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Abstract

Exposure of mice to single-walled carbon nanotubes (SWCNTs) induces an unusually robust pulmonary inflammatory response with an early
onset of fibrosis, which is accompanied by oxidative stress and antioxidant depletion. The role of specific components of the antioxidant protective
system, specifically vitamin E, the major lipid-soluble antioxidant, in the SWCNT-induced reactions has not been characterized. We used C57BL/
6 mice, maintained on vitamin E-sufficient or vitamin E-deficient diets, to explore and compare the pulmonary inflammatory reactions to aspired
SWCNTs. The vitamin E-deficient diet caused a 90-fold depletion of a-tocopherol in the lung tissue and resulted in a significant decline of other
antioxidants (GSH, ascorbate) as well as accumulation of lipid peroxidation products. A greater decrease of pulmonary antioxidants was detected
in SWCNT-treated vitamin E-deficient mice as compared to controls. Lowered levels of antioxidants in vitamin E-deficient mice were associated
with a higher sensitivity to SWCNT-induced acute inflammation (total number of inflammatory cells, number of polymorphonuclear leukocytes,
released LDH, total protein content and levels of pro-inflammatory cytokines, TNF-« and IL-6) and enhanced profibrotic responses (elevation of
TGF-B and collagen deposition). Exposure to SWCNTs markedly shifted the ratio of cleaved to full-length extracellular superoxide dismutase
(EC-SOD). Given that pulmonary levels of vitamin E can be manipulated through diet, its effects on SWCNT-induced inflammation may be of
practical importance in optimizing protective strategies.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Carbon nanotubes; Vitamin E deficiency; Pulmonary inflammatory response; Oxidative stress; Antioxidants; Inflammatory cells

Introduction

Normal uninterrupted functioning of the lung in oxygen-rich
environment demands for a well-coordinated operation of fine-
tuned antioxidant protective systems, including both enzymatic
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mechanisms and low molecular weight water- and lipid-soluble
radical scavengers (Packer, 1992; Kagan et al., 2002a). This
antioxidant demand becomes particularly important under
conditions of elevated oxygen radical production induced by
environmental/occupational factors or immune responses
(Turner et al., 2002; McCunney, 2005; Jain and DalNogare,
2006). Nanoparticles — a new emerging class of technologically
advanced materials — are of significant interest due to their
ability to induce robust pulmonary inflammatory response often
accompanied and exacerbated by massive production of reac-
tive oxygen species, oxidative stress and damage (Muller et al.,
2005; Shvedova et al., 2005). One of the most rapidly deve-
loping fields of nanotechnology is based on the use of single-
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walled carbon nanotubes (SWCNTs), and their applications
range from the semiconductor industry to drug delivery and
super-light and strong composite materials (de Jonge and
Bonard, 2004). These broad modes of SWCNTs applications
were due to their unique physico-chemical properties and vast
surface area (Sinha and Yeow, 2005), the two factors that may
be potentially critical for their interactions with cells and tissues,
particularly in the lung. Indeed, we have recently demonstrated
that exposure of mice to SWCNTs caused an unusually robust
inflammatory response with a very early onset of fibrosis
(Shvedova et al.,, 2005). The inflammatory response to
SWCNTs invoked significant oxidative stress and antioxidant
depletion (Kagan et al., 20006).

However, the role of specific components of the antioxidant
protective system in the SWCNT-induced reactions needs
further investigation. More specifically, vitamin E, the major
lipid-soluble antioxidant of membranes and lipoproteins, has
long been known to affect inflammatory responses in different
tissue, including the lung, not only via direct quenching of
oxidative stress (Rocksen et al., 2003; Singh et al., 2005) but
also through modulation of oxidative eicosanoid pathways and
prostaglandin synthesis (Toivanen, 1987; Sabat et al., 2001).
Given that pulmonary levels of vitamin E can be manipulated
through diet, its effects on SWCNT responses may be of
practical importance in optimizing protective anti-inflammatory
strategies. With this in mind, in the current study, we used two
groups of C57BL/6 mice — maintained on either a vitamin E-
sufficient diet (basal diet) or a vitamin E-deficient diet — to
explore and compare pulmonary inflammatory reactions to as-
pired SWCNTs. We demonstrate that lowered levels of anti-
oxidants in vitamin E-deficient mice are associated with a

Table 1
Composition of diets

higher sensitivity to SWCNT-induced acute inflammation as
well as subsequent profibrotic responses.

