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Antiproliferative Effects of Curcumin Analogues

— Comparative antiproliferative activities of curcumin,
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and bis-demethoxycurcumin in human leukemia HL-60 cells —
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Abstract

Curcumin and its analogues(tetrahydrocurcumin THC, demethoxycurcumin; BDMC and dimethoxy-
curcumin DIMC) were compared for their ability to inhibit the growth of human leukemia HL-60 cells.
The growth of HL-60 cells was inhibited by curcumin, DeMC and DiMC, but not by THC lacking a,8-
unsaturated carbonyl groups thus suggesting that aB-unsaturated carbonyl groups are crucial for
antiproliferative activity. The order of antiproliferative activity was DIMC, curcumin and BDMC indicating
that the number of methoxy groups on the aromatic rings of the active compounds plays an important
role in enhancing anti-proliferating activity. In comparison with cellular uptake of the active compounds,
uptake capacity was found to be highest with DIMC, followed by curcumin and BDMC. Therefore, it is
most likely that the differential antiproliferative activities of DIMC, curcumin and BDMC are associated
with their capacities of cellular uptake resulting in building up of enough concentration inside the cells.
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[. Introduction

Despite significant advances in medical tech-
nology for diagnosis and treatment, cancer is
still widely posing a threat of mortality.
Considerable attention has been focused on
identifying naturally occurring anticancer sub-
stances capable of inhibiting cancer growth
or killing cancer cells. A wide spectrum of
phenolic substances, particularly those present
in dietary and medicinal plants, have been
reported substantial anticancer activity. The
majority of these substances retain antio-
xidant and anti-inflammatoryproperties, which
appear to contribute to their anticancer
activity [1]. Curcumin is one of the major
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components of turmeric, the dried rhizome: of
Curcuma longa 1., which has been used for
centuries as a herbal remedy for treatment
of inflammatory disorders as well as many
other diseases [2]. Curcumin has been shown
to be an antioxidant that has. antiproliferative
and anti-carcinogenic properties [3]. It has
been reported that the induction of apoptosis
by curcumin is responsible such an antipro-
liferative effect [4].

Several curcumin-related compounds are
found in medicinal plants or biometabolites,
and the original form of curcumin is che-
mically modified for special purposes. Bis-
demethoxycurcumin(BDMC), which lacks two
methoxy groups on the aromatic rings iIn
comparison with curcumin(Fig. 1), is contained
in turmeric extract [5]. Tetrahydrocurcumin

Tetrahydrocurcumin (THC)

Figure 1. Chemical structures of curcumin analogues.
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(THC), which lacks the conjugated bonds in-

the central seven-carbon chain(Fig. 1), isknown
to be an active metabolite of curcumin [6].
Dimethoxycurcumin(DiMC), which possesses
four methoxy groups on aromatic rings by
substitution of two hydroxylgroups of cur-
cumin with two methoxy groups(Fig. 1), has
been reported to exert anticancer activity
and to have increased metabolic stability in
comparison with curcumin [7]. How the di-
fferent forms of curcumin differ in their
ability to exert antiproliferative activity is so
far not investigated.

In this study, we compared antiproli-
ferative activity of curcumin analogues in
human leukemia HL-60 cells. We found that
DIMC, curcumin and BDMC differentially
inhibited the growth of HL-60 cells.

[l. Materials and methods

Chemicals. Curcumin and BDMC were iso-
lated from the rhizomes of turmeric, as des—
cribed earlier [56]. THCwas prepared from
curcumin by hydrogenating the two double
bonds conjugated to the B-diketone, as des-
cribed previously [6]. DIMC was synthetically
prepared as described [8] at the College of

Pharmacology, Wonkwang University(Iksan,

Republic of Korea). Purity of each compound
was detected by high—performance liquid chro-
matography to be > 90%. All solventsused in
this study were liquid-chromatography-mass
grade and purchased from Sigma-Aldrich(St.
Louis, MO).

