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Abstract Powder mixtures of tungsten carbide and metallic
cobalt (WC-Co) are widely used in various products. Nano-
particles are engineered structures with at least one dimension
of 100 nm or smaller. WC-Co is known to be associated with
lung injury and diseases. Angiogenesis is a key process during
vasculature, carcinogenesis, recovery of injury, and inflamma-
tory diseases. However, the cellular effects of WC-Co nano-
particles on angiogenesis remain to be elucidated. In this
study, we investigated angiogenic response and relative mech-
anisms after exposure to WC-Co nanoparticles. Our results
showed that WC-Co nanoparticles at 5 μg/cm2 induced ROS
production which activated AKT and ERK1/2 signaling path-
ways in lung epithelial cells by reactive oxygen species (ROS)
staining and immunoblotting; WC-Co treatment also in-
creased transcriptional activation of AP-1, NF-κB, and VEGF
by reporter assay. Further studies demonstrated that ROS are
upstreammolecules of AKTand ERK signaling pathways; the
activation of AP-1, NF-κB, and VEGF was through ROS

generation, AKT and ERK1/2 activation. In addition, WC-
Co nanoparticles affected the cells to induce angiogenesis by
chicken chorioallantoic membrane (CAM) assay. These re-
sults illustrate that exposure to WC-Co nanoparticles induces
angiogenic response by activating ROS, AKT, and ERK1/2
signaling pathways and the downstream molecules and eluci-
date the potential molecular mechanisms during this process.
This information may be useful for preventing potential dam-
age from nanoparticle exposure in the future.
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Abbreviations
WC-Co Tungsten carbide and metallic cobalt
ROS Reactive oxygen species
CAM Chicken chorioallantoic membrane
PBS Phosphate-buffered saline
DCFH-DA 2′,7′-Dichlorofluorescein diacetate
H2O2 Hydrogen peroxide
AP-1 Activator protein-1
NF-κB Nuclear factor kappa B
VEGF Vascular endothelial growth factor
ERK Extracellular signal regulated kinase

Introduction

Nanotechnology is one of the fastest growing emerging tech-
nologies and has a wide range of applications such as integrat-
ed sensors, semiconductors, medical imaging, drug delivery,
structural materials, sunscreens, cosmetics, and coatings [1].
Nanoparticles have at least one dimension of 100 nm or small-
er. This small size results in properties which may
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substantially differ from particles of the same composition
in the micrometer scale. Intensive researches focused on
the development of nanotechnology could lead to an in-
creasing risk of exposure to nanoparticles over the next
few years. There are increasing public concerns over the
adverse health effects of exposure to nanoparticles and
possible environmental impact of this emerging nanotech-
nology. Recent evidence has indicated that nanoparticles
exhibit a higher deposition in all regions of the respiratory
tract when compared to the fine particles, and that expo-
sure to nanoparticles may induce cytotoxicity, pulmonary
inflammation, and/or other adverse effects in the cells and
the lung [2–5]. Once deposited in the airways, nanoparti-
cles may migrate more rapidly to the interstitium and
lymph nodes of the lung than the fine particles [6]. How-
ever, the mechanisms involved in potential bioactivity of
nanoparticles leading to the adverse effects are poorly
understood.

Hard metal or cemented carbide consists of a powder
mixture by 80 to 90 % of tungsten carbide (WC) and 5 to
10 % of metallic cobalt (Co). It has been demonstrated
that the inhalation of hard metal particles may cause an
interstitial pulmonary disease and lung cancer, the mech-
anism of which involves an interaction between Co and
WC particles, the generation of reactive oxygen species,
and oxidant-induced DNA-damage [7–12]. WC-Co expo-
sure leads to hard metal pulmonary disease, giant cell
interstitial pneumonia, and lung fibrosis [13–15], and
may be related with lung carcinoma [16]. A recent study
indicates that WC-Co particles in the nano-size range can
be internalized by lung epithelial cells, suggesting that
internalization may play a key role in the enhanced tox-
icity of nano-WC-Co particles over micro-WC-Co parti-
cles [17]. However, the effect of WC-Co on angiogenesis
response remains to be elucidated. In this study, we ana-
lyze the effects of WC-Co nanoparticles in regulating the
production of reactive oxygen species (ROS), the tran-
scriptional activation of AP-1, NF-κB, and VEGF, the
activation of AKT or extracellular signal regulated kinase
(ERK), and the induction of angiogenesis.

