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Mol Physiol 295: 1L.552-1L565, 2008. First published July 25, 2008;
doi:10.1152/ajplung.90287.2008.—Nanomaterials are frontier tech-
nological products used in different manufactured goods. Because of
their unique physicochemical, electrical, mechanical, and thermal
properties, single-walled carbon nanotubes (SWCNT) are finding
numerous applications in electronics, aerospace devices, computers,
and chemical, polymer, and pharmaceutical industries. SWCNT are
relatively recently discovered members of the carbon allotropes that
are similar in structure to fullerenes and graphite. Previously, we (47)
have reported that pharyngeal aspiration of purified SWCNT by
C57BL/6 mice caused dose-dependent granulomatous pneumonia,
oxidative stress, acute inflammatory/cytokine responses, fibrosis, and
decrease in pulmonary function. To avoid potential artifactual effects
due to instillation/agglomeration associated with SWCNT, we con-
ducted inhalation exposures using stable and uniform SWCNT dis-
persions obtained by a newly developed aerosolization technique (2).
The inhalation of nonpurified SWCNT (iron content of 17.7% by
weight) at 5 mg/m?, 5 h/day for 4 days was compared with pharyngeal
aspiration of varying doses (5-20 pg per mouse) of the same
SWCNT. The chain of pathological events in both exposure routes
was realized through synergized interactions of early inflammatory
response and oxidative stress culminating in the development of
multifocal granulomatous pneumonia and interstitial fibrosis. SWCNT
inhalation was more effective than aspiration in causing inflammatory
response, oxidative stress, collagen deposition, and fibrosis as well as
mutations of K-ras gene locus in the lung of C57BL/6 mice.

nanoparticles; lung disease

SEVERAL DECADES OF EXTENSIVE studies of particles and their
effects on the lung have revealed important mechanisms of
their toxicity associated with inflammation and oxidative stress
(11, 14, 38, 41, 52). The size and surface area of particles were
found to be especially important as determinants of the mag-

nitude of pulmonary responses as exemplified by augmented
toxicity of microparticles, especially PMs and PM, 5 (40). With
the recent advent of nanotechnology, concerns have arisen that
the extremely small size (<100 nm in diameter) and remark-
ably large specific surface area of nanoparticles may present
extreme risk to human health and the environment (31, 39).
Moreover, because nano-dimensions often render the chemical
and physical properties of nanometer scale particles fundamen-
tally different from larger particles of the same composition,
biological and toxicological effects of nanoparticles cannot
necessarily be deduced by extrapolation of data collected with
fine and ultrafine particles (27). These general considerations
hold true for carbon nanotubes, particularly single-walled car-
bon nanotubes (SWCNT), cylinders (1-3 nm in diameter)
made of a single layer of graphene with lengths on the order of
tens of nanometers to micrometers. A commonly used tech-
nology in the manufacturing of SWCNT is catalytic dispropor-
tionation of gaseous carbon molecules supported on catalytic
iron particles. Thus raw SWCNT usually contain significant
amounts (up to 40% wt) of iron that may act as a catalyst of
oxidative stress. So, iron-containing SWCNT are likely more
toxic than iron-free SWCNT.

Several studies have demonstrated the toxicity of SWCNT to
different types of cells in vitro (7, 19, 29). However, studies of
in vivo effects of SWCNT are still scarce (28, 47, 55). At the
time of writing, only a few published reports demonstrate the
pulmonary toxicity of SWCNT (28, 32, 47, 55). Our previous
work (47) documented an unusual inflammatory response to
SWCNT delivered to the lung via pharyngeal aspiration char-
acterized by a brisk acute phase inflammatory response fol-
lowed by an early onset of lung fibrosis. Inflammation and
pulmonary fibrosis have been associated with an increased risk
for lung cancer (20) thus justifying assessments of genotoxic
events possibly accompanying SWCNT exposure.

As pharyngeal aspiration delivers SWCNT as a bolus to the
lung airways, this pulmonary response could potentially be
caused by the high single dose of carbon nanotubes. Recent
reviews have emphasized the lack of definitive inhalation
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studies that would avoid the potential for artifactual effects of
large mats and agglomerates formed during instillation expo-
sure procedures (10). Therefore, we developed an inhalation
protocol to evaluate SWCNT effects on the lung. Because of
the high propensity of hydrophobic SWCNT to agglomerate (3,
4), preparation of an adequate aerosol dispersion suitable for an
inhalation protocol is immensely difficult. By applying a new
technique to aerosolize SWCNT (2), we were able to obtain
stable and uniform SWCNT dispersions suitable for the inha-
lation experiments. Here, we present the results of a study in
which inhalation of nonpurified SWCNT (with an iron content
of 17.7% wt) was compared with pharyngeal aspiration of
various doses of the same SWCNT. We report that the inha-
lation route was more effective in causing inflammatory re-
sponse, oxidative stress, collagen deposition, and fibrosis as
well as mutations of K-ras gene locus in the lung of C57BL/6
mice compared with aspiration of a similar dose of SWCNT.

MATERIALS AND METHODS

Animals. Specific pathogen-free adult female C57BL/6 mice (8—10
wk) were supplied by The Jackson Laboratory (Bar Harbor, ME) and
weighed 20.0 £ 1.9 g when used. Animals were housed one mouse
per cage receiving HEPA filtered air in Association for Assessment
and Accreditation of Laboratory Animal Care-approved National
Institute for Occupational Safety and Health (NIOSH) animal facili-
ties. All animals were acclimated in the animal facility under con-
trolled temperature and humidity for 1 wk before use. Animals were
supplied with water and certified chow 5020 (Purina Mills, Richmond,
IN) ad libitum in accordance with guidelines and policy set forth by
the Institute of Laboratory Animals Resources, National Research
Council. All experimental procedures were conducted in accordance
with a protocol approved by the NIOSH Institutional Animal Care and
Use Committee.

Experimental design. Experimental protocols for the present stud-
ies included inhalation and pharyngeal aspiration exposures of
C57BL/6 mice to SWCNT. Animals were exposed in a whole body
inhalation exposure chambers with individual steel mesh compart-
ments for 4 consecutive days, 5 h/day. Aerosolized SWCNT were
sampled from the breathing zone within each chamber for character-
ization during exposure. Mice from the control group were exposed to
filtered air. After the last exposure, animals were removed from the
chambers and euthanized 1, 7, and 28 days postinhalation. A suspen-
sion of SWCNT (0, 5, 10, and 20 pg per mouse) was used for single
pharyngeal aspiration to additional groups of C57BL/6 mice, whereas
the corresponding control mice were administered sterile Ca®>" +
Mg?*-free PBS vehicle. Dose-dependent inflammatory response and
pulmonary toxicity were evaluated, and the concentration of 10 pg per
mouse of SWCNT was chosen for time course study. Mice were
euthanized on days 1, 7, and 28 following the exposure. All experi-
ments were repeated three times. Inflammation was evaluated by total
cell counts, cell differentials, and accumulation of cytokines in the
bronchoalveolar lavage (BAL) fluid. Pulmonary toxicity was assessed
by elevation of lactate dehydrogenase (LDH) level in acellular BAL
fluid. Fibrogenic responses to exposed materials were assessed by
morphometric measurements and collagen deposition. Respiratory
changes after SWCNT exposures were assessed by measurement of
breathing patterns using whole body plethysmography (47).

