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ABSTRACT: Carbon nanotubes (CNTs) are novel materials
with unique electronic and mechanical properties. The
extremely small size, fiberlike shape, large surface area, and
unique surface chemistry render their distinctive chemical and
physical characteristics and raise potential hazards to humans.
Several reports have shown that pulmonary exposure to CNT's
caused inflammation and lung fibrosis in rodents. The
molecular mechanisms that govern CNT lung toxicity remain
largely unaddressed. Here, we report that multiwalled carbon
nanotubes (MWCNTs) have potent, dose-dependent toxicity
on cultured human lung cells (BEAS-2B, A549, and WI38-
VA13). Mechanistic analyses were carried out at subtoxic doses
(20 pg/mL, < 24 h). MWCNTs induced substantial ROS
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production and mitochondrial damage, implicating oxidative stress in cellular damage by MWCNT. MWCNTs activated the NF-
KB signaling pathway in macrophages (RAW264.7) to increase the secretion of a panel of cytokines and chemokines (TNFeq, IL-
15, IL-6, IL-10, and MCP1) that promote inflammation. Activation of NF-kB involved rapid degradation of IkBa, nuclear
accumulation of NF-kBp65, binding of NF-kB to specific DNA-binding sequences, and transactivation of target gene promoters.
Finally, MWCNTs induced the production of profibrogenic growth factors TGFf1 and PDGF from macrophages that function
as paracrine signals to promote the transformation of lung fibroblasts (WI38-VA13) into myofibroblasts, a key step in the
development of fibrosis. Our results revealed that MWCNTs elicit multiple and intertwining signaling events involving oxidative
damage, inflammatory cytokine production, and myofibroblast transformation, which potentially underlie the toxicity and fibrosis

in human lungs by MWCNTs.

B INTRODUCTION

Pulmonary fibrosis can arise from exposure to a variety of
environmental and occupational agents including fibers,
particles, metals, pesticides, anticancer drugs, and microbes.’ ™
The underlying mechanism(s) for lung fibrosis remains largely
unclear. On the other hand, several cellular responses are
commonly observed in agent-induced lung fibrosis, including
injury to bronchial and alveolar epithelium, activation of
macrophages for stimulation of inflammation, and proliferation
and transformation of fibroblasts into myofibroblasts for
synthesis, deposition, and remodeling of matrix.°™® At a
molecular level, these fibrogenic responses are believed to be
mediated through specific signaling pathways that are key to the
development of lung fibrosis but are poorly understood at the
present time. Conceivably, elucidating the molecular determi-
nants and pathways that govern lung fibrosis by fibrogenic
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agents has a number of applications for human health
including: risk assessment through the development of
biomarkers and high throughput screening; early diagnosis of
lung toxicity and fibrosis by detecting molecular changes that
occur prior to permanent, structural pathology; drug targeting
of critical pathways and molecules; and finally, product
improvement by identifying and eliminating structures and
properties that cause toxicity and fibrosis.

Carbon nanotubes (CNTs) are recently developed, promis-
ing nanomaterials with remarkable electroconducting property,
physical strength, and surface chemistry.” Structurally, CNTs
are molecular-scale tubes of graphitic carbon, either single-
walled (SWCNT) or multiwalled (MWCNT). The tremendous
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increase in the production of CNT in recent years raised
concerns over the human health risk of engineered nanotubes:
Their extremely small size (nano meters in diameter) makes
them airborne and easily inhaled into the human lungs; the
high length-to-diameter ratio (up to 10%-fold) and large surface
area may lead to toxic effects similar to those of silica and
asbestos (i.e., lung fibrosis and mesothelioma).'®~'* Therefore,
assessing the potential toxicity of CNT in humans is a pressing
issue, even though no pathological conditions have been
identified in humans from CNT exposure so far.'>'%”

Data on the adverse health effects of CNT to date are
limited, and some appear controversial, partly due to the fact
that many parameters of CNT, such as structure, size
distribution, surface area, surface charge and chemistry,
agglomeration state, and purity, influence their reactivity with
the human body; moreover, these parameters can vary from
sample to sample considerably. Nevertheless, current data
indicated that many CNT's can enter human cells to accumulate
in the cytoplasm and cause cell death,'® penetrate tissue
structures to migrate and cause lesions in remote areas, ">+
and induce inflammation, epithelioid granulomas, and inter-
stitial or pleural fibrosis in the lungs of rodents.'”?*>* The
cellular and molecular mechanisms by which CNTs damage
cells and cause inflammation and fibrosis in the lungs remain
largely unaddressed. Given the extreme paucity of human data
and very limited animal models for CNT health effects,
elucidating the interactions between the CNTSs and the host at
cellular and molecular levels is not only attainable but also
necessary for accurate risk assessment, intervention of toxicity,
and CNT product improvement.

The NF-xB proteins form homo- or heterodimers to mediate
diverse functions, such as inflammation, immune response,
apoptosis, and cell proliferation.”> Unactivated NF-kB is tightly
repressed by a group of inhibitory proteins (IkBs) in the
cytoplasm. During lung fibrosis, NF-kB is activated to control
the production of inflammatory cytokines and chemokines
from both macrophages and lung epithelial cells. Activation
may involve the canonical pathway that converges on a
multisubunit IkB kinase complex (IKK) leading to the
ubiquitination and degradation of phosphorylated IkB through
the SCF E3-dependent ubiquitination and proteasomal
degardation. Alternatively, a noncanonical pathway can be
activated to phophorylate RelB-bound p100, causing protease
cleavage of the protein and formation of an active p52/RelB
complex for gene transcription. Whether CNTs activate the
NF-xB pathways to influence their toxicity is unclear.