Materials and methods

Chemicals and reagents. — Diffquick stain kit, picric acid, Mayer’s hematox-
ylin, 10% buffered formalin and thiobarbituric acid were obtained from Fisher
Scientific (Pittsburgh, PA). Ca®"+Mg*'-free PBS was purchased from
Invitrogen Corporation (Grand Island, NY). BD Cytometric Bead Array
Mouse Inflammation kit was obtained from BD Bioscience (San Diego, CA).
TGF-p ELISA kit was purchased from Biosource International Inc. (Camarillo,
CA). BioRad assay kit was purchased from BioRad Laboratories Inc. (Hercules,
CA). Lactate dehydrogenase (LDH) activity kit was obtained from Pointe
Scientific, Inc. (Lincoln Park, MI). Sircol Collagen Assay kit and pepsin were
purchased from Accurate Chemical and Scientific Corporation (Westbury, NY).
Sodium dodecyl sulfate (SDS), glutathione (GSH), phosphoric acid, eosin Y,
phloxine B, chloramine T, methyl cellusolve, anti-B-actin antibody and acetic
acid were purchased from Sigma Chemicals Co. (St. Louis, MO). Methanol,
ethanol, chloroform, hexane (HPLC grade) and water (HPLC grade) were
purchased from Aldrich Chemical Co. (Milwaukee, WI). ThioGlo-1 was
obtained from Covalent Associates Inc. (Woburn, MA). Enhanced chemilumi-
nescence detection reagents were purchased from Amersham Biosciences
(Buckinghamshire, UK).

Animals.  Specific pathogen-free adult female C57BL/6 mice (7-8 weeks)
were supplied by Jackson Lab (Bar Harbor, MN) and weighed 21.60+0.26 g at
time of use. Mice were given a vitamin E-deficient diet (contained less than
10 IU/kg vitamin E) or basal diet (50 IU/kg of diet) for a total of 24 weeks. The
basal diet (Basal Diet 5755, Test Diet, Purina Mill, Richmond, IN) is a purified,
synthetic diet that provides all the essential nutrients to support maintenance,
growth, gestation and lactation in laboratory rodents. Vitamin E-deficient diet
(Purina Mill, Richmond, IN) is based on the Basal Diet 5755 from which a-
tocopherol was removed (Table 1). Animals were daily supplied with fresh diets
refrigerated at 4 °C. Mice were housed one mouse per cage in AAALAC-
approved NIOSH animal facilities 1 week prior to use. Beta Chips (Northeastern
Products Corp., Warrensburg, NY) were used for bedding and changed weekly.

Composition of diets Minerals

Protein, % 19.3 Calcium, %

Fat, % 10.0 Phosphorus, %

Fiber?, % 4.3 Potassium, %

Carbohydrate, % 60.6 Magnesium, %
Sodium, %

Gross Energy, kcal/g 4.1 Chlorine, %
Fluorine, ppm
Iron, ppm

Ingredients Zinc, ppm
Manganese, ppm

Casein-vitamin free, % 21.00 Copper, ppm

Sucrose, % 5.00 Cobalt, ppm

Non-nutritive fiber Iodine, ppm

(Solka-floc), % 3.00 Chromium, ppm

Corn oil, % 5.00 Molybdenum, ppm

Lard, % 5.00 Selenium, ppm

Dextrin, % 43.65

DL-methionine, % 0.15

RP vitamin mixture®, % 2.00

Choline Chloride, % 0.20

RP mineral mixture #10°, % 5.00

Total, % 100.00

Vitamins
0.6 Thiamin hydrochloride, ppm 20.0
0.4 Riboflavin, ppm 20.0
0.4 Nicotinic acid, ppm 90.0
0.065 Pyridoxine hydrochloride, ppm 20.0
0.2 D-Calcium pantothenate, ppm 60.0
0.2 Folic acid, ppm 4.0
5.0 Biotin, ppm 0.4
60.0 i-Inositol, ppm 200.0
20.0 Vitamin Bj,, mcg/kg 20.0
65.0 Menadione dimethylpyrimidinol
15.0 Bisulfite, ppm 20.0
3.2 Vitamin A acetate, IU/g 22.0
0.6 Vitamin D, 1U/g 2.2
3.0 DL-alpha-tocopheryl acetate, IU/kg
0.8 Sufficient diet 50.0
0.2 Deficient diet <10.0

? Based on the latest ingredient analysis information. Since nutrient composition of natural ingredients varies, analysis will differ accordingly.

