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Potassium octatitanate fibers (K,O-8TiO,, POT fibers) are widely used as an alterna-
tive to asbestos. We investigated the pulmonary and pleural toxicity of POT fibers
with reference to 2 non-fibrous titanium dioxide nanoparticles (nTiO,), photoreac-
tive anatase (a-nTiO,) and inert rutile (r-nTiO,). Ten-week-old male F344 rats were
given 0.5 mL of 250 pg/mL suspensions of POT fibers, a-nTiO,, or r-nTiO,, 8 times
(1 mg/rat) over a 15-day period by trans-tracheal intrapulmonary spraying (TIPS).
Rats were killed at 6 hours and at 4 weeks after the last TIPS dose. Alveolar macro-
phages were significantly increased in all treatment groups at 6 hours and at
4 weeks. At week 4, a-nTiO, and r-nTiO, were largely cleared from the lung
whereas a major fraction of POT fibers were not cleared. In the bronchoalveolar
lavage, alkaline phosphatase activity was elevated in all treatment groups, and lac-
tate dehydrogenase (LDH) activity was elevated in the a-nTiO, and POT groups. In
lung tissue, oxidative stress index and proliferating cell nuclear antigen (PCNA) index
were elevated in the a-nTiO, and POT groups, and there was a significant elevation
in C-C motif chemokine ligand 2 (CCL2) mRNA and protein in the POT group. In
pleural cavity lavage, total protein was elevated in all 3 treatment groups, and LDH
activity was elevated in the a-nTiO, and POT groups. Importantly, the PCNA index
of the visceral mesothelium was increased in the POT group. Overall, POT fibers
had greater biopersistence, induced higher expression of CCL2, and provoked a
stronger tissue response than a-nTiO, or r-nTiO».
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1 | INTRODUCTION

Because of its high tensile strength, chemical stability, and heat-
resistance, potassium octatitanate (POT) is commonly used as an
alternative to asbestos. POT fibers have a long needle-like shape,
similar to asbestos, and are not broken down in the body.1 Thus, the
fiber pathogenicity paradigm? identifies these fibers as potential
carcinogens.

The carcinogenicity of POT fibers was confirmed by an initial
study that gave POT fibers directly to the pleural surface of
Osborne-Mendel rats and a later study that gave POT fibers by i.p.
injection.®>> Two recent studies infused POT fibers directly into the
pleural cavity of mice and rats: one study followed the treated ani-
mals for 52 and 65 weeks® and the other study followed the treated
animals for 52 weeks.” Although none of the treated animals had
developed mesothelioma by the time the study was terminated, all
mice and rats treated with POT fibers exhibited pleural thickening.
Inhalation studies that followed exposed animals for up to 2 years
were mostly negative.812 Overall, these studies indicate that POT
fibers are carcinogenic, but that a high amount of POT fibers in pro-
longed contact with susceptible tissue is required for induction of
malignant neoplasia. They also suggest that inhalation of POT fibers
is not carcinogenic in rats and that low level exposure may not be
carcinogenic in humans.® See Doc. S1 for a brief discussion of the
studies cited here.

Thus, the physical characteristics of POT fibers suggest high car-
cinogenic potential, but the experimental evidence indicates low car-
cinogenic potential. A variety of factors could account for this
discrepancy: (i) the fiber pathogenicity paradigm may not apply to
POT fibers, possibly because of the chemical make-up of the fibers.
(i) The relatively low sensitivity of inhalation studies using rats may
be a factor in the negative results of the inhalation studies (see p.
100 Bignon et al'®; the low sensitivity of rat inhalation studies is
also noted by Mohr et al*®). (iii) If the fibers are not well dispersed,
this will result in lower than expected levels of particles with small
enough aerodynamic diameters to penetrate beyond the ciliated
airways.

To resolve these problems and determine whether further
experimentation on the carcinogenicity of POT fibers is warranted,
we conducted a short-term experiment comparing the intensity of
early indicators of possible carcinogenicity in rats given POT
fibers or non-fibrous titanium dioxide nanoparticles (nTiO,). We
used two types of nTiO,, photoreactive anatase (a-nTiO,) and
inert rutile (r-nTiO,): a-nTiO, is a weak carcinogen in the lung
that induces neoplastic development when high doses are given.'®
The major component of these materials is titanium but the

