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Abstract － Costunolide is an active compound isolated from the stem bark of Magnolia sieboldii, and is 
considered a potential therapeutic for the treatment of various cancers. In this study, we investigated the 
underlying mechanism whereby costunolide induces the apoptosis of human leukemia cells. Using apoptosis 
analysis and quantitative reverse transcription-polymerase chain reaction (RT-PCR) results obtained during 
this study show that costunolide is a potent inducer of apoptosis and that it is triggered due to the premature 
activation of Cdc2. G1-synchronized cells, which cannot undergo mitosis, were found to be more sensitive to 
costunolide, and Cdc2 mRNA levels were increased by costunolide treatment. Furthermore, the Cdk 
inhibitors, olomucine and butyrolactone I, were found to suppress costunolide-induced apoptosis. In addition, 
the PKC activator TPA rescued cells from cell death by costunolide, and this was prevented by the PKC 
inhibitor staurosporin. The present study suggests that costunolide induces the apoptosis of HL-60 leukemic 
cells by modulating cyclin-dependent kinase Cdc2.
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INTRODUCTION

Costunolide is a sesquiterpene and is found in the stem 
bark of Magnolia sieboldii, and it is known to have various 
biologic effects, which including anti-ulcer effects and the 
inhibition of hepatitis B virus surface antigen (Mori et al., 
1994; Chen et al., 1995). Furthermore, costunolide mark-
edly inhibits the killing function of cytotoxic T lymphocytes 
by preventing granule exocytosis, the production of inositol 
phosphatase, and tyrosine phosphorylation in response to 
the crosslinking of T cell receptors (Taniguchi et al., 1995). 
Recently, costunolide was found to have preventive effects 
on intestinal carcinogenesis (Mori et al., 1994). We pre-
viously demonstrated that costunolide induces the apopto-
sis of human leukemia cells by inducing ROS-mediated mi-
tochondria permeability transition and consequent cyto-
chrome c release (Lee et al., 2001; Choi et al., 2002).

Apoptosis is a physiological process of cell death that 

eliminates unwanted, harmful, or neoplastic cells. Thus, 
cell populations are controlled, autoreactive immune cells 
are eliminated, and virus-infected and neoplastic cells are 
killed by apoptosis (Jacobson et al., 1997). Furthermore, 
various exogenous and endogenous stimuli, such as, re-
ceptor-ligand interactions (Tode et al., 1999), radiation 
(Hendry et al., 1995), cytokine (Larrick and Wright, 1990), 
and anti-cancer drugs (Hickman, 1992) induce apoptosis, 
which characteristically results in chromatin condensation, 
the formation of apoptotic bodies, and DNA fragmentation. 
Furthermore, it has been shown that some cancer chemo-
therapeutics and chemopreventives exert their effects by 
triggering either apoptotic cell death or cell cycle transition, 
and thus, the induction of tumor cell apoptosis is used to 
predict tumor treatment response (Kim et al., 1999). On 
the other hand, several tumor promoters have been shown 
to inhibit apoptosis (Wright et al., 1994). 

There are several routes leading to apoptosis according 
to specific stimuli. It has been proposed that apoptosis is 
the result of aberrant cell cycle control, whereby the in-
appropriate activation of cell cycle-regulatory elements in 
postmitotic cells results in entry into an abortive cell cycle 
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(14). Furthermore, some lines of evidence suggest that 
aberrant cell cycle control is closely related to the induction 
of apoptosis. 1) The morphologic features of apoptosis re-
semble the mitotic catastrophe observed in cells over-
expressing Cdc2 at an inappropriate time during the cell 
cycle (Castedo et al., 2002a; Villaret et al., 2002). 2) 
Several genes associated with the cell cycle are aberrantly 
activated during apoptosis (Qin et al., 1994; Castedo et al., 
2002a). 3) Cells in the S phase of the cell cycle are more 
susceptible to apoptosis by various stimuli than when in 
Go/G1 phase (Terui et al., 1995). Cdc2 (also called 
p34Cdc2 and cyclin-dependent kinase 1 (Cdk1)) interacts 
with cyclin B1 to regulate transition from G2 into the M 
phase (Norbury and Nurse, 1992), and Cdc2 activation ap-
pears to be a prerequisite for apoptosis under particular 
conditions, for example, the paclitaxel-induced apoptosis 
of breast cancer cells (Yu et al., 1998), during which ErbB2 
inhibits apoptosis by inactivating Cdc2, and the HIV-1-in-
duced apoptosis of HeLa Env and HeLa CD4 cells 
(Castedo et al., 2002b).

In this study, we investigated the effects of costunolide 
on the activation of Cdc2 and on the apoptosis of human 
leukemia cells. 

