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Abstract

Single-walled carbon nanotubes (SWCNTs) are fibrous
nanoparticles that are being used widely for various applications
including drug delivery. SWCNTSs are currently under special
attention for possible cytotoxicity. Recent reports suggest that
exposure to nanoparticles leads to pulmonary fibrosis. We report
that SWCNT-mediated interplay of fibrogenic and angiogenic
regulators leads to increased angiogenesis, which is a novel
finding that furthers the understanding of SWCNT-

induced cytotoxicity. SWCNTs induce fibrogenesis through
reactive oxygen species-regulated phosphorylation of p38
mitogen-activated protein kinase (MAPK). Activation of

p38 MAPK by SWCNTs led to the induction of transforming
growth factor (TGF)-B1 as well as vascular endothelial growth
factor (VEGF). Both TGF-B1 and VEGF contributed significantly to
the fibroproliferative and collagen-inducing effects of SWCNTs.
Interestingly, a positive feedback loop was observed between
TGF-B1 and VEGF. This interplay of fibrogenic and angiogenic
mediators led to increased angiogenesis in response to SWCNTs.
Overall this study reveals key signalling molecules involved in
SWCNT-induced fibrogenesis and angiogenesis.
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Introduction

Nanotechnology is revolutionising various fields by present-
ing enormous opportunities to create new and better pro-
ducts. Single-walled carbon nanotubes (SWCNTs) have
enjoyed an exponential growth in utility, mainly in areas
dealing with electronics, computers and drug delivery. With
these applications come unprecedented avenues of human
exposure to nanoparticles. The potential risks to human
health from inhalation of SWCNTs are due to their small
particle size. Carbon nanotubes have the ability to escape

phagocytosis, cross cell membranes, pass the blood-brain
barrier and redistribute to other sites of the body causing
systemic side effects (Oberdorster et al. 2005; Shvedova &
Kagan 2010). Inhaled SWCNTs typically end up in the
interstitial compartment of the lung, either between or inside
the cells, making up the alveolar wall. Once in the lung, the
clearance rate of the nanomaterials is extremely low, leading
to bio-persistence and tissue burden, resulting in a higher
probability of an adverse response (Lam et al. 2004). Various
in vivo studies on pulmonary exposure of SWCNTs suggest
that these nanoparticles induce an inflammatory response
leading to the development of granulomas and transporta-
tion to the pleura and extrapulmonary locations leading to
pulmonary fibrosis (Shvedova et al. 2005; Warheit et al. 2004;
Shvedova et al. 2008).

Pulmonary fibrosis is a progressive and lethal lung disease
characterised by excessive proliferation of fibroblasts and
deposition of extracellular matrix (ECM) (Crouch 1990;
Thannickal et al. 2004; Lu et al. 2010). Elaboration of a
provisional ECM by fibroblasts is an early repair function
that aids epithelial cell migration and regeneration to restore
barrier functions and maintain tissue architecture mirroring
wound-healing process (Clark et al. 1986). Transforming
growth factor (TGF)-B1 is essential for wound healing and
has been implicated in the pathogenesis of pulmonary
fibrosis (Kang et al. 2007). Overexpression of TGF-B1 in
lungs from patients with pulmonary fibrosis has been exten-
sively reported (Daniels et al. 2004; Khalil et al. 2001; Xu et al.
2003). In addition to its pro-fibrotic activity, TGF-B1 is also
demonstrated to have pro-angiogenic effects (Roberts et al.
1986; Yang & Moses 1990). The existence of angiogenesis in
pulmonary fibrosis was first identified by Turner-Warwick,
who demonstrated neovascularisation leading to anastomo-
ses between the systemic and pulmonary microvasculature
of patients with widespread pulmonary fibrosis (Turner-
Warwick 1963). Various other reports have demonstrated
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vascular remodelling in pulmonary fibrosis suggesting that
neovascularisation enhances fibrosis (Peao et al. 1994,
Cosgrove et al. 2004, Renzoni et al. 2003). Furthermore,
studies using both animal models and tissue specimens
from patients with pulmonary fibrosis suggest an imbalance
in the levels of angiogenic chemokines as compared with
angiostatic chemokines, favouring net angiogenesis
(Keane et al. 1997; Keane et al. 1999a; Keane et al. 2001;
Keane et al. 1999b). However, the role of the central angio-
genic regulator vascular endothelial growth factor (VEGF) in
pulmonary fibrosis is largely unknown. VEGF plays an
important role in vascular permeability and angiogenesis
by inducing migration, proliferation, elongation, network
formation and branching of endothelial cells (Carmeliet
2000; Helmlinger et al. 2000). In normal adult human
lung, VEGF is expressed abundantly by various cells includ-
ing alveolar epithelial cells, Clara cells, macrophages and
fibroblasts (Fehrenbach et al. 1999). It is also reported to be
abnormally regulated in patients with fibrotic diseases
including idiopathic myelofibrosis (Steurer et al. 2007)
and diffuse lung fibrosis (Meyer et al. 2000).