Transforming growth factor 1 (TGFf1) and platelet-
derived growth factor (PDGF) are two potent regulators of
extracellular matrix formation and remodeling critical for the
development of fibrosis.®”*%*” TGFf1 was associated with
progressive lung fibrosis in humans and was elevated in the
lungs of patients with idiopathic 2pulmonau’y fibrosis and in
animal models of lung fibrosis.”® TGFfS1 stimulates the
differentiation of lung fibroblasts into myofibroblasts, which
synthesize collagen 1 and a-smooth muscle actin (aSMA) for
matrix deposition and remodeling during fibrosis. PDGF acts as
a potent mitogen and chemoattractant for fibroblasts and
myofibroblasts, thereby promoting fibrosis.” PDGF has been
implicated in the development of asbestosis and coal workers'
pneumoconiosis from the inhalation of asbestos fiber and coal
dust particle. NF-xB may regulate TGFf and PDGF functions
in fibrosis by influencing the TGEf signaling pathway for
collagen synthesis® and the transcription of PDGFE.>**" The
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roles of TGFp1, PDGF, and myofibroblast transformation in
CNT-induced fibrotic reactions in the lungs have not been
investigated.

In light of the high potential of CNT to cause toxicity and
fibrotic lesions in human lungs and the lack of understanding of
the mechanism for lung fibrosis by CNT, we carried out this
study to characterize MWCNT toxicity and identify the
molecular events that govern the inflammatory and fibrogenic
responses to MWCNT in human lung cells. Our data revealed
that (1) MWCNT caused dose-dependent toxicity in human
bronchial and alveolar epithelial cells and interstitial fibroblasts
by causing mitochondrial damage and oxidative stress, (2)
MWCNT induced a panel of cytokines and chemokines
through the activation of NF-kB in macrophages, and (3)
MWCNT stimulated the expression and secretion of TGFf1
and PDGF from lung cells and macrophages to increase the
proliferation and transformation of lung fibroblasts into
myofibrolasts. Together, these in vitro cellular model-based
studies revealed a molecular framework for CNT-induced
fibrotic reactions in the lungs that potentially fills the
knowledge gap in the understanding of molecular mechanisms
for CNT-induced lung toxicity.

B MATERIALS AND METHODS

Materials. MWCNTs were purchased from Sigma-Aldrich (St.
Louis, MO). According to the supplier, MWCNTSs were >99% pure on
a carbon basis by X-ray diffraction and 99% pure on a nanotube basis
by high-resolution transmission electron microscopy (HRTEM). A
patented process involving decomposition of carbon monoxide over a
Co—MgO catalyst at about 600 °C was used to produce the MWCNT.
The nanotubes were then treated with diluted hydrochloric acid to
completely remove the catalyst. No metals were detected by X-ray
diffraction. Cell lines, antibodies, and other reagents were described
below.

Dispersion of MWCNTs. Two milligrams of MWCNTs was
dispersed in 1 mL of a cell culture medium containing 1% fetal bovine
serum (FBS) through vortex (three times, 2 min each) and sonication
(three times, 30 s each; 40% output; Ultrasonic Processor, GE 70T,
Fisher Scientific, Pittsburgh, PA) in a biological safety hood. Dispersed
MWCNTSs were stored as a stock solution and were further diluted
with the culture medium and resonicated within 20 min before use.

Transmission Electron Microscopy (TEM) and HRTEM. The
dispersed MWCNT stock solution prepared above was diluted at
1:1000 into double-distilled H,0O and loaded within 30 min of
preparation for imaging. A drop of ~0.1 mL was deposited onto a
Formvar-coated copper grid and allowed to air dry. Images were
photographed on a JEOL 1220 TEM. For HRTEM, MWCNT's were
dispersed into ethanol with sonication. The samples were deposited on
a 200 mesh copper TEM grid with a lacy carbon film. The grid was
examined using the JEOL 2100F STEM at an accelerating voltage of
200 keV. Images were obtained at various magnifications in a bright
field TEM mode.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR was
carried out to detect potential functionalization of MWCNTSs with
carboxyl groups from acid wash during manufacture. A few drops of
acetone and methanol suspension containing approximately 100 ug of
MWCNTSs was air-dried on a 2 mm X 13 mm KBr disk (Spectra-Tech
Inc. Part No. 7000-302, Oak Ridge, TN). A second KBr disk was
placed over the first, and the pair was mounted in a sample holder with
10 mm aperture. The infrared absorbance spectrum of this sample was
acquired in direct transmittance mode (32 scans, 4 cm™! resolution)
by a Nicolet 6700 FTIR spectrometer (ThermoFisher Scientific,
Waltham, MA). Carbonyl groups of carboleated material display a
very strong, narrow feature near 1700 cm™. 2

Cell Culture. Human normal bronchial epithelial cell line
immortalized with SV40 (BEAS-2B), human normal lung fibroblast
cell line immortalized with SV40 (WI38-VA13), human lung
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carcinoma epithelial cell line (A549), and mouse leukemic monocyte-
macrophage cell line (RAW264.7) were purchased from American
Type Culture Collection (ATCC, Manassas, VA). BEAS-2B cells were
cultured with the bronchial epithelial cell growth medium (BEGM)
along with all of the additives from Lonza/Clonetics Corporation
(Walkersville, MD). AS49 cells were cultured in the Dulbecco's
modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) with
10% FBS. WI38-VAI13 cells were cultured in the a minimal essential
medium (aMEM, Invitrogen) with 10% FBS. RAW264.7 cells were
grown in DMEM with 10% FBS.

Because cells were treated with MWCNTSs at <20 pg/mL for most
of the experiments, the dispersion medium added to a culture was
<1% of the culture and FBS from the dispersion medium <0.01%. For
cells cultured in media with 10% FBS, the dispersion medium did not
change the culture medium composition. For BEAS-2B cells cultured
in the BEGM medium, the treatment added 0.01% FBS into the
culture. Controls with 1% the dispersion medium without MWCNT
were tested to ascertain that no effect from the dispersion medium
interfered with BEAS-2B culture and results. No effects of the
dispersion medium on BEAS-2B cells were observed in all assays.

