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Olaquindox is used in China as feed additive for growth promotion in pigs. Recently, we have demon-
strated that olaquindox induced genome DNA damage and oxidative stress in HepG2 cells. The aim of this
study was to explore the molecular mechanism of cell cycle arrest and apoptosis induced by olaquindox in
HepG2 cells. In the present study olaquindox induced cell cycle arrest to the S phase and dose-dependent
apoptotic cell death in HepG2 cells, indicated by accumulation of sub-G1 cell population, nuclear con-
denstion, DNA fragmentation, caspases activation and PARP cleavage. Meanwhile, the data showed that
laquindox
poptosis
itochondrial pathway

53
cl-2

olaquindox triggered ROS-mediated apoptosis in HepG2 cells correlated with both the mitochondrial
DNA damage and nuclear DNA damage, collapse of � m, opening of mPTP, down-regulation of Bcl-2
and up-regulation of Bax. Furthermore, we also found that olaquindox increased the expression of p53
protein and induced the release of cytochrome C from mitochondria to cytosol. In conclusion, olaquin-
dox induced apoptosis of HepG2 cells through a caspase-9 and -3 dependent mitochondrial pathway,

ly pro
involving p53, Bcl-2 fami

. Introduction

Olaquindox (N-(2-hydroxyethyl)-3-methyl-2-quinoxaline-
arboxamide 1,4-dioxide) is a quinoxaline 1,4-dioxide (QdNOs)
erivative. It is a potent antibacterial agent and widely used at
ubtherapeutic levels to promote growth and improve efficiency
f feed conversion in animal feed such as other QdNOs (Carta
t al., 2005). It is mutagenic in the Ames test with Salmonella
yphimurium strains (Voogd et al., 1980; Beutin et al., 1981;
oshimura et al., 1981; Nunoshiba and Nishioka, 1989), forward
utation assay with Escherichia coli (Nunoshiba and Nishioka,

989), micronucleus tests in the mouse (Cihak and Srb, 1983)
nd SOS chromotest (Beutin et al., 1981; Nunoshiba and Nishioka,
989). In a recent study our laboratory showed that olaquindox
nduced mutations in the shuttle vector pSP189/mammalian cell
ystem (Hao et al., 2006) and was cytotoxic and genotoxic in vero
ells (Chen et al., 2009). Olaquindox was also shown to cause

Abbreviations: HepG2, human hepatocellular liver carcinoma cell line; DMEM,
ulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; DMSO, dimethyl

ulphoxide; PI, propidium iodied; TUNEL, terminal deoxynucleotidyl transferase-
ediated dUTP nick end labeling; qPCR, quantitative polymerase chain reaction;
 m, mitochondrial membrane potential; mPTP, mitochondria permeability

ransition pore; PARP, poly(ADP-ribose) polymerase; DCQ, 2-benzoyl-3-phenyl-6,7-
ichloroquinoxaline 1,4-dioxide.
∗ Corresponding author. Tel.: +86 10 62733377; fax: +86 10 62731032.

E-mail address: xiaoxl@cau.edu.cn (X. Xiao).

300-483X/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.tox.2011.04.010
tein expression,� m disruption and mPTP opening.
© 2011 Elsevier Ireland Ltd. All rights reserved.

phototoxicity and photoallergy in agricultural workers (Bedello
et al., 1985; Francalanci et al., 1986; Schauder et al., 1996; Emmert
et al., 2007). Thus, olaquindox residue in food could adversely
affect human health. Due to the genotoxicity of olaquindox, the
Commission of the European Community and Colombian Agricul-
tural Institute (ICA) banned the use of olaquindox as an animal
growth promoter in 1999 (Anon, 1998) and 2010 (ICA, 2010),
respectively. However, it is still broadly used in China for growth
promotion in animals.

