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Abstract

Fullerene whiskers (FLW)s are thin rod-like structures composed of Cy, and C,, fullerene (FL). The shape of FLWs suggests
potential toxic effects including carcinogenicity to the lung and pleura, similar to effects elicited by asbestos and multi-
walled carbon nanotubes (MWCNT)s. However, no long-term carcinogenic studies of FL. or FLW have been conducted. In
the present study we investigated the pulmonary and pleural carcinogenicity of FL and FLW. Twelve-week-old male F344
rats were administered 0.25 or 0.5 mg FL, FLW, MWCNT-7, and MWCNT-N by intra-tracheal intra-pulmonary spraying
(TIPS). Acute lung lesions and carcinogenicity were analyzed at 1 and 104 weeks after 8 doses/15 days TIPS administra-
tion. At week 1, FLW, MWCNT-7, and MWCNT-N significantly increased alveolar macrophage infiltration. Expression of
Ccl2 and Ccl3, reactive oxygen species production, and cell proliferation were significantly increased by administration of
MWCNT-7 and MWCNT-N but not FL or FLW. At week 104, the incidence of bronchiolo-alveolar adenoma plus adeno-
carcinoma was significantly increased in the MWCNT-7 and MWCNT-N groups, and the incidence of mesothelioma was
significantly increased in the MWCNT-7 group. No significant induction of pulmonary or pleural tumorigenesis was observed
in the FL or FLW groups. The number of 8-OHdG-positive cells in the alveolar epithelium was significantly increased in
the MWCNT-7 and MWCNT-N groups but not in the FL. or FLW groups. FL and FLW did not exert pulmonary or pleural
carcinogenicity in our study. In addition, oxidative DNA damage was implicated in MWCNT-induced lung carcinogenesis,
suggesting that it may be a useful initial marker of carcinogenicity.
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Abbreviations FLW Fullerene whisker

BALF Bronchoalveolar lavage fluid FNT Fullerene nanotube

DCFH-DA Dichloro-dihydro-fluorescein diacetate H&E Hematoxylin and eosin

FL Fullerene TIPS Intra-tracheal intra-pulmonary spraying
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MPO Myeloperoxidase

MWCNT  Multi-walled carbon nano tube
NM Nanomaterial

gRT-PCR  Quantitative real-time PCR
ROS Reactive oxygen species

SEM Scanning electron microscopy
8-OHdG 8-Hydroxydeoxy guanosine
Introduction

Fullerenes (FL), an allotrope of carbon, are stable aggregates
of carbon atoms in the form of a truncated icosahedron and
classified as nanomaterials (NM) (Hirsch 2010; Johnston
et al. 2010; Kuganathan et al. 2019; Terrones and Mackay
1992). Fullerene whiskers (FLW)s are thin rod-like struc-
tures composed of C¢, and C,, fullerenes. FLWs that are hol-
low inside are called fullerene tubes and have lengths rang-
ing from micrometers to millimeters (Sayers et al. 2016),
and those with a diameter of 1 pm or less are called fullerene
nanowhiskers or fullerene nanotubes (FNT)s. The spherical
arrangement of carbon atoms and the unique physicochemi-
cal properties of fullerenes give C¢, and C,, fullerenes and
FLW great potential for use in many industrial and medical
nanotechnology applications (Baker et al. 2008). They natu-
rally produced as a byproduct of combustion from forest fires
and volcanic eruptions: see (Shipkowski et al. 2019). FLW is
a fibrous form NM. Consequently, similarly to asbestos and
carbon nanotubes, there are concerns about adverse effects
on the health of workers during production and handling of
FLW. However, currently no long-term toxicity studies on
FLW have been reported.

There are several studies on short-term inhalation expo-
sure to fullerene Cgy,. Baker et al. exposed F344 rats by
inhalation to micrometer size (2.35 mg/m3, 930 nm) and
nanometer size (2.22 mg/m>, 55 nm) Cq, fullerene for 3 h
a day for 10 consecutive days. Lung histology and analysis
of the bronchoalveolar lavage fluid (BALF) immediately
after exposure and at 1, 5, and 7 days after the end of expo-
sure indicated that there was no pulmonary inflammatory
response with minimal changes in the BALF neutrophils and
cytokine profile in rats exposed to micrometer and nanom-
eter sized Cg, indicating that C has little acute inflamma-
tory effect on the lung (Baker et al. 2008). Morimoto et al.
examined the pulmonary toxicity of Cg, by both inhalation
exposure study (0.12 mg/m?, 96 nm, 6 h/days for 5 days/
week, 4 weeks) and intratracheal instillation (0.1-1.0 mg/
rat, 33 nm, single treatment) using Wister rats. Though an
increased neutrophil count in the BALF and expression of
neutrophil chemoattractants was observed in the 1.0 mg
group administered Cg, by intratracheal instillation, no sig-
nificant changes were seen in the other groups administered
Cyp by intratracheal instillation or in any of the inhalation
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exposed groups (Morimoto et al. 2010). These studies indi-
cate that Cg has little acute inflammatory effect on the lung.
In contrast, intratracheal instillation of Cg, (0.5-2.0 mg/
kg, 46.7 nm, single treatment) to ICR mice increased pro-
inflammatory cytokines (IL-1, TNF-a, and IL-6) and Th1
cytokines (IL-12 and IFN-y) and sub-G1 phase and Gl
arrested cells in the BALF, leading the authors to conclude
that C, may have the potential to induce an inflammatory
response (Park et al. 2010). In a 13-week subchronic inha-
lation exposure study with nano-sized Cg (0.5-2 mg/m?,
50 nm, 3 h/days for 5 days/week), concentration-depend-
ent histiocytic infiltration and macrophage pigmentation
changes were observed in the lungs of both Wister Han rats
and B6C3F1/N mice, but chronic inflammation was not
induced in either rats or mice exposed to 50 nm Cg, (Say-
ers et al. 2016). However, in the study by Sayers et al., rats
and mice were also exposed to 1 pm Cg: the mass exposure
concentration of the 50 nm Cg, was 0.5 and 2 mg/m? and
the mass exposure concentration of the 1 um Cgy, was 2,
15, and 30 mg/m3, and both male and female rats and mice
exposed to the high concentration of 30 mg/m? of 1 um Cy,
did develop chronic inflammation. Therefore, the possibil-
ity that Cg, exerts pulmonary toxicity cannot be ruled out,
especially since no long-term exposure studies to Cg, have
been conducted.

