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Tumors of the Serosal Membranes

Figure 4-4

MALIGNANT MESOTHELIOMA

The tumor almost completely encases the lung and
extends along the major fissure. Tumor also grows into the
lung along the interlobular septa, surrounding small vessels
and airways (arrows).

localized rather than diffuse disease should
make one hesitate before diagnosing a diffuse
malignant mesothelioma, although sometimes
diffuse microscopic disease is present that is not
MALIGNANT MESOTHELIOMA apparent grossly. Similarly, the presence of dis-

Malignant pleural mesothelioma appears as multiple ease tz;)u ht to be ben on gross examina-
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Figure 3
Mesothelioma observed and fitted/projected deaths among males aged 20-89,
asbestos imports and estimated/projected exposure index
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Relation of Particle Dimension to Carcinogenicity in Amphibole R S I prid T G Ik, By vesica
Asbestoses and Other Fibrous Minerals ': gl ion of sdand DICC evocidotite designased

crocid 5, Differences in dimension were the result of

Mearl F. Stanton, ®* Maxwell Layard, >*® Andrew Tegeris, 7 Eliza Miller, > Margaret May, 3 4 South African crocidolitc and scparated by centrifugy.
7.9 d Al Smith 5 . tion to obtain mutually exclusive size ranges from the
Elizabeth Morgan, an roy sm same sample (24) The remaining sample, crocid 2, way

TABLE 1—Summary of 72 experiments with different fibrous materials

Percent Common log Percent Common log
Actual . Actual "
Expt tumor fibers/ug, Expt tumor fibers/ug,
No.  Compound e  Probability =025umx | No. ~ Compound tumor . probability <025 phasd
+SD >8 um incidence + 8D >8 um
1 Titanate 1 21/29 95+4.7 4.94 37 Halloy 1 4/25 20+9.0 0
2 Titanate 2 20/29 100 4.7T0 38 Halloy 2 5/28 23+9.3 1]
3 Si carbide 17/26 100 5.15 39 Glass 8 3/26 19+10.3 301
4 Dawson 5 26/29 100 4.94 40 Crocid 11 4/29 19+8.5 0
5 Tremolite 1 22/28 100 3.14 41 Glass 19 2/28 16+9.0 0
6 Tremolite 2 21/28 100 2.84 42 Glass 9 2/28 14+9.4 1.84
7 Dawson 1 20/25 95+4 8 466 43 Alumin 6 2/28 13+8.8 0.82
8 Crocid 1 18/27 9446.0 5.21 44 Dawson 6 3/30 13+6.9 0
9 Crocid 2 17/24 93+6.5 4.30 45 Dawson 2 2/27 12+7.9 0
10 Crocid 3 15/23 93+6.9 5.01 46 Wollaston 2 2/25 12+8.0 0
11 Amosite 14/25 93+7.1 3.53 47 Crocid 12 2/27 10£7.0 3.73
12 Croeid 4 15/24 B6+9.0 513 48 Attapul 2 2/29 11+7.5 0
13 Glass 1 9/17 85+13.2 5.16 49 Glass 10 2/27 8+5.6 0
14 Crocid 5 14/29 TE+10.8 3.29 50 Glass 11 1/27 B+5.5 0
15 Glass 2 12/31 77+16.6 4,29 51 Titanate 3 1/28 8+8.0 0
16 Glass 3 20/29 T4+85 3.69 52 Attapul 1 2/29 B+5.3 0
17 Glass 4 18/29 71+9.1 4.02 53 Tale 1 1/26 7+6.9 0
18 Alumin 1 15/24 70+10.2 3.63 54 Glass 12 1/25 T+5.4 0
19 Glass 5 16/25 6996 3.00 556 (rlass 13 1/27 6+5.7 0
20 Dawson 7 16/30 68+9.8 471 56 Glass 14 1/25 6+5.5 0
21 Dawson 4 11/26 66+12.2 4.01 57 Glass 15 1/24 6+5.9 1.30
22 Dawson 3 9/24 66+13.4 5.73 58 Alumin 7 1/25 5+5.1 0
23 Glass 6 7/22 B64+17.7 4,01 59 Glass 18 1/29 5+4.4 0
24 Crocid 6 9/27 63+13.9 4.60 60 Tale 3 1/29 4+4.3 0
25 Crocid 7 11/26 56117 2.65 61 Tale 2 1/30 4+3.8 0
26 Crocid 8 8/25 53+12.9 0 62 Tale 4 1/29 5+4.9 0
27 Alumin 2 8/27 44+11.7 2.95 63 Alumin 8 1/28 3+3.4 0
28 Alumin 3 9/27 41+10.5 247 64 Glass 21 2/47 6+4.4 0
29 Crocid 9 8/27 33+9.8 4.25 65 Glass 22 1/45 2423 0
30 Wollaston 1 5/20 31+12.5 0 66 Glass 17 0/28 0 0
31 Alumin 4 4/25 28+12.0 2.60 67 Glass 18 0/115 0 0
32 Crocid 10 6/29 37+13.5 3.09 68 Crocid 13 0/29 0 0
33 Alumin 5 4/22 22+9.8 3.73 69 Wollaston 4 0/24 0 0
34 Glass 20 4725 22+10.0 0 70 Tale 6 - 0/30 0 0
35 Glass 7 b/28 2189 2.50 71 Talc 6 0/30 }] 3.30
36 Wollaston 3 3/21 19+10.5 0 72 Tale 7 0/29 0 0 6
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Dose—Response Relationship

