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Abstract

Potassium octatitanate (K,0O-8TiO,, POT) fibers are used as an alternative to asbestos. Their shape and biopersistence suggest
that they are possibly carcinogenic. However, inhalation studies have shown that respired POT fibers have little carcinogenic
potential. We conducted a short-term study in which we administered POT fibers, and anatase and rutile titanium dioxide
nanoparticles (a-nTiO,, r-nTiO,) to rats using intra-tracheal intra-pulmonary spraying (TIPS). We found that similarly to other
materials, POT fibers were more toxic than non-fibrous nanoparticles of the same chemical composition, indicating that the
titanium dioxide composition of POT fibers does not appear to account for their lack of carcinogenicity. The present report
describes the results of the 3-week and 52-week interim killing of our current 2-year study of POT fibers, with MWCNT-7
as a positive control and r-nTiO2 as a non-fibrous titanium dioxide control. Male F344 rats were administered 0.5 ml vehicle,
62.5 pg/ml and 125 pg/ml r-nTiO, and POT fibers, and 125 ug/ml MWCNT-7 by TIPS every other day for 2 weeks (eight
doses: total doses of 0.25 and 0.50 mg/rat). At 1 year, POT and MWCNT-7 fibers induced significant increases in alveolar
macrophage number, granulation tissue in the lung, bronchiolo-alveolar cell hyperplasia and thickening of the alveolar wall,
and pulmonary 8-OHdG levels. The 0.5 mg POT- and the MWCNT-7-treated groups also had increased visceral and parietal
pleura thickness, increased mesothelial cell PCNA labeling indices, and a few areas of visceral mesothelial cell hyperplasia.
In contrast, in the r-nTiO2-treated groups, none of the measured parameters were different from the controls.
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Introduction

Potassium octatitanate fibers (POT fibers: K,08TiO,) are
heat resistant and have high tensile strength and chemical
stability, giving them numerous commercial uses. How-
ever, in combination with their straight, needle-like shape,
these properties also make POT fibers highly biopersistent
in living tissues. Notably, POT fibers have been recov-
ered from the rat lung 12 months after inhalation expo-
sure without any erosion (Yamato et al. 2002). The fiber
pathogenicity paradigm identifies biopersistent fibers with
aerodynamic diameters that allow them to be deposited
beyond the ciliated airways as potential lung carcinogens
(Donaldson et al. 2011). Application of POT fibers directly
to the pleural surface of Osborne—Mendel rats and admin-
istration of POT fibers to female F344 rats by intraperito-
neal injection resulted in induction of malignant tumors
(Adachi et al. 2001; Stanton and Layard 1978; Stanton
et al. 1981), demonstrating that POT fibers are carcino-
genic when in contact with susceptible tissues, and in 2006
the WHO Workshop on Mechanisms of Fibre Carcinogen-
esis and Assessment of Chrysotile Asbestos Substitutes
issued a statement that “respirable potassium octatitanate
fibers are likely to pose a high hazard to humans after
inhalation exposure” (WHO 2005). However, long-term
inhalation studies have reported mostly negative results
(Ikegami et al. 2004; Lee et al. 1981; Oyabu et al. 2004;
Yamato et al. 2003). (See Supplementary Doc S1 for a
brief overview of in vivo POT fiber studies.)

Thus, the physical characteristics of POT fibers and
the fact that they can induce malignant transformation in
susceptible tissues suggest high carcinogenic potential,
but inhalation studies indicate that respirable POT fib-
ers have low carcinogenic potential in test animals. To
investigate the possibility that this apparent discrepancy
was due to the titanium dioxide composition of POT fib-
ers, we conducted a short-term experiment to compare the
toxicity of POT fibers with two titanium dioxide nanopar-
ticles, anatase titanium dioxide nanoparticles (a-nTiO,)
and rutile titanium dioxide nanoparticles (r-nTiO,). We
administered POT fibers and a-nTiO, and r-nTiO, to the
lungs of rats using intra-tracheal intra-pulmonary spraying
(TIPS) and found that POT fibers had greater biopersis-
tence and induced a greater degree of toxicity in the lung
than a-nTiO, or r-nTiO, (Abdelgied et al. 2018). These
results are in agreement with the findings of studies with
other materials that fiber-shaped materials are more toxic
to the lungs than spherical-shaped nanoparticles of the
same chemical composition (Braakhuis et al. 2014). Thus,
the titanium dioxide composition of POT fibers does not
appear to explain their lack of carcinogenicity in the lung.
Therefore, we are conducting a 2-year study comparing
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the lung toxicity of POT fibers to r-nTiO, and MWCNT-7,
a known lung carcinogen in rats (Kasai et al. 2016). This
report describes the results of the interim killing made 1
week and 1 year after the final TIPS administration of the
test materials. Overall, we found that at 1 year POT fibers
had a similar or greater degree of toxicity in the lung and
pleural cavity compared to MWCNT-7.

