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2015; doi:10.1152/ajplung.00002.2015.—Carbon nanotubes (CNTs)
induce rapid interstitial lung fibrosis, but the underlying mechanisms
are unclear. Previous studies indicated that the ability of CNTs to
penetrate lung epithelium, enter interstitial tissue, and stimulate fibro-
blasts to produce collagen matrix is important to lung fibrosis. In this
study, we investigated the activation of transforming growth factor-3
receptor-1 [TGF-B R1; i.e., activin receptor-like kinase 5 (ALKS)
receptor] and TGF-/Smad signaling pathway in CNT-induced col-
lagen production in human lung fibroblasts. Human lung fibroblasts
and epithelial cells were exposed to low, physiologically relevant
concentrations (0.02-0.6 pg/cm?) of single-walled CNTs (SWCNT)
and multiwalled CNTs (MWCNT) in culture and analyzed for colla-
gen, TGF-B1, TGF-B R1, and SMAD proteins by Western blotting
and immunofluorescence. Chemical inhibition of ALKS and short-
hairpin (sh) RNA targeting of TGF-$ R1 and Smad2 were used to
probe the fibrogenic mechanism of CNTs. Both SWCNT and MW-
CNT induced an overexpression of TGF-B1, TGF- R1 and Smad2/3
proteins in lung fibroblasts compared with vehicle or ultrafine carbon
black-exposed controls. SWCNT- and MWCNT-induced collagen
production was blocked by ALKS inhibitor or shRNA knockdown of
TGF-B R1 and Smad2. Our results indicate the critical role of TGF-f3
R1/Smad?2/3 signaling in CNT-induced fibrogenesis by upregulating
collagen production in lung fibroblasts. This novel finding may aid in
the design of mechanism-based risk assessment and development of
rapid screening tests for nanomaterial fibrogenicity.

carbon nanotubes; collagen I; lung; fibrosis; transforming growth
factor; receptor

CARBON NANOTUBES (CNTs) are graphene-based engineered
nanoparticles (ENPs), which have generated enormous com-
mercial and biomedical interest owing to their unique physi-
cochemical properties (10). However, increasing evidence has
indicated the potential health risks associated with CNT pul-
monary exposure, such as lung inflammation and unusual rapid
and persistent interstitial fibrosis (22, 24, 30, 37). CNTs have
the same morphology as several other high aspect ratio parti-
cles, such as asbestos fibers, which are known to induce lung
fibrosis. In addition, number of walls, agglomeration, length,
surface area, and functionalization have been attributed to their
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unique fibrogenic response (7, 19, 35). To date, the mecha-
nisms underlying this rapid and progressive interstitial lung
fibrosis is not well understood. Identifying such mechanisms is
crucial to the understanding of disease pathogenesis and the
development of risk assessment and intervention strategies.

Development of interstitial lung fibrosis is a complex pro-
cess involving numerous cytokines and signaling molecules
from multiple cell types, which are released in the interstitial
space and stimulate fibroblast production of collagen matrix
(30, 41). Upon pulmonary CNT deposition, epithelial cells and
macrophages are known to release proinflammatory mediators,
such as interleukin-13 (IL-1[3), tumor necrosis factor-a (TNF-
o), matrix metalloproteinase (MMP), monocyte chemoattrac-
tant protein-1, fibroblast growth factor, and transforming
growth factor-B (TGF-B), culminating in fibroblast collagen
deposition (1, 32, 33, 37). TGF-B1 is a pluripotent cytokine, a
central modulator of collagen production in cells, and contrib-
utes to both normal and pathological functions of the lung
(1-3). Pulmonary exposure to single-walled CNTs (SWCNT)
and multiwalled CNTs (MWCNT) significantly elevated the
TGF-B1 level in bronchoalveolar lavage fluid of CNT-exposed
mice. The CNT-induced response peaked at 7 days postexpo-
sure and resulted in progressive pulmonary fibrosis that corre-
lated with lung collagen content (37). Similarly, pulmonary
exposure to MWCNT resulted in interstitial particle penetra-
tion and TGF-f release, followed by fibrosis (27, 32, 33).
Literature suggests that well-dispersed SWCNT exposure re-
sulted in the most potent fibrotic response compared with
MWCNT and asbestos fibers on a bulk-mass basis (8). In
addition, CNT exposure resulted in transient inflammation but
with prolonged fibrosis and biopersistence in interstitial space
(23, 24, 30, 37). This suggests that a noninflammatory mech-
anism of CNT-induced lung fibrosis exists, potentially involv-
ing TGF-B1 and direct interaction of interstitial CNTs with
lung fibroblasts. These observations imply a link between
TGF-B1 signaling and CNT-induced lung fibrosis. Our labo-
ratory previously showed that dispersed SWCNT and MW-
CNT can directly stimulate human lung fibroblasts to induce
collagen production and profibrogenic mediators, such as
TGF-B1 and MMP-9 (26, 39).

In lung fibroblasts, binding of TGF-B1 to its receptors
results in downstream activation and phosphorylation of intra-
cellular SMAD proteins (15). Among these, Smad2, Smad3,
and Smad5 proteins are known to act as transcriptional regu-
lators of several extracellular matrix proteins including colla-
gen (3, 11, 13). In addition to TGF-1 signaling, other pro-
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posed mechanisms of CNT-induced fibrosis include inflamma-
tion, oxidative stress, production of other fibrogenic mediators,
and epithelial mesenchymal transition. At present, it is not
known whether the expression changes in TGF-B1 and/or its
receptors (TGF-B R1) play a critical role in Smad signaling,
leading to collagen production and the development of rapid
and progressive fibrosis induced by CNTs.

