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a b s t r a c t

2′-epi-2′-O-Acetylthevetin B (GHSC-74) is a cardiac glycoside isolated from the seeds of Cerbera manghas L.
We have demonstrated that GHSC-74 reduced the viability of HepG2 cells in a time- and dose-dependent
manner. The present study was designed to explore cellular mechanisms whereby GHSC-74 led to cell
cycle arrest and apoptosis in HepG2 cells. Cell cycle flow cytometry demonstrated that HepG2 cells
treated with GHSC-74 (4 �M) resulted in S and G2 phase arrest in a time-dependent manner, as con-
firmed by mitotic index analysis. G2 phase arrest was accompanied with down-regulation of CDC2 and
Cyclin B1 protein. Furthermore, GHSC-74-induced apoptotic killing, as demonstrated by DNA fragmen-
tation, DAPI staining, and flow cytometric detection of sub-G1 DNA content in HepG2 cells. GHSC-74
treatment resulted in a significant increase in reactive oxygen species, activation of caspase-9, dissi-
pation of mitochondrial membrane potential, and translocation of apoptosis-inducing factor (AIF) from
eactive oxygen species (ROS)
aspase
poptosis

the mitochondrion to the nucleus in HepG2 cells. Nevertheless, after GHSC-74 exposure, no significant
Fas and FasL up-regulation was observed in HepG2 cells by flow cytometry. In addition, treatment with
antioxidant N-acetyl-l-cysteine (NAC) and broad-spectrum caspase inhibitor z-VAD-fmk partially pre-
vented apoptosis but did not abrogate GHSC-74-induced nuclear translocation of AIF. In conclusion, we
have demonstrated that GHSC-74 inhibited growth of HepG2 cells by inducing S and G2 phase arrest of
the cell cycle and by triggering apoptosis via mitochondrial disruption including both caspase-dependent

ays, a
and -independent pathw

. Introduction

2′-epi-2′-O-Acetylthevetin B (GHSC-74) (Fig. 1) is isolated from
he seeds of Cerbera manghas L. [1], belonging to the class of
teroid-like compounds designated as cardiac glycosides. Their
ontinued efficacy in the treatment of congestive heart failure
nd dysrhythmia is well appreciated [2]. However, there is little
nowledge about the role of this category of compounds in the
revention and/or treatment of proliferative diseases such as can-
er. New findings in recent five years have demonstrated that these
ompounds are involved in complex cell-signal transduction mech-
nisms, inducing selective control of human tumors rather than

ormal cellular proliferation [3,4], and as such represent a promis-

ng candidate for targeted cancer chemotherapy.
Hepatocellular carcinoma (HCC) is generally acknowledged as

he sixth most prevalent cancer in the word and is currently the

∗ Corresponding authors. Tel.: +86 21 81870970 8020; fax: +86 21 65334344.
E-mail addresses: huangcaiguo@hotmail.com (C.-G. Huang),

iaobh@uninet.com.cn (B.-H. Jiao).

009-2797/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2009.10.012
nd ROS generation.
© 2009 Elsevier Ireland Ltd. All rights reserved.

third most common cause of cancer death with a 5-year survival
rate of 7% [5–7]. Hepatic resection and liver transplantation are
the two mainstays of curative treatment for HCC, but can only be
applied to the early stage of HCC [8]. The majority of patients with
HCC are diagnosed at a late stage when curative treatment options
are not applicable. Thus, developing new therapeutic and preven-
tive strategies targeted at apoptosis inducing could be effective
in controlling the proliferation and invasiveness as well as in the
prognosis advanced stages of HCC.

Many cytotoxic agents and/or DNA damaging agents arrest cell
cycling at G1, S or G2/M phase, inducing apoptotic cell death
[9,10]. Cell cycle checkpoints may function to ensure cells to have
time for DNA repair [11,12]. In recent years, considerable advances
have been made in understanding the roles of cyclins and cyclin-
dependent kinases (Cdks) in cell cycle progression. This process is
regulated by the coordinated action of Cdks in association with their

specific regulatory cyclin proteins [12]. G2 to M phase progression
is regulated by a number of the Cdk/cyclin family members. Activa-
tion of Cdk1/cyclin B1 complex is required for transition from G2 to
M phase of the cell cycle [13,14]. CDC2 is a catalytic subunit of the
highly conserved protein kinase complex known as M-phase pro-

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:huangcaiguo@hotmail.com
mailto:jiaobh@uninet.com.cn
dx.doi.org/10.1016/j.cbi.2009.10.012
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were maintained in MEM containing 10% heat-inactivated FBS, and
Fig. 1. Chemical structure of GHSC-74.

oting factor (MPF), which is essential for G1/S and G2/M phase
ransitions of the eukaryotic cell cycle. Mitotic cyclins stably asso-
iate with this protein and function as regulatory subunits. The
inase activity of this protein is controlled by cyclin accumula-
ion and destruction through the cell cycle. Phosphorylation and
ephosphorylation of this protein also play important regulatory
oles in cell cycle control [15].