Materials and methods
Preparation of particle suspension

All three particles were dispersed by the Taquann method
to generate aerosols consisting predominantly of dispersed
single fibers/particles (Taquahashi et al. 2013). After dis-
persion, the material was stored in tert-butyl alcohol.
Shortly before administration, the frozen T-butyl alcohol
was removed using an Eyela Freeze Drying machine (FDU-
2110; Tokyo Rikakikai Co., Ltd., Tokyo, Japan). The test
materials were then dispersed in saline containing 0.5%
poloxamer-188 solution (Sigma-Aldrich, St. Louis, MO,
USA) at concentrations of 62.5 and 125 pg/ml (POT and
r-nTiO,) and 125 pg/ ml (MWCNT 7), and then sonicated
for 30 min using an SFX250 bench top sonicator at 250 watts
and a frequency of 20 kHz. (Sonifier®, Emerson Electric
Asia-Pacific, Hong Kong). To minimize aggregation, after
transfer to the animal rooms the suspensions were kept in
a Bransonic M1800-J bath sonicator (Branson Ultrasonics
Co., Ltd., Shanghai, China).

Characterization of particles in suspension

After sonication, 20 pl of each test material suspension was
placed on a micro-grid membrane pasting copper mesh
(EMS 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, Maryland, USA). Over 1000 particles of each type
of material were measured.

Animals

Nine-week-old male F344 rats were purchased from Charles
River Japan Inc. (Kanagawa, Japan). The rats were housed in
the animal center of Nagoya City University Medical School,
maintained on a 12-h 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. The research was conducted according to
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the Guidelines for the Care and Use of Laboratory Animals
of Nagoya City University.

Experimental design

After acclimatization for 2 weeks, 210 rats were divided into
seven groups of 30 animals each: group 1, without treatment;
group 2, vehicle (saline plus 0.5% poloxamer-188 solution);
group 3, administered 0.25 mg r-nTiO,; group 4, adminis-
tered 0.5 mg r-nTiO,; Group 5, administered 0.25 mg POT
fibers; Group 6, administered 0.50 mg POT fibers; and
Group 7, administered 0.50 mg MWCNT-7. Vehicle and
test material suspensions were administered to the animals
by intra-tracheal intra-pulmonary spraying (TIPS) using a
microsprayer (series IA—1B Intratracheal Aerosolizer Penn-
century, Philadelphia, PA) under 3% isoflurane anesthesia
as previously described (Xu et al. 2012). Rats were admin-
istered 0.5 ml vehicle, 62.5 pg/ml and 125 pg/ml r-nTiO,
and POT fibers, and 125 ug/ml MWCNT-7 once every other
day over a 15-day period (eight doses). Three weeks and 52
weeks after the start of the experiment interim killing was
performed: five rats from each group were killed by exsan-
guination from the abdominal aorta under deep isoflurane
anesthesia.

The high dose of 0.50 mg resulted in a lung burden of
approximately 0.5 mg particles per gram lung tissue when
instilled into the lungs of 11-week-old male F344 rats (see
Table S5 in Supplementary Doc S2). This dose was chosen
based in part on the results of studies with poorly soluble
materials, including POT fibers, in which lung burdens
above approximately 1-3 mg inhaled particles per gram lung
tissue altered retention kinetics in the lung (Elder et al. 2005;
Oyabu et al. 2004). The high dose is also equal to one-half of
the amount of MWCNT-N, which is similar to MWCNT-7,
that was found to be carcinogenic in an earlier study using
TIPS administration (Suzui et al. 2016).

At 1 week after the final TIPS administration, one of the
measured parameters (macrophage counts) was elevated in
the vehicle control group compared to the untreated group
(Table S6 in Supplementary Doc S3). Therefore, only data
obtained at the 1-year interim sacrifice were used to assess
the toxicity of the test materials. All of the data obtained
from the 3-week sacrifice are shown in Supplementary Doc
S2 and Tables S6, S7, and S9 in Supplementary Doc S3.