Materials and Methods

Cell Culture

BEAS-2B, the normalized human bronchial epithelial cells
from the lungs, were cultured in DMEM supplemented with
10 % FBS and 100 units/ml penicillin and 100 μg/ml strepto-
mycin and cultured at 37 °C in a 5 % CO2 incubator. Human
lung adenocarcinoma cells A549 were cultured in RPMI 1640
supplemented with 10 % FBS and antibiotics under the same
condition.

Adenovirus

The construction of dominant-negative AKT (AKT-K179M)
and GFP has been described previously [18]. Recombinant
adenoviruses were made using the AdEasy system [19]. Viral
titers were determined using the BD Adeno-X™ Rapid Titer
Kit (BD Biosciences Clontech, Mountain View, CA) accord-
ing to the user manual.

Angiogenesis Using the CAM Assay

Fertilized white Leghorn chicken eggs were incubated at
37 °C with 70 % humidity for 9 days. An artificial air sac
was created over a region containing small blood vessels
in the chicken chorioallantoic membrane (CAM) as de-
scribed [18]. To test angiogenesis, the cells were
suspended in serum-free medium containing 50 %
Matrigel (BD Biosciences, Bedford, MA). Aliquots (3×
106 cells, 30 μl) of the mixture were then applied onto the
CAM of 9-day-old embryos. The area around the im-
planted Matrigel was photographed 4 days after the im-
plantation, and the number of blood vessels was obtained
by counting the branching of blood vessels. The experi-
ments were performed using 8~10 chicken embryos for
each treatment.

Intracellular Hydrogen Peroxide (H2O2) Detection

BEAS-2B cells were seeded on coverslips in a 6-well
plate and cultured overnight. After treated without (the
control) or with 5 μg/cm2 fine- or nano-sized WC-Co
for the indicated period time, the cells were incubated
with 5 μM 2′,7′-dichlorofluorescein diacetate (DCFH-
DA) for 15 min. The cells were washed twice with
phosphate-buffered saline (PBS) and fixed with 10 %
buffered formalin for 10 min. DCFH-DA diffuses
through the cell membrane and is rapidly oxidized to
highly fluorescent dichlorofluorescein in the presence
of H2O2. The fluorescent images were captured using
a fluorescence microscope. For the treatments with cat-
alase, LY294002, or U0126, cells were pretreated with
these reagents for 30 min. Then, the particles were
added, and cells were treated as above.

Transient Transfection and Luciferase Assay

BEAS-2B cells were seeded in 12-well plates and cultured
to 70 % confluence. The cells were transiently transfected
with activator protein-1 (AP-1), nuclear factor kappa B
(NF-κB), or vascular endothelial growth factor (VEGF)
reporter plasmids and pCMV-β-galactosidase (β-gal)
using Lipofectamine (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. After transfection,
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the cells were cultured overnight, followed by different
treatments. Cells were then washed and lysed with report-
er lysis buffer (Promega, Madison, WI). The luciferase
(Luc) activities of the cell extracts were determined using
the luciferase assay system (Promega, Madison, WI). The
relative luciferase activity (defined as reporter activity)
was calculated as the ratio of Luc/β-gal activity and nor-
malized to the control.

Western Blotting

The cells were lysed in RIPA buffer supplemented with
DTT and proteinase inhibitors. The cellular lysates were
clarified by centrifugation at 15,000×g for 10 min. Al-
iquots of the protein extracts were resolved in SDS/
polyacrylamide gels and transferred to nitrocellulose

membranes. Membranes were blocked with 5 % nonfat
dry milk in 1× PBS buffer containing 0.05 % Tween 20
and incubated with antibodies against phospho-AKT, to-
tal AKT, phospho-ERK1/2 (Cell Signaling Technology,
Beverly, MA), and total ERK2 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Specific protein signals were de-
tected by incubating with horseradish peroxidase-
conjugated antibodies and visualizing with a chemilumi-
nescence reagent (Pierce Biotechnology, Rockford, IL).

Statistical Analysis

The data represent mean±SD from three independent
experiments except where indicated. Statistical analysis
was performed by Student t test at a significant level
(p<0.05).

