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An ROS Generator, Antimycin A, Inhibits the
Growth of HeLa Cells Via Apoptosis
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Abstract AntimycinA (AMA), an inhibitor of electron transport inmitochondria, has beenused as a reactive oxygen
species (ROS) generator in biological systems. Here, we investigated the in vitro effect of AMA on apoptosis in HeLa cells.
AMA inhibited the growth of HeLa cells with an IC50 of about 50 mM. AMA efficiently induced apoptosis, as evidenced by
flow cytometric detection of sub-G1 DNA content, annexin V binding assay, and DAPI staining. This apoptotic process
was accompanied by the loss of mitochondrial membrane potential (DCm), Bcl-2 down-regulation, Bax up-regulation,
and PARP degradation. All caspase inhibitors used in this experiment, especially pan-caspase inhibitor (Z-VAD), could
rescue some HeLa cells from AMA-induced cell death. When we examined the changes of the ROS, H2O2 or O��

2 ,
in AMA-treated cells, H2O2 and O��

2 were markedly increased. In addition, we detected the depletion of GSH content in
AMA-treated cells. Pan-caspase inhibitor showing the efficient anti-apoptotic effect significantly reduced GSH depletion
by AMA. Superoxide dismutase (SOD) and catalase did not reduce intracellular ROS, but these could strongly rescue the
cells from apoptosis. However, these anti-apoptotic effects were not accompanied by the recovery of GSH depletion.
Interestingly, catalase significantly decreased the CMF negative (GSH depletion) and propidium iodide (PI) positive cells,
indicating that catalase stronglymaintained the integrity of the cellmembrane inCMFnegative cells. Taken together, these
results demonstrate that AMA potently generates ROS, induces the depletion of GSH content in HeLa cells, and strongly
inhibits the growth of HeLa cells throughout apoptosis. J. Cell. Biochem. 102: 98–109, 2007. � 2007 Wiley-Liss, Inc.
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Reactive oxygen species (ROS) include hydro-
gen peroxide (H2O2), nitric oxide (NO), super-
oxide anion (O��

2 ), hydroxyl radical (�OH), and

peroxynitrite (ONOO�). These molecules have
recently been implicated in the regulation of
many important cellular events, including
transcription factor activation, gene expression,
differentiation, and cellular proliferation
[Gonzalez et al., 2002; Baran et al., 2004;
Bubici et al., 2006]. ROS are formed as bypro-
ducts of mitochondiral respiration or precise
oxidases, including nicotine adenine diphos-
phate (NADPH) oxidase, xanthine oxidase
(XO), and certain arachidonic acid oxygenases
[Zorov et al., 2006]. A change in the redox state
of the tissue implies a change inROSgeneration
or metabolism. Principal metabolic pathways
include superoxide dismutase (SOD), which is
expressed as extracellular, intracellular, and
mitochondiral isoforms. These isoforms meta-
bolize O��

2 to H2O2. Further metabolism by
peroxidases that include catalase and gluta-
thione (GSH) peroxidase yields O2 and H2O
[Wilcox, 2002]. Cells possess antioxidant sys-
tems to control the redox state, which is impor-
tant for their survival. Excessive production of
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ROS gives rise to the activation of events that
lead to death or survival in several cell types
[Simon et al., 2000; Chen et al., 2006; Dasma-
hapatra et al., 2006; Wallach-Dayan et al.,
2006]. The exact mechanisms involved in cell
death induced by ROS are unknown, and the
protective effectmediated by some antioxidants
remains controversial.
Antimycin A (AMA) is a product that is

predominantly composed of antimycin A1 and
A3 derived from Streptomyces Kitazawensis
(Fig. 1A) [Nakayama et al., 1956]. AMA inhibits
succinate oxidase and NADH oxidase, and
also inhibits mitochondrial electron transport
between cytochrome b and c [Alexandre and
Lehninger, 1984; Campo et al., 1992; Maguire
et al., 1992; Pham et al., 2000]. The inhibition

of electron transport causes a collapse of the
proton gradient across the mitochondrial
inner membrane, thereby breaking down the
mitochondrial membrane potential (DCm)
[Campo et al., 1992; Pham et al., 2000; Balaban
et al., 2005]. This inhibition also causes the
production of ROS [Panduri et al., 2004;
Balaban et al., 2005]. There is evidence that
either the presence of ROS or the collapse
of mitochondrial membrane potential (DCm)
opens the mitochondrial permeability transi-
tion pore, which is accompanied by the release
of proapoptotic molecules such as cytochrome
c into the cytoplasm [Costantini et al., 1996;
Pastorino et al., 1999; Petronilli et al., 2001].
BecauseAMAacts directly on themitochondria,
AMA-induced apoptosis has been reported in