Particles. SWCNT were purchased from Carbon Nanotechnology
(CNI, Houston, TX). The nanotubes were manufactured using the
high-pressure CO disproportionation process (HiPco) and were used
in the inhalation and pharyngeal aspiration studies as produced,; i.e.,
without being purified or otherwise treated after the initial production
process. They were supplied as a very low density dry powder. The
supplied SWCNT contained nanometer-scale Fe catalyst particles
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inherent in the HiPco process. The amount of metallic impurities was
analyzed using nitric acid dissolution and inductively coupled plasma-
atomic emission spectrometry (ICP-AES) performed according to the
NMAM method 7300 for trace metals (NIOSH Manual of Analytical
Methods, 2005). Analysis indicates that these SWCNT contained
elemental carbon (82% wt), Fe (17.7%). Trace elements present
included Cu (0.16%), Cr (0.049%), and Ni (0.046%). Raman spec-
troscopy, near-infrared spectroscopy, and thermo-gravimetric analysis
(TGA) were used for purity assessment of HiPco SWCNT. The
spectra of SWCNT sample revealed distinct peaks at Raman shift of
1,586-1,591 cm™ !, corresponding to the characteristic G of SWCNT
as well as D and G' bands typically found in SWCNT spectra. The
diameter of SWCNT measured by transmission electron microscopy
(TEM) was 0.8—1.2 nm. The length of SWCNT was 100-1,000 nm
measured by Carbon Nanotechnology using atomic force microscopy.
The surface area of SWCNT measured by the nitrogen absorption-
desorption technique (Brunauer-Emmett-Teller method, BET) was
508 m?/g. For pharyngeal aspiration, the suspension of SWCNT
(0.7% PBS) was ultrasonicated (30 s X 3 cycles) using a Vibra-Cell
High Intensity Ultrasonic Liquid Processor VCX 130 (Sonics &
Materials, Newtown, CT) to improve dispersion of the particles before
animal dosing.

Generation of an aerosol of SWCNT. The generation system used
to deliver respirable SWCNT structures (5 mg/m?) at a flow rate of 10
I/min to 2 animal exposure chambers each containing 12 mice as
previously described (2). Briefly, aerosols containing SWCNT parti-
cles were generated using an aerosol dispersion system containing a
powder feeder and a knife mill. The acoustically fluidized powder
feeder, designed specifically for delivering the low-density material,
allowed relatively constant feed rates over a period of ~6 h. Because
the material tends to form clumps and is difficult to handle, a static
discharger containing 2!°Po strips was used to reduce the electrical
charges on the particles to prevent agglomerate formation due to
contact charging. In addition, a knife mill was set up to provide high
shear forces to tear apart these agglomerates once they were formed.
Before entering the inhalation chamber, the aerosol was passed
through a settling chamber, followed by an air cyclone (GK 2.69;
BGI, Waltham, MA) to remove the coarse portion of the particles
from the aerosol by gravitational settling and centrifugal force. The
cyclone had a 50% cutoff size of 4-wm aerodynamic diameter. The
feed rate, mill speed, and air flow rate were adjusted to allow a target
mass concentration of 5.0 mg/m? in the chamber, 5 h/day for 4 days.
The mean flow rate through each animal chamber was 5 1/min.

Mass concentration. SWCNT concentration within the exposure
chambers was monitored in real-time by a DataRAM (Thermo Fisher
Scientific, Waltham, MA). Gravimetric samples were also taken every
30 min at 2 sites within each exposure chamber using 25-mm
polyvinyl chloride (PVC) filters at a flow rate of 1 /min.

Particle size distribution. Particle size distribution was determined
by using a Micro-Orifice Uniform Deposit Impactor (MOUDI, model
110; MSP, Shoreview, MN). The flow rate of the impactor was
adjusted to 30 l/min to provide the size-classified samples with the
known cutoff sizes of 18-, 10-, 5.6-, 3.2-, 1.8-, 1.0-, 0.56-, 0.32-,
0.18-, 0.10-, and 0.056-pm aerodynamic diameter, respectively. PVC
filters were used as the collection substrates. Oleic acid was applied to
the filters (oil-soaked filters) on alternate stages to avoid the potential
particle bounce and reentrainment. Separate MOUDI runs with each
stage oil-soaked were analyzed for iron content by ICP-AES accord-
ing to NMAM method 7300 to determine mass mode aerodynamic
diameter, assuming that iron was uniformly distributed throughout the
SWCNT aerosol.

Particle morphology. Particle morphology was investigated from
the size-classified samples using MOUDI. Although oleic acid was
required to avoid particle bounce on the collection substrate, there is
a concern that the presence of oleic acid on the substrate would
interfere with microscopic observations of particles. With this con-
cern, two types of substrates were prepared, the oil-soaked PVC filters
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(to prevent bounce) (Pall, Ann Arbor, MI) and the polycarbonate
filters (to collect SWCNT samples) (Whatman, West Chester, PA)
without any oleic acid coating. For each run, these two different
substrates were placed on alternate MOUDI stages so that reliable
samples (not oil-soaked) without particle loss from upper stages were
obtained. By altering the stages for PVC and polycarbonate filters, a
complete set of 11 samples were obtained in two runs. The mass
concentration in the chamber was maintained constant during these
two runs. The sample filters (polycarbonate) were prepared by apply-
ing a thin coating of Au/Pd layer for scanning electron microscopy
(SEM) and attaching a 3-mm carbon-coated microscope grid at the
center of the filter for TEM. This procedure was adopted because it
has been successfully used in our laboratory for collecting other
ultrafine particles, such as welding fume and ultrafine titanium dioxide
particles.

Electron microscopy. The polycarbonate filters containing the sam-
ples of SWCNT particles were cut into equal sections and mounted
onto aluminum stubs with silver paste. The deposited particles were
viewed using a SEM (model 6400; JEOL, Tokyo, Japan) and also
analyzed using energy dispersive X-ray analysis (SEM-EDS; Prince-
ton Gamma Tech, Rocky Hill, NJ) at an electron beam voltage of 20
kV. Samples collected for TEM analysis were analyzed using a JEOL
1220 transmission electron microscope operating at 80 kV.

Particulate instillation. Mouse pharyngeal aspiration was used for
particulate administration (43). Briefly, after anesthetization with a
mixture of ketamine and xylazine (62.5 and 2.5 mg/kg subcutaneous
in the abdominal area), a suspension (~50 pl) of SWCNT prepared in
PBS (5, 10, and 20 pg per mouse) was placed posterior on the throat
and the tongue, which was held until the suspension was aspirated into
the lungs. Control mice were administered sterile Ca?* + Mg?*-free
PBS vehicle. The mice revived unassisted after approximately 30 to
40 min. All mice in SWCNT and PBS groups survived this exposure
procedure. This technique provided good distribution of particles
widely disseminated in a peribronchiolar pattern within the alveolar
region as was detected by histopathology. Animals treated with the
particulates or PBS recovered easily after anesthesia with no behav-
ioral or negative health outcomes. Mice were euthanized on days 1, 7,
and 28 following the exposures.

Obtaining BAL from mice. Mice were euthanized with intraperito-
neal injection of sodium pentobarbital (>100 mg/kg) and exsangui-
nated. The trachea was cannulated with a blunted 22-gauge needle,
and BAL was performed using cold sterile PBS at a volume of 0.9 ml
for first lavage (kept separate) and 1.0 ml for subsequent lavages.
Approximately 5 ml of BAL fluid per mouse was collected in sterile
centrifuge tubes. Pooled BAL cells for each individual mouse were
washed in PBS by alternate centrifugation (800 g, 10 min, 4°C) and
resuspension. Cell-free first fraction BAL aliquots were stored at 4°C
for LDH assays, and the remainder was frozen at —80°C until
processed.

BAL cell counting and differentials. The degree of inflammatory
response was estimated by quantitating total cells, macrophages, and
polymorphonuclear leukocytes (PMNs) recovered by BAL. Cell
counts were performed using an electronic cell counter equipped with
a cell-sizing attachment (Coulter Multisizer II with a 256C channel-
izer; Coulter Electronics, Hialeah, FL). Alveolar macrophages (AM)
and PMNs were identified by their characteristic cell shape in cytospin
preparations stained with Diff-Quick (Fisher Scientific, Pittsburgh,
PA), and differential counts of BAL cells was carried out. Three
hundred cells per slide were counted.

Lung lavage fluid cytokine analysis. Levels of cytokines were
assayed in the acellular BAL fluid following SWCNT inhalation or
aspiration exposures. The concentrations of TNF-a and IL-6 (sensi-
tivity of assay is 5-7.3 pg/ml) were determined using the BD Cyto-
metric Bead Array Mouse Inflammation Kit (BD Biosciences, San
Diego, CA). The concentrations of active transforming growth fac-
tor-B1 (TGF-B1) (sensitivity of assay is <15.6 pg/ml) was determined
using an ELISA kit (BioSource International, Camarillo, CA).