Control Fine Nano

0 min 15 min 30 min 1 h       2 h

a

b

Fig. 1 Nano-sized tungsten carbide-cobalt (WC-Co) increased ROS
production. a BEAS-2B cells were seeded onto coverslips in 6-well
plate and incubated at 37 °C for 24 h. The cells were cultured in fresh
serum-free mediumwith fine-sized or nano-sizedWC-Co at 5 μg/cm2 for
30 min. DCFH-DA (5 μM) was added and incubated for 15 min. Then,
the cells were washed and fixed. The images were captured with a
fluorescence microscope (upper panel). The corresponding bright field
micrographs are shown in the bottom panel. Bar: 200 μm. b BEAS-2B

cells were seeded onto a glass slip in the 6-well plate and incubated at
37 °C for 24 h. The cells were then cultured in serum-free medium with
nano-size of WC-Co at 5 μg/cm2 for the time as indicated. DCFH-DA
(5 μM) was added and incubated with the cells for 15 min. Then, the cells
were washed and fixed, and the images were captured as above. The
fluorescent images were captured using a confocal fluorescence
microscope (upper panel). The corresponding micrographs are shown
in the bottom panel. Bar: 200 μm
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Results

WC-Co Nanoparticles Induced Reactive Oxygen Species
(ROS) Production

ROS include superoxide, hydrogen peroxide (H2O2), and hy-
droxyl radical. ROS have been demonstrated to be involved in
regulating cell metabolism, apoptosis, proliferation, tumor an-
giogenesis, and progression, and are also secondary messen-
gers [20–22]. To study whether nanoparticles of WC-Co can
stimulate ROS generation, BEAS-2B cells were seeded on the
coverslips, and cultured overnight, then treated with solvent,
fine particles, or nano particles. The production of ROS was
detected by DCFH-DA staining as previously described [23,
24]. The nano-sized WC-Co at 5 μg/cm2 induced high levels
of ROS production in the cells, while the treatment of cells
with the solvent or the fine size WC-Co at 5 μg/cm2 did not
increase ROS generation (Fig. 1A). The ROS production was
observed 15 min after WC-Co nanoparticle treatment and
gradually increased up to 2 h (Fig. 1B). These results indicated
that WC-Co nanoparticles at 5 μg/cm2 strongly induced ROS
production in BEAS-2B cells.

WC-Co Nanoparticles Induced AP-1, NF-κB, and VEGF
Transcriptional Activation

AP-1 and NF-κB are important transcription factors re-
lated to pulmonary injury, inflammatory lesions, and an-
giogenesis. It has been reported that AP-1 and NF-κB is
activated by hydrogen peroxide in various cell types [25,
26]. VEGF plays a key role in angiogenesis. Our previ-
ous studies have showed that ROS generation induced
VEGF expression in ovarian and prostate cancer cells
[23, 27]. To test whether WC-Co nanoparticles induced
AP-1, NF-κB, and VEGF transcriptional activation,
BEAS-2B cells were transfected with AP-1, NF-κB, or
VEGF reporter plasmid with β-gal plasmid, then treated
with nano- or fine-sized WC-Co particles. As shown in
Fig. 2a–c, nano-sized WC-Co at 2.5 and 5 μg/cm2 sig-
nificantly induced AP-1, NF-κB, and VEGF transcrip-
tional activation, while fine-sized WC-Co did not signif-
icantly affect their transcriptional activation at those
doses.

WC-Co Nanoparticles Activated AKTand ERK1/2
Pathways Through ROS Generation

AKT and ERK are important signaling molecules in reg-
ulating multiple cellular functions. To determine whether
WC-Co nanoparticles affect AKT and ERK activation,
BEAS-2B cells were treated with the nano- or fine-sized
WC-Co particles. The activation of AKT and ERK1/2 was
analyzed by Western blotting. The nanoparticles were

found to induce AKT and ERK1/2 activation at the low
concentration of 2.5 μg/cm2, while fine particles of WC-
Co had only modest effect even at high concentrations
(Fig. 3a). To test whether AKT or ERK1/2 activation
was required for nanoparticle-induced ROS production,
the cells were pretreated with a PI3K inhibitor
(LY294002), an ERK 1/2inhibitor (U0126), or a H2O2