The main goal of this study was to utilize relevant in vitro
models to complement in vivo animal models and investigate
the molecular mechanisms of fibrogenesis induced by SWCNT
and MWCNT. We hypothesized that SWCNT and MWCNT
exposure to lung epithelial and fibroblast cells would enhance
the release of TGF-31 and activate the TGF-31/Smad pathway
in fibroblast cells, culminating in enhanced collagen I produc-
tion. Furthermore, we hypothesized that blocking the TGF-f3
R1/Smad pathway would reduce collagen induction by CNTs
in fibroblast cells. Elucidating the role of this pathway in
CNT-induced fibrogenesis will assist in risk assessment and
development of safer nanomaterials. In addition, this study will
provide added framework for development of rapid in vitro-
based prediction and screening of fibrogenic nanoparticles.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle’s medium (DMEM), phos-
phate-buffered saline (PBS), trypsin, fetal bovine serum (FBS), and
penicillin-streptomycin antibiotic solution were purchased from Sig-
ma-Aldrich (St. Louis, MO). Eagle’s minimum essential medium
(EMEM) was purchased from American Type Culture Collection
(ATCC, Manassas, VA). TGF-B R1 [activin receptor-like kinase
(ALK)-5 blocker], SB431542, was purchased from Tocris Bioscience
(Minneapolis, MN). Smad3 inhibitor (SIS3) and short hairpin
(sh)RNA lentiviral particles for TGF-3 R1, Smad2, Polybrene, and
puromycin hydrochloride were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Antibodies for pSmad2/3 (sc-11769),
TGEF-B1 (sc-146), TGF-B R1 (sc-398), and Smad2 (sc-6200) were
obtained from Santa Cruz Biotechnology. Collagen I antibody (70R-
CRO07x) was obtained from Fitzgerald (Concord, MA).

Cell culture and CNT dispersion. Human lung bronchial epithelial
BEAS-2B cells and lung fibroblast CRL-1490 cells (ATCC) were
grown in DMEM and EMEM, respectively. Each cell type’s medium
contained 5% FBS, 100 U/ml penicillin-streptomycin, and 1% wt/vol
L-glutamine. Cells were cultured and kept at subconfluent densities in
a humidified incubator at 37°C with 5% CO.. Prior to characterization
and exposure studies, dry CNTs were suspended in PBS containing
150 pg/ml of Survanta to obtain 0.1 mg/ml stock solutions. Survanta,
a commercially available lung surfactant, was previously validated to
disperse CNTs for in vitro toxicity testing, which mimics aerosolized
and inhaled dispersed CNTs found in vivo and shows no stimulatory
or cytotoxic effects (26, 39). Particle stock solutions were briefly
sonicated to disperse each particle and then diluted with culture
medium to achieve physiologically relevant concentrations (0.02,
0.06, 0.2, 0.6 pg/cm?) as described previously (39).

Nanoparticle source and characterization. SWCNT (CNI, Hous-
ton, TX) were produced by high pressure carbon monoxide (CO)
disproportionation (HiPco) technique, employing CO in a continuous-
flow gas phase as the carbon feedstock and Fe(CO)s as the iron-
containing catalyst precursor. These SWCNT were purified by acid
treatment to remove metal contaminates; we fully characterized these
SWCNT for physicochemical properties in a previous study (34).
Elemental analysis of the supplied SWCNT by nitric acid dissolution
and inductively coupled plasma-atomic emission spectrometry (ICP-
AES, NMAM no. 7300) showed that the SWCNT were 99% elemen-
tal carbon and 0.23% iron. The specific surface area was measured at
—196°C by the nitrogen absorption-desorption technique (Brunauer
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Emmet Teller method, BET), using a SA3100 Surface Area and Pore
Size Analyzer (Beckman Coulter, Fullerton, CA). The surface area of
dry SWCNT was 1,040 m?/g, and the length and width of individual
(dry) SWCNT were 0.1-1 pm and 0.8—-1.2 nm, respectively. MW-
CNT used in this study were obtained from Mitsui (XNRI MWNT-7,
lot no. 05072001K28) and were fully characterized in a previous
report (30). Briefly, MWCNT trace metal contamination was 0.78%,
with sodium (0.41%) and iron (0.32%) being the major metal con-
taminants. Average MWCNT surface area measured by BET was 26
m?/g (30). Elftex 12 ultrafine carbon black (UFCB) was acquired from
Cabot (Edison, NJ) and was previously characterized by our labora-
tory (38). Briefly, it possesses >99% carbon and 0.0011% iron, 37 nm
dry mean width, and 43 m?/g surface area.

The diameter and length distribution of poorly and well-dispersed
preparations of UFCB, SWCNT, and MWCNT (without or with
Survanta dispersal agent) in culture medium were measured by field
emission scanning electron microscopy (FESEM) (26, 38). Briefly,
dispersed particles were suspended in culture medium (0.2 pg/cm?)
and filtered through polycarbonate filter to collect dispersed particles.
Dried samples were mounted, gold/palladium sputter coated, and
imaged at X400 and X30,000 magnification. Length and width
measurements of >300 particles from three independent replicates
were performed. Survanta-dispersed SWCNT structure exhibited
mean count dimensions (length and width) of 1.08 pm X 0.27 pm
(39), while MWCNT structure exhibited 5.1 pm X 0.078 pm mean
dimensions (26). The UFCB dispersed in Survanta had mean length
930 nm and width 700 nm (38). The same concentration of Survanta
alone (150 pg/ml) and PBS alone were used as dispersant controls.

