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Involvement of MAPK, Bcl-2 family, cytochrome c,
and caspases in induction of apoptosis by 1,6-0,0-
diacetylbritannilactone in human leukemia cells
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1,6-0, O-diacetylbritannilactone (OODBL) isolated from Inula britannica, exhibits potent antitumor
activity against several human cancer cell lines. However, the molecular mechanism of OODBL in
the induction of anticancer activity is still unclear. In the present study, we demonstrated that OODBL
induced the occurrence of apoptosis in human leukemic (HL-60) cells and cell arrest at the S phase.
On the other hand, activation of caspase-8, -9, and -3, phosphorylation of Bcl-2 and Bid, and increa-
sed release of cytochrome ¢ from mitochondria into cytosolic fraction were detected in OODBL-trea-
ted HL-60 cells. We further demonstrated that production of reactive oxygen species (ROS), activa-
tion of mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) signaling path-
ways may play an important role in OODBL-induced apoptosis. The results from the present study
highlight the molecular mechanisms underlying OODBL-induced anticancer activity.
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1 Introduction

During the past decade, a large number of natural products
and dietary components have been evaluated as potential
chemopreventive agents [1]. Dietary factors play important
roles in human health and the development of certain
chronic diseases, including cancer [2, 3].

Inula, from Compositae, exists as more than 100 species,
and it is found mainly in Europe, Africa, and Asia. lnula H
britannica is a wild plant found in Eastern Asia, namely | | )=o
China, Korea, and Japan. Britannilactone (BL), 1-O-acetyl- CrsCo0 CHyCO0 H
britannilactone (OABL), and 1,6-O,O-diacetylbritannilac-
tone (OODBL) (Fig. 1), isolated from /. britannica, exhibit
potent antitumor activities against several human cancer
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Figure 1. The chemical structures of BL, OABL, and OODBL.
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cell lines [4, 5]. The antitumor properties of OODBL has
been studied with respect to apoptosis and cell cycle arrest
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[4, 6]. The molecular mechanisms of apoptosis by OODBL
remain largely unclear, but appear to involve modulation of
multiple apoptotic regulatory proteins.

Many recent studies have indicated that anticancer drugs
or cancer chemopreventive agents act through the induction
of apoptosis to prevent tumor promotion, progression, and
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the occurrence of cellular inflammatory responses other
than necrosis [7, 8]. Apoptosis is also a gene-directed form
of cell death with well-characterized morphological and
biochemical features [9]. Initiation of apoptosis appears to
be a common mechanism of many cytotoxic agents used in
chemotherapy. The Bcl-2 family of proteins is predomi-
nantly situated upstream of irreversible cellular damage in
the intrinsic apoptotic pathway, including antiapoptotic pro-
teins such as Bcl-2 and Bcl-X,. and proapoptotic proteins
such as Bad, Bid, Bim, Bax, and Bak [10]. A recent study
suggests that mitogen-activated protein kinases (MAPKSs)
include stress-activated protein kinases such as c-Jun NH2-
terminal kinases (JNK) and p38 play important roles in trig-
gering apoptosis in response to various cellular stressors
including oxidative stress. Bcl-2 has been reported to be
phosphorylated by JNK in response to different stimuli
[11]. The phosphorylation of Bcl-2 has been described as
an important step from microtubule damage to apoptosis
[12]. Furthermore, Bid is believed to be relatively inactive
in the cytosol until proteolytically cleaved by caspase-8.
However, the apoptotic pathways in which Bid plays a role
are not yet fully characterized. Recent studies suggest that
Bid is phosphorylated by DNA-damage kinase ATM
(Ataxia-telangiectasia mutated) and may play an important
role for S phase arrest [13, 14].

In the current study, we examined the antiproliferative
effects of OODBL and structurally related compounds on
human leukemia cells. Our results demonstrate that
OODBL can induce apoptosis in a dose-dependent manner
in HL-60 cells. We further evaluated the molecular mechan-
isms of apoptotic effects induced by OODBL. It is sug-
gested that OODBL modulates the production of reactive
oxygen species (ROS), the phosphorylation of Bcl-2 and
Bid through the activation of JNK/p38, the release of cyto-
chrome ¢, and the activation of caspases in OODBL-
induced apoptosis.