Various cell survival pathways have been widely
reported to play a critical role in cell growth, angiogenesis
and tumorigenesis. However, their involvement in the
fibrotic process and the underlying mechanism is largely
unclear. The mitogen-activated protein kinase (MAPK)-
mediated signal transduction pathways are major path-
ways by which extracellular stimuli are transmitted to
the intracellular signal. The p38 MAPKs are members of
the MAPK family that are activated by variety of environ-
mental stresses and inflammatory cytokines including
oxidative stress, osmotic stress, ultraviolet irradiation,
lipopolysaccharide, proinflammatory cytokines and DNA-
damaging agents (Beyaert et al. 1996; Han et al. 1994;
Iordanov et al. 1997; Moriguchi et al. 1996; Pandey et al.
1996; Raingeaud et al. 1995). In the present study, the
interplay of oxidative, angiogenic and fibrotic mediators
in response to SWCNT exposure was investigated. We used
genetic and pharmacological approaches to study the
involvement of signalling transduction pathways and stud-
ied their effect on SWCNT-induced fibrogenesis. SWCNT-
induced fibrogenic effects were dependent on reactive
oxygen species (ROS) generation. The p38 MAPK is the
major cell survival pathway involved in the fibroprolifera-
tive and collagen-inducing effects of SWCNTs, and these
effects are mediated in part through TGF-B1 and VEGF
activation. ROS-dependent p38 MAPK-mediated induction
of TGF-B1 and VEGF in response to SWCNTs exposure also
led to angiogenesis suggesting a close association between
SWCNT-induced fibrogenesis and angiogenesis.

Materials and methods

Preparation of SWCNTs

Nanoparticles (SWCNTs) used in this study are the same as
published by our group previously (Wang et al. 2010a). The
aforementioned article describes in detail the preparation
and characterisation of SWCNTs. Briefly, SWCNTs (CNI,
Houston, TX) were produced by high pressure CO

disproportionation (HiPco) method and purified by acid
treatment to remove metal contaminants. Elemental analysis
of the supplied SWCNTs by nitric acid dissolution and
inductively coupled plasma-atomic emission spectrometry
(ICP-AES, NMAM #7300) showed that the SWCNTs were
99% elemental carbon and 0.23% iron. The specific surface
area was measured at -196°C by the nitrogen absorption-
desorption technique (Brunauer Emmet Teller method)
using an SA3100 Surface Area and Pore Size Analyzer
(Beckman Coulter, Fullerton, CA). The diameter and length
distribution of the SWCNTs were measured by field emis-
sion scanning electron microscopy. The surface area of the
SWCNTSs was 400-1000 m?/g, and the width and length of
individual SWCNT were 0.8-1.2 and 0.1-1 mm, respectively.
SWCNTs were dispersed in culture media by Survanta®/
sonication method as previously described (Wang et al.
2010a). Survanta is a natural lung surfactant that has been
used in human clinical treatment and has been shown to be
non-toxic to lung cells at the concentrations used in this
study (Wang et al. 2010a). In all experiments, Survanta-
containing medium was used as a control. The following
table shows the final concentrations of SWCNT and Survanta
used in various experiments.

Chemical and reagents

Antibodies against phospho-p38 MAPK and total p38 MAPK
were obtained from Cell Signaling Technology, Inc. (Beverly,
MA). Antibodies for collagen I and III were from Fitzgerald
(Concord, MA). B-Actin antibody and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA). Human VEGF
immunoassay kit, a neutralising antibody against VEGF and
its non-specific control antibody, were from R&D Systems
(Minneapolis, MN). LY—294002 (phosphoinositide 3-kinase
(PI3K)/Akt inhibitor), PD98059 (extracellular-signal-regu-
lated kinase (ERK)/MAPK inhibitor), SP600165 (c-Jun
N-terminal Kinase (JNK) inhibitor), SB203580 (p38 MAPK
inhibitor), CBO-P11 (VEGF inhibitor) and Mn (III) tetrakis
(4-benzoic acid) porphyrin (MnTBAP) were obtained from
Calbiochem (La Jolla, CA). Catalase (CAT) was from Roche
Molecular Biochemicals (Indianapolis, IN). The oxidative
probes, dichlorofluorescein diacetate (DCF-DA) and dihy-
droethidium (DHE) were from Molecular Probes (Eugene,
OR). All other chemicals and reagents including N-acetyl
cysteine (NAC) and LY364947 (TGF-B1 inhibitor) were from
Sigma Chemical Inc. (St. Louis, MO).

Cell culture
The human lung fibroblasts CRL-1490 (ATCC; Manassas,
VA) were maintained in Eagle’s Minimum Essential

Survanta SWCNT
Final Final
Stock concentration Stock concentration
(150 pg/ml) (ng/ml) (1 mg/ml) (ng/ml)
5ul 0.75 5 ul 5
10 pl 1.5 10 ul 10
25 ul 3.75 25 ul 25
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medium (MEM) supplemented with 10% foetal bovine
serum (FBS), 100 U/ml penicillin and 100 pg/ml strepto-
mycin. Human umbilical vein endothelial cells (HUVECs)
were cultured in MCDB131 media (Gibco) supplemented
with 25% FBS, 0.05% brain bovine extract, 0.25% endothelial
cell growth supplement, 0.1% heparin, 1% L-glutamine and
0.1% gentamicin sulphate. HUVECs between passages two
and five were used. Both the cell lines were cultured at 37°C
in 5% CO, incubator and were passaged at preconfluent
densities using a solution containing 0.05% trypsin and
0.5 mM EDTA.

Cell proliferation assay

Cells were plated in 96-well plates at a density of 1 x 10°
cells/well in growth medium and were incubated for various
time points. After specific treatments, the incubating
medium was changed with 50 pl of 1X CyQUANT" dye-
binding solution (Invitrogen) and incubated for 60 min at
37°C. The fluorescence intensity of each sample was mea-
sured at the excitation and emission wavelengths of 485 and
535 nm, respectively.