Cytoviva hyperspectral imaging. To assist in visualization of up-
take and fate of CNTs, CRL-1490 cells were plated at a density of
30,000 cells/ml on glass coverslips and exposed to 0.1 pg/cm? of
SWCNT and MWCNT. After 24 h of exposure, cells were washed
with PBS, fixed with 4% formaldehyde, and stained with 1% toluidine
blue dye. Representative micrographs of SWCNT- and MWCNT-
exposed cells were taken using dark-field-enhanced and hyperspectral
microscopy (Cytoviva, Auburn, AL). Cytoviva technology was spe-
cifically designed for optical observation and spectral confirmation of
NPs as they interact with cells and tissues. Scattered light form
nanoparticles is detectable with dark-field-enhanced imaging and can
be discerned from low scattered light from cells and tissues. The
system is capable of identifying specific material at sub 100-nanome-
ter resolution based on the material’s unique spectral signature.
Scattered light and hyperspectral images of CNT-treated cells were
captured with an integrated CCD camera and the Cytoviva spectro-
photometer mounted on an Olympus BX-51 microscope, and spectra
from specific materials were acquired and analyzed. Briefly, spectral
libraries for UFCB, SWCNT, and MWCNT were generated using
enhanced-dark-field imaging. Next, cells with CNT and UFCB were
scanned and each pixel of a scanned image was compared with the
spectral library of nanoparticles and color-coded for pixel location.
Finally, images were compared with dual-mode fluorescence images
stained for F-actin (phalloidin) and nucleus (DAPI). The images were
compared to determine the location of intracellular nanoparticles.

Animal exposure. Pathogen-free C57BL/6 mice (Jackson, Bar Har-
bor, ME) were used for animal studies. Mice were housed in an
AAALAC-accredited, specific-pathogen-free, environmentally con-
trolled facility and allowed to acclimate at least 1 wk prior to use. All
experimental procedures were conducted in accordance with a proto-
col (no. 11-LR-M-018) approved by the Institutional Animal Care and
Use Committee of West Virginia University and met current National
Institutes of Health guidelines for animal care and handling. Mice
were kept in laminar-flow cages, which were provided HEPA-filtered
air with Teklad 7913 hardwood Beta-Chips for bedding. Food and tap
water were given ad libitum. The animals were exposed by pharyngeal
aspiration. They were anesthetized by an intraperitoneal injection of
ketamine and xylazine (45 and 8 mg/kg ip) and placed on a board in
the supine position. The animal’s tongue was extended with padded
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forceps. A suspension of dispersed UFCB, SWCNT, MWCNT (at 40
rg/100 wl per mouse), or saline was placed on the back of the tongue.
The tongue was restrained until at least two deep breaths were
completed. Mice were euthanized at 4 wk after the treatment via
intraperitoneal injection of pentobarbital sodium (>100 mg/kg body
wt ip) followed by exsanguination. The lungs were immediately
collected, homogenized, and lysed on ice with RIPA buffer, centri-
fuged at 13,500 rpm for 30 min to obtain supernatants, and stored at
—70°C. Whole lung supernatants were assayed for collagen I expres-
sion by Western blotting as described below.

Lung fixation and section preparation. At 28 days after pharyngeal
aspiration of the particles, mice were euthanized by an overdose of
pentobarbital sodium (>100 mg/kg body wt ip) followed by transec-
tion of the abdominal aorta to provide exsanguination. The right lungs
were removed from the chest cavity, placed in tubes, and frozen at
—80°C for protein expression analysis. The remaining trachea were
cannulated and the left lungs were inflated and fixed by intratracheal
perfusion with 1 ml of 10% neutral buffered formalin and embedded
in paraffin. For histology, paraffin sections of the left lung (5 pm
thick) were cut. The sections were then deparaffinized and rehydrated
with xylene-alcohol series to distilled water. To enhance the contrast
between tissue and CNTs, lung sections were stained with Sirius Red.
Sirius Red staining consisted of immersion of the slides in 0.1%
Picrosirius solution (100 mg of Sirius Red F3BA in 100 ml of
saturated aqueous picric acid, pH 2) for 1-2 h followed by washing for
1 min in 0.01 N HCIL. Sections were then briefly counterstained in
freshly filtered Mayer’s hematoxylin for 2 min, dehydrated, and
mounted on a slide with a coverslip.

Western blotting. Cells were washed two times with ice-cold PBS,
lysed with cell lysis buffer (Invitrogen, Carlsbad, CA) in the presence
of protease inhibitor mixture (Roche Diagnostics, Indianapolis, IN),
and incubated for 30 min on ice. Cell lysates were scraped off the
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plates, collected into tubes, and centrifuged for 10 min at 13, 200 g at
4°C. Supernatants were collected and stored at —70°C until further
use. Total protein concentration of the supernatant was determined
using the bicinchoninic acid protein assay kit (Pierce, Rockford, IL),
using bovine serum albumin standard following the manufacturer’s
instructions. Next, 20 pg of proteins were resolved on 10% bis-Tris
gels using a Bio-Rad system. Protein was transferred to nitrocellulose
membrane using semi-dry transfer system (ThermoFisher Scientific,
Lafayette, CO). The membrane was blocked for 1 h at room temper-
ature in 5% non-fat dry milk in Tris buffer with 0.1% Tween 20
(TBST) and incubated with primary antibody at 4°C overnight.
Chemiluminescence detection was performed using horseradish peri-
oxidase-tagged secondary anti-rabbit (sc-2004) or anti-mouse anti-
body (sc-2005; Santa Cruz Biotechnology) followed by 5 min of
incubation in SuperSignal West Pico or Femto Chemiluminescent
Substrate (ThermoFisher Scientific) and exposure to film. The mem-
brane was washed 3 times for 10 min in TBST following both primary
and secondary antibody incubations.

