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Abstract

Costunolide, a germacranolide sesquiterpene lactone that exists in several medicinal plants, is known to be a possible anti-cancer and
chemopreventive agent for tumorigenesis. In this report, we investigated the effect of costunolide on cellular differentiation in the
human promyelocytic leukemia HL-60 cell culture system. Costunolide markedly increased the degree of HL-60 leukemia cell
differentiation when simultaneously combined with 5 nM 1,25-dihydroxyvitamin D3 (1,25-(OH),D3). Costunolide by itself had very
weak effects on the differentiation of HL-60 cells. Cytofluorometric analysis and cell morphologic studies indicated that costunolide
potentiated 1,25-(OH),Ds-induced cell differentiation predominantly into monocytes. Inhibitors for PKC, PI3-K, and ERK markedly
inhibited HL-60 cell differentiation induced by costunolide in combination with 1,25-(OH),Dj3. In addition, pretreatment of HL-60
cells with costunolide before the 1,25-(OH),D; addition also potentiated cell differentiation in a concentration- and time-dependent
manner, and the enhanced levels of cell differentiation closely correlated with the inhibitory levels of NF-kB-binding activity by
costunolide. These results indicate that PKC, PI3-K, ERK and NF-xB may be involved in 1,25-(OH),D;-mediated cell differentiation

enhanced by costunolide.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Most cancer cells exhibit a defect in their capacity to
mature into non-replicating adult cells, thereby existing in
a highly proliferating state, which results in outgrowing
their normal cellular counterparts. The induction of term-
inal differentiation represents an alternative approach to
the treatment of cancer by conventional anti-neoplastic
agents since cells exposed to chemical or biological indu-

“ Corresponding author. Tel.: 4+82-62-530-2935; fax: +82-62-530-2911.

E-mail address: taekim@chonnam.chonnam.ac.kr (T.S. Kim).

Abbreviations: EMSA, electrophoretic mobility shift assay; ERK,
extracellular signal-regulated kinase; MAPK, mitogen-activated protein
kinase; NBT, nitroblue tetrazolium; NF-kB, nuclear factor-kappaB; 1,25-
(OH),D3, 1,25-dihydroxyvitamin Dj; PI3-K, phosphatidylinositol 3-
kinase; PKC, protein kinase C.

cers of differentiation do not undergo the cytodestruction
produced by cytotoxic agents. Instead they acquire the
phenotypic characteristics of endo-stage adult cell forms
with no replicative capacity and ultimately undergo pro-
grammed cell death. Leukemia cells can be induced to
undergo terminal differentiation by a variety of chemical
and biological agents, indicating that the malignant state is
not an irreversible process. Certain cancers may eventually
be treated with agents that induce terminal differentiation,
presumably with less morbidity than that produced by
cytodestructive agents [1].

Human promyelocytic leukemia HL-60 cells are differ-
entiated into monocytic lineage when treated with 1,25-
(OH),D5 [2,3]. HL-60 cell culture has been employed as an
excellent model system for studying cellular differentia-
tion in vitro. 1,25-(OH),D5 has been shown to be one of the
most potent initiators of the differentiation of HL-60 cells
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as well as other hematopoietic cell lines and to activate a
variety of protein kinases including PKC [4], MAPK [5]
and PI3-K [6,7]. Other studies have demonstrated that
interference with the activation of NF-kB appears to be
a common feature for agents that enhance the differentia-
tion of HL-60 cells induced by 1,25-(OH),D; [8,9].

Several sesquiterpene lactones have received consider-
able attention in pharmacological research due to their
potent anti-neoplastic and anti-inflammatory activity [10—
13]. Cytostatic and cytocidal effects of sesquiterpenes
against tumor cells have also been reported [14,15]. Cos-
tunolide, a well-known germacranolide sesquiterpene lac-
tone, was isolated from many species such as Saussurea
lappa [16], Magnolia grandiflora [17] and Magnolia
sieboldii [18]. Costunolide exerts an anti-inflammatory
activity by inhibiting the expression of inducible nitric oxide
synthase [19] and the DNA-binding activity of NF-«B
[20], an anti-viral activity by suppressing the expression
of hepatitis B virus surface antigen [21], an anti-bacterial
activity [22] and an anti-fungal activity [23]. Costunolide
inhibits tyrosine phosphorylation induced by cross-linking
of CD3 molecules in cytotoxic T lymphocytes [24]. These
activities may be explained by effects on several of
various protein kinase involved in the activation of cellular
process such as PKC, MAPK, PI3-K and NF-kB. Costu-
nolide is also known to be a possible chemopreventive
agent for colon tumorigenesis [11] and human intestinal
neoplasia [10] and is related to suppression of cell pro-
liferation [12].