PULMONARY RESPONSES TO INHALED CARBON NANOTUBES

Total protein and LDH activity in the BAL fluid. Measurement of
total protein in the BAL fluid was performed by a modified
Bradford assay according to the manufacturer’s instructions (Bio-
Rad, Hercules, CA) with BSA as a standard. The activity of LDH
was assayed spectrophotometrically by monitoring the reduction of
nicotinamide adenine dinucleotide at 340 nm in the presence of
lactate using Lactate Dehydrogenase Reagent Set (Pointe Scien-
tific, Lincoln Park, MI).

Lung preparation for microscopic evaluation. Preservation of the
lung was achieved by vascular perfusion of a glutaraldehyde (2%),
formaldehyde (1%), and tannic acid (1%) fixative with sucrose as an
osmotic agent (35). This method of fixation was chosen to prevent
possible disturbances of the air space distribution of deposited mate-
rials and maintaining physiological inflation levels comparable to that
of the end-expiratory volume. This was performed using protocols
previously employed to study pulmonary effects of SWCNT (47).
Briefly, animals were deeply anesthetized with an overdose of sodium
pentobarbital, the trachea was cannulated, and laparotomy was per-
formed. Mice were then euthanized by exsanguination. The pulmo-
nary artery was cannulated via the ventricle, and an outflow cannula
was inserted into the left atrium. In quick succession, the tracheal
cannula was connected to a 5 cmH»O pressure source, and clearing
solution (saline with 100 U/ml heparin, 350 mosM sucrose) was
perfused to clear blood from the lungs. The perfusate was then
switched to the fixative. Fixed lung volume was measured by water
displacement (49). Coronal sections were cut from the lungs. The
lungs were embedded in paraffin and sectioned at a thickness of 5 pm
with an HM 320 rotary microtome (Carl Zeiss, Thornwood, NY).
Lung sections for histopathological evaluation were stained with
hematoxylin and eosin and examined by a board certified veterinary
pathologist for morphological alterations.

Sirius red staining. The distributions of type I and III collagen in
the lung tissue were determined by morphometric evaluation of the
Sirius red-stained sections (47). Briefly, paraffin lung sections (5-pm
thick) were deparaffinized and dehydrated. To identify collagen fibers
under the microscope, the sections were stained with F3BA/picric acid
for 1-2 h, washed with 0.01 N HCI for 1 min, and counterstained with
Mayer’s hematoxylin for 2 min. The slides were then dehydrated and
mounted with coverslip (23). Type I and III collagen stained by Sirius
red was visualized, and six randomly selected areas were scored under
polarized microscopy using image analysis. With this morphometric
method, the average thickness of Sirius red-positive connective tissues
in the alveolar wall was quantitatively measured. Volume and surface
density were measured using standard morphometric analyses of
points and intercept counting (54). Average thickness of the Sirius
red-positive connective tissues of the alveolar wall was computed
from two times the ratio of volume density of points to the surface
density of the alveolar wall.

Field emission SEM examination. For SEM, lung slices ~1-pm
thick were taken from the fixative-preserved lungs, dehydrated in a
graded series of alcohol, critical point-dried, and then carbon coated.
After carbon coating, the specimens were examined with a field
emission SEM (FESEM; model S-4800; Hitachi) operated at between
5 and 20 kV.

Lung collagen measurements. Total lung collagen content was
determined by quantifying total soluble collagen using the Sircol
Collagen Assay Kit (Accurate Chemical and Scientific, Westbury,
NY). Briefly, whole lungs were homogenized in 0.7 ml of 0.5 M
acetic acid containing pepsin (Accurate Chemical and Scientific) with
1:10 ratio of pepsin to tissue wet weight. Each sample was stirred
vigorously for 24 h at 4°C and centrifuged, and 200 pl of supernatant
was assayed according to the manufacturer’s instructions.

Preparation of lung homogenates. The whole mouse lungs were
separated from other tissues and weighed before being homogenized
with a Tissue-Tearor (model 985-370; Biospec Products, Racine, WI)
in PBS (pH 7.4) for 2 min. The homogenate suspension was frozen at
—80°C until processed.
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Fig. 1. Single-walled carbon nanotubes (SWCNT) size distribution measured
with cascade impactor. The mass mode aerodynamic diameter is 4.2 pwm.

HPLC assay of malondialdehyde. Accumulation of lipid peroxida-
tion products was assessed by accumulation of malondialdehyde
(MDA). MDA was analyzed by HPLC using a procedure described by
Young and Trimble (56). Briefly, MDA was analyzed in lung homog-
enates following a reaction with thiobarbituric acid and phosphoric
acid. A Waters HPLC system with a 717 Autosampler, a Waters
Nova-Pak C18 column (5 pm, 150 X 3.9 mm), a Waters 600
controller pump, and a 474 fluorescence detector was used to measure
MDA in samples. The wavelengths employed in the assay were 532
nm (excitation) and 553 nm (emission). Eluent was 25 mM phos-
phate buffer:CH;OH (1:1 vol/vol) at pH 6.5, and the flow rate was
0.8 ml/min. Under these conditions, the retention time for MDA
was 6.5 min. The data acquired was exported from the Waters 474
detector and analyzed using Millennium 2000 software (Waters,
Milford, MA).

Fluorescence assay for low molecular weight thiols. Low molec-
ular weight thiol concentration in lung homogenates was determined
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using ThioGlo-1, a maleimide reagent, which produces a highly
fluorescent adduct on its reaction with SH- groups (46). Low molec-
ular weight thiol content was estimated by an immediate fluorescence
response registered on addition of ThioGlo-1 to the lung homogenate.
A CytoFluor multiwell plate reader Series 4000 (Applied Biosystems,
Foster City, CA) was employed for the assay of fluorescence using
excitation at 360/40 nm and emission at 530/25 nm with a gain of 50.
The data obtained were exported and analyzed using CytoFluor
Software (Applied Biosystems).

Quantitative measurement of total antioxidant status in the lung
homogenates. Lung total antioxidant status was determined using the
NWLSS Antioxidant Reductive Capacity Assay (Northwest Life Sci-
ence Specialties, Vancouver, WA). Briefly, the test is based on the
ability of antioxidants in the lung homogenate to reduce Cu?>* to Cu™,
which reacts with bathocuproine to form a complex with maximal
absorbance at 490 nm. Absorbance was measured before and after
addition of bathocuproine. A standard curve was generated using uric
acid.

Measurement of protein carbonyls in the lung homogenates. The
quantity of oxidatively modified proteins assessed by measurement of
protein carbonyls in lung homogenates was determined using the
Biocell PC ELISA kit (Northwest Life Science Specialties). Sensitiv-
ity of assay is <0.1 nmol/mg protein.

Measurement of pulmonary function. Spontaneous breathing pat-
terns were monitored using whole body plethysmography. Breathing
patterns were monitored 24 h before SWCNT exposure (baseline) and
then 1, 7, and 28 days following inhalation to detect treatment-related
changes. Mice were acclimated to the plethysmograph for 10 min
followed by 30 min of acquisition of spontaneous breathing data.
Expiratory and inspiratory time, frequency, and relaxation time were
calculated from the raw waveforms using BioSystem XA software
version 2.0.248 (Buxco Electronics, Wilmington, NC) and expressed
as percentage of control air-exposed mice.

Fig. 2. A: representative scanning electron micro-
graph (SEM) of the SWCNT particles collected on
stage 9 of the Micro-Orifice Uniform Deposit Im-
pactor (MOUDI) impactor system (median aerody-
namic diameter of 240 nm). B: representative trans-
mission electron micrograph of SWCNT particles
collected on stage 9 of a MOUDI (median aerody-
namic diameter of 240 nm). C: SEM-EDS analysis
of a SWCNT particle.

20,10
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K-ras mutation analysis. For mutation analysis, three successive
lung sections were prepared from each mouse lung tissue paraffin-
embedded block, combined, and treated with xylene/ethanol to elim-
inate the paraffin. DNA was extracted from each sample using the
protocol combining proteinase digestion and phenol/chloroform ex-
traction. DNA was recovered by ethanol precipitation and resuspen-
sion in distilled water and kept at —20°C until analyzed. A sensitive
K-ras mutation detection method was used to combine nested PCR,
mutant allele enrichment by Banl restriction enzyme digestion, and
denaturing gradient gel electrophoresis (DGGE) to separate mutant
alleles from wild-type alleles as previously described by Stabile et al.
(50). Each mutant allele was isolated from the gel and further
characterized by automated sequencing to determine the nature of the
mutation.