In vitro studies have reported cytotoxicity in human
dermal cells and hepatocytes exposed to water-soluble
Cgo FLs due to the production of reactive oxygen species
(ROS) (Sayes et al. 2004) and lipid peroxide (Sayes et al.
2005). Though the DNA damaging effects exerted by FL
were not strong, formation of ROS can cause inflammation
and genetic damage (Nielsen et al. 2008), and production of
lipid peroxide can cause membrane damage and cytotoxicity
(Sayes et al. 2004). However, another in vitro study reported
that FL has very little influence on formation of ROS (Baierl
et al. 1996), and another in vitro study reported that FL. was
a neuroprotective agent by inhibiting the excitotoxic death of
cultured cortical neurons induced by exposure to N-methyl-
D-aspartate (NMDA), alpha-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), or oxygen—glucose
deprivation (Dugan et al. 1997). These contrasting results
may be caused by the physical properties of the FL parti-
cles, which might be interrelated with their toxicity. How-
ever, a variety of experimental models assessing the toxicity
of fullerenes have also demonstrated the absence of toxic
effects of pristine fullerenes (Da Ros and Prato 1999; Jensen
et al. 1996; Wainwright 2003). In addition, in vivo studies
have not only demonstrated a lack of toxicity, but also ben-
eficial and protective effects of C fullerenes (Andrievsky
et al. 2005; Dugan et al. 2001; Gharbi et al. 2005; Mori
et al. 2000).

Okuda-Shimazaki, J. et al. compared FLWs with
MWCNTs and Titania nanoparticles, and reported weak
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cytotoxic effects of FLW compared with MWCNTs and
Titania nanoparticles (Okuda-Shimazaki et al. 2010). Cui
et al. reported that FLW induced the production of the
major proinflammatory cytokine IL-1p via a Nod-like
receptor pyrin domain containing 3 (NLRP3) inflamma-
some-mediated mechanism (Cui et al. 2014). However,
definitive evidence of the effect of FLW on inflammation
and toxicity is lacking.

To assess the pulmonary and pleural toxicity, includ-
ing carcinogenic effects, of FL and FLW, we administered
FL and FLW by intratracheal instillation into the lungs
of male F344 rats and observed the animals for 2 years.
MWCNT-7 and MWCNT-N, proven carcinogens, were
used as positive controls (Grosse et al. 2014; Suzui et al.
2016).

Materials and methods
Preparation of MWCNTs, FL and FLW

MWCNT-N and MWCNT-7 were supplied by NIKKISO
(Tokyo, Japan), and Mitsui Chemicals Inc. (Tokyo, Japan),
respectively. Cy, FL and FLW, composed of C,, FL were
synthesized at room temperature by the liquid-liquid inter-
facial precipitation method (LLIP method) at National Insti-
tute for Materials Science. Briefly, FNWs were precipitated
and grown by forming a liquid-liquid interface between a
C60-saturated toluene solution and isopropyl alcohol (IPA)
(Miyazawa et al. 2014). All of the particles (FL, FLW,
MWCNT-7, MWCNT-N) were dispersed and diluted into
5% poloxamer 188 solution (Sigma-Aldrich, St. Louis, Mo,
USA) at concentrations of 62.5 and 125 pg/mL. The sus-
pensions were homogenized at 20 kHz, 3000 X g for 20 min
using an ultrasonic homogenizer (UD-211, TOMY, Tokyo,
Japan) before treatment to minimize aggregation of the
administered materials.

Animals

Ten-week-old male F344 rats were purchased from Charles
River Laboratories Japan, Inc., Yokohama, Japan. They were
housed in the Laboratory Animal Facility of Nagoya City
University Medical School, maintained on a 12:12 h light:
dark cycle, and received Oriental MF Basal diet (Oriental
Yeast, Tokyo, Japan) and water ad libitum. The research
protocol was recommended by the Animal Care and Use
Committee of Nagoya City University Medical School, and
the animals were taken care of according to the Guidelines
for the Care and Use of Laboratory Animals of Nagoya City
University (no. H30M-008).