Tissue sample collection, organ weights,
and pathological examination

The animals were observed daily for clinical signs and mor-
tality. Body weights were measured weekly throughout the
experimental period. At necropsy, blood samples were col-
lected via the abdominal aorta under deep isoflurane anes-
thesia and serum samples were stored at — 80 °C. Organs,

including lung, liver, kidney, spleen, brain, and testes, were
weighed and examined for any macroscopic lesions. The
lungs were excised and the right upper and middle lobes
were cut into pieces and immediately frozen at — 80 °C for
biochemical analysis. The remaining right lobes and the left
lung were inflated and fixed with 4% paraformaldehyde solu-
tion in phosphate buffered saline (PBS) adjusted to pH 7.3
and processed for immunohistochemical, light microscopic,
and electron microscopic examinations. Collagen deposi-
tion in the lung tissue, and the visceral and parietal pleura
was quantified in light microscopic images of lung tissue
sections stained with Masson’s trichrome (Abcam, Tokyo,
Japan) using NIH image analyzer software (NIH, Bethesda,
Maryland, USA): ten individual images were captured from
each of three longitudinal lung sections from each rat. The
trachea, heart, lymph nodes (including mediastinal lymph
nodes), epididymis, seminal vesicles, prostrate, intestines,
spinal bone, muscles, and diaphragm were processed and
examined histopathologically.

Polarized light microscopy and electron microscopy

Identification of the dosed materials in the tissue cells and
alveolar macrophages was made by polarized microscopy
(PLM, Olympus, Tokyo, Japan). For high-magnification
viewing, slides were immersed in xylene to remove the cover
glass, immersed in 100% ethanol, then air-dried and coated
with platinum, and viewed by SEM (Field Emission Scan-
ning Electronic Microscope; Hitachi High Technologies,
Tokyo, Japan) at 5-10 kV. For ultrafine viewing of the dosed
materials in the lung, the area in the paraffin block corre-
sponding to the H&E slide was cut out, deparaffinized, and
embedded in epoxy resin and processed for TEM (EDAX,
Tokyo, Japan).

Immunohistochemistry

For CD68, PCNA, 8-OHDG, and mesothelin/ERC stain-
ing, lung sections processed for immunohistochemical
analysis were used. Sections were incubated with anti-rat-
CD68 (T-3003; BMA Biomedicals, Augst, Switzerland),
anti-PCNA (D3HS8P; Cell Signaling Technology), anti-8-
OHJdG (15A3; Santa Cruz Biotechnology, Inc.), and anti-rat
mesothelin/c-ERC (28,001; Immuno-Biological Laborato-
ries Co., Ltd.) diluted 1:2000 in PBS containing 1% BSA
and 1% goat serum overnight at 4 °C, then incubated with
secondary antibody (414191F; Nichirei Biosciences, Tokyo,
Japan), visualized with DAB (Nichirei Biosciences, Tokyo,
Japan), and counterstained with hematoxylin. In sections
stained with CD68, the number of alveolar macrophages
(CD68-positive cells) were counted and expressed as num-
ber per cm?. In sections stained with PCNA, more than
1000 pulmonary epithelial cells and more than 500 pleural
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mesothelial cells were counted blindly in random fields. All
nuclei showing staining of more than half of the nucleus
were considered to be positive.

Collection of the pleural lavage fluid (PLF)
and the pleural lavage cell pellet

Collection of the PLF and preparation of the pleural lavage
cell pellet were performed as previously described (Abdel-
gied et al. 2018).

Measurement of lactate dehydrogenase and total
protein in the PLF

Lactate dehydrogenase (LDH) activity was measured using
an LDH activity assay kit (Sigma-Aldrich, St Louis, MO,
USA) and total protein concentration was measured using
the BCA Protein assay kit (Pierce biotech, Rockford, IL,
USA).

Biochemical analysis of the lung tissue

Total oxidant status (TOS) and total antioxidant capacity
(TAC) levels were measured using total antioxidant status
and total oxidant status kits (Rel Assay diagnostics, Gazi-
antep, Turkey). Oxidative stress index (OSI) was calculated
as OSI=TOS/TAC.