Statistics. Treatment-related differences were evaluated using two-
way ANOVA, followed by pairwise comparison using the Student-
Newman-Keuls tests as appropriate. Statistical significance was con-
sidered at P < 0.05. Data are presented as means * SE.

Statistical analysis for the mutation data was performed using a x>
test; the data were analyzed as counts (proportions) of mutations and
no mutations among mice in a number of treatment/time groups. A P
value =0.05, at least one of the proportions in that particular analysis,
was considered statistically significant, although a valid x* test re-
quires expected counts in each cell of the analysis table to be =5.

RESULTS

Mass concentration and particle size distribution. SWCNT
concentration within the exposure chambers was monitored in
real-time by a DataRAM to allow feedback control. Gravimet-
ric samples were taken every 15 min at two sites within each
exposure chamber using 25-mm cassettes and PVC filters at a
flow rate of 1 I/min. The mean SWCNT concentration deter-
mined by the gravimetric samples was 5.52 * 1.37 mg/m?
(mean = SD). SWCNT mass mode aerodynamic diameter was
~4.2 pm determined by measuring the iron content of filters
from various stages of a MOUDI cascade impactor (Fig. 1); the
distribution was skewed to smaller particle sizes.

Pulmonary deposited dose. The pulmonary deposited dose
per animal was derived by the formula

Deposited dose = (aerosol concentration)
X (exposure duration) X (minute ventilation)

X (deposition fraction)

where the target aerosol concentration was 5 mg/m?®, and the
exposure duration was 20 h (5 h/day for 4 days) in this study. The
mean minute ventilation was estimated to be 165 cm®/min ac-
cording to the information provided by The Jackson Laboratory
database (http://phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=
meas/catlister&req=Crespiratory). Note that there are wide vari-
ations in both the tidal volumes and breathing rates of mice
depending on how these values were measured; therefore, the
minute ventilation value used here is a best estimate. The depo-
sition fraction of aerosol particles in the mouse pulmonary region
depends on the particle size distribution of the aerosol and was
determined to be 0.5% (42). The value was calculated based on
the size characterization of SWCNT aerosols during the animal
exposure (2). By substituting all the values into the formula, the
deposited dose in the pulmonary region of the mouse respiratory
tract was ~5 pg.

Particle morphology. SWCNT particles were collected on
polycarbonate filters (for SEM) and microscope grids (for
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TEM) placed on different stages of MOUDI. Representative
SEM and TEM images of SWCNT particles are shown in
Fig. 2, A and B, respectively. Particles with different morphol-
ogies shown on the micrographs indicate that, even though
their shapes and structures were different, they had similar
aerodynamic behavior and thus were collected on the same
MOUDI stage. Results from a series of SEM and TEM micro-
graphs both indicate that there was a distinctive trend of
decreasing particle size for particles collected on a lower stage
of the MOUDI. This demonstrates that the strategy of using
stages with and without oil-soaked filters alternately worked
well for collecting SWCNT particles without the phenomena of
particle bounce or reentrainment. By counting the images
of the particles on the micrographs, the stage with the cutoff of
0.18 wm had the highest counts, indicating that the count mode
aerodynamic diameter was ~240 nm. This demonstrates that
the aerosol produced by our generator contained a high number
of nano-sized SWCNT structures. The SEM-EDS analysis
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Fig. 3. Cell profile in bronchoalveolar lavage (BAL) fluids of C57BL/6 mice
after inhalation of SWCNT (5 mg/m?, 5 h/day, 4 days). A: polymorphonuclear
leukocytes (PMNG5). B: alveolar macrophages. C: total cells. Black columns: air
exposure. White columns: inhalation exposure with SWCNT. Average abso-
lute values from air-exposed control mice were (0.99 = 0.35) X 103, (5.04 +
0.32) X 10°, and (5.05 = 0.32) X 10° for PMNs, macrophages, and total cells,
respectively, throughout recovery time. Means = SE (n = 12 mice per group).
*#P < 0.05 vs. control air-exposed mice; #P < 0.05 vs. 1 day after last
inhalation with SWCNT; BP < 0.05 vs. 7 days after last inhalation with
SWCNT.
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Table 1. Inflammatory responses to SWCNT (24-h
post-pharyngeal aspiration)

5 pg Per 10 pg Per

Mouse Mouse 20 pg Per Mouse
PMN:s, fold vs. control 36.8+2.5% 51.0£9.6* T2.4E£54%%%
LDH, % of control 196.4+12.7%  245.1+15.4%%  286.0x11.4%%
Protein, % of control 111.5£3.4% 135.0+3.5%F 191.9+4.6%F%
TNF-q, fold vs. control 5.3%1.8* 6.8+ 1.5% 13.1£1.9%f%
IL-6, % of control 146.5+53.8 351.6+47.9%F  851.0%£97.9%%

Values are means * SE. *P < 0.05 vs. control PBS-aspirated mice; P <
0.05 vs. mice aspirated with 5 g per mouse single-walled carbon nanotubes
(SWCNT); £P < 0.05 vs. mice aspirated with 10 pg per mouse SWCNT.
Average absolute values from control air-exposed mice were (0.48 * 0.17) X
103 cells, 11.9 = 0.4 U/1, 0.163 = 0.006 mg/ml, 1.4 + 0.6 pg/ml, and 2.7 *
1.1 pg/ml for polymorphonuclear leukocytes (PMNs), lactate dehydrogenase
(LDH), protein, TNF-q, and IL-6, respectively.

(Fig. 2C) indicates that the particles were composed of mostly
carbon with a fair amount of iron (Au and Pd were the sputter
coating materials).

Characterization of inflammatory response. To characterize
the lung injury and inflammatory responses to SWCNT parti-
cles, we compared cell differential and total cell counts in the
BAL fluids of C57BL/6 mice, permeability of the lung epithe-
lium was assessed by protein levels, cell damage was evaluated
by the release of LDH, and lung histopathology was performed
on days 1, 7, and 28 after inhalation or pharyngeal aspiration
exposure to SWCNT.

BAL cytology indicated a robust but transient accumulation
of neutrophils after inhalation exposure to SWCNT with max-
imum on day I posttreatment with values returning toward
control thereafter (Fig. 3A). An increased number of AM (Fig.
3B) and of total cells (Fig. 3C) reaching a maximum on day 7
postexposure was documented. Although inflammation re-
turned toward control 28 days postinhalation, at this time point,
PMNs, AM, and total cell numbers in BAL fluid remained
significantly (7.1-, 1.4-, and 1.4-fold) elevated compared with
the air control group, respectively. Dose-dependent increased
levels of PMNs were found following pharyngeal aspiration of

Table 2. Comparing aspiration and inhalation exposures

Aspiration, 10 pg
per mouse

Inhalation, 5 mg/m?,
5 h/day, 4 days

1 day postexposure

PMN:ss, fold vs. control 51.0£9.6 147.4+18.9
LDH, % of control 245+15 218+26
Protein, % of control 135£3.5 168£3.0
TNF-a, pg/ml 9.5+2.1 10.8+4.7
IL-6, pg/ml 9.6+1.3 16.2%+5.9
TGF-, fold vs. control 1.52+0.09 3.1x£0.11
Collagen, % of control 12625 17135

7 day postexposure

PMN:s, fold vs. control 26.4+10.2 55.7+13.2
AM, % of control 212.2+14.7 194.0+13.3
TGF-@, fold vs. control 2.0%0.1 7.9+0.4
Collagen, % of control 153+12 227+7

28 day postexposure

Collagen, % of control 188*11 313*18

Values are means *
alveolar macrophages.