Until recently, two major apoptotic pathways, the death recep-
or pathway and the mitochondrial apoptotic pathway, are well
haracterized in mammalian cells [16]. The death receptor path-
ay is triggered by members of the death receptor family, such

s Fas receptor and tumor necrosis factor receptor [17]. Binding
f Fas ligand (FasL) to Fas receptor induces receptor clustering
nd the formation of a death-inducing signaling complex, which
n turn recruits and activates caspase-8, as an initiator caspase, via
he adaptor molecule Fas-associated death domain protein (FADD)
18]. On the other hand, mitochondrial membrane permeabiliza-
ion is considered to be one of the initial events of the apoptotic
rocess induced by chemotherapeutic drugs [19]. Cytochrome c
nd apoptosis-inducing factor (AIF) are well known as proapoptotic
olecules released from the mitochondria [20,21]. Cytochrome c

s usually released from the mitochondrial intermembrane space
nto the cytosol as consequence of the mitochondrial membrane
otential (�� m) loss [20,22]. Cytochrome c released from the
itochondria forms a complex with procaspase-9 and apoptotic

rotease-activating factor-1 (Apaf-1), resulting in activation of
rocaspase-9. Contrarily, AIF condenses chromatin to induce apop-
osis without involving caspases. Although the mechanism of AIF
elease from the mitochondria has not been fully understood, the
egulatory role of AIF during programmed cell death has been
ell documented. AIF is a putative caspase-independent effector

f cell death, and has recently been characterized as proapop-
otic mitochondrial intermembrane flavoprotein [21,23]. Similar to
ytochrome c, AIF is released from the mitochondria in response to
eath stimuli. On induction of apoptosis, AIF is translocated to the
ucleus and causes large-scale DNA fragmentation and chromatin
ondensation in a caspase-independent manner [21,23].

Reactive oxygen species (ROS) are highly reactive O2 metabo-
ites, including superoxide radical (O2

−•), hydrogen peroxide
H2O2), and hydroxylradical (OH−) [24]. These molecules have
ecently been implicated in the regulation of many impor-
ant cellular events, including transcription factor activation,
ene expression, differentiation, and cellular proliferation [25,26].

lthough cells possess antioxidant systems to control the redox
tate, which is important for their survival, high levels of ROS can
ead to necrotic cell death, and low levels of ROS have been shown
o induce apoptotic cell death [27].
eractions 183 (2010) 142–153 143

We have demonstrated that GHSC-74 reduced the viability of
HepG2 cells in a time- and dose-dependent manner with an IC50
(median growth inhibitory concentration value) of approximately
3.66 �M, 0.66 �M and 0.41 �M following treatment with GHSC-74
for 24 h, 48 h and 72 h, respectively [28]. This study was designed
to identify possible anti-proliferative effects of GHSC-74 in HepG2
cells. Our data showed that GHSC-74 inhibited the growth of HepG2
cells by inducing S and G2 arrest of the cell cycle and by triggering
apoptosis via mitochondrial disruption including both caspase-
dependent and -independent pathways, and ROS generation.

2. Materials and methods

2.1. Reagents

Reagents used in the present study included Minimal Essential
medium (MEM), fetal bovine serum (FBS), penicillin, streptomycin,
trypsin-EDTA (GIBCO Laboratories, Grand Island, USA); Propid-
ium iodide (PI), Dimethylsulfoxide (DMSO), paraformaldehyde,
N-acetylcysteine (NAC), Triton X-100, RNAase A (Sigma Chemical
Co., St. Louis, USA); Fluorescein isothiocyanate (FITC)-conjugated
antihuman Fas antibody (DX2), phycoerythrin (PE)-conjugated
antihuman FasL antibody (Biolegend, San Diego, CA); 2′,7′-
dichlorofluorescin diacetate (DCFH/DA) (Invitrogen Molecular
Probes, Eugene, OR); JC-1 (The probe 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethyl-benzimidazolcarbocyanine iodide) Detection
Kit (Molecular Probes); 4′, 6-diamidino-2-phenylindole (DAPI)
(Roche, Indianapolis, IN); Giemsa (LabChem Inc., Pittsburgh, PA);
Antibody specific polyclonal AIF, Cy3-conjugated anti-rabbit IgG
secondary antibody, anti-CDC2, anti-Cyclin B1 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA); broad-spectrum caspase inhibitor N-
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk)
(Calbiochem, San Diego, CA). Caspase-9 Colorimetric Assay Kits
(R&D systems Inc., Minneapolis, MN); all other chemicals were of
analytical grade.

2.2. Test compound

GHSC-74 (purity ≥95% by 1H Nuclear Magnetic Resonance
(NMR) spectroscopy and Liquid Chromatography–Mass Spectrum
(LC-MS)) was purified by Shanghai Institute of Materia Medica, the
Chinese Academy of Sciences according to the previously described
method (Abe and Yamauchi [1]). Briefly, fresh seeds (1.3 kg, dry
weight) of C. manghas L. were cut into pieces and extracted exhaus-
tively with MeOH (3 l × 15 l). The MeOH extract was concentrated
in vacuo to give a residue which was dissolved in H2O (1000 ml)
and the solution was partitioned consecutively between H2O and
petroleum ether, H2O and EtOAc, H2O and n-BuOH. The n-BuOH
extract (62 g) was separated by column chromatography (CC) on
silica gel (100–200 mesh). The column was eluted with a gradient
of chloroform-MeOH (9:1–0:100) to give 6 fractions (Fr.1–Fr.6) on
the basis of TLC checking. Fraction 3 (17.0 g) was further purified by
Sephadex LH-20 (chloroform/MeOH 1:1), followed by CC on silica
gel and eluted with a gradient of chloroform-MeOH (9:1–3:2) to
give GHSC-72 (9.0 mg), GHSC-74 (187 mg), GHSC-75 (870 mg) and
GHSC-79 (12 mg).

2.3. Cell culture and drug preparation

Human HCC cell line HepG2 was purchased from the cell bank
of Shanghai Institute of Cell Biology (Shanghai, China). HepG2 cells
100 U/ml penicillin + 100 �g/ml streptomycin. Cells were grown in
a 37 ◦C incubator supplied with 95% room air and 5% CO2. After
growing to 60–80% confluency, cells were trypsinized with 0.25%
trypsin-EDTA, counted, and placed down at the desired density for
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reatment. GHSC-74 was dissolved in DMSO and further diluted in
BS. The final DMSO concentration was 0.1%, which did not affect
ell function and the assay systems.

