MolecularMechanisms of 3,30 -Dichlorobenzidine-Mediated Toxicity in HepG2 Cells
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3,30-Dichlorobenzidine (DCB) (CAS 91–94-1), a synthetic, chlorinated, primary aromatic amine, is typically used as an intermediate in the manufacturing of pigments for printing inks, textiles, paints, and plastics. In this study, we found that DCB could significantly inhibit the cell viability of HepG2 cells in a concentration dependent manner. Flow cytometry revealed that DCB induced G2/M-phase arrest and apoptosis in HepG2 cells. DCB treatment dramatically induced the dissipation of mitochondrial membrane potential (Dwm) and enhanced the enzymatic activities of caspase-9 and caspase-3 whilst hardly affecting caspase-8 activity. Furthermore, Western blotting indicated that DC Binduced apoptosis was accompanied by the down-regulation of Bcl-2/Bax ratio. These results suggested that DCB led to cytotoxicity involving activation of mitochondrial-dependent apoptosis through Bax/Bcl-2 pathways in HepG2 cells. Furthermore, HepG2 cells treated with DCB showed significant DNA damage as supported by the concentration-dependent increase in olive tail moments as determined by the comet assay and by concentration- and time-dependent increase in histone H2AX phosphorylation (g-H2AX). Two-dimensionaldifference gel electrophoresis (2D-DIGE), combined with mass spectrometry (MS), was used to unveil the differences in protein expression between cells exposed to 25 mM or 100 mM of DCB for 24 hr and the control cells. Twenty-seven differentially expressed proteins involved in DNA repair, unfolded protein response, metabolism, cell signaling, and apoptosis were identified. Among these, 14-3-3 theta, CGI-46, and heat-shock 70 protein 4 were confirmed using Western blot assay. Taken together, these data suggest that DCB is capable of inducing DNA damage and some cellular stress responses in HepG2 cells, thus eventually leading to cell death by apoptosis.
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INTRODUCTION
DCB is a synthetic, chlorinated, primary aromatic amine that is commercially available as a dihydrochloride salt, 3,30-dichlorobenzidine (DCB) dihydrochloride. It is primarily used as an intermediate in the manufacturing of pigments for printing inks, textiles, paints, and plastics. It is also used in the determination of gold and as a curing agent in the synthesis of polyurethane elastomers [Gomes and Meek, 1998], and may be released as atmospheric emissions or in wastewater during production or use as a dye intermediate [NTP, 2011]. The routes of potential human exposure to DCB are inhalation of airborne dust, ingestion of contaminated water by those living near hazardous waste sites, and dermal contact, primarily during industrial operation [NTP, 2011]. There are many research papers on the genotoxicity of DCB in vivo and in vitro. In the in vitro assays, DCB was mutagenic in Salmonella typhimurium [Makena and Chung, 2007], increased the frequency of sister chromatid exchange [Ohe et al., 2009], and produced unscheduled DNA synthesis and single-strand DNA breaks in human cells [Chen et al., 2003]. In the in vivo assay, DCB increased the frequency of micronuclei [Cihak and Vontorkova, 1987] and chromosomal aberrations in bone marrow cells [You et al., 1993] and increased unscheduled DNA synthesis in the livers of rats [Cihak and Vontorkova, 1987]. DCB was listed as a proposition 65 carcinogen in 1987; it has been identified by the IARC as a Group 2B carcinogen [IARC, 1987] and by the NTP in 1981 as “reasonably anticipated to be a human carcinogen” [NTP, 2011]. For an epidemiological study, azo dye manufacture workers who were regularly exposed to DCB presented urinary mutagenicity, which could be related to their occupational activities [Guerbet et al., 2007]. Evidence has also confirmed the high risks of bladder cancer and lymphohematopoietic cancer among benzidine- or DCBexposed workers [Rosenman and Reilly, 2004].
Several studies have shown the use of DCB as pigments for tattoos and in tattoo bands [Zeilmaker et al., 2000; Wang et al., 2005]. In the past few years, there has been an increase in reported cases of skin cancer from tattoos; this could be related to the organic azo dyes in tattoo inks, which remain in the skin for the lifetime of the bearer [Kluger and Koljonen, 2012]. DCB was reported to induce tumors in animals, as shown in studies reviewed by IARC [IARC, 1987]. For example, it induced mammary gland carcinoma in ChR/CD rats that were administered diets containing 1,000 ppm DCB for up to 488 days [Stula et al., 1975] and increased the incidence of hepatocellular carcinoma and bladder carcinoma in beagle dogs receiving approximately 10.4 mg/kg for up to 7.1 years [Stula et al., 1978]. The occurrence of hepatic tumors was also reported in male ICR/JCL mice administered a diet containing 1000 ppm DCB for up to 12 months [Osanai, 1976]. Although DCB is categorized as a Group 2B carcinogen and its mutagenic effect has been reported, the
molecular toxicology of DCB has not yet been systematically analyzed. The aim of this study is to assess the toxicity of DCB in HepG2 cells, a hepatoma-derived cell line, and possible underlying toxicity pathways. We found that DCB exposure promoted apoptotic cell death and DNA damage in HepG2 cells. Apoptotic-mediated cell death induced by DCB was further confirmed by observingthe increased caspase-3 and caspase-9 activities,changes in mitochondrial membrane potential (MMP)(Dwm), and decreased Bcl-2/Bax ratio, respectively. We also show that the c-Jun N-terminal kinase (JNK) pathway is responsible for DCB-induced apoptosis. The DNA damage mediated by DCB was determined using comet assay and confirmed by the enhancement of the biomarker for DNA double-strand breaks (DSB) : phosphorylated H2AX.