In this report, we investigated the effect of costunolide
on cellular differentiation in the human promyelocytic
leukemia HL-60 cell culture system. We also investigated
the effects of combinations of costunolide with 1,25-
(OH),D; on HL-60 cell differentiation. 1,25-(OH),D5
was chosen for this study because 1,25-(OH),D3 has been
widely used as an endogenous stimulator of differentiation
in HL-60 cells, and analogues of vitamin D5 including
1,25-(OH),D5 are used clinically for the treatment of
psoriasis [25].

2. Materials and methods
2.1. Materials

The HL-60 cell line was obtained from the American
Type Culture Collection and maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum. A
stock solution of 1 mM 1,25-(OH),D; was dissolved in
absolute ethanol and stored at —80°. Costunolide was
dissolved in dimethylsulfoxide to make a stock solution
of 20 mM. The solutions were diluted at least 1000-fold in
the growth medium such that the final concentration of
ethanol or dimethylsulfoxide had no effect on the differ-
entiation and proliferation of HL-60 cells. All manipula-
tions were performed in subdued light.

2.2. Determination of cell viability and proliferation

Cell viability was determined by the trypan blue exclu-
sion assay as previously described [26]. Viability was
calculated as the percentage of live cells in the total cell
population. Cell proliferation was determined with the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium (MTT)
assay. In brief, after each treatment, 10 pL. of MTT (5 mg/
mL) was added to each well in 96-well plates. After
incubation for 4 hr at 37°, the crystals of viable cells were
dissolved with 100 puL of 0.04 N HCI in isopropanol. The
absorbance of each well was then read at 540 nm using a
kinetic microplate reader.

2.3. Determination of cell differentiation

HL-60 cell differentiation was assessed by the NBT
reduction assay as previously described [27]. This assay is
based on the ability of phagocytic cells to produce super-
oxide upon stimulation with tissue plasminogen activator.
For this assay, 2 x 10° cells were harvested by centrifuga-
tion and incubated with an equal volume of 0.1% NBT
dissolved in PBS containing 200 ng/mL of freshly diluted
tissue plasminogen activator at 37° for 30 min in the dark.
Cytospin slides were prepared and examined for blue—
black nitroblue diformazan deposits, indicative of a tissue
plasminogen activator-stimulated respiratory burst. At
least 200 cells were assessed for each experiment.

2.4. Morphologic studies

Single-cell suspensions were prepared and 2 x 103 cells
were loaded into a cyto-funnel and spun at 27 g in a
cytospin centrifuge. The slides were fixed with methanol
and dried. The slides were stained with Giemsa staining
solution for 20 min and rinsed in deionized water, air dried,
and observed under a microscope with a camera. The
stained cells were assessed for size, regularity of the cell
margin, and morphological characteristics of the nuclei.

2.5. Immunofluorescent staining and cytofluorometric
measurements

Quantitative immunofluorescence measurements were
performed in an Epic XL flow cytofluorograph equipped
with a multi-parameter data acquisition and display
system as previously described [28]. Briefly, single-cell
suspensions were collected from the various cultures
and washed twice with ice-cold PBS (pH 7.4). Thereafter,
fluorescein isothiocyanate (FITC)-conjugated anti-human
CD14 mAb was added, followed by incubation at 4°
for 1 hr. After incubation, the cells were washed and fixed
in PBS containing 1% paraformaldehyde, after which
cytofluorometric analysis was performed. Background
staining was determined by substituting cells stained with
FITC-conjugated isotype control mAb. One-parameter
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fluorescence histograms were generated by analyzing at
least 1 x 10* cells.

2.6. Preparation of cell lysates and Western blot analysis

Cells were lysed in lysis buffer (50 mM Tris buffer, pH 7.5
containing 100 mM NaCl, 1% Nonidet P-40, 10% glycerol,
1 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate,
50 pg/mL leupeptin, 50 pg/mL aprotinin, and 50 pg/mL
PMSF) by incubation on ice for 30 min. Lysates were then
centrifuged at 13,000 g at 4° for 10 min. The proteins in
15 pg of the supernatants were separated using a 10% SDS—
PAGE and transferred to the pre-wetting PVDF membrane.
The blots were probed with mouse anti-pERK and rabbit
anti-ERK?2 antibodies, washed and exposed to horseradish
peroxidase-conjugated anti-mouse IgG2a and rabbit IgG
antibodies, respectively. Immunoreactive bands were visua-
lized by the enhanced chemiluminescence system.