Endotoxin Detection. MWCNTs were prepared as a suspension
in water at 2 mg/mL. The suspension was mixed by rocking on a
platform for 24 h at room temperature. Samples were centrifuged for
10 min, and supernatants were collected and filtered to remove
remaining particles. The detection of endotoxin was performed by
using the ToxinSensor Chromogenic Limulus Amebocyte Lysate Assay
kit according to the manufacturer's instructions (GenScript, Piscat-
away, NJ).

Cytotoxicity Assay. The CellTiter 96 AQueous One Solution
Cell Proliferation Assay kit (Promega, Madison, WI) was used to
examine cell proliferation and cytotoxicity. About 1 X 103 cells per well
in 100 uL of the culture medium were seeded in 96-well plates for
overnight. Cells were treated with MWCNTS by replacing the medium
with a fresh medium containing varying concentrations of MWCNTs.
Twenty microliters of the CellTiter 96 AQueuos One Solution
Reagent was added into each well. The plates were incubated for 3 h at
37 °C in a humidified incubator supplied with 5% CO,. The
absorbance at 490 nm was recorded by using a 96-well plate reader.
Parallel wells with no cells but having the medium containing
MWCNTs at the same concentration as treated wells were used as the
reference control for MWCNTSs. The mean absorbance was calculated
from three replicates of each exposure and corresponding blank
control.

Reporter Assay. RAW264.7 cells stably transfected with the
tumor necrosis factor @ (TNFa) promoter/Luc reporter or the 5x NF-
kB-binding site/Luc reporter were described previously.*® Cells were
treated with MWCNTs for 16 h as indicated. The cells were lysed with
the passive reporter lysis buffer (Promega), and cell lysates were
vortexed and centrifuged briefly to remove cell debris. Twenty
microliters of a supernatant was mixed with 100 uL of the luciferase
reagent (Promega). Luciferase activities were detected by using the
TD 20/20 luminometer (Agilent Technologies, Santa Clara, CA) and
were normalized with protein concentrations.

Immunoblotting. Cells were lysed on ice with a radioimmune
precipitation assay (RIPA) buffer containing protease and phosphatase
inhibitors for 30 min. The cell lysate was sonicated briefly and
centrifuged at 14000g for 20 min to remove cell debris. The cell lysate
(10—20 pg) was fractionated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
polyviinglidene difluoride (PVDF) membranes (Bio-Rad, Hercules,
CA), and blocked with 5% nonfat milk in PBST (PBS plus 0.05%
Tween-20). The membrane was blotted with a primary antibody at 4
°C overnight with shaking, followed by incubation with a horseradish
peroxidase-conjugated secondary antibody for 1 h at room temper-
ature. Protein bands were visualized using enhanced chemilumines-
cence detection reagents from Amersham Biosciences (Pisctaway, NJ).
Actin was blotted as a loading control.

Detection of Cytokines. Macrophages were treated with
MWCNTs for 16 h or lipopolysaccharide (LPS) (1 pg/mL) for S h.
The cell supernatant was collected and stored at —80 °C until use.
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Cytokines and chemokines were detected by using a mouse cytometric
bead array kit and Flex beads (BD biosciences, Franklin Lakes, NJ)
and flow cytometry according to manufacturer's instructions.

Reactive Oxygen Species (ROS) Detection. Cells (BEAS-2B,
WI38-VAI3, and AS49) cultured in eight-well chamber slides were
treated with MWCNTs for 16 h. Thirty minutes prior to the end of
each treatment, dihydroethium (hydroethidine, DHE, Invitrogen) was
added at 5 uM as a fluorescent indicator of ROS production. Cells
were washed with ice cold phosphate-buffered saline (PBS) for three
times to remove free dye. Cells were then fixed in 4%
paraformaldehyde and mounted with a mounting solution containing
DAPI that counterstains the nucleus. Images were taken with a Zeiss
LSMS10 confocal microscope using the Rhodamin-DAPI setting and
fixed exposure times. The fluorescence intensity was quantified by
using the Optimus Version 6.51 software (Media Cybernetics, Silver
Springs, MD). Means and standard deviations (SDs) were calculated
from five separate fields for each treatment.

Mitochondrial Membrane Potential. Tetramethylrodamine
ester (TMRE, Sigma) and Mitotrack deep red 633 (MTDR,
Invitrogen) are fluorescent probes that specifically accumulate in the
mitochondrial matrix in a mitochondrial-inner-membrane-potential-
dependent manner. Cells (BEAS-2B) were cultured in an eight-well
chamber slide (for confocal microscopy) or six-well plate (for flow
cytometry) and were treated with MWCNTs for 16 h. Forty-five
minutes prior to the end of each treatment, S0 nM TMRE and 1 uM
MTDR were added to the culture media. Cells were washed three
times with ice cold PBS. For confocal microscopy, cells were fixed in
4% paraformaldehyde in the chamber slides and were mounted with a
mounting solution containing DAPI to counterstain the nucleus.
Images were taken with a Zeiss LSMS10 confocal microscope. For
flow cytometry, cells were collected to analyze the fluorescence
intensity immediately at 585 (FL-2) and 670 nm (FL-3) channels of a
FACSCalibur.