Chemical inhibition and shRNA lentiviral transfection. Cells were
preincubated with 5 uM SB431542 for 3 h to block the ALKS
receptor, then exposed to SWCNT or MWCNT (0.02, 0.06, 0.2
pwg/cm?) for 48 h. SB431542 is a well-characterized, specific, and
potent ALKS blocker that prevents binding of activated TGF-f3 to the
receptor, thus preventing signaling cascade activation (16). No
SB431542-pretreated cells with the same CNT treatments served as
controls. In addition, CRL-1490 cells were transfected with 10-20 .l
of lentiviral particles (1.0 X 10 infection units/ml), according to the
manufacturer’s recommendations. Briefly, the cells were seeded in
12-well plates in EMEM media containing 10% FBS. After 24 h,
complete medium with Polybrene (5 wg/ml) was added, and cells
were infected with shRNA lentiviral particles. Stable colonies were
selected and expanded using puromycin (Santa Cruz, CA). To confirm
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Fig. 1. Particle characterization of dispersed ultrafine carbon black (UFCB), single-walled carbon nanotubes (SWCNT), and multiwalled CNT (MWCNT). Field
emission scanning electron micrographs of Survanta-dispersed UFCB (A and D), Survanta-dispersed SWCNT (B and E), and Survanta-dispersed MWCNT (C
and F) at low (fop, 5 wm) and high (bottom, 1 wm) magnification. Micrographs of SWCNT and MWCNT show distinct fiber-shaped morphology compared with

spherical shape UFCB particles.
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Fig. 2. Hyperspectral imaging of CNT-exposed human lung fibroblast cells. A and B: enhanced dark-field images (A) and hyperspectral signatures (B) of UFCB,
SWCNT, and MWCNT. C: human lung fibroblast cells were exposed to UFCB, SWCNT, and MWCNT and stained with phalloidin dye for F-actin (green) and
DAPI for nucleus (blue). D: Cytoviva hyperspectral imaging confirming the presence of UFCB (green), SWCNT (pink), and MWCNT (red) in the cells. White
arrows indicate carbon nanomaterial associated with lung fibroblasts. Representative images are from n = 5 independent experiments with at least 100 cells per
condition in each experiment.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00002.2015 « www.ajplung.org




TGF-B RECEPTOR IN CNT INDUCED UNUSUAL FIBROSIS

shRNA gene knockdown, protein expression was analyzed by West-
ern blotting as described above.

ELISA. For analysis of secreted TGF-f1, lung fibroblast (CRL-
1460) cells were plated (1 X 10°) and were exposed to CNTs
(0.02-0.2 pg/cm?) in DMEM medium with 2% FBS for 48 h.
Postexposure cell supernatants were collected and analyzed using an
ELISA kit (R&D, Minneapolis, MN). Briefly, 100 .l of cell culture
supernatant was mixed with 1 N HCL and 1.2 N NaOH/0.5 M HEPES
to activate latent TGF-B1 and added to pre-antibody-coated 96-well
plates for 2 h, after which biotinylated peroxidase-conjugated second-
ary antibody was added (2 h) and the reaction was stopped by addition
of an acid solution. The plate was then read for absorbance at 450 nm
(Molecular Device Spectra max 250, Sunnyvale, CA).

Immunofluorescence. To determine TGF-B R1 and Smad2 local-
ization in cells following CNT exposure, fibroblast cells were plated
onto glass coverslips at a density of 30,000 cells/ml with 1 ml of cell
suspension being added to each well. The next day, cells were
supplied with appropriate fresh medium and exposed to 0.2 pg/cm? of
SWCNT and MWCNT for 48 h. After exposure, the cells were
washed 3 times for 5 min each at room temperature with PBS,
followed by fixation for 15 min in 1 ml of 4% paraformaldehyde.
Cells were then washed 3 times for 5 min each in PBS, followed by
permeabilization with 0.5 ml of 0.1% Triton X-100 for 5 min. After
permeabilization, the cells were washed 3 times for 5 min each with
PBS, followed by blocking with 5% goat serum for 30 min. The serum
was then removed, and 450 ml of a 2% goat serum-PBS solution
containing a 1:200 dilution of primary antibody were added and
incubated at 4°C overnight. The primary antibodies used were Smad2
(sc-8332; Santa Cruz Biotechnology) and TGF-$3 R1 (Cell Signaling,
Danvers, MA). Cells were then washed 3 times for 5 min in PBS and
further incubated with 300 pl of a 2% goat serum-PBS solution
containing a 1:400 dilution of a species-specific Alexa-488 labeled
secondary antibody (Cell Signaling). After incubation for 2 h, the cells
were washed 3 times for 5 min at room temperature with PBS and
slides were mounted with Prolong gold antifade reagent (Life Tech-
nologies, Grand Island, NY). Images were captured, using an ES00
Nikon microscope configured with DAPI and FITC fluorescence
excitation filters and equipped with Spot RTs digital camera and Meta
Morphs 4.5 software image analysis package (Universal Imaging,
West Chester, PA).

Statistical analysis. One- and two-way ANOVA followed by post
hoc tests were performed to determine statistical significance between
treatments using GraphPad Prism software (version 5.1; GraphPad
Software, La Jolla, CA) at a confidence level of P < 0.05. Either a
Dunnett’s or Tukey-Kramer honestly significant difference (HSD)
post hoc test was conducted when the ANOVA result indicated a
significant difference among means.