Experimental design

We used a total of 224 male F344 rats for the experiment.
The animals were quarantined and acclimated for 2 weeks
before the start of the experiment. The animals were divided
by stratified randomization into 10 body weight-matched
groups. Group 1 (25 rats) No treatment; Group 2 (22 rats)
Vehicle, saline with 0.5% poloxamer-188 solution; Group
3a (20 rats) FL 0.25 mg/rat; Group 3b (24 rats) FL 0.5 mg/
rat; Group 4a (20 rats) FLW 0.25 mg/rat; Group 4b (23 rats)
FLW 0.5 mg/rat; Group 5a (20 rats) MWCNT-7 0.25 mg/
rat; Group 5b (25 rats) MWCNT-7 0.5 mg/rat; Group 6a (20
rats) MWCNT-N 0.25 mg/rat; Group 6b (25 rats) MWCNT-
N 0.5 mg/rat. Rats were administered the test solutions by
Intra-tracheal intra-pulmonary spraying (TIPS) as previously
described (El-Gazzar et al. 2019; Sato et al. 2023). Briefly,
rats were anesthetized with 4% isoflurane and given 0.5 ml
of vehicle or test substance suspension (62.5 or 125 pg/
ml) using a DIMS-type microsprayer aerosolizer (for rats)
that was connected to a 1-mL disposable syringe (OSAKA
CHEMICAL Co., Ltd., Osaka, Japan). Rats were admin-
istered test solutions once every other day for 15 days for
a total of 8 doses. The body weight was measured on the
weekly basis. Animals were sacrificed by exsanguination
from the abdominal aorta under deep isoflurane anesthe-
sia 1 week and 104 weeks after the final TIPS administra-
tion. Five rats from the no treatment, vehicle, and high dose
groups were sacrificed at 1 week, and the remaining rats
were sacrificed after 104 weeks. Rats began to die after
52 weeks, mostly from causes of death unrelated to the pro-
cedure. Treatment-related cause of death was mesothelioma,
seen only in the MWCNT-7 0.5 mg/rat group, with the earli-
est death occurring at 80 weeks post-treatment. Animals that
died before the final sacrifice were immediately necropsied
for quantitative analysis of neoplastic lesions in the lung and
pleura. At 104 weeks, 3 animals from each test substance
exposure group were used to determine the amount of resid-
ual nanomaterial (NM) remaining in the whole lung. Ani-
mals that survived for more than 52 weeks and the animals
sacrificed at 104 weeks that were not used for determination
of residual NM remaining in the lung were used to evaluate
carcinogenic lesions in the lungs and pleura.

Collection of tissue samples and pleural lavage

Blood samples collected from the abdominal aorta were cen-
trifuged at 3000xg, 4 °C for 10 min and then the serum was
collected. 10 ml of RPMI1640 (Thermo Fisher Scientific,
Rockford, IL) was injected into the pleural cavity through the
left side of the diaphragm, the entire chest cavity was shaken
from side to side, and the lavage was collected. The pleural
lavage was centrifuged at 1000x g, 4 °C for 10 min and the
supernatant were used for biochemical analysis. Precipitates
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after centrifugation were fixed with 4% paraformaldehyde
solution and paraffin-embedded for histological analysis. Mye-
loperoxidase (MPO) levels were measured using an Amplite
Fluorimetric Myeloperoxidase Assay Kit (AAT Bioquest,
Inc., Sunnyvale, CA) and ROS levels were measured using
the dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay
(Thermo Fisher Scientific) as previously described (Naiki
et al. 2012). The left lobe of the lung was cut into small pieces
and immediately frozen at -80°C for RNA extraction or ROS
detection, and the 4 right lobes were fixed with 4% paraform-
aldehyde solution and paraffin-embedded for light microscopic
examination, scanning electron microscopy (SEM), and immu-
nohistochemical analysis. SEM was performed as previously
described (Saleh et al. 2020). The heart, trachea, paratracheal
lymph node, liver, kidney, spleen, and chest wall were removed
and fixed with 10% formalin, paraffin-embedded and used for
histological evaluation.

Pathological examination
and Immunohistochemistry

Three um-thick sections were prepared from the fixed, paraf-
fin-embedded specimens and stained with Hematoxylin and
Eosin (H&E). Underlying sections were immunohistochemi-
cally stained with antibodies against CD68 (Bio-Rad Cat#
MCA341R, RRID:AB_2291300, Cambridge, UK), Ki67
(Abcam Cat# ab16667, RRID:AB_302459, Hercules, CA),
and 8-hydroxydeoxy guanosine (8-OHdG) (Japan Institute
for Control of Aging Cat# MOG-020P, RRID:AB_3096485,
Shizuoka, Japan). H&E slides were evaluated by two experts
in pathology (A.N-I. and H.T.) and diagnosis of hyperplasia,
adenoma, adenocarcinoma in lung, and mesothelioma was
done according to the INHAND criteria.

Detection of ROS production

Six pum thick slices were cut from the frozen lung tissues of
rats sacrificed at 1 week after TIPS administration and incu-
bated in 5 pM dihydroethidium (Thermo Fisher Scientific)
for 15 min in the dark. The slides were washed with phos-
phate buffered saline and ROS was detected at 518/605 nm
using an image analyzer (BZ 9000 Fluorescence Micro-
scope, RRID:SCR_015486, Keyence, Osaka, Japan). Five
images per rat were randomly taken with the same exposure
time at 400 X magnification, and the average fluorescence
intensity in the alveolar epithelial nuclei was quantified
using BZ-analysis application software (Keyence).

RNA extraction and quantitative reverse
transcription-PCR

Total RNA was isolated from frozen lung tissues by phe-
nol—chloroform extraction (Isogen; Nippon Gene Co. Ltd.,
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Tokyo, Japan). One microgram of RNA was converted to
cDNA using PrimeScript™ RT Master Mix (Takara). The
cDNA was subjected to quantitative real-time PCR (qRT-
PCR) using TB Green™ Premix Ex Taq™ II (Takara) and
detected by the AriaMx Real-Time PCR System (g8830a,
RRID:SCR_019469, Agilent Technologies). The primers
used are listed in Table S1. GAPDH mRNA levels were
used as internal controls.

Total protein and albumin in the pleural lavage

The levels of total protein and albumin in the pleural lav-
age at week 1 were measured using standard procedures
on an autoanalyzer by a commercial laboratory (DIMS
Institute of Medical Science, Aichi, Japan).