.4. Assessment of cell cycle distribution and sub-G1

Cell cycle and sub-G1 distribution were determined by staining
NA with PI as previously described [29]. Briefly, HepG2 cells were
lated at a density of 1 × 106 cells/well. After treatment, cells were
ollected, washed twice with ice-cold PBS buffer (pH 7.4), fixed with
0% alcohol at 4 ◦C overnight, and then stained with PI (1 mg/ml) in
he presence of 1% RNAase A for at least 30 min. The percentage of
ells in different phases of the cell cycle or having the sub-G1 DNA
ontent were measured with a FACScalibur flow cytometer (Becton
ickinson, San Jose, CA).

.5. DNA fragmentation analysis

HepG2 cells (2 × 106 cells/ml) under different treatments were
ollected, washed with PBS twice and then lysed in 100 �l lysis
uffer [50 mM Tris (pH 8.1); 10 mM EDTA; 0.5% sodium sarkosinate
nd 1 mg/ml proteinase K] for 3 h at 56 ◦C and treated with RNase
(0.5 �g/ml) for another hour at 37 ◦C. DNA was extracted by phe-

ol: chloroform: isoamyl alcohol (v/v/v, 25:24:1) before loading,
nd analyzed by 1.8% agarose gel electrophoresis in the presence
f 0.1 �g/ml ethidium bromide (EtBr). The agarose gel was run at
0 V for 90 min in Tris-borate/EDTA electrophoresis buffer (TBE).
pproximately 30 �g DNA was loaded in each well and visualized
nder UV light and photographed.

.6. DAPI staining for nuclear condensation and fragmentation

HepG2 cells were treated with 4 �M GHSC-74 for 48 h. Cells
ere fixed with 1% paraformaldehyde on slide glass for 30 min

t room temperature. After washing with PBS, 300 nM DAPI was
dded to the fixed cells for 5 min, and examined by fluorescence
icroscopy (Olympus, IX70, Japan). Apoptotic cells were identi-

ed by nuclear condensation and fragmentation. The DAPI staining
xperiments were done in duplicate.

.7. Mitotic index assay

For assessment of the mitotic index, cells treated with GHSC-
4 (4 �M) or vehicle control were harvested, washed in ice-cold
BS, re-suspended in 0.5 × PBS (10 min), and fixed in 0.5 ml ethanol:
cetic acid (3:1) for 10 min. The cell suspension was dropped onto
lass slides, air dried, and stained with 5% (v/v) Giemsa solution.
or each spread, at least 500 cells were randomly counted by light
icroscopy and mitotic cells were scored by their lack of nuclear
embrane and evidence of chromosome condensation. The mitotic

ndex was reported as the percentage of mitotic cells per total cell
umber of cells.

.8. Mitochondrial membrane potential assay

The mitochondrial membrane potential was determined quanti-
atively by flow cytometry using the fluorescent lipophilic cationic
robe JC-1 (The probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
enzimidazolcarbocyanine iodide) Detection Kit following the
anufacturer’s instructions. JC-1 was selectively concentrated
r accumulated within intact mitochondria to form multimer J-
ggregates emitting fluorescence light at 590 nm. The monomeric
orm emits light at 527 nm after excitation at 490 nm. Thus, the
olor of the dye changes from red to green, depending on the mito-
hondrial membrane potential, and can be analyzed by FACS with
eractions 183 (2010) 142–153

green fluorescence in channel 1 (FL1) and red emission in chan-
nel 2 (FL2). Briefly, HepG2 cells were treated with GHSC-74 (4 �M)
for 0 h, 24 h and 48 h, harvested, and washed with PBS. 1 × 106 cells
were incubated in 1 ml PBS containing 10 �g JC-1 for 15 min at 37 ◦C
in the dark. Stained cells were washed, re-suspended in 500 �l PBS,
and analyzed on a flow cytometer (FACScalibur, Becton Dickinson).

2.9. Quantification of caspase-9 activity

Activity of caspase-9 was assessed using the caspase-9 Colori-
metric Assay Kits, based on spectrophotometric detection of color
reporter molecule detection p-nitroanaline (pNA) after cleavage
from labeled substrate LEHD-pNA (caspase-9) as an index. In brief,
cells were incubated with 4 �M GHSC-74 for various time peri-
ods, washed in PBS, and suspended in 5 volumes of lysis buffer
(20 mM Hepes, pH 7.9, 20% Glycerol, 200 mM KCl, 0.5 mM EDTA,
0.5% NP40, 0.5 mM DTT, 1% protease inhibitor cocktail (Sigma). The
lysate was then collected and stored at −20 ◦C until use. The protein
concentration was determined by the Bradford method. Super-
natant samples containing 100 �g total protein were determined
for caspase-9 activity. They were added to each well in 96-well
microtiter plates with LEHD-pNA at 37 ◦C for 1–2 h. The optical den-
sity of each well was measured at 405 nm using a microplate reader
(Model 550, Bio-Rad, USA). Each plate contained multiple wells of a
given experimental condition and multiple control wells. Activity of
caspse-9 was expressed in arbitrary absorbance units (absorbance
at a wavelength of 405 nm).

