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Abstract. Garlic (Allium sativum) compounds have recently 
received increasing attention due to their cancer chemopreven-
tive properties, and their anticancer activities are extensively 
reported in many cancer cell lines. However, the anticancer 
activity and the signaling pathway associated with the induc-
tion of apoptosis by extracts of garlic cloves have not been 
elucidated. In this study, we examined the effects of hexane 
extracts of garlic cloves (HEGCs) on reactive oxygen species 
(ROS) production and the association of these effects with 
apoptotic cell death, using a Hep3B human hepatocarcinoma 
cell line in  vitro. The results demonstrated that HEGCs 
mediate ROS production, and that this mediation is followed 
by a collapse of mitochondrial membrane potential (MMP, 
ΔΨm), the downregulation of anti-apoptotic Bcl-2 and Bcl-xL 
and the activation of caspase-9 and -3. HEGCs also promoted 
the activation of caspase-8 and the downregulation of Bid, a 
BH3-only pro-apoptotic member of the Bcl-2. However, the 
apoptotic phenomena displayed by HEGCs were significantly 
diminished by the presence of z-VAD-fmk (non-selective 
caspase inhibitor). Moreover, N-acetyl-L-cysteine (NAC), a 
widely used ROS scavenger, effectively blocked the HEGC-
induced apoptotic effects via the inhibition of ROS production 
and MMP collapse. These observations clearly indicate that 
HEGC-induced ROS are key mediators of MMP collapse, 
which leads to the induction of apoptosis, followed by caspase 
activation.

Introduction

In general, apoptosis may be initiated by either an extrinsic 
(death receptor-mediated) or an intrinsic (mitochondrial-
mediated) pathway. The extrinsic pathway functions via 
death receptors on the cell surface that may directly activate 
caspase-8. The intrinsic pathway regulates apoptotic cascades 
that occur as a result of the convergence of the signaling at 
the mitochondrion, which results in the alteration of the mito-
chondrial membrane potentials (MMP, ΔΨm), the release of 
cytochrome c into the cytosol and the activation of caspase-9 
(1). Mitochondria are the major energy generators of adenosine 
triphosphate (ATP) by oxidative phosphorylation, and mito-
chondrial-mediated apoptosis occurs in response to a wide 
range of stimuli. Reactive oxygen species (ROS), which are the 
byproducts of normal cellular oxidative processes, are gener-
ated in and around mitochondria, and it has been suggested 
that they are involved in regulating the process involved in the 
initiation of apoptotic signaling (2-4). Therefore, constitutively 
elevated levels of cellular oxidative stress and the dependence 
on ROS signaling may represent a redox vulnerability of 
malignancies, which may be targeted by chemotherapeutic 
intervention using redox modulators; both anti- and pro-
oxidant agents have been shown to exert anticancer activity 
(5,6). Consistent with the role of mitochondria in the control 
of cell death, survival or apoptotic factors such as Bcl-2 and 
Bax act on the organelle to prevent or facilitate the release of 
apoptogenic factors, such as cytochrome c (5-7).

Garlic (Allium sativum), used for both culinary and 
medical purposes in Asia for many years, has come under 
intensive study in the past few decades because of its ability to 
impart a beneficial effect on several human disease processes 
(8). Garlic derivatives have various biological properties, such 
as anti-inflammatory (9), antimicrobial (10), antithrombotic 
(11), antihypertensive (12), antihyperlipidemic (13), anti-
hyperglycemic (8) and immune system enhancement (14). 
Moreover, recent studies have indicated that garlic compounds 
inhibit the growth of cancer cells, and that this inhibition of 
growth is associated with cell cycle arrest and the stimulation 
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of apoptosis (8,15-23). However, the biochemical mechanisms 
underlying garlic clove extract-induced apoptosis in cancer 
cells have not yet been explored.