of Fibrous Dusts in Intraperitoneal Studies
Environ Health Perspect 105(Suppl 5):1253-1256 (1997)

Markus Roller,! Friedrich Pott,' Kenji Kamino,4
Gerhard-Heinrich Althoff,! and Bernd Bellmann3

Table 1. Fibrous dusts and mass doses applied in a series of carcinogenicity studies from 1990 to 1992 (number of
injections x dust mass/injection, mg).

Fibrous dusts containing relatively Fibrous dusts containing relatively

long and thick fibers? short and thin fibers?

Glass fibers¢ B-01-0.9 (5x 25, 10x 25, 20 x 25, 40 x 25)

B-09-2.0 (3 x50, 9x50) B-09-0.6 (2 x50, 6 x50)

B-20-2.0(1x6, 1x 18, 2x30) B-09-0.6 (1x3.5, 1x8.5, 1x25, 3x25)
Glass? MMVF11 (2 x 35, 6x30) Glass fibers? M-753-104 (1 x 17, 1x 50)
Stone? MMVF21 (2 x 30, 5x 30)

Slag® MMVF22 (1 x 20, 1 x50, 3x50) Asbestos

M-Stone (1x8.5, 1x25.5, 2x 42.5) Crocidolite (5x0.1)
R-Stone-Experimental 3 (4 x 28.5, 9x 28.5) Tremolite (1x 3.3, 1x15)

#Particles with aspect ratio>5/1, median length 8—17 pym, median diameter 0.7-1.2 ym. ®Particles with aspect
ratio >5/1, median length 2—4 ym, median diameter 0.2-0.5 pm. €All B-prefix fibers are glass fibers. The first num-
ber (B-01, B-09, B-20) represents a code for the chemical composition. The composition of B-20 is similar to stone
fibers MMVF21. The second number indicates the nominal median diameter of the original sample. #The designa-
tions MMVF11 and -21 originate from the Thermal Insulation Manufacturers Association (TIMA, Stamford, CT).
TIMA made the samples available for scientific purposes. The dusts were prepared from the thinnest fraction of
typical commercial insulation wools and were also used in inhalation experiments in the laboratories of Research
and Consulting Company (RCC), Geneva, Switzerland. Glass fibers M-753-104 are produced as microfibers, i.e.,
with a relatively small diameter and a chemical composition similar to MMVF11. #The chemical composition of
this dust sample, bought in 1990 from Manville Technical Center (Denver, CO), is practically identical to the slag- 9
wool designated MMVF22 in inhalation experiments carried out in the RCC laboratories, Switzerland.



