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Abstract. In this study, apoptosis and related signaling 
induced by WC-Co nanoparticles were investigated in 
JB6 cells and rat lung macrophages. Electron spin reso-
nance  (ESR) and fluorescent staining indicated that both 
WC-Co nanoparticles and fine particles stimulated reactive 
oxygen species  (ROS) generation. Catalase exhibited an 
inhibitory effect on WC-Co nanoparticle-induced ROS as 
well as mitochondrial membrane permeability damage. 
Further study indicated that WC-Co nanoparticles elicited 
higher cytotoxicity and apoptotic induction than fine parti-
cles. Western blot analysis showed activation of proapoptotic 
factors including Fas, Fas-associated protein with death 
domain (FADD), caspase 3, 8 and 9, BID and BAX. In addi-
tion, both cytochrome c and apoptosis-inducing factor (AIF) 
were upregulated and released from mitochondria to the 
cytoplasm. Our findings demonstrate that, on a mass basis, 
WC-Co nanoparticles exhibit higher cytotoxicity and 
apoptotic induction than fine particles. Apoptosis induced 
by WC-Co nanoparticles and fine particles involves both 
extrinsic and intrinsic apoptosis pathways.

Introduction

Nano-scale particle research has recently become a very impor-
tant field in materials science. Nanoparticles (1 to 100 nm) 
usually have physical properties different from those of large 
particles (1-10 µm). It has been found that nanoparticles exhibit a 
variety of novel properties, depending on particle size, including 
magnetic, optical, and other physical properties as well as 
surface reactivity (1). Hard metals consisting of tungsten carbide 
(WC) and metallic cobalt (Co) particles are important industrial 
materials (2). WC-Co nanoparticle composites have the potential 
to replace standard materials for tools and wear parts because of 
their increased hardness and toughness. By means of particle size 
reduction, the fracture toughness and wear resistance of WC-Co 
can be increased significantly. Research evidence indicated 
that WC-Co fine particle mixture was carcinogenic in exposed 
workers (2). Based on the fact that nanoparticles of metallic 
nickel and titanium dioxide (TiO2) cause more pronounced 
toxicity than fine particles (3-7), the pathogenic effects of WC-Co 
particles may well vary with their size.

Among the possible mechanisms of metal toxicity, apoptosis 
plays an important role in carcinogenesis (8). While a number of 
known or suspected human carcinogenic metallic compounds 
have been shown to induce apoptosis, the relevance of these 
observations for the carcinogenic process is, however, still not 
completely understood (9). Apoptosis induced by WC-Co fine 
particles has been reported in previous in vitro studies (2,9); 
however, the signal pathways induced by WC-Co particles still 
remain elusive.

Apoptosis is a highly regulated process that is involved 
in physiological as well as pathological conditions  (10-13). 
Deregulation of apoptosis has been implicated in carcino-
genesis, tumor progression and resistance of tumor cells to 
radio- and chemotherapy  (14,15). Malfunction of apoptosis 
plays an important role in many disease processes. An inef-
ficient elimination of mutated cells may favor carcinogenesis 
or tumorigenesis; failure to clear inflammatory cells may 
prolong the inflammation because of the release of damaging 
histotoxins (9). However, excessive apoptosis has been shown 
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to contribute to pulmonary fibrosis in mice (16). Furthermore, 
enhanced apoptosis may indirectly trigger compensatory cell 
proliferation to ensure tissue homeostasis and promote the 
fixation of mutagenic events or multiplication of mutated cells. 
Studies have demonstrated that apoptosis is also involved in 
pulmonary disorders, such as acute lung injury, diffuse alveolar 
damage, idiopathic pulmonary fibrosis, and other lung disorders 
caused by bleomycin, silica, endotoxins, and the deposition of 
immune complexes (16-19). Inhibition of apoptosis by gene dele-
tion strategies or by caspase inhibitors abrogate the pathologic 
effects of these agents (16-20), supporting the potential role of 
apoptosis in the inflammatory, pulmonary fibrosis, and immu-
nopathologic disorders. Therefore, the apoptotic properties may 
be important for elucidating the mechanisms of adverse health 
effects induced by WC-Co particles.

Accordingly, the objectives of this study are to compare the 
difference in cytotoxicity and apoptosis induced by WC-Co 
nano- and fine particles, and to elucidate the mechanisms of 
cell death induced by WC-Co particles. This study provides 
insight into the role of apoptosis in the possible pathogenicity 
and carcinogenicity induced by WC-Co nanoparticles.