Measurement of FLW and MWCNTSs in the lung

MWCNT concentration in the lung was measured as pre-
viously described (Ohnishi et al. 2013, 2016). Briefly,
the formalin-fixed lungs (n =3 per group) containing
MWCNT were digested by a strong alkali solution (Clean
99 K200; Clean Chemical, Osaka, Japan), and after remov-
ing organic matter with sulfuric acid, benzo[ghi]perylene
(B(ghi)P) (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) was added to the sample solution. The sam-
ple solution was immediately sonicated by an ultrasonic
homogenizer (VP-30S, Taitec, Saitama, Japan) to allow
the MWCNT to adsorb the B(ghi)P. The solution was fil-
trated through a membrane filter (Whatman® Nuclepore,
111,109, Cytiva). The B(ghi)P on the filter was desorbed
from the MWCNT into acetonitrile. Finally, the B(ghi)P
was analyzed by an UPLC system (Waters, Milford, MA)
coupled to a fluorescence detector with a reversed phase
column (ACQUITY UPLC BEH C18, Waters).

FL and FLW in the formalin-fixed lungs (n=3 per
group) was measured as below with reference to JIS Z
8981:2010 (Quantitative analysis methods for [60]fuller-
ene and [70]fullerene by high performance liquid chroma-
tography). The digested lung samples by a strong alkali
solution passed thorough the liquid-liquid extraction
column (EXtrelut NT, Merck, Darmstadt, Germany). The
adsorbed FLWs in the column were eluted using toluene.
The elution was concentrated by nitrogen and filled to
1 mL by toluene: methanol=1:1. The FLW concentrations
were analyzed by an HPLC system (LC-10; Shimadzu
Corporation, Kyoto, Japan). Absorbance was detected
at 325 nm. The flow rate of the mobile phases (toluene:
methanol =1:1) was 0.8 mL/min. A reversed phase column
(Inertsil ODS-2, GL Sciences Inc., Tokyo, Japan) was used
at 35 °C.
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Statistical analysis

Differences in quantitative data, expressed as
mean =+ standard deviation (SD), between groups were
compared by one-way ANOVA and the Turkey’s multi-
ple comparison test using the software package GraphPad
Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA).
P <0.05 was considered significant.

Results
Histological analysis of the lung at week 1

The diameters of FLW, MWCNT-7, and MWCNT-
N were 0.261 +0.064 pm, 0.053 +0.018 pm, and
0.048 +0.023 pm, respectively (Fig. 1a). No clinical symp-
toms were found in the treated groups at the 1-week sacri-
fice. The body and organ weights at 1-week are shown in
Table 1. There was no significant change in body weights
or liver and kidneys weights in the FL, FLW, MWCNT-7,
and MWCNT-N treated groups compared to the vehicle
group. Lung weights in the vehicle group were signifi-
cantly higher than in the no treatment group, possibly due
to the residual effect of 8 doses of 0.5 ml vehicle solu-
tion. FLW and both MWCNTs significantly increased
lung weight compared to vehicle, but no changes in the
FL groups were observed. SEM images of the NM-treated
groups are shown in Fig. 1b. MWCNT-7 and MWCNT-N
were found engulfed by macrophages in the lung. Fibrous
MWCNT-7 penetrated the plasma membrane of the mac-
rophages. Only a very small amount of FLW incorporated
into alveolar macrophages was observed in SEM (Fig. 1b).
This was probably due to easy solubility of fullerenes in
organic solvents, such as xylene treatment after paraform-
aldehyde fixation (Fan et al. 2020). In frozen sections
without xylene treatment, FLW was readily deposited in
the alveoli (Fig. 1¢). H&E staining revealed that MWC-
NTs deposited in the lungs of rats treated with MWCNT-7
and MWCNT-N, and induced higher neutrophil infiltration
into the alveoli, while there was less neutrophil infiltration
in the lungs of rats treated with FLW and no increased
neutrophil infiltration into the alveoli in the FL group
(Fig. 2a). CD68 immunohistochemistry showed signifi-
cantly increased infiltration of alveolar macrophage in the
FLW, MWCNT-7 and MWCNT-N groups. There was no
change in the FL group compared to the vehicle group
(Fig. 2a,b). Treatment with MWCNTSs also increased
the Ki67 labeling index of alveolar epithelia, with a sta-
tistically significant increase in the MWCNT-N group
(Fig. 2a,c). These results suggest that MWCNTs-induced

(a)

(b)

MWCNT-7

MWCNT-N

(c)

Fig.1 Fibers of FLW, MWCNT-7 and MWCNT-N. a, b Scanning
electron microscopic images of FLW fibers (a), and FLW, MWCNT-7
and MWCNT-N fibers in lung (b). Arrows indicate MWCNT or FLW
fibers phagocytosed by alveolar macrophages. ¢ FLW fibers in para-
formaldehyde fixed frozen lung section. Deposition of FLWs is indi-
cated by arrowheads

lung carcinogenicity may correlated with increased Ki67
labeling index of alveolar epithelial cells.

ROS production and cytokines expression
in the lung at week 1

We previously reported positive correlations between car-
cinogenicity and oxidative stress in the liver and prostate
(Naiki-Ito et al. 2020; Sagawa et al. 2015; Suzuki et al.
2013). Therefore, we compared ROS production and inflam-
matory cytokine levels in the lung after FL, FLW, and
MWCNTs administration. Dihydroethidium staining assays
indicated a significant elevation of ROS in the lungs of the
MWCNT-7 and MWCNT-N treated rats compared to the
vehicle control. There was no significant change in the lungs
of FL and FLW treated rats compared to the vehicle control
(Fig. 3a, b). The mRNA expression of the chemokines, Ccl2
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Table 1 Body and organ weights of F344 rats treated with nanomaterials at week 1