The primary purpose of this study was to evaluate the 
role of mitochondria in apoptosis induced by hexane extracts 
of garlic cloves (HEGCs), using a Hep3B human hepatocar-
cinoma cell line. As such, we examined whether ROS were 
critical mediators of HEGC-induced Hep3B cell death and 
determined the sequence of events leading to the activation of 
downstream caspases and apoptosis. In this report, we present 
evidence that HEGCs elicit ROS, which in turn triggers a 
decrease in MMP, consequently leading to caspase activation.

Materials and methods

Plant materials and preparation of hexane extract. The 
garlic cloves were purchased directly from the Danyang Food 
Company in Danyang, Korea, in January 2009. The fresh 
garlic cloves (100 g) were macerated in a blender, extracted 
with 300 ml of 80% MeOH 3 times, and then filtered with 
Whatman no. 2 filter paper. The extracted garlic solution 
was successively partitioned with 300 ml of hexane, chloro-
form and n-butanol 3 times. The upper layer suspension was 
filtered and evaporated under reduced pressure at 45˚C and 
then lyophilized. A yellow, oily residue of the hexane extract 
(285 mg) was obtained. The remaining aqueous layer was 
partitioned again, with chloroform and n-butanol sequentially, 
to yield chloroform (155 mg) and n-butanol extract fractions 
(2,223 mg). HEGCs were used in this study. Hexane, chloro-
form, and methanol were purchased from Fisher Scientific, 
Ltd. (Pittsburgh, PA, USA).

Cell culture and viability assay. Hep3B cells were obtained 
from the American Type Culture Collection (Rockville, MD, 
USA). The cells were cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS, Gibco-BRL, 
Gaithersburg, MD, USA) and 1% penicillin-streptomycin at 
37˚C in a humid environment containing 5% CO2. For the 
cell viability study, Hep3B cells were grown to 70% conflu-
ence and treated with various concentrations of HEGCs. 
The control cells were supplemented with complete media 
containing 0.1% DMSO (vehicle control). Following treatment, 
cell viability was determined using the MTT assay, which is 
based on the conversion of MTT to MTT-formazan by mito-
chondrial enzymes. The effect of HEGCs on the inhibition of 
cell growth was assessed as the percentage of cell viability, 
where the vehicle-treated cells were considered 100% viable.

Nuclear staining with DAPI. After treating the cells with HEGCs 
for 48 h, the cells were harvested, washed in ice-cold phosphate-
buffered saline (PBS) and fixed with 3.7% paraformaldehyde 
(Sigma) in PBS for 10 min at room temperature. The fixed 
cells were washed with PBS and stained with a 4,6-diamidino-
2-phenylindole (DAPI, Sigma) solution for 10 min at room 
temperature. The nuclear morphology of the cells was examined 
using fluorescence microscopy (Carl Zeiss, Germany).

DNA fragmentation assay. The cells were treated with 
different concentrations of HEGCs for 48 h and lysed on ice in 
a buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

5 mM EDTA and 0.5% Triton X-100 for 30 min. The lysates 
were vortexed and cleared by centrifugation at 10,000 x g for 
20 min. The fragmented DNA in the supernatant was extracted 
using an equal volume of neutral phenol:chloroform:isoamyl 
alcohol (25:24:1, v/v/v) and analyzed electrophoretically on 1% 
agarose gel containing ethidium bromide (EtBr, Sigma) (24).

Flow cytometric analysis for measurement of sub-G1 phase. 
The cells were harvested and washed once with PBS, fixed in 
ice-cold 70% ethanol and stored at 4˚C. Prior to analysis, the 
cells were washed once again with PBS, suspended in 1 ml 
of a cold propidium iodide (PI, Sigma) solution containing 
100 µg/ml RNase A, 50 µg/ml PI, 0.1% (w/v) sodium citrate 
and 0.1% (v/v) NP-40, and further incubated on ice for 30 min 
in the dark. Flow cytometric analyses were carried out using 
a flow cytometer (FACSCalibur, Becton-Dickinson, San Jose, 
CA, USA). CellQuest software was used to determine the rela-
tive DNA content, based on the presence of a red fluorescence. 