Materials and methods

Materials. WC-Co nanoparticles (99.9% pure, molecularly 
mixed at the ratio of 85:15, agglomerated powder) were 
purchased from Inframat® Advanced Materials™ LLC 
(Farmington, CT, USA). WC-Co fine particles were purchased 
from Alfa ASAR. Eagle's minimal essential medium (EMEM) 
was obtained from Lonza (Walkersville, MD). Fetal bovine 
serum (FBS), trypsin, pencillin/streptomycin and L‑glutamine 
were purchased from Life Technologies Inc. (Gaithersburg, 
MD). YO-PRO-1 [YP, 1 mM solution in dimethyl sulfoxide 
(DMSO)] and propidium iodide (PI, 1.0 mg/ml in water) were 
purchased from Invitrogen (Carlsbad, CA). Hoechst 33342, 
2', 7'-dichlorodihydrofluorescein diacetate (H2DCFDA) and 
dihydroethidium (DHE) were purchased from Molecular Probes 
(Eugene, OR). Anti-h/m caspase-8 antibody was obtained from 
R&D Systems (Minneapolis, MN). BID and cleaved caspase 3 
antibodies were purchased from Cell Signaling Technology 
(Beverley, MA). All other antibodies were obtained from Santa 
Cruz Biotechnology Co. (Santa Cruz, CA). Cell proliferation 
kit I (MTT assay kit) was obtained from Roche Applied Science 
(Penzberg, Germany). Mitochondria Staining Kit and catalase 
were purchased from Sigma-Aldrich (Saint Louis, MO).

Preparation of WC-Co particles. Stock solutions of WC-Co 
nano- or fine particles were prepared by sonification on ice 
using a Branson Sonifier 450 (Branson Ultrasonics Corp., 
Danbury, CT) in sterile PBS (10 mg/ml) for 30 sec, then kept 
on ice for 15 sec and sonicated again for a total of 3 min at a 
power of 400 W. Before use, these particles were diluted to a 
designed concentration in fresh culture medium. All samples 
were prepared under sterile conditions.

Surface area and size distribution measurements. Surface 
area of WC-Co particles was measured using the Gemini 2360 
Surface Area Analyzer (Mircomeritics, Norcross, GA) with a 
flowing gas technique according to the manufacturer's instruc-
tions. The size distribution of WC-Co particles was detected 

using scanning electron microscopy (SEM). Briefly, WC-Co 
particles were prepared by sonification. Then, the samples 
were diluted in double-distilled water and air dried onto a 
carbon planchet. Images were collected on a scanning electron 
microscope (Hitachi S-4800, Japan) according to the manu-
facturer's instructions. Optimas 6.5 image analysis software 
(Media Cybernetics, Bethesda, MD) was used to measure the 
diameter of WC-Co particles.

Cell culture. Mouse epidermal JB6 cells were maintained in 
5% FBS EMEM containing 2 mM L‑glutamine and 1% peni-
cillin-streptomycin (10,000  U/ml penicillin and 10  mg/ml 
streptomycin) at standard culture conditions (37˚C, 80% humid-
ified air and 5% CO2). For all treatments, cells were grown to 
80% confluence.

Determination of free radical formation. All ESR measure-
ments were conducted using a Varian E9 ESR spectrometer 
and a flat cell assembly. Hyperfine couplings were measured 
(to 0.1  G) directly from magnetic field separation using 
potassium tetraperoxochromate (K3CrO8) and 1,1-diphenyl-
2-picrylhydrazyl as reference standards. An EPR DAP 2.0 
program was used for data acquisition and analyses. Reactants 
were mixed in test tubes in a total final volume of 450 µl. The 
reaction mixture was then transferred to a flat cell for ESR 
measurement. The concentrations given in the figure legends 
are final concentrations and measurements were made at 
room temperature and under ambient air, except those specifi-
cally indicated otherwise. The receiver gain, time constant, 
sweep time, sweep width, modulation frequency, modulation 
amplitude and microwave power were set constant to allow 
relative intensity comparisons of spectra. All spectra shown 
are the accumulation of five scans. Hyperfine couplings 
constants were determined using the WinSim program of the 
NIEHS public EPR software tools, available over the internet  
(http://epr.niehs.nih.gov). The relative radical concentration 
was estimated by measuring the peak‑to‑peak height (mm) of 
the observed spectra.

H2DCFDA and DHE are used for staining general ROS 
or oxygen radicals (•O2

-) produced in intact cells, respectively. 
Hoechst 33342 is a nucleic acid stain. JB6 cells were seeded 
into a 24-well plate. Cells were grown 24 h and then starved 
in 0.1% FBS EMEM overnight. Cells were then treated with/
without various concentrations of WC-Co nano- or fine parti-
cles in the presence of H2DCFDA (5 µM), DHE (2 µM) and 
Hoechst 33342 (3 µM) for 1 h. The cells were washed 3 times 
with PBS, followed by addition of fresh 0.1% FBS EMEM. 
The images were captured with a fluorescence microscope 
(Axiovert 100M, Zeiss, Germany).