The OxiSelect® TBARS Assay Kit (STA-330, Cell Bio-
labs) was used to measure thiobarbituric acid reactive sub-
stances (TBARS) in lung tissue.

For quantification of 8-hydroxy-2'-deoxyguanosine
(8-OHdG) in lung tissue DNA, lung tissue samples
(approximately 50 mg) were washed in ice-cold PBS and
total DNA was extracted using “FitAmp™ General Tissue
Section DNA Isolation Kit” (Epigentek, Farmingdale, NY,
USA). The concentration of DNA was measured using a
Nanodrop® ND-1000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, USA). The level of 8-OHdG was
measured using an EpiQuikTM 8-OHdG DNA Damage
Quantification Direct Kit (Epigentek, Farmingdale, NY,
USA).

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

Total RNA was isolated as previously described (Abdel-
gied et al. 2018). The RNA integrity numbers of all samples
were higher than 8. 1 ug of total RNA was used for reverse
transcription PCR (RT-PCR) using the SuperScript TM III
system (Invitrogen, Carlsbad, USA). Real-time PCR was
performed with Power up™ SYBR™ Green PCR Master
Mix (Applied Biosystems, CA, USA) in MicroAmp Optical
96-well Reaction Plates (Applied Biosystems, CA, USA)
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using an Applied Biosystems 7300 Real-Time PCR System.
The cycling parameters were 2 min at 50 °C and 2 min at
95 °C followed by 40 cycles of 15 s at 95 °C, 15 s at 55 °C
and 60 s at 72 °C. Each reaction in the 96-well plates was
performed in triplicates and results from three independent
96-well plates were used for analysis. Target genes were
normalized to actin using the 2 “*2€D method (Livak and
Schmittgen 2001) with actin and target gene reactions per-
formed in the same 96-well plates. Primers were designed
using Primer Premier 6.11 software (Premier Biosoft Inter-
national, CA, USA) and purchased from Sigma-Aldrich.
Primers are listed in Table S8 in Supplementary Doc S3.

ELISA for CCL2 and CCL3

Samples were prepared as previously described (Abdelgied
et al. 2018). The levels of CCL2 and CCL3 in the tissue
supernatants were measured using Rat MCP-1 and CCL3
Picokine™ ELISA Kits (Boster Biological Technology,
Pleasanton, CA), and the values expressed as pg/mg lung
tissue.

Statistical analysis

All data are expressed as mean + standard deviation. Data
were analyzed for homogeneity of variance using Levene’s
test. Statistical significance was analyzed using one-way
ANOVA followed with Tukey’s HSD post hoc test when the
variance was homogenous or the Games—Howell post hoc
test when the variance was not homogeneous. SPSS software
version 25 (IBM, Armonk, New York, USA) was used. A
value of p <0.05 was considered to be significant.

Results

Characterization of test materials dispersed
in working solutions

POT fibers, MWCNT-7 fibers, and r-nTiO, particles were
supplied by Dr. A. Hirose (one of the authors). The primary
sizes of the POT fibers and r-nTiO, particles are described in
Abdelgied et al. (2018). The primary sizes of the MWCNT-7
fibers were 5.305+3.81 um in length and 75.65 +20.54 nm
in width. The dimensions of all three test materials were
evenly distributed around their means (data not shown). Fig.
S2 in Supplementary Doc S4 shows transmission electron
microscopic (TEM) images of the three test materials.

Pathological findings

Body and organ weights are described in Supplementary
Doc S2. The lungs of the MWCNT-7 treated rats were
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Fig. 1 Histological observation
of lung tissue at week 52 of
rats administered; a, b 0.50 mg
r-nTiO,, ¢, d 0.50 mg POT fib-
ers, and e, £ 0.50 mg MWCNT-
7. The lung histology of the
untreated and vehicle control
rats, and the rats administered
0.25 mg r-nTiO,-treated rats
was similar to that of the rats
administered 0.50 mg r-nTiO,
shown in a and b. The lung
histology of rats administered