RESULTS

Carbon nanotube characterization and interaction with hu-
man lung epithelial cells. To assess the morphology and
aggregation state of dispersed ultrafine carbon black (UFCB),
single-walled carbon nanotubes (SWCNT), and multiwalled
carbon nanotubes (MWCNT) in culture medium, field emis-
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sion scanning electron microscopy (FESEM) was employed.
As shown in Fig. 1, compared with UFCB (A and D), SWCNT
(B and E) and MWCNT (C and F) showed distinct fiber shape
morphology. Comparison of FESEM images reveals that
MWCNT fibers had straight needle-shaped morphology,
whereas SWCNT bundles were more flexible. Dispersed par-
ticle characteristics matched our previously reported size dis-
tribution analysis using FESEM (22, 26, 39). The UFCB
dispersed in Survanta had a mean length of 930 nm and
width of 700 nm. The count median width (CMW) of
dispersed SWCNT and MWCNT agglomerates was 0.27 and
0.078 pm, whereas count median length (CML) was 1 pm
and 5.1 pwm, respectively.

Cellular internalization of UFCB, SWCNT, and MWCNT by
hyperspectral imaging. Next, association of each particle was
evaluated in human lung fibroblast CRL-1460 cells after 24 h
of exposure. A dark-field image of UFCB, SWCNT, and
MWCNT confirms fibrous morphology of SWCNT and
MWCNT, which was distinct from the spherical UFCB parti-
cles (Fig. 2A). Spectral libraries were created for UFCB,
SWCNT, and MWCNT, where each spectrum in the library
represents a single pixel and is a characteristic signature of the
particular nanoparticles (Fig. 2B). Human fibroblast cells ex-
posed to UFCB, SWCNT, and MWCNT (0.02 pg/cm?) were
stained for F-actin, and the DNA exhibited healthy morphol-
ogy and adherence. The same fields of view were imaged in
enhanced-dark-field mode (Fig. 2D) to confirm the internaliza-
tion of nanomaterials within the cytoplasm. As shown in Fig.
2D, spectral matching was confirmed in human fibroblast cells
for UFCB (green), SWCNT (pink), and MWCNT (red). More-
over, SWCNT and MWCNT exist as fibrous particles colocal-
ized with human fibroblast cells compared with UFCB. Cellu-
lar uptake data confirmed direct cell-nanoparticle interaction
and internalization. This result suggests that CNTs are inter-
nalized into human lung fibroblasts and epithelial cells at 24 h
postexposure.

SWCNT and MWCNT induce collagen I and TGF-BI in
mouse lungs and cultured cells. To verify the in vivo fibrogenic
effect of SWCNT and MWCNT, mice were exposed by pha-
ryngeal aspiration to UFCB, SWCNT, and MWCNT (40 g/
mouse) compared with dispersant-only as a vehicle control. At
4 wk posttreatment, mice were euthanized and the lungs were
lysed or fixed and analyzed for collagen content, a hallmark of
lung fibrosis. Figure 3A shows that SWCNT and MWCNT
significantly induced a 3.5- to 4-fold increase in lung collagen
content compared with UFCB and dispersant-only controls
(P < 0.05) while representative lung tissue images showed
correlated thickening of the alveolar wall and increased colla-
gen (stain by Sirius Red) in SWCNT- and MWCNT-exposed
lung tissue (Fig. 3B). Such data are consistent with previous

Fig. 3. Dispersed SWCNT and MWCNT induce in vivo and in vitro collagen I and in vitro transforming growth factor-p1 (TGF-1) production. A: SWCNT
and MWCNT induced a significant increase in collagen I production in animal lungs compared with UFCB or dispersant-only treated control (CL) animals at
4 wk posttreatment. Representative blots are from n = 3 independent experiments. B: light micrographs of lung sections showing SWCNT- and MWCNT-induced
alveolar thickness and collage I deposition compared with control lung. Black arrows indicate CNT deposition in lung interstitium. Collagen fibers are red in
the section due to staining with Sirius Red. C and D: human lung fibroblast CRL-1490 cells were exposed to UFCB, SWCNT, and MWCNT (0.2 pg/cm?) for
48 h. Endogenous collagen I (130 kDa), endogenous TGF-B1 (25 kDa), and loading control 3-actin levels were measured by Western blot. Representative blots
are from n = 4 independent experiments. E: secreted TGF-B1 levels in the culture medium were measured by ELISA following a 48-h exposure of CRL-1490
cells to dispersant-only control (CL), 0.2 pwg/cm? UFCB, or the indicated doses of SWCNT and MWCNT. Each bar represents the mean * SD (6 mice/group)
or n = 4 independent in vitro experiment. *P < 0.05 vs. dispersant-only control, #P < 0.05 vs. SWCNT.
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observations (21, 23, 37). To determine a similar in vitro
fibrogenic effect of CNTs, cultured human lung fibroblast
CRL-1490 cells were treated with 0.2 pg/cm? of the same
material (SWCNT, MWCNT, and UFCB) for 48 h. Endoge-
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nous levels of collagen I, TGF-B1, and -actin were measured
by Western blotting. Collagen I (Fig. 3C) expression was
significantly increased 3.5- and 2-fold in SWCNT- and MW-
CNT-exposed cells, respectively (P < 0.05) compared with
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UFCB-exposed cells. Similarly, TGF-1 total protein levels
exhibited 8- and 6-fold upregulation in SWCNT- and
MWCNT-exposed fibroblasts (CRL-1490), respectively (Fig.
3D). In addition, significantly higher levels of TGF-B1 were
secreted by SWCNT- or MWCNT-exposed fibroblast cells
compared with dispersant-only and UFCB-treated cells (Fig.
3E). Of note, SWCNT-exposed fibroblast cells exhibited a
trend for greater TGF-B1 and collagen I expression than
MWCNT-exposed cells.