Cytotoxicity assay. Cytotoxicity of WC-Co particles to JB6 cells 
was assessed by an MTT assay kit following the manufacturer's 
instructions. Briefly, cells were plated in 100 ml EMEM at a 
density of 104 cells/well in a 96-well plate. The cells were grown 
for 24 h and then, treated with various concentrations of WC-Co 
particles. After 24‑h incubation, 10 ml MTT labeling reagent 
was added in each well and the plates were further incubated for 
4 h. Afterward, 100 ml solubilization solution was added to each 
well and the plate was incubated overnight at 37˚C. The optical 
density (OD) of the wells was measured at a wavelength of 
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575 nm with reference of 690 nm using an ELISA plate reader. 
Results were calculated using the OD measured without cells.

Detection of apoptosis. YP staining was used to detect cell 
apoptosis in JB6 cells. Briefly, cells were seeded onto a 24-well 
plate overnight. Then, cells were treated with/without various 
concentrations of WC-Co nano- or fine particles for 24 h. Before 
microscopy, YP dye was added into the cultures (10 µg/ml) and 
cells were further incubated for 1 h. Then, cells were washed 
two times with EMEM medium. Apoptotic cells were monitored 
using a fluorescent microscope (Axiovert 100M). Percentage of 
cells exhibiting apoptosis was calculated.

Sub-cellular fractionation and western blot analysis. Briefly, 
cells were plated onto a 100x20 mm cell culture dish. The 
cultures were grown for 24 h and then starved in 0.1% FBS 
EMEM overnight. Cells were treated with/without WC-Co 
nano- or fine particles. After treatment, the cells were extracted 
with 1X  SDS sample buffer supplemented with protease 
inhibitor cocktail (Sigma-Aldrich). Protein concentrations 
were determined using the bicinchoninic acid method (Pierce, 
Rockford, IL). Equal amounts of proteins were separated by 
4-12% Tris glycine gels. Immunoblots for expression of Fas, 
FADD, caspase 3, caspase 8, caspase 9, BID, cleaved BID, 
BAX, Bcl-2, cytochrome  c, AIF, lamin  A/C, β-actin and 
β-tubulin were detected. Experiments were performed three 
or more times, and equal loading of protein was ensured by 
measuring β-actin and β-tubulin expression.

To prepare the subcellular fractionation, after treatment cells 
were washed twice with cold PBS. Then, cells were resuspended 
in 50 µl 1X Cytosol Extraction Buffer Mix and incubated on 
ice for 10 min. Cells were homogenized by passing through 
22-gauge needles 30 times. The lysate was centrifuged at 700 x g 
for 10 min at 4˚C to remove unbroken cells and nuclei. The 
supernatant was then re-centrifuged at 10,000 x g for 30 min at 
4˚C. The resulting supernatant was the cytosolic fraction while 
the pellet contained mitochondria. The cytosolic fraction was 
diluted using 50 µl of 2X SDS sample buffer. The mitochondrial 
pellet was resuspended in 20 µl Mitochondria Extraction Buffer 
Mix plus 20 µl of 2X SDS sample buffer. These two different 
fractions were used for western blot analysis.

Detection of mitochondrial membrane permeability. JB6 cells 
were seeded onto a 24-well plate overnight. Cells were treated 
with/without WC-Co nano- or fine particles supplemented 
with or without catalase (10,000 U/ml) for 24 h. Changes in 
mitochondrial membrane permeability were evaluated using a 
mitochondrial staining kit (JC1 staining) according to the manu-
facturer's instructions. Briefly, a staining mixture was prepared 
by mixing the staining solution with an equal volume of the 
EMEM medium. Cells were incubated in the staining mixture 
(0.4 ml/well) for 30 min at 37˚C in a humidified atmosphere 
containing 5% CO2. Thereafter, cells were washed two times in 
medium, followed by addition of fresh medium. Mitochondrial 
membrane permeability was monitored on a fluorescence 
microscope (Axiovert 100M).

Isolation of rat lung macrophages. Brown Norway rats were 
obtained from Charles River Laboratories (Wilmington, MA). 
The animals were housed in AAALA-accredited facility, 

specific-pathogen-free, environmentally controlled facility 
located at National Institute for Occupational Safety and Health 
(Morgantown, WV). The rats were monitored to be free of endog-
enous viral pathogens, parasites, mycoplasma, helicobacter and 
CAR Bacillus. Rats were acclimated for at least 5 days before 
use, and were housed in ventilated cages that were provided with 
HEPA-filtered air, with α-Dri virgin cellulose chips and hardwood 
β-chips used as bedding. The rats were maintained on ProLab 
3500 diet and tap water, both of which were provided ad libitum. 
Rats were anesthetized using brevital sodium (40 mg/kg), and 
exposed to 100 µl/rat of 1% WC-Co nanoparticles suspended 
in sterile saline (100 µl of saline for control rat) by intranasal 
droplet application 4 times (totally 4 g/rat) on day 0, 7, 14 and 21, 
respectively. At 24 h after the last treatment, rats were sacrificed 
by intraperitoneal injection of 0.2 g/kg pentobarbital, and then 
the descending aorta was cut. The trachea was exposed, and a 
cannula was inserted. Bronchoalveolar lavage fluid (BALF) was 
collected using saline. After centrifugation, cells in BALF were 
seeded into a 6-well plate in 5% FBS EMEM containing 2 mM 
L‑glutamine and 1% penicillin-streptomycin (10,000 U/ml peni-
cillin and 10 mg/ml streptomycin) at standard culture conditions 
(37˚C, 80% humidified air and 5% CO2). After 4‑h incubation, 
the unattached cells were washed out by using 5% FBS EMEM 
for 3 times. Attached cells (rat lung macrophages) were used for 
mitochondrial membrane permeability or apoptotic detections. 
Mitochondrial membrane permeability of rat lung macrophages 
was evaluated using a mitochondrial staining kit according to the 
manufacturer's instructions as stated above.