MATERIALS AND METHODS

Chemicals 
Costunolide used for this study was isolated from the 

stem bark of Magnolia sieboldii as previously described 
(Choi et al., 2002). The identity of isolated compound was 
confirmed by HPLC and was found to be ＞98% pure. 
Aphidicolin, Nocodazol, olomucine, and phorbol 12-O-tet-
radecanoylphorbol 13-acetate (TPA) were purchased from 
Calbiochem (La Jolla, CA). All other chemicals were or-
dered from Sigma (St. Louis, MO) unless otherwise 
specified.

Cell culture and measurement of apoptosis 
The HL-60 human leukemic cell line was obtained from 

the American Type Culture Collection (Rockville, MD) and 
cultured in RPMI 1640 medium (Gibco BRL, Grand island, 
NY) with 10% heat inactivated fetal bovine serum in a 
37oC, CO2 incubator in the presence or absence of 
chemicals. Costunolide, dissolved in dimethyl sulfoxide 
(DMSO), was added (the final DMSO concentration in all 
assays did not exceed 0.1%). After each incubation time, 
the cells were harvested and stained with 4,6-dia-
midino-2-phenylindole (DAPI). Apoptotic nuclei were 
counted under an immunofluorescent microscope.

Cell cycle analysis 
For assays of cell cycle and fragmentation of chromoso-

mal DNA, 1×106 cells were collected by centrifugation and 
washed two times with PBS. The cells were fixed in 2% 
paraformaldehyde and stained overnight with propidium 
iodide (100 μg/ml) in PBS containing RNase A (500 μg/ml) 
at 4oC. The cell cycle profile and hypodiploid DNA were de-
termined by flow cytometry (FACScaliver, Becton 
Dickinson, CA) using the CellQuest program. 

Reverse transcription PCR 
Total cellular RNA was extracted from costunolide- 

treated and untreated cells by the single-step method 
(Chomczynski and Sacchi, 1987). Deoxyribonuclease 
I-treated RNA (1 μg) was converted to complementary 
DNA by reverse transcription using random hexamer pri-
mer and MoMuLV reverse transcriptase (Gibco-BRL, NY) 
For semi-quantitative evaluations by polymerase chain re-
action, we initially performed the PCR reaction over a 
range of cycles (22, 24, 26, 28, 30, 32 and 34 cycles). The 
PCR products between 28-32 cycles were observed to be 
within the logarithmic phase of amplification with the pri-
mers of GAPDH and Cdc2. Primers for Cdc2 were; sense 
5'-ATGGATCTGAAGAAATACTT-3', antisense 5'-GGAA-
ACTTTTT GTCAGAAAG-3'. PCR was performed for 30 
cycles at 95oC for 45 seconds, 58oC for 45 seconds, and 
72oC for 1 min (Perkin-Elmer, Norwalk, CT). Ten μg of 
RT-PCR products were resolved on 2% agarose gels and 
subjected to Southern blot analysis to confirm the specific-
ity of amplification using a biotinylated internally positioned 
oligonucleotide (sense; 5'-ATGAGGTAG TAACACTCTGG-3') 
as a probe for chemiluminescence detection. Quantitation 
of expression level was achieved by densitometry 
(Bio-Rad, Hercules, CA). 

RESULTS AND DISCUSSION

Cell cycle arrested-cells were more susceptible to 

costunolide-induced apoptosis 
We previously demonstrated that costunolide induces 

the apoptosis of human leukemia cells. In the present 
study, costunolide was found to induce apoptosis in a 
dose-dependent manner up to 10 μM (Fig. 1A). However, 
apoptotic rates did not exceed 60% even when cells were 
treated with high concentrations of costunolide (20 μM), 
and apoptosis-resistant cells showed no morphologic evi-
dences of cell damage (Fig. 1B), which suggests that sus-
ceptibility to costunolide is may be dependent on cell cycle. 

To determine the effects of costunolide at various points 
in the cell cycle, cells were synchronized by serum starva-
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Fig. 1. Apoptosis of HL-60 cells by costunolide in cell cycle arrested cells. (A) Cells were incubated with 1, 5, or 10 μM costunolide. 
After the indicated times, cells were harvested, stained with DAPI and numbers of apoptotic nuclei were counted under a fluorescent 
microscope. Percentages of apoptotic cells are shown. (B) Morphological changes after treatment with 5 μM costunolide were 
observed under a fluorescent microscope. (C) Cells were synchronized in the G1 phase of the cell cycle by serum starvation for 3 days,
treating them with 2 μg/ml aphidocolin for 1 day or with 0.4 μg/ml nocodazol for 1 day. The cell cycle profiles were determined using 
G0/G1 percentages. (D) After cell cycle arrest, cells were treated with 5 μM costunolide for the indicated times and apoptotic cells were
counted by DAPI staining. Control cells were cultured in regular media containing 10% FBS and treated with 5 μM costunolide. Data 
represent the means ± SEM of three independent experiments.