Frequency of rats with mesothelioma,? 95% ClI
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length (pm)
1.25 2.5
0.031
0.0625
0.125 \

0.25
diameter 5

(Lm) 10

carcinogenicity factor

Hypothesis on the carcinogenic potency of a fibre as a function of its size with
some data on “carcinogenicity factors”. From: Pott (1978).
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MWCNT (Mitsui)
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The Journal of Toxicological Sciences (J. Toxicol. Sci.) 105
Vol33.No.1, 105-116, 2008

|
Original Article

Induction of mesothelioma in p53+/— mouse by
Intraperitoneal application of multi-wall carbon nanotube

Atsuya Takagi', Akihiko Hirose?, Tetsuji Nishimura®, Nobutaka Fukumori®,
Akio Ogata*, Norio Ohashi*, Satoshi Kitajima' and Jun Kanno'

!Division of Cellular and Molecular Toxicology,

Biological Safery Research Center, National Institute of Health Sciences,
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan
‘Division of Risk Assessment,

Biological Safety Research Center, National Institute of Health Sciences,
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan
‘Division of Environmental Chemistry, National Institute of Health Sciences,
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan
‘Department of Environmental Health and Toxicology,

Tokyo Metropolitan Institute of Public Health,

3-24-1 Hyakunin-cho, Shinjuku-ku, Tokyo 169-0073, Japan

(Recetved November 20, 2007; Accepted December 9, 2007)
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Three doses

Cancer
Science:

Dose-dependent mesothelioma induction by
intraperitoneal administration of multi-wall carbon

nanotubes in p53 heterozygous mice

Atsuya Takagi,! Akihike Hirose! Mitsuru Futakudhi,* Hiroyuki Tsuda® and Jun Kanno'®

Yisdsiors of o lular and Molaler Todmlagy, Divison of Nk Seawmant, Bidogcal Safty Mnard Garter, Mational nsSsss of Haalth o, Tekyps;
Yo pa it o Bcie alar Toadazlogy, Magaa Oy Univni By S raduate School of ﬁhli‘:— Hfmh:hw"rnhl La koratary, Mageya
iy Uinbvam By, Magoys, lagan

Facasad Febnuany T, 101 T/ Faviead March 3, 30 5\ copied A | 5, 3 & cepisd marima pt on n s Aprl 37, 3052 e fir publ shed on e e 5, 3005

300 pg/animal = 1x108 fiber /animal
30 pg/animal = 1x107 fiber /animal
3 ng/animal = 1x10° fiber /animal
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Low dose group #19
3 ug/animal = 1/1,000 of the first study

Takagi et al. Cancer Science, 2012
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Low dose
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NEWS & VIEWS ~ NANOTOXICOLOGY

The asbestos analogy revisited

Direct injection of long multiwalled carbon nanotubes into the abdominal cavity of
mice produces asbestos-like pathogenic behaviour. What does this finding mean for

nanotube safety?

Agnes B. Kane and Robert H. Hurt
are at Brown University, Providence, Rhode Island
02912, USA.
e-mail: Agnes_Kane@brown.edu;
Robert_Hurt@brown.edu

he possibility that carbon nanotubes
would show asbestos-like behaviour

in the human body was raised ten
years ago with a call for appropriate
research’. Exposure to asbestos is known
to cause mesothelioma — cancer of
the lining of the lungs (pleura) and
abdominal cavity (peritoneum). The
nanotube and asbestos analogy relies
on several points of material similarity:
small fibre diameter, long length and
chemical stability in physiological
environments (biopersistence). There
are also differences between these two
fibrous materials, such as their chemical
composition and surface properties,
so the validity and usefulness of the
nanotube and asbestos analogy have
been unclear. Two recent studies provide
important new insight into the possibility
that carbon nanotubes may indeed induce
mesothelioma — a disease that is rare

378

in unexposed populations and is thus a
sensitive marker for asbestos exposure.