Although there have been studies to elucidate the toxicity of
olaquindox, the mechanism of its cytotoxicity and mutagenic-
ity remains unclear. Recently, our laboratory demonstrated that
olaquindox exerted genotoxic effects in HepG2 cells probably
through the ROS-induced oxidative DNA damage (Zou et al., 2009).
Meanwhile, other authors also reported olaquindox irritated a
persistent release of ROS and induced mitochondrial damage in
porcine adrenocortical cells, indicating that mitochondria may be
a major target and critical for ROS-mediated cell death (Hang et al.,
2010). The level of ROS was increased following the disruption of
mitochondrial and subsequent oxidative stress has been suggested
as components of a final common pathway during execution of apo-
ptotic program (Ricci et al., 2003). Based on the previous study,
the purpose of this study was to examine the apoptosis induced by

olaquindox and to elucidate the molecular mechanism of apoptotic
cell death induced by olaquindox in HepG2 cells.

We observed that olaquindox caused cell cycle arrest to the
S phase and induced cell apoptosis. Activation of mitochondrial

dx.doi.org/10.1016/j.tox.2011.04.010
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:xiaoxl@cau.edu.cn
dx.doi.org/10.1016/j.tox.2011.04.010
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athways was also established by determining the activity of ini-
iator/effector caspases, the levels of PARP, p53 and Bcl-2 family
roteins, and the release of cytochrome C from mitochondria.

. Materials and methods

.1. Cell culture and reagents

HepG2 cells (American Type Culture Collection (ATCC) HB-8065) were obtained
rom Peking Union Medical College (Peking, China) and cultured in DMEM (Gibco,
rand Island, NY, USA) containing 2% l-glutamine. The medium was supplemented
ith 10% FBS (Gibco, Grand Island, NY, USA), 100 IU/mL penicillin and 100 �g/mL

treptomycin (Sigma, St. Louis, MO, USA). Cells were seeded in cell culture flasks
nd were maintained in a humidified incubator at 37 ◦C with 5% CO2. Olaquindox
molecular formula is C12H13N3O4, molecular weight is 263.25, CAS No. is 23696-28-
) was ordered from China Institute of Veterinary Drug Control. For each experiment,
laquindox was diluted with the cell culture medium and a final DMSO concentra-
ion was not more than 0.1% (v/v) as auxiliary solvent. The cells were treated with
.1% DMSO in DMEM as a control.

.2. Cell cycle analysis

HepG2 cells were exposed to olaquindox at concentrations of 0, 200, 400 and
00 �g/mL for 24 h or at 800 �g/mL for 12 h, 24 h, 36 h and 48 h. The cells were col-

ected, washed with cold PBS, and fixed in 75% ethanol at 4 ◦C overnight. The fixed
ells were washed twice in PBS and incubated for 30 min in the dark at room tem-
erature in 1 mL of PBS containing RNase (100 �g/mL) and PI (propidium iodide,
0 �g/mL). The population of cells in each cell cycle phase and apoptosis were mea-
ured using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
SA).

.3. Cell morphology

HepG2 cells were plated onto glass coverslips in 6-well plates and treated with
laquindox (0, 200, 400 and 800 �g/mL) for 24 h or 48 h at 37 ◦C. After incubation,
he cells were examined under an inverted light microscope (Leica Microsystems,
eerbrugg, Switzerland).

For apoptotic morphological analysis, the slides were stained with Hoechst
3342 and PI staining (1 �g/mL Hoechst 33342 and 1 �g/mL PI), and examined
y fluorescence microscopy (Leica DMLS). Nuclear condensation indicates cell apo-
tosis.

.4. TUNEL assay

Apoptotic DNA fragmentation induced by olaquindox (0, 200, 400 and
00 �g/mL) for 24 h was examined using an in situ Cell Death Detection Kit (Roche
pplied Science, Mannheim, Germany). Briefly, cells were fixed in 4% paraformalde-
yde for 1 h at room temperature. The slides were then washed and blocked with 3%
2O2 for 10 min at room temperature and permeabilized with 0.1% sodium citrate

upplemented with 0.1% Triton X-100 in PBS for 5 min on ice. After washing, the
lides were incubated with the TUNEL reaction mixture for 1 h at 37 ◦C in the dark.
he cells were double-stained with 1 �g/mL of PI for 2 min. Fluorescence imaging
as subsequently performed using a Leica fluorescence microscope. Cells pretreated
ith DNAse I were used as positive controls. TUNEL-positive cells were scored under
microscope.