2.7. Electrophoretic mobility shift assay

The nuclear extracts were prepared from the cells, as
previously described [29]. An oligonucleotide containing
an NF-xB-binding site within the Ig k-chain (5'-CCG GTT
AAC AGA GGG GGC TTT CCG AG-3') was used as a
probe. Labeled oligonucleotides (10,000 cpm) were incu-
bated for 30 min at room temperature, along with 10 pg of
nuclear extracts, in 20 puL of binding buffer (10 mM Tris—

HCI, pH 7.6, 500 mM KCI, 10 mM EDTA, 50% glycerol,
100 ng of poly(dI-dC), and 1 mM dithiothreitol). The
reaction mixture was analyzed by electrophoresis on a
4% polyacrylamide gel in 0.5 x Tris—borate buffer. Specific
binding was confirmed by competition experiments with a
50-fold excess of unlabeled, identical oligonucleotides or
cAMP response element-containing oligonucleotides.

2.8. Statistical analysis

The Student’s t-test and one-way ANOVA were used to
determine the statistical significance of differences between
values for various experimental and control groups. P-values
<0.05 were considered significant.

3. Results

3.1. Effect of costunolide on 1,25-(OH),Ds-induced
HL-60 cell differentiation

To determine the effect of costunolide on 1,25-(OH),D5-
induced cell differentiation, the HL-60 cells were simul-
taneously treated with 5 nM of 1,25-(OH),Dj3 in combina-
tion with various concentrations of costunolide, and the
numbers of differentiated cells, as measured by NBT
positivity, were determined. As controls, the cells were
treated with costunolide alone. As shown in Fig. 1B, the
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Fig. 1. Effect of costunolide on 1,25-(OH),D3-induced HL-60 cell proliferation and differentiation. HL-60 leukemia cells were treated with 5 nM 1,25-
(OH),D5 alone or in combination with various concentrations of costunolide for 72 hr (A and B), or with 8 uM costunolide for various periods (C), and the
cell proliferation was determined by the MTT assay (A) and the cell differentiation was assessed by the NBT reduction assay (B and C). Each value represents
the mean = SD of triplicate determinations from one representative experiment. The experiment was repeated more than three times with similar results. (x)
P < 0.001, relative to a group treated with 1,25-(OH),D5 alone. (xx) P < 0.05, relative to the sum of the individual treatments.
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addition of costunolide to cultures exposed to a suboptimal
concentration of 1,25-(OH),D5; (5 nM), which by itself
caused a relatively low level of differentiation (<25%),
resulted in a marked increase in the degree of cell differ-
entiation. Costunolide strongly enhanced 1,25-(OH),Ds-
induced HL-60 cell differentiation in a concentration- and
a time-dependant manner. The effects were maximal at
8 UM of costunolide, with greater than 81% of the treated
cells attaining a differentiated state. Costunolide by itself
did not induce significant cell differentiation, with less than
7% of the cells attaining a differentiated phenotype, sug-
gesting that costunolide was a weak inducer of differentia-
tion in HL-60 cells.

The cell proliferation and viability for each treatment
group were determined. As shown in Fig. 1A, treatment
with 8 pM costunolide inhibited cell proliferation by 10%,
as determined by the MTT assay. Treatment with costu-
nolide in combination with 5 nM 1,25-(OH),D5 inhibited
cell proliferation approximately by 11-30%. For all treat-
ment, cells’ viability was greater than 97% throughout the
incubation period, as demonstrated by the trypan blue
exclusion assay (data not shown).