Apoptotic detection of rat lung macrophages. Dual staining 
using YP and PI were used to distinguish between apoptosis 
and necrosis (or late apoptosis) as described previously (21,22) 
with some modifications. Rat lung macrophages were obtained 
as stated above. YP and PI were added into the cultures with 
a final concentration of 10 µg/ml and 1 µM, respectively. 
Thereafter, rat lung macrophages were incubated in 5% FBS 
EMEM medium containing YP and PI dyes at 37˚C in a humidi-
fied atmosphere containing 5% CO2 for 1 h. Then, cells were 
washed two times in medium, followed by addition of fresh 
medium. Apoptotic cells were monitored using a fluorescence 
microscope (Axiovert 100M). YP stained cells were detected 
with a blue excitation filter. PI stained cells were measured 
using a green excitation filter.

Statistical analysis. Data are presented as means ± standard 
errors (SE) of the number of experiments/samples. Data 
were analyzed using one-way analysis of variance (ANOVA). 
Significance was set at p≤0.05.

Results

Surface area and size distribution of WC-Co particles. Gemini 
2360 Surface Area Analyzer and scanning electron microscopy 
were used to measure the surface area and size distribution of 
WC-Co particles, respectively. The average surface area of 
WC-Co nano and fine particles were published previously (23). 
The average surface area of WC-Co nanoparticles was 
2.73 m2/g compared to 0.16 m2/g for fine particles. The average 
size distribution of WC-Co nano- and fine particles is 95.53 nm 
and 39.00 µm, respectively.
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Free radical generation induced by WC-Co particles in JB6 
cells. The ESR spin trapping technique and fluorescent staining 
were used to detect free radical generation during incubation of 
WC-Co nano- or fine particles with JB6 cells (Fig. 1). Using the 
ESR spin trapping technique, we observed the formation of free 
radicals in JB6 cells exposed to WC-Co nano- or fine particles. 
After 5 min exposure of JB6 cells to WC-Co particles, DMPO 
radical adducts were recorded. The ESR signal from WC-Co 
nanoparticles was much stronger than fine particles (Fig. 1A). 
Addition of catalase, an H2O2 scavenger decreased the radical 
generation, while addition of H2O2 dramatically increased the 
ROS adduct signal (Fig. 1A). These results suggest that ROS 
generated during exposure of WC-Co particles to JB6 cells was 
formed via a metal-dependent Fenton reaction. H2DCFDA, a 
general ROS sensitive dye, and DHE, an •O2

- specific dye, were 
used to monitor ROS generation induced by WC-Co particles 

in intact cells. Hoechst 33342 was used for nucleic localization. 
Results showed that WC-Co nanoparticles induced stronger 
ROS generation, indicated by DHE staining, compared to fine 
particles (Fig. 1B).

Effects of WC-Co particles on cell viability and apoptotic 
induction. To determine whether there is a difference in the 
cytotoxicity induced by different sizes of WC-Co particles, 
various concentrations (5-100 µg/cm2) of WC-Co nano- or 
fine particles were used to study the effects on cell viability in 
JB6 cells using the MTT assay (Fig. 2). After 24‑h treatment, 
both WC-Co nano- and fine particles caused a dose-dependent 
cytotoxicity in JB6 cells (Fig.  2A). Cytotoxicity induced 
by WC-Co nanoparticles was significantly higher than fine 
particles between the concentration of 40 and 100 µg/cm2. To 
detect apoptosis induced by WC-Co particles, YP staining 

Figure 1. Free radical generation induced by WC-Co particles in JB6 cells. ESR and fluorescence staining were used to examine free radical generation induced 
by WC-Co particles as well as interactions of catalase or hydrogen peroxide with WC-Co particles in JB6 cells. (A) JB6 cells (1x106 cells) in PBS (pH 7.4) plus 
200 mM DMPO were treated with or without WC-Co particles plus catalase or hydrogen peroxide, OH- radical generation was measured by ESR. Instrument 
conditions: microwave power, 126 mW; modulation amplitude, 1.0 G; time constant, 40.96 msec; conversion time, 40.96 msec. Experiments were performed 
at room temperature. (B) JB6 cells were treated with various concentrations of WC-Co nano- or fine particles in the presence of 5 µM H2DCFDA, 2 µM DHE 
and 3 µM Hoechst 33342 for 1 h. The cells were washed 3 times with PBS followed by addition of fresh medium. The images were captured with a fluorescence 
microscope. The green color in the cells represents oxidized H2DCFDA, and the red color represents oxidized DHE indicating the intracellular localization of 
general free radicals or •O2