SE. TGF-B, transforming growth factor-B; AM,
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5-20 g per mouse SWCNT (Table 1). Time course of inflam-
matory cell accumulation in BAL fluid of mice exposed by
pharyngeal aspiration to SWCNT (10 pg per mouse) revealed
the highest response in PMN numbers on day / and AM on day
7 (Table 2). Notably, pharyngeal aspiration of 20-pg SWCNT
resulted in a lower level of PMNs accumulation in BAL fluid
1 day postexposure compared with inhalation exposure with
lung burden of 5 g per mouse (Table 1 and Fig. 3A).

Changes in lung permeability were assessed by the level of
protein in the BAL fluid. Time course of protein accumulation
in BAL fluid of mice after inhalation of SWCNT revealed a
significant 68%, 47%, and 33% increase over control groups
throughout recovery time of 1, 7, and 28 days postexposure
(Fig. 4A). Increased lung permeability observed after SWCNT
aspiration was dose-dependent (Table 1). Pharyngeal aspira-
tion with SWCNT at a dose of 10 g per mouse increased BAL
protein to a lesser extent than inhalation (burden 5 pg) relative
to their respective controls on day I postexposure (Table 2 and
Fig. 4A).

The degree of pulmonary cytotoxicity caused by SWCNT
inhalation or pharyngeal aspiration was assessed by LDH
activity in the BAL fluid recovered from mice. Time course of
LDH accumulation in BAL fluid of mice that inhaled SWCNT
revealed a significant 118%, 80%, and 71% increase over
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Fig. 4. Damage to pulmonary cells evaluated by changes in the level of protein
(A) and lactate dehydrogenase (LDH) activity (B) in BAL fluid of C57BL/6
mice after inhalation of SWCNT (5 mg/m?, 5 h/day, 4 days). Black columns:
air exposure. White columns: inhalation exposure to SWCNT. Average abso-
lute value of protein content from air-exposed control mice was 0.29 * 0.01
mg/ml throughout recovery time. LDH average absolute values from air-
exposed control mice were 65.2 *£ 3.8, 12.3 = 2.8, and 192 £ 1.7 U/l
throughout recovery time of 1, 7, and 28 days postexposure, respectively.
Means = SE (n = 12 mice per group). *P < 0.05 vs. control air-exposed mice;
#P < 0.05 vs. 1 day after last inhalation with SWCNT; BP < 0.05 vs. 7 days
after last inhalation with SWCNT.
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control groups throughout recovery time (1, 7, and 28 days
postexposure; Fig. 4B). Dose-dependent increased levels of
LDH were found following pharyngeal aspiration of 5-20 wg
per mouse SWCNT (Table 1). The pulmonary cytotoxicity
response after SWCNT (10 g per mouse) aspiration observed
on day I was not different from inhalation of 5 pg of SWCNT
(Table 2 and Fig. 4B).

Histopathology. Morphological alterations in lungs from
mice inhaling SWCNT were evaluated by a board-certified
veterinary pathologist. The principal histopathological alter-
ations in mice inhaling SWCNT were pulmonary inflamma-
tion, bronchiolar epithelial cell hypertrophy, and the presence
of green-brown foreign material in the interstitium, intracellu-
larly within individual macrophages or free of lung tissue and
most frequently aggregated near bronchoalveolar junctions,
often with associated AM (Fig. 5 and Table 3). Histopatholog-
ical changes tended to be centered near the Ist generation
alveolar ducts. Bronchiolar epithelial cell changes in the inha-
lation study were principally bronchiolar epithelial cell hyper-
trophy. Compared with the normal bronchiolar epithelium
observed in control mice (Fig. 5A) 1-day postexposure group,
hypertrophy was accompanied by hyperplasia. These foci of
hypertrophy and hyperplasia were most frequently manifested
as increased nuclear size, increased cytoplasmic volume, in-
creased cytoplasmic basophilia, and occasional mitotic figures
(Fig. 5, A and D). At 7 days postexposure, foci of bronchiolar
epithelial cell hypertrophy were observed in all exposed mice,
but hyperplasia was associated with hypertrophy in only one

Fig. 5. Histopathology of lung sections from the
SWCNT inhalation study (5 mg/m3, 5 h/day, 4
days). A: normal bronchioloalveolar junction in a
control mouse. B: bronchiolar epithelial cell hy-
pertrophy (solid arrows) and histiocytic inflam-
mation (*) 1 day after the last SWCNT exposure.
C: 7 days after the last SWCNT exposure, an
anaphase bridge in a dividing macrophage con-
taining SWCNT suggests the potential for inter-
ference with the mitotic spindle. D: organized
epithelioid macrophages (open arrow), an eosin-
ophilic macrophage containing SWCNT that
does not have a nucleus and has an indistinct
cytoplasmic membrane consistent with cell
death (dashed arrow), and bronchiolar epithe-
lial hypertrophy (solid arrows) 28 days after
the last SWCNT exposure. E: granulomatous
inflammation (solid arrows) at the bronchi-
oloalveolar junction 28 days after SWCNT
inhalation. F: early fibrosis is indicated by blue
staining in this Masson’s trichrome-stained
section of the lung shown in E.

PULMONARY RESPONSES TO INHALED CARBON NANOTUBES

mouse. At 28 days postexposure, four of the five exposed mice
had bronchiolar epithelial cell hypertrophy with one mouse
having both hypertrophy and hyperplasia, one mouse having
peribronchiolar bronchiolization accompanying bronchiolar
epithelial cell hypertrophy, and two mice having bronchiolar
epithelial cell hypertrophy without other bronchiolar alter-
ations. At 1 day after inhalation, inflammation was classified as
histiocytic or histiocytic and neutrophilic (Fig. 5B). Through-
out the postexposure time course, macrophages were the prin-
cipal inflammatory cells (Fig. 5). An atypical mitotic figure
was observed in one mouse at 7 days postexposure, and
material consistent with SWCNT nanoropes intertwined with
the abnormal mitotic figure (Fig. 5C). This suggests the poten-
tial for SWCNT to interfere with the mitotic spindle. In
addition, macrophages occasionally did not have nuclei. These
anuclear macrophages often had increased cytoplasmic eosin-
ophilia and were not observed in control mice or at 1 day
post-SWCNT inhalation but were noted in four of five mice 7
days postexposure and in five of five mice at 28 days postex-
posure (Fig. 5D and Table 3). The anuclear macrophages
suggested either abnormal mitoses or an apoptotic process
involving karyolysis. By 28 days postexposure, foci of granu-
lomatous inflammation were often well-organized (Fig. 5F)
with fibrosis seen in sections stained with Masson’s trichrome
(Fig. 5F). Histopathological changes are summarized in Table
3. As demonstrated by histopathology and illustrated by
FESEM examination of lung specimens (Fig. 6), inhalation
exposure to SWCNT produced granulomatous inflammation in

AJP-Lung Cell Mol Physiol - VOL 295 « OCTOBER 2008 « www.ajplung.org

Downloaded from www.physiology.org/journal/ajplung by ${individual User.givenNames} ${individual User.surname} (158.111.236.060) on August 24, 2018.
Copyright © 2008 American Physiological Society. All rights reserved.



PULMONARY RESPONSES TO INHALED CARBON NANOTUBES

L559

Table 3. Prevalence and mean severity of histopathological alterations in lungs of mice inhaling SWCNT

1 Day 7 Days 28 Days
Postexposure Duration/Histopathological Changes Control* SWCNT* Control* SWCNT* Control* SWCNT*
Inflammation 0/5 (0=0) 5/5(5.1%0.1) 0/5 (0£0) 5/5(5.0£0) 0/5 (0x0) 5/5(5.0%0)
Anuclear macrophages 0/5 (0=0) 0/5 (0=0) 0/5 (0£0) 4/5 (0.8%£0.2) 0/5 (0x0) 5/5 (1.0x0)
Bronchiolar epithelial changesT 0/5 (0=0) 5/5(4.3%0.7) 0/5 (0£0) 5/5(4.5%0.3) 0/5 (0£0) 4/5 (3.1=20.9)

*Prevalence (mean severity = SE); fincludes changes classified as hypertrophy with and without hyperplasia or peribronchiolar bronchiolization.

the alveolar region of the lungs. Following the exposure, the
epithelioid macrophages develop an extensive system of fin-
gerlike projections over the surface of the granulomas 28 days
postexposure (Fig. 6).