2.10. Localization of apoptosis-inducing factor (AIF) by
immunofluorescence microscopy

Cells (5 × 104) were cytospun onto noncharged slides, fixed for
20 min in 4% paraformaldehyde, washed again with PBS, and per-
meabilized with 1% Triton X-100 for 30 min at room temperature
and washed with TBS containing 0.1% sodium azide. To reduce non-
specific antibody binding, slides were incubated in 1% bovine serum
albumin in TBS for 1 h at room temperature before incubation with
rabbit polyclonal antibody to human AIF overnight at 4 ◦C. Slides
were then washed for 30 min in TBS containing 0.1% sodium azide
and incubated for 1 h with Cy3-conjugated secondary antibody.
Nuclei were stained with 4′,6-diamidino-2-phenylindole for 15 min
at room temperature. Slides were washed and air dried before
they were mounted on coverslips with ProLong antifade mount-
ing medium (Molecular Probes, Eugene, OR), and then examined
under a fluorescence microscope (Olympus, IX70, Japan)

2.11. Detection of Fas/FasL by flow cytometry

Fas and FasL were measured by immunofluorescence flow
cytometric analysis. After various treatments, a total of 1 × 106

cells was collected by centrifugation and washed twice with ice-
cold PBS containing 1% BSA. Cells were then incubated with
100 �l fluorescein isothiocyanate (FITC)-conjugated anti-Fas anti-
body or phycoerythrin (PE)-conjugated anti-FasL antibody on ice
for 40 min. After incubation in the dark, cells were washed twice
and re-suspended in ice-cold PBS. Immunofluorescence staining of
Fas and FasL was analyzed by FACS with green fluorescence in chan-
nel 1 (FL1) and red fluorescence in channel 2 (FL2), and calculated
by CellQuest software.

2.12. Measurement of ROS generation
Cells were incubated in the absence or presence of GHSC-74
for the indicated time. 30 min before termination of the incubated
period, 2′,7′-dichlorofluorescin diacetate (DCFH/DA) (10 �M) was
added to cells and incubated for the last 30 min at 37 ◦C. Then, cells
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Fig. 2. Effect of GHSC-74 on cell cycle distribution in HepG2 cells. (A) HepG2 cells were treated with 4 �M GHSC-74 for various time periods by DNA flow cytometry.
Histograms showed the number of cells per channel (vertical axis) vs. DNA content (horizontal axis). The values indicated the percentage of cells in the indicated phases of
the cell cycle. (B) HepG2 cells treated with either 0.1% DMSO (control) or GHSC-74 (4 �M) for 48 h were harvested, washed, re-suspended in 0.5 × PBS, and fixed as described
previously. Cell suspensions were dropped onto glass slides, air dried, and stained with Giemsa. Mitotic cells demonstrated the loss of nuclear membranes and chromosome
condensation (arrow). (C) GHSC-74 arrest of HepG2 cells in G2 and before mitosis entry. HepG2 cells were treated with 4 �M GHSC-74 for various time periods by mitotic
index assay. At least 500 cells were randomly counted by light microscopy. (D) Effects of GHSC-74 on cell cycle-related proteins in HepG2 cells. Exponentially growing cells
were treated with 4 �M GHSC-74 for the indicated time periods. Aliquots of 50 �g protein extracts were resolved by 12% SDS-PAGE gel, transferred onto the NC membrane,
and immunoblotted with the indicated antibodies, CDC2, Cyclin B1 and �-actin. Each value is the mean ± S.D. of three determinations. The asterisk indicates a significant
difference between control and GHSC-74-treated cells as analyzed by Student’s t-test (*p < 0.05, **p < 0.01).
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Fig. 3. GHSC-74-induced apoptosis in HepG2 cells. (A) GHSC-74-induced apoptosis in a time-dependent manner. HepG2 cells were treated with GHSC-74 (4 �M) with various
time periods. Apoptosis was analyzed as a sub-G1 fraction by FACS. (B) DNA fragmentation analysis showing induction of apoptosis. HepG2 cells were treated with different
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oncentrations of GHSC-74 as indicated for 48 h. M, 100 bp DNA marker; con, GHSC-
′ ,6-diamidino-2-phenylindole (DAPI) staining. Nuclear morphology was observed
eterminations. The asterisk indicates a significant difference between control and

ere harvested for detection of ROS accumulation using FACScal-
bur flow cytometric analysis, with an excitation wavelength of
80 nm and emission wavelength of 530 nm.

.13. Preparation of mitochondrial and cytosolic fractions

Methods used for subcellular fraction were similar to those
escribed previously [30].

.14. Western blot analysis
Cells were scraped from the culture, washed twice with PBS,
nd then suspended in 30 �l Western blot lysis buffer con-
aining 50 mM Tris–HCl (pH 7.5), 250 mM NaCl, 1 mM EDTA,
mM EGTA, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride,
mM DTT, 20 �g/ml leupeptin, 20 �g/ml aprotinin, 0.1% Trion
treated HepG2 cells. (C) Detection of GHSC-74-induced apoptosis in HepG2 cells by
orescence microscopy (magnification 200×). Each value is the mean ± S.D. of three
-74-treated cells as analyzed by Student’s t-test (*p < 0.05, **p < 0.01).