In addition, we hope to unravel whether other pathways could also be deregulated using DCB. Thus, twodimensional-difference gel electrophoresis (2D-DIGE) was used to reveal the possible pathways of molecular toxicology for DCB. Importantly, this is the first toxicoproteomic study using HepG2 cells to delineate the effects of DCB exposure in human cells, as proteome analyses of xenobiotic toxicity have recently gained more attention [Verma et al., 2013].

MATERIALS ANDMETHODS
Cell Culture
HepG2 cells were grown in Dulbecco’s Modified Eagle Medium, which was supplemented with 10% (v/v) fetal bovine serum, 2 mM Lglutamine, 50 U/ml penicillin, and 0.1 mg/ml streptomycin. Cells were grown in 25 cm2 flasks at 37C in a humidified atmosphere containing 5% CO2. A fresh growth medium was added every 2 days until confluence was achieved.
MTT Colorimetric Assay
HepG2 cells were seeded onto 24-well plates at a density of 7 3 104 cells/well and incubated for 24 hr at 37C. The medium was then replaced with a fresh, complete medium containing 2.5–100 mM DCB
and incubated for 24 hr and 48 hr. Negative controls were exposed to
0.5% (v/v) dimethyl sulfoxide (DMSO) (CAS 67–68-5). Its cytotoxicity
was assessed with a 3-(4,5-dimethylthiazol-2-yl)22,5-diphenyl tetrazolium
bromide (MTT) colorimetric assay, as described previously [Chen
et al., 2012]. Briefly, at the end of the DCB treatment, the medium was
removed and the cells were incubated with a medium containing MTT
(0.5 mg/ml) (CAS 298-93-1) (Steinheim, Germany) for another 3 hr at
37C. Subsequently, the medium was removed, and the formazan crystals
were dissolved in DMSO. The optical density (OD) was measured
at 570 nm (reference filter 690 nm) using a microplate spectrofluorometer.
Viability was determined by comparing the ODs of the wells containing
DCB-treated cells with those of the untreated cells. The results
are expressed as the mean6SE of triplicate measurements.
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Analysis of Cell-Cycle Progression
The cells (1 3 106/ml) were treated with DCB (25–100 lM) for 24–
72 hr. The negative controls were exposed to 0.5% (v/v) DMSO. At the
end of the incubation period, the cells were washed with cold
phosphate-buffered saline (PBS) (4C), harvested, and fixed in 70%
ethanol at 220C overnight. The supernatant was then removed and the
cellular pellet was added to a propidium iodide (PI) mixture (0.1% Triton
X-100, 0.2 mg/ml RNase A, and 20 lg/ml PI) for 30 min at 37C.
Fluorescence was measured using flow cytometry (Cell Lab QuantaTM
AQ2 SC, Beckman Coulter). A total of 10,000 cells from each sample were
counted and analyzed with Cell Lab Quanta SC software (Beckman
Coulter). The results are expressed as the mean6SE obtained in three
independent experiments.
Determination of Mitochondrial Membrane Potential
Changes in MMP were monitored using rhodamine 123. HepG2 cells
were incubated with various concentrations (2.5–100 lM) of DCB for
24 hr. The negative controls were exposed to 0.5% (v/v) DMSO. The
cells were then stained with 10 mg/ml rhodamine 123 (CAS 62669-70-
9) (Sigma) for 30 min at room temperature, washed twice with PBS,
and resuspended in PBS. The MMP was determined using a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA) with an excitation
wavelength of 488 nm and an emission wavelength of 525 nm. Fluorescent
intensity units were recorded for 10,000 events and analyzed using
the CellQuest software program (BD Biosciences, PharharMingen,
Franklin Lakes, NJ). The results are expressed as the mean6SE of triplicate
measurements.
Detection of Apoptotic Cells
Apoptotic cell death was measured using an Annexin V/PI staining
kit (BD Biosciences) according to the manufacturer’s protocols. HepG2
cells were incubated with 0.5% (v/v) DMSO or 100 lM DCB for 3 hr
or 24 hr. The cells were then washed with cold PBS and resuspended in
a binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM
CaCl2). The cells were then transferred to a mixture containing 5 ll of
annexin V-FITC and 10 ll of PI (CAS 25535-16-4) (50 lg/ml) and
incubated at room temperature in the dark for 15 min. A binding buffer
(400 ll) was then added, and the cells were analyzed using flow cytometry
(Cell Lab QuantaTM SC, Beckman Coulter). Each sample had 10,000
cells counted and analyzed with Cell Lab Quanta SC software (Beckman
Coulter). Normal, viable cells were negatively stained for Annexin V
and PI. Cells early in apoptosis were positively stained for Annexin V
and negatively stained for PI, whereas both types of cells in later stages
of apoptosis and necrotic cells stained positively for Annexin V and PI.
The results shown are from one representative experiment of three independent
experiments.