-, respectively. The blue color stained by Hoechst 33342 represents nuclear localization. H2O2 (50 µM) was used as a positive control.
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was used. Results indicated that both WC-Co nano- and fine 
particles induced JB6 cell apoptosis (Fig. 2B). The percentage 
of apoptotic cells was significantly higher in cells treated with 
nanoparticles than fine particles between the concentration of 
40 and 100 µg/cm2. At the concentration of 100 µg/cm2, there 
was an 8-fold increase in apoptosis induced by nanoparticles 
compared to fine particles (Fig. 2C).

Effects of WC-Co particles on Fas, FADD, caspase 3, 8 and 9, 
lamin A/C, BID, BAX and Bcl-2. To investigate the involvement 
of extrinsic signals in the apoptotic process induced by WC-Co 
particles, expression of Fas and FADD was examined. JB6 cells 
were treated with WC-Co nano- or fine particles (100 µg/cm2) 
for 1, 3, 6 and 8 h, respectively, and then the protein expression 

patterns were detected by western blot analysis (Fig. 3). Results 
demonstrated that WC-Co nano- and fine particles, especially 
nanoparticles, stimulated Fas and FADD expression.

Caspases are a family of cysteine proteases which play essen-
tial roles in apoptosis, necrosis and inflammation (24). Eleven 
caspases have been identified in humans. There are two types 
of apoptotic caspases: initiator caspases and effector caspases. 
Initiator caspases (e.g. caspase 8) cleave inactive pro-forms of 
effector caspases, thereby activating them. Effecter caspases 
(e.g. caspase 3) in turn cleave other protein substrates resulting 
in the apoptotic process. Our results indicated that caspase 3 and 
8 were significantly cleaved and a slight activation of caspase 9 
was observed. BAX and BID, two proapoptotic members of 
Bcl-2 family, were upregulated by WC-Co particles. Bcl-2, 

Figure 2. Cytotoxicity and apoptosis induced by WC-Co particles in JB6 cells. JB6 cells were seeded onto a 96- or 24-well plate and incubated overnight. Cells 
were treated with or without various concentrations of WC-Co nano- or fine particles for 24 h. Effects of WC-Co particles on cell viability (in a 96-well plate) and 
apoptotic induction (in a 24-well plate) were detected. (A) Cell viability was detected using the MTT assay. Data shown are means of three independent assays. 
(B) Apoptotic cells were stained by YP dye and monitored using a fluorescence microscope (x10 magnification). (C) Percentage of cells exhibiting apoptosis 
was calculated. WC-Co nanoparticles induced more cytotoxicity and apoptosis than fine particles at 40 and 100 µg/cm2 analyzed by Student's t-test (p<0.05) 
indicated by *. Data shown are means ± SE of three independent assays.
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an anti-apoptotic factor, was also upregulated. The cellular 
morphology associated with the apoptotic process has been 
well characterized by membrane blebbing, formation of apop-
totic bodies, and chromosome condensation. These apoptotic 
changes are the result of the cleavage of cellular proteins, such 
as lamin and actin (25,26). In this study, cleavage of lamin A and 
β-actin were observed, especially in cells treated with WC-Co 
nanoparticles. The cleavage of lamin  A and β-actin were 
detected as early as 1 h post-exposure of WC-Co nanoparticles. 
Interestingly, WC-Co nanoparticles induced lamin C upregula-
tion without cleavage.

Effects of WC-Co particles on cytochrome c and AIF. The 
intrinsic pathway of apoptosis is initiated in the mitochondria. Its 
activation involves release of cytochrome c and other proapop-
totic factors from the mitochondrial intermembrane space (27). 
AIF is a proapoptotic factor, a mitochondrial protein (28). It 
is normally confined to the mitochondrial intermembrane 
space (29). After release from mitochondria into the cytoplasm, 
both cytochrome c and AIF can stimulate cell apoptosis by 
initiating the intrinsic pathway. To test the effects of WC-Co 
particles on the intrinsic pathway of apoptosis, JB6 cells were 

treated with nano- or fine particles (100 µg/cm2) for 1, 3, 6 and 
8 h, respectively. Western blots revealed that both nano- and fine 
particles induced cytochrome c and AIF upregulation as well as 
release from mitochondria to the cytoplasm after 1 h treatment, 
with nano-WC-Co exhibiting greater potency (Fig. 4A).