Collagen assays

Collagen expression was determined by western blotting and
cellular collagen content was determined by Sircol® assay
(Biocolor Ltd., Belfast, UK), according to the manufacturer’s
protocol. Briefly, Sirius red reagent (50 pl) was added to cell
culture supernatant (50 pl) and mixed for 30 min. The
collagen-dye complex was precipitated by centrifugation
at 13,000 g for 5 min, washed with ethanol and dissolved
in 0.5 M NaOH. The samples were read for absorbance at
540 nm.

Western blot analysis

After specific treatments, cells were harvested and lysed on
ice for 30 min in lysis buffer containing 150 mM NacCl,
100 mM Tris (pH 8.0), 1% Triton X-100, 1% deoxycholic
acid, 0.1% SDS, 5 mM EDTA, 10 mM sodium formate, 1 mM
sodium orthovanadate, 2 mM leupeptin, 2 mM aprotinin,
1 mM phenylmethylsulphonyl fluoride, 1 mM dithiothreitol
and 2 mM pepstatin A. After centrifugation at 14,000 g for
15 min at 4°C, the supernatant was collected as the total
cellular protein extract. The protein concentrations were
determined using a bicinchoninic acid protein assay kit
(Pierce Biotechnology, Rockford, IL). Equal amount of pro-
teins per sample (20 pg) were resolved on a 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a nitrocellulose membrane. The
membrane was blocked with T-PBS (0.3% Tween-20 in PBS)
containing 5% dry milk and incubated with primary antibody
overnight at 4°C. After three washes with T-PBS, the mem-
brane was incubated with HRP-conjugated secondary anti-
body for 1 h and then washed with 0.05% Tween-20 in PBS.
Immunoreactive proteins were detected by chemilumines-
cence (Supersignal® West Pico, Pierce, Rockford, IL) and
quantified by imaging densitometry using UN-SCAN-IT digi-
tising software (Silk Scientific, Orem, UT). Mean densitom-
etry data from independent experiments were normalised to
results in cells from control experiments.
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ROS detection

Cellular ROS production was determined fluorometrically
using DHE and DCF-DA as fluorescent probes for superoxide
and peroxide, respectively. After specific treatments, cells
were incubated with the probes (10 uM) for 30 min at 37°C,
after which they were washed, resuspended in PBS and
analysed for fluorescence intensity using a multi-well plate
reader (FLUOstar OPTIMA, BMG LABTECH Inc., Durham,
NC) at the excitation/emission wavelengths of 485/535 and
485/610 nm for DHE and DCF fluorescence measurements,
respectively.

Enzyme-linked Immunosorbent Assays (ELISAs)

Cells were plated in a six-well plate at a density of 2 x 10°
cells/well in culture medium and incubated overnight before
the cells were subjected to treatment. After the treatment,
cell supernatants were collected and analysed for either
TGF-B1 or VEGF protein levels using a respective Quantikine
ELISA kits (R&D Systems, Minneapolis, MN) as per the
manufacturer’s protocol. Briefly, cell samples or reference
standards (100 pl) were added to the wells of a microplate
that was pre-coated with a monoclonal antibody specific to
either TGF-B1 or VEGF and incubated for 2 h at room
temperature. After washing unbounded substances, an
HRP-conjugated polyclonal antibody against either
TGF-B1 or VEGF was added to the wells and incubated
for 2 h at room temperature. After washing and adding
100 pl of substrate solution, optical density was determined
on a microplate reader at 450 nm.

Angiogenesis tube formation assay

Growth factor-reduced Matrigel® (Becton Dickinson) was
placed in 24-well plates (150 pl/well) and allowed to set at
37°C for 30 min. HUVEGCs (5 x 10%) suspended in 2.5%
dialysed FBS medium containing the specific treatments
were added to each well and incubated at 37°C for 24 h.
The morphological changes were observed and photo-
graphed using phase contrast microscope (5X). Each well
was photographed and the number of nodes formed
was scored manually from at least five different fields for
each well.

Statistical analysis

The data represent mean + SD from three or more inde-
pendent experiments. Statistical analysis was performed by
analysis of variance and Duncan’s comparison tests were
used to evaluate the significance between measurements at a
significance level of p < 0.05.

Results

SWCNTs induce fibroblast proliferation and collagen
production

To determine the effect of SWCNTSs on fibroblast prolifera-
tion and collagen production, human lung fibroblast
CRL-1490 cells were treated with various concentrations
of SWCNTs and analysed for cell growth by CyQUANT™
cell proliferation assay. Figure 1A and B show that
SWCNTs induced fibroblast proliferation in a dose- and
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Figure 1. Single-walled carbon nanotube (SWCNT)-induced fibroblast proliferation and collagen expression. A. Subconfluent cultures of human
lung fibroblast CRL-1490 cells were exposed to various concentrations of vehicle control Survanta (SRVT) (0-3.75 pug/ml) or SWCNTs (0-25 pg/ml)
and analysed for cell growth after 24 h by CyQUANT " cell proliferation assay. B. CRL-1490 cells were exposed to SRVT (1.5 pig/ml) and SWCNTs
(10 pg/ml) and analysed for cell growth at various times (0-48 h). C. Subconfluent cultures of CRL-1490 cells were exposed to various concentrations
of SRVT (0-3.75 ug/ml) and SWCNTs (0-25 pg/ml) for 24 h. Cell supernatants were collected and analysed for soluble collagen content by Sircol®
collagen assay. D. CRL-1490 cells were exposed to SRVT (1.5 j1g/ml) and SWCNTs (10 pg/ml) and analysed for soluble collagen content by Sircol®
collagen assay at various times (0-48 h). E. Cells treated with SRVT (1.5 ug/ml) and SWCNTs (10 pg/ml) for 24 h were analysed for human collagen
type I and I1I by western blotting. Blots were reprobed with -actin antibody to confirm equal loading of the samples. The immunoblot signals were
quantified by densitometry. Mean densitometry data from independent experiments (one of which is shown here) were normalised to the result
obtained in cells in the absence of SRVT and SWCNTs (nontreated control). Plots are mean + SD (n = 4). *, p < 0.05 versus nontreated control.