Measurement of Caspase-3, Caspase-8, and Caspase-9
activities
Caspase-3, caspase-8, and caspase-9 activities were determined using
the colorimetric substrates DEVD-pNA (caspase-3 substrate) (CAS
189950-66-1), IETD-pNA (caspase-8 substrate) (CAS 219138-21-3), and
LEHD-pNA (caspase-9 substrate); and following the protocols of the
Caspase Activity Assay kit from BioVision, HepG2 cells were treated
with 100 mM DCB for different time periods as indicated in the figure
AQ3 legends. The negative controls were exposed to 0.5% (v/v) DMSO. The
cells were suspended in a lysis buffer (BioVision) and incubated at 4C
for 10 min, followed by centrifugation at 12,000g for 5 min. A cytosolic
extract (150 lg protein) dilution with a lysis buffer of 50 ll was used
for each assay. The diluted cytosolic extract was placed in a 96-well
microplate containing a reaction buffer (BioVision, Inc.). A substrate
was added, and the microplate was incubated at 37C for 2 hr. Its activity
was monitored at 405 nm in a microtiter plate reader. Each condition
was performed and measured in triplicate. The fold-increase in caspase
activity was determined by comparing the absorbance with the level of
the control.
Comet Assay
Cells were cultured in six-well plates until 70% confluence was
reached. The medium was then replaced with a fresh, serum-free
medium containing 20–80 mM DCB or 100 mM H2O2 and incubated for
24 hr. Negative controls were exposed to 0.5% (v/v) DMSO. Subsequently,
the cells were centrifuged at 200g for 3 min at 4C and were
then mixed with low melting point agar for the comet assay. The comet
assay was performed under alkaline conditions using the previously
described methods [Wu et al., 2012b]. At least 300 images were randomly
selected from each sample and analyzed for DNA damage using
the Comet Assay IV software. The tail moment comet parameter was
used as an indicator of DNA damage. The tail moment is expressed as
the mean6SD obtained in three independent experiments.
Western Blot
HepG2 cells were incubated with 2.5–100 lM DCB for different
periods of time as indicated in the figure legends. Negative controls
were exposed to 0.5% (v/v) DMSO. HepG2 cells were lysed in RIPA
buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, and 0.1% SDS) with supplemental protease and phosphatase
inhibitors. The protein content of the total cell lysate was measured
using the Bio-Rad protein assay reagent. Western blots were performed
to detect the expression levels of g-H2AX, Bax, Bcl-2, and mitogenactivated
protein kinase (MAPK) phosphorylation, and verify the differential
expression of mass spectroscopy (MS)-identified proteins [Chen
et al., 2013]. Protein extracts (30 lg) were resolved on a 12.5% sodium
dodecyl sulfate–polyacrylamide gel, transferred to a polyvinylidene
difluoride membrane, and blocked with 5% skim milk at room temperature
for 1 hr. After being removed from the skim milk, the membranes
were incubated for 1 hr at room temperature with primary antibodies
that are specific to g-H2AX (1;2,000, Epitomics), Bcl-2 (1:500, cell signaling),
Bax (1:2,000, cell signaling), b-actin (1:5,000, Santa Cruz), and
various MAPK proteins [ERK (1:1,000, Santa Cruz), JNK (1:1,000,
Santa Cruz), and p38 (1:1,000, Santa Cruz)] and their corresponding proteins
[p-ERK (1:3,000, Cell signaling), p-JNK (1:1,000, Cell signaling),
and p-38 (1:1,000, Cell signaling)]. The membranes were then washed
three times with a 13 Tris-buffered saline with 0.1% Tween 20 (TBST)
buffer (pH 7.4). Subsequently, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated goat antirabbit IgG (1:5,000,
GeneTex) or antimouse IgG secondary antibodies (1:5,000, GeneTex)
for 1 hr at room temperature and then washed three times with TBS–T
buffer. The bands were detected after adding chemiluminescent HRP
substrate (Immobilon Western, Millipore). The band density was measured
using ImageQuant-TL7.0 software (GE Healthcare). As for the differential
proteins from the 2D-DIGE results, a Western blot was
conducted, as above. 14-3-3-theta (1:1,000), RUVBL2 (1:1,000), and
HSPA4 (1:1,000) primary antibodies were obtained from Epitomics. For
all Western blots, the results shown are from one representative experiment
of three independent experiments.
2D-DIGE and Gel Image Analysis
HepG2 cells were incubated with 25 or 100 lM DCB for 24 hr. The
negative controls were exposed to 0.5% (v/v) DMSO. The cells were
harvested by trypsin treatment. Harvested HepG2 cells were added 1 ml
ExtractPROTM Reagent (EP01, Visual Protein) and the homogenates
were vortexed vigorously for 15 min at room temperature. The crude
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extracted protein samples were transferred to a new centrifuge tube after
centrifuging for 10 min at 12,000g, 4C. The impurities were discarded
sequentially by incubation with 200 ll chloroform and 300 ll ethanol
for 3 min at room temperature. The proteins were precipitated with 1.5
ml isopropanol for 10 min at room temperature. The homogenate was
centrifuged for 10 min at 16,000g, 4C, and the protein pellet was transferred
into 1.5 ml microfuge tube after washing three times in 1 ml of
ice-cold acetone. Finally, the pellet was air-dried in a fume hood. The
extracted proteins were dissolved in the lysis buffer (30 mM Tris, 7 M
urea, 2 M thiourea, 4% (w/v) CHAPS, pH 8.5). A 1-mM stock of each
CyDyesTM dye (GE Healthcare) was diluted with anhydrous dimethylformamide
(CAS 68-12-2) into a working dye solution (400 pmol/ll)
just prior to the labeling reaction. Approximately 50 lg of proteins were
mixed with 1 ll of Cy2, Cy3, or Cy5 (0.4 mM), vortexed, and incubated
on ice for 30 min in the dark. The reactions were quenched by addition
of 1 ll of 10 mM lysine, vortexed, and incubated on ice for 10 min in
the dark.