® RP vitamin mixture contains 1.94% sucrose.
¢ RP mineral mixture #10 contains 1.29% fiber.
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Animals were supplied with water and the respective diets ad libitum, in
accordance with guidelines and policy set forth by the Institute of Laboratory
Animals Resources, National Research Council.

Particles. ~ SWCNTs (CNI Inc., Houston, TX) were produced by the high
pressure CO (HiPco) disproportionation technique, employing CO in a
continuous-flow gas phase as the carbon feedstock and Fe(CO)s as the iron-
containing catalyst precursor (non-purified SWCNTs) (Bronikowski et al.,
2001). Purified SWCNTs were prepared by acid treatment to remove metal
contaminates (Gorelik et al., 2000). Specific surface area was measured at
—196 °C by the nitrogen absorption—desorption technique (Brunauer Emmet
Teller method, BET) using SA3100 Surface Area and Pore Size Analyzer
(Beckman Coulter Inc, Fullerton, CA), while diameter was measured by
transmission electron microscopy (TEM). The mean diameters of purified
SWCNTs were 1-4 nm. Surface area of purified SWCNTs was 1040 m?/g.
Chemical analysis of total elemental carbon and metal (iron) in SWCNTs was
performed at the Chemical Exposure and Monitoring Branch (DART/NIOSH,
Cincinnati, OH). Elemental carbon in SWCNTs was assessed according to
NIOSH Manual of Analytical Methods (NMAN) (Bronikowski et al., 2001),
while metal content (iron) was analyzed using nitric acid dissolution and
inductively coupled plasma-atomic emission spectrometry (ICP-AES) per-
formed according to NMAM method 7300 for trace metals. Analysis performed
by NMAN 5040 revealed that purified SWCNTs were comprised of 99.7 wt.%
elemental carbon. For purity assessment of HiPco SWCNTs, we used several
standard analytical techniques including thermo gravimetric analysis with
differential scanning colorimetry (TGA-DSC), thermo-programming oxidation
(TPO) and Raman and near-infrared (NIR) spectroscopy (Birch, 2003; Arepalli
et al., 2004; Dresselhaus et al., 2004). Comparative analytical data obtained by
TGA-DSC, TPO, NIR and Raman spectroscopy revealed that more than 99% of
carbon content in the SWCNT HiPco product was accountable in a carbon
nanotube morphology.

Particulate instillation. ~ Mouse pharyngeal aspiration was used for particulate
administration (Rao et al., 2003). Briefly, after anesthesia with a mixture of
ketamine and xylazine (62.5 and 2.5 mg/kg subcutaneous in the abdominal area),
the mouse was placed on a board in a near vertical position, and the animal’s
tongue extended with lined forceps. A suspension (approximately 50 pl) of
particulates prepared in PBS (SWCNTs at a dose of 0.0 and 40 pg/mouse) was
placed posterior in the throat and the tongue held until the suspension was

341

aspirated into the lungs. Control mice were administered sterile Ca>*+Mg?*-
free phosphate-buffered saline (PBS) as a vehicle. All mice in SWCNT and
PBS groups survived this exposure procedure. This technique provided good
distribution of particles widely disseminated in a peri-bronchiolar pattern
within the alveolar region as was detected by histological evaluation. The mice
revived unassisted after approximately 30—40 min. Animals treated with the
particulates and PBS recovered easily after anesthesia with no behavioral or
negative health outcomes. Mice were sacrificed on days 1, 7 and 28 days
following exposure.

Bronchoalveolar lavage (BAL). Mice were weighed and sacrificed with
intraperitoneal 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 pooled and collected in sterile centrifuge tubes. Pooled BAL cells
were washed in PBS by alternate centrifugation (800xg for 10 min at 4 °C) and
resuspension. Cell-free first fraction BAL aliquots were frozen or kept until
processed.