Fig. 1. Effects of AMAon the growth inhibition of HeLa cells in vitro.A: Structure of AMA.B: Exponentially
growing cells were treated with the indicated concentrations of AMA for 72 h. Cell growth inhibition was
assessed by MTT assays. C: Sub-G1 cells were measured with DNA flow cytometric analysis.D: The graph
shows the sub-G1 percentage of (C). E: Cells were treated with or without AMA (100 mM) for 72 h, stained
with DAPI, and observed under a fluorescence microscope (�400). The arrows indicate apoptotic nuclei
with condensedchromatin. *P< 0.05 comparedwith theAMA-untreated control group. [Color figure can be
viewed in the online issue, which is available www.interscience.wiley.com.]
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many experiments [Wolvetang et al., 1994;
Kaushal et al., 1997; de Graaf et al., 2002; King,
2005].

In the present study, we evaluated the effects
of AMA as a ROS generator on the growth of
human cervical adenocarcinoma HeLa cells,
and describe its mechanism.

MATERIALS AND METHODS

Cell Culture

Human cervical adenocarcinoma HeLa cells
weremaintained inhumidified roomair contain-
ing 5% CO2 at 37

oC. HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplementedwith 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (GIBCO BRL,
Grand Island,NY).Cellswereroutinelygrown in
100 mm plastic tissue culture dishes (Nunc,
Roskilde, Denmark) and harvested with a solu-
tion of trypsin-EDTA when they were in loga-
rithmic phase of growth. Cells were maintained
at these culture conditions for all experiments.

Reagents

AMA was purchased from Sigma-Aldrich
Chemical Company (St. Louis, MO). AMA was
dissolved in ethanol at 2� 10�2 M as a stock
solution. Pan-caspase inhibitor (Z-VAD-FMK),
caspase-3 inhibitor (Z-DEVD-FMK), caspase-8
inhibitor (Z-IETD-FMK), and caspase-9 inhibi-
tor (Z-LEHD-FMK) were obtained from R&D
Systems, Inc. (Minneapolis, MN) and dissolved
in DMSO (Sigma). SOD and catalase were
obtained from Sigma. These were dissolved in
50 mM potassium phosphate buffer at 4,733 U/
ml. All of the stock solutions were wrapped in
foil and kept at 48C or �208C.

Growth Inhibition Assay

The in vitro growth inhibition effect of AMA
on HeLa cells was determined by measuring
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) dye absorbance of living
cells as described previously [Park et al., 2000].
In brief, cells (2� 105 cells per well) were seeded
in 96-well microtiter plates (Nunc). After expo-
sure to the drug for 72 h, 50 ml of MTT (Sigma)
solution (2 mg/ml in PBS) were added to each
well, and the plates were incubated for addi-
tional 3 or 4 h at 378C.MTT solution in medium
was aspirated off. To achieve solubilization of
the formazan crystals formed in viable cells, 100
or 200 ml of DMSO were added to each well.

The optical density of each well was measured
at 570 nm using a microplate reader (Spectra
MAX 340, Molecular Devices Co., Sunnyvale,
CA). Each plate contained multiple wells at
a given experimental condition and multiple
control wells. This procedure was replicated for
2–4 plates/condition.

Sub-G1 Analysis

Sub-G1 distributions were determined by
staining DNA with propidium iodide (PI;
Sigma) as described previously [Park et al.,
2000, 2003]. In brief, 1�106 cellswere incubated
with the designated doses of AMA, SOD, and
catalase for 72 h. Cells were then washed in
phosphate-buffered saline (PBS) and fixed in
70%ethanol. Cellswere againwashedwithPBS
and then incubated with PI (10 mg/ml) with
simultaneous treatment of RNase at 378C for
30 min. The percentages of cells containing
sub-G1 DNA were measured with a FACStar
flow cytometer (Becton Dickinson, San Jose,
CA) and analyzed using lysis II and Cellfit
software (Becton Dickinson).