X-100, and 1% SDS at 0–4 ◦C for 15 min. After centrifugation at
12,000 × g for 5 min at 4 ◦C, the supernatant was collected, and
the protein concentration was determined using bicinchoninic
acid (BCA) protein assay (Beyotime Biotechnology, Haimen, China).
Equal amounts (50 �g protein) of lysate were subjected to
12% SDS-PAGE. After electrophoresis, protein blots were trans-
ferred to a nitrocellulose membrane using an electro-blotting
apparatus (Bio-Rad). The membrane was blocked with 5% non-
fat milk in TBST solution, and incubated overnight with the
corresponding primary antibodies in the blocking solution at
4 ◦C. After three washes with TBST solution, the membrane

was incubated at room temperature for 1 h, with horseradish
peroxidase-conjugated secondary antibody diluted with TBST solu-
tion (1:3000). The signals of detected proteins were visualized by an
enhanced chemiluminescence reaction (ECL) system (Amersham,
ECL kits).
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Fig. 4. Treatment of HepG2 cells with GHSC-74 induces loss of the mitochondrial
membrane potential in a time-dependent manner. (A) The FACS representative
graph for red fluorescence (indicator of intact mitochondrial membrane potential)
and green fluorescence (indicator of mitochondrial membrane potential collapse)
in HepG2 cells. (B) The percentage of the cells that emit green fluorescence indi-
cates the depolarized mitochondrial membrane. (C) The percentage of the cells that
emit red fluorescence indicate the intact mitochondrial membrane. Each value is the
mean ± S.D. of three determinations. The asterisk indicates a significant difference
between control and GHSC-74-treated cells as analyzed by Student’s t-test (*p < 0.05,
**p < 0.01). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.).
eractions 183 (2010) 142–153 147

2.15. Statistical analysis

Data are reported as mean ± S.D. All experiments were done at
least three times, and three or more independent observations were
made on each occasion. Statistically significant values were com-
pared using Student’s t-test for single comparison and p-values less
than 0.05 were considered statistically significant.

3. Results

3.1. Effect of GHSC-74 on cell cycle phase distribution

To explore the effect of GHSC-74 on cell cycle progression,
HepG2 cells were incubated in the presence or absence of a 4 �M
concentration of GHSC-74 for different time periods and then ana-
lyzed by flow cytometry. GHSC-74 caused a progressive increase
in the population of cells in S-phase, an accumulation of cells in
G2/M phase and a concomitant decrease in the percentage of cells
in G0/G1 in time-dependent manner (Fig. 2A).

As Fluorescence-Activated Cell Sorting (FACS) analysis was
unable to distinguish G2 phase cells from M-phase cells, we mea-
sured the mitotic index of cells after 4 �M GHSC-74 treatment to
assess whether the mitotic apparatus may have been perturbed,
thus explaining the increase in G2/M DNA content. As illustrated
in Fig. 2B (right panel), the arrow indicates the loss of nuclear
membrane and chromosome condensation, features that are typ-
ical of cell cycle arrest in metaphase. Most HepG2 cells exposed
to either vehicle (Fig. 2B, right panel) or 4 �M GHSC-74 (Fig. 2B
left panel) for 48 h showed intact nuclear membranes without
an increase in mitotic figures. At the same time, Fig. 2C shows
that the mitotic index in GHSC-74-treated cultures for differ-
ent time periods was very low, indicating that increased G2/M
DNA content provoked by GHSC-74 in HepG2 cells resulted from
arrest of cells in G2 (interphase) preventing them from entering
mitosis.

GHSC-74 seemed to trigger growth arrest in S and G2 phase
of the cell cycle by modulation of cell cycle-regulatory proteins in
HepG2 cells. CDC2 and Cyclin B1 protein levels, which are related
to the progression of G2 phase, were down-regulated in a time-
dependent manner in cells treated with GHSC-74 (4 �M) (Fig. 2D).

3.2. GHSC-74 induces apoptosis in HepG2 cells

HepG2 cells were treated with GHSC-74 (4 �M) for the indicated
time periods. Apoptosis in HepG2 cells was first determined by
flow cytometric analysis to count hypodiploid cell populations. As
shown in Fig. 3A, treatment of HepG2 cells with GHSC-74 resulted
in a marked increase in accumulation of sub-G1 phase cells in a
time-dependent manner.

We also analyzed whether DNA fragmentation, another hall-
mark of apoptosis, was induced by GHSC-74 in HepG2 cells.
Following agarose gel electrophoresis of HepG2 cells treated with
0 �M, 2 �M, 4 �M, 8 �M and 16 �M GHSC-74 for 48 h, a typical
ladder pattern of internucleosomal fragmentation was not evident
(Fig. 3B).

Cell morphology was also assessed by DAPI staining. As shown
in Fig. 3C, the nuclear structure of control cells remained intact,
while nuclear chromatin condensation and fragmentation, a char-
acteristic of apoptosis, was seen in cells treated with 4 �M GHSC-74
for 48 h.
3.3. Essential role of mitochondria in GHSC-74-induced apoptosis

To study the potential effects of GHSC-74 on the mitochon-
drial apoptotic pathway, the mitochondrial membrane potential
(�� m) in HepG2 cells treated with GHSC-74 was measured, where