0.25 mg POT fibers was similar

to, but less intense than, that of
the rats administered 0.50 mg
POT fibers shown in ¢ and d.
Black arrows indicate alveolar
macrophages phagocytizing test
materials. White arrows indicate
granulation tissue. Striped
arrows indicate thickening and
hyperplasia of the alveolar epi-
thelium. Inserts: polarized light
microscope images

dark grayish in color at both weeks 3 and 52, while the
r-nTiO,- and POT-treated rats showed normal external
lung morphology. At week 52, the lungs of vehicle- and
r-nTiO, (0.25 and 0.5 mg)-treated rats showed normal lung
histology (Fig. 1a, b); however, the lungs of the 0.50 mg
POT- and 0.50 mg MWCNT-7-treated rats showed reac-
tive bronchiolo-alveolar cell hyperplasia, thickening of
the alveolar wall, and granulation tissue encasing the
administered materials (Fig. 1c—f). Fibrotic changes with
increased deposition of collagen in the alveolar wall, the
areas around the bronchioles, in granulation tissue (Fig. 2),
and in the sub-pleural tissues of the visceral and parietal
pleura (Fig. 3) were observed in the 0.50 mg POT- and
MWCNT-7-treated rats: Pulmonary collagen and the
thickness of the visceral and parietal pleura are shown in
Tables 1 and 2, respectively. Hyperplasia of the visceral
mesothelium was found in two rats in the 0.50 mg POT
group and in one rat in the 0.50 mg MWCNT-7-treated

group (Fig. 4): Hyperplasia of mesothelial cells was con-
firmed by staining for mesothelin (Fig. 4).

Three lung sections from each rat in the POT and
MWCNT-7 groups were examined for granulation tissue.
The average number of granulation tissue lesions found in
the 0.50 mg POT-treated rats was 5.20 +2.28, which was
significantly lower than the average number found in the
MWCNT-7-treated rats, 56.40 + 12.20, p <0.001.

Numerous POT and MWCNT-7 fibers persisted in the
lung at week 52. These fibers were mostly internalized in
granulation tissue and the alveolar wall (Fig. 1c—f), but
a considerable number of POT fibers were found free or
partially engulfed by macrophages in the alveolar space
(Fig. 1d). Macrophages were also found interacting with
MWCNT-7 fibers (Fig. 1f).

At week 52, the number of alveolar macrophages in the
r-nTiO2- and 0.25 mg POT-treated rats was the same as in the
controls; however, the number of alveolar macrophages was

@ Springer



914

Archives of Toxicology (2019) 93:909-920

0.25 mg r-nTiO,, d 0.50 mg
r-nTiO,, e 0.25 mg POT fibers,
£ 0.50 mg POT fibers, and g
0.5 mg MWCNT-7

Fig.2 Masson’s trichrome- T - "

stained lung tissue at week 52. V;’ A~ /

a No treatment, b vehicle, ¢ - {) 7 f >
N . g

. g,

~

P '} P
{ ,/\\ (b \

"

significantly elevated in the 0.50 mg POT- and MWCNT-7-
treated rats (Table 1). The number of macrophages phago-
cytosing test materials in the 0.25 mg and 0.50 mg r-nTiO2-
treated rats and the 0.25 mg POT-treated rats at week 52 was
considerably reduced from week 3 (see Macrophages with test
particles shown in Supplementary Table S6 and Table 1), sug-
gesting that free particles were mostly cleared from the lungs
of these rats. The percentage of macrophages phagocytosing
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test materials remained relatively high in the 0.50 mg POT-
and MWCNT-7-treated rats (Table 1). -nTiO, was completely
engulfed by macrophages without causing any obvious cellular
distortions (Fig. 5a, d). In contrast, both POT and MWCNT-7
fibers can be seen penetrating alveolar macrophages (Fig. 5b,
¢), indicative of frustrated phagocytosis. These cells also
have vacuolated cytoplasm (Fig. Se, f), a morphology seen
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No treatment

Vehicle

r-nTiO,

(0.25 mg)

r-nTiO,
(0.50 mg)

POT fiber
(0.25 mg)

MWCNT-7
(0.50 mg)

POT fiber
(0.50 mg)

Visceral
pleura

Parietal
pleura

Fig.3 Masson’s trichrome-stained visceral pleura and parietal pleura at week 52

Table 1 Lung tissue parameters at 1 year

Untreated® Vehicle? TiO, (0.25 mg) TiO, (0.50 mg) POT (0.25 mg) POT (0.50 mg) MWCNT-7 (0.50 mg)

Pulmonary collagen  12.19+3.03  10.35+0.99 13.35+2.07 10.05+1.17 14.77+5.06%  17.72+2.53%**  19.06+1.13***
(%)