shapes (granular particles, short rods, and long needle-like-shaped
fibers) are different. All 3 particle types were dispersed by the
Taquann method to ensure maximum dispersion and given by
trans-tracheal intrapulmonary spraying (TIPS) on account of the
higher sensitivity of TIPS administration compared to exposure by
inhalation. Therefore, if the fiber pathogenicity paradigm does not
hold for POT fibers, as suggested by the inhalation studies cites
above, then giving equal amounts of well-dispersed POT fibers
and a-nTiO, and r-nTiO, using TIPS should have similar effects,
or the POT fibers may induce a weaker response than the nTiO,
particles because of the much lower number of particles. If, how-
ever, the fiber pathogenicity paradigm does apply to POT fibers,
then these fibers would be expected to be more biopersistent
and induce a stronger response than the nTiO, particles, and fur-
ther experimentation on the carcinogenicity of POT fibers would
be warranted.

2 | MATERIALS AND METHODS

2.1 | Preparation of particle suspension

Potassium octatitanate fibers and a-nTiO, and r-nTiO, particles were
supplied by Dr A. Hirose (one of the authors). All 3 particles were
dispersed by the Taquann method®® to generate dispersed single
fibers/particles, and stored in tert-butyl alcohol. Shortly before
administration, frozen t-butyl alcohol was removed using an Eyela
Freeze Dryer (FDU-2110; Tokyo Rikakikai Co., Ltd, Tokyo, Japan),
and POT fibers were suspended in saline containing 0.5% Pluronic
F-68 (PF68; Sigma-Aldrich, St Louis, MO, USA) at 250 pg/mL and a-
nTiO, and r-nTiO, particles were suspended in saline at 250 pug/mL.
After suspension in vehicle, test materials were sonicated for 2 min-
utes 4 times at 3000 rpm using a polytron PT 1600E bench top
homogenizer (Kinematika AG, Lattau, Switzerland). To minimize
aggregation, the suspensions were sonicated for 30 minutes immedi-

ately prior to administration.

2.2 | Characterization of particles in suspension

After sonication, 20 pL of each test material suspension was placed
on a carbon-supported 200 mesh micro grid membrane (200-Cu;
Nisshin EM Co., Ltd, Tokyo, Japan); the shape of the nanoparticles
was imaged by transmission electron microscopy (JEOL Co. Ltd,
Tokyo, Japan), and the photos were analyzed by NIH image analyzer
software (NIH, Bethesda, MD, USA). Over 1000 particles of each
type of material were measured. Element analysis was done using a

scanning electron microscope with an X-ray microanalyzer (ADEX,
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Tokyo, Japan) after loading small aliquots of each test material
directly after freeze-drying on carbon conductive double-faced adhe-
sive tabs (Nisshin EM Co., Ltd).

2.3 | Animals

Nine-week-old male F344 rats were purchased from Charles River
Japan Inc. (Kanagawa, Japan). The animals were housed in the ani-
mal center of Nagoya City University Medical School, maintained
on a 12-hour light-dark cycle, and received oriental MF basal diet
(Oriental Yeast Co., Tokyo, Japan) and water ad libitum. The
experimental protocol was approved by the Animal Care and Use
Committee of Nagoya City University Medical School, and the

research was conducted according to the Guidelines for the Care

and Use of Laboratory Animals of Nagoya City University Medical
School.

2.4 | Experimental design and tissue sample
collection

After acclimatization for 1 week, 96 rats were divided into 6 groups
of 16 animals each: group 1, without treatment; group 2, vehicle
(saline); group 3, vehicle (saline plus 0.5% PFé8); group 4, a-nTiO,
(250 pg/mL); group 5, r-nTiO5 (250 pug/mL); and group 6, POT fibers
(250 pg/mL). Vehicle (0.5 mL) and test material suspensions (0.5 mL;
125 g of test material) were given to the animals by TIPS using a
microsprayer (series |A-1B Intratracheal Aerosolizer; Penn-Century,
Philadelphia, PA, USA) under 3% isoflurane anesthesia as described

TABLE 1 Sequences of the actin, CCL2, CCL3, and CCL4 primers used in real-time PCR

Gene Forward Reverse

Actin GGGAAATCGTGCGTGACA AGGAAGGAAGGCTGGAAGA
CCL2 GATCTCTCTTCCTCCACCACTAT GTTCTCCAGCCGACTCATTG
CCL3 CGACTGCCTGCTGCTTCT TTCCTTGCTGCCTCTAATCTCA
CCL4 GTGTCTGCCTTCTCTCTCC AGGCTGCTGGTCTCATAGT

CCL, C-C motif chemokine ligand.