**, p < 0.05 versus nontreated control and corresponding SRVT treatment.

time-dependent manner. Analysis of total collagen content
in SWCNT-treated cell supernatant by Sircol® collagen
assay showed a similar time- and dose-dependent effect
on soluble collagen content (Figure 1C and D). Vehicle
control (Survanta)-treated cells showed minimal response.
Induction of two of the most abundant collagen proteins of
the ECM, viz., collagen I and III (Brinckerhoff and Matrisian
2002; Pardo & Selman 2005), was also measured in
response to SWCNTs and Survanta exposure (Figure 1E).
SWCNTs strongly induced collagen I and III levels. The
induction of collagen by SWCNTs was independent of its
effect on cell growth since collagen expression was deter-
mined on the basis of equal cellular protein per sample.

Together, these results indicate that SWCNTs was able to
directly induce fibrogenic effects such as fibroblast prolif-
eration and collagen production in CRL-1490 cells.

Involvement of ROS in SWCNTs-induced fibrogenesis

Since increased ROS production is tightly linked with
pulmonary fibrosis (Inghilleri et al. 2006; Quinlan et al.
1994), we investigated the effect of SWCNTs on cellular
ROS. Survanta was used as a control. SWCNTs induce a
dose-dependent increase in cellular DCF fluorescence
intensities, indicative of peroxide formation, but had min-
imal effect on DHE fluorescence indicative of superoxide
formation (Figure 2A and B). To determine the role of ROS
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Figure 2. Involvement of reactive oxygen species (ROS) on single-walled carbon nanotube (SWCNT)-induced collagen expression and fibroblast
proliferation. A and B. CRL-1490 cells were treated with various concentrations of Survanta (SRVT) (0-3.75 ng/ml) and SWCNTs (0-25 pg/ml) and
analysed for ROS production by measuring DCF and DHE fluorescence intensities. Plots show relative fluorescence intensity over nontreated
control at the peak response time of 3 h after the treatment. C. CRL-1490 cells were pretreated for 1 h with NAC (10 mM), MnTBAP (100 uM) or
catalase (CAT) (1000 U/ml), and then treated with SRVT (150 pg/ml) or SWCNTs (10 ug/ml) for 24 h and analysed for cell growth. D. CRL-1490 cells
were pretreated for 1 h with NAC (10 mM), MnTBAP (100 uM) or CAT (1,000 U/ml) and then treated with SRVT (1.5 pug/ml) and SWCNTs (10 pg/ml).
Cell supernatants were analysed for soluble collagen content by Sircol® collagen assay after 24 h. E. Cells were pretreated for 1 h with NAC (10 mM),
MnTBAP (100 uM) or CAT (1000 U/ml) and then treated with SRVT (1.5 ug/ml) and SWCNTs (10 pg/ml) for 24 h and analysed for collagen I by
western blotting. Blots were reprobed with -actin antibody to confirm equal loading of the samples. The immunoblot signals were quantified by
densitometry. Plots are mean + SD (n = 4). *, p < 0.05 versus nontreated control. *¥, p < 0.05 versus nontreated control and corresponding SRVT
treatment. #, p < 0.05 versus SWCNT control and corresponding SRVT treatment.

on SWCNT-induced fibrogenic effects, cells were treated
with SWCNTs in the presence or absence of various ROS

SWCNT-induced fibrogenic effects are mediated through
p38 MAPK pathway

inhibitors including MnTBAP (superoxide scavenger), cat-
alase (hydrogen peroxide scavenger) and NAC (general
antioxidant). MnTBAP, catalase and NAC inhibited the
proliferative and collagen-inducing effects of SWCNTs
(Figure 2C-E). SWCNTs did not significantly induce super-
oxide production, and although MnTBAP inhibited
SWCNT-induced fibrogenic effects, catalase showed a
dominant effect. Together, these results support the role
of ROS, particularly peroxides, as a key regulator of
SWCNT-induced fibrogenesis.