Immunofluorescent Staining. Cells (RAW264.7) grown in an
eight-well chamber slide were treated with MWCNTSs for 16 h. Cells
were fixed in 4% paraformaldehyde and permeated in 0.5% Triton X-
100. Cells were stained with the anti NF-kBp6S antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) at a 1:1000 dilution in the
culture medium containing 1% FBS for 2 h. The cells were washed
three times with PBS. An Alexia 488-conjugated secondary antibody
was diluted at a 1:500 dilution in the culture medium with 1% FBS and
incubated with the cells for 1 h avoiding light. After they were washed
with PBS for three times, the cells were mounted with a mounting
solution containing DAPIL Images were taken with a Zeiss LSMS10
confocal microscope. For detection of fibroblast-to-myofibroblast
transformation, Macrophages were treated with MWCNTs for 16 h or
LPS for S h. The culture medium was collected and centrifuged to
remove remaining cells, debris, and MWCNTs. The cell- and
MWCNT-free medium was designated as the MWCNT-conditioned
medium. WI38-VAI3 cells grown in eight-well chamber slides were
cultured in the MWCNT-conditioned medium for 24 h. The cells
were then fixed, permeated, and stained with an anti-aSMA antibody
(Sigma) for overnight, followed by an Alexia-conjugated secondary
antibody for 1 h. The nucleus was counterstained with DAPL
Fluorescent images were taken under a Zeiss LSMS510 confocal
microscope.

Real-Time PCR. BEAS-2B and WI38-VA13 cells were treated with
MWCNT at 10 pug/mL for 24 h. LPS at 1 pg/mL for S h, and
interleukin (IL)-1/3 (Sino Biological Inc., www.sinobiological.com) at S
ng/mL for 24 h were used as positive controls. Total RNA was isolated
using the Qiagen RNA mini kit (Qiagen, Valencia, CA). Five
micrograms of total RNA was reverse transcribed into cDNA using
reverse transcriptase III (Invitrogen). TGFf1 and PDGF cDNAs were
then amplified and quantified with gene-specific primers (primer
sequences available upon request) by real-time PCR as described
previously.**

ELISA for NF-xB DNA Binding. Macrophages were treated with
MWCNTs at 10 ug/mL for 16 h or LPS at 1 ug/mL for S h. Nuclear
extracts were prepared by using the Nuclei EZ PREP reagents from
Sigma. Ten micrograms of nuclear extracts was added to an ELISA
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plate precoated with NF-kB-binding site dsDNA. Bound NF-xB
proteins were detected with an anti-NF-kBp6S antibody following the
instructions from Cayman (Ann Arbor, MI).

B RESULTS

Characterization of MWCNTs. The MWCNTs used in
the study have a purity of 99.9% on carbon basis by X-ray
diffraction and are 99% of MWCNTs by HRTEM. HRTEM
images showed the distinctive crystalline structure of
MWCNTs (Figure 1A). The outer diameters of MWCNTSs

20 nm

N1y —
8.6KU $xI10k 500nm

PBS Medium with 1% FBS

Figure 1. High- and low-resolution transmission electron micrographs
of MWCNTSs. (A) A representative crystalline structure of MWCNTs
from HRTEM showing the distinctive multiwalled nanotube structure.
(B) Dispersion of MWCNTs in PBS (left) or the culture medium with
1% FBS (right) from low-resolution TEM showing large agglomerates
in PBS and good dispersion in the medium.

range from 6.0 to 13.0 nm (average of 8.7 nm), the inner
diameters range from 2.0 to 6.0 nm, and lengths range from 2.5
to 20 um (average of 10 ym). Trace metal analysis revealed that
cobalt is the major metal contaminant with content at ~0.2%
and all other metals at or below 10 ppm. Endotoxin
contamination of MWCNT was below the level of detection
(maximum sensitivity of assay at 0.005 EU/mL). The
MWCNT was treated with diluted acid to remove catalyst
during manufacture, which potentially introduced carboxyl
groups on the surface and ends of the MWCNT. Examination
of the MWCNT by FTIR spectroscopy revealed a nearly
featureless spectrum typical of pristine CNT, with no infrared
lines near 1700 cm™" of carbonyl groups, indicating that there
are very few, if any, carbonyl groups on the MWCNT (data not
shown).

To disperse MWCNT in solution, 2 mg of MWCNTs was
suspended in PBS, a dispersal medium (DM) (Porter et al.),**
or the culture medium with 1% FBS, respectively. The
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agglomeration status of MWCNT was analyzed by TEM.
Large agglomerates of MWCNTs were found in the PBS
suspension, whereas MWCNTs suspended in DM (data not
shown) or the culture medium with 1% FBS were well
dispersed (Figure 1B). Because the dispersion medium with 1%
FBS is compatible with the cell culture conditions, MWCNTSs
prepared with the dispersion medium were used for all of the
following experiments.

Cytotoxicity, ROS Production, and Mitochondrial
Damage. Fibrogenic fibers damage the bronchial epithelial,
alveolar epithelial, and interstitial (mainly fibroblasts) cells
upon entering the lungs, providing the initial stimulus for
subsequent inflammation, tissue repair, or fibrosis in the lungs.
We first characterized the overall toxicity of MWCNT in
human lung cells, including normal bronchial epithelial cells
BEAS-2B, normal lung fibroblasts WI38-VA13, and lung
alveolar epithelial cells AS49. A modified MTT assay was
used to measure cell death and proliferation. Parallel controls
using the medium containing MWCNTs at the same
concentrations as the treatment groups but no cells were
used as reference to correct for light absorption from
MWCNTSs. The three lines of lung cells treated for 1 and 4
days showed dose-dependent but varying degrees of reduction
in cell density, revealing increased cell death and/or inhibition
of cell proliferation by MWCNTs. BEAS-2B is the most
sensitive showing toxicity at 2 sg/mL and nearly total cell death
at 200 pug/mL after 4 days of treatment, followed by WI38-
VAL13 with toxicity beginning at § ug/mL and AS549 at 20 ug/
mL (Figure 2A). After 1 day of treatment, MWCNTSs caused
significant toxicity at a high dose (200 ug/mL) (data not
shown).