Western Blot Analysis

Cells were incubated with the designated
doses of AMA for 72 h. The cells were then
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 (from Sigma)). The lysates were then
collected and stored at �208C until further use.
The supernatant protein concentration was
determined by the Bradford method. Super-
natant samples containing 40 mg of total protein
were resolved by a 8, 12.5, or 15% SDS–PAGE
gel depending on the target protein sizes,
transferred onto an Immobilon-P PVDF mem-
brane (Millipore, MA) by electroblotting, and
probed with anti-Bax, anti-Bcl-2, anti-caspase-
3, and anti-PARP (Santa Cruz Biotechnology,
Santa Cruz, CA). The membranes were incu-
bated with horseradish peroxidase-conjugated
secondary antibodies. The membrane blots
were developed using an ECL kit (Amersham,
Arlington Heights, IL).

Annexin V/PI Staining

Apoptosis was determined by staining cells
with annexin V-fluorescein isothiocyanate
(FITC) and PI labeling, because annexin V can
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identify the externalization of phosphatidylser-
ine during the progression of apoptosis and,
therefore, can detect cells early in apoptosis. In
brief, cells were incubated with the designated
doses of AMA combinedwith orwithout caspase
inhibitors, SOD, or catalase for 72 h. Cells were
washed twice with cold PBS and then resus-
pended in 500 ml of binding buffer (10 mM
HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM
CaCl2) at a concentration of 1� 106 cells/ml.
Five microliters of annexin V-FITC (Phar-
Mingen, San Diego, CA) and PI (1 mg/ml) were
then added to these cells, which were analyz-
ed with a FACStar flow cytometer (Becton
Dickinson). Viable cells were negative for both
PI and annexin V; apoptotic cells were positive
for annexin V and negative for PI, whereas
late apoptotic dead cells displayed both high
annexin V and PI labeling. Non-viable cells,
which underwent necrosis, were positive for PI
and negative for annexin V.

Measurement of Mitochondrial Membrane
Potential (Dcm)

The mitochondrial membrane was monitored
using the fluorescent dye Rhodamine 123, a cell
permeable cationic dye, which preferentially
enters mitochondria based on the highly nega-
tive mitochondrial membrane potential (Dcm).
Depolarization of mitochondrial membrane
potential (Dcm) results in the loss of Rhodamine
123 from the mitochondria and a decrease in
intracellular fluorescence. In brief, cells were
incubated with the designated doses of AMA
combined with or without caspase inhibitors,
SOD, or catalase for 72 h. Cells were washed
twice with PBS and incubated with Rhodamine
123 (0.1 mg/ml; Sigma) at 378C for 30 min. PI
(1 mg/ml) was subsequently added, and Rhoda-
mine 123 and PI staining intensity were
determined by flow cytometry.

Morphological Analysis of Apoptosis by Staining
With 40-6-Diamidino-2-phenylindole (DAPI)

Cell morphology was evaluated by fluores-
cence microscopy following DAPI staining. The
cells were cultured in eight-chamber glass
slides (Lab-Tek, Nunc, Naperville, IL) contain-
ing 10% FBS in the absence or presence of AMA
(100 mM). After 72 h of incubation, the slides
were then rinsed with PBS and fixed in 80%
ethanol for at least 30 min. Cellular DNA was
stained with 1 mg/ml of DAPI dissolved in PBS
for 30 min. The slides were then visualized on a

Carl Zeiss fluorescence microscope (Germany).
DAPI permeates the plasma membrane and
yields blue chromatin. Viable cells display
normal nuclear size and blue fluorescence,
whereas apoptotic cells show condensed chro-
matin and fragmented nuclei.