After the protein samples had been CyDye labeled, an equal volume
of a 23 sample buffer (8 M urea, 130 mM DTT, 4% (w/v) CHAPS, 2%
(v/v) PharmalyteTM 4–7) was added and left on ice for 10 min. Three
prepared protein samples were combined in the same first- and seconddimension
gels. Then, the volume of the combined labeled sample was
adjusted to 250 ll with a standard rehydration buffer (8 M urea, 4% (w/
v) CHAPS, 1% (v/v) PharmalyteTM 4–7). The adjusted, labeled sample
was first subjected to isoelectric focusing (IEF), using a 13-cm IPG strip
(pH 4–7 linear) in an IPGphorTM 3 system (GE Healthcare) with a total
of 57,979 Vh (Groups 1 and 2) and 54,096 Vh (Groups 3 and 4)
voltage-hours applied, respectively. After IEF, the strip was equilibrated
in a SDS equilibration buffer and resolved using 12.5% SDS-PAGE, as
in the previously described procedures [G€org et al., 1998].
Cy2-, Cy3-, and Cy5-labeled protein images were produced with a
fluorescence scanner (Typhoon Trio1, GE Healthcare) using filters specific
for each dye’s excitation and emission wavelength. The excitation
wavelengths for Cy2, Cy3, and Cy5 were 488 nm, 532 nm, and 633 nm,
respectively, and had emission wavelengths of 520620 nm, 580615
nm, and 670615 nm, respectively. The images were exported in the
form of 16-bit tagged image file format (TIFF) files for analysis. Then,
the images of the gels were submitted to REDFIN 2D Gel Image Analysis
software (Ludesi, Malmo, Sweden, www.ludesi.com) for spot detection,
matching, and analysis.
Protein Gel Staining and Spot Picking
Two-dimension (2D) gels were revealed using the commercial available
VisPRO 5 min protein stain kit (Visual Protein, Taipei, Taiwan)
[Lin et al., 2009]. After gel imaging, the gel was washed briefly with
distilled water in a black staining box. A sensitization solution was then
added, and the sample was incubated for 5 min. Subsequently, it was
washed with distilled water, and the gel was then developed with development
solution. Within 20 s, the background of the gel turned white,
while the protein spots were clear. This developing reaction was stopped
by immersing the gel into a large quantity of distilled water. The developed
gel was stored in distilled water prior to image acquisition. The
stained gel image from VisPRO was reversely documented for positive
images at 200 dpi resolution in TIFF format by using an optical flatbed
scanner with a transparency unit (Xlite, Avegene, Taipei, Taiwan).
In-Gel Digestion
Selected protein targets on 2-D gels were manually excised at
approximately 1 mm in diameter. Spots excised from the stained gels
were processed according to the standard MS sample preparation protocols
[Lin et al., 2009]. An in-gel digestion of proteins was carried out
using MS-grade Trypsin Gold (Promega, Madison, WI) overnight at
37C. Tryptic digests were initially extracted using 10 ll Milli-Q water,
followed by a second extraction, with a total of 20 ll 50% acetonitrile/
0.1% trifluoroacetic acid. The combined extracts were dried in a vacuum
concentrator at room temperature and then dissolved in 1 ll of 5% acetonitrile/
0.5% trifluoroacetic acid.
MS Analysis and Protein Identification
The ESI-MS/MS mass spectrometer utilized for protein analysis was
a Thermo LTQ-Orbitrap (Thermo Scientific, UK). The MS/MS signal
was analyzed with the MASCOT searching engine (www.matrixscience.
com). The search parameters were defined as database: NCBInr
20111206; taxonomy: Homo sapiens; enzyme: trypsin; fixed modification:
carbamidomethylation; variable modifications: oxidation; peptide
MS tolerance: 60.5 Da; fragment MS tolerance: 60.5 Da; and allowance
of one missed cleavage.
RESULTS
The Cytotoxicity of DCB in HepG2 Cells
The structure of DCB is as shown in Figure 1A. Figure 1B F1
shows representative data that compares the inhibitory effects
of DCB on cell viability. After 24 hr and 48 hr of incubation,
the viability of the cells decreased significantly at 25–100 mM
compared with their corresponding controls. These results suggest
that DCB was cytotoxic to the cellular growth.
Effect of DCB on Cell-Cycle Progression
To analyze the cytotoxicity of DCB in HepG2 cells,
the cell-cycle phases were analyzed using flow cytometry.
Fig. 1. DCB-induced loss of cell viability. (A) The structure of 3,30-
dichlorobenzidine. (B) Effect of DCB on cell viability. HepG2 cells were
treated with DCB (2.5–100 mM) for 24 hr and 48 hr, respectively. The
error bars are the standard deviation of triplicate measurements from a
single representative experiment. *P<0.05 with Tukey’s comparison test.