148 B. Feng et al. / Chemico-Biological Interactions 183 (2010) 142–153

Fig. 5. GHSC-74 induces apoptosis of HepG2 cells through mitochondrial disruption including both caspase-dependent and- independent pathways. (A) Caspase-9 activity
was determined as described in Section 2. HepG2 cells were treated with broad-spectrum caspase inhibitor z-VAD-fmk for 1 h before adding GHSC-74 (4 �M) for another
48 h. “#” indicates a significant difference between GHSC-74 group and GHSC-74+z-VAD-fmk group, as analyzed by Student’s t-test (##p < 0.01). (B) Broad-spectrum caspase
inhibitor z-VAD-fmk partially inhibited GHSC-74-induced apoptosis. HepG2 cells were treated with z-VAD-fmk for 1 h before adding GHSC-74 (4 �M) for another 48 h.
Apoptosis was measured by the PI method using flow cytometry. “#” indicates a significant difference between GHSC-74 group and GHSC-74+ z-VAD-fmk group, “*” indicates
a significant difference between GHSC-74 group and control group, as analyzed by Student’s t-test (##p < 0.01). (C) Translocation of AIF was analyzed by observing its release
from the mitochondria and translocation to the nucleus by immunofluorescence microscopy. HepG2 cells were treated with GHSC-74 (4 �M) for 0, 24 and 48 h, incubated
with antibody against AIF, and then labeled with Cy3-conjugated secondary antibody. The nuclei are stained with DAPI. Purple, nuclear translocation of AIF is shown by
overlap of AIF (red fluorescence) and nuclear staining (blue fluorescence) (magnification 200×). (D) Western blot analysis showed that AIF decreased correspondingly in
the mitochondrial fractions treated with GHSC-74, where total protein was used as a control for the amount of protein loaded. (E) GHSC-74-induced caspase-independent
pathway was mediated by AIF translocation. HepG2 cells were treated with GHSC-74 (4 �M) in the presence or absence of z-VAD-fmk (80 �M), incubated with antibody
against AIF, and then labeled with Cy3-conjugated secondary antibody. The nuclei are stained with DAPI. Purple, nuclear translocation of AIF is shown by overlap of AIF (red
fluorescence) and nuclear staining (blue fluorescence) (magnification 200×). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.).
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Fig. 5.

epG2 cells were leveled with the cationic lipophilic dye JC-1 and
ccumulated within the mitochondria in a potential-dependent
anner. When the mitochondrial membrane potential was dis-

upted, the fluorescence emission of JC-1 dye changed from red
o green. HepG2 cells were treated with GHSC-74 (4 �M) for dif-
erent time periods, harvested, stained with JC-1, and analyzed by
ow cytometry. As shown in Fig. 4, treatment of HepG2 cells with
HSC-74 resulted in a time-dependent increase in the number of
reen fluorescence+ cells from 3.2 ± 0.4% in non-GHSC-74-treated
ells to 5.4 ± 0.5% and 11.8 ± 1.1% (Fig. 4B), respectively by 4 �M
oncentration of GHSC-74 treatment for 24 h and 48 h, while a time-
ependent decrease in the number of red fluorescence+ cells was
bserved (Fig. 4C). These data suggested that treatment of HepG2
ells with GHSC-74-induced disruption of the mitochondrial mem-
rane potential.

.4. GHSC-74 induces apoptosis of HepG2 cells through
itochondrial disruption including both caspase-dependent and-

ndependent pathways

To confirm the role of caspase activation in GHSC-74-induced
poptosis of HepG2 cells, we treated HepG2 cells with the broad-
pectrum caspase inhibitor, z-VAD-fmk, 1 h before adding GHSC-74
t 4 �M for a further 48 h. Fig. 5A and B shows that while z-VAD-fmk
ompletely inhibited activity of caspase-9 induced by GHSC-74, it
nly partially blocked GHSC-74-induced apoptosis. These results

uggest that both caspase-dependent and -independent pathways
ere induced by GHSC-74 in HepG2 cells. In addition, caspase-9

ctivation also shows Cytochrome c released from the mitochon-
ria may be involved in GHSC-74-induced apoptosis in HepG2
ells.
inued ).

As AIF is involved in induction of apoptotic cell death through
caspase-independent pathway [21,23], we examined whether AIF
played a role in GHSC-74-induced apoptotic cell death. Translo-
cation of AIF was analyzed by observing its release from the
mitochondria and translocation to the nucleus by immunofluo-
rescence microscopy. As shown in Fig. 5C, immunofluorescence
microscopy showed that AIF was translocated into the nucleus
and caused nuclear condensation after treatment with GHSC-74
(4 �M) for 24 h and 48 h. Western blot analysis showed that AIF was
localized exclusively in mitochondrial fractions before treatment,
but after exposure to GHSC-74 for 12 h, AIF decreased corre-
spondingly in the mitochondrial fractions (Fig. 5D). In addition,
caspase inhibitor z-VAD-fmk did not affect AIF translocation into
the nucleus after GHSC-74 treatment (Fig. 5E). These results sug-
gest that GHSC-74-induced apoptotic cell death in HepG2 cells was
partially mediated by AIF translocation from the mitochondria into
the nucleus via a caspase-independent pathway.

3.5. Fas/FasL interaction does not mediate GHSC-74-triggered
apoptosis

To assess whether the death receptor pathway was also involved
in GHSC-74-induced apoptosis, we next checked whether the
protein expression of Fas and FasL, which are representative
members of the death receptor pathway, was influenced by GHSC-
74. Interestingly, flow cytometric analysis using anti-Fas-specific

antibody and anti-FasL-specific antibody revealed that Fas and
FasL level was not increased in GHSC-74-treated cells compared
with the untreated controls (Fig. 6), suggesting that GHSC-74-
induced apoptosis in HepG2 cells without triggering the Fas/FasL
system.
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Fig. 6. Flow cytometry analysis of Fas and FasL expression in HepG2 cells. After
incubation with GHSC-74 (4 �M) for 0 h, 24 h and 48 h, cells were stained with
FITC-conjugated anti-Fas-specific antibody or PE—conjugated anti-FasL-specific
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ntibody. Fas and FasL expression was analyzed by flow cytometry as described
reviously. The percentage of FITC-positive or PE-positive cells is indicated. The
xperiment was performed in triplicate in three separate experiments ad the results
re expressed as mean ± S.D.