Detection of Intracellular H2O2 and
O2�� Concentration

Intracellular H2O2 concentration was detect-
ed by means of an oxidation-sensitive fluores-
cent probedye, 20,70-Dichlorodihydrofluorescein
diacetate (H2DCFDA) (Invitrogen Molecular
Probes, Eugene, OR). H2DCFDA was deacety-
lated intracellularly by non-specific esterase,
which was further oxidized by cellular pero-
xides, yielding the fluorescent compound
2,7-dichlorofluorescein (DCF). Dihydroethidium
(DHE) (Invitrogen Molecular Probes) is a
fluorogenic probe that is highly selective for
the detection of superoxide anion radicals. DHE
is cell permeable and reacts with superoxide
anion to form ethidium, which in turn inter-
calates in the deoxyribonucleic acid, thereby
exhibiting a redfluorescence. In brief, cellswere
incubated with the designated doses of AMA
combined with or without caspase inhibitors,
SOD, or catalase for 72 h. Cells were then
washed in PBS and incubated with 20 mM
H2DCFDA or 5 mM DHE at 378C for 30 min
according to the instructions of the manufac-
turer. DCF fluorescence and red fluorescence
were detected by a FACStar flow cytometer
(Becton Dickinson). For each sample, 5,000 or
10,000 events were collected. H2O2 and O2��

production were expressed as mean fluores-
cence intensity (MFI), which was calculated
by CellQuest software.

Detection of Intracellular Glutathione (GSH)

Cellular GSH levels were analyzed using
5-chloromethylfluorescein diacetate (CMFDA,
Molecular Probes). CMFDA is a useful mem-
brane-permeable dye for determining levels of
intracellular GSH [Poot et al., 1991; Hedley and
Chow, 1994; Macho et al., 1997]. In brief, cells
were incubated with the designated doses of
AMA combined with or without caspase inhibi-
tors, SOD, or catalase for 72 h. Cells were then
washed in PBS and incubated with 5 mM
CMFDA at 378C for 30 min according to the
instructions of the manufacturer. Cytoplasmic
esterases convert non-fluorescent CMFDA to
fluorescent 5-chloromethylfluorescein, which
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can then react with the GSH. CMF fluorescence
intensity was determined by a FACStar flow
cytometer (Becton Dickinson), which was cal-
culated byCellQuest software. For each sample,
5,000 or 10,000 events were collected.

Statistical Analysis

Results represent the means of at least two
or three independent experiments; bar, SEM.
Statistical analysis was performed using
Student’s t-test to evaluate differences between
the groups. Microsoft Excel software was used
for this analysis. Statistical significance was
defined as P< 0.05.

RESULTS

Effects of AMA on the Growth
Inhibition in the HeLa Cell

We examined the effect of AMA on the
growth of HeLa cells using an MTT assay.
Dose-dependent inhibition of cell growth was
observed in HeLa cells with an IC50 of approxi-
mately 50 mM following treatment with AMA
for 72 h (Fig. 1B). We performed an in vitro
apoptosis detection assay to determine whether

AMA could induce apoptosis in HeLa cells.
As shown in Figure 1C,D, AMA increased the
sub-G1 population in a dose-dependent manner
at 72 h. Following exposure to 100 mM AMA,
the percentage of HeLa cells in the sub-G1
phase was elevated to about 70%. To character-
ize the cell death induced byAMA,we examined
the nuclear morphologies of dying cells using a
fluorescent DNA-binding agent, DAPI. HeLa
cells treatedwith 100mMofAMAat 72hdisplay-
ed typical morphological features of apoptosis
cells, that is, condensed nuclei (Fig. 1E) with no
cytoplasmstainedwith b-tubulin and separated
apoptotic bodies (data not shown).

Effects of AMA on the Plasma Membrane,
Mitochondrial Transmembrane Potential (DCm),
and Apoptotic-Related Proteins in HeLa Cells

To further confirmand evaluate the induction
of apoptosis, we stained cells with annexin V
and PI. As with the percentages of the sub-G1
group cells assessed by flow cytometry, the
proportion of annexin V-staining cells in the
AMA-treated cells was increased strongly in a
dose-dependent manner (Fig. 2A,B), which
supports the finding that AMA-induced HeLa

Fig. 2. Effects of AMAon the plasmamembrane,mitochondrial
transmembrane potential (DCm), and apoptosis-related proteins
in HeLa cells. Exponentially growing cells were treated with the
indicated concentration of AMA for 72 h.A: Cellswith annexinV
staining were measured with a FACStar flow cytometer. B: The
graph shows the percentages of annexinV positive cells from (A).
C: Aliquots of 40 mg of protein extracts were resolved by 15%
SDS–PAGE gel, transferred onto the PVDF membrane, and
immunoblotted with the indicated antibodies, Bax and Bcl-2.