2 Materials and methods

2.1 Cell culture and chemicals

Human promyelocytic leukemia (HL-60) cells obtained
from American Type Culture Collection (Rockville, MD,
USA) were grown in 90% RPMI 1640 and 10% fetal bovine
serum (Gibco BRL, Grand Island, NY, USA), supplemented
with 2 mM glutamine (Gibco BRL), 1% penicillin/strepto-
mycin (10 000 U of penicillin/mL and 10 mg streptomycin/
mL). Medium was normally changed to phenol red-free
RPMI 1640 before polyphenol treatment. Propidium iodide
was obtained from Sigma Chemical (St. Louis, MO, USA).

2.2 Extraction and isolation

The air-dried, powered flower material was percolated with
95% EtOH at room temperature. A combination of column
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chromatography on silica gel, Sephadex LH-20, and pre-
parative HPLC of the chloroform-soluble portion of the
ethanol extract from the flowers of I. britannica var. chinen-
sis gave three compounds, BL, OABL, and 1,6-O,O-diac-
etylbriannilactone (OODBL) [4].

2.3 Determination of cell viability

Cell viability was determined at indicated compounds
based on the trypan blue exclusion method. Briefly, HL-60
cells were plated at a density of 1x 10°cells/mL into
24-well plates. After overnight growth, cells were pre-
treated with a series of concentrations of OODBL for 24 h.
The final concentrations of DMSO in the culture medium
were <0.05%. The viability percentage was calculated
based on the percentage of unstained cells as described pre-
viously [15].

2.4 Acridine orange staining assay

Cells (5 x 10°) were seeded into 60-mm Petri dishes and
incubated at 37°C for 24 h. The cells were harvested after
treatment for 24 h, and 5 pL of cell suspension was mixed
on a slide with an equal volume of acridine orange solution
(10 pg/mL in PBS). Green fluorescence was detected
between 500 and 525 nm by using an Olympus microscope
(Olympus America, Lake Success, NY, USA). Bright-stain-
ing condensed chromatin was detected in apoptotic cells.

2.5 Scanning electron microscopy analysis

Scanning electron microscopy (SEM) was used to examine
the surface topography of the OODBL-treated HL-60 cells
(Hitachi S-3500N). Cells were seeded at a density of
2 x 10° cells/mL onto six-wells tissue culture plates. After
overnight growth, cells were treated with 50 uyM OODBL,
and the final concentrations of DMSO in the culture med-
ium were <0.1%. Following 24 h of incubation with 50 uM
OODBL, the cell morphology was assessed by SEM.
Briefly, cells were rinsed three times with PBS and then
fixed with 3% paraformaldehyde for 10 min. After a final
rinse with PBS, a contrast treatment in 1% osmium tetrox-
ide (Alfa, Ward Hill, MA, USA) for 1 h was performed, fol-
lowed by extensive rinsing in PBS and dehydration through
a graded series of ethanol from 30, 50, 70, 90, and 100%.
After air-drying, surfaces were thinly sputter coated with
platinum (Ion Sputter, E-1010, Hitachi; with 15 mA for
~5 min). Cells on polished titanium disks and on glass cover
slips were used as controls.

2.6 Flow cytometry

HL-60 cells (2 x 10%) were cultured in 60-mm Petri dishes
and incubated for a further 24 h. The cells treated with vari-
ous concentrations (5, 10, 25, 50, and 100 pM) of com-
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pounds for 24 h or 50 uM OODBL for the indicated time
(3, 6,9, 12, 18, and 24 h). The cells were then harvested,
washed with PBS, resuspended in 200 pL of PBS, and fixed
in 800 uL of iced 100% ethanol at —20°C. After being left
to stand overnight, the cell pellets were collected by centri-
fugation, resuspended in 1 mL of hypotonic buffer (0.5%
Triton X-100 in PBS and 0.5 pg/mL RNase), and incubated
at 37°C for 30 min. Next, 1 mL of propidium iodide solu-
tion (50 pg/mL) was added, and the mixture was allowed to
stand on ice for 30 min. Fluorescence emitted from the pro-
pidium iodide-DNA complex was quantitated after excita-
tion of the fluorescent dye by FACScan cytometry (Becton
Dickinson, San Jose, CA, USA).