.5. Assessment of mtDNA damage by qPCR

mtDNA damage induced by olaquindox (0, 200, 400 and 800 �g/mL) for 24 h was
xamined using qPCR as described by Cao et al. (2006). The principle of this gene-
pecific assay is that DNA lesions, such as strand breaks, base modifications and
basic sites, block the progression of the polymerase, and thus will cause a decrease
n amplification. Only the DNA templates that do not contain polymerase-blocking
esions will be amplified. This method has been previously shown to detect both

tDNA and nDNA damage associated with a wide variety of DNA-damaging agents
n a quantitative fashion (Cao et al., 2006; Yakes et al., 1996; Yakes and Van Houten,
997). Specific primers were used to amplify a 16.2 kb fragment of the mitochon-
rial genome and a 17.5 kb flanking region of the �-globin gene. The primers and
arameters used for qPCR are shown in Table 1. The methods of mtDNA and nDNA
xtraction, qPCR conditions and calculation of DNA lesion frequencies have been
reviously described (Cao et al., 2006; Yakes and Van Houten, 1997).

.6. Analysis of mitochondrial membrane potential (� m)

The alteration of cellular� m from olaquindox exposure was determined using

hodamin 123. HepG2 cells were plated onto glass coverslips in 6 well plates and
xposed to olaquindox (0, 200, 400 and 800 �g/mL) for 24 h at 37 ◦C. The cells were
arvested. After washing twice with PBS, Rhodamin 123 (10 �M) was added to each
ell and was incubated for an additional 30 min at 37 ◦C. The coverslip was washed

hree times with PBS and mounted on a slide. Fluorescence was detected using an
5 (2011) 104–113 105

inverted fluorescence microscope (Leica DMLS) and analyzed by the Image Pro Plus
5.0 software (Media Cybernetics, Inc., Silver Spring, MD). At least 400 cells per culture
were analyzed.

2.7. Assessment of mitochondrial permeability transition pore (mPTP) opening

Opened mPTP of HepG2 cells were detected using calcein-acetoxymethyl ester
(Calcein-AM) and an mPTP assay kit (Genmed Scientific Inc., China). After expo-
sure to olaquindox (0, 200, 400 and 800 �g/mL) for 24 h, HepG2 cells were washed
with Reagent A, incubated with Reagents B and C (1:50) at 37 ◦C for 20 min, and
then washed again with Reagent A. Fluorescence intensity was measured using a
monochromator microplate reader (Safire II, Tecan, Switzerland; �ex 488 nm, �em

505 nm). The concentrations of the protein were measured using the BCA kit (Bioss
Biotechnology, China).

2.8. Caspases activity assay

The effects of olaquindox on caspase 3/7 and 9 activities were assessed using
the Caspase-Glo@ 3/7 and 9 test kit (Promega Corp., Madison, USA). Briefly, HepG2
cells were treated with olaquindox (0, 200, 400 and 800 �g/mL) for 24 h. Equal vol-
umes of Caspase-Glo@ 3/7 and 9 reagents were added. After incubation for 1 h at
room temperature in the dark, luminescence was measured using a TD-20/20 lumi-
nometer (Turnet Designs, Sunnyvale, CA). The amount of luminescence detected as
relative light units was proportional to caspase activity. All samples were assayed
in triplicate.

2.9. Analysis of p53, Bcl-2, Bax, procaspase-9, procaspase-3, and PARP

The expression of p53, Bax and Bcl-2 were determined by real-time PCR using
specific primers (Table 2). Following incubation with olaquindox (0, 200, 400 and
800 �g/mL) for 24 h, HepG2 cells were washed three times with PBS. Total RNA
isolated from cells using Trizol Reagent (Invitrogen) was reverse-transcribed to
cDNA following the manufacturer’s protocol. Real-time PCR was carried out using
the SYBR green PCR master mix (TaKaRa). Amplification and detection were per-
formed using Chromo 4TM (Bio-Rad). The primers and parameters used for real-time
PCR are shown in Table 2. The specificity of the amplified product was confirmed
with (quantitative) melting curve analysis. Each reaction was performed in tripli-
cate, and “no-template” controls and �-actin reference gene were included in each
experiment. The change was calculated using the 2−��CT method.