tion for 3 days. Ninety percent of these serum starved cells 
arrested at G1 (Fig. 1C), and these synchronized cells 
were then stimulated by costunolide at 5 μM (Fig. 1D). 
Sixty-eight percent of the serum deprived G1-arrested cells 
underwent apoptosis within 3 hr, as compared to only 14% 
of apoptosis in cells growing in regular medium (Fig. 1C). 
To verify the relationship between cell cycle and induction 
of apoptosis by costunolide, we explored apoptosis rates 
after cell cycle restriction by aphidicolin, an inhibitor of 
DNA polymerases α and δ, and nocodazol, an inhibitor of 
microtube formation. Eighty percent of cells were arrested 
in the G1 phase after 24 hrs of treatment with aphidicolin (2 
μg/ml) or nocodazol (0.4 μg/ml) (Fig. 1C). When the cell 
cycle-arrested cells were incubated with 5 μM costunolide, 
the aphidicolin- and nocodazol-preincubated cells under-
went apoptosis about 2% and 3% by 0 hr, 63% and 40% by 

3 hr, 78% and 66% by 6 hr, and 86% and 78% by 9 hr, re-
spectively (Fig. 1D). These results show costunolide in-
duces apoptosis more effectively in cell cycle-arrested 
cells. 

Cdc2 was transcriptionally activated by costunolide 
To investigate the effects of the cell cycle on costuno-

lide-induced apoptosis, we investigated the expression of 
Cdc2 mRNA in costunolide-treated cells by semi-quantita-
tive RT-PCR. Cells were synchronized by serum starvation 
for 3 days and then, incubated with 5 μM costunolide. They 
were then harvested after in 10, 20, 30, 40, 50, and 60 min 
of costunolide treatment and analyzed by semi-quantita-
tive RT-PCR, as described in Methods. Cdc2 mRNA ex-
pression was found to be transcriptionally activated from 
20 min after costunolide treatment with a peak at 40 min 

Aphidocolin
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Fig. 2. Expression of Cdc2 mRNA during costunolide-induced 
apoptosis. Cells were treated with 5 μM costunolide for the 
indicated times. RNA was then extracted and semi-quantitative 
RT-PCR was performed as described in Materials and Methods. 
The data shown represent three independent experiments.

Fig. 3. Costunolide-induced apoptosis was inhibited by the Cdk 
inhibitors olomucine or butyrolactone I. Cells were pre-treated 
with 20 μM olomucine or 10 μM butyrolactone I for 24 hours, 
and then cultured in the presence of 5 μM costunolide for the 
indicated times. Apoptotic cells were counted and their 
percentages are presented. Data represent the means ± SEM 
of three independent experiments. 

Fig. 4. TPA inhibited costunolide-induced apoptosis. Cells were
cultured in the presence of TPA (20 μM) for 1 day and then 
treated with 5 μM costunolide or costunolide plus staurosporin 
(0.5 μM) for indicated times. The control cells were cultured 
without TPA but treated with costunolide. Data represent the 
means ± SEM of three independent experiments.

(Fig. 2), which suggests that costunolide activated Cdc2 
gene expression. However, we failed to observe any sig-
nificant change in the levels of cyclin B1, which interacts 
with Cdc2 to regulate transition from G2 into the M phase 
(data not shown).

Cdk inhibitors rescue cells from costunolide-induced 

apoptosis 
In order to elucidate the relationship between Cdc2 ex-

pression and costunolide-induced apoptosis, we inves-
tigated the effects of the Cdk inhibitors, olomucine, and bu-
tyrolactone I, on costunolide-induced apoptosis. HL-60 
cells were pretreated with olomucine (20 μM) and butyr-
olactone I (10 μM) for 24 hr, and then incubated in media 
containing 5 μM costunolide for 3, 6, 9, and 12 hr. 

Olomucine- and butyrolactone-pretreated cells underwent 
apoptosis by 5% and 7% after 3 hr, 9% and 12% after 6 hr, 
and 17% and 14% by 9 hr of costunolide treatment, as 
compared with 12%, 30%, and 38% in Cdk inhibitor-un-
treated and costunolide-treated control cells, respectively 
(Fig. 3). These results show that Cdk, especially pre-
mature Cdc2, activation is involved in costunolide-induced 
apoptosis.