Fibrogenic fibers generally do not directly damage DNA and
protein but induce the production of ROS to cause oxidative
stress in cells. Thus, we examined ROS production as a
potential mechanism of cell toxicity by MWCNTs. Fluorescent
microscopy using a ROS-sensitive probe, DHE, revealed that,
indeed, exposure to MWCNT induced production of ROS in
all three cell lines at 20 ug/mL, 16 h (Figure 2B,C). These data
indicated that increased production of ROS is a common
response to MWCNTs in lung cells at subtoxic doses. For
subsequent studies, we chose 20 pg/mL (or less) for 16 h as
the treatment to avoid toxicity. This dose range in culture is
roughly equivalent to the dose of MWCNT to cause
inflammatory response in the lungs on a surface area
basis.'>** At this dose range, the dispersion medium
(corresponding culture medium plus 1% serum) was <1% of
the culture and FBS from the dispersion medium <0.01%,
which did not affect cell toxicity, ROS production, and
subsequent assays for all cells tested (data not shown).

The mitochondria consume about 90% of the oxygen in the
cell for aerobic respiration to produce ATP. They are also
responsible for the production of the majority of ROS under
normal and pathological conditions. Therefore, we examined
mitochondrial damage as a potential mechanism of MWCNT-
induced ROS production. TMRE and MTDR are fluorescent
probes that specifically accumulate and fluoresce in the
mitochondrial matrix in a mitochondrial-inner-membrane-
potential-dependent manner. We found that both probes
accumulated in the mitochondria in vehicle-treated cells, but
accumulation was largely diminished by treatment with
MWCNT (20 ug/mL, 16 h), as measured by both confocal
fluorescent microscopy and flow cytometry (Figure 3). The
results indicated that MWCNT caused substantial loss of the
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Figure 2. Cytotoxicity and ROS production in human lung cells. (A) Cytotoxicity. BEAS-2B, WI38-VA13 and AS49 cells were treated with
increasing concentrations of MWCNTSs from 0 to 200 pg/mL for 1 and 4 days. Cell proliferation/cell death was assessed using the CellTiter 96
AQueous One Solution Cell Proliferation Assay reagents. Data represent means # SDs from three samples. *, p < 0.05 and **, P < 0.01, as
compared with the control with no MWCNTSs. Shown are toxicities in cells treated for 4 days. Toxicity at 1 day after treatment was significant only at
the dose of 200 pg/mL (data not shown). (B) ROS production. BEAS-2B cells were treated with MWCNT at 20 pg/mL for 16 h. ROS production
was measured with confocal fluorescence miroscopy using fluorescence probe DHE added to the cells 30 min prior to the end of each treatment.
The nucleus was stained with DAPI to show the cell population. (C) Quantification of panel B from five separate fields.

electric potential across the inner membrane of the
mitochondria, resulting in diffusion of the probes in the cells.
Together, the findings suggest that MWCNT damage the
mitochondria to increase ROS production and, thereby, cause
toxicity in lung cells.

Induction of Cytokines and Chemokines through NF-
kB Signaling. The production of inflammatory cytokines and
chemokines from macrophages and lung epithelial cells is a
hallmark of the pulmonary response to fibrogenic fibers. We
analyzed MWCNT-stimulated production of a panel of
representative cytokines and chemokines, whose expressions
are commonly altered during inflammation. TNFa is a
multifunctional cytokine involved in systemic inflammation
and is highly inducible by various inflammatory stimuli. We first
tested if MWCNT induces the expression of a luciferase
reporter gene stably integrated into the genome of RAW264.7,
a widely used macrophage cell line, under the control of the
mouse TNFa gene promoter. LPS, a potent inducer of TNFa
expression, was used as a positive control. Figure SA showed
that both LPS (1 pug/mL, S h) and MWCNT (20 pg/mL, 16 h)
strongly increased the luciferase reporter activity, indicating
reporter gene induction. We then examined whether MWCNT
induces endogenous cytokines and chemokines. RAW264.7
macrophages were treated with MWCNT or LPS. TNFa was
increased in the culture medium of MWCNT-treated cells dose
dependently (Figure 4B). IL-1f, a pro-inflammatory cytokine
induced by microbial infection, was significantly increased at 20
ug/mL (Figure 4C). IL-6, a pro-inflammatory cytokine that
stimulates the immune response to damaged tissues, was
significantly increased at 2 and 20 ug/mL (Figure 4D). IL-10,
an anti-inflammatory cytokine that blocks NF-kB signaling and
inhibits the production of pro-inflammatory cytokines, was
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induced strongly by LPS and MWCNT (Figure 4E). Monocyte
chemotactic protein-1 (MCP1), a monocyte chemoattractant of
the CC chemokine family, was induced by MWCNT at both 2
and 20 pg/mL; induction at 20 ug/mL was even higher than
that by LPS (Figure 4F). IFN-y, a cytokine critical for innate
and adaptive immunity against virus, intracellular bacteria, and
tumor cells, was not significantly affected by LPS or MWCNT
(Figure 4G). IL-12, an IL produced in the body upon antigenic
stimulation, was expressed at low levels (less than 4 pg/mL)
and was not significantly changed by LPS or MWCNT
treatment (data not shown). Therefore, MWCNTs directly
induce inflammatory cytokines and chemokines including
TNEFa, IL-1f, IL-6, IL-10, and MCP1 to mediate inflammatory
response.

NF-kB controls the basal and inducible expression of
inflammatory mediators. Induction of the luciferase reporter
under the control of TNFa promoter that contains multiple
NF-kB-binding sites by MWCNT implicates NF-kB in the
induction of cytokine expression by MWCNTSs. To address the
possibility, we examined whether MWCNTs activate the NF-xB
pathway as a molecular mechanism for induction of
inflammatory cytokines and chemokines. RAW264.7 macro-
phages stably transfected with a synthetic, five copy NF-xB-
binding site/Luc reporter expression construct were treated
with MWCNTs and LPS (positive control for induction).
Strong luciferase activities were detected in LPS or MWCNT-
treated cells (Figure SA). The results indicated that MWCNTSs
could activate the NF-kB target gene promoter to induce gene
transcription.

