findings in the lungs are summarized in Table 6. The macro-
scopic lung nodules were confirmed to be bronchioloalveolar
adenomas or adenocarcinomas, but significant differences in
incidence of proliferative lesions were not observed between
groups 1 and 2. In rats from TISMO-treated groups 1 and 3,
pleural thickening and atypical cells were observed in the lung
(Fig. 2). Lesions invading the lung in rats from group 1 were
observed but could not be used as diagnoses for mesothelioma
or bronchioloalveolar adenocarcinoma (Fig. 2a,b). Therefore,
immunohistochemical analyses for calretinin and napsin A
were undertaken. The atypical cells in the lesion were positive

Cancer Sci | July 2016 | vol. 107 | no.7 | 1051

for napsin A (Fig. 2c) and negative for calretinin (Fig. 2d).
From these results, the rats could be diagnosed with bronchi-
oloalveolar adenocarcinoma.

Pleural thickening results are summarized in Table 7. There
were no significant intergroup differences between groups 1
and 3, and no influence of DHPN on the pleural thickening
can be inferred. The TISMO fibers were administered directly
into the thoracic cavities, but fibers were also detected in the
kidneys and livers of all the rats of the TISMO-treated groups
(groups 1 and 3). Reactions such as inflammatory cell infiltra-
tion in response to TISMO fibers were not observed in the
liver and kidneys.

In the kidneys of DHPN-treated groups (groups 1 and 2),
nephroblastoma, renal cell carcinoma, and urothelial carcinoma
(renal pelvic carcinoma) were observed but there was no

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Table 7. Pleural findings in rats treated with potassium octatitanate
fibers (TISMO) and/or N-bis (2-hydroxypropyl) nitrosamine (DHPN)
(Experiment 2)

Pleural thickening

Group DHPN TISMO No.f

Incidence, Absolute, Relative,
% mm mm/kg B.W.
1 + + 10 100 (10/10) 0.47 + 0.16 1.40 + 0.61
2 + — 1 0(0/11) 0.04 £ 0.05 0.13 £ 0.17
3 + 1 100 (11/11) 0.55 £+ 0.23 1.42 & 0.57
4 - - 5 0 (0/5) 0.02 + 0.04 0.05 £+ 0.11

There are no intergroup significant differences between groups 1 and
3 by Tukey-Kramer test. fEffective number of rats. +, Treated; —,
untreated. B.W., body weight.

significant difference in incidence between groups 1 and 2
(data is not shown).

Discussion

The present study shows that long-term exposure to TISMO
fibers, morphologically similar to asbestos particles, when
infused into the pleural cavity, results in pleural thickening,
characterized by chronic inflammation and prominent fibrosis
of the lungs, in all strains of mice and rats. Respiratory expo-
sure to asbestos is associated with mesotheliomas in humans

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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Fig. 2. Histopathological findings at week 52 for
rats treated with potassium octatitanate fibers
(TISMO) (Experiment 2). (a, b) Lungs from Group 1
rats (treated with TISMO and N-bis (2-
hydroxypropyl) nitrosamine (DHPN)) with HE
staining. (b) Lungs from group 2 rats (DHPN only).
(c) Lungs from group 1 rats (DHPN and TISMO) with
immunohistochemical staining for napsin A. (d)
Lungs from group 1 rats (DHPN and TISMO) with
immunohistochemical staining for calretinin. (e, f)
Lungs from group 3 rats (TISMO only). In TISMO-
treated groups 1 and 3, pleural thickening and
atypical cells were observed in the lung (a, b, e, f).
The invasive lesions in the lung of group 1 were
observed but could not be distinguished as
either mesotheliomas or bronchioloalveolar adeno-
carcinomas (a, b). The atypical cells in the lesions
stained positive for napsin A (c) and negative for
calretinin (d).

and electron spin resonance analyses have shown that crocido-
lite and amosite contain high amounts of iron."* Although the
chemical formula of TISMO used in the present experiments is
K,0:-6TiO,, indicating that it does not contain a ferrous com-
ponent, intraperitoneal or intrascrotal application of multiwall
carbon nanotube, also without any ferrous component, has
been reported to induce mesotheliomas.>'®

In Experiment 1, some mice were found dead before the end
of the experimental period, although the general condition of
animals in all groups showed no remarkable change. In order
to induce malignant lesions, a longer experimental period was
desirable. However, due to increasing mortality of C57BL
mice in group 4, all mice were killed on day 415. A previous
experiment using A/J mice with potential for a long experi-
mental period was terminated on day 457, also due to increas-
ing mortality.'” The shorter period of the present experiment,
415 days, appears to be due to the strain difference.

Histopathological examination revealed pleural thickening,
characterized by chronic inflammation and prominent fibrosis
of the lungs, and infolding of the pleura into the lungs were
observed in all mice of the TISMO-treated groups (groups 1—
4). However, inflammatory responses accompanied by promi-
nent fibrosis were limited to the pleura, so this finding could
not be used as a diagnosis for malignant mesothelioma. Our
previous 21-week experiment to examine the differences in
effects among various strains of mice showed that inflamma-
tory cell infiltration into thickened pleura induced by TISMO
was significant in the lungs of ICR mice.!” The present
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experiment, carried out over a longer period, was to examine
the potential pleural tumorigenesis, but no induced malignant
mesothelioma was observed. However, TISMO-treated mice
responded differently based on strain, with mild thickening
and increased inflammatory cell infiltration observed in ICR
mice, and severe atypia of cells in A/J mice. The findings are
complex and it is difficult to explain the mechanism of action
of the TISMO fibers. However, ICR mice seemed to show
milder responses, hinting at a species with potential for resis-
tance to proliferative effects of fiber-shaped particles. More-
over, inflammatory cell infiltration in the pleura could
contribute to the inhibition of fiber-induced pleural thickening.