2.00 pm

3.00 pm

FIGURE 1 Characterization of test materials in suspension. A, Scanning electronic microscope images and B, transmission electron
microscopy images of a, photoreactive anatase (a-nTiO,), b, inert rutile (r-nTiOy), and c, potassium octatitanate (POT) fibers
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FIGURE 2 Histological observation of lung tissue at 6 h and at 4 wks after the final trans-tracheal intrapulmonary spraying dose of A, B,
saline, C, D, saline + PF68, E, F, photoreactive anatase (a-nTiO,), G, H, inert rutile (r-nTiO,), and |, J, potassium octatitanate (POT) fibers. Black
arrows indicate alveolar macrophages phagocytizing test materials, and green arrows indicate multinucleated giant cells
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FIGURE 3 Alveolar macrophage counts per cm? of lung tissue. ##P < .001 vs vehicle (photoreactive anatase [a-nTiO,] and inert rutile [r-
nTiO,] vs saline; potassium octatitanate [POT] vs saline + PF68) at 6 h, and ***P < 001 vs vehicle (a-nTiO, and r-nTiO, vs saline; POT vs
saline + PF68) 4 wks after the final trans-tracheal intrapulmonary spraying dose
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FIGURE 4 Nanoparticle/fiber count per cm? of lung tissue. *#P < 001 vs photoreactive anatase (a-nTiO,) and inert rutile (r-nTiO5) at 6 h
and ***P < 001 vs a-nTiO, and r-nTiO, 4 wks after the final trans-tracheal intrapulmonary spraying dose. POT, potassium octatitanate

previously.'” Rats were treated once every other day over a 15-day
period (8 doses; total of 1 mg of test material). At 6 hours and at
4 weeks after the last dose, 8 rats from each group were killed by
exsanguination from the abdominal aorta under deep anesthesia.
Serum samples were stored at —80°C.

At 6 hours, the lung was excised and the right lung lobes were
cut into pieces and immediately frozen at —80°C for biochemical
analysis, and the left lung was fixed in 4% paraformaldehyde solu-
tion adjusted to pH 7.3 and processed for immunohistochemical,
light microscopic, and electron microscopic examination. At
4 weeks, the left lung was used for collection of bronchoalveolar
lavage fluid and right lung lobes were divided into 2 parts: the first
part was immediately frozen at —80°C and used for biochemical
analysis, and the second part, as well as the trachea and mediasti-
nal lymph nodes, was fixed in buffered 4% paraformaldehyde solu-
tion and processed for immunohistochemical, light microscopic, and

electron microscopic examination.

2.5 | Light microscopy, polarized light microscopy,
and electron microscopy

Lung, trachea, and mediastinal lymph nodes were processed for H&E
staining. Identification of the dosed materials in the tissue cells and alve-
olar macrophages was made by polarized light microscopy (PLM; Olym-
pus, Tokyo, Japan). For high-magnification viewing, slides were
immersed in xylene to remove the cover glass, then immersed in 100%
ethanol, air-dried and coated with platinum, and viewed by SEM (Field
Emission Scanning Electronic Microscope; Hitachi High Technologies,
Tokyo, Japan) at 5-10 kV. For ultrafine viewing of the localization of the
dosed materials in the lung, the area in the paraffin block corresponding
to the H&E slide was cut out, deparaffinized, and embedded in epoxy
resin and processed for transmission electron microscopy (TEM)
equipped with an X-ray element microanalyzer (EDAX, Tokyo, Japan).
For PCNA staining, sections were incubated with PBS contain-

ing 5% BSA and 5% goat serum for at least 1 hour, then
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incubated with anti-PCNA (Cell Signaling Technology, Danvers,
MA, USA) diluted 1:2000 in PBS containing 1% BSA and 1% goat
serum overnight at 4°C, then incubated with secondary antibody
(Nichirei Biosciences, Tokyo, Japan), visualized with DAB (Nichirei
Biosciences), and counterstained with hematoxylin. In each lung
specimen, more than 1000 pulmonary epithelial cells and more
than 500 visceral pleural mesothelial cells were counted blindly in
random fields. All nuclei showing brown staining of more than half

of the nucleus were considered to be positive.