NF-kB can be activated via the conanical or nonconanical
pathway. We found that MWCNT induced a sharp reduction in
the level of IkBa protein within 30 min of treatment similarly to
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Figure 3. Effect on mitochondrial inner membrane potential. BEAS-2B cells were treated with MWCNTs at 20 pg/mL for 16 h. Damage to
mitochondria was assessed using fluorescent probes TMRE (A and B) and MTDR (C and D), both of which accumulate in the mitochondrial matrix
in a mitochondrial-inner-membrane-potential-dependent manner. Representative micrographs were taken with confocal microscopy (A and C).
Quantification of fluorescence was performed with flow cytometry (B and D), and results represent TMRE or MTDR fluorescence intensity. Data
are means + SDs from three samples. *, p < 0.05, and **, p < 0.01, as compared with control.

LPS (Figure SB). Both LPS and MWCNTs induced strong
nuclear localization of NF-kB as revealed by immunoblotting of
NF-xB in nuclear fractions or by confocal fluorescent
microscopy of cells treated with LPS or MWCNTs (Figure
SC,D). Finally, NF-«B binding to the NF-xB-binding sequences
was examined, in which nuclear extracts from macrophages
treated with MWCNTSs or LPS was assayed for binding to NF-
kB binding sequences in an ELISA assay. Figure SE showed
that both LPS and MWCNTSs significantly increased the
binding indicating activation of NF-kB to form a functional
DNA-binding complex. Taken together, these results revealed
that MWCNTSs activated the canonical NF-«kB signaling
pathway to control the transcription of inflammatory cytokines
and chemokines in macrophages.

Induction of TGF#1, PDGF, and Fibroblast-to-Myofi-
broblast Transformation. In addition to damaging lung cells
and stimulating macrophages to secrete inflammatory media-
tors, fibrogenic agents induce fibrotic reactions characterized by
increased production of profibrogenic growth factors, such as
TGFp1 and PDGEF, proliferation and differentiation of
fibroblasts into myofibroblasts, and secretion of type 1 collagen
by myofibroblasts. We examined whether MWCNTSs induce
these fibrotic phenotypes in lung cells. We found that the
mRNA and protein levels of TGEf1 and PDGF in BEAS-2B
and WI38-VA13 cells (Figure 6) as well as macrophages (data
not shown) treated with MWCNTs at 20 ug/mL for 24 h were
significantly increased, similarly to treatment with LPS or IL-1f,
known inducers of TGFf1 and PDGF.
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We examined whether MWCNTs induce the transformation
of fibroblast to myofibroblast. It is believed that TGFf1 and
PDGF secreted from macrophages and lung epithelial cells
serve as critical paracrine stimuli to fibroblasts to promote the
transformation of fibroblasts into myofibroblasts. Myofibro-
blasts synthesize the characteristic aSMA to enhance their
contractile force and secretes collagen I to deposit in the matrix
resulting in fibrosis. We analyzed the expression of aSMA in
lung fibroblast cells. We first treated macrophages with
MWCNT (20 pg/mL, 16 h) or LPS (1 pg/mL, S h, as
positive control). The culture medium was collected and
centrifuged to remove residual cells and MWCNTs; the
supernatant was designated as “MWOCNT-conditioned me-
dium”. WI38VA-13 fibroblasts were then cultured in the
MWCNT-conditioned medium for 24 h. Expression of aSMA
was measured by using fluorescent microscopy with specific
antibodies against SMA. As shown in Figure 7, a significant
increase in the fluorescence intensity of ®SMA was observed in
fibroblasts cultured in the MWCNT-conditioned medium. The
results indicated that MWCNT stimulated macrophages to
secret soluble factors, such as TGFf1 and PDGF, which in turn
function as paracrines to promote differentiation of the
fibroblasts into myofibroblasts.

B DISCUSSION

Exposure to fibrogenic materials and chemicals causes
pulmonary injury that typically progresses into lung interstitial
fibrosis, granulomatous fibrosis, or mesothelioma.** Studies
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Figure 4. Induction of cytokines and chemokines. (A) TNFa luciferase reporter expression. RAW264.7 cells stably transfected with the TNFa
promoter/luciferase reporter construct were treated with MWCNTs at 0, 2, and 20 pug/mL for 16 h. LPS at 1 yug/mL for S h was used as a positive
control. Luciferase activity was measured. (B—G) Endogenous cytokine and chemokine expression. RAW264.7 cells were treated as for panel A. Cell-
free culture medium was collected, and cytokines and chemokines were detected by flow cytometry using mouse cytometric bead array and Flex
beads. Data represent means + SDs from three samples. *, p < 0.05, and **, p < 0.01, as compared with control.

of the underlying mechanisms for fibrotic lesions revealed that
injury to the airway and alveolar epithelial cells, activation of
macrophages, and fibroblast-to-myofibroblast transformations
are common cellular events during lung fibrosis,®” whereas the
molecular steps mediating the events remain unclear.