The fibers were also detected histopathologically in the liver
and kidneys of all strains of mice in Experiment 1. In our pre-
vious 457-day experiment using A/J mice, we reported
histopathological detection of fibers in several organs, includ-
ing the liver, kidneys, spleen, heart, ovaries, bone marrow, and
brain."” The route to these other organs from the pleural cav-
ity is suspected to be through blood vessels because the fibers
were detected in the glomeruli of the kidney, in and around
the vessels in the liver and brain, and in the bone marrow and
spleen. However, it remains unclear whether these vessels pro-
vide the only route to remote organs. Generally, a proportion
of all particles that are deposited in the peripheral lung are
reported to travel through to the pleura and exit through the
stomata in the parietal pleura to the underlying lymphatic sys-
tem and subsequently to the mediastinal lymph nodes.'®'?
TISMO on the surface of the liver in the presently discussed
Experiment 1 is considered to have arrived directly from the
pleural cavity through the diaphragm.

The rats in Experiment 2 were expected to develop malig-
nant lesions due to co-treatment with TISMO and DHPN. A
lung carcinogen®” used for tumor initiation, DHPN is reported
to be associated with activating mutations of the Kras gene at
codon 12 in 47% of rat lung neoplastic lesions.?" It is also
known to be a carcinogen targeting the thyroid gland, urinary
bladder, and kidneys."***” The kidneys of DHPN-treated
groups in Experiment 2 showed nephroblastoma, renal cell car-
cinoma, and urothelial carcinoma (renal pelvic carcinoma),
which were suspected to have been initiated and induced by
DHPN.

Histopathologically speaking, the lesions invading the lungs
of group 1 rates (TISMO + DHPN) were observed, but could
not be distinguished as either mesotheliomas or bronchi-
oloalveolar adenocarcinomas. To address this, immunohisto-
chemical analysis for calretinin and napsin A was carried out.
Napsin A is an aspartic proteinase involved in the maturation
of surfactant protein-B (SP-B),*” expressed in the cytoplasm

References

—

Metintas S, Metintas M, Ucgun I, Oner U. Malignant mesothelioma due to
environmental exposure to asbestos: follow-up of a Turkish cohort living in
a rural area. Chest 2002; 122: 2224-9.

2 Robinson BW, Musk AW, Lake RA. Malignant mesothelioma. Lancet 2005;
366: 397-408.

3 Kim Y, Ton TV, DeAngelo AB et al. Major carcinogenic pathways identified
by gene expression analysis of peritoneal mesotheliomas following chemical
treatment in F344 rats. Toxicol Appl Pharmacol 2006; 214: 144-51.

4 Kamstrup O, Ellehauge A, Collier CG, Davis JM. Carcinogenicity studies

after intraperitoneal injection of two types of stone wool fibres in rats. Ann

Occup Hyg 2002; 46: 135-42.

Krajnow A, Lao I. Assessment of carcinogenic effect of aluminosilicate cera-

mic fibers produced in Poland. Animal experiments. Med Pr 2000; 51(1):

19-27.

wn

Cancer Sci | July 2016 | vol. 107 | no.7 | 1053

Original Article
Yokohira et al.

of type II pneumocytes and Clara cells in the lung.**?® As

used in human clinical studies, napsin A is a highly specific
marker for bronchioloalveolar adenocarcinomas in the
lung.®%*” Calretinin is reported to be a useful marker for the
positive identification of malignant mesotheliomas.®" In the
present experiment, the atypical cells in the lesion were posi-
tive for napsin A and negative for calretinin, meaning that the
lesions originated not from a mesothelioma, but from a bron-
chioloalveolar adenocarcinoma. Experiment 2 was undertaken
to examine the interaction between DHPN and the mesothelial
reaction to TISMO treatment, as well as to examine rats for
TISMO-induced toxicity. However, neither was there any
observed malignant alteration to the TISMO-induced mesothe-
lial reaction caused by DHPN treatment, nor did TISMO pro-
mote DHPN-induced lung tumor. This result suggests that lung
tumor induced by DHPN and mesothelial reaction to TISMO
fibers possess independent actions.

In the two experiments, malignant mesothelioma was not
observed, even though the experiments were designed in antic-
ipation of its development. One of the possible reasons could
involve the aggregation of TISMO fibers in the pleural cavity.
While separated single fibers in HE-stained lung specimens
were observed, single fibers were less abundant than aggre-
gated fibers. Fibrous nanomaterial such as multiwall carbon
nanotube is reported to be a mixture of dispersed single fibers
of various lengths and widths, as well as their agglomerates
and aggregates.®” When given as a mixture, the lung lesions
were mainly seen as inflammatory and/or granulomatous
lesions accompanying the aggregates and were considered as
blocking and/or masking the changes induced by the single
fibers that should have reached the alveolar ducts and alve-
oli.*? Preparing a dispersed single fiber TISMO solution with-
out aggregates or agglomerates may be expected to induce
malignant mesothelioma.

In conclusion, this study showed that the intrathoracic infu-
sion of TISMO fiber did not cause malignant mesothelioma in
multiple strains of mice and rats, but severe chronic inflamma-
tion and proliferation of pleural mesothelial cells were
observed. Asbestos-like fibers may, however, spread from the
pleural cavity to other sites of the liver and kidneys regardless
of strain or species. These results may serve as important
information when considering future hazard risks in the use of
this type of particle.
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