.6. GHSC-74-induced apoptosis of HepG2 cells is partially
ependent of the generation of ROS

Numerous investigations have documented that oxidative
tress-mediated cellular changes are frequently induced in cells
xposed to cytotoxic drugs, UV, or �-irradiation [31,32], and ROS
s a mediator of caspase-independent cell death [33]. The present
tudy examined involvement of ROS in GHSC-74-induced effect in
epG2 cells. Intracellular ROS level was measured using the fluo-

escent probe DCFH/DA. This cell-permeable dye, once inside the
ells, is cleaved by endogenous esterase into DCFH. The intracellular
onfluorescent form of DCFH is oxidized, commonly by hydrogen
eroxide, into the fluorescent form, 2′,7′-dichlorofluorescein (DCF).
luorescence intensity was measured after treatment with a 4 �M
oncentration of GHSC-74 for various time courses. Fig. 7A showed
hat GHSC-74 increased mean DCF fluorescence markedly in a time-
ependent manner and treatment of cells with GHSC-74 (4 �M) for
8 h caused a 2.9-fold increase in mean DCF fluorescence.

To study if increased production of ROS may play a role in
HSC-74-induced apoptosis of HepG2 cells, we treated HepG2
ells with the antioxidant, NAC, 1 h before adding GHSC-74 for a
urther 48 h. Fig. 7C shows that pretreatment with NAC partially
revents GHSC-74-induced increase in sub-G1 population, while it
arkedly decreased GHSC-74-induced production of ROS (Fig. 7B).
owever, increase in intracellular ROS was not required for AIF

ranslocation (Fig. 7D). These results suggest that GHSC-74-induced
poptosis was mediated by ROS-dependent apoptosis pathway and
OS-independent AIF translocation.

. Discussion

Many efforts have been made to search for compounds that can
nfluence apoptosis and understand mechanisms of their actions.
n recent years, more knowledge has been obtained about how
ardiac glycosides induce cell death in human cancers. GHSC-74
s a cardiac glycoside isolated from the seeds of C. manghas L. In
he previous study, we have demonstrated that GHSC-74 reduced
he viability of HepG2 cells in a time- and dose-dependent man-
er [28]. Flow cytometric analysis and mitotic index assay in our
tudy showed that GHSC-74 could cause S and G2 phase arrest in a

ime-dependent manner (Fig. 2A–C). A significant time-dependent
ncrease in the percentage of sub-G1 cells suggested that apoptosis

as involved in GHSC-74-induced cell death (Fig. 3A). In addition
o an increase in sub-G1 cells, apoptosis was confirmed by DNA
ragmentation analysis and characteristic morphological changes,
eractions 183 (2010) 142–153

including membrane blebbling, cell shrinkage, chromatin conden-
sation, and formation of apoptotic bodies [34]. DAPI staining clearly
showed condensed and fragmented nuclei and apoptotic bodies in
HepG2 cells treated with GHSC-74 (Fig. 3C). Cleavage of DNA at the
internucleosomal linker sites yielding DNA fragments in multiples
fragments (180–200 bp) is regarded as a biochemical hallmark of
apoptosis dependent on caspase activation [35]. At the same time,
on induction of apoptosis, AIF is translocated to the nucleus and
causes large-scale DNA fragmentation and chromatin condensa-
tion in a caspase-independent manner [23]. We presume because
caspase-dependent and -independent pathways were involved in
GHSC-74-induced apoptosis of HepG2 cells, the DNA ladder is not
evident when fragmented DNA from GHSC-74-treated cells was
separated by agarose gel electrophoresis (Fig. 3B). In this study,
our focus was on cellular mechanisms whereby GHSC-74-induced
cell cycle arrest and apoptosis in HepG2 cells.

Effective anticancer therapies (chemotherapeutic agents and
ionizing radiation) kill proliferating cancer cells by damaging their
DNA and inducing apoptosis. It is known that cell cycle dysregula-
tion is a hallmark of tumor cells. Regulation of proteins that mediate
critical events of the cell cycle may be a useful anti-tumor target
[36]. Cellular response to DNA damage involves cell cycle arrest,
mainly at G1 and G2 phases. Cell cycle arrest allows cells to repair
the damage before entering S-phase for DNA replication and M-
phase for mitosis, which is critical for cells to maintain their genetic
integrity. Failure to repair DNA damage would cause mutations and
eventually cell death. S and G2 arrest following DNA damage has
been associated with accumulation of hyperphosphorylated and
relatively inactive CDC2/cyclin B complexes [37,38], and in some
instances basal levels of cyclin B1 have been shown to decrease sub-
sequent DNA damage [39]. S and G2 phase arrest of the cell cycle
as observed in the present study could be considered as an addi-
tional pathway to suppress the growth of HepG2 cells and explain
the inhibitory effect of GHSC-74 on cell growth (Fig. 2A–C). GHSC-
74-induced S and G2 phase arrest in HepG2 cells was accompanied
by alteration in CDC2 and cyclin B1 protein levels (Fig. 2D).

Two major apoptotic pathways, the death receptor pathway
and the mitochondrial apoptotic pathway, are well characterized
in mammalian cells [16]. To address the question of the apop-
totic pathway that becomes activated in response to GHSC-74, we
firstly analyzed the death receptor pathway, which is known to
be triggered by members of the death receptor family, such as Fas
receptor and tumor necrosis factor receptor [18]. The physiological
role of the Fas/FasL pathway outside the immune system remains
unclear, although a role for the Fas system has been suggested
in drug-induced apoptosis in some cell types [40,41]. Our data
showed that the protein levels of Fas and FasL were not increased
in GHSC-74-treated cells compared with the untreated controls
(Fig. 6). Therefore, we concluded that GHSC-74-induced apopto-
sis in HepG2 cells without triggering the Fas/FasL (CD95/CD178)
system. However, whether other death receptors are involved in
GHSC-74-induced HepG2 apoptosis awaits results of more experi-
ments.