L827

Previously, we reported that MWCNT exposure to epithelial
BEAS-2B cells resulted in a dose-dependent increase in se-
creted TGF-B1 (26). Similarly, BEAS-2B cells were treated
with 0.02-0.2 pg/cm? of SWCNT and 0.2 pg/cm? of UFCB as
a control for 48 h and evaluated for secreted TGF-B1 in cell
supernatants. A significant increase in secreted TGF-B1 was
observed in SWCNT-exposed cells compared with no treat-
ment and UFCB controls (data not shown). These results are
consistent with the in vivo induction of TGF-B1 in CNT-

A CL UFCB SWCNT MWCNT
0 02 0.02 006 0.2 0.02 006 0.2 (ug/cm?)
TGF-BR1 g = # Su# e W g 52K0a
B Actin | e oGS e G e o

4 -

w

N

—

Relative Fold Change
(Control)

o

0 02 0.02 006 02 0.02 006 0.2

Fig. 4. Effect of SWCNT and MWCNT treat-
ment on human lung fibroblast TGF-f recep-
tor-1 (TGF-B R1) expression. A: lung fibro-
blast CRL-1490 cells were treated with 0.02—
0.2 pg/em?® of SWCNT and MWCNT,

respectively, for 48 h, and endogenous

CL UFcB SWCNT MWCNT (ng/cm?) TGF-B R1 levels (56 kDa) in the cell lysates
were measured by Western blotting and com-
pared with dispersant-only control (CL) and

TGF-B R1 DAPI Merge UFCB (0.2 pg/cm?)-treated cells. Represen-

SWCNT
0.2 ug/cm?

MWCNT
0.2 pg/cm?

..

tative blots are from n = 3 independent
experiments. B: CRL-1490 were exposed to
0.2 pg/cm? of SWCNT (middle) or MWCNT
(bottom) for 48 h and stained with TGF-3 R1
antibody followed by FITC-tagged second-
ary antibody. Immunofluorescence imaging
of the treated cells and dispersant-only
treated control is shown. DAPI was used to
stain cell nucleus. Representative images are
from n = 3 independent experiments with at
least 100 cells per condition in each experi-
ment. Each bar represents the mean = SD for
n = 3 independent experiments. *P < 0.05
vs. dispersant-only control (CL), #P < 0.05
vs. SWCNT or MWCNT-treated cells. Scale
bar, 10 pm.
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exposed mouse lung lavage fluids (37) and support the predic-
tive value of the in vitro data.

Carbon nanotubes induce TGF-3 receptor-1 in human lung
fibroblasts. The same CNT-treated and control fibroblast cells
described in Fig. 3 were also investigated for TGF-f Rl
expression by Western blotting. Densitometry analysis indi-
cated that cells exposed to SWCNT and MWCNT induced
significant dose-dependent increases (=2-fold) in TGF-3 R1
expression compared with those exposed to UFCB or disper-
sant-only controls (Fig. 4A). In addition, SWCNT exposure
resulted in a significantly higher (P < 0.05) TGF- R1 level
than MWCNT at the doses of 0.06 and 0.2 wg/cm?. Immuno-

A
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fluorescence imaging showed TGF-B R1 overexpression at the
cellular periphery of SWCNT- and MWCNT-exposed cells
compared with dispersant-only controls, which showed either
basal cytoplasmic or concentrated TGF-f3 R1 in the nuclei (Fig.
4B). The upregulation of TGF-B RI1 is consistent with CNT-
induced TGF-1 in both lung epithelial and fibroblast cells and
suggests the involvement of a TGF-f signaling pathway in
CNT-induced lung pathogenesis.

Chemical inhibition and knockdown of TGF-B receptor-1
reduces CNT-induced collagen I expression in lung fibroblasts.
TGF-B1 binds to TGF-B1 receptor (ALKS) and activates the
downstream signaling pathway involving Smad proteins, lead-
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Fig. 5. Effect of TGF-B R1 [activin receptor- &’
like kinase (ALK)-5] chemical inhibitor on
CNT-induced collagen production. Human 0 -
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o 5 uM TGF-B Rl (ALKS5) inhibtor 1GF-B R1Inhibitor - + - + - + -
(SB431542) for 3 h, then treated with
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tions of 0.02 to 0.2 pg/cm?. At 48 h post-
CNT exposure, collagen I production was

measured by Western blotting and compared B
with dispersant-only or inhibitor-only treated
control cells. Representative blots are from
n = 3 independent experiments. Each bar
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only cells.
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ing to collagen synthesis. To ascertain the role of TGF-3 R1 in
CNT-induced fibroblast collagen production, TGF- R1 was
inhibited using a known chemical inhibitor of the receptor,
SB431542. Treatment of lung fibroblasts with the inhibitor
strongly decreased SWCNT- and MWCNT-induced collagen
production (>2-fold; P < 0.05; Fig. 5, A and B). This finding
suggests a critical role of TGF- R1 in the fibrogenic effect of
SWCNT and MWCNT in exposed lung fibroblasts.

shRNA are small interfering RNA, which can knock down
specific gene expression by interfering with its mRNA. To
confirm the effect of chemical inhibition of TGF-f R1 on
CNT-induced collagen production in lung fibroblasts (Fig. 5),
TGF-B receptors were knocked down in fibroblasts using
lentiviral particles carrying shRNA against TGF- R1 (sh-
TGF-B R1). Lentiviral particles carrying empty vector shRNA
were used as a control (sh-Control). Figure 6A shows success-
ful knockdown of TGF-3 R1 protein in sh-TGF-3 R1-treated
cells compared with sh-Control cells. Next, sh-TGF-3 R1 and
sh-Control cells were exposed to SWCNT and MWCNT (0.2
pg/cm?) for 48 h and analyzed for collagen I expression by
Western blotting. Figure 6, B and C, shows that collagen I
expression was substantially (4- to 5-fold) lower in sh-TGF-f3
R1 cells compared with sh-Control cells (P < 0.05), supporting
the role of TGF-3 R1 in CNT-induced fibroblast production of
collagen.