To further confirm the cell differentiation enhanced by
costunolide, the morphologic phenotypes and the expres-
sion of cell surface antigens on HL-60 cells were analyzed.
As shown in Fig. 2, Giemsa-stained undifferentiated con-
trol HL-60 cells (Fig. 2A) were predominantly promyelo-
cytes with round and regular cell margins, and large nuclei,
suggesting that the cells were highly active in DNA
synthesis and were rapidly proliferating. Costunolide- or
1,25-(OH),Ds-treated cells (Fig. 2B or C) showed rela-
tively small changes in cell morphology such as irregular
cell margins. Combined treatment of HL-60 cells with
1,25-(OH),D; plus costunolide (Fig. 2D) resulted in sig-

Fig. 2. Morphologic analysis of HL-60 cells treated with costunolide alone
or in combination with 1,25-(OH),D3. HL-60 cells were treated for 72 hr
with medium alone (A), 8 M costunolide (B), 5 nM 1,25-(OH),D; (C), or
8 uM costunolide plus 5 nM 1,25-(OH),D; (D). The cells were assessed by
morphologic analysis using Giemsa stain. The data are representative of
three separate experiments.

nificantly denser chromatin and an increased cytoplasm to
nuclear ratio, which suggested less DNA synthesis. As
shown in Fig. 2D, some cells showed a horseshoe-shaped
nucleus, which is a sign of cell differentiation into a
monocytic lineage.

3.2. Effects of costunolide and 1,25-(OH),D; on
differentiation pathways of HL-60 leukemia cells

To determine the differentiation pathway taken by HL-
60 cells after treatment with costunolide and 1,25-
(OH),D5, HL-60 cells were first treated with costunolide
alone or in combination with 1,25-(OH),D3, and cyto-
fluorometric analysis using mAb for the monocytic surface
antigen CD14 was determined. The CDI14 antigen is
exclusively expressed when cells are differentiated into
monocytes [30]. As shown in Fig. 3, HL-60 cells treated
with a mixture of costunolide and 1,25-(OH),D; reacted
very strongly with anti-CD14 mAb. Cells treated with
1,25-(OH),D5 alone also reacted with anti-CD14 mAb,
but to a lesser extent than did the cells treated with a
mixture of costunolide and 1,25-(OH),D5. These results
indicate that costunolide stimulated 1,25-(OH),Ds-
induced HL-60 cell differentiation along the monocytic
pathway.

3.3. Effect of inhibitors for PKC, PI3-K and ERK on
HL-60 cell differentiation induced by costunolide
in combination with 1,25-(OH),D3

Previous studies have provided evidence that activation
of PKC is necessary for the differentiation of HL-60 cells
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Fig. 3. Cytofluorometric analysis of costunolide-induced HL-60 cell
differentiation. HL-60 cells were treated with medium alone (A), 8 uM
costunolide (B), 5nM 1,25-(OH),D; (C), or 8 uM costunolide in
combination with 5nM 1,25-(OH),D; (D) for 72 hr. The cells were
assessed by cytofluorometric analysis using FITC-conjugated anti-CD14
mADb (unshaded area), or isotype control mAb (shaded area). The data are
representative of three separate experiments.
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Fig. 4. Effect of PKC and PI3-K inhibitors on HL-60 cell differentiation induced by costunolide alone or in combination with 1,25-(OH),D;. HL-60 cells
were treated with varying concentrations of PKC inhibitors (H7, chelerythrine) or PI3-K inhibitors (wortmannin, LY 294002) for 40 min, followed by
incubation with 8 uM costunolide, 5 nM 1,25-(OH),Dj3, or 8 uM costunolide plus 5 nM 1,25-(OH),Dj3 for 72 hr (A). HL-60 cells were treated with 1 pM H7,
0.1 nM wortmannin, 1 pM H7 plus 0.1 nM wortmannin for 40 min, followed by incubation with 8§ tM costunolide in combination with 5 nM 1,25-(OH),D;
for 72 hr (B). The cellular differentiation was assessed by the NBT reduction assay. The data are presented as a percentage of differentiated cells with the

mean + SEM (N = 3).

[4,31,32]. To determine any relationship between the effect
of costunolide on cellular differentiation and PKC activa-
tion, HL-60 cells were treated with specific PKC inhibitors,
1,2-methoxy-12-methyl-[1,3]benzodioxolo[5,6-c]phena-
nthridinium (chelerythrine) or 1-(5-isoquinolinesulfonyl)-
2-methylpiperazine (H7), in the presence of costunolide
alone or in combination with 1,25-(OH),D5. Afterwards,
the degree of cellular differentiation was assessed by the
NBT reduction assay. As shown in Fig. 4A, both PKC
inhibitors significantly inhibited HL-60 cell differentiation
induced by costunolide in combination with 1,25-(OH),Dj;.
The PKC inhibitors were not toxic to the HL-60 cells at
concentrations used in the experiments, as demonstrated by
the trypan blue exclusion assay (data not shown).