Macrophage count 1.16 £0.37 1.51+£0.20 1.25+0.22 1.50+0.33 1.86+0.37  2.96+0.59%%* 2.824+0.43%%*
per cm? (x 10%)

Macrophages with 1.28+0.94 3.06+1.12 3724170 14.57+6.62° 27.90+5.14¢
test particles (%)

8-OHdG (pg/mg 37.07+15.93 38.88+5.34 4599+7.26 48.83+5.85 62.53+11.44 79.11+10.60** 101.85+32.11
DNA)

PCNA Index (%) 10.86+£3.58 12.22+1.47 12.00+3.54 13.02+3.92 18.44 £4.19%* 23.58 £2.84%%*  26.26+4.59%**

CCL2 (pg/mg lung 67.72+£7.52 69.67+7.62 61.39+11.44 66.38+9.81 75.18+£14.69 83.76+9.37* 95.02 +15.45%*
tissue)

CCL3 (pg/mg lung 41.05+£596 41.93+1.36 42.44+5.38 4526 +£4.95 45.15+8.62  49.64+2.94* 55.61 +8.18%*

tissue)

##k%kx4Different from the Vehicle Control at p <0.05, p<0.01, p <0.001, respectively

“There were no significant differences between the untreated group and the vehicle control group

There was a significant difference between the 0.50 mg POT group compared to the 0.50 TiO, group (p <0.05)

“There was a significant difference between the 0.50 mg MWCNT-7 group compared to the 0.50 TiO, group (p <0.01)
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Table 2 Pleural cavity parameters at 1 year

Untreated” Vehicle® TiO, (0.25 mg) TiO, (0.50 mg) POT (0.25 mg) POT (0.50 mg) MWCNT-7
(0.50 mg)
Visceral plural 22.49+4.53 19.98 +£5.67 23.38+3.00 20.29+2.29 38.47+10.88* 38.45+5.46%** 32.93+5.90%*
thickness
Parietal pleural 3474 +15.54 21.55+8.98 31.71+5.61 32.00+5.02 36.64+8.85 55.41+30.04 58.18 +22.37

thickness

Pleural lavage 258.81+89.21 259.02+76.97 239.39+47.31

total protein

Visceral pleura 3.32+1.51 3.92+1.85 436+1.16
PCNA Index (%)
Parietal pleura 1.20+0.55 0.96+0.44 1.44+0.67
PCNA Index
(%)

208.53+74.16 347.68+45.32 856.30+ 126.96"#+*
6.60+2.30

2.64+1.66

287.51+63.87

452+1.86 13.80+2.95%* 20.08 +6.26**

4.80+3.04 6.36+1.64%* 7.72 +£2.90%*

##k%%% Different from the vehicle control at p <0.05, p<0.01, p <0.001, respectively

aThere were no significant differences between the untreated group and the vehicle control group
"There was a significant difference between the 0.50 mg POT group and the 0.50 mg MWCNT-7 group (p <0.001)

in macrophages undergoing autophagy due to oxidative stress
(Perrotta et al. 2011).

Small amounts of all three test materials were detected
in extrapulmonary organs, including the heart, epididymis,
liver, kidney, and spleen at both week 3 and week 52 (Fig.
S3 in Supplementary Doc S4), but without causing obvious
inflammation or other pathological changes.

Several POT fibers, but only a very few, mostly long,
MWCNT-7 fibers were detected in the pleural cavity lavage
cell pellet (Fig. S4 in Supplementary Doc S4). Most of these
fibers appeared to be free. In contrast, no r-nTiO, particles
were detected in the pleural cavity lavage cell pellet. POT and
MWCNT-7 fibers were also found in the mediastinal lymph
nodes, with the number of fibers that had translocated to the
mediastinal lymph nodes obviously higher in the 0.50 mg
MWCNT-7-treated rats compared to the 0.50 mg POT-treated
rats (Fig. S5 in Supplementary Doc S4).

Total protein (TP) and lactate dehydrogenase (LDH)
activity in the pleural cavity lavage fluid

At week 52, TP in the pleural cavity lavage fluid (used as
an indicator of tissue integrity) was elevated in the 0.50 mg
POT-treated group (Table 2). Notably, TP in the POT (0.5 mg/
rat)-treated group was also significantly higher than in the
MWCNT-7 treated group. LDH activity in the pleural cavity
lavage fluid, an indicator of cellular toxicity, was not different
in any of the treated groups compared to the controls (data
not shown).
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Oxidative stress parameters in the lung

At week 52, pulmonary TOS, TAC, OSI, and TBARS levels
did not show any significant changes in the treated rats com-
pared to the controls (data not shown).

