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Multi-walled carbon nanotubes translocate into the
pleural cavity and induce visceral mesothelial
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Multi-walled carbon nanotubes have a fibrous structure similar
to asbestos and induce mesothelioma when injected into the
peritoneal cavity. In the present study, we investigated whether
carbon nanotubes administered into the lung through the tra-
chea induce mesothelial lesions. Male F344 rats were treated
with 0.5 mL of 500 pg/mL suspensions of multi-walled carbon na-
notubes or crocidolite five times over a 9-day period by intrapul-
monary spraying. Pleural cavity lavage fluid, lung and chest wall
were then collected. Multi-walled carbon nanotubes and crocido-
lite were found mainly in alveolar macrophages and mediastinal
lymph nodes. Importantly, the fibers were also found in the cell
pellets of the pleural cavity lavage, mostly in macrophages. Both
multi-walled carbon nanotube and crocidolite treatment induced
hyperplastic proliferative lesions of the visceral mesothelium,
with their proliferating cell nuclear antigen indices approximately
10-fold that of the vehicle control. The hyperplastic lesions were
associated with inflammatory cell infiltration and inflammation-
induced fibrotic lesions of the pleural tissues. The fibers were not
found in the mesothelial proliferative lesions themselves. In the
pleural cavity, abundant inflammatory cell infiltration, mainly
composed of macrophages, was observed. Conditioned cell cul-
ture media of macrophages treated with multi-walled carbon
nanotubes and crocidolite and the supernatants of pleural cavity
lavage fluid from the dosed rats increased mesothelial cell prolif-
eration in vitro, suggesting that mesothelial proliferative lesions
were induced by inflammatory events in the lung and pleural
cavity and likely mediated by macrophages. In conclusion, intra-
pulmonary administration of multi-walled carbon nanotubes, like
asbestos, induced mesothelial proliferation potentially associated
with mesothelioma development. (Cancer Sci 2012; 103: 2045-
2050)

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

Pleural plaque and malignant mesothelioma are characteristic
lesions in asbestos-exposed humans. Although fiber dimensions,
bloper51stence 0x1dat1ve stress and inflammation have all been
implicated,” ' the exact mechanisms of pleural pathogenesis
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are unclear. Accordmg to a pathogenesis paradigm suggested by
Donaldson et al.,” asbestos fibers penetrate into the pleural cav-
ity from the alveoh and deposit in the pleural tissue. Unlike spher-
ical particles, fibrous materials such as asbestos are not cleared
effectively from the pleural cavity, resulting in deposition of the
fibers in the parietal pleura. This deposition, in turn, causes frus-
trated phagocytosis-induced pro-inflammatory, genotoxic and
mitogenic responses in the deposition sites.

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

In the present study, to examine whether MWCNT translocate
into the pleural cavity and cause inflammation leading to prolifera-
tive change of the mesothelial tissue, we administered relatively
high doses (five doses at 250 pg/rat) of two MWCNT samples
(MWCNT-N and MWCNT-M) to the rat lung by intrapulmonary
spraying (IPS)/intratracheal instillation; crocidolite (CRO; one
kind of asbestos fiber) was used as a positive control. Intrapulmo-
nary spraying has been shown to be an efﬁc1ent method to deliver
particle materials deep into the lung.?*" Our results demon-
strated that MWCNT, like asbestos, translocated from the lung
into the pleural cavity and induced inflammatory responses in the
pleural cavity and, importantly, hyperplastic visceral mesothelial
proliferation. These findings are important in understanding
whether MWCNT have the potential to cause asbestos-like pleural
lesions.
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Materials and Methods

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

Preparation of MWCNT and CRO suspensions. The MWCNT
investigated were MWCNT-N (Nikkiso Co., Ltd, Tokyo,
Japan) and MWCNT-7 (Mitsui Chemicals Inc., Tokyo, Japan;
designated as MWCNT-M). Crocidolite (Union for Interna-
tional Cancer Control grade) was from the National Institute
of Health Sciences of Japan stocks. Ten milligrams of
MWCNT-N or MWCNT-M were suspended in 20 mL of sal-
ine containing 0.1% Tween 20 and homogenized for 1 min
four times at 3000 r.p.m. in a Polytron PT1600E benchtop
homogenizer (Kinematika AG, Littau, Switzerland). The sus-
pensions were sonicated for 30 min shortly before use to mini-
mize aggregation. The CRO suspension was prepared
similarly, but without homogenization. The concentration of
the MWCNT and CRO suspensions was 500 pg/mL. The
lengths of MWCNT and CRO in the suspensions were deter-
mined using a digital map meter (Comcureve-9 Junior; Koizumi
Sokki MFG. Co., Ltd, Nigata, Japan) on scanning electron
microscope (SEM) photos. The SEM observation and length dis-
tributions of MWCNT and CRO are shown in Fig. S1A,B. To
count the fiber number, 500 pg/mL suspensions of MWCNT-N,
MWCNT-M and CRO were diluted 1:1000 with deionized water
and 0.5 pL of the diluted suspensions was loaded onto clean
glass slides and dried in a micro oven at 480°C for 1 min. The
fiber number on the slides was counted under a polarized light
microscope (PLM) (Olympus BXS5IN-31P-O PLM, Tokyo,
Japan) (PLM detects all fibers longer than 200 nm). The results
are shown in Fig. S1C.