2.7 ROS production determination

ROS production was monitored by flow cytometry using
dichlorodihydrofluorescein diacetate (DCFH-DA). This
dye is readily diffused into cells and is hydrolyzed by intra-
cellular esterase to yield DCFH, which is trapped within the
cells. Hydrogen peroxide or low M, peroxides produced by
the cells oxidize DCFH to the highly fluorescent compound
2/, 7'-dichlorofluorescein (DCF). Thus, the fluorescence
intensity is proportional to the amount of peroxide pro-
duced by the cells. Cells were treated with OODBL
(50 uM) for different time periods, and DCFH-DA (30 uM)
was added into the medium for a further 30 min at 37°C.

2.8 Analysis of mitochondrial transmembrane
potential

The change of the mitochondrial transmembrane potential
was monitored by flow cytometry. Briefly, HL-60 cells
were exposed to OODBL (50 uM) for different time peri-
ods, and the mitochondrial transmembrane potential was
measured directly using 40 nM 3,3’-dihexyloxacarbocya-
nine [DiOC6(3)] (Molecular Probes, Eugene, OR, USA).
Fluorescence was measured after staining of the cells for
30 min at 37°C. Histograms were analyzed using Cell Quest
software and were compared with histograms of control
untreated cells.

2.9 Western blotting

The nuclear and cytosolic proteins were isolated from
HL-60 cells after treatment with 50 uM OODBL for 0, 3, 6,
9,12, 18, and 24 h. The total proteins were extracted via the
addition of 200 puL of gold lysis buffer (50 mM Tris-HCI,
pH 7.4; 1 mM NaF; 150 mM NaCl; 1 mM EGTA; 1 mM
phenylmethanesulfonyl fluoride; 1% NP-40; and 10 pg/mL
leupeptin) to the cell pellets on ice for 30 min, followed by
centrifugation at 10 000 x g for 30 min at 4°C. The cytoso-
lic fraction (supernatant) proteins were measured by
BioRad protein assay (BioRad Laboratories, Munich, Ger-
many). The samples (50 pg of protein) were mixed with
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5 x sample buffer containing 0.3 M Tris-HCI (pH 6.8), 25%
2-mercaptoethanol, 12% SDS, 25 mM EDTA, 20% gly-
cerol, and 0.1% Bromophenol blue. The mixtures were
boiled at 100°C for 5 min and were subjected to 12% SDS-
polyacrylamide minigels at a constant current of 20 mA.
Subsequently, electrophoresis was ordinarily carried out on
SDS-polyacrylamide gels. After electrophoresis, proteins
on the gel were electrotransferred onto an immobile mem-
brane (PVDF; Millipore, Bedford, MA, USA) with transfer
buffer composed of 25 mM Tris-HCI (pH 8.9), 192 mM
glycine, and 20% methanol. The membranes were blocked
with blocking solution containing 20 mM Tris-HCI and
then immunoblotted with primary antibodies including
anti-Bcl-2, anti-Bcl-X;, anti-Bad, anti-Bax, anti-B-actin
(Santa Cruz Biotech.), antipoly(ADP-ribose)polymerase
(PARP; UBI, Lake Placid, NY, USA), anti-Bid, anticaspase-
8, anticaspase-3, anticaspase-9, anti-Fas, and Fas-L (Trans-
duction Laboratory, Lexington, KY), and anti-DNA frag-
mentation factor (DFF)-45/inhibitor of caspase-activated
DNase (ICAD) antibody (MBL, Naka-Ku, Nagoya, Japan)
at room temperature for 1 h. The antiphospho-JNK, anti-
phospho-p38 (Thr180/Tyr182), JNK, and p38 obtained
from Cell Signaling Technology (Beverly, MA, USA) were
used to determine the level of phosphorylated proteins.
Detection was achieved by measuring the chemilumines-
cence of blotting agent (ECL, Amersham, Arlington
Heights, IL, USA), after exposure of the filters to Kodak
X-Omat films. The cytochrome ¢ protein was detected by
using anticytochrome ¢ antibody (Research Diagnostic,
Flanders, NJ, USA).