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T1 As summarized in Table 1, only a small proportion of the
control group of cells (without DCB treatment) were represented
in the apoptotic peak (sub-G1), and only 19% of
the control cells displayed a distribution in the G2/M
phase. After treatment with different concentrations of
DCB (25 mM–100 mM) for 24 hr, the cells that were apoptotic
and in the G2/M phase were significantly increased
(P<0.05). When cells were treated for up to 72 hr, the
flow cytometric analysis shifted massively towards the
apoptotic phase with ratios of 23.56%, 44.5%, and
48.18% in cells with DCB treatments of 25 mM, 50 mM,
and 100 mM, respectively. These results suggest that DCB
effectively induced apoptosis and cell-cycle arrest in
HepG2 cells.
DCB-Induced Apoptotic Cell Death in HepG2 Cells
To validate that mitochondrial dysfunction was involved
in the DCB-induced apoptosis, the MMP of HepG2 cells
was measured using rhodamine 123. As indicated by the
decrease in fluorescence intensity of the rhodamine 123
F2 (Fig. 2), the MMP was significantly impaired at DCB concentrations
of 10 mM–100 mM after an exposure time of
24 hr, in a concentration-dependent manner. By analyzing
flow cytometry after the cells were stained with Annexin
V/PI, we showed that cells treated with 100 mM DCB for
3 or 24 hr exhibited an increase in the percentage of cells
that positively stained for annexin V and PI. These results
suggested that DCB treatment increased the late apoptotic
F3 or/and necrotic cell populations (Fig. 3).
Application of Caspase Activity Assay andWestern Blot
for Analysis of Apoptosis in DCB-Treated Cells
The apoptotic permeabilization of the outer mitochondrial
membrane is associated with the release of mitochondrial
proteins from the intermembrane space into the
cytosol. The release of proapoptotic factors such as cytochrome
c from mitochondria leads to formation of a multimeric
complex known as the apoptosome and initiates
caspase activation cascades [Gupta et al., 2009]. To validate
whether a change in caspase activity was observed
on exposure to DCB, HepG2 cells were exposed to 100
mM DCB for a time period of 6 hr, 12 hr, and 24 hr.
Caspase-3 and caspase-9 activities were increased in a
time-dependent manner (Figs. 4A and 4B). However, F4
caspase-8 activity was not altered during the indicated
time period for the cells exposed to DCB (data not
shown). Other than caspase activity, a decreased ratio of
Bcl-2/Bax (Fig. 5), a hallmark of apoptosis, was also F5
observed in 100 mM of DCB-treated cells. The activation
of caspase-3 and caspase-9, the loss of mitochondrial
potential, and the decreased ratio of Bcl-2/Bax after the
cells’ exposure to DCB strongly suggested that DCBinduced
apoptosis could occur via a mitochondrialdependent,
intrinsic pathway, as these results are key bioindicators
of intrinsic pathway-related apoptosis.
Involvement of MAPK in DCB-Induced Caspase-3 Activity
Extracellular signal-regulated kinases (ERKs) and c-Jun
NH2-terminal kinases (JNK), both members of the MAPK
family, were found to be involved in caspase-3 activation
and cell death [Wu et al., 2012a]. To determine whether
the JNK/ERK pathways could be activated by DCB, the
phosphorylation levels of JNK/ERK were detected using
Western blot in cell-treated 100 mM DCB for 6 hr, 12 hr,
and 24 hr. The results revealed the phosphorylation of
JNK and ERK in cells treated with DCB, whereas p38
phosphorylation did not appear to alter over time (Fig.
6A). The cells that were treated with different F6
TABLE1. Effects of DCB on Cell Cycle Progressive in hepG2
Cells.
Time
(h)
Conc.
(lM) Sub-G1(%) G0/G1(%) S(%) G2/M(%)
24 0 1.0360.3 65.2560.05 5.5060.30 1960.01
25 5.4960.62 16.1561.05 13.9562.85 54.0860.10
50 4.8060.10 12.9560.65 9.30616.0 59.6060.20
100 4.5960.02 10.0060.70 11.0662.25 63.3560.55
0 1.0960.04 64.6364.84 13.5561.49 20.5263.33
48 25 13.2060.51 31.860.42 11.0960.04 42.6860.07
50 17.8760.11 13.8960.38 7.9360.24 57.2860.38
100 14.0960.17 7.5160.07 6.5660.26 68.1260.51
0 1.3160.01 64.5360.06 13.1160.25 20.9460.61
60 25 24.5160.41 28.5460.18 10.5760.30 35.0660.29
50 30.5760.01 10.7060.30 5.9360.18 48.1460.05
100 28.6060.02 4.6560.30 4.0860.19 59.3960.31
0 1.0960.02 63.6260.53 12.160.21 21.5860.78
72 25 23.5660.78 26.5260.07 9.7860.32 37.9760.64
50 44.560.76 12.3861.10 5.6060.43 34.8460.43
100 48.1860.46 5.5460.04 2.7860.04 41.1960.49
Fig. 2. Flow cytometric analysis of MMP on DCB-treated HepG2 cells.
HepG2 cells were incubated with various concentrations (2.5–100 lM) of
DCB for 24 hr. The MMP was determined as described in the “Materials
and Methods” section. Triplicate measurements were performed for each
experiment. *P<0.05 with Tukey’s comparison test.
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concentrations of DCB (2.5–100 mM) for 24 hr (Fig. 6B)
showed that DCB increased the phosphorylation levels of
JNK and ERK but not p38 in a concentration-dependent
manner. These results suggest that DCB induces JNK/
ERK phosphorylation in HepG2 cells.