BAL cell counting and differentials. ~ The degree of inflammatory response
induced by the pharyngeal aspirated particulates was estimated by quantitating
total cells, macrophages, polymorphonuclear leukocytes (PMNs) and lympho-
cytes recovered by BAL. Cell counts were performed using an electronic cell
counter equipped with a cell sizing attachment (Coulter model Multisizer II with
a 256C channelizer, Coulter Electronics, Hialeah, FL). Alveolar macrophages
(AM), PMNs and lymphocytes (LM) were identified by their characteristic cell
shape in cytospin preparations stained with Diffquick (Fisher Scientific,
Pittsburgh, PA), and differential counts of BAL cells were 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 exposures in mice given vitamin E-
deficient/sufficient diets. The concentrations of TNF-a and IL-6 (sensitivity of
assay is 5-7.3 pg/ml) were determined using the BD Cytometric Bead Array,
Mouse Inflammation kit (BD Biosciences, San Diego, CA). The concentrations
of TGF-P1 (sensitivity of assay is <15.6 pg/ml) were determined using an
ELISA kit (Biosource International Inc., Camarillo, CA).
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Fig. 1. Differential weight gain of C57BL/6 mice given basal or vitamin E-deficient diets in response to pharyngeal aspiration with SWCNTs (40 pg/mouse). Mean+SE
(n=12 mice/group). *p<0.05, vs. mice given basal diet and aspirated with PBS, *p<0.05, vs. mice given vitamin E-deficient diet and aspirated with PBS, $p<0.03, vs.

mice given basal diet and aspirated with SWCNTs.
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Total protein and lactate dehydrogenase (LDH) activity in the BAL fluids.
Measurement of total protein in the BAL fluid was performed by a modified
Bradford assay according to the manufacturer’s instructions (BioRad, Hercules,
CA) with bovine serum albumin as a standard. The activity of LDH was assayed
spectrophotometrically by monitoring the reduction of NAD™ at 340 nm in the
presence of lactate (Pointe Scientific, Inc., Lincoln Park, MI).

Preparation of lung homogenates.  The whole mouse lungs were separated
from other tissues and weighed before being homogenized with a tissue tearer
(model 985-370, Biospec Products Inc., Racine, WI) in PBS (pH 7.4) for 2 min.
The homogenate suspension was frozen at —80 °C until processed.

Lung fixation and histopathology.  All lung tissues prepared for histological
analysis were done under standard conditions. Animals were deeply anes-
thetized with an overdose of sodium pentobarbital. The trachea was exposed,
cannulated and secured with a suture. Prior to instillation of fixative, the
diaphragm was ruptured to allow collapse of the lungs. The lungs were
subsequently fixed with 10% neutral buffered formalin. Thereafter, the trachea
was ligated, and the lungs were excised and submerged in fixative for 5 days
before embedding. Lung tissue slices were prepared from both right and left lung
lobes and embedded in glycomethacrylate. Sections (1.5 um) were prepared
using an HM 355 rotary microtome (Carl Zeiss, Thornwood, NY). Lung
sections were stained with hematoxylin and eosin (H&E). Airways, terminal

bronchioles and the lung parenchyma were examined microscopically for the
presence of cellular changes and inflammation.

Sirius red staining.  Histological changes of the lungs were evaluated in H&E
and Sirius red stained sections. The distributions of type I to type III collagen in
the lung tissue were determined by morphometric evaluation of the specimens
by a Sirius red-polarizing microscopy. Sirius red F3BA was dissolved in
saturated picric acid at a concentration of 1 g/L. Paraffin lung sections (five
micrometer thick) were deparaffinized and dehydrated with xylene—alcohol
series to distilled water, immersed in alcohol-saturated picric acid for 20 min
then washed with tap water until the yellow stain was cleared from the slides. To
identify collagen fibers under the microscope, the sections were stained with
F3BA/picric acid for 1-2 h then 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 cover slip (Junqueira et al., 1979). Type I and III
collagen stained by red/orange color was visualized, and 6 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 (Underwood, 1970). Volume density was determined from
counting the number of points over the Sirius red positive connective tissues in
the alveolar regions. Surface density of the alveolar wall was determined from
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Fig. 2. Depletion of vitamin E (A), GSH (B), ascorbate (D; 28 days post aspiration) and accumulation of lipid peroxidation products (C; 28 days post aspiration) in the
lung of mice given basal or vitamin E-deficient diets in response to 40 pg/mouse SWCNTs. Mean+SE (n=6 mice/group). One hundred percent for vitamin E, GSH
and MDA corresponds to 0.1 nmol/mg protein; 22 nmol/mg protein and 0.3 nmol/mg protein, respectively. *p<0.05, vs. mice given basal diet and aspirated with PBS,
#p<0.05, vs. mice given vitamin E-deficient diet and aspirated with PBS, %p<0.05, vs. mice given basal diet and aspirated with SWCNTs. ND, not detectable.
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intercepts between a line overlay and the air to alveolar wall. These point and
intercept counts were made using a 121-point/11-line overlay graticule
(12.5 mm square with 100 divisions) at 60x magnification taken at six random
fields equally spaced across each section (one section per animal). This process
was repeated twice for each animal. Areas containing airways or blood vessels
greater than 25 mm in diameter were excluded from the analysis. Average
thickness of the Sirius red positive connective tissues of the alveolar wall was
computed from two times the ratio of volume density of point to the surface
density of the alveolar wall.