scavenger (catalase). When compared to the control, cat-
alase treatment inhibited ROS production, but LY294002
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Fig. 2 WC-Co nanoparticles induced AP-1, NF-κB, and VEGF
transcriptional activation. a Cells were co-transfected with β-gal
plasmid (0.2 μg) and AP-1 reporter plasmid (0.4 μg). After
transfection, the cells were cultured overnight in fresh medium, then
treated with nano or fine size WC-Co (0, 2.5, and 5 μg/cm2) for 24 h.
The cells were then lysed, and the supernatants were subjected to
luciferase and β-gal activity assay. Relative luciferase activity was
determined by the ratio of luc to β-gal activity and normalized to that
of the control. Asterisk indicates that the value was significantly different
when compared to that of the control (P<0.05). b BEAS-2B cells were
co-transfected with β-gal and NF-κB reporter plasmids and treated as
above. Relative luciferase activity was analyzed. Asterisk indicates that
the value was significantly different when compared to that of the control
(P<0.05). c BEAS-2B cells were co-transfected with β-gal and VEGF
reporter plasmids and treated as above. Relative luciferase activity was
tested. Asterisk indicates that the value was significantly different when
compared to that of the control (P<0.05)
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or U0126 treatment had no inhibitory effect on ROS gen-
eration (Fig. 3b), suggesting that AKT and ERK1/2 might
not act as upstream signaling molecules to regulate ROS
generation. To test whether ROS may be the upstream
regulator of AKT and ERK, the cells treated as above
were analyzed for the activation of AKT and ERK by
immunoblotting. The treatment of catalase inhibited levels
of both phospho-AKT and phospho-ERK1/2 in the cells
(Fig. 3c). As a control, LY294002 and U0126 decreased
WC-Co nanoparticle-inducing AKT and ERK activation,
respectively. These results indicate that WC-Co nanopar-
ticles regulate AKT and ERK1/2 pathways through ROS
production.

WC-Co Nanoparticles Induced AP-1, NF-κB and VEGF
Transcriptional Activation via ROS, AKT, and ERK
Pathways

To test whether transcriptional activation of AP-1, NF-κB, and
VEGF is mediated through ROS production, or AKT and

ERK1/2 activation, BEAS-2B cells were infected by adenovi-
rus carrying catalase (Ad-cat), or treated by LY294002 and
U0126, followed by the treatment with WC-Co nanoparticles.
As shown in Fig. 4a–c, U0126 and LY294002 treatment de-
creased AP-1, NF-κB, and VEGF luciferase activity by more
than 50 %. Inhibition of ROS production by catalase also
significantly inhibited the transcriptional activation of AP-1,
NF-κB, and VEGF. These results suggest that WC-Co nano-
particles induce ROS generation, activate AKT and ERK1/2
signaling pathways, which in turn regulate AP-1, NF-κB, and
VEGF transcriptional activation.

The Treatment of BEAS-2B and A549 Cells with WC-Co
Nanoparticles Induced Angiogenesis

Angiogenesis is an essential process during injury repair, in-
flammatory diseases, carcinogenesis, tumor growth, and me-
tastasis [28]. To test the effect of WC-Co nanoparticles in
angiogenesis, human lung epithelial BEAS-2B cells were
treated without or with the nanoparticles at 5 μg/cm2 for
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Fig. 3 Nanoparticles of WC-Co induced the activation of AKT and
ERK1/2 pathways through ROS generation. a BEAS-2B cells were
cultured in serum-free medium for 24 h. Then, cells were treated with
various concentrations of nano size or fine size WC-Co for 1 h. Various
proteins were subjected to immunoblotting. b BEAS-2B cells were
seeded onto coverslips in the 6-well plate and incubated at 37 °C for
24 h. The cells were cultured in serum-free medium without or with

2000 U/ml of catalase, 20 μM LY294002, or 10 μM U0126 for 30 min.
Then, cells were treated with 5 μ g/cm2 WC-Co for 30 min. DCFH-DA
was added, and fluorescent images were obtained as above. c BEAS-2B
cells were cultured to 80 % confluence, then treated with 3000 U/ml of
catalase, 20 μM U0126, or 20 μM LY294002 for 30 min in fresh
medium. Then nano-sized WC-Co at 5 μg/cm2 was added for 1 h. Cell
lysates were subjected to Western blotting
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24 h. Then, the cells were used to perform an angiogenesis
assay on the CAM. BEAS-2B cells alone did not increase