The PKC activator, TPA, prevented cells from 

costunolide-induced apoptosis
Protein kinase C (PKC) is known to regulate the cell 

growth/cell cycle progression and differentiation (Black, 
2000). In order to test the involvement of PKC activity in 
costunolide-induced apoptosis via Cdc2 activation, we in-
vestigated the effects of the PKC activator TPA, on costu-
nolide-induced apoptosis. Cells were initially exposed to 
TPA (20 μM) for 12 hr and then incubated with 5 μM 
costunolide. Less than 10% of TPA-treated cells under-
went apoptosis after 9 hr of costunolide treatment, as com-
pared with 38% of unstimulated cells (Fig. 4). To confirm 
that apoptosis resistance was due to PKC activation, we 
treated cells with TPA or staurosporin (0.5 μM, a PKC in-
hibitor). Cells that were pretreated in TPA or staurosporin 
were found to be more sensitive to apoptosis by costuno-
lide than cells cultured with TPA only, indicating that PKC 
activation inhibits costunolide-induced apoptosis (Fig. 4).

Several models have been described that induce apop-
tosis using a number of different stimuli, such as, depriva-
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tion of growth factors (Wang et al., 2006), surface re-
ceptor-ligand binding (Tode et al., 1999), cytokines 
(Larrick and Wright, 1990), DNA damage (Kaufmann, 
1989), and abortive cell cycle progression (Furukawa et 
al., 1996). The ability of a cell to undergo apoptosis in re-
sponse to a death signal is related to its proliferative status, 
cell cycle position, and to the controlled expression of 
genes that affect the cell-death program. Many stimuli can 
alternatively drive proliferation or induce cell death, which 
demonstrates the close link between cell cycle progression 
and cell death (Alderson et al., 1993). Moreover, many of 
the morphological manifestations of cell death resemble 
mitotic processes, which involve dismantling the nuclear 
membrane and lamina, the condensation and segregation 
of chromosomes, and reorganization of the cytoskeleton 
(Dunphy and Newport, 1988). Furthermore, M-phase kin-
ase activity, which is critical to cell death process, resides 
in 34-kDa polypeptide known as Cdc2. 

Our data support that costunolide induces apoptosis via 
the premature unscheduled activation of Cdc2 and the re-
sulting abortive cell cycle progression. We present the fol-
lowing evidence: [1] G1-synchronized cells, which are not 
ready for mitosis, were found to be more susceptible to 
costunolide-induced apoptosis. We synchronized the cells 
in the G1 phase by serum starvation for 3 days or aphidico-
lin (2 μg/ml) or nocodazol (0.4 μg/ml) for 1day. in this con-
dition, mild levels of apoptosis were observed in HL-60 
cells. To rule out the possibility that the increased sensi-
tivity of apoptosis was due to the mild apoptosis by serum 
starvation, aphidicolin, or nocodazol, we tested apoptosis 
susceptibility to another pro-apoptotic anti-cancer agent, 
etoposide. No significant difference was found between 
apoptosis sensitivity to etoposide between G1-synchronized 
cells and unsynchronized control cells, which confirmed 
the cell cycle specificity of costunolide-induced apoptosis 
(data not shown). [2] Cdc2 mRNA expression levels were 
elevated in cells stimulated with costunolide for 20 min, as 
shown by Fig. 2. The requirements of Cdc2 activation for 
apoptosis are supported by previous observations that 
CD3 ligation (Fotedar et al., 1995), DNA damage (Tsuruta 
et al., 2004), TNF-α (Meikrantz et al., 1994), and Fas/ 
Apo-1 (Kishore et al., 2003) induce Cdc2 activation. [3] 
Furthermore, the Cdk and Cdc2 inhibitors, olomucine, and 
butyrolactone I, rescued cells from costunolide-induced 
apoptosis (Fig. 3). These data strongly suggest that costu-
nolide induces apoptosis via abortive cell cycle control, in-
volving premature Cdc2 activation. 

Protein kinase C acts as a cell growth stimulator via the 
Raf-1 pathway or is involved in anti-apoptotic signaling via 
the Bcl-2 pathway (May et al., 1994). In our experiments, 

the PKC activator TPA rescued cells from apoptosis and 
this rescue was slightly prevented by the PKC inhibitor 
staurosporin (Fig. 4). In a previous report, we demon-
strated that Bcl-2 overexpression significantly blocks cos-
tunolide-induced apoptosis in human leukemia U937 cells 
(Choi et al., 2002). These observations raise the possibility 
that costunolide-induced apoptosis is mediated by the 
PKC-mediated Bcl-2 pathway. In addition, it remains to be 
elucidated whether Cdc2 activation is associated with the 
PKC pathway during costunolide-induced apoptosis. 

In conclusion, the present study demonstrates that the 
sesquiterpene costunolide is a potent inducer of apoptosis 
in human leukemia cells and that it acts as a PKC inhibitor 
by prematurely activating Cdc2.
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