2.10 Activity of caspase

HL-60 cells (2 x 10°) were cultured in 100-mm Petri dishes.
After 24 h of incubation, cells were treated with OODBL
(50 uM) for various times. Cells were collected and washed
with PBS and suspended in 25 mM HEPES (pH 7.5), 5 mM
MgCl,, 5 mM EDTA, 5 mM dithiothione, 2 mM phenyl-
methanesulfonyl fluoride, 10 pg/mL pepstatin A, and
10 pg/mL leupeptin after treatment. Cell lysates were clari-
fied by centrifugation at 12 000 x g for 20 min at 4°C. Cas-
pase activity in the supernatant was determined by a fluoro-
genic assay (Promeaga’s CaspACE Assay System, Madi-
son, WI, USA). Briefly, 50 ug of total protein, as deter-
mined by BioRad protein assay (BioRad Laboratories), was
incubated with 50 uM substrate Ac-Try-Val-Ala-Asp-
AMC (Ac-YVAD) (caspase-1-specific substrate), Ac-Asp-
Glu-Val-Asp-AMC (Ac-DEVD-AMC) (caspase-3-specific
substrate), Ac-Ile-Glu-Thr-Asp-AMC (Ac-IETD-AMC)
(caspase-8-specific substrate), or Ac-Leu-Glu-His-Asp-
AMC (Ac-LEHD-AMC) (caspase-9-specific substrate) at
30°C for 1h. The release of methylcoumaryl-7-amine
(AMC) was measured by excitation at 360 nm and emission
at 460 nm using a fluorescence spectrophotometer (Hitachi,
F2000).
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3 Results

3.1 Treatment with BL, OABL, and OODBL cause
dose-dependent reductions in cell survival

Previous studies have shown that sesquiterpene lactones
from I. britannica are potent antiproliferation and antican-
cer agents [4]. Here we investigated the cytotoxicity of BL,
OABL, and OODBL. The structure of compounds is illu-
strated in Fig. 1. We first tested the effect of BL, OABL,
and OODBL on cell viability. Human leukemia HL-60 cells
were treated with different concentrations of BL, OABL,
and OODBL. After 24 h of treatment, the number of live
cells was determined by means of trypan blue exclusion
method. As shown in Fig. 2, OODBL is a more potent inhi-
bitor of cell viability than BL and OABL. The inhibition of
cell viability of OODBL was found to be dose-dependent
with an ICso of 18 uM.
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Figure 2. Effect of BL, OABL, and OODBL on the cell survival
of HL-60 cells. HL-60 cells were treated with different concen-
trations of BL, OABL, and OODBL for 24 h. HL-60 cells were
either treated with 0.1% DMSO as vehicle control. Cell viability
was then determined by trypan blue assay as described in
Section 2. Data were represented as means + SE for three
determinations.

3.2 OODBL-induced apoptosis in human leukemia
cells

To characterize the cell death induced by OODBL, we
examined the nuclear morphology of dying cells with a
fluorescent DNA-binding agent, acridine orange, and SEM.
As shown in Fig. 3, within 24 h of treatment with 50 uM
OODBL, cells clearly exhibited significant chromosomal
condensation (Fig. 3A) and morphological changes (Fig.
3B), which is indicative of apoptotic cell death. Such results
imply that the cytotoxic action of OODBL was due to its
ability to induce apoptosis. As described previously [16],
the apoptotic cell is characterized by specific changes in the
presence of a subdiploid peak. To investigate the induction
of a sub-G1 cell population, the DNA content of HL-60
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(A) control

Figure 3. Chromatin condensation and morphological
changes induced by OODBL in HL-60 cells. (A) HL-60 cells
were treated with 0.05% DMSO as vehicle control or with 50
and 100 uM OODBL for 24 h, and cells were harvested and
washed with PBS followed by staining with acridine orange.
The nuclear staining was examined by fluorescence micro-
scopy. Apoptotic cells are shown as white arrowheads. (B)
HL-60 cells were treated with 50 DBL for 24 h, the morpholo-
gical change was determined by SEM (8000 x ). The data pre-
sented are representative of three independent experiments.