Effects of WC-Co particles on mitochondrial membrane 
permeability. Mitochondrial membrane permeability change is 
a hallmark for apoptosis (30). JB6 cells were treated with or 
without various concentrations of WC-Co particles for 24 h. 
Mitochondrial membrane permeability was evaluated using a 
JC-1 staining kit according to the manufacturer's instructions. 
The results indicated that both WC-Co nano- and fine particles 
induced a significant change in the mitochondrial membrane 
permeability compared to control, with nano WC-Co exhib-
iting greater potency. Valinomycin (1 µl/ml culture medium) 
and H2O2 (500 µM) for 1 h were used as positive controls and 
Hoechst 33342 was used for nucleic localization (Fig. 4B).

Effect of catalase on WC-Co particle-induced mitochondrial 
membrane permeability alteration. According to the results 
obtained above as well as our previous studies  (23), ROS 
may play an important role in WC-Co particle-induced mito-
chondrial membrane permeability alteration. To verify this 
hypothesis, the inhibitory effect of catalase on WC-Co particle-
induced mitochondrial membrane permeability alteration was 
examined by using a mitochondrial staining kit (Fig. 5). The 
results showed that catalase could slightly inhibit any WC-Co 
particle-induced mitochondrial membrane permeability 
damage. In addition, catalase significantly inhibited mitochon-
drial membrane permeability damage induced by H2O2 (a free 
radical-apoptotic reagent), but not by valinomycin (a non-free 
radical-apoptotic reagent).

Apoptosis and mitochondrial membrane permeability 
alteration induced by WC-Co nanoparticles in rat lung 
macrophages. Apoptosis and mitochondrial membrane perme-
ability alteration induced by WC-Co nanoparticles in rat lung 
macrophages were investigated as described in Materials 
and methods. Results indicated that lung macrophages from 
WC-Co nanoparticle-treated rats exhibited more apoptosis and 
mitochondrial membrane permeability damage compared to 
control (Fig. 6).

Discussion

With the increased use of nanoparticles in modern industries, 
inhaled nanoparticles are increasingly being recognized as a 
potential health threat (31). Hard metal, a mixture of WC-Co, 
is an important industrial material. Occupational exposure 
of workers to the WC-Co particle mixture has been shown 
to be carcinogenic, and Co itself can also induce occupa-
tional asthma (32). WC-Co nanoparticles were introduced in 
industry (33) to improve hardness and toughness compared 
to standard WC-Co materials. The increasing use of WC-Co 
nanoparticles may lead to an increased human exposure 
and adverse health effects  (34). The International Agency 
for Research on Cancer (IARC) has classified Co and its 
compounds as possibly carcinogenic to humans (35). However, 
the molecular mechanisms involved in hard metal-induced 

Figure 3. Effects of WC-Co particles on Fas, FADD, caspase 3, 8 and 9, 
lamin A/C, BAX, BID and Bcl-2. JB6 cells were seeded onto a culture dish 
and incubated overnight. Cells were treated with 100 µg/cm2 WC-Co nano- 
or fine particles for 1, 3, 6 and 8 h. Expressions of Fas, FADD, caspase 3, 
8, and 9, lamin A/C, BAX, BID and Bcl-2 were analyzed by western blot 
analysis. Expression of β-tubulin was set as a protein loading control.
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carcinogenesis are unclear. In addition, the health effects of 
occupational exposure to WC-Co nanoparticles are unknown. 
The molecular events mediating cellular responses to WC-Co 
particles also remain to be elucidated.

It is well known that the toxicity of particles to the lung in 
both occupational and environmental settings is not only related 
to exposure but also to the particle size. We have previously 
shown that nanoparticles of TiO2 and metallic nickel produce 
higher cytotoxicity than their conventional fine particles, 
respectively (6,7). Accordingly, WC-Co nanoparticles may be 
more toxic than WC-Co fine particles.

In this study, we observed that both WC-Co nano- and fine 
particles induced ROS generation in a dose-dependent manner. 
This result is in agreement with our previous study which 
indicated that compared to fine particle WC-Co nanoparticles 

generated a higher level of free radicals and induced greater 
oxidative stress, as evidenced by a decrease of GSH levels (23). 
Further studies indicated that catalase inhibits WC-Co particle-
induced mitochondrial membrane permeability damage in 
JB6 cells. These results demonstrate that hydrogen peroxide 
may play an important role in the pathogenicity induced by 
WC-Co particles.