To confirm that DCB-induced ERK/JNK activation was
involved in caspase-3 activation and cell death, we used a
JNK inhibitor, SP600126, and an ERK inhibitor, U0126,
to block the pathways of JNK/ERK. The results revealed
F7 that SP600126 (P<0.001) (Fig. 7A), but not U0126 (data
not shown), was able to decrease caspase-3 activation and
improve cell viability significantly (P<0.001) (Fig. 7B).
These results indicate that DCB-induced caspase-3 activation
and cell death occur via the JNK pathway.
Verification of DNA Damage in DCB-Treated Cells
Results were obtained from a comet assay indicating
DNA damage in cells with 20 mM, 40 mM, and 80 mM
F8 DCB treatments, as shown in Figure 8A. H2O2 (100 mM)
was used as a positive control, whereas the control cells
were only exposed to a cell culture medium containing
0.5% (v/v) DMSO, which is a solvent for DCB. We
showed the presence of DNA forming tail-like structures
in a concentration-dependent manner (Fig. 8A). The mean
olive tail moment (OTM) of the control cells was
0.660.01 after 24 hr of DCB exposure, while the mean
OTM values of the cells exposed to higher concentrations
(40 mM and 80 mM) were 7.960.4 (P<0.05) and
8.460.2 (P<0.05), respectively. The cells exposed to 20
mM DCB also showed a statistically significant increase
compared with control cells.
Induction of H2AX Phosphorylation in DCB-Treated Cells
Phosphorylated H2AX (g-H2AX) has been used as a
biomarker for DNA DSB [Sharma et al., 2012]. We further
determined the expression level of g-H2AX in order
to confirm the DNA damage in DCB-treated cells. The
HepG2 cells exposed to different concentrations of DCB
(2.5–100 mM) for 24 hr revealed that g-H2AX increased
in a dose-dependent manner. The cells treated with 100
mM DCB for a time period of 1, 3, 6, 12, and 24 hr also
exhibited an increase in g-H2AX (Fig. 8B). These results
indicate the ability of DCB to induce DNA DSB in
HepG2 cells.
Fig. 3. Flow cytometric analysis of apoptosis on DCB-treated HepG2
cells. HepG2 cells were incubated with 0.5% (v/v) DMSO (B) or 100 lM
DCB for 3 hr (C) or 24 hr (D). The apoptosis feature of HepG2 cells was
determined by Annexin V/PI staining, as described in the “Materials and
Methods” section. The population of unstained cells is shown in panel
(A). The results shown are from one representative experiment of three
independent experiments. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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2D-DIGE Analyses of Protein Expression in Control and
DCB-Exposed Cells
2D-DIGE was performed to explore the molecular
mechanisms underlying DCB-induced cell damage. Proteomic
analysis identified a total of 71 differential protein
spots with more than 1.5-fold expression change
(P<0.05) when comparing 25 mM and 100 mM DCBtreated
cells, respectively, with their non-treated cells.
These 2D-DIGE gel images are shown in Supporting
Information Figure S1, and some differential proteins
have been enlarged in Supporting Information Figure S2.
A Western blot analysis was performed to confirm the
expression of three proteins that were identified as being
differentially expressed by DCB, which is shown in Supporting
Information Figure S3. To avoid the low abundance
of the proteins that were insufficient to produce
mass spectra, we excised 30 spots with larger relative
volumes (>1,000, as indicated by the image analysis software
Ludesi); 25 proteins were identified successfully
(Table 2). Using the DAVID database, we found that the T2
cells exposed to DCB were mainly involved in the following
cellular pathways: protein folding (P51.3E-3),
proteaosomal ubiquitin-dependent catabolism process (P
52.6E-4), and RNA splicing (P51.5E-2). The P-values
indicate the significance of the assigned biological process
or molecular function on the basis of assembly size,
compared with other biological pathways derived from
the input protein list.
DISCUSSION
We proved that DCB can induce cytotoxicity via apoptosis
in HepG2 cells. However, in addition to apoptosis,
whether other signaling pathways deregulated by DCB
could contribute to the cytotoxicity remains to be investigated.
This issue would be addressed by proteomics,
which provides effective strategies and tools for profiling
and identifying proteins [Im et al., 2006]. The traditional
method employed in quantitative proteomics is based on
statistical analysis via a powerful software package that
merges and compares a number of replicate sets of gels,
both controls and treated samples. This method is prone
to experimental errors due to the variations in running
Fig. 4. Effects of DCB on the activities of caspase-3 and caspase-9.
HepG2 cells were incubated with 100 lM DCB for different periods of
time, as indicated. The activities of caspase-3 (A) and caspase-9 (B) were
determined as described in the “Materials and Methods” section. Triplicate
measurements were performed for each experiment. *P<0.05 and
**P<0.001 with Tukey’s comparison test. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.] AQ7
Fig. 5. Effects of DCB on the expression of Bax and Bcl-2 proteins.
HepG2 cells were incubated with 100 lM DCB for different periods of
time, as indicated. The expression levels of Bax and Bcl-2 were analyzed
using Western blot. The results shown are from one representative experiment
of three independent experiments. The Bcl-2/Bax ratio is shown
under the figures.
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gels [Righetti et al., 2004]. Furthermore, reliable quantitative
comparison between gels remains the primary challenge
in 2-DE analysis. The advantage of 2D-DIGE is to
keep the control and the treated samples concurrently on
the same gel using differential fluorescent labeling, which
alleviates gel-to-gel variation and allows comparison of
the relative amount of resolved proteins across different
gels using a fluorescently labeled internal control. It was
reported that 2D-DIGE technique has a broader dynamic
range of detection, high sensitivity, and reproducibility,
with which it can overcome the experimental errors of
the traditional method [Chou et al., 2012].