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

HPLC assay of o-tocopherol. — Extracts of a-tocopherol from lung homo-
genates were prepared using a procedure described by Lang et al. (1986). A
Waters HPLC system (Waters Associates, Milford, MA) with a 717 auto
sampler, a Hewlett Packard ODS Hypersil column (5 mm, 200%x4.6 mm), a
Waters 600 controller pump and a 474 fluorescence detector was used to
measure vitamin E in samples. The wavelengths employed in the assay were
292 nm (excitation) and 324 nm (emission). Eluent was CH3;OH, and the flow
rate was 1 ml/min. Under these conditions, the retention time for a-tocopherol
was 8 min. The data acquired was exported from the Waters 474 detector and
analyzed using Millennium 2000 software.

HPLC assay of ascorbate. ~ Lung homogenates were treated with 5% meta-
phosphoric acid. Supernatant obtained after precipitation of proteins and
sedimentation (2000%g 10 min) was used for HPLC measurements. A ZORBAX
Eclipse XDB-C18 column (5-pm particle size, 4.6x150 mm Agilent
Technologies, Palo Alto, CA, USA) and a mobile phase of 1:24 methanol—
water adjusted to pH 3.0 by acetic acid at a flow rate of 1.0 ml/min were used. A
Shimadzu LC-10A HPLC system was used with an LC-600 pump and SPD-10A
UV detector (Shimadzu, Kyoto, Japan) at 264 nm. Under these conditions, the
retention time for ascorbate was 2.0 min. The ascorbate peak was completely
eliminated by the addition of ascorbate oxidase to lung homogenates.

HPLC assay of malondialdehyde (MDA). ~ Accumulation of lipid peroxidation
products was assessed by accumulation of malondialdehyde (MDA). MDA was
analyzed by HPLC using a procedure described by Young and Trimble (1991).
Briefly, MDA was analyzed in lung homogenates following a reaction with
phosphoric acid and thiobarbituric acid. After mixing, the reaction was
incubated in boiling water for 1 h in sealed glass tubes and then cooled to
4 °C on ice. Samples were neutralized and proteins precipitated before injection
into the column. A Waters HPLC system with a 717 auto sampler, a Waters
Nova-Pak column (C18; 5 um, 150%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 phosphate buffer—CH;O0H (1:1 v/v) 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 were exported from the Waters 474
detector and analyzed using Millennium 2000 software (Waters Associates,
Milford, MA).

Fluorescence assay for low molecular weight thiols. ~ Low molecular weight
thiol concentration in lung homogenates was determined using ThioGlo-1™", a
maleimide reagent, which produces a highly fluorescent adduct upon its reaction
with SH- groups (Shvedova et al., 2004). Low molecular weight thiol content
was estimated by an immediate fluorescence response registered upon addition
of ThioGlo-1™ to the lung homogenate. A standard curve was established by
addition of GSH (0.04—4 uM) to 100 mM disodium phosphate buffer (pH 7.4)
containing 10 uM ThioGlo-1™ (DMSO solution). 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, Foster City, CA).

Western blot analysis.  Analysis of BAL fluid was performed as previously
described (Fattman et al., 2001). Extracellular superoxide dismutase (EC-SOD)
was detected with antibody (1:10,000) against mouse EC-SOD as previously
described (Fattman et al., 2000; Fattman et al., 2001). After visualization by
enhanced chemiluminescence, densitometry was performed and standardized to
mouse P-actin using Kodak 1D software (Rochester, NY).