Using MTT and apoptotic assays, we observed that both 
WC-Co nano- and fine particles were cytotoxic in JB6 cells, 
while nanoparticles showed higher cytotoxicity and apop-
totic induction than fine particles. In an inhalation study in 
rats, Oberdoerster et al demonstrated TiO2 nanoparticles to 
be more inflammatory than fine TiO2 particles (4). However, 
when normalized to surface area, they found that the dose-
response curves for the nano- and fine particles were similar, 

Figure 4. Effect of WC-Co particles on mitochondrial membrane permeability. Effects of WC-Co particles on mitochondrial membrane permeability were detected 
by both western blot and mitochondrial staining assay. (A) Cells were treated with 100 µg/cm2 WC-Co nano- or fine particles for 1, 3, 6 and 8 h. Whole cell lysate or 
subcellular fractionations were prepared. Expressions of cytochrome c and AIF in whole cell, cytosol or mitochondrial lysate were detected by western blot analysis. 
WC-Co particles, especially nanoparticles, markedly induced cytochrome c and AIF upregulation and release from mitochondria into the cytoplasm. β-actin was 
cleaved. (B) JB6 cells were seeded onto a 24-well plate and incubated overnight. Cells were treated with or without various concentrations of WC-Co nano- or fine 
particles for 24 h. A mitochondrial staining kit was used to detect the mitochondrial membrane permeability. WC-Co particles induced significant change in the 
mitochondrial membrane permeability compared to negative control after 24 h treatment. Treatments with H2O2 (500 µM) for 24 h or valinomycin (1 µl/ml culture 
medium) for 1 h were used as positive control.
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suggesting that the pulmonary toxicity might be mediated by 
surface effects. In the present study, surface area of WC-Co 
nanoparticles was 17-fold greater than fine particles. However, 
WC-Co nanoparticles exhibited potency for cytotoxicity and 
apoptosis induction which was somewhat less than 17-fold 
greater than fine particles. Therefore, in agreement with our 
previous study with TiO2 particles (7), specific surface area 
measured by gas absorption, tends to over correct for the 
greater cytotoxicity probably because it over estimates the 
surface area of agglomerates.

Apoptosis and necrosis are two forms of cell death that have 
been defined on the basis of distinguishable, morphological 
criteria  (36). Apoptosis is a programmed cell death which 
is now widely recognized as being of critical importance in 
health and disease. Although studies have demonstrated that 
WC-Co fine particles induce cell apoptosis (2,9), the molecular 
pathways have not been well investigated. Our results suggest 
that, after 24‑h treatment, both WC-Co nano- and fine particles 
induce JB6 apoptosis in a dose response manner within a 
certain dose range. Further studies revealed that treatment with 

Figure 5. Effect of catalase on WC-Co particle-induced mitochondrial membrane permeability alteration. JB6 cells were seeded onto a 24-well plate and 
incubated overnight. Cells were treated with or without WC-Co particles in presence or absence of catalase for 24 h. A mitochondrial staining kit was used to 
detect the mitochondrial membrane permeability. Hydrogen peroxide and valinomycin were used as positive controls. Catalase exhibited partial inhibition of 
mitochondrial membrane permeability damage induced by WC-Co particles and hydrogen peroxide, but not by valinomycin.
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WC-Co nanoparticles by intranasal droplet application induced 
both apoptosis and necrosis (or late apoptosis) in rat lung 
macrophages. Tozawa et al reported with a single intratracheal 
administration, WC-Co dusts induced marked fibrotic changes 
in rat pulmonary tissues after 6 months (37). Combined with our 
results, apoptosis or necrosis in rat lung macrophages induced 
by WC-Co nanoparticles may play an important role in the 
formation of the experimental pneumoconiosis (37).

In mammals, signaling cascades culminating in apoptotic 
cell death can be divided into intrinsic or extrinsic pathways. The 
extrinsic pathway is initiated upon activation of death receptors. 
The intrinsic pathway can be initiated by cellular stresses, such 
as cytochrome c release from mitochondria into the cytoplasm. 
In this study, WC-Co particles induced Fas, FADD upregulation 
and caspase 8 activation. These results imply that in the apop-
totic process induced by WC-Co particles, the extrinsic signal 
pathway is initiated. To investigate the involvement of intrinsic 
pathways in the apoptotic process induced by WC-Co particles, 
AIF and cytochrome c release from mitochondria to the cyto-

plasm were examined. Our results show that WC-Co particles 
induced upregulation and release of AIF and cytochrome c from 
mitochondria to the cytoplasm. In addition, the mitochondrial 
permeability assay showed that WC-Co particles induced signifi-
cant changes in the mitochondrial membrane permeability, 
which was in parallel with western blot results. These results 
indicate that the apoptotic process induced by WC-Co particles 
involves both intrinsic and extrinsic pathways.