PI3-K activity has been also known to play an essential
role in differentiation of HL-60 cells [7,33]. To determine
any role of PI3-K in the 1,25-(OH),Ds-induced cell differ-
entiation enhanced by costunolide, HL-60 cells were treated
with specific PI3-K inhibitors, 3H-furo[4,3,2-de]indeno[4,5-
h]-2-benzopyran-3,6,9-trione (wortmannin) or 2-(4-morpho-
linyl)-8-phenyl-1(4H)-1-benzopyran-4-one (LY 294002), in
the presence of costunolide alone or in combination with

1,25-(OH),D3. As shown in Fig. 4A, both PI3-K inhibitors
significantly inhibited HL-60 cell differentiation treated
with costunolide in combination with 1,25-(OH),D5. The
combinations of the inhibitors did not induce the additive
effect of inhibition on the costunolide-mediated cell differ-
entiation (Fig. 4B). In addition, the combinations could
not reduce the enhanced cell differentiation to the baseline
value at nontoxic concentrations of inhibitors on HL-60 cells.

ERK is one of the MAPKSs and is a downstream element
in the PKC signaling pathway of HL-60 cells [34]. To
determine the involvement of ERK in 1,25-(OH),Ds-
induced cell differentiation enhanced by costunolide,
HL-60 cells were treated with 2-(2’-amino-3’-methoxy-
phenyl)-oxanaphthalen-4-one (PD 98059), a specific ERK
kinase inhibitor, in the presence of costunolide alone or in
combinations of 1,25-(OH),Dj;. The synthetic compound,
PD 98059, inhibits the ERK pathway by preventing the
activation of ERK kinase by c-Raf [35]. As shown in
Fig. 5A, PD 98059 inhibited HL-60 cell differentiation
induced by costunolide in combination with 1,25-
(OH),Ds. In contrast, p38 MAPK inhibitors, SB 203580
and SB 202190, did not inhibit the cell differentiation but
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Fig. 5. Involvement of ERK in HL-60 cell differentiation induced by costunolide in combination with 1,25-(OH),D3. (A) HL-60 cells were treated for 40 min
with varying concentrations of ERK inhibitor (PD 98059) or p38 MAPK inhibitors (SB 203580, SB 202190), followed by incubation with 8 pM costunolide,
5 nM 1,25-(OH),D3, or 8 uM costunolide in combination with 5 nM 1,25-(OH),D; for 72 hr. The cellular differentiation was assessed by the NBT reduction
assay. The results are presented as a percentage of differentiated cells with the mean + SEM (N = 3). (B) HL-60 cells were treated with 100 nM wortmannin
(WM), 20 uM H7, or 10 uM PD 98059 (PD) for 40 min. The levels of ERK MAPK were determined by Western blot analysis at 1 hr after treatment with
costunolide alone or in combination with 5 nM 1,25-(OH),D;. The experiment was repeated twice with similar results.

increased HL-60 cell differentiation induced with costu-
nolide alone or in combination with 1,25-(OH),Ds. Inhi-
bitors for PKC and PI3-K inhibited the ERK activation
stimulated by costunolide in combination with 1,25-
(OH),D; (Fig. 5B).

Therefore, costunolide may potentiate 1,25-(OH),D5-
induced HL-60 cell differentiation, and PKC, PI3-K and
ERK may be involved in the cell differentiation synergis-
tically enhanced by costunolide.

3.4. NF-kB is active in HL-60 leukemia cells and the
inhibition of NF-kB activity by costunolide may be
involved in the enhanced induction of HL-60 cell
differentiation

Costunolide was shown to inhibit activation of NF-xB
by preventing phosphorylation and degradation of IxBa
and IxkBf in LPS-stimulated RAW 264.7 cells [36]. To
ascertain whether the levels of costunolide employed were
capable of causing the inhibition of NF-kB in unstimulated
HL-60 leukemia cells, we analyzed nuclear extracts of HL-
60 cells for NF-xB activity by an EMSA, using a probe
specific for the kB DNA-binding motif of NF-xB. As
shown in Fig. 6A, HL-60 cells showed relatively high
levels of NF-kB DNA-binding activity in an untreated