cells treated with BL, OABL, and OODBL for various con-
centrations was analyzed by flow cytometry (Fig. 4). As
seen in Fig. 4A, the data indicated that BL had less ability
of apoptosis in HL-60 cells. OABL obviously induced
apoptosis after incubation with 50 and 100 uM, the percen-
tages of apoptotic cells were 20.13 and 40.22% (Fig. 4B).
Among them, OODBL was the most potent inducer of
apoptosis in HL-60 cells. The percentages of apoptotic cells
were 20.04, 20.51, 49.86, 58.76, and 64.23% after incuba-
tion with 5, 10, 25, 50, and 100 uM OODBL, respectively
(Fig. 4C). As shown in Fig. 4D, OODBL-induced apoptosis
in HL-60 cells in a time dependent manner.

3.3 Activation of caspases-9, -3, and -8 but not
caspase-1, are involved in OODBL-induced
apoptosis

We then asked whether caspases were involved in the cell
death response induced by OODBL. Caspases are activated
in a sequential cascade of cleavages from their inactive
forms [17]. As shown in Fig. 5A, caspases-8, -9, and -3
were time-dependently activated by OODBL. Once acti-
vated, caspases can subsequently cleave their substrates at
specific sites. For example, caspase-3 cleaves preferentially
after a DXXD! X, whereas caspase-1 cleaves at YXXD!X.
To monitor the enzyme activity of caspases during
OODBL-induced apoptosis, we used four fluorogenic pep-
tide substrates. Ac-IETD-AMC, Ac-LEHD-AMC, Ac-
DEVD-AMC, and Ac-YVAD-AMC are specific substrate
for caspases-8, -9, -3, and -1 activity, respectively. As illu-
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Figure 4. Induction of apoptosis in HL-60 cells by different concentrations of BL, OABL, and OODBL. HL-60 cells were treated with
0, 5, 10, 25, 50, and 100 uM of BL (A), OABL (B), and OODBL (C), respectively, and treated with 50 uM OODBL for indicated time
and Sub-G1 cells in compounds-treated HL-60 cells were determined by flow cytometry. The method of flow cytometry used is

described in Section 2. Sub-G1 represents apoptotic cells with a lower DNA content. The data presented are representative of three
independent experiments.

strated in Fig. 5B, OODBL (50 uM) induced a dramatic 85-kDa fragmentation during apoptosis [18]. As was
increase in caspases-3, -8, and -9 activity in treated HL-60 already described, ICAD is a mouse homolog of human
cells. In contrast to the increase in caspase-3 activity, negli- DFF-45. Caspase-3 cleaves DFF-45, and once caspase-acti-
gible caspase-1 activity was observed. Activation of cas- vated deoxyribonuclease (CAD) is released, it can enter the
pase-3 leads to the cleavage of a number of proteins, one of nucleus where it degrades chromosomal DNA to produce
which is PARP. The cleavage of PARP is the hallmark of interchromosomal DNA fragmentation [19, 20]. Figure 5C
apoptosis. PARP (116-kDa) is cleaved to produce an shows that exposure of HL-60 cells to OODBL causes
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Figure 5. Intracellular response of caspases activation in OODBL-treated HL-60 cells. (A) HL-60 cells were treated with OODBL
(50 uM) for various times. Proteins (50 pg/lane) were separated by SDS-PAGE, immunoblotted with anticaspases-8, -9, -3 antibody.
(B) Kinetics of caspase activation. To determine the kinetics of caspases-9, -8, -3, and -1 activation, cells were treated with 50 uM
OODBL for different time periods or treated with 0.05% DMSO as vehicle control. Cells were harvested and lysed in lysis buffer.
Enzymatic activity of caspases-9, -8, -3, and -1 proteases was determined by incubation of 50 ug of total protein with fluorogenic
substrates, Ac-LEHD-AMC; Ac-IETD-AMC; Ac-DEVD-AMC; Ac-YVAD-AMC, respectively, for 1 h for 30°C. The release of AMC was
monitored (excitation = 360 nm; emission = 460 nm). Data represent means + SE for three determinations. (C) Cleavage of PARP
and DFF-45 during OODBL-induced apoptosis. Cells were treated as indicated and examined by western blotting as described in
Section 2. This experiment was repeated three times with similar results.

degradation of 116-kDa PARP to 85-kDa fragments and the
cleavage of DFF-45.