CNTs are newly discovered forms of crystalline carbon that
form cylinders of carbon with nanometer diameters and varying
lengths. Animal studies indicated that CNTs damage the lungs,
penetrate through lung tissues, and induce fibrotic lesions in
lung interstitium and pleura.">'*""7** The cellular and
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molecular mechanisms by which CNTs induce lung toxicity
and fibrosis are unclear. We addressed this issue by examining
the interactions between MWCNT's and lung cells at molecular
levels. Our results are consistent with previous studies that
MWCNTSs are pulmonary fibrogenic inducers.'”?” These
findings suggest a molecular and cellular framework for
MWCNT lung toxicity, in which MWCNTSs stimulate oxidative
stress and mitochondrial damage to cause injuries to lung
epithelial cells, activate NF-kB signaling to boost inflammatory
and profibrogenic cytokine and growth factor production and
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Figure 5. Activation of NF-kB signaling. (A) NF-xB binding site/luciferase reporter expression. RAW264.7 cells were stably transfected with a
luciferase reporter gene expression construct under the control of five copies of the synthetic NF-kB binding site. The cells were treated with
MWCNTs or LPS as described for Figure 4. Luciferase activity was measured. (B) IkB degradation. Macrophages were treated with MWCNTs at 20
ug/mL for 0, 30, 60, and 120 min. LPS (1 yg/mL) was used as a positive control. The cell lysate was immunoblotted against IkBa. Actin was used as
a loading control. (C) Immunoblotting of nuclear NF-kB. Nuclear extracts from cells treated with LPS (1 ug/mL, 5 h) or MWCNT (20 pg/mlL, 16
h) were immunoblotted with anti-NF-kBp6S. Actin was used as a loading control. (D) Fluorescent microscopy of nuclear NF-kB. Cells cultured in
eight-well chamber slides were treated with LPS (positive control) at 1 ug/mL for S h or MWCNT at 20 pg/mL for 16 h. Cells were stained with
anti-NF-kBp6S antibodies, followed by Alexia 488-conjugated secondary antibody. Images were taken under a confocal fluorescent microscope; bar
size = 10 ym. (E) Binding of NF-kB to DNA. Cells were treated with LPS (1 pg/mL) for S h or MWCNTs (20 pg/mL) for 16 h. Binding of NF-xB
to NF-kB-binding element was measured using nuclear extracts and the NF-kB p65 ELISA assay kit. NSB, nonspecific binding. Data represent means
+ SDs from three samples. **, p < 0.01.

secretion, and promote the fibroblast-to-myofibroblast trans- mitochondria to increase ROS production. Excessive ROS
formation for the synthesis of collagen and aSMA that are results in oxidative stress that promotes cell death and activates
important for matrix deposition and remodeling, ultimately specific signaling pathways, both implicated in the pathogenesis
resulting in lung fibrosis. Given that many other fibrogenic of lung fibrosis.” We found that MWCNTs induced significant
agents including fibers and particles (silica, asbestos, and coal ROS production in bronchial and alveolar epithelial cells and
dust particles),”® anticancer drugs (bleomycin),”” metals fibroblasts. ROS production correlated with MWCNT-induced
(chromium), and pesticides (paraquat)* also induce oxidative cell toxicity and was observed at subtoxic doses. Parallel to ROS
stress, inflammation, and proliferation of fibroblasts, we production, MWCNTs induced substantial depolarization of
propose that our molecular model of MWCNT lung toxicity mitochondrial inner membrane potential, indicating mitochon-
is applicable to fibrosis by these agents. drial damage. Similar results were found by others in NR8383

ROS are produced as a byproduct of cellular respiration in and A549 cells.>®® Using a cell-free system, Finoglio et al.
the mitochondria or to serve a physiological function, such as showed that MWCNT increased ROS production but did not
killing microbes by phagocytes during infection and stimulating directly generate free radicals.* Long, straight CNTSs
cell growth.” ROS also result from exposure to toxicants. In the stimulated IL-18 production from macrophages through a
case of fibrogenic fibers, ROS can be formed via radicals on the ROS-mediated process because the antioxidant trolox effec-
surface or surface-bound chemicals such as quinines that can tively diminished CNT-induced IL-18 secretion.*' Together,
undergo redox cycling to generate superoxide anions and these findings suggest that mitochondrial damage is likely a
hydrogen peroxide. Alternatively, fibers can damage the common mechanism by which CNTs induce oxidative stress
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Figure 6. Induction of TGFf1 and PDGF. BEAS-2B and WI38-VA13 cells were treated with MWCNTs (20 pug/mL, 24 h), LPS (1 ug/mL, S h), or
IL-153 (S ng/mL, 24 h), respectively. (A) Real-time PCR for TGFf1 mRNA. (B) Immunoblotting of TGFf1 protein. (C) Real-time PCR for PDGF
mRNA. (D) Immunoblotting of PDGF protein. GAPDH was used as a loading control. In C and D, results from BEAS-2B cells are shown. **, p <

0.01, as compared with control.
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Figure 7. Induction of aSMA. (A) Myofibroblast transformation. Macrophages were treated with MWCNTSs (20 ug/mL, 16 h) or LPS (1 ug/mL, S
h). The culture medium free of cells and MWCNTSs was collected as MWCNT-conditioned medium. WI38-VA13 fibroblasts were then cultured in
the MWCNT-conditioned medium in eight-well chamber slides for 24 h. Expression of aSMA was detected by immunofluorescent staining of the
cells with an anti-aSMA antibody followed by an alexia-488 conjugated secondary antibody. The nucleus was stained with DAPI. Cell images were

taken under a Zeiss LSM510 confocal microscope. (B) Quantitative data of panel A from five separate fields.