Pulmonary 8-OHdG levels

At week 52, pulmonary 8-OHdG levels were significantly
increased in the 0.50 mg POT-treated rats (Table 1, Fig.
S6 in Supplementary Doc S4). 8-OHdG levels were also
elevated in the rats treated with MWCNT-7, but without
statistical significance. There was no significant difference
between the POT- and MWCNT-7-treated groups. 8-OHdG
levels were not elevated in the rats treated with r-nTiO2.

Pulmonary and mesothelial cell proliferation

At week 52, there was a significant increase in the PCNA
labeling indexes of lung alveolar epithelium in the 0.25 mg
POT-, 0.50 mg POT-, and 0.50 mg MWCNT-7-treated
groups (Table 1, Fig. S7 in Supplementary Doc S4). There
was no significant difference between the 0.50 mg POT- and
0.50 mg MWCNT-7-treated groups. The PCNA labeling index
of visceral mesothelium was also significantly increased in
the 0.50 mg POT- and 0.50 mg MWCNT-7-treated groups
(Table 1, Fig. S8 in Supplementary Doc S4). There was no
significant difference between the 0.50 mg POT- and 0.50 mg
MWCNT-7-treated groups. Similarly, the PCNA labeling
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Fig.4 Visceral mesothelium hyperplasia with proliferating mesothelial cells at week 52 in rats administered 0.50 mg POT fibers and 0.50 mg

MWCNT-7

index of the parietal mesothelium was significantly increased
in the 0.50 mg POT- and 0.50 mg MWCNT-7-treated groups
(Table 1, Supplementary Fig. S8). Again, there was no sig-
nificant difference between the POT- and MWCNT-7-treated
groups. PCNA labeling indexes were not elevated in the lung
or pleura in r-nTiO2-treated rats.

Pulmonary expression of pro-inflammatory
cytokines

At week 52, we found increases in the CCL2 RNA expres-
sion in the lung tissue of 0.50 mg POT- and 0.50 mg
MWCNT-7-treated rats compared to the vehicle controls,
and increased CCL3 RNA expression in the lung tissue
of 0.50 mg POT-treated rats (Table S9 in Supplementary
Doc S3). There was no significant difference in the expres-
sion of CCL4 between any of the treated groups and the
vehicle control group. Therefore, we measured the protein

@ Springer
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POT fiber

MWCNT-7

Fig.5 SEM and TEM of alveolar macrophages from rats treated
with 0.50 mg r-nTiO,, POT fibers, and MWCNT-7 fibers. a—¢ SEM
images of macrophages. Striped arrows designate macrophages.
White arrows indicate POT b and MWCNT-7 ¢ fibers. d-f TEM
images of alveolar macrophages engulfing the three test materi-
als (white arrows). White arrows indicate r-nTiO, (d), POT fibers

concentration of CCL2 and CCL3 in lung tissue homogen-
ates. We found slight but significant increases in CCL2 and
CCL3 levels in the 0.50 mg POT- and 0.50 mg MWCNT-
7-treated rats compared to the controls (Table 1).

Discussion

This report describes the results of interim killing of a 2-year
study that were performed at 1 week and 1 year after TIPS
administration of POT fibers, r-nTiO2, and MWCNT-7, a
known carcinogen in the rat lung (Kasai et al. 2016). At
1 year in rats administered POT fibers and MWCNT-7, there
were persistent inflammatory and fibrotic changes in the lung
and pleura, elevated alveolar macrophage counts, elevated
levels of CCL2 and CCL3 in the lung tissue, increased levels
of 8-OHdG adducts in the lung tissue DNA, and increased
PCNA labeling of lung alveolar cells and visceral and pari-
etal mesothelium. Hyperplasia of the visceral mesothelium
was found in two of five rats in the 0.50 mg POT group and
one of five rats in the 0.50 mg MWCNT-7 group. In contrast,

@ Springer

(e), and an MWCNT-7 fiber (f). Black arrows indicate cytoplasmic
vacuoles. The hatched arrow indicates a phagosomal membrane in a
macrophage phagocytizing POT fibers; POT fibers can only be seen
in cross section in TEM images because the thickness of the ultra-thin
tissue sections used for TEM (less than 100 nm) is less than the thick-
ness of POT fibers (300 nm)

none of these parameters was elevated in rats administered
r-nTiO2.