D: Cells stained with Rhodamine 123 were measured with a
FACStar flow cytometer. E: The graph shows the percentages of
Rhodamine 123 negative cells from (D). F: Aliquots of 40 mg
of protein extracts were resolved by 10–12.5% SDS–PAGE
gel, transferred onto the PVDF membrane, and immunoblotted
with the indicated antibodies, caspase-3 and PARP. *P<0.05
compared with the AMA-untreated control group. [Color figure
can be viewed in the online issue, which is available
www.interscience.wiley.com.]
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cell death occurs via apoptosis. We also could
detect HeLa cells with a modest amount of
necrosis (annexin V negative and PI positive
proportion cells).
Concerning the relationship between Bcl-2

and Bax regulation during AMA-induced apop-
tosis, Bcl-2 protein was decreased and Bax
levels were increased at 72 h (Fig. 2C), which
suggests that apoptosis induced byAMAmaybe
mediated through the down- and up-regulation
of apoptosis-related proteins inBcl-2 andBax in
HeLa cells, respectively.
To elucidate the effect of AMA on mitochon-

drial membrane potential (DCm), cells were
treated with the indicated doses of AMA for
72 h. The percentages of cells staining negative
for Rhodamine 123 showed a very similar
pattern to the cells staining positive for annexin
V after treatment with AMA (Fig. 2D,E). Fol-
lowingexposure to 100mMAMA, thepercentage
of cells staining negative Rhodamine 123 was
elevated to about 95%. Next, we wanted to
determine whether AMA might activate cas-
pase-3 during the induction of apoptosis,
because caspase-3 plays an essential role as
an executor in apoptosis. We observed that a
32 kDa precursor (procaspase-3) was very
slightly degraded at the concentration of
50 mM AMA (Fig. 2F), indicating that the
activation of caspase-3 was low. In regard to
poly(ADP-ribose) polymerase (PARP) protein,
a major substrate for executed caspases and a
hallmark of apoptosis,Western blotting showed
that the intact 116 kDa moiety of PARP was
degraded by AMA (Fig. 2F). These results
indicate conclusively that AMA-induced apop-
tosis in HeLa cells was accompanied by the loss
of mitochondrial membrane potential (DCm),
Bcl-2 down-regulation, Bax up-regulation, and
PARP degradation.

Effects of Caspase Inhibitors on
AMA-Induced Apoptosis

To determine which caspases are required for
the induction of apoptosis by AMA, we treated
cells with pan-caspase inhibitor (Z-VAD-FMK),
caspase-3 inhibitor (Z-DEVD-FMK), caspase-8
inhibitor (Z-IETD-FMK), and caspase-9 inhibi-
tor (Z-LEHD-FMK)at a concentration of12.5mM
(Fig. 3). Inhibitors for caspase-3, caspase-8, and
caspase-9 did not prevent apoptotic events in
AMA-treated HeLa cells at 72 h in view of
annexin V positive staining (Fig. 3A,C), but
decreased the loss of mitochondrial membrane

potential (DCm) (Fig. 3B,D). Pan-caspase
inhibitor (Z-VAD-FMK) significantly reduced
AMA-induced apoptosis (Fig. 3). When we used
the caspase inhibitors at a dose of 25 mM,we did
not observe any significant difference in the
rescuing of cells from apoptosis (data not
shown).

Effects of Caspase Inhibitors on ROS and GSH
Production in AMA-Treated HeLa Cells

Toelucidate the involvement ofH2O2 inAMA-
induced HeLa cell death, we assessed the H2O2

levels by using H2DCFDA fluorescence. As
shown in Fig. 4A,D, H2O2 levels were increased
inHeLa cells exposed toAMA for 72 h. In regard
to the H2O2 levels in relation to caspase
inhibitors, inhibitors for caspase-3 and -8 sig-
nificantly increased H2O2 levels in AMA-trea-
ted HeLa cells (Fig. 4A,D). However, pan-
caspase inhibitor decreased the intracellular
H2O2 levels (Fig. 4A,D). Next, we attempted to
detect the change of O��

2 in AMA-induced HeLa
cell death. Red fluorescence derived from DHE,
reflecting O��

2 accumulation, was significantly
increased in the AMA-treated cells (Fig. 4B,E).
In regard to the O��

2 levels in relation to caspase
inhibitors, inhibitors for pan-caspase signifi-
cantly reduced the intracellular O��

2 levels
(Fig. 4B,E). In contrast, inhibitor for caspase-8
significantly increased the intracellular O��

2

levels (Fig. 4B,E).
CellularGSHhas been shown to be crucial for

regulation of cell proliferation, cell cycle pro-
gression, and apoptosis [Poot et al., 1995;
Schnelldorfer et al., 2000]. Therefore, we ana-
lyzed the changes of GSH levels of HeLa cells by
using CMF fluorescence. The M1 population of
HeLa cells showed a lower level of intracellular
GSH content. AMA significantly elevated the
percentages of cells residing in the M1 popula-
tion, from 8% to 19% at 72 h (Fig. 4), indicating
depletion of the intracellular GSH content of
HeLa cells by AMA. Pan-caspase and caspase-3
inhibitors induced partial recovery of the GSH
depletion induced by AMA. Inhibitors for cas-
pase-8 and -9 did not alter the GSH content in
AMA-treated cells (Fig. 4F).

Effects of SOD and Catalase on ROS Production,
GSH Depletion, and Apoptosis in

AMA-Treated HeLa Cells

Next, to determine whether ROS production
and GSH depletion in AMA-treated HeLa cells
were changed by SOD and catalase, HeLa cells
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were treated with AMA in the presence or
absence of SOD (30 U/ml) or/and catalase
(30 U/ml) for 72 h. As shown in Figure 5A,D,
SOD and catalase did not alter the level of H2O2

in AMA-treated HeLa cells. In regard to the O��
2

levels in relation to SOD and catalase, neither
changed the O��

2 levels (Fig. 5B,E). When we
assessed the levels of intracellular GSH, SOD
and catalase could not inhibit the depletion of
GSH content in HeLa cells treated with AMA
(Fig. 5C,F), andno synergistic or additive effects
of SOD and catalase on the ROS production and
GSH content were detected.

Next, we examined whether SOD and cata-
lase could prevent AMA-induced HeLa cell
death. SOD and catalase significantly decreas-
ed apoptosis in HeLa cells treated with AMA
(Fig. 6). Catalase strongly decreased apoptosis,
by approximately 10%. In addition, catalase
was stronger in reducing the loss of mitochon-

drial transmembrane potential (DCm) in AMA-
treated HeLa cells than SOD (22% vs. 9%)
(Fig. 6C,F). There were no synergistic or
additive effects of SOD and catalase on the
reduction of apoptosis. In regard to CMF
negative and PI positive cells, SOD did not
reduce the proportion of CMF negative and PI
positive cells induced by AMA. However, cata-
lase significantly decreased the proportion of
CMF negative and PI positive cells, indicating
that catalase strongly maintained the integrity
of the cell membrane in CMF negative cells
(Fig. 7).

DISCUSSION

We focused on the apoptotic roles of AMA as a
ROS generator in HeLa cells. We have also
demonstrated that AMA inhibited the prolifera-
tion of HeLa cells by triggering apoptosis.

Fig. 3. Effects of caspase inhibitors on AMA-induced apoptosis. Exponentially growing cells were treated
with the indicated caspase inhibitors (12.5 mM) in addition to AMA for 72 h. Annexin V staining cells (A) and
Rhodamine 123 negative staining cells (B) were measured with a FACStar flow cytometer. The graphs show
the percentage of annexin V positive staining cells from (A) (C) and Rhodamine 123 negative staining cells
from (B) (D). *P< 0.05 compared with the control group. #P<0.05 compared with the cells treated with
only AMA.
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The susceptibility to AMA in assessment of
apoptosis is dependent on cell type. For exam-
ple, As4.1 juxtaglomerular cells were extremely
sensitive, even to an AMA concentration of
50 nM concentration [Park et al., 2006]. How-
ever, this dose could not induce apoptosis in
myelogenous leukemia HL-60 cells [King and
Radicchi-Mastroianni, 2002; King, 2005] or in
theHeLa cells used in this experiment and lung
carcinoma Calu-6 cells (data not shown).
To gain insight into themolecularmechanism