2.6 | Collection and biochemical analysis of pleural
lavage fluid

RPMI 1640 (10 mL) was injected into the pleural cavity through
the left side of the diaphragm, the thoracic wall was gently mas-
saged, and the lavage fluid was aspirated through the right side
of the diaphragm. The pleural lavage fluid (PLF) was centrifuged
at 500 g at 4°C for 5 minutes and the supernatant was stored at
—80°C until use (the cell pellets were used for preparation of
pleural lavage cell pellets, described below). Lactate dehydrogenase
(LDH) activity was measured using an LDH activity assay kit
(Sigma-Aldrich) and total protein concentration was measured
using the BCA Protein Assay Kit (Pierce Biotech, Rockford, IL,
USA).

a-nTiO,

r-nTiO,

Cancer Science RUIs= e

2.7 | Pleural lavage cell pellet preparation

Cell pellets from 2 animals in the same group were combined and sus-
pended in 5 mL of 1% RBC lysis buffer (BioLegend Inc., San Diego,
CA, USA), then centrifuged at 500 g at 4°C for 5 minutes. The super-
natant was discarded, and the cell pellet was fixed by suspension in
buffered 4% paraformaldehyde at 4°C overnight, then centrifuged at
500 g at 4°C for 5 minutes. The pellet was washed with saline and
centrifuged at 900 g at 4°C for 5 minutes. Sodium alginate (0.5 mL of
1%) and 20 puL of 1 M CaCl, was added to the pellet, and the pellet
was stored in 80% EtOH prior to embedding in paraffin and processing
for histopathology.

2.8 | Collection and biochemical analysis of
bronchoalveolar lavage fluid

The thoracic cavity was opened and the right bronchus was tied just
below the bifurcation and the left lung was cannulated using a 25 G
canula through the trachea. Bronchoalveolar lavage was carried out 3
times with 10 mL of sterile ice-cold Mg"*- and Ca**-free PBS plus
0.6 mM EDTA. Bronchioalveolar lavage fluid (BALF) was centrifuged
at 500 g at 4°C for 5 minutes and the supernatant was stored at
—80°C until use. Lactate dehydrogenase (LDH) activity was measured

using an LDH activity assay kit (Sigma-Aldrich), alkaline phosphatase

POT fiber

200 KV 11.2 mm x400 ST 00 m

20.0 pm

FIGURE 5 Transmission electron microscopy (TEM) and scanning electronic microscopy (SEM) of alveolar macrophages. (A-C) TEM
images of the 3 test materials (blue arrows) and cytoplasmic vacuoles in the macrophages phagocytosing POT fibers (green arrows). (D, E)
SEM images of alveolar macrophages phagocytosing a POT fiber (arrow). a-nTiO,, photoreactive anatase; POT, potassium octatitanate; r-

nTiO,, inert rutile
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POT fibers

FIGURE 6 Translocation of the test materials. A, All 3 test materials were detected in the mediastinal lymph nodes (arrows). B, The 3 test
materials were also present in the pleural cavity lavage cell pellets (arrows). POT, potassium octatitanate
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FIGURE 7 Proliferating cell nuclear antigen (PCNA) staining of lung tissue. PCNA index expressed as the percentage of
PCNA-positive cells to the total number of pulmonary cells per slide. **P < .01 and ***P < .001 vs vehicle (photoreactive
anatase [a-nTiO,] vs saline; potassium octatitanate [POT] vs saline + PF68) 4 wks after the final trans-tracheal intrapulmonary
spraying dose
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(ALP) activity was measured using an ALP enzyme activity assay kit
(Wako Chemicals Co., Ltd, Tokyo, Japan), and total protein concentra-

tion was measured using the BCA Protein Assay Kit (Pierce Biotech).

2.9 | RNA isolation, cDNA synthesis, and RT-PCR
analysis of gene expression

Pieces of the right lungs (50-100 mg) were thawed, rinsed 3 times
with ice-cold PBS, homogenized using a disposable BioMasher Il
(Nippi, Inc., Tokyo, Japan) in 1 mL Trizol reagent (Life Technologies
Corp., Carlsbad, CA, USA), and total RNA was isolated. Concentration
and quality (integrity) of the RNA was measured using the Agilent
2100 Bioanalyzer chip system (Agilent Technologies, Inc., Santa Clara,
CA, USA) with an Agilent RNA 6000 Nano kit (Agilent Technologies,
Inc.). RNA integrity numbers of all samples were higher than 7. Total
RNA (500 ng) was used for RT-PCR using the SuperScript™ Ill system
(Invitrogen, Carlsbad, CA, USA). Real-time PCR was carried out with

Cancer Science RIS s

Power SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad,
CA, USA) in MicroAmp Optical 96-well Reaction Plates (Applied
Biosystems) using an Applied Biosystems 7300 Real-Time PCR Sys-
tem. Cycling parameters were 2 minutes at 50°C and 10 minutes at
95°C followed by 40 cycles of 15 seconds at 95°C and 60 seconds at
60°C. Each reaction in the 96-well plates was carried out in triplicate
and results from 3 independent 96-well plates were used for analysis.
Target genes were normalized to actin using the 222D method?®
with actin and target gene reactions carried out in the same 96-well
plates. Primers were designed using Primer Premier 6.11 software
(Premier Biosoft International, Palo Alto, CA, USA) and purchased from
Sigma-Aldrich. Primers are listed in Table 1.