No. of rats  Body (g) Liver Kidney Lung
Absolute (g) Relative (%) Absolute (g) Relative (%) Absolute (g) Relative (%)
No treatment 5 296.7+8.1 9.24+0.59 3.11+£0.12 1.84+0.08 0.62+0.01 0.96+0.04 0.32+0.01
Vehicle 5 284.1+54 859+045 3.02+0.14 1.84+0.06 0.65+0.03 1.34+0.03"*  0.47+0.01%
FL 0.5 mg/rat 5 282.7+12.7 8.38+0.55 296+0.06 1.81+0.06 0.64+0.02 1.40+0.08 0.50+0.03
FLW 0.5 mg/rat 5 280.4+10.9 843+0.68 3.01+0.19 1.80+0.12 0.64+0.03 1.50+£0.09%** (.54 40.03%**
MWCNT-7 0.5 mg/rat 5 283.5+20.1 8.63+0.68 3.04+0.07 1.84+0.10 0.65+0.02 1.60+£0.07*** (0.5640.03%**
MWCNT-N 0.5 mg/rat 5 279.7+9.0 8.38+030 3.00+0.07 1.82+0.07 0.65+0.02 1.64+0.04*** (0.59+0.01%**

FL Fullerene, FLW Fullerene whisker, MWCNT-7 Multi-walled carbon nanotube-7, MWCNT-N Multi-walled carbon nanotube-N
Tukey's multiple comparisons test ***: P <0.001vs Vehicle, ##: P<0.001 vs No treatment

and Ccl3, was significantly up-regulated by MWCNT-7 and
MWCNT-N, while these levels were not changed by FL and
FLW.

The expression levels of other inflammatory cytokines,
Tnf-a, 116, 1I-15, 1118, Tgf-f1 and Ifn-y, were not significantly
altered by administration of FL, FLW, or MWCNTs (Fig. 4).
The results of oxidative stress induction by both MWCNTs,
positive lung carcinogens, suggest that oxidative stress and
carcinogenicity may be closely related in the lung.

Histological analysis of the mesothelium at week 1

Toxic effects of FL, FLW, and MWCNTs on the meso-
thelium were analyzed. The recruitment of macrophages
in the precipitates of the pleural lavage were significantly
increased in all treatment groups compared to the vehicle
group (Fig. 5a, b). A significant increase in Ki67 labeling
index of visceral pleural mesothelial cells was observed only
in the MWCNT-N-treated group and not in FL, FLW, or
MWCNT-7 groups (Fig. 5a, ¢). The ROS and MPO levels in
the pleural lavage were not changed in any of the treatment
groups compared to the vehicle group (Fig. 5d, e). FLW and
the two MWCNTs slightly increased protein and albumin
levels in the pleural lavage, but there were not any significant
changes (Table 2). These results indicated that significant
changes in several toxicity parameters were observed in the
alveolar epithelium after 1 week of MWCNTSs administra-
tion, whereas no significant toxicity was observed in the
pleura. FL and FLW did not induce any apparent toxicity in
the lung or pleura.

Histological analysis at week 104

Eight rats from the no treatment group, 4 rats from the vehi-
cle group, 5 rats from the FL 0.25 mg group, 7 rats from the
FL 0.5 mg group, 5 rats from the FLW 0.25 mg group, 5
rats from the FLW 0.5 mg group, 5 rats from the MWCNT-7
0.25 mg group, 5 rats from the MWCNT-7 0.5 mg group,
3 rats from the MWCNT-N 0.25 mg group, and 8 rats
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from the MWCNT-N 0.5 mg group survived for more than
52 weeks after treatment but died before the final sacrifice at
104 weeks. Only one rat of treated related causes. One rat in
the MWCNT-7 0.5 mg group died of treatment-related pleu-
ral mesothelioma at 80 weeks post-treatment. The causes of
death before 104 weeks of the other rats were unrelated to
the treatments, and included malignant lymphoma and leu-
kemia. At the 104-week sacrifice, there was no significant
difference in body, liver, kidney, or lung weights among the
groups (Table 3).

Neoplastic lesions of lung and pleura are shown in Table 4
and Fig. 6. The incidence of hyperplasia in the lung was
increased by administration of MWCNT-7 and MWCNT-N,
and significantly elevated in the MWCNT-7 0.5 mg group.
Hyperplasia or adenoma occurred in 1-2 animals in the FL
and FLW treatment groups and also in the no treatment and
vehicle groups, so these lesions were not considered to be
caused by treatment with FL or FLW. The incidence of ade-
nocarcinoma was increased in the MWCNT-treated groups
but not in FL or FLW-treated groups. Adenocarcinoma was
significantly increased in the MWCNT-N 0.5 mg group. The
combined incidence of adenomas and adenocarcinomas was
significantly increased in the 0.25 and 0.5 mg MWCNT-7
groups and in the 0.25 mg MWCNT-N group. The level of
8-OHdG formation in the lung was significantly elevated the
MWCNT-7 and MWCNT-N groups, suggesting an associa-
tion with lung tumorigenesis (Fig. 7a, b).

Pleural mesothelioma occurred in the visceral pleura
(lungs) and parietal pleura (chest wall, pericardium, and
diaphragm) and was observed only in the MWCNT-treated
groups (Table 4 and Fig. 6b). Induction of mesothelioma in
the visceral pleura was observed in the MWCNT-7 high-dose
group, and induction of mesothelioma in the parietal pleura
was observed in both the low and high dose MWCNT-7
groups and the MWCNT-N high-dose group. The incidence
of mesothelioma in both visceral and parietal pleura was
significantly increased in the MWCNT-7 high-dose group.
FL or FLW did not show any carcinogenic potential to either
the lung or mesothelium.
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Fig. 2 Infiltration of neutrophils, alveolar macrophages and prolifera- N groups at week 1. Deposition of MWCNTs is indicated by arrow-
tion activity in the lung at week 1. a Representative hematoxylin and heads. b Percentage of the CD68 positive area. ¢ The labeling index
eosin (H&E) staining, macrophage recruitment by CD68 immunohis- of Ki67 in alveolar epithelia. Data are presented as mean+SD, n=5

tochemistry, and cell proliferation by Ki67 immunohistochemistry of per group, ***P<0.001 statistically significant from the vehicle
lung sections from the vehicle, FL, FLW, MWCNT-7 and MWCNT- group
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Fig.3 Intracellular reactive
oxygen species (ROS) levels in
the lung at week 1. a Rep-
resentative dihydroethidium
(DHE) staining of lung sections
from the vehicle, FL, FLW,
MWCNT-7 and MWCNT-N
groups at week 1. b The signal
intensity of DHE staining is
presented as the mean +SD,
n=>3 per group, ***P <0.001
statistically significant from the
vehicle group