The identified proteins take part in a wide variety of
cellular processes, including protein folding, acting as a
chaperone, cellular metabolism, RNA splicing, and proteasomal
degradation. We hypothesized that DCB may
induce an ER stress response that enhances the process of
protein folding and the ubiquitin-proteasome system.
DCB increased the expression levels of chaperone and
folding proteins, such as protein disulfide isomerase
(PDI)-related protein 5 (spot 46), chaperon regulator 2
(spot 150), DnaJ B11 (spots 7 and 151), and DnaJ A2
(spot 303). Upregulation of endoplasmic reticulum chaperones
ERdj3 (DnaJ B11) has been proven to inhibit
celecoxib-induced apoptosis in human gastric cells [Tsutsumi
et al., 2006]. PDI is an oxidoreductase that assists
oxidative protein folding in the endoplasmic reticulum
[Jaronen et al., 2013].
Notably, among the identified proteins in the protein
folding, only heat-shock protein 70 (HSP70) (spot 349)
was down-regulated. HSP70 is known for its antiapoptotic
regulation [Verma et al., 2013]. As the expression
of this protein was decreased in HepG2 cells after
DCB exposure, it may be responsible for the DCBmediated
apoptosis. HSP70 is a downstream target of the
MAPK pathway in cadmium-treated HepG2 cells [Escobar
et al., 2009]. As such, we first showed that DCB
induced ERK/JNK activation, in which only the JNK
Fig. 6. Induction of JNK and ERK phosphorylation by DCB in HepG2 cells. HepG2 cells were incubated with 100 lM
DCB for different periods of time as indicated (A) or with various concentrations (2.5–100 lM) of DCB for 24 hr (B).
Western blot analysis was performed on unphosphorylated and phosphorylated ERK, JNK, and p38 in whole-cell lysates.
The results shown are from one representative experiment of three independent experiments.
Fig. 7. Effects of JNK inhibitor (SP600125) on DCB-induced caspase-3 activity and cell death. The cells were left
untreated or treated with various concentrations (1–5 lM) of SP600125 for 1 hr and then co-incubated with a vehicle or
100 lM DCB for 24 hr. The caspase-3 activity (A) and cell viability (B) were detected as described in the “Materials
and Methods” section. Triplicate measurements were performed for each experiment.
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pathway was responsible for apoptosis and cell death,
suggesting that MAPK activation was involved in DCBinduced
apoptosis.
Chap1/Dsk2 (hPLIC) (spot 53), also known as
ubiquilin-2, may link the ubiquitination machinery to the
proteasome, in order to affect in vivo protein degradation
[Kleijnen et al., 2000; Kim et al., 2011]. Some proteasomal
proteins (spots 24, 25, 41, 191, and 1175) were
induced by DCB. 26S proteasome non-ATPase regulatory
subunit 14 (spot 24) (POH1) was reported to promote the
DSB response [Butler et al., 2012]. POH1-deficient cells
are sensitive to DNA-damaging agents, and mammalian
proteasome plays a role in regulating the repair of DSB
[Morris, 2012]. Thus, upregulation of proteasomal proteins
reflects that DSB responses are regulated by the proteasome
in DCB-treated cells. HT014 (spot 163), which is
known as PITHD1 (PITH C-terminal proteasome-interacting
domain of thioredoxin-like domain-containing protein
1), belongs to the PITH family and is associated with proteasome
(http://www.uniprot.org/uniprot/Q9GZP4). In
contrast to the pattern among the proteasome subunits,
HT014 was down-regulated by DCB. Whether HT014 is
involved in the regulation of proteasome by DCB should
be further clarified.
Apoptosis is regulated by the action of the Bcl-2 family
of proteins, which includes anti- and proapoptotic members,
such as Bcl-2 and Bax [Adams and Cory, 2007]. 14-
3-3 theta (spot 167) has been described as being able to
negatively regulate proapoptotic Bax [Nomura et al.,
2003]. In this study, although the expression of Bax was
not altered by DCB, the Bcl-2 expression was decreased,
leading to the occurrence of apoptosis via the decreasing
ratio of Bcl-2/Bax, which is a hallmark of apoptosis
[Hseu et al., 2013]. DCB-induced apoptosis was further
confirmed based on the loss of MMP and the activation
of caspase-9 and caspase-3. These results suggested that
DCB-induced apoptosis could occur via the
mitochondrial-dependent intrinsic pathway. Not detecting
caspase-8, a key caspase of the extrinsic apoptotic pathway
could indicate that DCB-induced apoptosis is only
via the mitochondrial-dependent intrinsic pathway [Hseu
et al., 2013]. Evidence has suggested that intracellular
tubulin levels are closely associated with apoptosis phenomena
in eukaryotic cells [Banan et al., 1998; Barlow
et al., 2002]. Beta-tubulin (spot 190) down-regulation by
DCB was also determined using 2D-DIGE, which indicates
that the DCB-induced decrease in the b-tubulin protein
may partly contribute to apoptotic cell death in
HepG2 cells.
Upregulation of enolase (spot 912), a glycolytic
enzyme, and fatty acid synthase (spot 257) indicates that
there is interplay between DCB-induced apoptosis and
metabolism in HepG2 cells. Chou et al. [2012] reported a
relationship between apoptosis and the glycolytic enzyme.