angiogenesis, while the nanoparticle treatment greatly induced
angiogenesis (Fig. 5a). The relative angiogenesis responses
were analyzed by the number of microvessel branches in the
unit area. The nanoparticle treatment increased the angiogenic
response by more than fivefold when compared to the control
group (Fig. 5b). To further test the effect of the nanoparticles
on a different cell line, human lung adenocarcinoma cells
A549 were treated as above to analyze the angiogenic re-
sponse. Although A549 cells alone induced angiogenesis
when compared to that of theMatrigel alone due to their tumor
characteristic, treatment of the nanoparticles greatly enhanced
the angiogenic response by fivefold when compared to that
with A549 cells alone (Fig. 5c, d). These data indicate that the
nanoparticles can stimulate different cells to induce angiogen-
esis. We also tested the effects of fine size particles on angio-
genesis and found that the fine size particles at the same dose
did not induce angiogenesis (data not shown).

Discussion

WC-Co is widely used as cemented carbide hard metals in a
wide range of products in aerospace, automobiles, to home
appliances. In contrast to hard metals, conventional materials
have hardness and toughness which are mutually exclusive.
WC-Co nanoparticles have many advantages over fine parti-
cles including the greatly improved toughness, hardness, and
wear resistance. Occupational exposure to WC-Co has been
associated with an increased risk of lung diseases including
lung cancer [16, 17, 29, 30]. Previous studies have shown that
WC-Co treatment induces micronuclei formation in rat lung
[31]. During various processes, workers are exposed to vari-
ous sizes of WC-Co particles including nanoparticles [32].
Recent evidence indicates that nanoparticles exhibit a higher
deposition in all regions of the respiratory tract when com-
pared to the fine particles, and that exposure to nanoparticles
may induce cytotoxicity, pulmonary inflammation, and/or
other adverse effects in the cells and lung [3]. However, the
molecular mechanisms by which WC-Co exposure causes
lung injury and carcinogenesis remain to be clarified. In this
study, we found that WC-Co nanoparticles increase ROS pro-
duction in the cells which induces other cellular signaling
molecules.

AP-1 and NF-κB are important transcription factors in-
volved in lung injury and inflammation [33–36]. VEGF is a
potent angiogenic inducer [37, 38]. To study the molecular
mechanism of WC-Co nanoparticles in inducing biologic ef-
fects, we found that low doses of WC-Co nanoparticles in-
creased the transcriptional activation of AP-1, NF-κB, and
VEGF (Fig. 6). These results are consistent with the nanopar-
ticles increasing oxidative stress and generation of ROS. ROS
are produced by all aerobic organisms through the oxygen
reduction processor and can be induced by growth factors
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Fig. 4 Inhibition of ROS production, AKT, or ERK1/2 pathways
decreased WC-Co nanoparticle-induced AP-1, NF-κB, and VEGF
transcriptional activation. a BEAS-2B cells were co-transfected with
AP-1 reporter and β-gal plasmids as Fig. 2c. Then cells were infected
with or without adenovirus carrying GFP (Ad-GFP) or catalase (Ad-Cat)
at 50 MOI for 24 h. Some cells were pretreated with 10 μM U0126 or
20 μM LY294002 for 30 min, and nano-sized WC-Co at 5 μg/cm2 was
added for 24 h. Luciferase assay was performed as above. b After co-
transfection with NF-κB reporter and β-gal plasmids, BEAS-2B cells
were infected with Ad-GFP or Ad-Cat as above or treated with 20 μM
U0126 or 10 μM LY294002 for 30 min, then nanoparticles were added.
Luciferase assay was performed. c After co-transfection with VEGF
reporter and β-gal plasmids, BEAS-2B cells were infected with Ad-
GFP or Ad-Cat, 10 μM U0126 or 20 μM LY294002 for 30 min, nano-
sized WC-Co at 5 μg/cm2 was added for 24 h. Luciferase assay was
performed as in Fig. 2C. Asterisk indicates that the value was
significantly different when compared to that of the control (P<0.05).
Number sign indicates that the value was significantly different when
compared to that of the nanoparticle treatment (P<0.05)
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and cytokines [23, 39]. Our results showed that nanoparticles,
but not fine particles of WC-Co at 5 μg/cm2 stimulate ROS
production. As we expected, catalase inhibited ROS produc-
tion, indicating that H2O2 is one of the species of ROS in-
duced by nano-sized WC-Co. Growing evidence has shown