Activation of Smad2 by carbon nanotubes. Smad proteins
are intracellular proteins that transduce extracellular signals
from TGF-B ligands to nucleus where they activate down-
stream TGF-f3 gene transcription. Receptor-regulated Smad?2 is
activated by phosphorylation. As shown in Fig. 74, SWCNT
and MWCNT (0.02-0.2 pg/cm?) dose dependently induced
Smad2 phosphorylation (p-Smad2) in lung fibroblasts com-
pared with UFCB and no treatment controls. To determine the
intracellular localization of p-Smad2 in CNT-exposed cells,
immunofluorescence staining of p-Smad2 protein was per-
formed. Figure 7B shows nuclear localization (red arrow) of
p-Smad2 protein in SWCNT- and MWCNT-exposed cells
compared with control cells. These results suggest the involve-
ment of Smad2 activation in human lung fibroblasts following
CNT exposure.

Knockdown of Smad reduces CNT-induced collagen expres-
sion in lung fibroblasts. To further determine the role of Smad2
in CNT-induced collagen production in lung fibroblasts,
Smad2 knockdown cells were generated using lentiviral parti-
cles carrying Smad2 shRNA (sh-Smad2). A 2-fold reduction of
Smad?2 protein was evident in the sh-Smad2-treated cells (Fig.
8A) compared with shRNA control (sh-Control) cells. Stable
sh-Smad2 and sh-Control cells were exposed to SWCNT or
MWCNT (0.2 pg/cm?) for 48 h and analyzed for collagen I
expression by Western blotting. Figure 8B shows a significant
2-fold reduction of collagen I expression in sh-Smad2 cells
compared with sh-Control cells, demonstrating the requirement
of Smad2 activation and role of TGF- signaling in CNT
fibrogenesis.

DISCUSSION

Even though CNTs are widely studied for their pulmonary
toxicity and fibrogenic effects, the underlying molecular mech-
anisms of their fibrogenic bioactivity are not fully understood
(17, 18). Both SWCNT and MWCNT are known to penetrate
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Fig. 6. Role of TGF-$ R1 receptor in SWCNT and MWCNT-induced collagen
expression. A: fibroblast CRL-1490 cells were transfected with TGF- R1
short-hairpin (sh) RNA (sh-TGF-$ R1) or control shRNA (sh-Control), and
TGF-B R1 expression was analyzed by Western blotting. Representative blots
are from n = 3 independent experiments. KD, knockdown. B and C: sh-
Control and sh-TGF-B R1 cells were treated with 0.2 pg/cm? of SWCNT or
MWCNT for 48 h. Collagen I expression was analyzed by Western blotting
and quantified by densitometry (C). Representative blots from n = 3 indepen-
dent experiments. Each bar represents the mean = SD for n = 3 independent
experiments. *P < 0.05 vs. SWCNT-treated sh-Control fibroblasts, #P < 0.05
vs. MWCNT-treated sh-Control fibroblasts.

and persist in pulmonary interstitial tissue, bringing them in
direct contact with lung fibroblasts (22-24). This coincides
with elevated TGF-f3 levels (27, 33). The present study shows
that both lung epithelial and fibroblast cells produce TGF-f3 in
response to CNT stimulation that activated a TGF-3/Smad2
pathway in lung fibroblasts, suggesting autocrine signaling in
the cells. Importantly, our novel finding indicates the critical
role of a TGF- R1/Smad signaling pathway in the fibrogenic
effect of CNTs in human lung cells. Identification of TGF-f3
R1 as a key player in CNT-induced activation of a fibrogenic
signaling pathway will contribute to CNT lung fibrosis litera-
ture and suggests a potential cell surface marker for CNT-
induced lung fibrosis.

In this study, aspiration of both SWCNT and MWCNT
caused >3-fold increase in lung collagen I expression at 4 wk
posttreatment compared with unexposed or UFCB-exposed
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Fig. 7. Effects of SWCNT and MWCNT ex-
posure on p-Smad2 expression and localiza-
tion in lung fibroblasts. A: CRL-1490 cells

- - - -

were treated with 0.02-0.2 pg/cm? of SW-
CNT or MWCNT for 48 h and cell lysates
were analyzed for Smad2 phosphorylation (p- B
Smad2; 42 kDa) and Smad2 (60 kDa) by
Western blotting and compared with disper-
sant-only control (CL) and UFCB-treated
cells. Representative blots are from n = 3
independent experiments. B: cells were ex-
posed to SWCNT (middle) or MWCNT (bot-
tom) for 48 h and stained with primary anti-
body for p-Smad2, followed by FITC-tagged
secondary antibody. Immunofluorescence mi-
crographs show p-Smad2 protein location
(red arrow) and CNT agglomerates (white
arrow) compared with basal p-Smad2 location
(top, Control, CL). Representative images are
from n = 3 independent experiments with at
least 100 cells per condition in each experi-
ment. Scale bar, 10 pm.

Smad2

SWCNT
(0.2 pg/cm?)

MWCNT
(0.2 mg/cm?)

control mice. These results are in good agreement with several
published in vivo studies showing an increase in pulmonary
wall thickness due to increased collagen deposition (22, 24, 30,
37). In vivo CNT fate studies report that 90% aspirated 10 g
SWCNT (~0.02 pg/cm?), 8% aspirated 80 ug MWCNT (0.02
pg/cm?), and 21% inhaled 28.1 wg MWCNT (0.04 pg/cm?)
migrate into the airway interstitium 1 day after exposure (22,
25). These data suggest that lung fibroblasts are one of the
major targets of CNT pulmonary exposure. Our in vitro study
results on the induction of collagen I in cultured lung fibro-
blasts by SWCNT and MWCNT are consistent with those
observed in vivo, suggesting a cellular mechanism that pene-

..