2.10 | Biochemical analysis and ELISA for lung tissues

Frozen right lung tissue samples (approximately 100 mg) were thawed
and rinsed 3 times with ice-cold PBS and homogenized in 1 mL tissue
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FIGURE 8 Visceral mesothelial cell proliferation. A, Proliferating cell nuclear antigen (PCNA) staining of visceral mesothelial cells. B, PCNA
index expressed as the percentage of PCNA-positive cells to the total number of visceral mesothelial cells per slide. ***P < .001 vs vehicle
(saline + PF68) 4 wks after the final trans-tracheal intrapulmonary spraying dose. POT, potassium octatitanate
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protein extraction reagent (Thermo Scientific, Rockford, IL, USA) con-
taining 1% (v/v) protease inhibitor cocktail (Sigma-Aldrich). The homo-
genates were centrifuged at 9000 g for 5 minutes at 4°C. Protein
content of the supernatant was measured using the BCA Protein
Assay Kit (Pierce Biotech). Level of CCL2 in the supernatant was mea-
sured using a Mouse/Rat CCL2 ELISA Kit (R&D systems, Inc., Min-
neapolis, MN, USA) according to the manufacturer’s instructions.

Total oxidant status (TOS) and total antioxidant capacity (TAC)
levels were measured using total antioxidant status and total oxidant
status kits (Rel Assay Diagnostics, Gaziantep, Turkey) according to
the manufacturer’s instructions. TOS units are pmol H,O, equiva-
lents per gram of tissue, TAC units are umol Trolox equivalents per
gram of tissue, and oxidative stress index (OSI) was calculated as
0S| = TOS/TAC.**#

2.11 | Statistical analysis

All data are expressed as means 4 SD. Data were analyzed for
homogeneity of variance using Levene's test. Statistical signifi-
cance was analyzed by one-way ANOVA when the variance was
homogenous and Welch's t test when the variance was not
homogenous using SPSS software version 23 (IBM, Armonk, New
York, USA). A value of P <.05 was considered to be significant.

3 | RESULTS

3.1 | Characterization of titanium compounds

SEM images of the 3 test materials show that both a-nTiO, and
r-nTiO, form agglomerates and POT fibers are straight needle-
like shapes (Figure 1A). TEM images show that individual a-
nTiO, nanoparticles are tetragonal in shape; individual r-nTiO,
nanoparticles have short, thick rod-like shapes; and individual
POT fibers have straight needle-like shapes (Figure 1B). Mean
diameter of a-nTiO, was 6.02 4+ 3.40 nm, mean length and
width of r-nTiO, was 50.02 + 8.24 nm and 14.35 4 4.63 nm,
respectively, and mean length and width of the POT fibers was
6.06 + 1.53 um and 305 + 69 nm, respectively. Dimensions of
all 3 test materials were evenly distributed around their means
(Figure S1).

Element analysis showed that both a-nTiO, and r-nTiO,
nanoparticles were composed of 60% titanium and 40% oxygen, and
POT fibers were composed of 52.1% titanium, 37.0% oxygen, and
10.8% potassium. This is in agreement with the molecular ratio of
each element in the tested materials.

3.2 | Alveolar macrophage and fiber/particle count
in the lung

At 6 hours, alveolar macrophages with vacuolated cytoplasm
were present in the treated animals and also in the vehicle con-
trols (Figure 2). At 4 weeks, inflammation in the lungs of the
subsided

vehicle control rats had and macrophages with

vacuolated cytoplasm were no longer present (Figure 2B,D). At
both 6 hours and at 4 weeks, alveolar macrophages with internal-
ized test materials were present in all 3 treatment groups (Fig-
ure 2E-)). to be

somewhat larger in size with vacuolar changes in the cytoplasm

Macrophages with POT fibers appeared

(Figure 21). There was scattered granuloma formation in the lungs
of both a-nTiO,- and POT-treated rats (Figure 2F,J). Slight fibro-
tic changes of the alveolar wall in areas of granulomatous inflam-
mation were observed.