To determine the major cell survival pathway involved in
SWCNT-induced fibrosis, cells were treated with SWCNTSs
and inhibitors of various cell survival pathways including
LY294002 (PI3K/Akt inhibitor), SP200165 (JNK inhibitor),
SB203580 (p38 MAPK inhibitors) and PD98059 (ERK/
MAPK inhibitor), and their effects on fibroblast proliferation
and collagen expression were determined (Figure 3A and B).
SB203580 significantly inhibited SWCNT-induced fibroblast
proliferation and collagen expression whereas all the other
inhibitors had minimal effect. Furthermore, SWCNTs were
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Figure 3. Single-walled carbon nanotube (SWCNT)-induced fibrogenic effects are mediated through p38 mitogen-activated protein kinase (MAPK)
pathway. A. CRL-1490 cells were pretreated for 1 h with LY294002 (10 uM), SP200165 (10 uM), SB203580 (10 uM) and PD98059 (10 uM) and then
treated with Survanta (SRVT) (1.5 pg/ml) or SWCNTs (10 pg/ml). Cell supernatants were analysed for soluble collagen content by Sircol® collagen
assay after 24 h. B. CRL-1490 cells were pretreated for 1 h with LY294002 (10 uM), SP200165 (10 uM), SB203580 (10 uM) or PD98059 (10 uM) and
then treated with SRVT (150 nug/ml) or SWCNTs (10 ug/ml) for 24 h and analysed for cell growth. C. CRL-1490 cells were treated with various
concentrations of SRVT (0-3.75 pg/ml) and SWCNTs (0-25 pg/ml) for 6 h after which they were washed with PBS and extracted with SDS sample
buffer. The cell extracts were separated on 10% polyacrylamide-SDS gels, transferred and probed with antibodies against phospho-p38 MAPK and
total p38 MAPK. The immunoblot signals were quantified by densitometry. D. Cells were either left untreated or pretreated with NAC (10 mM) or
catalase (CAT) (1000 U/ml) for 1 h, followed by SRVT (1.5 pug/ml) or SWCNTs (10 pg/ml) for 6 h. Cell lysates were prepared and analysed for
phospho-p38 MAPK and total p38 MAPK. The immunoblot signals were quantified by densitometry. E. CRL-1490 cells were pretreated for 1 h with
SB203580 (10 uM) and then treated with SRVT (1.5 pug/ml) or SWCNTs (10 pg/ml) for 3 h. Samples were analysed for reactive oxygen species (ROS)
production by measuring DCF fluorescence intensity. Plots are mean + SD (n=3). *, p < 0.05 versus nontreated control. **, p < 0.05 versus nontreated

control and corresponding SRVT treatment. #, p < 0.05 versus SWCNT control and corresponding SRVT treatment.

able to induce p38 phosphorylation in a dose- and time-
dependent manner, whereas it had no significant effect on
total p38 protein level (Figure 3C). SWCNTs had minimal
effect on all the other cell survival pathways (data not
shown). Additionally, ROS inhibitors significantly inhibited
SWCNT-induced p38 phosphorylation indicating that
SWCNT-mediated ROS generation is required for p38
MAPK activation (Figure 3D). Interestingly, treatment with
specific p38 MAPK inhibitor SB203580 significantly
increased cellular peroxide levels indicating that there is a
negative feedback loop between ROS and p38 MAPK in
response to SWCNT exposure (Figure 3E).

SWCNT-mediated TGF-B1 activation via the p38 MAPK
pathway

TGF-B1 is one of the key regulators of lung fibrosis, and
increased expression of TGF-B1 has been consistently

reported in biopsies of fibrotic lungs (Coker et al. 1997;
McAnulty & Laurent 1995; Papakonstantinou et al. 2003;
Pelton et al. 1989). SWCNTs induced a dose-dependent
increase in TGF-B1 activation as assessed by human
TGF-B1 ELISA (Figure 4A). ROS inhibitors (catalase and
NAC) and p38 MAPK inhibitor (SB203580) significantly
inhibited SWCNT-induced TGF-B1 activation (Figure 4B).
TGF-B1 and TGF-B1 inhibitor (LY364947) were used as
positive and negative controls. These modulators had no
significant effect either on ROS production or on p38 MAPK
activation, indicating that SWCNT-induced TGF-B1 activa-
tion is downstream of p38 MAPK pathway and is being
regulated by SWCNT-induced ROS production (Figure 4C
and D). Furthermore, TGF-B1 played a significant role in
SWCNT-induced fibrogenic effects. Pretreatment of cells
with TGF-B1 increased SWCNT-induced collagen produc-
tion and fibroblast cell proliferation, whereas TGF-$1
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Figure 4. Single-walled carbon nanotube (SWCNT)-induced TGF-1 activation through reactive oxygen species (ROS)-mediated p38 mitogen-activated
protein kinase (MAPK) pathway. A. CRL-1490 cells were treated with various concentrations of Survanta (SRVT) (0-3.75 p1g/ml) and SWCNTs (0-25 pig/ml)
for 24 h and analysed for TGF-1 by ELISA. B. Cells were pretreated for 1 h with NAC (10 mM), catalase (CAT) (1000 U/ml), SB203580 (10 uM),
TGF-B1 (100 ng/ml) or TGF-P1 inhibitor (LY364947) (10 uM) and then treated with SRVT (1.5 ug/ml) and SWCNTs (10 pg/ml) for 24 h and analysed for
TGF-B1 by ELISA. C. CRL-1490 cells were pretreated for 0.5 h with TGF-B1 (100 ng/ml) or TGF-B1 inhibitor (10 uM) and then treated with SRVT (1.5 pig/ml)
and SWCNTs (10 pg/ml) for 3 h. Samples were analysed for ROS production by measuring DCF fluorescence intensity. Plots show relative fluorescence
intensity over nontreated control at the peak response time of 3 h after the treatment. D. Cells were either left untreated or pretreated with TGF-B1 (100 ng/
ml) or TGF-B1 inhibitor (LY364947) (10 uM) for 1 h, followed by SWCNTs (10 pLg/ml) for 6 h. Cell lysates were prepared and analysed for phospho-p38 MAPK
and total p38 MAPK. The immunoblot signals were quantified by densitometry. E. CRL-1490 cells were pretreated for 1 h with TGF-B1 (100 ng/ml) or
TGF-B1 inhibitor (LY364947) (10 uM) and then treated with SRVT (1.5 pig/ml) or SWCNTs (10 pg/ml) for 24 h and analysed for cell growth. F. CRL-1490 cells
were pretreated for 1 h with TGF-f1 (100 ng/ml) or TGF-B1 inhibitor (10 pM) and then treated with SRVT (1.5 pug/ml) and SWCNTs (10 pg/ml). Cell
supernatants were analysed for soluble collagen content by Sircol® collagen assay after 24 h. G. Cells were pretreated for 1 h with TGF-B1 (100 ng/ml) or
TGF-B1inhibitor (10 uM) and then treated with SRVT (1.5 ug/ml) and SWCNTs (10 ug/ml) for 24 h and analysed for collagen I by western blotting. Blots were
reprobed with -actin antibody to confirm equal loading of the samples. The immunoblot signals were quantified by densitometry. Plots are mean + SD
(n=4).*, p<0.05 versus nontreated control. **, p < 0.05 versus nontreated control and corresponding SRVT treatment. #, p < 0.05 versus SWCNT control
and corresponding SRVT treatment.
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inhibitor (LY364947) showed a significant decrease in
SWCNT-induced fibrogenic effects (Figure 4E-G).