To determine p53, Bax, Bcl-2, procaspase-9, procaspase-3, and PARP protein
expression, HepG2 cells were harvested, washed twice with PBS, and lysed with
an ice cold lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris–HCl (PH 7.4),
1 mM EDTA, 1 mM Na3VO4) containing protease inhibitor cocktail (Roche Molecular
Biochemicals, Mannheim, Germany). Protein concentrations were determined using
the BCA kit. The lysate containing 50 �g proteins was boiled for 10 min, separated by
12% SDS-PAGE, and transferred onto a nitrocellulose membrane (Bio-Rad, Hercules,
CA, USA). Membranes were blocked at room temperature for 1 h with 5% nonfat milk
in PBS-T buffer (PBS containing 0.1% Tween 20). The blots were incubated with an
appropriate dilution of primary antibodies (�-action, Bcl-2, Bax, p53, procaspase-
9, procaspase-3, and PARP) (Cell Signaling Technology, Beverly, MA, USA) and then
incubated with a 1:5000 dilution of a horseradish peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactive proteins were
visualized using a chemiluminescence assay (Applygen Biotechnology, China). All
experiments were performed in triplicate. The load protein was normalized to �-
actin. The immunoblotted bands were quantified by the Quantity One 4.5.2 software
(Bio-Rad).

2.10. Cytochrome C release assay

The release of cytochrome C from mitochondria into cytosol was detected using a
cytochrome C releasing assay kit (Applygen Biotechnology, China) and Western blot-
ting. Briefly, olaquindox-treated cells were harvested and washed twice with cold
PBS. After centrifugation at 1000 × g for 5 min at 4 ◦C, cell pellets were resuspended
in the cytosol extraction buffer and homogenized in an ice-cold homogenizer. The
homogenate was centrifuged at 1000 × g for 10 min at 4 ◦C to remove unbroken cells
and nuclei. The supernatant was centrifuged at 12,000 × g for 30 min at 4 ◦C and the
cytosol fraction was collected. The pellets were resuspended in a mitochondrial
extraction buffer and the mitochondrial fraction was stored for further analysis. The
cytochrome C levels in the cytosolic and mitochondrial fractions were analyzed by
Western blotting as described above using anti-cytochrome C antibody.
2.11. Statistical analysis

The data were statistically analyzed by one way analysis of variance (ANOVA)
and Student’s t-test using the SPSS statistical software package version 11.5. P values
<0.05 and 0.01 were considered significant.
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Table 1
Primers and parameters used for qPCR.

Target gene Primer sequence Anneal temperature (◦C) Product (kb)

Mitochondrial genome 5′-TGAGGCCAAATATCATTCTGAGGGGC-3′ 68 16.2
5′-TTTCATCATGCGGAGATGTTGGATGG-3′

�-Globin gene 5′-ACATGATTAGCAAAAGGGCCTAGCTTGGACTCAGA-3′ 66 17.5
5′-TGCACCTGCTCTGTGATTATGACTATCCCACAGTC-3′

Table 2
Primers and real-time PCR conditions.

Target gene Primer sequence Anneal temperature (◦C) Product (bp)

p53 5′-CCACCATCCACTACA ACTACAT-3′ 52 149
3′-CAA ACACGGACAGGACCC-5′

Bax 5′-ATGCGTCCACCAAGAAGCTGAG-3′ 61 162
3′-GACTGCCGTTGAAGTTGACCCC-5′

Bcl-2 5′-GAGGATTGTGGCCTTCTTTG-3′ 55.5 177
′ ′
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3 -CCTACGGAAACACCTTGACA-5
�-Actin 5′-GGGAAATCGTGCGTGAC-3′