Cytokines. The most significant induction of proinflamma-
tory cytokines was observed in BAL fluids of C57BL/6 mice 1
day postinhalation of SWCNT (Fig. 7, A and B). At this time
point, levels of TNF-« and IL-6 were 4.4- and 7.9-fold higher
compared with air control groups, respectively. Dose-depen-
dent increased levels of TNF-a and IL-6 were found following
pharyngeal aspiration of 5-20 wg per mouse SWCNT (Table
1). No significant difference in the levels of proinflammatory
cytokines was found between aspiration of 10 pg of SWCNT
and inhalation with lung burden of 5 pg. Significant elevation
of TGF-B1 release was found in BAL fluid of C57BL/6 mice
after SWCNT inhalation throughout the recovery time course
(Fig. 7C). Maximal fibrogenic TGF-31 release after SWCNT
inhalation was observed on day 7 and was significantly greater
than after aspiration of 10-pug SWCNT (Table 2).

Collagen deposition and morphometric changes. Collagen
deposition and pulmonary fibrosis are typical features of in-
flammatory response to various injuries to the lung, including
particles. The time course of collagen accumulation in lung of
C57BL/6 mice after inhalation of SWCNT revealed a signifi-
cant 71%, 127%, and 182% increase over air control groups at
1, 7, and 28 days postexposure, respectively (Fig. 84). Evalu-
ation of fibrosis after pharyngeal aspiration with 10 g per
mouse of SWCNT showed significantly less collagen deposi-
tion compared with SWCNT inhalation with a lung burden of
5 g per mouse (Table 2).
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Fig. 6. Field emission SEM (FESEM) image of granulomatous inflammation
in the alveolar region at 28 days after inhaling SWCNT (5 mg/m?, 5 h/day, 4
days). Arrow indicates fingerlike projections that are typical of the epithelioid
macrophages that form the granulomas.

Morphometric changes in alveolar wall collagen fiber con-
tent after inhalation exposure are presented in Fig. 8B. Results
from determination of the average thickness of alveolar con-
nective tissue at various recovery times after inhalation of
SWCNT revealed increased thickness at day I postinhalation,
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Fig. 7. Accumulation of proinflammatory and fibrogenic cytokines in BAL
fluids of C57BL/6 mice after inhalation of SWCNT (5 mg/m?, 5 h/day, 4 days).
A: TNF-a. B: IL-6. C: transforming growth factor-B1 (TGF-B). Black col-
umns: air exposure. White columns: inhalation exposure to SWCNT. Means *
SE (n = 12 mice per group). *P < 0.05 vs. control air-exposed mice; #P <
0.05 vs. 1 day after last inhalation with SWCNT; BP < 0.05 vs. 7 days after
last inhalation with SWCNT.
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Fig. 8. Collagen accumulation (A) and morphometric changes in alveolar wall
collagen fiber content determined as average thickness of alveolar connective
tissue (B) in the lung of C57BL/6 mice after inhalation of SWCNT (5 mg/m?,
5 h/day, 4 days). Black columns: air exposure. White columns: inhalation
exposure to SWCNT. Collagen average absolute value from air-exposed
control mice was 7.5 * 0.6 wg/mg lung throughout recovery time. Means *
SE (n = 12 mice per group). *P < 0.05 vs. control air-exposed mice; #P <
0.05 vs. 1 day after last inhalation with SWCNT; BP < 0.05 vs. 7 days after
last inhalation with SWCNT.

which progressed further by day 28 compared with air control
groups. Light micrograph of Sirius red-stained lung section
from SWCNT inhalation exposed lung demonstrating the
broad distribution of SWCNT from alveoli at the bronchiole
junction to the more distal regions of the lungs (Fig. 94). Light
micrograph of a proximal alveolar region following inhalation
exposure to SWCNT demonstrates a high concentration of
SWCNT that is in the early stages of granuloma development
on day I postexposure (Fig. 9B).

Pulmonary functions. Exposure to a lung irritant can lead to
changes in breathing pattern. SWCNT inhalation caused minor
changes in breathing pattern. Elevated breathing frequency was
detected in C57BL/6 mice after inhalation with SWCNT
throughout recovery time compared with air control mice
(Fig. 10). This change was accompanied by decreases in the
inspiratory, expiratory, and relaxation time as early as day I
following SWCNT inhalation and persisted for at least 28 days
compared with air-exposed animals (Fig. 10).

Oxidative stress in the lung. The level of oxidative damage
in the lung caused by SWCNT inhalation was assessed by
GSH, protein thiols, lipid peroxidation products, total antiox-
idant capacity, and oxidatively modified proteins measured as
protein carbonyls (Fig. 11). Time course of GSH depletion in
the lung of mice that inhaled SWCNT revealed no changes

PULMONARY RESPONSES TO INHALED CARBON NANOTUBES

24 h after the last exposure and a significant 10% decrease
from control at 7 and 28 days postexposure (Fig. 11A).
Changes in the level of protein thiols in the lung of mice after
inhalation of SWCNT revealed a significant 15%, 10%, and
9% decrease from control at 1, 7, and 28 days postexposure,
respectively (Fig. 11A). Level of lipid peroxidation products
measured as MDA showed a significant 21%, 31%, and 44%
accumulation over control groups throughout the time course
of 1, 7, and 28 days postexposure, respectively (Fig. 11A).
Inhalation exposure to SWCNT resulted in a significant 22%
and 10% depletion of total antioxidant capacity at 1 and 7 days
posttreatment, which returned to the control level by 28 days
postexposure (Fig. 11B). Significant elevation of the levels of
protein carbonyls (5.6-, 4.0-, and 4.0-fold increases) was con-
sistently observed after inhalation exposure of SWCNT at 1, 7,
and 28 days posttreatment, respectively (Fig. 11C).

K-ras mutations in C57BL/6 mice. To assess genotoxicity of
SWCNT, accumulation of K-ras mutations after the inhalation
and aspiration exposure was evaluated. An example of K-ras
mutation analysis by DGGE is shown in Fig. 12. The DGGE
reveals the patterns of three different K-ras mutant alleles
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Fig. 9. Light micrographs of Sirius red-stained lung section from mice 1 day
after inhalation of SWCNT (5 mg/m3, 5 h/day, 4 days) demonstrating the broad
distribution of SWCNT from alveoli at the bronchiole junction to the more
distal regions of the lungs (A) and a high concentration of SWCNT that is in
the early stages of granulomas development in a proximal alveolar region (B).
Arrows indicate inhalation deposition sites of the SWCNT.
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Fig. 10. Changes in breathing pattern after inhalation exposure of SWCNT (5
mg/m?, 5 h/day, 4 days). Black columns: 1 day after last inhalation exposure.
White columns: 7 days after last inhalation exposure. Gray columns: 28 days
after last inhalation exposure Means = SE (n = 12 mice per group). *P < 0.05
vs. control air-exposed mice; #P < 0.05 vs. 1 day after last inhalation with
SWCNT.

detected in this study, the first two consisting of a change of the
wild-type codon 12 (GGT, glycine) to an AGT (serine, lane 2)
and a GAT (aspartate, lane 3). The third mutant allele (lane 4)
contains a double mutation, including a GGT to GAT (aspar-
tate) at codon 12 and a GTG to ATG at codon 8 (valine to
methionine). K-ras mutations identified in tissue sections pre-
pared from lungs of C57BL/6 mice in this study are summa-
rized in Table 4. These mutations were found in mice treated
with SWCNT by inhalation, whereas aspiration caused a low
frequency of mutations that did not differ from untreated
controls. Taken together, the results of these studies indicate a
trend that a difference in the proportion of mutations exists
among some of the various treatment/time groups. Particularly,
the mutation proportion is higher among the mice treated with
SWCNT by inhalation route and euthanized at both 7 and 28
days postexposure, compared with that in mice treated with
SWCNT by aspiration. Interestingly, one of the mutations
consists of a double mutation in codons 12 and 8 of the K-ras
gene in mice at day 28 postinhalation. These mutations have
not been reported previously and may be specific for the
SWCNT-exposure.