SWCNT-induced VEGF plays a key role in fibrogenesis
VEGF is a known target of p38 MAPK signalling (Demyanets
et al. 2011; Hiratsuka et al. 2011; Shields et al. 2011) and is
upregulated in fibrotic lungs (Fehrenbach et al. 1999;
Meyer et al. 2000; Steurer et al. 2007). Since p38 MAPK
was activated by SWCNTSs, we tested the effect of SWCNTs
on VEGF level. Cells were treated with SWCNTs and cell
supernatant were collected and analysed for VEGF at various
times by ELISA. Figure 5A shows that VEGF protein levels
were induced by the SWCNTs treatment in a dose-
dependent manner. The induction of VEGF by SWCNTs
was significantly inhibited by NAC, catalase and p38
MAPK inhibitor SB203580 (Figure 5B), indicating that
SWCNT-induced VEGF production may be through the
p38 MAPK pathway via ROS generation. Similar to TGF-
1, VEGF showed no significant effect on SWCNT-mediated
ROS generation and p38 MAPK activation (Figure 5C and D).
Since VEGF was a key effecter molecule of the p38 MAPK
pathway, we tested whether VEGF was a key mediator of
SWCNT-induced fibrogenic effects. Cells were treated
with VEGF and cell proliferation and collagen expression
were determined. Figure 5E and F show that VEGF indu-
ced collagen expression and fibroblast proliferation. Interes-
tingly, a positive feedback loop was observed between VEGF
and TGF-B1. VEGF increased TGF-B1 levels whereas VEGF
inhibitor significantly inhibited TGF-B1 levels (Figure 5G).
TGF-B1 modulators showed a similar effect on VEGF
activation (Figure 5H).

SWCNTs induce an angiogenic response

Since VEGF is the central regulator of angiogenesis and
TGF-B1 is also known to be pro-angiogenic, we analysed
the capability of SWCNTs to induce angiogenesis. HUVECs
were treated with various concentrations of SWCNTs and
analysed for angiogenesis by in vitro tube formation assay.
SWCNTs induced angiogenesis in a dose-dependent manner
(Figure 6A). To correlate the response to SWCNT-induced
fibrogenesis, CRL-1490 fibroblasts were treated with varying
concentrations of SWCNTs or Survanta, and cell supernatant
were collected and used to induce angiogenesis in HUVECs
(Figure 6B). The induction of angiogenesis was more pro-
nounced with SWCNT-treated fibroblast supernatant as com-
pared with direct SWCNT treatment. We next treated lung
fibroblasts with modulators of ROS, p38 MAPK, TGF-B1 and
VEGF along with SWCNTs. Cell supernatants were collected
and used to induce angiogenesis in HUVECs (Figure 6C).
ROS, p38 MAPK, TGF-B1 and VEGF inhibitors significantly
inhibited SWCNT-induced angiogenesis whereas TGF-B1
and VEGF treatments further increased SWCNT-induced
angiogenesis. HUVECs treated directly with various modula-
tors of ROS, p38 MAPK, TGF-B1 and VEGF showed similar
effect on SWCNT-induced angiogenesis (data not shown).
The effect was more pronounced with treated fibroblast
supernatants as compared with direct treatments. The
results indicated that SWCNT-induced fibrogenic mediators
played a key role in SWCNT-induced angiogenic response.

Discussion

Pulmonary cytotoxicity and associated fibrosis in response to
SWCNT exposure are well documented (Wang et al. 2010b).
In this study, we investigated the role of ROS and specific
signalling pathways in fibrogenesis and angiogenesis
induced by SWCNTs. Several mechanisms of pulmonary
fibrosis have been proposed, including epithelial cell injury,
basement membrane disruption, ECM remodelling and
angiogenesis. Following injury, the epithelium initiates a
wound-healing process to restore the integrity of its barrier.
This is facilitated by connective tissue cells, in particular
fibroblasts that produce ECM that promotes epithelial cell
migration and re-epithelialisation (Selman et al. 2001).
Uncontrolled or excessive production of ECM by fibroblasts
is believed to be a key contributing factor in the development
of lung fibrosis. In our study, SWCNT exposure led to
increased fibroblast proliferation and collagen production
(Figure 1). Activation of fibroblast proliferation and accu-
mulation of ECM during the repair process necessitates
neovascularisation, and increasing evidence support its
role in fibrosis (Brinckerhoff & Matrisian 2002; Selman
et al. 2001; Selman et al. 1986). The angiogenic process is
known to involve an intricate cytokine network that activates
and mediates interactions between multiple cell types. A key
mediator of angiogenesis is VEGF, which is overexpressed in
fibrotic lungs (Carmeliet 2000; Steurer et al. 2007). In this
study, we demonstrate for the first time that SWCNT expo-
sure increased VEGF protein levels and induced an angio-
genic response in vascular endothelial cells (Figures 5A
and 6A).