involved in apoptosis caused by AMA, expres-
sion of the apoptosis-related proteins and
changes in mitochondrial transmembrane
potential (DCm) were assessed in HeLa cells.
We predicted that the Bax to Bcl-2 ratio would

be increased, since many apoptotic agents
increase Bax protein and/or decrease Bcl-2
protein in their target cells during the apoptotic
process. Similarly, we showed that induction of
apoptosis was accompanied by elevation in the
Bax to Bcl-2 ratio due to the up-regulation of
Bax and down-regulation of Bcl-2 protein. p53
induces cell cycle arrest or apoptosis in response
to DNA damage and regulates Bax and Bcl-2
protein expression [Coutts and La Thangue,
2006]. Unfortunately, in our experiment, we
could not detect the basal expression of p53
protein in HeLa cells. However, we have
reported that the expression of p53 was drama-
tically increased in AMA-treated As4.1 cells,
suggesting that apoptosis is triggered by AMA

Fig. 4. Effects of caspase inhibitors on intracellular ROS and GSH production in AMA-treated HeLa cells.
Exponentially growing cells were treatedwith the indicated caspase inhibitors (12.5 mM) in addition to AMA
for 72 h. A: Intracellular H2O2 level, which is derived from the cells in the R2 region of the FSC and SSC dot
plot. B: Intracellular O��

2 level from the R2 region. C: Intracellular GSH level. The graphs show the levels of
meanDCF fluorescence of (A) (D), meanDHE fluorescence of (B) (E), andmean CMF fluorescence of (C) (F).
*P<0.05 compared with the control group. #P< 0.05 compared with the cells treated with only AMA.
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in a p53-dependent manner. Therefore, we
could not rule out the role of p53 in apoptosis
of HeLa cells induced by AMA. It has been
suggested that a high ratio of Bax to Bcl-2 can
cause the collapse of mitochondrial membrane
potential (DCm), resulting in the release of
cytochrome c and apoptosis [Yang et al., 1997].
According to our data, AMA induced the loss of
mitochondrial membrane potential (DCm) in
HeLa cells. Notably, there were similar levels
of annexin V positive staining and Rhodamine
123 negative staining cells, which suggest that
apoptosis is tightly connected to or dependent
on the loss of mitochondrial membrane poten-
tial (DCm).

Cytochrome c in cytosol forms an apoptosome
that is composed of Aaf-1 and procaspase-9,
resulting in activation of caspase-9. Caspase-9
activates the effector procaspases, including
procaspase-3, to carry out the process of apop-
tosis [Cohen, 1997]. Correspondingly, caspase-3
was slightly activated and PARP protein was
degraded by AMA in our experiments. To
determine which caspases are required for the

induction of apoptosis by AMA, we treated cells
with caspase inhibitors. Only pan-caspase inhi-
bitor (Z-VAD-FMK) significantly prevented the
AMA-induced apoptosis for 72 h. However,
caspase inhibitors for caspase-3, -8, and -9
slightly attenuated AMA-induced cell death,
and activation of caspase-3 by antimycin was
not significant. These data suggest that execu-
tor caspases such as caspase-6 and/or caspase-7
are required in addition to AMA for full
induction of apoptosis. The modes of caspase
activation during apoptosis by AMA may be
dependent on cell type. Although there were
differences in the incubation time and con-
centration of caspase inhibitors, inhibitors for
pan-caspase and caspase-8 were effective for
rescuing HL-60 cells from AMA-induced apop-
tosis [King and Radicchi-Mastroianni, 2002;
King, 2005], and inhibitors for pan-caspase
and caspase-8 could efficiently prevent the loss
of mitochondrial membrane potential (DCm) in
AMA-treated As4.1 cells. Z-VAD could effi-
ciently prevent the AMA-induced apoptosis in
Calu-6 lung carcinoma cells, and inhibitors of

Fig. 5. Effects of SOD and catalase on the intracellular ROS and GSH production in AMA-treated HeLa
cells. Exponentially-growing cells were treated with SOD and catalase in addition to AMA for 72 h. (A) The
intracellularH2O2 levels. (B) The intracellularO2

�� levels. (C) The intracellularGSH levels. The graphs show
the levels of mean DCF fluorescence of A (D) and mean DHE fluorescence of B (E), and the percent of CMF
negative fluorescence cells of C (F). * P<0.05 as compared with the control group.