At both 6 hours and at 4 weeks, there was a significant increase
in the number of alveolar macrophages in all 3 treatment groups
(Figure 3; Table S1). At 4 weeks, both a-nTiO, and r-nTiO, particles
were largely cleared from the lung; in contrast, a large proportion of

POT fibers was still present in the lung 4 weeks after the end of
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FIGURE 9 Proinflammatory cytokine gene expression in lung
tissue. Graphs show RNA expression of the target cytokines relative
to actin. *P < .05 and **P < .01 vs vehicle (inert rutile [r-nTiO,] vs
saline; potassium octatitanate [POT] vs saline + PF68) 4 wks after
the final trans-tracheal intrapulmonary spraying dose. CCL, C-C
motif chemokine ligand
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TIPS dosage (Figure 4; Table S1). TEM observation showed a-nTiO,
and r-nTiO, completely engulfed in the cytoplasm of alveolar macro-
phages without any distortion of cell shape (Figure 5A,B) and a few
large aggregates of anatase and rutile TiO, particles surrounded by
several macrophages (Figure 5A). In contrast, alveolar macrophages
engulfing POT fibers showed vacuolar changes and cellular degener-
ation (Figure 5C). SEM showed POT fibers penetrating alveolar
macrophages, indicating frustrated phagocytosis was occurring (Fig-
ure 5D,E).

All 3 test materials were detected in the mediastinal lymph
nodes (Figure 6A), and in pleural cavity lavage cell pellets (Fig-
ure 6B). In the pleural lavage cell pellet, both a-nTiO, and r-nTiO,
were completely phagocytized inside cells whereas most POT fibers
appeared to be free; the cell population was a mixture of macro-
phages, lymphocytes, eosinophils, and neutrophils.

3.3 | Pulmonary and visceral mesothelial cell
proliferation

At 4 weeks, there were significant increases in the PCNA labeling
indices of lung alveolar cells in the a-nTiO, (28.0 & 12.0) and POT
(41.7 £ 3.1) treatment groups compared with their vehicle control
groups, 8.9 4+ 6.2 and 10.7 + 0.4, respectively, (P < .001) (Figure 7;
Table S2). PCNA labeling index of visceral mesothelial cells was also
significantly increased in the POT treatment group (5.9 + 1.9) com-
pared to its vehicle control group (0.96 4+ 0.02) (P < .001) (Figures 8
and S2; Table S2). We also found an area of hyperplasia in the vis-
ceral pleura of a POT-treated rat (Figure S3).

3.4 | Expression of proinflammatory cytokines

At 4 weeks, there was a significant increase (P < .01) in CCL2 and
CCL4, but not in CCL3, RNA expression in the lungs of the POT-

treated rats compared to its vehicle control, and a significant

45 -
40..
35 1

30

CCL2 Level in lung (pg/mg lung protein)

increase (P < .05) in CCL4 expression in the lungs of the r-nTiO,
treatment group (Figure 9; Table S3).

As the RNA expression level of CCL2 was approximately 10-fold
higher than that of CCL4 and as CCL2 is a primary chemoattractant
of macrophages and is overexpressed across a broad range of tumor
types 2223
4 weeks, there was a significant increase (P < .001) in CCL2 protein
expression in the lungs of the POT (31.92 + 8.28)-treated animals
compared to the vehicle controls (17.38 + 1.79) (Figure 10;
Table S4).

we measured the protein levels of CCL2 in lung tissue. At

3.5 | Total oxidant status, total antioxidant
capacity, and oxidative stress index

At 4 weeks, there was a slight, but significant, elevation of TOS and
OSl in the lungs of the a-nTiO,-treated rats and a more marked ele-
vation of TOS and OSI in the lungs of POT-treated rats compared to
their vehicle controls (Figure 11; Table S5). There was no difference
in TAC in any of the 3 treatment groups compared to their vehicle

controls.

3.6 | Bronchial and pleural lavage supernatants

At 4 weeks, LDH activity in BALF was significantly higher in the a-
nTiO, (2132.88 + 781.94)- and POT (2243.05 + 515.44)-treated
rats compared to their vehicle controls (927.94 + 369.06 and
794.06 &+ 246.86), and ALP activity in BALF was significantly higher
in all 3 treatment groups (a-nTiO, 45549 + 33.10; r-nTiO,
245.37 4+ 10.44; and POT 526.58 + 139.09) compared to their
vehicle controls (161.73 4+ 19.31 and 139.34 + 113.08) (Figure 12;
Table Sé). There was no significant change in total protein concen-
tration in BALF among the groups (Table S6).