ROS plays a key role in various cellular processes, but its
regulatory role in fibrosis and angiogenesis are unclear.
SWCNT-induced ROS played significant role in SWCNT-
induced fibrogenic effects (Figure 2C and D). SWCNTs
induced significant levels of peroxides, but its effect on
superoxide was minimal (Figure 2A and B). Furthermore,
superoxide scavenger MnTBAP blocked SWCNT-induced
fibrogenic effects but catalase (hydrogen peroxide inhibitor)
showed a more dominant effect. Interestingly, various ROS
inhibitors significantly blocked SWCNT-induced angiogen-
esis revealing an additional unexplored avenue in SWCNTs
toxicity that could be potentially targeted (Figure 6C). The
role of various signal transduction pathways in cell survival
and angiogenesis is well established but their role in fibro-
genesis is unclear. In response to SWCNTs exposure,
p38 MAPK cell survival pathway played a key role in its
fibrogenic and angiogenic responses. SWCNTs induced
phosphorylation and activation of p38 MAPK required
ROS generation (Figure 3). ROS inhibitors, NAC and catalase
inhibited SWCNT-induced phosphorylation and activation
of p38 MAPK (Figure 3D), supporting the role of p38 MAPK
and its regulation by ROS in the fibrogenic process. The
requirement of ROS in SWCNT-induced p38 MAPK activa-
tion and fibrogenesis has not been reported, and our results
provide new evidence thus revealing a novel mechanism of
fibrogenesis regulation that could have important implica-
tions in anti-fibrotic therapy. Interestingly, treatment with
SB203580 increased cellular peroxide levels (Figure 3E)
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Figure 5. Single-walled carbon nanotube (SWCNT)-induced VEGF plays a key role in fibrogenesis. A. CRL-1490 cells were treated with various
concentrations of Survanta (SRVT) (0-3.75 pg/ml) and SWCNTs (0-25 pg/ml) for 24 h and analysed for VEGF by ELISA. B. CRL-1490 cells were either
left untreated or pretreated with NAC (10 mM), catalase (CAT) (1000 U/ml) or SB203580 (10 uM) for 1 h and then treated with SRVT (1.5 pug/ml) or
SWCNTs (10 pg/ml) for 24 h. Samples were analysed for VEGF by ELISA. C. CRL-1490 cells were pretreated for 0.5 h with VEGF (100 nm) or VEGF
inhibitor (CBO-P11) (10 pm) and then treated with SRVT (1.5 pg/ml) or SWCNTs (10 pg/ml) for 3 h. Samples were analysed for reactive oxygen
species (ROS) production by measuring DCF fluorescence intensity. Plots show relative fluorescence intensity over nontreated control at the peak
response time of 3 h after the treatment. D. Cells were either left untreated or pretreated with VEGF (100 nm) or VEGF inhibitor (CBO-P11) (10 pm)
for 1 h, followed by SWCNTs (10 pg/ml) for 6 h. Cell lysates were prepared and analysed for phospho-p38 mitogen-activated protein kinase (MAPK)
and total p38 MAPK. The immunoblot signals were quantified by densitometry. E. CRL-1490 cells were pretreated for 1 h with VEGF (100 nm) or
VEGF inhibitor (CBO-P11) (10 um) and then treated with SRVT (1.5 pug/ml) or SWCNTs (10 pg/ml) for 24 h and analysed for cell growth. F.
CRL-1490 cells were pretreated for 1 h with VEGF (100 nm) or VEGF inhibitor (10 pm) and then treated with SRVT (1.5 1g/ml) or SWCNTs (10 pg/ml)
for 24 h. Cell supernatants were analysed for soluble collagen content by Sircol® collagen assay. G. Cells were either left untreated or were
pretreated with TGF-B1 (100 ng/ml) and TGF-B1 inhibitor (LY364947) (10 uM) followed by SRVT (1.5 pug/ml) or SWCNTs (10 pg/ml) for 24 h.
Samples were analysed for VEGF by ELISA. H. CRL-1490 cells were pretreated for 1 h with VEGF (100 nm) or VEGF inhibitor (10 um) and then
treated with SRVT (1.5 pg/ml) or SWCNTs (10 pg/ml) for 24 h and analysed for TGF-f1 by ELISA. Plots are mean + SD (n = 3). *, p < 0.05 versus
nontreated control, **, p < 0.05 versus nontreated control and corresponding SRVT treatment. #, p < 0.05 versus SWCNT control and corresponding
SRVT treatment.
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Figure 6. Single-walled carbon nanotubes (SWCNTs) induce an angiogenic response. A. Human umbilical vein endothelial cells (HUVECs) were
treated with various concentrations of Survanta (SRVT) (0-3.75 p1g/ml) and SWCNTs (0-25 pg/ml) for 48 h and analysed for angiogenesis by tube
formation assay. The number of nodes formed by the tubes were scored and plotted. B. CRL-1490 cells were treated with various concentrations of
SRVT (0-3.75 pg/ml) and SWCNTs (0-25 pug/ml) for 24 h and cell culture supernatant were used to induce angiogenesis in HUVECs for 48 h and were
analysed by in vitro tube formation assay. Representative micrographs after staining with calcein-AM. C. CRL-1490 cells were either left untreated or
pretreated with NAC (10 mM), catalase (CAT) (1000 U/ml), SB203580 (10 uM), TGF-B1 (100 ng/ml), TGF-B1 inhibitor (LY364947) (10 uM), VEGF
(100 nm) or VEGF inhibitor (CBO-P11) (10 um) for 1 h and then treated with SRVT (1.5 pg/ml) or SWCNTs (10 pg/ml) for 24 h. Cell culture
supernatant were used to induce angiogenesis in HUVECs for 48 h and were analysed by in vitro tube formation assay. Representative micrographs
after staining with calcein-AM. Plots are mean + SD (n = 3). *, p < 0.05 versus nontreated control, **, p < 0.05 versus nontreated control and
corresponding SRVT treatment. #, p < 0.05 versus SWCNT control and corresponding SRVT treatment.