3′-GTCCAGTAGTGGTAACCGTT-5′

. Results

.1. Effect of olaquindox on cell cycle distribution

We have previously demonstrated that olaquindox inhibited
he proliferation of HepG2 cells in a dose- and time-dependent

anner, with a 24 h IC50 value of 800 �g/mL (Zou et al., 2009).
o investigate the mechanism of inhibitory action of olaquindox
o cell proliferation, HepG2 cells were incubated with olaquindox
or 12–48 h and then analyzed by flow cytometry. Treatment with
laquindox (0, 200, 400 and 800 �g/mL) for 24 h caused a dose-
ependent progressive increase in the population of cells in S phase
nd a dramatic decrease in the percentage of cells in G0/G1 phase,
ut had no pronounced effects on the G2/M phase (Fig. 1A–D). At
he highest test concentration, the percentage of cells in the G0/G1
hase diminished from 71.0% ± 1.5% (control) to 3.2% ± 1.0% after
4 h of incubation with olaquindox (800 �g/mL), whereas a signif-

cant increase from 22.0% ± 3.9% to 84.3% ± 5.1% was observed for
phase cells.

To determine whether olaquindox-induced cell death was
ediated through apoptosis, olaquindox was treated with HepG2

ells in different hours (12 h, 24 h, 36 h and 48 h) at 800 �g/mL.
he data suggested that olaquindox caused the percentage of
ells in the sub-G1 phase increased from 1.6% ± 1.1% (control) to
0.4% ± 5.2% (48 h) and we also observed a significant increase of S
hase cells from 22.0% ± 3.9% (control) to 96.2% ± 5.3% (48 h). Data

n Fig. 1 showed that olaquindox treatment resulted in a time-
nd dose-dependent increase in sub-G1 cell population, suggest-
ng that olaquindox induced apoptosis. These results indicated that
laquindox inhibited HepG2 cell proliferation as a result of S phase
rrest and apoptosis.

.2. Olaquindox induced apoptosis of HepG2 cells

To confirm the apoptotic response, the morphological character-
stics of HepG2 cells 24 h and 48 h post-treatment were observed
y an inverted light microscope and a fluorescence microscope
fter double staining with Hoechst 33342/PI. As shown in Fig. 2A,
here were minimal morphological changes in the solvent con-
rol group and 200 �g/mL treatment group for 24 h. However,
epG2 cells treated with higher concentrations of olaquindox
400 and 800 �g/mL) for 24 h or 48 h exhibited dramatic morpho-
ogical abnormalities, manifested as cell shrinkage, detachment
rom neighboring cells, rounding and floating. In Hoechst 33342/PI
tained HepG2 cells, typical morphological changes of apoptosis
62 139

such as cell shrinkage, condensed and fragmented chromatin and
bright blue nuclei were observed (Fig. 2B). Interestingly, high
concentrations (400 and 800 �g/mL) of olaquindox and longer
treatment duration (48 h) resulted in necrosis (Fig. 2C). All these
observations indicated that olaquindox induced apoptosis and
necrosis of HepG2 cells.

To further confirm this phenomenon, a quantitative evaluation
was also conducted using TUNEL to detect DNA strand breaks.
Treatment of HepG2 cells with olaquindox for 24 h resulted in
an increase in the number of green fluorescence-positive cells
from 0% in control cells to 9% and 20.2% in cells treated with 400
and 800 �g/mL olaquindox, respectively (Fig. 3). Taken together,
olaquindox induced apoptosis of HepG2 cells.

3.3. Olaquindox induced mitochondrial and nuclear DNA damage

Quantitative PCR was used to investigate mitochondrial and
nuclear DNA damage (mtDNA and nDNA) in HepG2 cells treated
with olaquindox. This technique has been proved to be robust for
detecting both mtDNA and nDNA damage (Mandavilli et al., 2005;
Velsor et al., 2004). As shown in Fig. 4, treatment of HepG2 cells with
olaquindox for 24 h led to a dose-dependent decrease in the ampli-
fication of both mtDNA and nDNA. Reduction in amplification of the
mitochondrial DNA occurred at a lower olaquindox concentration
(400 �g/mL) than for nDNA (800 �g/mL). These data suggested that
the olaquindox-induced damage to mtDNA was worse than nDNA
damage.