3.4 Involvement of ROS production, mitochondrial
dysfunction, and release of cytochrome c from
mitochondria to cytosol in OODBL-induced
apoptosis

Growing evidence has indicated that ROS played an impor-
tant role in the induction of apoptosis. We studied the gen-
eration of ROS using the fluorescent probe DCFH-DA and
monitoring by flow cytometry. HL-60 cells were treated
with 50 uM OODBL for 0.5 h. As shown in Fig. 6A, the
fluorescence intensity shifted to the right from 103.54 to
205.15 in OODBL-induced apoptotic HL-60 cells. These
data indicated that the increment of ROS might play a role
as an early mediator in OODBL-induced apoptosis. We
next evaluated the effects of OODBL on the mitochondrial
transmembrane potential (AW, and the release of mito-
chondrial cytochrome ¢ into cytosol. We measured AWY,,

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

using the fluorescent probe DiOC6(3) fluorescence and
monitored it via flow cytometry. As shown in Fig. 6A,
which compares HL-60 cells exposed to OODBL and con-
trol cells, the DiOC6(3) fluorescence intensity shifted to the
left from 106.9 to 72.77 in OODBL-induced apoptotic
HL-60 cells at 2 h. These results demonstrate that OODBL
caused a decrease in mitochondrial transmembrane poten-
tial in HL-60 cells. As shown in Fig. 6B, the release of mito-
chondrial cytochrome ¢ into the cytosol was detected at 3 h
in OODBL-treated HL-60 cells.

3.5 Effect of OODBL on the expression of Bcl-2
family and S phase-arrest in HL-60 cells

The Bcl-2 family of proteins is predominantly situated
upstream of the irreversible cellular damage in the intrinsic
apoptosis pathway [21]. Previous study has demonstrated
that OODBL induces phosphorylation of Bcl-2 [6]. As
shown in Fig. 7A (upper panel), the phosphorylation of Bel-
2 was detected at 3 h and increased when the time increased

www.mnf-journal.com
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Figure 6. Induction of ROS generation, mitochondrial dysfunc-
tion, and cytochrome c release in OODBL-induced apoptosis.
(A) HL-60 cells were treated with 50 uM OODBL for indicated
time and were then incubation with 20 uM DCFH-DA and
40 nM 3,3-dihexyloxacarbocyanine (DiOC6), respectively,
and analyzed by flow cytometry. Data are presented as log
fluorescence intensity. C, control. (B) HL-60 cells were treated
with 50 uM OODBL at indicated periods. Subcellular fractions
were prepared as described in Section 2, and cytosolic cyto-
chrome ¢ was detected by cytochrome c antibody.

in OODBL-treated cells, but no change was observed for
Bcl-Xy. protein. We examined the expression of proapopto-
tic protein, Bax, which inserts into the outer member of
mitochondria and forms a large channel, allowing the
release of cytochrome c; this process can be prevented by
Bcl-2 or Bel-X; [22]. Figure 7A (middle panel) shows a
marked time-dependent increase of Bax protein. On the
other hand, a negligible change of Bad protein was detected
in OODBL-treated HL-60 cells. Furthermore, the marked
phosphorylation of Bid was also observed in OODBL-trea-
ted cells (Fig. 7A, lower panel). Phosphorylation seems to
regulate Bid activity, since it was recently demonstrated
that its phosphorylation by casein kinase 1 and/or 2 inhibits
its cleavage by caspase-8 [23]. Phosphorylation may also
play a prosurvival role important for S phase arrest [13]. To
examine this possibility, cells were treated with OODBL
(50 uM) for 3—24 h and assessed for effects on cell cycle by
flow cytometry. Interestingly, we first found that OODBL-
induced accumulation of HL-60 cells in S and G2 phases
(Fig. 7B).
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Figure 7. Effect of OODBL on Bcl-2 protein family and S
phase arrest in OODBL-treated HL-60 cells. HL-60 cells were
treated with 50 uyM OODBL for the indicated time point. (A)
Eexpression of Bcl-xL, Bcl-2, Bax, Bad, and Bid was detected
by Western blotting analysis using specific antibodies and
then detected using the ECL system. Each blot is representa-
tive results of three similar experiments. (B) The population of
cells at the S phase arrest was measured by flow cytometry at
the indicated time points after exposure to OODBL. In the
case, plots are as means + SE.