On page 423 of this issue’,

Ken Donaldson of the MRC/University of
Edinburgh and co-workers in the UK and
US report that long multiwalled carbon
nanotubes (MWNTs) injected directly

into the abdominal cavity of mice induce
inflammation, formation of nodular lesions
called granulomas and early fibrosis or
scarring in the mesothelial lining. Shorter
nanotubes had much less of an effect, as
did carbon black nanoparticles used as a
non-fibrous reference material. A seven-
day exposure did not induce mesothelioma,
but the distribution and severity of these
early inflammatory and granulomatous
lesions are similar to those induced by
long fibres of brown asbestos (amosite),
which is known to induce significant
toxicity and carcinogenicity in longer-term
animal studies.

Another recent study” by Jun Kanno
of the National Institute of Health
Sciences in Japan and colleagues from
the Tokyo Metropolitan Institute of
Public Health shows that MWNTs, also

injected into the abdominal cavity of

mice, induce malignant mesotheliomas in
p53+/- heterozygous mice — a common
genetically engineered mouse model.
These mice are a useful laboratory model
because they are sensitive to asbestos
and can rapidly develop malignant
mesothelioma following repeated
exposure to asbestos fibres.

Using commercial MWNTs from
the same suppliers as Donaldson and
co-workers, the Japanese team observed
granulomas and fibrosis in the mesothelial
lining as well as tumours in 88% of the
MWNT-treated mice after 25 weeks, in
comparison with 79% in mice injected
with crocidolite, a particularly potent
form of asbestos. Minimal mesothelial
reactions and no mesotheliomas were
produced by the same mass dose of
(non-fibrous) C, fullerene. The authors
conclude that asbestos fibres and MWNTs
may have similar carcinogenic potential
on the basis of their fibrous geometry,
biopersistence and ability to generate
tissue-damaging free radicals.

nature nanotechnology | VOL 3 | JULY 2008 | www.nature.com/naturenanotechnology

Both of these reports identify key
physical properties of carbon nanotubes
that may be relevant for potential toxicity

© 2008 Macmillan Publishers Limited. All rights reserved.

18



19

NANOTOXICOLOGY

The asbestos analogy revisited

Direct injection of long muiltiwalled carbon nanotubes into the abdominal cavity of
mice produces asbestos-like pathogenic behaviour. What does this finding mean for

notube safety?
g B K d R b rt H Hu rt in unexposed populations and is thus a mice, induce malignant mesothelio
versity, Rhode sensitive marker for asbestos exposure. p53+/- heterozygous mice — a cor
02912, USA. On page 423 of thisissue?, ~ genet ically engineered mouse mod

e-mail: Agnes Kane@hrown.edu; Ken Donaldson of the MR U iversil)r of 'Ih nce area usetu] laborator\

ITC ranart that lana multiwallad carhan and fan ranidlr devalan malianant

In the case of carbon nanotubes
and other engineered nanoproducts, we
are still within a ‘window of opportunity’
to develop safe material design and
manufacturing strategies before
commercialization becomes widespread.
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TABLE 1
Main Physico-chemical Characteristics of the Tested Materials

Crocidolite®  MWCNT+? MWCNT-?

Metal content (%)* nd

Al 1.97 0.37
Fe 049 <0.01
Co 048 <0.01
Specific surface area (m%/g) 8 209 190

Extent of defects (Ip/lg)* nd 1.16 0.58
Reactive sites”, molar nd 29.2 0.4

enthalpy of adsorption of
Diameter (nm) 330 (2.1)*
Length (pm) 25 (2.0

HAFW BT H I 4 ZZ 777'/A LULA4-UI9-VU0 W /TN K

11.3+ 3.9
About (0.7

113 +:3.9*%
About 0.7
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Figure 3
Mesothelioma observed and fitted/projected deaths among males aged 20-89,
asbestos imports and estimated/projected exposure index
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Exposure Chamber
=Rigorous agitation

Human

Aerosol with
aggregates/agglomerates
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Exposure Chamber

Human . .
=Rigorous agitation

Aerosol without
aggregates/agglomerates
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Figure 1