*, p < 0.0S, as compared with control.

and cause toxicity to lung cells. This finding raises the
possibility of employing antioxidants or other agents that
suppress ROS production and oxidative damage for the
prevention and treatment of CNT lung toxicity and fibrosis.
MWCNTs induce pulmonary inflammation in mice dose
dependently. In one study, exposure to MWCNT at doses
approximating the estimated human occupational exposure
induced pulmonary inflammation and damage peaking at 7 days
postexposure. Pulmonary fibrosis was observed by 7 days and
granulomatous inflammation persisted throughout 56 days.**
MWCNT was also found to penetrate lung tissues to reach the
pleura®® In a separate study, inflammatory cytokines were
induced in mice treated with subcutaneous injection of
MWCNT.* We showed here that MWCNT induced a panel
of inflammatory cytokines and chemokines including TNFq,
IL-1f, IL-6, IL-10, and MCP1, which are commonly elevated
during lung inflammation and fibrosis. Furthermore, we
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demonstrated that induction of the inflammatory mediators
by MWCNT is mediated through the canonical pathway of NF-
kB signaling, in which MWCNT induced the ubiquitination and
proteasomal degradation of IkBea, increased the nuclear
accumulation of NF-kBp6S protein, enhanced the binding of
NF-«B to NF-kB-binding sequences in DNA, and transactivated
TNFa promoter for transcription. Our study was the first to
systematically analyze the pathway through which MWCNT
activate NF-kB and induce inflammatory cytokines and
chemokines. In addition to regulating cytokine expression,
NF-kB modulates TGEf signaling in collagen synthesis and
PDGF transcription to impact fibrosis.”” >

How MWCNTs activate the canonical pathway is unclear.
LPS is known to activate NF-kB via the canonical pathway by
binding to its receptor TLR4 on the plasma membrane.”
Activated TLR4 recruits adapter molecules including MyD88
and Tirap within the cytoplasm of cells to propagate a signal to
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activate IKKs and the NF-kB pathway. Presumably, signaling
molecules that are produced upon exposure to MWCNTS, such
as ROS, interact with molecules in the pathway to activate NF-
kB. Alternatively, MWCNTSs may stimulate the activation of
RAGE (receptor for advanced glycation endproduct) to activate
NF-xB. RAGE is known to be activated and is responsible for
the activation of NF-kB under a range of oxidative and disease
conditions, such as Alzheimer's disease and familial amyloidotic
polyneuropathy.*** Further studies are needed to investigate
these possibilities.

Persistent cellular damage and inflammation in the lungs lead
to fibrosis and other chronic pathologies such as cancer.
Although the carcinogenic potential of CNTs remains to be
defined, MWCNTs appear to potently induce lung interstitial
fibrosis and mesothelioma in a number of rodent mod-
els.">'719722 A key cellular mediator of fibrosis is myofibro-
blast.*” Myofibroblasts are the primary collagen-producing cells
and are responsible for the de novo synthesis of characteristic
aSMA. Collagen is the major fiber-forming component in the
matrix for fibrosis, whereas aSMA incorporates into stress
fibers to increase contractile force. Contraction by myofibro-
blasts is transmitted to the extracellular matrix by means of
focal adhesion structures (ie., fibronexus) for cell migration
and scar formation. Pulmonary mesenchymal cells (mainly
fibroblasts) that give rise to myofibroblasts can derive directly
from resident lung mesenchymal cells, by recruiting circulating
fibrocytes, or through epithelial-mesenchymal transition. Trans-
formation of fibroblasts into myofibroblasts is controlled via
several complex mechanisms, including paracrine signals from
macrophages and lung epithelial cells and autocrine functions
of fibroblasts and myofibroblasts. Among the paracrines, PDGF
stimulates the proliferation and migration of fibroblasts,
whereas TGFf1 promotes the fibroblast-to-myofibroblat trans-
formation and subsequent matrix synthesis by myofibroblasts.
We found that MWCNTSs stimulate the expression and
secretion of both PDGF and TGFf1 from macrophages, lung
bronchial epithelial cells, and fibroblasts. Furthermore, we
demonstrated, for the first time, that MWCNT-induced growth
factors served as paracrine signals to stimulate the differ-
entiation of fibroblasts into myofibroblasts as evidenced by the
de novo synthesis of aSMA in the cells. These findings put
constraints on the possible mechanisms by which MWCNT
induce fibrosis in the lungs at cellular and molecular levels.

CNTs differ considerably in structure, size, shape, surface
charge and chemistry, agglomeration, metal content, and purity,
which may influence their deposition and toxicity in the
lungs.'>*** We have used a commercially available, well-
characterized MWCNT in the study. Our findings were
consistent with studies using MWCNTSs from different sources
in different systems.'”** The functionalization of CNTs
changes their surface chemistry and potentially their
interactions with biological systems. For instance, the
functionalization of CNTs with carboxyl groups on the surface
would increase the solubility and interaction of CNT with cell
membrane raising the potentials of CNTs for drug delivery and
diagnostics.*® Experimental data indicated that acid treatment
of CNTs reduces their potential for cytotoxicity and
inflammation, which is, in part, attributable to reduced metal
contents after acid wash.***’ On the other hand, increased
solubility would enhance the dispersion and distribution of
CNTs in the lungs, which would, ultimately, increase fibrosis.*®
The MWCNT used in the study was treated with diluted
hydrochloric acid to remove the catalyst Co—MgO during
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manufacture that potentially introduced carboxyl groups on the
surface of the MWCNT. The infrared vibrational spectrum of
pristine CNT is typically nearly featureless, whereas carbonyl
groups from the carboxylation of CNTs would display a very
strong, narrow feature near 1700 cm™'. The spectrum of the
MWCNT revealed by FTIR was nearly featureless with no
apparent absorption features near 1700 cm™'. Therefore, we
conclude that there are very few, if any, carbonyl groups on the
MWCNT.

While our study is focused on the mechanistic analysis of the
molecular actions of MWCNTs in lung cells, this molecular
toxicity pathway-based in vitro study avoids using a large
amount of animals and provides a simple and quick molecular
toxicity assessment method that can be adopted for high-
throughput screening of CNTs and other nanomaterials in
vitro. Such an approach would facilitate a direct comparison
among different CNT's and other nanoparticles for lung toxicity
and fibrosis. Identification of structural, physical, and chemical
properties of CNT that cause toxicity and fibrosis through these
rapid toxicity screening would help engineer safer and more
effective CNT products.”” Finally, our mechanistic study
suggests potential, novel targets that can be exploited for the
development of therapeutic and preventive measures against
lung fibrosis by CNTs and other fibrogenic toxicants for future
studies.
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