that H2O2 may act as a second messenger to regulate various
cellular functions and signaling pathways including ERK,
phosphatidylinositol 3-kinase (PI3K), small GTPases, NF-κB,
and nitrogen oxide (NO) pathways [40–44]. Previous reports
indicate that PI3K and ERK may regulate ROS production
[45, 46]. We found that the inhibitors of PI3K and ERK1/2,
LY294002, and U0126 did not affect ROS generation. In con-
trast, treatment with catalase inhibited both AKTand ERK1/2.
These results suggest that ROS act as upstream inducers of
AKT and ERK1/2 in the cells. This finding is consistent with
previous studies in a different cell system showing that H2O2

was the upstream regulator of AKT and ERK [47, 48]. We
further showed that ROS, AKT, and ERK1/2 are upstream
regulators of WC-Co nanoparticle-induced AP-1, NF-κB,
and VEGF transcriptional activation.

Angiogenesis is critical in the injury repair, inflammation,
tumor development, and neovascularization [49, 50]. Given
the role of AP-1, NF-κB, and VEGF in regulating angiogen-
esis, to determine whether WC-Co nanoparticles can induce
angiogenesis, we demonstrated that treatment of BEAS-2 cells
with WC-Co nanoparticles at low dose induced angiogenesis,
while equal dose of fine-sized WC-Co did not have a strong
effect on angiogenesis. Similar results were obtained using
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Fig. 5 BEAS-2B and A549 cells treated with nanoparticles of WC-Co
induced angiogenesis in the chicken chorioallantoic membrane (CAM)
model. a BEAS-2B cells were treated without or with 5 μg/cm2 of nano
WC-Co for 24 h, then trypsinized, resuspended in serum-free medium
(3×107/ml, 0.1 ml), and mixed in 1:1 ratio with Matrigel (Collaborative
Biomedical Products, Bedford, MA). Aliquots of the mixture were then
applied to the CAMof 9-day-old embryos. After 96-h incubation, the area
around the implanted Matrigel was photographed with a Nikon digital
camera, and the numbers of newly formed vessels were counted. Assays
for each treatment were carried out using 10 embryos per experiment.
Representative photos generated from CAM alone or BEAS-2B cells

treated without or with WC-Co (upper panel—low magnification;
bottom panel—higher magnification). Bar: 2 mm. b The number of
blood vessels was obtained by counting the branching of blood vessels
and normalizing to the control (without WC-Co nanoparticles treatment)
as relative angiogenesis. The data represent the mean±SD of the relative
angiogenesis from 8 different embryos. Asterisks indicate that the value
was significantly different when compared to that of the control
(P<0.01). c Representative photos generated from CAM alone or A549
cells treated without or with WC-Co. Similar experiment was taken by
using A549 cells, and angiogenesis was assayed as above. d Relative
angiogenesis induced by A549 cells treated with WC-Co nanoparticles
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Fig. 6 The diagram summarizes our findings:WC-Co nanoparticles lead
to ROS generation, which activates AKTand ERK1/2 pathways to induce
angiogenesis via AP-1, NF-κB, and VEGF
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A549 cells, indicating that WC-Co nanoparticles enhanced
A549 cells-induced angiogenesis. These results are consistent
with the induction of transcriptional activation of AP-1,
NF-κB, and VEGF in this study. These data elucidate cellular
effects of WC-Co nanoparticles and potential molecular
mechanisms involved in the response to WC-Co nanoparticle
exposure.

Since more and more nanotechnologies are developed and
various sizes of WC-Co were produced during the process of
generating the hard metal, it is important to understand the
biological effect of nanoparticles of WC-Co on inducing hu-
man diseases such as lung cancer, chronic pulmonary obstruc-
tive diseases, and bronchitis. Angiogenesis is well known to
be closely associated with carcinogenesis, inflammatory dis-
eases, and chronic pulmonary diseases including bronchitis. In
this study, we found that nanoparticles of WC-Co induced
ROS generation then increased the transcriptional activities
of AP-1, NF-κB, and VEGF through activating AKT and
ERK1/2 pathways, thus inducing angiogenesis. This study
will afford useful information for preventing potential damage
from nanoparticle exposure in the future.

Conclusions

These results illustrate that exposure to WC-Co nanoparticles
induces angiogenic response by activating ROS, AKT, and
ERK1/2 signaling pathways and the downstream molecules,
including AP-1, NF-κB, and VEGF. This information may be
useful for preventing potential damage from nanoparticle ex-
posure in the future.
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