3.6 Effects of OODBL on activation of p38 (MAPK)
and JNKin HL-60 cells

To assess whether OODBL promoted apoptosis via recep-
tor-mediated pathway, the Fas and Fas ligand (FasL) protein
levels were determined by western blotting. The result
showed that OODBL could not stimulate the expression of
Fas and FasL after treatment with OODBL (Fig. 8A). Other
studies suggest that apoptosis signal-regulating kinase 1
(ASK1) mediated the sustained activation of JNK/p38 and
apoptosis [24, 25]. To identify the kinase responsible in
response to OODBL, we examined the activation state of
two classes of MAPK, namely p38 and JNK. Using immu-
noblot analysis with antiphospho-specific antibody, we
found activation of p38 at 2.5 h (Fig. 8B) and activation of
JNK at 2 h (Fig. 8C) in OODBL-treated cell, suggesting
that p38 and JNK might be involved in OODBL-induced
phosphorylation of Bcl-2 and apoptosis.
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Figure 8. Effect of the expression of Fas, Fas-L, p38, p-p38,
JNK1/2, and p-JNK1/2 protein in OODBL-treated HL-60 cells.
HL-60 cells were treated with 50 uM OODBL for 0, 0.5, 1, 1.5,
2, 2.5, and 3 h, and the expression of Fas and Fas-L (A), p38
and p-p38 (B), JNK1/2 and p-JNK1/2 (C) protein was analyzed
by immunoblotted with anti-Fas, Fas-L, antiphospho-p38, and
phosphor-JNK1/2 antibodies, and then detected using the
ECL system. The levels of B-actin, total-p38, and total-JNK1/2
protein were used as controls for equal loading of protein in
different lanes.

4 Discussion

Our previous studies have demonstrated that the sequiterpe-
nelactone, OODBL, isolated from I. Britannica was cyto-
toxic, induced the phosphorylation of Bcl-2, G2/M cell
cycle arrest, and apoptosis in human cancer cells [4, 6]. The
present study demonstrated that OODBL, acetyl group in
positions 1 and 6, is more cytotoxic in HL-60 cells than BL
and OABL (Fig. 1). The result suggests that acylation of the
hydroxyl group is important to its bioactivity. OODBL is
one o, unsaturated and has two acetyl moiety sesquiter-
pene lactones present. Previous studies reported that the
bioactivity of the structure element was caused by the reac-
tion of a-methylene-y-lactone with nucleophiles by a
Michael addition reaction [26, 27]. The difference in bioac-
tivity between OODBL and OABL is the number of acetyl
groups. The reason OODBL displays potent cytotoxicity in
human HL-60 cells might be due to lipophilic properties of
OODBL and how it easily penetrates the cell membrane
into the cytosol. Carcinogens usually cause genomic
damage in exposed cells. As a consequence, the damaged
cells may be triggered either to undergo apoptosis or to pro-
liferate with genomic damage, leading to the formation of
cancerous cells that usually exhibit cell cycle abnormalities
which are more susceptible to various apoptosis-inducing
agents [28, 29]. Therefore, identifying active compounds
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from herbs with apoptosis-inducing activity against cell
lines is considered to be a primary mechanism for the che-
moprevention of cancer.