Proapoptotic Bcl-2 family member BAD, which resides in
a glucokinase-containing complex in the mitochondria,
regulates glucose-driven mitochondrial respiration and
cell death upon glucose availability [Chou et al., 2012].
Thus, DCB might deregulate glycolysis in HepG2 cells
via its effect on proapoptotic proteins, such as BAD. In
addition, DCB has been proven to cause oxidative DNA
damage in human lymphocytes [Chen et al., 2003]. Oxidative
stress could redirect carbohydrate fluxes to generate
increased reducing power in the form of NADPH, at
the expense of glycolysis [Chou et al., 2012], which could
explain the increased expression of enolase in cells after
Fig. 8. DCB-induced DNA damage. (A) Verification of DNA damage in
DCB-treated cells by comet assay. The cells were incubated with increasing
concentrations of DCB (20–80 mM), and 100 mM H2O2 was used as a
positive control. The olive tail moment is expressed as the mean6SD
obtained in three independent experiments. *P<0.05 and **P<0.001
with Tukey’s comparison test. (B) DCB induced the phosphorylation of
H2AX (g-H2AX) in time- and concentration-dependent manners. HepG2
cells were incubated with various concentrations (2.5–100 lM) of DCB
for 24 hr (upper panel) or with 100 lM DCB (lower panel) for different
periods of time, as indicated. The expression level of g-H2AX in wholecell
lysates was analyzed using Western blot analysis. The results shown
are from one representative experiment of three independent experiments.
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DCB exposure. The DNA damage mediated by DCB was
substantiated by the concentration-dependent increase in
OTMs, as determined by comet assay.
We also observed that DCB-exposed cells can induce
H2AX phosphorylation, which has been proven to be a
biomarker of DNA DSB [Valdiglesias et al., 2013]. A
number of DNA DSB repair mechanisms could be
switched on in response to DNA damage [Palomera-Sanchez
and Zurita, 2011]. Previous evidence has suggested
that heterochromatin protein 1 (HP1) is important for
DNA repair and may reorganize chromatin in response to
damage [Luijsterburg et al., 2009]. HP1Hs-gamma (spot
475), also known as HP1g, was upregulated by DCB,
which indicated that HP1g may play a role in response to
DCB-induced DNA damage. A link between DNA damage
signaling and translation elongation was established
[Kruiswijk et al., 2012]. In response to DNA damage,
particularly in DNA damage checkpoint silencing, which
is required to allow cell-cycle reentry, the upregulation of
the elongation factor (spot 338) could enable DCB-treated
cells to turn on translation elongation in a timely manner.
Heterogeneous nuclear ribonucleoprotein E1 (spot 87)
(hnRNP-E1), also known as poly(C)-binding protein
(PCBP), aCP1, a member of the PCBP family, and RNAbinding
protein 4B (spot 242) regulate gene expression
via a broad spectrum of gene regulatory mechanisms,
including transcription, mRNA splicing, mRNA stability,
and translation [Glisovic et al., 2008; Chaudhury et al.,
2010]. A previous study has shown that PCBP1 plays a
role in the regulation of p63, a transcription factor and a
p53-family protein [Cho et al., 2013]. The increased
expression of copin 1 (spot 45) suggests that it is
involved in the regulation of cell apoptosis, as this protein
can bind to enzyme UBC12, which promotes the degradation
of IjB, in order to release the transcription factor
NF-jB [Shen et al., 2006].
In addition, this study demonstrated a reduced expression
of the GCI-46 protein (spot 174), a RuvB-like DNA
helicase. The GCI-46 protein is a regulator that activates
transcription factor 2 (ATF-2) in response to stress and
DNA damage. ATF-2’s transcriptional activity could control
cell-cycle arrest and induce apoptosis, in response to
DNA damage [Shen et al., 2006]. Whether G2/M arrest
and apoptosis in DCB-treated cells are related with
PCBP1, copin 1, or ATF-2 activity needs to be further
investigated.
Protein PP4-X (spot 108), also named Annexin A4 and
Annexin IV, and Annexin V (spot 496) belong to the
annexin family of Ca21- and phospholipid-binding proteins.
Annexins have been implicated in triggering the
activation of different intracellular pathways, which
results in profound changes in Ca21 and pH homeostasis
and the production of lipid second messengers in response
to chronic stress [Monastyrskaya et al., 2009]. Using the
2D-DIGE approach, we found that Annexin IV and V are
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upregulated by DCB. Evidence has shown that an
increased amount of annexin A4 is associated with Alzheimer’s
disease, heart failure, and cell lesions caused by
ethanol [Eberhard et al., 1994; Matteo and Moravec,
2000; Ohkawa et al., 2002]. Whether annexins participate
in DCB-induced cell damage needs to be further
investigated.
In conclusion, this study offers an insight into the
mechanisms of DCB-induced apoptosis in HepG2 cells
and shows a link between the MAPK pathway and the
cell death process. Additionally, 2D-DIGE enabled us to
find some proteins—such as ER stress–associated folding
proteins and proteasomal proteins—that may serve as
new candidate biomarkers for monitoring the exposure of
human populations to DCB. The proposed mechanisms
for DCB-induced cell stress response and apoptosis induc-
F9 tion in HepG2 cells are presented in Figure 9. The signaling
molecules/proteins involved in DCB-induced cellular
stress and apoptosis can be used as a starting point for
further investigation of DCB.
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