MWCNT-7

(b)

(a)

Vehicle

-

FL FLW

MWCNT-N

Vehicle

Residuals of NMs in the lung at week 104

Residual FL, FLW, and MWCNTs in the lung at 104 week
were measured using the whole lung. Very little FL. remained
in the lungs at 104 weeks, and only about 1% of the initial
dose of FLW remained in the lung at 104 weeks. In con-
trast, MWCNT-7 and MWCNT-N had high residual levels,
ranging from 18.0 to 57.0%, of the initial dose, indicating
biological persistence of MWCNTs in the lungs (Table 5).

Discussion

Due to the dramatic improvements in the functions and prop-
erties obtained by nanosizing materials, NMs are attract-
ing attention as new materials for industrial and medical
technologies. In particular, CNTs have excellent electrical,
mechanical, and thermal properties, and various types of
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CNTs have been commercialized and used for numerous
applications in industrial fields. With the increased use and
production of CNTs, adverse health effects due to inhalation
exposure of workers in the manufacturing and handling pro-
cesses of CNTs and to consumers of products manufactured
from CNTs have become a serious problem. Intraperitoneal
administration of MWCNTs has been reported to induce
malignant mesothelioma in mice and rats (Sakamoto et al.
2009; Takagi et al. 2008). However, the route of adminis-
tration of MWCNTs in these studies was different from the
actual inhalation exposure expected in humans, and evalua-
tion of MWCNTs with matched exposure routes is required.
Kasai et al. developed an exposure system for whole-body
inhalation exposure to MWCNTSs (Kasai et al. 2014). Inha-
lation exposure of F344 rats to MWCNT-7 (0, 0.02, 0.2,
and 2 mg/m?) resulted in deposition of MWCNT-7 in the
alveoli as well as in the thoracic cavity and diaphragm, and
significantly induced alveolar adenocarcinoma at doses of
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Fig.4 mRNA expression of inflammatory cytokines in the lung.
mRNA level for inflammatory cytokines Ccl2, Ccl3, Tnf-a, 1I-6,
1I-1p, 1I-18, Tgf-pl1, 1I-18, Ifn-y, and Ctgf at week 1 as measured by

0.2 and 2 mg/m® in males and 2 mg/m? in females (Kasai
et al. 2016). The evaluation of MWCNTs by inhalation
exposure would be ideal, but an inhalation exposure study

quantitative RT-PCR. Data are presented as mean+SD, n=5 per
group, ***P <(.001 statistically significant from the vehicle group

is extremely difficult to conduct because of the extensive
equipment and high cost involved. Currently, the study
by Kasai et al. is the only long-term inhalation exposure
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Fig.5 Infiltration of mac- (a)
rophages and proliferation
activity in the pleura at week 1.
a Representative macrophage
recruitment by CD68 immhono-
histochemistry of the pleural
lavage, and cell proliferation

by Ki67 immhonohistochem-
istry of lung sections from the
vehicle, FL, FLW, MWCNT-7
and MWCNT-N group at week
1. b Percentage of the CD68
positive area. ¢ The labeling
index of Ki67 in the pleural
mesothelium. d Intracellular
ROS levels in the pleural lavage
was measured by DCFH-DA
assay. e Myeloperoxidase
(MPO) level in the pleural lav-
age was measured by Amplite
Fluorimetric Myeloperoxidase
Assay Kit. Data are presented (b)
as mean +SD, n=5 per

group, *P <0.05, **P<0.01,

*##%P <0.001 statistically sig-

nificant from the vehicle group

CD68

Ki67

(d)

FL FLW MWCNT-N

MWCNT-7

35 @
v

SN
Yo

CD68-positive area

(%)

cnoad®8R
No treatment | |~
Vehicle [
FL [

400 -

Ki67 labeling index
O =N WHOO

FL

FLW [ }
MWCNT-7 | |—u *

MWCNT-N
FLW

No treatment
Vehicle
MWCNT-7
MWCNT-N

(e) (mU/ml)

N
o
)

-
)]
L

Vehicle —
FL [
FLW —

DCF (485/ 530 nm)
P N w
o o o
o o o o
No treatment —

Table 2 Protein levels in the pleural lavage at week 1

No. of rats p-TP(mg/dL) p-ALB (ug/mL)

Vehicle 5 9.92+3.23 31.68+6.31
FL 0.5 mg/rat 5 10.54+3.53 32.28+10.27
FLW 0.5 mg/rat 5 1428 +£3.37 39.04+7.60
MWCNT-7 0.5 mg/rat 5 13.48+3.31 40.26+8.86
MWCNT-N 0.5 mg/rat 5 13.62+4.91 37.40+13.35