Statistics.  Treatment related differences were evaluated using two-way
ANOVA followed by pair wise comparison using the Student—Newman—
Keuls tests, as appropriate. Statistical significance was considered at p<0.05.

Results
Body weight

Body weight was assessed throughout the experimental
schedule to monitor the general health of the animals given
vitamin E-deficient/sufficient diets and exposed to the particles
(Fig. 1). At 1 day post-exposure, pharyngeal aspiration of
SWCNTs (40 pg/mouse) caused a significant weight loss
compared to controls. No significant difference in the body
weight was caused by vitamin E deficiency as compared to the
control vitamin E-sufficient group 1 day after the exposure to
PBS. Weight gains among groups were not significantly
different at 7 days post-exposure. The SWCNT depression of
weight gain was significant again at 28 days post-exposure as
compared to animals exposed to PBS. At this time point, no
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significant difference in body weight was caused by vitamin E
deficiency.

Depletion of vitamin E and oxidative stress response in the
lung

Lung is a fast “vitamin E-reactive” tissue where dietary ma-
nipulations cause significant changes in vitamin E content both
in terms of its depletion by deficient diets as well as its elevation
after supplementation (Shvedova et al., 2002). In line with this,
our results indicate that C57BL/6 mice kept for twenty weeks
on a vitamin E-deficient diet responded by a remarkable
depletion of vitamin E levels in the lung, i.e., a decrease of 90-
fold compared to the control (kept on vitamin E-sufficient diet)
animals (Fig. 2A). The induced vitamin E deficiency resulted in
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depletion of other antioxidants (GSH and ascorbate) (Figs. 2B,
D). SWCNT-induced accumulation of lipid peroxidation
products was also enhanced by vitamin E deficiency (Fig.
2C). Thus generalized oxidative stress rather than depletion of
vitamin E alone was induced by dietary manipulations. This is
in line with a well accepted concept that individual low
molecular weight radical scavengers are participants of a
coordinated network rather than independent antioxidant
players (Kagan and Packer, 1994). Next we assessed oxidative
stress responses to SWCNTs in vitamin E-sufficient and defi-
cient animals (Fig. 2). A more severe depletion of pulmonary
antioxidants was detected in SWCNT-treated vitamin E-
deficient mice as compared to controls.

We further evaluated effects of SWCNT and vitamin E
deficiency on extracellular superoxide dismutase (EC-SOD) —
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Fig. 4. Acute inflammatory response in lung of C57BL/6 mice exposed to SWCNT. Inflammatory responses 24 h after aspiration of 40 pg/mouse SWCNT evaluated
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diet and aspirated with PBS, $p<0.05, vs. mice given basal diet and aspirated with SWCNTSs.
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one of important enzymatic components of the pulmonary
antioxidant protection. EC-SOD is a tetramer composed of either
intact (Trp'—Ala?*?) or proteolytically cleaved (Trp'-Glu>*)
subunits. The latter form lacks the C-terminal extracellular
matrix (ECM)-binding region (*'°RKKRRRESECKAA?*-
COOH) (Olsen et al., 2004). Previous studies have found that
oxidative stress can alter the ratio between full-length and
cleaved subunits in mouse models of pulmonary injury (Fattman
et al., 2001; Oury et al., 2002; Tan et al., 2004). Although the
mechanism of this alteration is unknown, inflammation appears
to play an important role (Tan et al., 2006b). We found that
exposure to SWCNTs leads to a 1.5—1.8 fold increase in the ratio
of cleaved to full-length EC-SOD as assayed in BAL fluid (Fig.
3). Notably, this change in EC-SOD occurred during the acute
inflammatory phase (1-3 days post-exposure), which further
suggests that inflammatory cells are contributing to this
response. No differences were seen between vitamin E-deficient
and sufficient mice (data not shown).