3.4. Olaquindox induced a decrease in� m, opening of mPTP
and cytochrome C release

Loss/disruption of � m during the early phase of apoptosis
results in an increase in mitochondrial membrane permeability,
the release of cytochrome C into cytosol, which further leads to
activation of caspases, finally causing apoptosis. Here, we assessed
� m using a sensitive fluorescent dye Rhodamine 123. As shown
in Fig. 5, the fluorescence density of Rhodamine 123 diminished
in a dose-dependent manner, indicating that olaquindox caused
the loss of � m. We also analyzed the opening of mPTP and
release of cytochrome C. Olaquindox treatment caused the open-

ing of mPTP as detected by the calcein–cobalt method (Fig. 6A).
As illustrated in Fig. 7A and B, exposure to 200, 400 or 800 �g/mL
olaquindox resulted in a dose-dependent decrease in cytochrome C
protein in the mitochondria and a corresponding increase in cytoso-
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ig. 1. Cell cycle distribution of HepG2 cells after treatment with olaquindox at 0
laquindox for 12 h (E), 24 h (D), 36 h (F) and 48 h (G), and then were analyzed by fl

ic cytochrome C protein, suggesting the release of cytochrome C
rom mitochondria to cytosol.

.5. Olaquindox-induced apoptosis was mediated by activation of

aspase-dependent pathway

To examine the role of caspases in apoptosis induced by
laquindox, we measured the proteolytic activity of the executor
L (A), 200 �g/mL (B), 400 �g/mL (C) and 800 �g/mL (D) for 24 h or at 800 �g/mL
tometry.

caspase-3/7 and the initiator caspase-9. As depicted in Fig. 6B and
C, a significant increase in the activity of caspase-3/7 and caspase-
9 were observed after 24 h of exposure to olaquindox. Meanwhile,
Western blot analysis showed that olaquindox treatment resulted

in a decline of procaspase-3/7 and -9 protein expression (Fig. 7E
and F).

Additional evidence of caspase-3 activation was the cleavage
of PARP as investigated by Western blotting. Incubation of HepG2
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Fig. 2. HepG2 cell morphology after treatment with olaquindox for 24 h (A and B) or 48 h (A and C). (A) The cells were visualized with a Leica optic microscope (200×) (B). The
cells stained with Hoechst 33342/PI were visualized under a fluorescence microscope (400×) (C). The chromatin in the normal cell was pale blue and occupied the majority
of the cell mass. The chromatin of apoptotic cell appeared bright blue either intensely stained throughout the cell mass, or shifted to the periphery of the cell body. Necrotic
cells were stained red by PI. (For interpretation of the references to color in the figure caption, the reader is referred to the web version of the article.)
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Fig. 3. Apoptosis detected with Annexin V-FITC conjugate and PI staining. HepG2 cells were treated with olaquindox at 200 �g/mL, 400 �g/mL or 800 �g/mL for 24 h. (A).
Typical apoptotic cell was indicated by an arrow, and apoptosis cells were scored under a microscope (400×) (B). **P < 0.01 vs. control.

Fig. 4. qPCR amplification of a 16.2 kb fragment of the mitochondrial genome and a 17.5 kb �-globin fragment in HepG2 cells treated with olaquindox (0–800 �g/mL) for
24 h. (A) The amplified DNA on 0.8% agarose gel. (B) Relative amplification. (C) Lesion frequency. Data represented means ± SD of three experiments. **P < 0.01 vs. control.