Measurement of intracellular ROS and MMP (ΔΨm). 
ROS production was monitored using the stable non-polar 
dye 2,7 dichlorofluorescein diacetate (DCFH-DA), which 
readily diffuses into cells (25). The cells were seeded in 
24-well plates and incubated in the absence or presence of 
HEGCs for different periods of time, after which they were 
incubated with 10 µM DCFH-DA for 30 min. ROS produc-
tion in the cells was monitored using a flow cytometer with 
CellQuest Software. To measure the MMP, the dual-emission 
potential-sensitive probe 5,5V,6,6V-tetrachloro-1,1V,3,3 
V-tetraethyl-imidacarbocyanine iodide (JC-1, Sigma), was 
used. After treatment with HEGC, 5x105 cells were collected, 
stained with 2 mg/l JC-1 at 37˚C for 20 min and then analyzed 
with a flow cytometer (26).

Protein extraction and western blotting. The cells were 
harvested and lysed. The protein concentrations were measured 
using a Bio-Rad protein assay (Bio-Rad Laboratories, 
Hercules, CA, USA), according to the manufacturer's instruc-
tions. For western blot analysis, an equal amount of protein 
was subjected to electrophoresis on SDS-polyacrylamide 
gel and transferred by electroblotting onto a nitrocellulose 
membrane (Schleicher & Schuell, Keene, NH, USA). The blots 
were probed with the desired antibodies for 1 h, incubated 
with the diluted enzyme-linked secondary antibody and visu-
alized by enhanced chemiluminescence (ECL), according to 
the manufacturer's instructions (Amersham Corp., Arlington 
Heights, IL, USA). The primary antibodies were purchased 
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA) 
and Cell Signaling Technology, Inc. (Boston, MA, USA). The 
peroxidase-labeled donkey anti-rabbit immunoglobulin and 
peroxidase-labeled sheep anti-mouse immunoglobulin were 
purchased from Amersham Corp. (27).

In vitro caspase activity assay. Caspase activity was deter-
mined by a colorimetric assay using a caspase-3, -8 and -9 
activation kit, according to the manufacturer's instructions 
(R&D Systems, Minneapolis, MN, USA). Briefly, the cells 
were lysed in a lysis buffer for 30 min in an ice bath. The 
supernatants were collected and incubated at 37˚C with the 
reaction buffer supplied, which contained dithiothreitol and 
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substrates, Asp-Glu-Val-Asp (DEVD)-p-nitroaniline (pNA) 
for caspase-3, Ile-Glu-Thr-Asp (IETD)-pNA for caspase-8 and 
Leu-Glu-His-Asp (LEHD)-pNA for caspase-9. The optical 
density of the reaction mixture was quantified spectrophoto-
metrically at a wavelength of 405 nm (28).

Statistical analysis. The data are expressed as the means ± SD. 
A statistical comparison was performed using one-way 
ANOVA, followed by a Fisher's test. The significant differ-
ences between the groups were determined using an unpaired 
Student's t-test. A P-value <0.05 was considered to indicate a 
statistically significant difference.

Results

HEGCs induce apoptosis in Hep3B cells. In order to evaluate 
the ability of HEGCs to inhibit the growth of Hep3B cells, the 
cells were exposed to different concentrations of HEGCs, after 
which MTT assays were performed. After being cultured in 
the presence of 50 and 100 µg/ml HEGC for 48 h, cell viability 
decreased by ~70 and 58%, respectively, when compared to 
that of the controls (Fig. 1A), which was associated with char-
acteristic features of cell shrinking, rounding and detachment 
(Fig. 1B). Further experiments were then conducted to deter-
mine whether HEGCs inhibit the proliferation of Hep3B cells 
through the induction of apoptosis. As shown in Fig. 1C, DAPI 
staining revealed that the number of nuclei showing chromatin 
condensation and the formation of apoptotic bodies increased 
in cells cultured with HEGCs in a concentration-dependent 

manner. Therefore, the degree of apoptosis was determined by 
analyzing the amount of sub-G1 DNA that was in the cells 
treated with HEGCs, using a flow cytometer. As shown in 
Fig. 1D, the addition of HEGCs resulted in the increased accu-
mulation of cells in the sub-G1 phase, which was similar to the 
results observed in the HEGC-induced loss of cell viability 
and formation of apoptotic bodies. These results indicated that 
HEGCs inhibit the proliferation of Hep3B cells through the 
induction of apoptosis.