DAPI Merge

tration of pulmonary exposed CNTs into the interstitium may
directly stimulate fibroblasts to cause unusually rapid intersti-
tial fibrosis. This also supports the use of an in vitro fibroblast
cell model for prediction and rapid screening of CNTs and
other nanomaterials for fibrogenicity.

Our results suggest a potential TGF-B1 autocrine signaling
response during stimulation of fibroblast cells by CNTs.
TGF-B1 plays an important role in lung fibrosis development,
and multiple lung cell types, including epithelial cells and
macrophages, are involved in the secretion of TGF-1 after
CNT exposure (26). Increasing evidence suggests that para-
crine signaling from damaged epithelial cells promotes fibro-
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Fig. 8. Effect of SWCNT and MWCNT on collagen expression in Smad2
knockdown cells. A: CRL-1490 cells were transfected with Smad2 shRNA
(sh-Smad2) or control shRNA (sh-Control) followed by analysis of Smad2
expression by Western blotting. B: sh-Control and Smad2 knockdown (KD)
cells were treated with 0.2 pg/cm? of SWCNT or MWCNT for 48 h. Collagen
I expression in both cells was measured by Western blotting. Representative
blots are from n = 3 independent experiments. Each bar represents the mean =+
SD for n = 3 independent experiments. *P < 0.05 vs. SWCNT-treated
sh-Control cells, #P < 0.05 vs. MWCNT-treated sh-Control cells.

blast cell activation, which in turn further damages epithelial
cells. This paracrine auto-feedback loop between different cell
types is thought to contribute to progressive lung fibrosis.
Macrophages and epithelial cells are key cellular sources of
TGF-B production, typically resulting in the suppression of
inflammatory cell activation and proliferation (29, 36). Given
the ability of both SWCNT and MWCNT to rapidly penetrate
and persist in lung interstitium, prolonged stimulation and
release of latent TGF-$31 from fibroblasts, in close proximity to
epithelial integrins and other nonproteolytic activators of latent
TGF-B1, could potentially act as an autocrine and a bidirec-
tional amplification signal for rapid collagen production by
fibroblasts (43). The results from this study indicate that /)
both lung epithelial cells (26) and fibroblasts produce a signif-
icant amount of TGF-f3, suggesting a potential autocrine feed-
back loop for CNT induction of collagen production, and 2) the
in vitro lung cell models predict the in vivo TGF-B and
collagen I response after CNT exposure.

We demonstrated for the first time in this study that CNTs
induce a dose-dependent increase in TGF-3 R1 expression in
lung fibroblasts. Changes in TGF-B R1 expression or muta-
tions contribute to the pathologic development of atheroscle-
rosis and various forms of cancer (5). TGF-f3 receptor knock-
out animals exhibited decreased liver fibrosis (31). Given its
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key role in phosphorylation of Smad proteins, TGF-3 R1 is the
key regulator of signal-induced angiogenesis (4), which may
also hold true for CNT-induced pulmonary fibrosis. Chemical
inhibition of TGF-B RI in vivo can suppress pulmonary
fibrosis induced by bleomycin and TGF-3 (6, 14), supporting
our finding on the role of TGF-B R1 in CNT-induced fibro-
genesis.

Interestingly, SWCNT-exposed fibroblasts showed en-
hanced TGF-3, TGF- R1, and collagen production compared
with MWCNT-exposed cells. The same SWCNT was previ-
ously found to have a more potent fibrogenic effect than
MWCNT in mice, partly due to their increased tissue penetra-
tion and reduced macrophage clearance (24, 30). In addition,
the high specific surface area of SWCNT (15-38 folds greater
than that of MWCNT) potentially contributed to their enhanced
collagen-inducing effect in vitro. Murray et al. (27) concluded
that nanoparticle surface area significantly contributed to the
enhanced inflammatory and fibrogenic effects of SWCNT
compared with asbestos fibers. It is worth noting that surface
area has increasingly become a more relevant dose metric for
nanotoxicity studies (12). Alternatively, differences in settling
rate between UFCB, SWCNT, and MWCNT in the in vitro
exposure model potentially contributed to differences in inter-
nal dose (20, 40, 42).

Smad2 signaling is known to promote mesothelium cell
transition to myofibroblasts following TGF-3 exposure, possi-
bly contributing to idiopathic pulmonary fibrosis (28). Activa-
tion of a TGF-B/Smad pathway was reported in epithelial-
derived cells, suggesting the potential role for this pathway in
SWCNT-induced EMT (9) and fibroblast-myofibroblast trans-
formation (21). These studies, however, did not directly test the
functional role and contribution of activated Smad2 to collagen
production. In the present study, we demonstrated for the first
time the functional role of TGF- R1/Smad2 signaling path-
way in CNT-induced collagen production in lung fibroblasts.

Conclusions. The results of this study support the potential
novel mechanism of CNT-induced fibrogenesis through an
upregulation of TGF-f3 receptors and direct autocrine activa-
tion of a TGF-B1/TGF-B R1/Smad signaling pathway. This
finding fills the critical knowledge gap in CNT-induced fibro-
genesis and may aid in the design of mechanism-based risk
assessment and prevention strategies for CNT-induced lung
fibrosis. The experimental models described in this study could
potentially be used to develop methods for in vitro prediction
of toxicity and rapid screening of CNT-like fibrogenic nano-
materials.
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