Inflammatory response

In agreement with our previous results, SWCNTs caused a
robust, acute (1 day post-exposure) inflammatory response in
the lung of exposed C57BL/6 mice as evidenced by increased:
(1) total number of inflammatory cells, (2) number of PMN:Ss, (3)
released LDH, (5) BAL fluid total protein content, and (6) BAL
fluid levels of pro-inflammatory cytokines (TNF-a and IL-6)
(Fig. 4). Morphologic findings were consistent with the rapid
development of granulomatous bronchointerstitial pneumonia.
Inflammatory reaction at 1 day after aspiration of SWCNTs
(40 pg/mouse) was comprised of PMNs with a variable his-

tiocytic response (Figs. SA and B). These SWCNT-induced
changes were significantly more pronounced in the lungs of
vitamin E-deficient animals than in mice fed basal diet.

Profibrotic response, assessed by the content of TGF-p 7
days after the exposure to SWCNTs, was also elevated to a
greater extent in vitamin E-deficient animals as compared to
control mice (Fig. 6). The nature of the inflammatory response
evolved with time and at 28 days post-exposure, PMNs were no
longer a major inflammatory component and the type of inflam-
mation was leading to histiocytic granulomatous lesions (Figs.
5C and D). Evaluation of fibrosis at 28 days post-exposure
revealed a higher level of collagen deposition (Fig. 7A) and a
greater extent of thickening of the alveolar septa (measured
morphometrically) in SWCNT-treated, vitamin E-deficient vs.
control mice (Fig. 7B).

Discussion

Lung is the prime target for oxidative injury. Numerous
studies have documented that inflammatory response to
different chemicals and pathogens is intrinsically intertwined
with simultaneously evolving oxidative stress (Nel et al., 2001).
The importance of oxidative stress in pulmonary inflammation
is strongly supported by a significant number of studies in
which several antioxidants — mainly precursors of GSH, such as
N-acetyl-cysteine (Sadowska et al., 2005), or SOD and SOD
mimetics — have been successfully employed as protective anti-
inflammatory agents (Salvemini et al., 2002; Kinnula and
Crapo, 2003).

The antioxidant enzyme EC-SOD is a 135-kDa tetrameric
enzyme that scavenges superoxide radicals in the extracellular

Fig. 5. Light micrographs of H&E-stained sections from lung of mice given basal or vitamin E-deficient diets in response to SWCNT (40 pg/mouse). One day post
pharyngeal aspiration: A — basal diet, B — vitamin E-deficient diet; 28 days post pharyngeal aspiration: C — basal diet, D — vitamin E-deficient diet. Arrows

indicated accumulation of PMNs. Magnification x400.
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Fig. 6. Level of TGF-p in the BAL fluids of mice given basal or vitamin E-
deficient diets in response to SWCNTs (40 pg/mouse, 7 days post aspiration).
Mean=+SE (n=8 mice/group). *p<0.05, vs. given basal diet and aspirated with
PBS, #p<0.05, vs. mice given vitamin E-deficient diet and aspirated with PBS,
8p<0.05, vs. mice given basal diet and aspirated with SWCNTs.

space (Fattman et al., 2003). EC-SOD is highly expressed in
mammalian lungs, where it is bound to the extracellular matrix
through a positively charged heparin/matrix-binding domain.
Proteolytic cleavage of the heparin/matrix-binding domain has
been associated with loss of the enzyme from the extracellular
matrix under experimental conditions that mimic human
interstitial lung disease, such as bleomycin treatment or
hyperoxia (Carlsson et al., 1995; Oury et al., 2002). Recently,
it has been shown (Tan et al., 2006a) that exposure to asbestos
resulted in decreased lung EC SOD protein levels and enzyme
activity in mice. The loss of this enzyme may enhance oxidative
stress and pulmonary injury induced by SWCNT exposure. Our
results clearly demonstrate significant elevation of a neutrophil-
associated form of EC-SOD lacking the heparin binding domain
early after the exposure to SWCNTs. This agrees well with a
robust, acute accumulation of PMNs. However, vitamin E-
deficient animals did not exert a greater response to SWCNTSs in
terms of accumulation of this form of EC-SOD, suggesting that
low molecular weight antioxidants, rather than enzymatic
antioxidant systems, such as EC-SOD, are more sensitive to
the particle-induced inflammatory response. The vitamin E’s
primary antioxidant action is confined to scavenging lipid
radicals in the lipid phase of membranes (Burton et al., 1983)
while non-protonated superoxide radicals are localized pre-
dominantly in the aqueous phase where they are catalytically
dismutated by EC-SOD. Thus, it is not surprising that we found
no differences in the EC-SOD responses to SWCNT-induced
oxidative stress between vitamin E-deficient and vitamin E-
sufficient animals. The differential responsiveness of the EC-
SOD activity vs. vitamin E content to oxidative stress-inducing
insults has been reported (Treitinger et al., 2000).