DISCUSSION

Deep penetration of nanotechnologies and nanomaterials
into essentially all spheres of our life and a large number of
nanoparticle-containing consumer products raise concerns
about their undetermined and possibly damaging health effects
(12, 13, 21, 28, 55). This concern is enhanced by unique
physicochemical properties of nanomaterials potentially asso-
ciated with unique effects on living matter and life (29). Of the
many different types of nanomaterials, carbon nanotubes, par-
ticularly SWCNT, have the potential for diverse and versatile
applications (44). Accordingly, the toxicity of SWCNT to cells
and whole animals has received more study than the toxicity of
many other types of nanoparticles (5, 6, 16, 17, 19, 29, 34).

Our previous studies established that aspiration of highly
purified SWCNT (without significant admixtures of transition
metals such as iron) indeed caused unusual inflammatory

L561

responses in the lung of exposed animals: a truncated but
strong acute phase response followed by an early onset and
progressive fibrotic response (47). This was accompanied by
disturbed breathing pattern (47) and increased susceptibility to
pulmonary infection (48). Some argue that pharyngeal aspira-
tion, a single exposure to a bolus of SWCNT, is an artificial
exposure and that the bolus exposure may contribute to the
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Fig. 11. Oxidative stress in the lung of mice after inhalation exposure of
SWCNT (5 mg/m?, 5 h/day, 4 days). A: biomarkers of oxidative stress in lung
of mice after inhalation of SWCNT (black columns, 1 day after last inhalation
exposure; white columns, 7 days after last inhalation exposure; gray columns,
28 days after last inhalation exposure). Average absolute values from air-
exposed control mice for GSH, protein thiols, and malondialdehyde (MDA)
were 14.0 £ 0.4 nmol/mg, 26.3 = 0.5 nmol/mg, and 48.7 * 0.8 pmol/mg,
respectively, throughout recovery time. B: total antioxidant reserve in the lung
of mice in response to inhalation of SWCNT (black columns, control air-
exposed mice; white columns, SWCNT-exposed mice). Average absolute
value for total antioxidant reserve from air-exposed control mice was 64.3 *
3.2 nmol/mg throughout recovery time. C: level of carbonyls in the lung of
mice after SWCNT inhalation (black columns, control air-exposed mice; white
columns, SWCNT-exposed mice). Means £ SE (n = 12 mice per group).
*#P < 0.05 vs. control air-exposed mice; #P < 0.05 vs. 1 day after inhalation
with SWCNT; BP < 0.05 vs. 7 days after inhalation with SWCNT.

AJP-Lung Cell Mol Physiol - VOL 295 « OCTOBER 2008 « www.ajplung.org

Downloaded from www.physiology.org/journal/ajplung by ${individual User.givenNames} ${individual User.surname} (158.111.236.060) on August 24, 2018.
Copyright © 2008 American Physiological Society. All rights reserved.



L562
1 2 3 4

-

<

Fig. 12. An example of K-ras mutation analysis by denaturing gradient gel
electrophoresis (DGGE). The gel shows 4 lanes (lanes 1-4) corresponding
each to a specific pattern of K-ras mutant alleles from 4 different mouse lungs
as separated by DGGE. Lung DNA sample 1 (lane 1) shows no mutation. Lung
DNA samples 2, 3, and 4 each show a different mutation as revealed by the
difference in their mutant band pattern, consisting of 1 mutant homoduplex
(indicated by an arrowhead) at the bottom of the gel and the 2 respective
mutant/wild-type heteroduplexes (each indicated by a line) in the middie (lanes
2 and 3) and at the top of the gel (lane 4). The Ist 2 mutations corresponded
to a change at the wild-type K-ras gene codon 12 (GGT, glycine) to AGT (lane
2, serine) and GAT (lane 3, aspartate). The 3rd mutation is a double mutation
consisting of a GGT to GAT (glycine to aspartate at codon 12) and a GTG to
ATG (valine to methionine at codon 8). The type of mutation in each lane was
determined by sequencing analysis of the mutant homoduplex band isolated
from the gel.

pulmonary response. Moreover, aspiration studies reported
thus far have been relatively high-dose exposures, which may
not be relevant to chronic lower dose exposures in occupational
settings (26). Before the current study, there was “no definitive
inhalation study available that would avoid the potential for
artifactual effects due to large aggregates forming during
instillation exposure procedures” (10). Inhalation of SWCNT
more closely mimics occupational and environmental settings
than aspiration in that exposures are to more dispersed
SWCNT structures and bolus effects are avoided. Therefore,
we were eager to explore the pulmonary effects of inhaled
SWCNT.

Technically, aerosolization of SWCNT and the inhalation
exposures are very difficult because of their hydrophobicity
and tendency to agglomerate yielding large entangled struc-
tures, often “bird’s nest”-like, micrometer-size structures (33).
As a result of formation of large agglomerates in suspension,

PULMONARY RESPONSES TO INHALED CARBON NANOTUBES

asphyxia has been reported in rats following intratracheal
instillation of poorly dispersed SWCNT (55). To avoid these
substantial complications, we have developed special protocols
and devices for adequate aerosolization of SWCNT (2). This
technique included removing clumps, suspending by acoustic
fluidization, breaking apart large agglomerates, and passing
through a static discharger, settling chamber, and a cyclone
(4-pm cutoff) to deliver SWCNT at a flow rate of 10 1/min.
Application of our aerosolization technology resulted in the
ability to obtain stable SWCNT aerosols with a concentration
of 5 mg/m® with a count mode aerodynamic diameter of
240 nm.

Using the stable SWCNT aerosols, we were able to conduct
inhalation studies to assess their pulmonary effects. The man-
ufacturing of nanotube material relies on the use of transition
metal catalysts. Redox active iron within carbonaceous parti-
cles may act as a catalyst of oxidative stress in biological
settings. The major toxicity mechanisms induced by SWCNT
include induction of inflammatory response and oxidative
stress exacerbated by iron. Because inflammation provides a
redox environment in which transition metals can fully realize
their prooxidant potential, a combination of inflammatory re-
sponse with catalytically competent metal-containing carbon
nanotubes would synergistically enhance damage to cells and
tissue. Therefore, in the current study, we chose to use nonpu-
rified SWCNT containing up to 17.7% (weight) of iron for both
inhalation and aspiration exposures. Assessment of nonpurified
SWCNT employed in this study with purified SWCNT (0.2%
of iron by weight) used in our previous study (47) shows that
the higher content of iron was associated with enhancement of
oxidative stress and some of the pulmonary responses. These
include more pronounced decrease of content of low molecular
weight thiols, elevated cell damage assessed by the release of
LDH, and higher level of collagen deposition in the lung of
animals exposed to SWCNT by aspiration.

Comparison of the inhalation protocols with previously
reported results on aspiration showed that all unusual features
of pulmonary response were retained or enhanced. That is, the
short and strong acute inflammatory phase reaction was fol-
lowed by a robust deposition of collagen leading to progressive
fibrosis. Comparison of dose dependencies for aspiration ex-
posures (5, 10, and 20 pg of SWCNT per mouse) with that for
inhalation (deposited dose of 5 g per mouse) showed that
deposition of smaller SWCNT structures after inhalation re-
sulted in cellular inflammation, LDH and protein release, and
cytokine production two- to fourfold greater than those after
aspiration exposure of larger SWCNT structures. Morphomet-
ric evaluation of Sirius red-stained lung sections revealed that
SWCNT inhalation caused a fourfold increase in fibrosis com-
pared with that seen after pharyngeal aspiration of SWCNT
with collagen deposition in the peribronchial as well as inter-
stitial areas. Overall, our results demonstrate that SWCNT
inhalation exposure was much more potent than aspiration of a
bolus dose of SWCNT. Interestingly, Mercer et al. (36) dem-
onstrated a fourfold greater fibrotic potency after pharyngeal
aspiration of a well-dispersed SWCNT compared with a less
dispersed suspension. They associated this potency difference
with a greater potential for smaller SWCNT structures to enter
the alveolar walls and cause interstitial fibrosis. Thickening of
alveolar walls has also been demonstrated in mice inhaling
multiwalled carbon nanotubes (30).
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Table 4. K-ras mutations among the various groups of mice
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Type of Exposure Recovery, days Exposure Mutation Incidence Mutation Type, wild-type K-ras codon 12: GGT Total
Inhalation 1 Air 0/5 (0.0%) Air: 4/15 (26.7%)
SWCNT 2/6 (33.3%) 1 GAT, 1 AGT
7 Air 2/5 (40.0%) 1 GAT, 1 AGT
SWCNT 4/5 (80.0%) 2 GAT, 2 AGT SWCNT: 10/16 (62.5%)
28 Air 2/5 (40.0%) 1 GAT, 1 AGT
SWCNT 4/5 (80.0%) 2 GAT, 1 AGT, 1 double mutation*
Aspiration 7 PBS 0/3 (0.0%) PBS: 1/8 (12.5%)
SWCNT 0/3 (0.0%)
28 PBS 1/5 (20.0%) 1 GAT SWCNT: 1/8 (12.5%)
SWCNT 1/5 (20.0%) 1 AGT