Modulation of Bcl-2 family proteins and loss of MMP by 
HEGCs in Hep3B cells. The role of the mitochondria in 
HEGC-induced apoptosis of Hep3B cells was investigated by 
examining the effect of HEGCs on the levels of the Bcl-2 family 
proteins, as well as the MMP values. As shown in Fig. 2A, 
the protein levels of anti-apoptotic Bcl-2 and Bcl-xL were 
decreased in a concentration-dependent manner in response to 
HEGC treatment; however, the protein levels of pro-apoptotic 
Bax remained unchanged. Under these conditions, the levels 
of total pro-apoptotic protein Bid, a BH3-only pro-apoptotic 
member of the Bcl-2 family, also decreased in response to 
HEGC treatment, in a concentration-dependent manner. To 
examine the role of mitochondria in apoptosis induced by 
HEGCs, we analyzed the profiles of the MMP values via a 
flow cytometer, using the mitochondrial-specific probe JC-1. 
As depicted in Fig. 2B, a loss of MMP was observed with an 
increased concentration of HEGCs, indicating that HEGCs 
induced mitochondrial dysfunction through the disruption of 
the outer mitochondrial membrane.

Figure 1. Inhibition of cell viability and induction of apoptosis by hexane extracts of garlic cloves (HEGCs) in Hep3B human hepatocarcinoma cells. (A) Cells 
were plated at a concentration of 1x105 cells/60-mm plate and then incubated for 24 h. Next, the cells were treated with various concentrations of HEGCs 
for 48 h, and cell viability was measured by the metabolic dye-based MTT assay. Data are the means ± SD of 3 different experiments. The significance was 
determined by a Student's t-test (*P<0.05, compared with the control). (B and C) The cellular (B) and nuclear (C) morphological changes in cells incubated with 
or without HEGCs for 48 h were examined under inverted (x200) and fluorescence microscopes (x400), respectively. (C) The cells were fixed and stained with 
DAPI solution for 10 min at room temperature. The results presented are from 1 representative experiment of the 3 performed, showing similar patterns. (D) To 
quantify the degree of apoptosis induced by HEGCs, the cells grown under the same conditions were evaluated for sub-G1 DNA content, which represents the 
fractions undergoing apoptotic DNA degradation, using a flow cytometer. Each point represents the means ± SD of the representative experiments performed 
at least 3 times. The significance was determined by a Student's t-test (*P<0.05, compared with the control).
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Activation of caspases by HEGCs in Hep3B cells. In order to 
determine if HEGC-induced apoptosis is associated with the 
activation of caspases, the expression and activity of caspases 
such as capases-3, -8 and -9 in the HEGC-treated cells were 
examined using western blot analysis and an in vitro activity 
assay. As shown in Fig.  3A and B, the HEGC treatment 

decreased the expression levels of pro-caspase-3, -8 and -9 in 
a concentration-dependent manner, and increased the in vitro 
activity of those caspases and concomitant degradation of 
poly(ADP-ribose) polymerase (PARP), which is a substrate 
protein of caspase-3. In order to demonstrate that the activation 
of caspases is a key step in the apoptotic pathway induced by 