Fig. 5. Loss of � m after olaquindox treatment in HepG2 cells for 24 h. The cells were observed under a fluorescence microscope after stained with 10 �M Rhodamine
1 tensit
m

c
f
d
i
p

23 (A) (400×). The Image Pro Plus 5.0 software was used to analyze fluorescent in
itochondrial membrane potential. *P < 0.05 vs. control; **P < 0.01 vs. control.

ells with olaquindox resulted in the formation of 85 kDa protein

ragments compared to the intact protein (116 kDa) in a dose-
ependent manner (Fig. 7E and F). The results confirmed the

nvolvement of activation of caspases in olaquindox-induced apo-
tosis of HepG2 cells.
y in single cell (B). The reduction of Rhodamine 123 fluorescence indicated loss of

3.6. Expression of apoptosis-associated genes and proteins in

olaquindox-treated HepG2 cells

To investigate whether olaquindox altered Bcl-2, Bax and p53
mRNA expression in HepG2 cells, real-time PCR analysis using
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Fig. 6. Effect of olaquindox on the opening of mPTP (A), caspase 3/7 and 9 activation (B and C), and Bcl-2, Bax and p53 expression (D) in HepG2 cells. Cells were exposed to
olaquindox for 24 h and stained with calcein-AM for determination of mPTP opening. Caspase activities were determined by the Caspase-Glo@ 3/7 and 9 luminescent assays.
The expression of �-actin, p53, Bax and Bcl-2 was analyzed by real time PCR. The representative of �-actin (E), p53 (F), Bax (G) and Bcl-2 (H) amplification curves and melt
curves were shown in figures E and F. Results were expressed as means ± SD of three experiments. **P < 0.01 vs. control.
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Fig. 6.

ene-specific primers was performed after 24 h of exposure to
laquindox (0–800 �g/mL). Bax and p53 were up-regulated, and
cl-2 was down-regulated in olaquindox-treated cells compared
o control cells (Fig. 6D). The up-regulation of Bax and p53 and
own-regulation of Bcl-2 by olaquindox were further confirmed by
rotein expression analyses using Western blot (Fig. 7C–F). These
esults suggested that olaquindox induced apoptosis of HepG2 cells
ia the alteration of the Bax/Bcl-2 ratio and up-regulation of p53.

. Discussion

It has been previously demonstrated that olaquindox inhibits
ell growth and induces cell death in a variety of cell lines (Chen
t al., 2009; Zou et al., 2009). Herein, we showed that olaquindox
rrested cell cycle and induced apoptosis in a dose-dependent man-
er in HepG2 cells, suggesting that apoptosis is a major mechanism

f olaquindox-induced cell death.

Apoptosis occurs via death receptor-dependent (extrinsic) or
itochondria-dependent (intrinsic) pathways. Mitochondria play
central role in cell apoptosis since both the intrinsic and extrin-
inued).

sic apoptosis pathways can converge at the mitochondrial level
and trigger the alteration of mitochondrial membrane permeabil-
ity (van Gurp et al., 2003). We investigated several parameters
indicative of mitochondria damage. Using qPCR, we demonstrated
that olaquindox caused nuclear and mitochondrial DNA dam-
age in a dose-dependent manner, and the damage to mtDNA
preceded nDNA impairment, suggesting that olaquindox-induced
apoptosis was initiated from mitochondrial damage. We have pre-
viously shown that olaquindox treatment caused a dose-dependent
increase in ROS level in HepG2 cells (Zou et al., 2009), suggest-
ing that ROS may be a critical initiator of olaquindox-induced
apoptosis. Mitochondria are the major source of ROS production.
Mitochondria damage leads to excessive ROS release, which may
cause further damage to mitochondria and the loss of mitochon-
drial membrane potential, thus initiating the apoptosis process
(Ricci et al., 2003; Simizu et al., 1998).
We observed that olaquindox induced the opening of the mPTP
(Fig. 6). ROS formation is one of the critical events promoting
mPTP opening. Overproduction of ROS impairs mitochondrial ATP
synthesis and calcium homeostasis, leading to mitochondrial dys-
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Fig. 7. Levels of cytochrome C (A and B), Bcl-2 family proteins (C and D), p53, PARP, pro-caspase-3 and pro-caspase-9 (E and F) in HepG2 cells treated with olaquindox
with different concentrations. Cells were incubated with olaquindox for 24 h. Cell lysates (for Bcl-2 and Bax, cytochrome C, p53, PARP, pro-caspase-3 and pro-caspase-9),
m ed for
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itochondrial and cytosolic fractions (for cytochrome C, Bcl-2 and Bax) were process
*P < 0.01 vs. control.

unction (Dhanasekaran et al., 2005). Disruption of � m and
elease of apoptogenic factors are critical events in both caspase-
ependent and -independent apoptosis pathways (Li et al., 1997).

n this study, it was found that olaquindox induced a significant
epletion of� m in HepG2 cells (Fig. 5), which is consistent with
he hypothesis that mitochondria are involved particularly early in
he process of apoptosis.