At 4 weeks, LDH activity in pleural cavity lavage was signifi-
cantly higher in the a-nTiO, (1815.12 + 611.04)- and POT

Untreated Saline

25 -
20
15
10 -
5 4
0 -

Saline
+ PF68

Anatase Rutile

FIGURE 10 C-C motif chemokine ligand 2 (CCL2) protein expression in lung tissue. ***P < .001 vs vehicle (saline + PF68) 4 wks after the
final trans-tracheal intrapulmonary spraying dose. POT, potassium octatitanate
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FIGURE 11 Total oxidant status (TOS), total antioxidant capacity
(TAC), and oxidative stress index (OSI) in lung tissue. A, TOS is
expressed as umol H,O, equivalents per gram of tissue. B, TAC is
expressed as pmol Trolox equivalents per gram of tissue. C, OSl is
expressed as the ratio of TOS to TAC. *P < .05, **P < .01, and

**xP < 001 vs vehicle (photoreactive anatase [a-nTiO,] vs saline;
potassium octatitanate [POT] vs saline + PF68) 4 wks after the final
trans-tracheal intrapulmonary spraying dose

(1876.58 + 729.54)-treated rats compared to their vehicle controls
(1076.35 £ 455.17 and 918.20 4 329.32), and there was a signifi-
cant increase in total protein concentration in all 3 treatment groups
(@-nTiO, 289.83 + 140.56; r-nTiO, 160.32 + 27.56; and POT
218.59 + 109.46) compared to  their
(89.24 + 69.05 and 106.92 + 33.25) (Figure 13; Table S7).

vehicle  controls

4 | DISCUSSION

The physical characteristics of POT fibers and their ability to induce
malignant mesothelioma when placed in direct contact with the
mesothelial lining suggest high carcinogenic potential:>> however,
experimental evidence from inhalation studies suggests inhaled POT

8-12

fibers elicit little or no carcinogenic response (please see Doc.

S1 for a brief discussion of the fiber pathogenicity paradigm and

ALP

FIGURE 12 Biochemical analysis of bronchoalveolar lavage fluid.
A, Lactate dehydrogenase (LDH) enzyme activity, measured as
micro-units/L and B, alkaline phosphatase (ALP) enzyme
concentration, measured as units/L. *P < .05 and ***P < .001 vs
vehicle (photoreactive anatase [a-nTiO,] and inert rutile [r-nTiO5] vs
saline; potassium octatitanate [POT] vs saline + PF68) 4 wks after
the final trans-tracheal intrapulmonary spraying dose

long-term studies on POT fibers). Factors such as the chemical
make-up of POT fibers, how well the tested POT fibers were dis-
persed, and the sensitivity of the animal model to respirable car-
cinogens could play a role in this seeming contradiction. In the
present short-term study, we gave well-dispersed POT fibers
(K,0-8TiO,; straight needle-like shape), anatase titanium dioxide
nanoparticles (a-nTiO,; non-fibrous tetragonal shape), and rutile
titanium dioxide nanoparticles (r-nTiO,; non-fibrous short rod-like
shape) to rats using TIPS, a method conferring higher sensitivity to
respirable carcinogens than inhalation exposure. The results of this
study indicate that POT fibers are more biopersistent, induce a
greater degree of pulmonary and pleural injury, and elicit more
intense early indicators of possible carcinogenicity than a-nTiO, or
r-nTiO,.

Biopersistence of particles in the lung that have been deposited
beyond the ciliated airways depends on clearance of the particle by
macrophages and the stability of the particle in the biological milieu
of the lung. Long fibers that are not stable can be fragmented into
shorter fibers and, consequently, unstable fibers will be cleared
from the lung.2*?> POT fibers are biologically stable and have been
recovered from rat lung 12 months after short-term inhalation
exposure with no change in their surface or diameter.! Therefore,
macrophage-mediated clearance is believed to be the main mecha-
nism of clearance of POT fibers from the lung.! Macrophage
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FIGURE 13 Biochemical analysis of pleural cavity lavage fluid. A,
Lactate dehydrogenase (LDH) enzyme activity, measured as micro-
units/L and B, total protein concentration (ug/mL). *P < .05 and

**P < 01 vs vehicle (photoreactive anatase [a-nTiO,] and inert rutile
[r-nTiO,] vs saline; potassium octatitanate [POT] vs saline + PF68)