FL Fullerene, FLW Fullerene whisker, MWCNT-7 Multi-walled car-
bon nanotube-7, MWCNT-N Multi-walled carbon nanotube-N
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carcinogenicity study of MWCNTs. Therefore, we devel-
oped a trans-airway intrapulmonary spraying study design
called the TIPS method, a simple alternative to inhalation
exposure studies of NMs. MWCNT-7 by the TIPS method
induced broncho-alveolar adenoma, adenocarcinoma in the
lung, and malignant mesothelioma in the pleura (Abdelgied
et al. 2019a, 2019b; Numano et al. 2019; Saleh et al. 2022).
The carcinogenicity of another MWCNT, MWCNT-N, to
the lung and pleural mesothelium was also assessed using
TIPS administration (Suzui et al. 2016). Therefore, in the
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Table 3 Body and organ weights of F344 rats treated with nanomaterials at week 104

No. of rats  Body (g) Liver Kidney Lung
Absolute (g) Relative (%) Absolute (g) Relative (%) Absolute (g) Relative (%)
No treatment 12 440.8+36.2 14.7+3.0 3.36+0.77 2.84+0.320.65+0.10 1.35+0.37 0.31x0.10
Vehicle 13 4438+£724 14421 3.26+0.32 2.90+0.310.68+0.17 1.35+0.38 0.31x+0.08
FL 0.25 mg/rat 14 448.7+£294 143+1.2 3.20+0.33 2.85+0.270.64+0.05 1.23+021 0.27x0.05
FL 0.5 mg/rat 12 431.7+£253 13.4+£1.5 3.11+0.34 2.66+0.280.62+0.05 1.61+0.60 0.37x0.14
FLW 0.25 mg/rat 15 472.1+£39.8 144+24 3.06+0.57 2.81+£0.370.60+£0.09 1.27+0.25 0.27x+0.06
FLW 0.5 mg/rat 13 419.9+60.2 13923 332+050  2,81+0.32  0.69+0.15 1.41+049 0.35+0.16
MWCNT-7 0.25 mg/rat 15 424.1+£65.6 13.8+2.2 3.31+0.60 2.70£0.270.65+£0.10 1.46x+042 0.36x0.15
MWCNT-7 0.5 mg/rat 15 436.0+£853 142+29 3.26+0.33 2.87+0.160.70£0.21 149+0.19 0.36+0.11
MWCNT-N 0.25 mg/rat 17 431.8+184 145+29 3.35+0.64 2.72+0.200.63+£0.05 1.74+040 0.40+0.09
MWCNT-N 0.5 mg/rat 12 416.1+£43.1 13.0x£1.7 2.93+0.96 3.03+0.650.73+£0.16  1.57+0.57 0.38+0.13

FL Fullerene, FLW Fullerene whisker, MWCNT-7 Multi-walled carbon nanotube-7, MWCNT-N Multi-walled carbon nanotube-N

Table 4 Induction of lung and mesothelial neoplastic lesions at week 104

Treatment No. of rats  Incidence (%)
Bronchiolo-alveolar lesions Pleural lesions (mesothelioma)
Hyperplasia ~ Adenoma Adenocarcinoma Ade- Parietal Visceral ~ Combined
noma + Adeno-
carcinoma
No treatment 17 0 (0%) 1 (6%) 0 (0%) 1 (6%) 0 (0%) 0 (0%) 0 (0%)
Vehicle 14 1 (7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
FL 0.25 mg/rat 17 2 (12%) 1 (6%) 0 (0%) 1 (6%) 0 (0%) 0 (0%) 0 (0%)
FL 0.5 mg/rat 16 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
FLW 0.25 mg/rat 17 0 (0%) 1 (6%) 0 (0%) 1 (6%) 0 (0%) 0 (0%) 0 (0%)
FLW 0.5 mg/rat 15 1 (7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
MWCNT-7 0.25 mg/rat 17 4 (24%) 2 (12%) 2 (12%) 4 (24%) * 1 (5%) 0 (0%) 1 (5%)
MWCNT-7 0.5 mg/rat 17 7 (41%) *** 2 (12%) 2 (12%) 4 (24%) * 4 24%)** 2 (14%)* 4 (24%)**
MWCNT-N 0.25 mg/rat 17 5(29%) * 2 (12%) 2 (12%) 4 (24%) * 0 (0%) 0 (0%) 0 (0%)
MWCNT-N 0.5 mg/rat 17 3 (18%) 0 (0%) 3 (18%)* 3 (18%) 1 (5%) 0 (0%) 1 (5%)

FL Fullerene, FLW Fullerene whisker, MWCNT-7 Multi-walled carbon nanotube-7, MWCNT-N Multi-walled carbon nanotube-N
Tukey's multiple comparisons test *: p<0.05, **: p<0.01 and ***: P <0.001 vs Vehicle

present study, we evaluated the pleural toxicity of FL and
FLW using TIPS, and using MWCNT-7 and MWCNT-N
as positive controls for pulmonary and pleural toxicity and
carcinogenicity.

The final results of this 2-year study showed that a few
bronchiolo-alveolar hyperplasia and bronchiolo-alveolar
adenomas developed in the lungs of FL or FLW-treated
rats, but the incidence was not statistically different from
that in the no treatment and vehicle groups, and no dose-
dependency was observed. On the other hand, MWCNT-7
and MWCNT-N significantly increased the incidence of
bronchiolo-alveolar adenocarcinoma or adenoma plus
adenocarcinoma (Table 4). In the pleural mesothelium,
the incidence of malignant mesothelioma was significantly
increased in the MWCNT-7 high-dose group. No tumor

formation was observed after TIPS administration of FL or
FLW. The results of the lung and pleural carcinogenicity
of MWCNT-7 in the current experiment were consistent
with the results of previous studies (Abdelgied et al. 2019b;
Numano et al. 2019). On the other hand, MWCNT-N dif-
fered from the previous study in that it showed significant
lung carcinogenicity but no evidence of pleural mesothe-
lioma development (Suzui et al. 2016). This may be due to
the fact that the doses of MWCNT-N administered in the
current experiment were 0.25 and 0.5 mg, whereas the dose
in the previous study was 1.0 mg. Based on these results,
we conclude that FL and FLW are not carcinogenic to the
lung. This is the first 2-year toxicity study to evaluate the
carcinogenic potential of FL. and FLW in the rat lung after
TIPS administration.
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Fig.6 Representative histo- (a)
pathological observation of
lung adenocarcinoma and
pleural mesothelioma induced
by MWCNT-7 and MWCNT-N
at week 104. a Bronchiolo-
alveolar adenocarcinoma in the
lung, b malignant mesothelioma
in the diaphragm

MWCNT-7

MWCNT-N

(b)

MWCNT-7

MWCNT-N

.