106 Park et al.



caspase-3, -8, and -9 also performed weakly in
these cells (unpublished data).
AMA can disturb the natural oxidation/

reduction equilibrium in cells by causing a
breakdown in the mitochondrial membrane
potential (DCm) [Campo et al., 1992; Pham
et al., 2000; Balaban et al., 2005]. It has been
reported that increased intracellular H2O2

plays an important role in AMA-induced cell
death in liver cells [Chen et al., 2005; Chen and
Yan, 2005] and A549 human lung cancer cells
[Panduri et al., 2004]. Additionally, increases in
O��

2 levels by AMAwere reported in human lung
epithelial cells [Li et al., 2002]. These data
suggest that the apoptotic effects of AMA are
comparable to intracellular ROS levels, espe-
cially those of H2O2. Therefore, to elucidate
the involvement of ROS such as H2O2 and O��

2

in AMA-induced HeLa cell death, we assessed
these ROS levels by using H2DCFDA and DHE
fluorescence. Our data showed that the intra-
cellular H2O2 and O��

2 levels were increased in
the AMA-treated HeLa cells. Pan-caspase inhi-
bitor,which reducedapoptosis inducedbyAMA,
decreased the intracellularH2O2 andO��

2 levels.
However, caspase-8 inhibitor showing addi-
tional accumulation of H2O2 and O��

2 did not
enhance apoptosis, and the increase of H2O2 by
caspase-3 inhibitor did not affect apoptosis
in AMA-treated HeLa cells. In addition, SOD
and catalase significantly inhibited apoptosis
in AMA-treated HeLa cells without significant
reduction of intracellular ROS levels. Our
results indicated that the changes of ROS by
AMA were not entirely correlated with apopto-
sis in HeLa cells. However, we cannot rule out

Fig. 6. Effects of SOD and catalase on AMA-induced apoptosis. Exponentially-growing cells were treated
with SOD, catalase, and AMA for 72 h. (A) Sub-G1 cells, (B) annexin positive cells, and (C) Rhodamine 123
negative cellsweremeasured by flowcytometric analysis as described inMaterials andMethods. The graphs
show the percentages of sub-G1 population from (A) (D), annexin positive cells from (B) (E), and Rhodamine
123negativecells from (C) (F). *P<0.05comparedwith thecontrol group. #P< 0.05comparedwith thecells
treated with only AMA.
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the possibility that the increased ROS levels by
AMA influence only the cells at the early time to
trigger apoptosis, because all the cells treated
with agents were assessed at the time of 72 h in
this experiment and we could detect the
increased ROS levels within 20 min (data not
shown). The exact mechanisms of cell death
through intracellular ROS in AMA-treated
HeLa cells still need to be defined further.

GSH is amain non-protein antioxidant in the
cell, and it is able to clear away superoxide anion
free radicals and provide electrons for enzymes
such asGSHperoxidase, which reducesH2O2 to
H2O. It has been reported that the intracellular
GSH content has a decisive effect on anticancer
drug-induced apoptosis, indicating that apopto-
tic effects are inversely comparative to GSH
content [Higuchi, 2004; Estrela et al., 2006].
Likewise, our results clearly indicated the

depletion of intracellular GSH content by
AMA in HeLa cells. In fact, pan-caspase inhi-
bitor showing the inhibition of apoptosis in
AMA-treated HeLa cells showed significant
recovery of GSH depletion. However, SOD and
catalase can rescue cells from AMA-induced
cell death without recovery of GSH depletion.
Catalase had a strong anti-apoptotic ability
compared to SOD.This abilitywas supported by
the observation that the cleavage of poly(ADP-
ribose) polymerase (PARP) protein, a hallmark
of apoptosis, was completely prevented by
catalase in AMA-treated cells (data not shown).
Interestingly, catalase strongly maintained the
integrity of the plasma membrane in CMF
negative cells (Fig. 7). These results suggest
that GSH content depletion is not entirely, but
is at least partially, correlated to apoptosis in
HeLa cells, and also suggest that unknown
catalase-regulated factors play a role in main-
tenance of plasma membrane integrity.

In conclusion, we have demonstrated that
AMA potently generates ROS, induces the
depletion of GSH content in HeLa cells, and
potently inhibits the growth of HeLa cells
through apoptosis.
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