Surprisingly, only very few investigations addressed the role
of vitamin E in pulmonary inflammatory response (Singh et al.,
2005). Using a model of vitamin E deficiency Sabat et al. (2001)
reported that dysregulation of immune cells in the lung was not
directly related to antioxidant propensities of vitamin E but
rather associated with its non-antioxidant features (interactions
with protein kinase C and adhesion molecules) (Boscoboinik et
al., 1991). Other studies reported that vitamin E supplementa-

tion decreased the number of PMNs during inflammatory
response (Rocksen et al., 2003) but increased recruitment of
macrophages (Belo et al., 2005). Notably, a-tocopherol transfer
protein null (vitamin E-deficient) mice responded by an
enhanced production of pro-inflammatory cytokines after LPS
stimulation (Schock et al., 2004).

Effects of vitamin E on pulmonary responses to inhaled
particles, to the best of our knowledge, have not been inves-
tigated. Our previous studies have established that SWCNT
induce a strong acute inflammatory response accompanied by
accumulation of large numbers of ROS-producing PMNs and
followed by the recruitment and activation of macrophages, as
well as significant oxidative stress (Shvedova et al., 2005).
Therefore, we were eager to assess the role of vitamin E in these
processes. In our model vitamin E’s role seems to be primarily
antioxidant protection as vitamin E-deficient animals exhibited
a stronger inflammatory response and developed a more power-
ful oxidative stress response.

While several different non-antioxidant functions of vitamin
E may be essential for the maintenance of cell integrity and
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Fig. 7. Evaluation of lung fibrosis in C57BL/6 mice exposed to SWCNT.
Collagen deposition (A) and morphometric determination of alveolar connective
tissues (B) in the lung of mice given basal or vitamin E-deficient diets in response
to SWCNTs (40 pg/mouse, 28 days post pharyngeal aspiration). Mean+SEM
(n=38 mice/group). *p<0.05, vs. mice given basal diet and aspirated with PBS,
#p<0.05, vs. mice given vitamin E-deficient diet and aspirated with PBS,
$5<0.05, vs. mice given basal diet and aspirated with SWCNTS.
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functions, such as its role as anti-phospholipase A, agent,
stabilizer of the lipid bilayer of membranes against hydrolyzed
and oxidized lipids (Kagan, 1989), its radical scavenging role
seems to be dominating during SWCNTSs induced responses. In
a separate study, we used the EPR spin trapping technique to
detect spin adducts of radicals generated by the SWCNT
exposure. Using PBN as a spin trap, we were able to detect
lipid-derived free radical adducts produced in the lung in
response to SWCNT (Shvedova et al., unpublished data). In line
with this, SWCNT enhanced lipid peroxidation induced in
macrophages by stimulation with either zymosan or PMA
(Kagan et al., 2006).

One of the essential antioxidant functions of vitamin E may
be its control of apoptotic lipid signaling. Phosphatisylserine
(PS) externalization on the surface of apoptotic cells is known to
act as an eat-me signal for macrophages (Kagan et al., 2000).
Moreover, oxidation of PS is important for its externalization,
hence may affect recognition and engulfment of apoptotic cells
by macrophages (Kagan et al., 2002b). The significance of PS
oxidation for the development of the inflammatory response is
that PS-dependent signaling switches off production of ROS by
macrophages and stimulates the production and release of anti-
inflammatory, profibrotic cytokines (TGF-p) (Inghilleri et al.,
2005). It is tempting to speculate that vitamin E deficiency
causes enhanced PS oxidation/externalization, stimulates
engulfment and clearance of apoptotic cells by macrophages
and hence facilitates the creation of a profibrotic environment.
Interestingly, non-functionalized SWCNTs are poorly recog-
nized by macrophages (Jia et al., 2005; Kagan et al., 2000).
However, coating of SWCNTs with PS not only makes them
highly recognizable but also affects macrophage functions in
ways similar to those of apoptotic cells. This opens interesting
new prospectives and applications for coated SWCNTs as
regulators of immune response.
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