control condition. The binding was specific since it was
competed with an unlabeled, identical oligonucleotide, but
not with unrelated, non-specific oligonucleotide. A 24 hr
exposure to costunolide caused a marked reduction in the
NF-xB DNA-binding activity both in the presence and
absence of 1,25-(OH),D;, while exposure of the cells to
5 nM 1,25-(OH),D5 alone for 24 hr had no effect on the
level of NF-kB complex. Interestingly, pretreatment with
costunolide for 1 day, followed by washing and treatment
with 1,25-(OH),Dj5 alone in the absence of costunolide for
2 days, gave similar levels of enhancing effect on cellular
differentiation, compared with those simultaneously trea-
ted with 1,25-(OH),D; plus costunolide for 2 days
(Fig. 6B), suggesting that the inhibition of NF-kB-binding
activity before the 1,25-(OH),D; addition was important
for enhancing cell differentiation induced by low levels of
1,25-(OH),D;. Furthermore, pretreatment with costuno-
lide enhanced 1,25-(OH),Ds-induced cell differentiation in
both a time- and dose-dependent manner, in which the
enhanced levels of cell differentiation closely correlated
with the inhibitory levels of NF-kB-binding activity by
costunolide (Fig. 7).

To determine the effects of inhibitors for PKC, PI3-K
and ERK on NF-xB activation in the costunolide-treated
HL-60 cells, HL-60 cells were treated with costunolide,



S.H. Kim et al./Biochemical Pharmacology 64 (2002) 1233-1242 1239

1,25-(QH)2D3s - - + + +
Costunolide + - o+ (+)*S NS

W Brwm B s

m.
m.
Lz 72

1,25-(OH)2D3 - -
(B) Costunolide ot +

% Differentiated cells

Fig. 6. Effect of costunolide on NF-xB binding to kB sites in HL-60 cells.
HL-60 cells were treated with dimethylsulfoxide as a vehicle (control),
8 UM costunolide, 5 nM 1,25-(OH),D3, or 8 uM costunolide in combina-
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activity using a labeled oligonucleotide containing a consensus Ig-kB site
(A). The degree of cell differentiation was also assessed by the NBT assay
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24 hr, then washed with RPMI medium before the incubation with 5 nM
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an unlabeled, identical oligonucleotide and non-specific oligonucleotide,
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followed by treatment with each inhibitor. The levels of
NF-kB DNA-binding activity were determined by the NF-
kB EMSA. As shown in Fig. 8, costunolide inhibited NF-
kB-binding activity in HL-60 cells. The inhibitors for
PKC, PI3-K and ERK could not recover the NF-kB-bind-
ing activity inhibited by costunolide.
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Fig. 7. Pretreatment effect of costunolide on 1,25-(OH),D;-induced HL-60 cell differentiation. HL-60 cells were pretreated with 8 uM costunolide for
various periods (24, 18, 12,2, 1, 0.5, 0.2 hr, respectively) or not pretreated (A), or with costunolide at various concentrations (8, 4, 2, 1, 0.5 uM, respectively)
for 24 hr (B). After washing with RPMI, the cells were treated with 5 nM 1,25-(OH),D; for 48 hr, and analyzed by the NBT reduction assay for cellular
differentiation and by the EMSA for NF-kB DNA-binding activity. S and NS indicate the presence of an unlabeled, identical oligonucleotide and non-specific
oligonucleotide, respectively. Data are representative of two independent experiments. (x) P < 0.001, relative to a treated group with 5 nM 1,25-(OH),D;
alone. (xx) P < 0.005, relative to a treated group with 5 nM 1,25-(OH),Dj3 alone.
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4. Discussion

In the present study, we have demonstrated that costu-
nolide potentiated 1,25-(OH),Ds-induced differentiation
in HL-60 promyelocytic leukemia cells that are widely
used as a model system for differentiation studies. HL-60
cells were synergistically differentiated into monocytes
when treated with costunolide in combination with 1,25-
(OH),D5. Many previous studies have shown some chemical
combinations which exerted an additive or synergistic effect
on HL-60 cell differentiation. These combinations include
hexafluoro-1,25-(OH),D; with sodium butyrate [37], 1,25-
(OH),Dj3 and silibinin or capsaicin [38,39], 1,25-(OH),D;
and tumor necrosis factor-a [40], 1,25-(OH),D5 and treti-
noin tocoferil [41].