We also determined whether GHSC-74-induced apoptosis via
the mitochondrial apoptotic pathway. In mammals, mitochondria
act as central checkpoints for many forms of apoptosis. The mito-
chondrial pathway is thought to be the principal target of the
survival signaling system [19,22]. Mitochondria commit apoptosis
via increased permeability of the outer mitochondrial membrane,
decreased mitochondrial transmembrane potential (�� m), release
of cytochrome c (Cyt c) and AIF, and production of ROS. As shown

in Fig. 4, treatment of HepG2 cells with 4 �M GHSC-74 for dif-
ferent time courses resulted in a time-dependent increase in the
number of green fluorescence-positive cells, indicating that the
mitochondrial membrane was depolarized. Fig. 5A and B shows
that while z-VAD-fmk completely inhibited activity of caspase-9
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Fig. 7. Increase in intracellular ROS was involved in GHSC-74-induced apoptosis, but not required for AIF translocation. (A) Elevation of intracellular ROS level after GHSC-74
treatment. HepG2 cells were treated with GHSC-74 (4 �M) for indicated time courses and then loaded with DCFH/DA. The percentage of mean DCF fluorescence was measured
by flow cytometry. Each value is the mean ± S.D. of three determinations. The asterisk indicates a significant difference between control and GHSC-74-treated cells as analyzed
by Student’s t-test (*p < 0.05, **p < 0.01). (B) The antioxidant NAC inhibited the generation of ROS induced by GHSC-74. HepG2 cells were treated with NAC (10 mM) for 1 h
before adding GHSC-74 (4 �M) for another 48 h. ROS production was measured as described in (A). (C) The antioxidant NAC partially inhibited GHSC-74-induced apoptosis.
HepG2 cells were treated with NAC for 1 h before adding GHSC-74 (4 �M) for another 48 h. Apoptosis was measured by the PI method using flow cytometry. “#” indicates a
significant difference between GHSC-74 group and GHSC-74+NAC group, as analyzed by Student’s t-test (##p < 0.01). (D) Increase in intracellular ROS was not required for
AIF translocation. HepG2 cells were treated with NAC (10 mM) for 1 h before adding GHSC-74 (4 �M) for another 48 h, incubated with antibody against AIF, and then labeled
with the Cy3-conjugated secondary antibody. The nuclei are stained with DAPI. Purple, nuclear translocation of AIF is shown by overlap of AIF (red fluorescence) and nuclear
staining (blue fluorescence) (magnification 200×). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.).
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nduced by GHSC-74, it only partially blocked GHSC-74-induced
poptosis. These results suggest that both caspase-dependent and
independent pathways were induced by GHSC-74 in HepG2 cells.
n addition, caspase-9 activation also shows Cytochrome c released
rom the mitochondria may be involved in GHSC-74-induced apop-
osis in HepG2 cells. It is reported [21,23] that AIF mediates
poptosis through a caspase-independent pathway. Mitochondrial
IF translocates to the nucleus on death stimuli and initiates
uclear condensation, leading to large-scale chromatin fragmenta-
ion and subsequent apoptosis. Immunofluorescence microscopy
howed that AIF translocated into the nucleus in HepG2 cells
Fig. 5C), which was not inhibited by z-VAD-fmk (Fig. 5E). At the
ame time, AIF decreased correspondingly in the mitochondrial
ractions after exposure to GHSC-74 for 12 h (Fig. 5D). These results
uggest that activation of the caspase-independent apoptotic path-
ay mediated via AIF translocation into the nucleus was involved

n GHSC-74-induced HepG2 apoptosis.
Reactive oxygen species are important mediators and regula-

ors of apoptosis. Various apoptosis stimuli such as tumor necrosis
actor, irradiation, and chemicals such as etoposide may increase
he level of intracellular ROS [42,43]. Apoptosis can be abolished
y antioxidants [44] and induced by treatment with ROS such
s H2O2 [45]. GHSC-74 exposure increased ROS accumulation in
time-dependent manner (Fig. 7A), and Fig. 7C shows that pre-

reatment with NAC partially prevent GHSC-74-induced increase of
ub-G1 population, while it markedly decreased GHSC-74-induced
roduction of ROS (Fig. 7B), indicating that ROS-independent
nd ROS-dependent apoptotic pathways were involved in GHSC-
4-mediated cell death. However, pre-incubation with NAC did
ot prevent nuclear translocation of AIF (Fig. 7D), implying that

ncrease in intracellular ROS was not required for AIF translocation.
rom these results, firstly, we presume that ROS generation may
e not involved in mitochondrial disruption, thus pre-incubation
ith NAC did not prevent nuclear translocation of AIF. ROS also

re link signaling pathway leading to cell death through the
itogen-activated protein kinase pathway [46], the nuclear fac-

or �B pathway [47], or apoptosis signal-regulating kinase 1[48].
econdly, we presume that ROS-independent PARP-1 activation
hat mediated nuclear translocation of AIF was involved in GHSC-
4-mediated cell death. Poly-adenosine diphosphate (ADP)-ribose
olymerase 1 (PARP-1), the most abundant protein of the poly
ADP-ribose) polymerase family members, is rapidly activated by
NA damage. PARP-1 activation also affects mitochondria mem-
rane potential loss and subsequent AIF release [49]. However,
hether two hypotheses are reasonable awaits results of more

xperiments.
In summary, GHSC-74 inhibited growth of HepG2 cells by induc-

ng S and G2 arrest of the cell cycle and by triggering apoptosis.
and G2 phase arrest was likely mediated by down-regulation

f CDC2 and Cyclin B1 proteins. GHSC-74-induced apoptosis via
itochondrial disruption including both caspase-dependent and

independent pathways, and ROS generation.
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