Figure 3. Activation of caspases by HEGC treatment in Hep3B cells. (A) The cells were treated with the indicated concentrations of HEGCs for 48 h. Equal 
amounts of cell lysates (30 µg) were resolved by SDS-polyacrylamide gels, transferred to nitrocellulose membranes and probed with antibodies against cas-
pase-3, -8 and -9 and PARP. The proteins were then visualized using ECL detection. Actin was used as the internal control. (B) The cell lysates obtained from 
cells treated with or without 100 µg/ml HEGC for 48 h were assayed for in vitro caspase-3, -8 and -9 activity, using DEVD-pNA, IETD-pNA and LEHD-pNA, 
respectively, as substrates. The relative fluorescent products were measured. Data are the means ± SD from the representative experiments performed at least 
3 times. The significance was determined by a Student's t-test (*P<0.05, compared with the control). (C) The cells were incubated with or without 100 µg/ml 
HEGC for 48 h after 1 h pretreatment with or without 50 µM of pan-caspase inhibitors (z-VAD-fmk) and then stained with DAPI for 10 min and images were 
captured with a fluorescence microscope using a blue filter (x400). (D) DNA contents of cells grown under the same conditions as (C) were analyzed by a flow 
cytometer. Each point represents the average of 2 independent experiments.

Figure 2. Effects of HEGC on the levels of the Bcl-2 family proteins and the values of MMP in Hep3B cells. (A) The cells were treated with the indicated 
concentrations of HEGCs for 48 h. Equal amounts of cell lysates (30 µg) were then resolved by SDS-polyacrylamide gels, transferred onto nitrocellulose 
membranes and probed with the indicated antibodies. The proteins were then visualized using ECL detection. Actin was used as the internal control. (B) The 
cells grown under the same conditions as those in (A) were stained with JC-1 for 20 min at 37˚C. The mean JC-1 fluorescence intensity was then detected using 
a flow cytometer. Data are the means ± SD of 3 different experiments. The significance was determined by a Student's t-test (*P<0.05, compared with control).
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HEGCs, Hep3B cells were pretreated for 1 h with z-VAD-fmk, 
a cell-permeable pan-caspase inhibitor, followed by treatment 
with HEGCs. As shown in Fig. 3C and D, pretreatment of the 
cells with z-VAD-fmk significantly blocked the chromatin 
condensation and an increase in the sub-G1 population 
induced by HEGCs, indicating that HEGC-induced apoptosis 
is caspase-dependent.

HEGC-induced mitochondrial dysfunction is associated 
with the generation of intracellular ROS. Since generation 
and acumination of ROS in cancer cells may be related to 

mitochondrial dysfunction and cell apoptosis, we attempted 
to characterize the correlation between ROS production and 
changes in the MMP. For this investigation, we performed 
kinetic studies to evaluate HEGC-stimulated intracellular 
ROS productions, which were measured by using the cell-
permeant oxidation-sensitive dye DCFH-DA. As shown in 
Fig. 4A, ROS generation increased significantly, as early as 
15 min and began to decrease afterwards, eventually dropping 
below the untreated control level at 4 h. We reasoned that if 
ROS were a crucial factor in the induction of mitochondrial 
dysfunction by HEGCs, the inhibition of ROS generation must 
abrogate the loss of MMP. Therefore, cells were pretreated for 
1 h with 10 mM N-acetyl-L-cysteine (NAC), a commonly used 
reactive oxygen intermediate scavenger, and then treated with 
HEGCs. As shown in Fig. 4C, HEGC-induced loss of MMP in 
Hep3B cells that were co-cultured with NAC was effectively 
blocked, indicating that rapidly and transiently produced ROS 
are capable of triggering mitochondrial dysfunction. In addi-
tion, blocking the generation of ROS by pretreatment of the 
cells with NAC prevented the HEGC-induced downregulation 
of Bcl-2 and Bcl-xL expression and a decrease in the Bid 
protein (Fig. 4B).

HEGC-induced caspase activation is associated with the 
generation of intracellular ROS. To determine whether ROS 
generation is involved in HEGC-induced caspase activation, 
the cells were pretreated with NAC for 1 h and then exposed 
to 100 µg/ml HEGC for 6 h to determine the expression levels 
of caspase-3, -8 and -9, as well as their activities. As shown 
in Fig. 5A and B, blocking the generation of ROS by pretreat-
ment of the cells with NAC prevented the HEGC-induced 
caspase activation, as well as the degradation of PARP 
protein. Furthermore, the presence of NAC almost completely 
suppressed the HEGC-induced chromatin condensation 
and apoptotic ratio (Fig. 5C and D). Thus, our data indicate 
that HEGCs may cause apoptosis in Hep3B cells through a 
ROS-mediated pathway.