indicative of a negative feedback loop between p38 MAPK
and ROS. This may suggest that downregulation of
p38 MAPK levels triggers a feedback mechanism leading
to increased ROS production, which leads to reactivation of
p38 MAPK and may possibly exacerbate fibrogenic and
angiogenic effects in response to SWCNTs.
SWCNT-induced VEGF and angiogenic response was
inhibited by the p38 MAPK inhibitor SB203580 (Figures 5B
and 6C). Therefore, in response to SWCNTs, p38 MAPK may
be the major signalling pathway regulating VEGF and angio-
genesis. Since ROS regulates p38 MAPK signalling in
response to SWCNTs treatment, it is likely that ROS may
serve as an upstream regulator of the fibrogenic signalling
via p38 MAPK-VEGF pathway. VEGF was induced by
SWCNTs (Figure 5A) and its neutralisation by anti-VEGF
antibody significantly inhibited the fibrogenic effects of
SWCNTs (Figure 5E and F). However, such inhibition was
incomplete, and increasing the concentration of the neu-
tralising antibody beyond the indicated concentration did
not result in further inhibition indicating that VEGEF
alone could not account for the total fibrogenic effects of
SWCNTs. These results suggest that although VEGF could
be a key mediator of the fibrogenic effect of SWCNTs, other
mediators or other mechanisms of fibroblast activation are
also involved. Several growth factors under the regulation of
p38 MAPK including platelet-derived growth factor (PDGF)
and TGF-B1 have been reported (Huh et al. 2011;

Kolosova et al. 2011; Roos et al. 2011). These growth factors
along with several others including basic fibroblast growth
factor and VEGF have also been reported to regulate
p38 MAPK (Goldberg et al. 2002; Sorensen et al. 2008;
Xiong et al. 2001; Zhang et al. 2011). In response to SWCNTs,
p38 MAPK regulated TGF-31 levels whereas TGF-B1 had no
significant effect on phosphorylation and activation of
p38 MAPK. Interestingly, increased expression of TGF-B1
has been consistently reported in biopsies of fibrotic lungs as
well as in angiogenically active tissues (Roberts et al. 1986).
We observed that TGF-B1 plays a critical role in response to
SWCNTs, regulating not only SWCNT-mediated fibrogenic
but also angiogenic effects. TGF-B1 significantly increased
SWCNT-mediated cell proliferation and collagen expression
whereas TGF-B1 inhibitor (LY364947) showed opposite
effects (Figure 4E-G). Furthermore, TGF-B1 inhibitor signifi-
cantly inhibited SWCNT-induced angiogenesis and TGF-f1
further increased the effect (Figure 6C). TGF-B1 had no
significant effect on ROS levels but ROS scavengers signifi-
cantly inhibited TGF-B1 levels, indicating that SWCNT-
induced ROS regulated TGF-B1 activation (Figure 4B
and C). Interestingly, TGF-B1 inhibitor inhibited VEGF levels
and VEGF inhibitor also inhibited TGF-B1 levels, indicating
a positive autocrine loop between VEGF and TGF-B1
(Figure 5G and H). This is an interesting novel finding, as
both VEGF and TGF-f1 are pro-angiogenic and pro-fibrotic.
A positive autocrine loop between the two biomolecules may
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Figure 7. Schematic representation of mechanisms involved in single-
walled carbon nanotube (SWCNT)-induced fibrogenesis and
angiogenesis.

produce an additive effect further exacerbating SWCNT-
induced pathogenesis.

Conclusions

In summary, this study provides evidence that in addition to
the fibrogenic effects, SWCNTSs are capable of inducing an
angiogenic response. SWCNTs induce a direct fibrogenic
effect on lung fibroblasts by upregulating collagen expression
and cell proliferation through ROS generation. The p38
MAPK pathway regulated SWCNT-induced fibrogenesis
through multiple mechanisms involving various cytokines
and growth factors including TGF-f1 and VEGF. Both
TGF-B1 and VEGF significantly contributed to the fibrogenic
as well as angiogenic effect of SWCNTs. Figure 7 is a
schematic representation of the mechanisms involved in
response to SWCNT exposure. SWCNTs induced angiogen-
esis, which was largely mediated by various fibrogenic med-
iators including p38 MAPK and ROS. Interestingly, a positive
autocrine loop was observed between TGF-f1 and VEGF,
which may exacerbate SWCNT-mediated cytotoxicity. In
reporting SWCNT-induced angiogenesis, this study unveils
an important physiological process associated with SWCNT-
induced lung fibrosis. It is debatable that angiogenesis may
either have a deleterious role, as is the case in cancer, or have
an anti-fibrogenic role during the development of pulmo-
nary fibrosis. This warrants further investigation in the field
of angiogenesis related to pulmonary fibrosis in response to
SWCNTs. Assessment of these effects in vivo will further
substantiate the mechanisms involved in SWCNT-mediated
pulmonary pathogenesis. Understanding the key mecha-
nisms involved in SWCNT-mediated cytotoxicity will aid
in the early detection and prevention of adverse health
effects associated with SWCNT exposure.
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