Suspend |, | Freeze |, Filter|=»| Snap-freeze=>| Sublimate™| T-CNT

to TB and thaw \

/

Filler extension

Wi// N

U-CNT|=>

Suspensmn

Filterate to Collecting Bottle

Taquahashi et al., J Tox Sci 38:619-628, 201%






Taquahashi et al., JTS, 2013

T-CNT (SEM
x1,000)
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Comparison of yield / weight of sample
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Mortality by Mesothelioma
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Takagi et al. Cancer Science, 2012
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Taquann-MWCNT is 5% in weight of bulk MWCNT
95% of the bulk was aggregates/agglomerates
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Comparison of yield and peritoneal response
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Mortality by Mesothelioma

NANO-AO Kaplan—Meier
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Figure 1

U-CNT
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Taquahashi et al., J Tox Sci 38:619-628, 2013
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Carrier air flow from su

RS

pochamber to mainchamber

Taguahashi et al., JTS, 2013
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Loading T-CNT to the cartridges

Cartrges
D22 mm X H65 mm

Capacity; 23.5mL

A measured amount the collected T-CNT was resuspended to TB

The suspension was dispensed into the cartridges, snap-frozen and sublimated 72
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Aerosol generation procedure

Injection (Duration: 0.2 sec)

L

10 sec | 20 sec | 30 sec | 40 sec | 50 sec | 60 sec

-

1 T T T

Cartridge 2  Cartridge 3 Cartridge 3 Cartridge 21
Cartridge 1

« Twenty-one cartridges were prepared for a two hour exposure experiment

« The compressed air was injected into subchamber (0.8MPa. 0.2 sec X5 time,10 sec

interval)

« Loading first two in 1 min for an initial boost and then one in every 6 min [



A real time particle counting in Mainchamber

Particle Count/L

(x108)
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Taquahashi et al., JTS, 2013
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Chamber air sample

Taquahashi et al., J Tox Sci 38:619-628, 2013

[
|

5L/min or 3 minutes SEM x1,000 (scale bars are 10 um.




From the lysed lung

Taquahashi et al., J Tox Sci 38:619-628, 2013
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No change in length/width by Taguann Dispersion
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T-CNT width
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Aerosol in exposure chamber has the

same length and width

Aerosolized T-CNT Length

7.3 4.9 um
(Max 33.0 um)

5 10 15 20 25 30 35 40 45 50 55 60
um

7 100
1 90
1 80
1 70
1 60
1 50
1 40
1 30
1 20
1 10

Percentage

T-CNT counted on a filter by SEM (x2,500) (N=618)
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CNT recovered from the lung
shows same length and width

Inhaled T-CNT Length (Mouse #1) Inhaled T-CNT Length (Mouse #2)

b
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Concentration data of inhalation chamber
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On-going study: Taquann-Direct Injection System

whole body MWCNT inhalation study (c57BL/6 p53 +/- male)

Group/

Exposure* Conc. Sampling
mg/m?3 Animalno. 0D 13W 26W 39W 52W
Pathology 3 7 7 8 8
Control
O ng/cartridge 0 48
H Burden 3 3 3 3 3
Pathology 3 7 7 8 8
Taquann L 48
250 ng/cartridge
Burden 3 3 3 3 3
Pathology 3 7 7 8 8
Taquann H
: 2 48
500 ng/cartridge
Burden 3 3 3 3 3

*: 2hr exposure per week for 5 weeks (total 10 hr)
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High 13W Inhalation study
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Frustrated Phagocytosis
(Mesotheliomagenesis)
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Frustrated Phagocytosis
(Mesotheliomagenesis)
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Lung burden
mg/kg

Lung burden
mg/kg

Under the Curve (AUC) = burden x time

AUC of Gaseous chemical by every-day
constant concentration inhalation

AUC of particulate matter (nanomaterial) 2Y
by every-day constant concentration Hﬂ
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Low exposure during Overload toxicity during cancer
sensitive period development
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Proposed protocol for nanomaterial inhalation
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