Inhaled fibers and dusts that are deposited beyond the
ciliated airways are subject to various lung defenses. The
first of these consists of alveolar macrophages, which will
attempt to phagocytose and destroy the invading particle
by generating reactive oxygen and nitrogen species. The
interaction with foreign particles will also result in mac-
rophages releasing mediators that attract neutrophils. The
neutrophils will attempt to eliminate the invading particle
by a range of mechanisms including the release of oxygen
radicals and cytotoxic peptides and proteins. The tissue
damage consequent to the release of cytotoxic agents by
macrophages and neutrophils will result in a tissue repair
response. Importantly, if the particle is not degraded or
physically removed, the macrophage/neutrophil response
to the particle will continue during the tissue repair pro-
cess, exposing the DNA of dividing cells to DNA damag-
ing agents and greatly increasing the probability of DNA
mutations being fixed in the genomes of daughter cells
(also see Supplementary Material 1 in (EI-Gazzar et al.
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2018). Particles that exceed the phagocytic capacity of
macrophages (see Fig. 5) are not easily removed physi-
cally, and these fibers may be sequestered in granulation
tissue (see Fig. 1). However, if the fibers remain free (see
Fig. 1) they can provoke repeated cycles of tissue dam-
age and repair that may result in some cells acquiring the
mutations necessary for initiating the neo-transformation
process.

In the present study, increased numbers of alveolar
macrophages were still present in the lungs of POT- and
MWCNT-7-treated rats 1 year after TIPS administration
(see Table 1), and a significant fraction of these mac-
rophages was engulfing, or attempting to engulf, POT
and MWCNT fibers (see Fig. 1; Table 1). Inflammatory
changes, production of 8-OHdG adducts, and increased
PCNA indexes in the lung were evident in these animals
(see Figs. 1, 2; Table 1; and Supplementary Fig. S6, S7).

Particles inhaled into the lung can translocate into the
lymphatic system and hence into the pleural cavity (Harm-
sen et al. 1985; Miserocchi et al. 2008; NIOSH 2011). As
in the lung, biopersistent particles retained in the pleural
cavity can interact with pleural tissues and macrophages,
and provoke repeated cycles of damage and repair and
consequent fixation of DNA mutations into the genomes
of mesothelial cells. In the present study, free POT and
MWCNT-7 fibers were found in the pleural cavity lav-
age cell pellet, and collagen deposition at the visceral and
parietal pleura, indicative of damage to the pleura, was
also evident in these rats (see Fig. 3 and Supplementary
Fig. S4). In addition, total protein concentration in the
pleural cavity lavage fluid, an indicator of tissue integrity,
was elevated in POT-treated rats (see Table 2). Finally, the
PCNA indexes of both the visceral and parietal mesothe-
lium were elevated in POT- and MWCNT-7-treated rats
(see Table 2 and Supplementary Fig. S8), and importantly,
two of the five rats in the 0.50 mg POT-treated group and
one of the five rats in the 0.50 mg MWCNT-7-treated
group had hyperplastic lesions in the visceral mesothe-
lium (see Fig. 4).

Cytokine analysis of the lung tissue showed that both
POT fibers and MWCNT-7 induced elevation of CCL2 and
CCL3 levels in the lung tissue. These cytokines are potent
chemotaxins and their expression can lead to the recruit-
ment of monocytes, macrophages, monocytic myeloid-
derived suppressor cells, and this process is associated
with tumor development (Deshmane et al. 2009; Huang
et al. 2007; Kitamura et al. 2015; Salcedo et al. 2000;
Solinas et al. 2009; Wu et al. 2008; Yoshimura 2017).

In summary, there is clear evidence that POT fibers are
toxic in the lung and pleura of male rats. POT fibers were
biopersistent in the lung and mesothelium of rats, pro-
voking inflammation and tissue and DNA damage. These
results are in agreement with the physical characteristics

of these fibers and the potential adverse health effects of
thin, long, biopersistent fibers. The pulmonary and pleural
toxicity of POT fibers was similar or greater than that of
MWCNT-7, a known carcinogen to the rat lung.
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