Lamins are nuclear membrane structural components, which 
are important for maintaining normal cell functions. Proteolysis 
of lamins has been observed in different cells undergoing apop-
tosis (38). Degradation of lamina proteins can be triggered by 
both the extrinsic and the intrinsic pathways (39). Our results 
show that lamin A, but not C, was cleaved in cells treated with 
WC-Co nanoparticles, suggesting involvement of lamin A in the 
apoptotic process induced by WC-Co nanoparticles. The actin 
cytoskeleton is capable of responding to complex signaling 
cascades. The major cytoskeletal filament, actin, can be degraded 
during the execution phase of apoptosis (40). Reports indicate 

Figure 6. Apoptosis and mitochondrial membrane permeability alteration induced by WC-Co nanoparticles in rat lung macrophages. (A) Apoptosis induced by 
WC-Co nanoparticles in rat lung macrophages. Apoptotic cells were positively stained by YP (green) alone. Late apoptotic or necrotic cells were positively stained 
by both YP (green) and PI (red). WC-Co nanoparticles induced more apoptotic cells than control. (B) WC-Co nanoparticles significantly induced mitochondrial 
membrane permeability damage in rat lung macrophages compared to control.
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that disruption of actin filament integrity promptly induces apop-
tosis in adherent epithelial cells (41). In addition, the dynamic 
state of actin is important in the regulation of ion channels (42). 
In the present study, WC-Co particles induced β-actin cleavage 
after 1‑h treatment in JB6 cells. These results, combined with our 
previous study with metallic nickel particles (7) and a report by 
White et al (41), suggest that the actin cytoskeletal network may 
act as a target for apoptosis and an early signaling component 
toward apoptotic commitment in the apoptotic process induced 
by metallic particles.

The Bcl-2 proteins are a family of proteins involved in the 
response to apoptosis. Some of these proteins, such as BAX 
and BID, are proapoptotic, while others, such as Bcl-2, are anti-
apoptotic. In the present study, WC-Co particles induced both 
proapoptotic factors of BAX and BID and anti-apoptotic factor 
of Bcl-2, especially in nanoparticle-treated cells. Increased Bcl-2 
may antagonize the effects of activated BID on the translocation 
of cytochrome c (7). In addition, Bcl-2 activation may provide 
the necessary conditions for the selection of cells that have 
become resistant to apoptosis, which may also be important in 
the WC-Co-induced carcinogenic process. Therefore, further 
research is needed to elucidate the role of activation of Bcl-2 in 
the carcinogenicity of WC-Co particles.

Mitochondrial dysfunction has been shown to participate 
in the induction of apoptosis. Changes in the mitochondrial 
membrane permeability are considered early events in apop-
tosis (43). Many proapoptotic proteins, including cytochrome c, 
AIF, heat shock proteins, Smac/Diablo, and endonuclease G, 
can be released from the mitochondria into the cytoplasm 
following the formation of a pore in the mitochondrial 
membrane (44). AIF is involved in initiating a caspase-indepen-
dent pathway of apoptosis by causing DNA fragmentation and 
chromatin condensation (45). However, cytochrome c induces 
apoptosis in a caspase-dependent pathway (46). In this study, 
WC-Co particles, especially nanoparticles, induced a signifi-
cant increase in the mitochondrial membrane permeability 
in JB6 cells after 24‑h treatment and release of cytochrome c 
and AIF from mitochondria into cytoplasm. In addition, lung 
macrophages from rats exposed to WC-Co nanoparticles by 
intranasal droplet application (4 g/rat) for 21 days exibited 
significant mitochondrial membrane permeability alteration in 
rat lung macrophages. These results indicate that the intrinsic 
mitochondrial pathway is involved in WC-Co particle-induced 
apoptosis.

Caspases, a family of aspartic acid-specific proteases, are 
the major effectors of apoptosis. The execution of apoptosis 
comprises both caspase-dependent and caspase-independent 
processes. In the present study, WC-Co particles significantly 
activated caspase 3 and 8. Caspase 9 was slightly activated. 
Taken together, our results suggest that apoptosis induced by 
WC-Co particles in JB6 cells involves both caspase-dependent 
and caspase-independent pathways.

In conclusion, the major findings of the present study 
show that both WC-Co nano- and fine particles induced JB6 
cell and rat lung macrophage apoptosis. WC-Co nanoparticles 
elicited higher cytotoxicity and apoptotic induction than fine 
particles. WC-Co particles stimulated ROS generation in JB6 
cells and rat lung macrophages. Catalase exhibited partly 
inhibitory effects on WC-Co particle-induced ROS genera-
tion and mitochondrial membrane permeability damage. To 

our knowledge, this is the first study showing that WC-Co 
particles activated both extrinsic and intrinsic apoptotic path-
ways in JB6 cells, which include upregulation of Fas, FADD, 
caspase 3, 8 and 9, BAX and BID, as well as release of AIF 
and cytochrome c from mitochondria into the cytoplasm. 
Lamin A and β-actin were cleaved. Furthermore, an increase 
of mitochondrial membrane permeability was observed in 
both WC-Co particle-treated JB6 cells and rat lung macro-
phages. On a mass basis, WC-Co nanoparticles exhibited 
higher cytotoxicity and apoptotic induction than fine particles. 
Particle size may play a critical role in the toxicity of this 
hard metal. Specific surface area tends to overcorrect for the 
greater toxicity when comparing the cytotoxicity of WC-Co 
nano- with fine particles. Apoptosis induced by WC-Co 
nano- and fine particles in JB6 cells may be mediated through 
ROS generation.
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