Intrapulmonary spraying of MWCNT and CRO into the lung
and pIeuraI cavity lavage (PCL). We used the 1ntrapulmonar2/
spraying technique that was developed in our laboratory.‘
Briefly, rats were anaesthetized using isoflurane; the mouth
was fully opened with the tongue gently held and the nozzle
of a microsprayer (series IA-1B Intratracheal Aerosolizer;
Penn-century, Philadelphia, PA, USA) was inserted into the
trachea through the larynx and 0.5 mL suspension was sprayed
into the lungs synchronizing with spontaneous respiratory inha-
lation. We confirmed that the dosed materials were distributed
deep into the lung tissue and reached most of the terminal
alveoli without causing obvious respiratory distress.

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

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

Light microscopy and PLM. Haematoxylin—eosin (H&E)-
stained slides of the lung tissues and cellular pellets of the
PCL were used to observe MWCNT-N, MWCNT-M and CRO
fibers with PLM at x1000 magnification. The exact localiza-
tion of the illuminated fibers was confirmed in the same H&E-
stained sections after removing the polarizing filter.

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

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

In vitro exposure and preparation of conditioned macrophage
culture media. The induction and preparation of primary alveo-
lar macrophages (PAM) has been described preV1ously 29
PAM were seeded into 6 cm culture dishes at 2 x 10° cells
per well in 10% FBS RPMI 1640. After overnight incubation,
the culture media was refreshed and MWCNT-N, MWCNT-M
or CRO suspensions were added to the cells to a final concen-
tration of 10 pg/mL. The cells were then incubated for another
24 h. The conditioned macrophage culture media was then
collected for in vitro cell proliferation assays.

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

Statistical analysis. Statistical analysis was performed using
ANovA. The statistical significance was analyzed using a two-
tailed Student’s #-test. A P-value of <(0.05 was considered to
be significant.

Results

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

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

CRO

(d)

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

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

Mesothelial cell proliferation assay in vitro. To examine
whether inflammatory reactions, especially those mediated by
macrophages, exert proliferative effects on mesothelial cells,
we examined the effects of conditioned macrophage culture
medium on mesothelial cell proliferation in vitro. The condi-
tioned culture media of macrophages exposed to MWCNT-N,
MWCNT-M or CRO significantly increased the proliferation
of the human mesothelioma cell line TCC-MESOI1. The con-
centrated supernatants of the PCL taken from the rats treated
with MWCNT-N, MWCNT-M or CRO exhibited similar
effects (Fig. 4). These results indicate that factors in the PCL,
possibly secreted by alveolar and pleural macrophages, are
able to cause mesothelial cell proliferation.

Discussion

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

This is the first report to show that MWCNT administered
into the rat lung causes mesothelial proliferative lesions. Ad-
amson et al.*® reported that intratracheal instillation of asbes-
tos in mice induced pleural mesothelial cell proliferation
within several days; the degree of pleural mesothelial cell pro-
liferation did not appear to correlate with the localization of
asbestos fibers in the pleura.”” Similarly, we did not find
fibers within the HVMP lesions. Thus, our findings suggest
that HVMP lesions do not appear to be directly induced by the
deposited MWCNT or CRO fibers. Also, in vitro exposure to
MWCNT and CRO fibers did not lead to proliferation of TCC-
MESOI1 cells, but rather to cell death (Fig. S4). It has been
reported that macrophages play a significant role in mesothelial
cell proliferation caused by asbestos exposure and surgical
injury,?* 3" and that the conditioned medium of macrophages
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Fig. 4. Effect of conditioned macrophage culture media and the su-

pernatants of the pleural cavity lavage (PCL) on mesothelial cell prolif-
eration in vitro. The conditioned culture media of macrophages
treated with multi-walled carbon nanotubes (MWCNT)-N, MWCNT-M
or crocidolite (CRO) significantly increased the cell proliferation of
TCC-MESO1. The concentrated supernatants of the PCL from the rats
treated with MWCNT-N, MWCNT-M or CRO had similar effects. n = 6.
***p < 0.001.
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exposed to MWCNT promotes mesothelial cell proliferation
in vitro.®” Activated macrophages secrete a panel of growth
factors and cytokines to regulate cell proliferation, which can
augment transformation of mesothelial cells.***%33% Qur
observations that mesothelial cell proliferation is enhanced by
conditioned macrophage culture media and by the supernatants
of pleural cavity lavage are consistent with these results,
although the factors that are involved need to be identified.

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

Currently, the exposure level to MWCNT in the workplace is
unknown and there are no administrational regulations for the
occupational exposure limit for MWCNT. In November 2010, the
National Institute of Occupational Safety and Health (NIOSH)
released a non-official carbon nanotube exposure limit for peer
review. The recommended exposure limit in the air was set at
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