It is essential to discuss the factors involved in the car-
cinogenic potential of NMs. In this study, we examined
histological changes in factors involved in inflammation,
oxidative stress, and cell proliferation observed in the first
week after NM administration. Absolute and relative lung
weights did not change in the FL group, but significantly
increased in the FLW group, along with lung weights of the
positive controls, MWCNT-7 and MWCNT-N. MWCNT-7
and MWCNT-N induced recruitment of CD68-positive alve-
olar macrophages and infiltration of neutrophils into the lung
lobes. Similar but more mild increases were observed in the
FLW group. In contrast, no changes were observed in the
FL groups. This result is consistent with results reported in
a previous study in which only a small neutrophil infiltrate
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was observed in the acute phase after inhalation exposure
or intratracheal administration of FL (Baker et al. 2008;
Morimoto et al. 2010). Lung weight can increase due to
neutrophil infiltration in response to acute lung injury in
Wegener’s granulomatosis model (Hattar et al. 2010). In
the present study, lung weight correlated with the extent of
alveolar macrophage and neutrophil infiltration 1 week after
administration, suggesting an increase in lung weight due to
inflammation induced by NMs.

MWCNT-7 and MWCNT-N also induced ROS produc-
tion in alveolar epithelial cells and an increase cell pro-
liferative activity. In contrast, FLW did not induce ROS
production in alveolar epithelial cells or an increase in cell
proliferative activity. There are both positive and negative
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Fig.7 8-hydroxydeoxy guano- (a)
sine (8-OHdG) levels in lung

at week 104. a Representative
8-OHdG immunohistochem-
istry of lung sections from the

vehicle, FL, FLW, MWCNT-7
and MWCNT-N group at
week 104. b The number of
8-OHdG positive alveolar cells
per 1,000 cells is presented as

the mean+SD, n=14-17 per
group, ***P <(.001 statistically
significant from the vehicle

group

MWCNT-7
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reports of ROS production by FL in vitro (Baierl et al. 1996;
Sayes et al. 2004), however, our present study did not show a
significant increase in ROS production after administration
of FL or FLW (Fig. 3).

Various types of NMs demonstrated to induce inflamma-
tion and this reaction is considered to be a common response
associated with exposure to certain types of NMs (Donald-
son et al. 2005). Gene expression analysis of inflammatory
cytokines in the lung at 1 week showed that Cc/2 and Ccl3
were significantly up-regulated by both MWCNT-7 and
MWCNT-N, but Tnf-a, 1I-6, 1I-16, 1I-18, Tgf-p1, and Ifn-y
were not changed by either MWCNT-7 and MWCNT-N.
There were no expression changes in these cytokines after
exposure to FL. or FLW (Fig. 4). These results indicated
that FL and FLW exhibited no inflammatory potential. Thus,
overall, FL and FLW did not affect lung cell proliferative
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activity, inflammatory responses, or oxidative stress 1 week
after treatment, but these toxicity markers were elevated in
the positive control groups and may predict carcinogenicity
at 2 years.

Residual rates of NMs after deposition in the lungs may
also affect the toxicity of NMs. In this study, we quantified
the residual levels of the administered materials in the lungs
2 years after administration, we found that the residual lev-
els of FL and FLW were markedly lower than those of the
MWCNTs. Notably, retention of MWCNTS in the lungs cor-
related with early proliferative activity, ROS production, and
inflammatory cytokine expression in the lungs of the rats.

In contrast to analysis of the lungs, analysis of the pleural
lavage fluid after 1 week showed no significant changes in
the MWCNT groups. These results indicate that no early
indicators of carcinogenicity to the pleural mesothelium
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Table 5 Residuals of

nanomaterials in the lung at No. of rats Total exposure Residual amount (ug) Residual
104w amount (ug) rate (%)
No treatment 3 - -
Vehicle 3 - -
FL 0.25 mg/rat 3 250 0.2+0.1 0.1
FL 0.5 mg/rat 3 500 03+03 0.1
FLW 0.25 mg/rat 3 250 35+1.0 1.4
FLW 0.5 mg/rat 3 500 8.3+8.0 1.7
MWCNT-7 0.25 mg/rat 3 250 62.0+8.2 24.8
MWCNT-7 0.5 mg/rat 3 500 89.8+13.5 18.0
MWCNT-N 0.25 mg/rat 3 250 142.5+19.6 57.0
MWCNT-N 0.5 mg/rat 3 500 194.2+29.0 38.8

FL Fullerene, FLW Fullerene whisker, MWCNT-7 Multi-walled carbon nanotube-7, MWCNT-N Multi-

walled carbon nanotube-N

were found. This remains an issue for future studies, includ-
ing what is analyzed and the time period after administration
of the analysis.

In conclusion, our 2-year observation with 8§
doses/15 days of FL and FLW by TIPS administration
revealed that neither FL or FLW caused alterations of
inflammatory responses or cell proliferation in the lung or
pleura and no carcinogenic changes occurred. In addition,
proliferative activity and ROS levels in the alveolar epithe-
lium 1 week after TIPS administration were associated with
carcinogenicity, which may contribute to improved carcino-
genicity detection in future studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-024-03863-7.
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