The mechanism by which costunolide potentiates 1,25-
(OH),D5-induced HL-60 cell differentiation is not clear.
1,25-(OH),D5; may mediate biological responses including
the cell differentiation as a consequence of its interaction
with nuclear receptors to regulate gene transcription [42]
and with a putative cell membrane receptor to generate rapid
non-genomic effects [43], the opening of voltage-gated
calcium and chloride channels [44], and the activation of
PKC, MAPK and PI3-K [4,7,45]. In our study, inhibitors for
PKC, ERK and PI3-K significantly decreased HL-60 cell
differentiation induced with costunolide in combination
with 1,25-(OH),D3, suggesting that PKC, PI3-K and
ERK may be, at least in part, involved in the potentiation
of 1,25-(OH),D;-mediated cell differentiation by costuno-
lide. Importantly, inhibitors for PKC and PI3-K inhibited
ERK activation stimulated by costunolide in combination
with 1,25-(OH),Dj; (Fig. 5B), indicating that PKC and PI3-
K may be upstream components of ERK activation induced
by costunolide. In contrast, p38 MAPK inhibitors, SB
203580 and SB 202190, increased HL-60 cell differentiation
induced with costunolide alone or in combination with 1,25-
(OH),D3, in consistent with a previous report [46].

Many previous studies have demonstrated that interfer-
ence with the activation of NF-xB appears to be involved in
the enhanced differentiation of HL-60 cells induced by
1,25-(OH),Dj5 [8,9]. Our NF-xB EMSA indicated that HL-
60 leukemia cells showed relatively high levels of NF-xB
activity that was not affected by 1,25-(OH),D; treatment.
Costunolide, a sesquiterpene lactone with an inhibitory
activity of NF-xB, enhanced 1,25-(OH),Ds-induced cell
differentiation (Fig. 6). The pretreatment experiments
showed that the enhanced levels of cellular differentiation
by costunolide closely correlated with the inhibitory levels
of NF-kB-binding activity (Fig. 7), suggesting possible
involvement of NF-kB inhibition in the enhanced cell
differentiation by costunolide. However, the role of NF-
kB inhibition in the costunolide-mediated enhancement of
cell differentiation should be further investigated. The inhi-
bitors for PKC, PI3-K and ERK did not change the NF-kB-
binding activity although the inhibitors significantly sup-
pressed the enhanced cell differentiation by costunolide

(Fig. 8). Furthermore, the combination of costunolide and
1,25-(OH),D5 was likely to show less inhibitory effect on
NF-kB-binding activity than costunolide alone although the
combination enhanced the cell differentiation (Fig. 6).

Another possibility of the costunolide-mediated enhan-
cing effect on cell differentiation is that costunolide may
enhance cell differentiation, in part, by decreasing the
catabolism of 1,25-(OH),D5 via inhibition of cytochrome
P450 enzymes. Some sesquiterpene lactones such as hele-
nalin are known to inhibit cytochrome P450 enzymes [47]
and isoforms of cytochrome P450 families are expressed in
human myeloid leukemia cell lines [48]. The inhibition of
cytochrome P450 enzymes may be mediated via inhibitory
effect of NF-xB activity since many compounds induced
cytochrome P450 enzymes by enhancing NF-kB activation
[49,50].

1,25-(OH),D3 and some of its analogues are also used
for the treatment of psoriasis [51]. The results presented
here suggest that treatment of patients with combinations
of costunolide and 1,25-(OH),D; may produce a greater
therapeutic response than 1,25-(OH),D; alone, possibly
with less toxicity. Clinical studies are needed to evaluate
this possibility, especially at concentrations of costunolide
that do not induce known side-effects. It is possible that
many dietary chemicals such as curcuminoids, tocopher-
ols, carotenoids, and other edible plants can prevent human
cancer, in part by synergizing with endogenously produced
stimulators of differentiation such as 1,25-(OH),D5; and
retinoic acids. Epideminological studies suggest that peo-
ple who eat large amounts of fruits and some vegetables
have a lower risk of many kinds of cancer [52].

In summary, we have shown that costunolide potentiates
1,25-(OH),D5-induced HL-60 cell differentiation via the
PKC, MAPK or PI3-K signaling pathway and that inhibi-
tion of NF-kB activation by costunolide could be a pre-
requisite to the efficient entry of promyelocytic leukemia
cells into a differentiation pathway. These results may
explain some known activities of costunolide, including
its anti-carcinogenic effects and suggest a possible use of
costunolide in the treatment of neoplastic diseases.
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