Discussion

An increasing amount of data show that the potential of anti-
tumor activity of garlic compounds may be mediated through 
a mitochondria-caspase-dependent pathway (16-18,20,21). 
However, the signaling pathway associated with the induction 
of apoptosis by extracts of garlic cloves is poorly defined. In 
the course of our screening program of bioactive products from 
garlic, we isolated HEGCs and demonstrated that HEGCs 
induced apoptosis in Hep3B hepatocarcinoma cells through 
the generation of ROS. Furthermore, we showed that HEGC-
induced ROS generation was accompanied by the disruption 
of the MMP, which led to the activation of caspase-9, and 
eventually to cell death. In addition, the quenching of ROS 
generation by NAC, a ROS scavenger, was shown to prevent 
ROS generation and to confer almost complete protection 
against HEGC-induced MMP disruption and apoptosis. Taken 
together, these results suggest that ROS act upstream, signaling 
molecules to initiate apoptosis.

Mitochondria are a rich source of ROS, which are toxic 
byproducts of aerobic cells. ROS play an important role in cell 
proliferation, inflammation and cancer development. However, 

Figure 4. HEGC-induced modulation of the Bcl-2 family proteins and loss 
of MMP are associated with ROS generation in Hep3B cells. (A) The cells 
were treated with 100 µg/ml HEGC for the indicated times, stained with 
DCFH-DA and incubated at 37˚C for 30 min. At each time point, the fluores-
cent intensity was measured using a flow cytometer. Data are the means ± SD 
of 3 different experiments. The significance was determined by a Student's 
t-test (*P<0.05, compared with the control). (B) Cells were treated with or 
without NAC (10 mM) for 1 h before treatment with 100 µg/ml of HEGCs 
for 48 h and then the cellular proteins were isolated. Equal amounts of cell 
lysates (30 µg) were resolved by SDS-polyacrylamide gels, transferred onto 
nitrocellulose membranes and probed with the indicated antibodies. The 
proteins were then visualized using ECL detection. Actin was used as the 
internal control. (C) Cells were treated with or without NAC (10 mM) for 
1 h before treatment with 100 µg/ml of HEGCs for 2 h, and then stained 
with JC-1 and incubated at 37˚C for 20 min. The mean JC-1 fluorescence 
intensity was detected using a flow cytometer. Data represent the average of 
2 independent experiments.
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an excessive amount of ROS may lead to cell death by apop-
tosis or necrosis (2-4). Recent investigations have suggested 
that damaged mitochondria stimulate increased ROS produc-
tion, which subsequently activates the signaling pathways that 
control cancer cell growth. However, the loss of MMP as a 
result of mitochondrial depolarization in association with 
apoptosis appears to be more common. This decrease in the 
MMP causes disruption of the outer mitochondrial membrane 
and contributes to the release of cytochrome c. Furthermore, 
the release of cytochrome c has been reported to contribute 
to the activation of caspase-9, which in turn causes activa-
tion of caspase-3 (5,6,29). Many studies have demonstrated 
that the Bcl-2 family proteins regulate apoptosis either as an 
activator (Bax) or inhibitor (Bcl-2 and Bcl-xL) and the Bax/
Bcl-2 or Bcl-2 ratio is considered a key factor in regulating the 
apoptotic process. Bcl-2 forms ion channels in mitochondrial 
membranes, and its ion channel activity may control apoptosis 
by influencing permeability in the intracellular membranes 
(30,31). In this study, we observed that the MMP levels in 
Hep3B cells decreased after HEGC treatment (Fig. 2B), the 