OODBL has been reported to exhibit many biological
effects including anticancer activity [4-6], but their antic-
ancer mechanism is still elusive. In this study, we clarified
the molecular mechanism by which OODBL triggered
human leukemia HL-60 cells undergoing apoptosis. As
shown in Fig. 2, OODBL was the potent inhibitor of cell
viability and caused the potent and rapid induction of apop-
tosis, concurrent with sub-G1 peak appearance, chromatin
condensation, and apoptotic appearance in HL-60 cells.
This induction of apoptosis occurred within hours, consis-
tent with the view that OODBL-induced apoptosis by acti-
vating preexisting apoptosis machinery. Indeed, treatment
with OODBL caused an induction of caspases-3, -8, and -9
but not caspase-1, associated with the degradation of DFF-
45 and PARP, which preceded the onset of apoptosis.
Recent studies have shown that caspase-3 can activate cas-
pase-8 [30, 31]. Thus, we propose that caspase-8 is involved
in cytochrome c-mediated apoptosis and participates in a
feedback amplification loop involving caspase-3 in
OODBL-treated HL-60 cells. Mitochondrial transmem-
brane potential (AY,,) is often employed as an indicator of
cellular viability, and its disruption has been implicated in a
variety of apoptosis phenomena [32]. Mitochondria have
also been implicated as a source of ROS during apoptosis.
Reduced mitochondria membrane potential has recently
been shown to lead to increased generation of ROS and
apoptosis [33]. Herein, we demonstrated that OODBL
could induce ROS generation and disrupt the functions of
mitochondria at the early stages of apoptosis while subse-
quently coordinating caspase-9 activation, but not caspase-
1, through the release of cytochrome c (Fig. 6). The increase
in ROS was probably due to OODBL which penetrates the
cell membrane into the cytosol and affects mitochondria
cycling dioxygen through the electron transport assembly,
and generating ROS by one-electron-transfer mitochondria
could be a main target of a nonspecific damage through oxi-
dative stress at the level of the outer and inner membranes.
The Bcl-2 family of proteins, whose members may be anti-
apoptotic or proapoptotic, regulates cell death by control-
ling the mitochondria membrane permeability during apop-
tosis [34, 35]. We, therefore, inferred that Bcl-2 family pro-
teins might participate in the event that controlled the
change in mitochondrial membrane potential and trigger
cytochrome c release during apoptosis induced by OODBL.
Previous reports have demonstrated that Paclitaxel, an
anticancer drug, phosphorylates Bcl-2 and inactivates its
antiapoptotic effects, thereby inducing apoptosis [36].
Moreover, when DNA-damaged Bid was phosphorylated
by ATM kinase, it in turn leads to cell cycle arrest at the S
phase [13]. In our present study, Bcl-2 and Bid phosphory-
lation were observed at 3 h after OODBL treatment and
caused cell cycle arrest at the S phase in HL-60 cell (Fig. 7).
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Recent study indicated Bid phosphorylation is linked to
maintenance of the S phase checkpoint. Following death-
receptor-induced apoptotic signals, Bid is post-tranlsation-
ally modified by caspase cleavage and myristoylation and
translocates to the mitochondrion to activate the down-
stream apoptotic program. However, Bid has a distinct role
downstream of DNA damage. Following treatment with
agents inducing DNA damage such as mitomycin ¢, Bid
accumulates in the nucleus and is phosphorylated by the
DNA-damage kinase ATM. Bid, with its dual function in
both apoptosis and the intra-S phase checkpoint, is well
positioned to serve as a mediator of two pathways [14].
Interestingly, our findings differ somewhat in that OODBL
induced the phosphorylation of Bcl-2, and induced G2/M
arrest in T47D cells [6]. The ability to cause ROS produc-
tion and penetrate the cell membrane of OODBL, might
induce DNA damage. A recent study suggests that stress-
activated protein kinases such as JNK1/2 and p38 play
important roles in triggering apoptosis in response to vari-
ous cellular stressors including oxidative stress [37]. Sev-
eral kinases including JNK, Raf-1, and PKA have been
identified to be involved in Bcl-2 phosphorylation [11, 38,
39]. Our finding suggested that JNK1/2 and p38 activation
were observed at 2 and 2.5 h, respectively, in OODBL-trea-
ted HL-60 cells (Fig. 8). All these results implied that the
OODBL-induced apoptosis in HL-60 cells resulted from
JNK1/2 activation and phosphorylation of Bcl-2. In the pre-
sent study, our data suggest that activation of Bax and Bcl-2
phosphorylation might promote the release of cytochrome ¢
from mitochondria and cause activation of the caspase cas-
cade.

This study was supported by the National Science Council
under the grant numbers NSC 94-2321-B-022-001 and NSC
95-2313-B-022-003-MY3.
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