*The double mutation contains a GGT > GAT at codon 12 and a GTG > ATG at codon 8 of the K-ras gene. The x> analysis of the proportion of mutations
in the 6 treatment/time groups: 7 days/SWCNT/Aspiration (Asp), 7 days/SWCNT/Inhalation (Inh), 7 days/Sham, 28 days/SWCNT/Asp, 28 days/SWCNT/Inh,
28 days/Sham, P = 0.045, implying statistical significance. Note that there are 11 cells with expected counts <5. The x? analysis of the proportion of mutations
in the 3 treatment/time groups (7 days postexposure) with P = 0.045, implying statistical significance. Note that there are 5 cells with expected counts <5. The
x> analysis of the proportion of mutations in the 3 treatment/time groups (28 days postexposure) with P = 0.075. Note that there are 5 cells with expected counts
<5. The x? analysis of the proportion of mutations in the 3 treatment/time groups: 7 days/SWCNT/Inh, 28 days/SWCNT/Inh, 28 days/Sham, P = 0.08. Note

that there are 5 cells with expected counts <5.

Inflammation and resulting fibrosis have been considered as
significant risk factors in pulmonary carcinogenesis (20).
Among the mutated genes implicated in pulmonary tumorigen-
esis, K-ras oncogene is frequently found in lung tumors of
mice exposed to chemicals (8, 45). It was therefore important
to investigate whether this gene mutation occurred after
SWCNT exposure. We detected the increased rate of SWCNT-
induced mutations that took place very early after SWCNT
inhalation (on days 1-7) and persisted through day 28. The
effect was coincident with the time of maximal inflammatory
response suggesting that inflammation and resultant oxidative
injury may be a cause of mutagenicity. Given that oxidative
burst and accompanying oxidative stress are known to be
significant contributors to genotoxicity, it is tempting to spec-
ulate that there is a causative association between accumulation
of K-ras mutations and oxidative stress triggered by SWCNT
inhalation. The types of mutations consisted of G-to-A transi-
tion that changes the wild-type codon 12 of the K-ras gene
from GGT (glycine) to either AGT (serine) or GAT (aspartate).
This type of mutation has been reported previously in lung
tumors from susceptible mice (8, 45). For instance, lung
tumors in mice exposed to the lung carcinogen, NNK [4-(meth-
ylnitrosamino)-1-(3-pyridyl)-1-butanone], showed a high pro-
portion of this mutation that has been suggested to occur via
the mutagenic lesions, including O°-methylguanine, induced
by NNK metabolites (8). Interestingly, one of the mutations
found in SWCNT-treated mice (at day 28 post-SWCNT inha-
lation) consisted of a double mutation occurring at codons 12
and 8 [GGT to GAT and GTG to ATG (valine to methionine),
respectively]. The role of this double mutation is unknown and
may be specific for SWCNT exposure.

Overall, these results are intriguing because K-ras mutations
have been reported only in lung tumors from susceptible mice,
such as the FVB/N mice, exposed to lung carcinogens (8, 45,
50). The K-ras gene is a member of the ras gene family
consisting of the closely related H-, K-, and N-ras genes,
which code for similar 21-kDa proteins (ras) that are involved
in the signal transduction pathways. Activation of ras genes
occurs with specific point mutations primarily at codon 12 and
to a lesser extent at codons 13 and 61 and has been implicated
in lung tumorigenesis (1, 22, 25). The significance of these

low-fraction K-ras mutations in C57BL/6 mice is unknown.
Several studies have shown an association between lung fibro-
sis and an increased risk of lung cancer (18, 20, 27). It was
proposed that fibrosis might be involved in the carcinogenesis
by the occurrence of atypical or dysplastic epithelial changes,
which progressed to invasive malignancy (18). However, the
involvement of K-ras mutations in fibrosis-associated lung
cancer is not understood and merits further investigation. The
detected mutations frequency of 62.5% (10/16) in mice after
SWCNT inhalation is significantly higher than that in the
untreated group of mice 26.7% (4/5). Further studies involving
a bigger sample size may help in determining the usefulness of
this gene mutation as a biomarker of exposure to SWCNT.
Furthermore, the potential role in lung carcinogenesis requires
further investigation by comparing C57BL/6 mice with other
mouse strains susceptible to lung tumor formation.

Our results, which show that SWCNT inhalation induced
unusual and robust inflammatory response and fibrosis, raise
the question of the relevance of doses and conditions used in
the current study to realistic human occupational exposures.
Exposure to carbonaceous materials has been reported to cause
pneumoconiosis in workers exposed to both natural and man-
made graphite (37). Severe symptomatic cases with massive
pulmonary fibrosis in the past were observed during carbon
electrode production (45a). Mixed dust pneumoconiosis caused
by long-term occupational exposure to graphite dust is a rare
disease (9). Screening and clinical examination of 746 graphite
workers revealed an elevated occurrence of upper respiratory
tract infections, chronic bronchitis, and pneumonia (24).
Hypertrophic laryngitis, papillomatous bronchitis, and an-
giofibroma of the larynx, considered to be precancerous
lesions, have also been reported. However, recent reports
emphasized that such exposures are likely to be associated
with mixed dusts (45a).

Previously, we investigated the potential exposure levels of
workers to SWCNT in a small-scale production setting (33).
Under these conditions, the amount of material produced was
very small (several grams), significant care was taken to reduce
product loss during handling, and the observed airborne parti-
cle concentrations were low (with peak exposure of 53 pg/m?3).
Agitation of the material by vortexing generated higher levels
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of respirable SWCNT material. Thus, under large-scale man-
ufacturing conditions, the potential for occurrence of occupa-
tional exposure may exist. In the current study, we observed
that toxic outcomes of exposure of C57BL/6 mice to aerosol-
ized respirable SWCNT (5 mg/m?>, 5 h, 4 days) resulted in a
calculated lung burden of 5 pwg per mouse. This lung burden
would be achieved by workers exposed for <1 yr at the peak
airborne concentrations measured in an occupational setting
based on the studies of Maynard et al. (33). Our results may be
important for establishing a permissible exposure level (PEL)
for SWCNT. The exposure concentration, which we used in
our inhalation studies, is the same as the current PEL set by
Occupational Safety and Health Administration for respirable
synthetic graphite dust, i.e., the PEL currently applied for
SWCNT. Based on the outcomes of our inhalation study, it
could be inferred that if workers were subjected to long-term
exposures to respirable SWCNT at current PEL for synthetic
graphite, they would likely have increased risk for pulmonary
changes. Our results may be also compared with regulatory
permissible levels established for ambient microparticles such
as Environmental Protection Agency standard for PM; s, which
is 65 pg/m> 24 h daily and 15 pg/m? annual average (53).
Overall, our data suggest that outcomes of inhalation expo-
sure to respirable SWCNT were very similar to those seen after
pharyngeal exposure route leading to pulmonary toxicity. The
chain of pathological events was realized through synergized
interactions of inflammatory response and oxidative stress
culminating in the development of multifocal granulomatous
pneumonia, interstitial fibrosis, and mutagenesis. Because of
exposure to smaller SWCNT structures by inhalation of a dry
aerosol vs. aspiration of a particle suspension containing mi-
crometer-size agglomerates, inhalation exposure was, in fact,
more potent than aspiration of an equivalent mass of SWCNT.
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