The mitochondria-mediated apoptosis pathway involves the
elease of cytochrome C from mitochondria into cytosol. Con-
equently, the released cytochrome C forms an apoptosome
ith apoptotic activating factor 1 (Apaf-1) and procaspase-9,

nd then activates the downstream apoptotic signals (Cory and
dams, 2002). We found that olaquindox induced the translo-
ation of cytochrome C from the mitochondria to the cytosol,
roviding a direct link between mitochondria and the olaquindox-

nduced apoptosis in HepG2 cells. We also provided evidence that
laquindox-induced apoptosis in HepG2 cells was predominantly

xecuted through the activation of caspase-3 and -9 and cleavage
f their specific substrates, such as PARP.

Mitochondria-mediated apoptosis is precisely regulated by the
cl-2 family proteins (Cory and Adams, 2002). The pro-survival
Western blot analysis. Results were expressed as means ± SD of three experiments.

protein Bcl-2 binds to the outer membrane of mitochondria and
block cytochrome C efflux. In contrast, the pro-apoptotic proteins
Bax and Bak oligomerize in the mitochondrial outer membrane
where it causes the release of apoptogenic factors through the outer
membrane of mitochondria (Cory and Adams, 2002). We observed
that olaquindox up-regulated the expression of Bax, but down-
regulated the expression of Bcl-2 (Figs. 6 and 7C and D). Hence,
increased Bax and decreased Bcl-2 contributed to the mPTP opening
and induction of apoptosis. These results indicated that olaquin-
dox induced mitochondria-mediated apoptosis by regulating the
expression of Bcl-2 family proteins.

To further investigate the mechanism involved in olaquindox-
induced apoptosis, we determined p53 expression. It is known that
the tumor suppressor p53 is induced and activated in DNA damage-
mediated cell death (Thomas et al., 2000). Our results indicated that
the increased ROS production led to the activation and increase in
the cellular levels of p53. Apoptosis mediated by p53 in response

to DNA damage is predominantly attributable to the transcriptional
activation of genes that regulate cell cycle and apoptosis, such as the
BH3-only proteins Noxa and Puma, p21/WAF-1, MDM2, gadd45,
Bax, p53AIP1 and PERP (Bohm et al., 2005; Baus et al., 2003; Flatt
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ig. 8. Proposed mechanism of olaquindox-induced apoptosis in HepG2 cells.

t al., 1998; Roos and Kaina, 2006). Olaquindox not only upregu-
ated p53 expression but also increased the level of Bax expression
n HepG2 cells. This is supported by the hypothesis that olaquindox
nduced apoptosis also through the p53/Bax-mediated activation of

itochondrial pathway.
In conclusion, the present study offers a novel insight into the

echanism of olaquindox-induced apoptosis in HepG2 cells and
hows a link between ROS and the cell death process. We pro-
osed that olaquindox induced apoptosis of HepG2 cells through a
aspase-9 and -3 dependent mitochondrial pathway, involving p53,
cl2 family protein expression,� m disruption and mPTP opening
Fig. 8). Additionally, some of quinoxaline 1,4-dioxide derivatives,
uch as echinomycin and DCQ, as anticancer agents induce apo-
tosis of cancer cells (Park et al., 2006; Gali-Muhtasib et al., 2005).

t is probable that not only did olaquindox induce apoptosis through
itochondrial pathway but other quinoxaline derivatives may also

e acting through this pathway, and also provided a mechanism
pproach in understanding the characterize of liver damage caused
y olaquindox in vitro.
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