activity of caspase-9 and -3 increased and the PARP proteins, 
the substrate of caspase-3, were cleaved (Fig. 3). Our data also 
demonstrated that HEGC-induced apoptosis is related to the 
downregulation of anti-apoptotic Bcl-2 and Bcl-xL, without 
altering Bax levels, indicating that HEGCs may increase 
the Bax/Bcl-2 or Bcl-2 ratio (Fig. 2) and that induced mito-
chondrial dysfunction leads to the apoptosis of Hep3B cells. 
However, blocking caspase activity by pretreating the cells 
with a pan-caspase inhibitor, z-VAD-fmk, prevented HEGC-
induced chromatin condensation and an increase in the 
sub-G1 population (Fig. 3), indicating that HEGCs induced 
apoptosis in a caspase-dependent manner. Further experiments 
showed that the HEGC treatment significantly increased the 
ROS-dependent activation of caspase-9 and -3 and degradation 
of PARP, indicating the existence of mitochondrial-mediated 
caspase-3 activity. The results demonstrated that HEGCs are 
capable of inducing mitochondrial dysfunction through ROS 
generation.

The present study also revealed that the activation of 
caspase-8 in HEGC-treated cells is ROS-dependent (Fig. 5), 

Figure 5. HEGC-induced activation of caspases and apoptosis are associated with ROS generation in Hep3B cells. (A) Cells were treated with or without NAC 
(10 mM) for 1 h before treatment with 100 µg/ml of HEGCs for 48 h. The cellular proteins were extracted, separated by SDS-polyacrylamide gels, and trans-
ferred onto nitrocellulose membranes. The membranes were probed with the indicated antibodies. Proteins were visualized using an ECL detection system. 
Actin was used as the internal control. (B) The cell lysates obtained from cells grown under the same conditions as (A) those assayed for in vitro caspase-3, 
-8 and -9 activity, using DEVD-pNA, IETD-pNA and LEHD-pNA, respectively, as substrates. The relative concentrations of the fluorescent products released 
were then measured. The results are expressed as the means ± SD of 3 independent experiments. The significance was determined by a Student's t-test (*P<0.05, 
compared with control). (C) The cells were incubated with or without 100 µg/ml of HEGC for 48 h after 1 h pretreatment with or without NAC (10 mM), and 
then stained with DAPI for 10 min and images were captured with a fluorescence microscope using a blue filter (x400). (D) The cells under the same conditions 
as (C) were evaluated for sub-G1 DNA content, using a flow cytometer. Results represent the means of 2 independent experiments. 
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which suggests that ROS may act upstream of caspase-8 acti-
vation in Hep3B cells. Therefore, it is reasonable to assume that 
the initial signal for the activation of caspase-8 after treatment 
with HEGCs also derives from ROS. Caspase-8 activation 
causes cleavage of Bid, which is a BH3-only pro-apoptotic 
Bcl-2 family member exclusively localized in the cytoplasm. 
The cleaved Bid, however, translocates to the mitochondria 
and triggers cytochrome c release, which leads to the activa-
tion of caspase-9 (5,7). In this study, we aimed to determine 
whether or not HEGC-induced apoptosis is regulated by Bid. 
To accomplish this, we examined Bid cleavage and found 
that treatment of Hep3B cells with HEGCs resulted in the 
downregulation of the total Bid expression that was perfectly 
blocked by NAC pretreatment. Based on these observations, 
we conclude that the Bid protein is involved in the regulation 
of HEGC-induced apoptosis of Hep3B cells, and that this 
regulation also occurs in a ROS-dependent manner.

In conclusion, the present study demonstrates that Hep3B 
cells undergo apoptosis in response to treatment with HEGCs, 
which occurs through a mitochondrial-mediated pathway that 
requires ROS generation upstream to disrupt the MMP, leading 
to the activation of caspase-9 and -8. Our data emphasize the 
key role of ROS in apoptosis induced by HEGCs in hepato-
carcinoma cells and indicate that a positive correlation exists 
between ROS and mitochondrial events leading to apoptosis.
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