4 wks after the final trans-tracheal intrapulmonary spraying dose

clearance of particles deposited in the lower airways is affected by
the shape and size of the particle. Phagocytosis of silver nanowires
>5 um in length has been shown to impede the movement of
macrophages.?® A large percentage of POT fibers, but not a-nTiO,
or r-nTiO, particles, would be expected to inhibit macrophage
clearance of fibers out of the lower airway (Figure S1). Another
factor is that attempted phagocytosis of fibers that exceed the
phagocytic capacity of the macrophage leads to frustrated phagocy-
tosis (Figure 5E) and results in production of chemotaxins that
retain macrophages, preventing their migration to the mucociliary
escalator.?’” In agreement with this data, in the present study, a sig-
nificant fraction of POT fibers were not cleared from the lung
whereas a-nTiO, and r-nTiO, particles were almost completely
cleared from the lungs of treated rats.

Although a-nTiO, and r-nTiO, particles were largely cleared
from the lungs at week 4, macrophages actively phagocytosing
these particles, as well as POT fibers, were observed in the lungs
of treated rats at week 4 (Figure 2). TiO, particle-laden macro-
phages, including macrophages in which the particles are completely
engulfed, are expected to generate reactive oxygen species (ROS)
and other inflammatory mediators?® (see also figure 5 in Hamilton
et al., 2009)% and cause tissue damage. In our study, all 3 materials
caused an increase in ALP levels (an indicator of type Il epithelial

cell toxicity) and a-nTiO, and POT fibers caused increases in LDH

Cancer Science RUIs S s

levels (an indicator of general toxicity) and oxidative stress in lung
tissue. Overall, POT fibers were more toxic than a-nTiO, or
r-nTiO,, and r-nTiO, was the least toxic of the 3 materials. PCNA
index of the lung tissue followed the pattern of toxicity (compare
Figure 7 with Figures 11 and 12), indicating repair of damaged
tissue.

Cytokine analysis of the lung tissue indicated a highly significant
upregulation of CCL2 in the POT treatment group 4 weeks after the
end of TIPS dosage. CCL2 is a potent chemotaxin and its expression
can lead to the recruitment of macrophages, monocytes, and mono-
cytic myeloid-derived suppressor cells (M-MDSC)2%3! and this is
associated with tumor development.31-33

All 3 test materials were detected in the mediastinal lymph
nodes and pleural cell pellets (Figure 6) in agreement with the
tenet that particles and fibers deposited in the lung, if not cleared
by mucociliary clearance or alveolar macrophages, can be trans-
ported into the lymphatic system and hence into the pleural

space.3*3¢  As

in the lung, particle-laden macrophages are
expected to provoke tissue damage and, in our study, all 3 mate-
rials caused an increase in the protein concentration of the PLF
(an indicator of general toxicity) and POT- and a-nTiO,-treated
rats also had elevated LDH levels. Importantly, however, only POT
fibers caused an increase in the PCNA index in the visceral
pleura. It is also notable that 1 of the POT-treated rats had an
area of hyperplasia in the visceral pleura.

POT fibers have greater biopersistence, provoked a stronger
tissue response, and induced higher expression of CCL2 than
either a-nTiO, or r-nTiO,. We propose the following mechanism
to explain possible carcinogenicity of POT fibers in the lung. Biop-
ersistence of POT fibers results in persistent generation of ROS
and reactive nitrogen species (RNS) and other inflammatory media-
tors by macrophages attempting to clear POT fibers out of the
lung and pleural cavity. The resultant tissue damage caused by this
inflammatory response and the damage caused by the fibers them-
selves results in a tissue repair response. Consequently, the gener-
ation of DNA-damaging oxidants in the presence of cells
replicating in response to tissue damage creates a milieu in which
DNA-damaging ROS and RNS can damage the DNA of dividing
cells, allowing replication of damaged DNA before it is repaired,
resulting in fixation of mutations in the DNA of the daughter cells.
(Please see Doc. S2 for a detailed discussion of how this mecha-
nism is proposed to operate in asbestos-induction of malignant
mesothelioma.)

The biopersistence of POT fibers and the subsequent response
to these fibers coupled with production of CCL2 and the ensuing
infiltration of potentially tumor-promoting myeloid cells suggest that
POT fibers may be carcinogenic in the lung and pleura of rats. The
hyperplastic lesion found in 1 of the POT fiber-treated rats is also
an indicator of possible POT fiber-mediated carcinogenesis, as
mesothelial cell hyperplasia is exceedingly rare in rats. Based on
these results, we are conducting a long-term study to further investi-
gate the possible carcinogenicity of POT fibers.
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