Cells. The human leukemia cell line HL-

60(American Type Culture Collection, VA)
was cultured in RPMI-1640 medium(Sigma-
Aldrich) containing 10% fetal bovine serum
and  antibiotics(100units/mL of penicillin-G
and 100g/mL of streptomycin). Cultures were
maintained at 37C in a humidified 5% CO:
atmosphere.

Proliferation of HL-60 cells. Cells were pre-
incubated for 1h at a density of 5x 10"cells/
mL on a 24-well plate. The test compound or
vehicle was added to the cell culture, which
was incubated for another 48h. Cell proli-
feration was measured using a cell counting
kit(Dojin Laboratories, Kumanoto, Japan) accor-
ding to the protocol of the manufacturer.
Cells incubated only with the vehicle were
used as a control and corrected to 1009 of
cell growth.

Amnexin V assay. One of the early indi-
cators of apoptosis is the rapid translo—
cation of the membrane phospholipid pho-
sphatidylserine from the cytoplasmic interface
to the extracellular surface andits accumulation
there, producing a loss of membrane sym-
metry that can be detected using annexin
V. Briefly, 1x 10°ells were pretreated with
10bM of agents for indicated time points and
then subjected to annexin V staining. Cells
were washed, stained with FITC-onjugated
anti-annexin V antibody, and then analyzed
with a flow cytometer(FACSCalibur ; BD Bio~
sciences).

Assessment of cellular uptake. After in—
cubation of HL-60 cells with DiMC, cur-
cumin or BDMC for 1h, cells were washed
twice with cold PBS and spinned down at
1,000rpm for 5min. The pellet was dried and
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Figure 2. Effects of DiMC, curcumin, BDMC, and THC on the growth of HL-60 cells. Cells were
incubated for 48 h in the absence or presence of variousconcentrations of DIMC,
curcumin, BDMC, or THC. Cell proliferation was measured as described in* Materials and
Methods. Results represent the mean of three independent experiments.

suspended in 1mL of methanol and sonicated
for bmin, so that agent is extracted into the
methanol fraction. The lysate was centri-
fuged at 10,000rpm for 5min and absorption
spectra of supernatant containing methanolic
DiMC, curcumin or BDMC was recorded.
From the molar absorption coefficient of
curcumin in methanol, the amount of DIMC,
curcumin or DIMC loaded to cells was
estimated. The results were normalized to
Inmol of substrate added/million cells/mL and
cell uptake has been expressed as pmole/
million cells.

lll. Results

Whether the different forms of curcumin

inhibit cell growth to a similar extent was
investigated. Results in Fig. 2 indicate that
treatment of HL-60 cells with curcumin,
DIMC, or BDMC inhibited HL-60 cell growth
in a dose-dependent manner, but the potency
varied. ‘At 10M, DIMC was the most potent,
followed by curcumin and BDMC. THC con-
tains both methoxy groups but lacks con-
jugated bonds in the central seven-carbon
chain. Whether THC could also inhibit cell
growth to a similar extent ‘as curcumin was
investigated. The results showed that THC
had no apparent effect on HL~60 cell growth
(Fig. 2).

The findings on the differential effectiveness
of equal concentrations of the active com-
pounds on cell proliferation prompted us to
use 10uM in flow cytometric studies to be
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Figure 3. Effects of DIMC, curcumin, BDMC, and THC on apoptosis HL-60 cells. Celis were
incubated for 24h in the absence or presence of 10uM of DIMC, curcumin, BOMC, or
THC. Apoptosis(% of Annexin V-positive cells) was measured as described in Materials
and Methods. Results represent the mean+SD of three independent experiments.

able to examine whether the active compound
could induce apoptosis of HL-60 cells. As
shown in Fig. 3, DIMC, curcumin and BDMC
differentially induced apoptosis ; the rank order
of apoptosis being DIMC > curcumin > BDMC.
" The cellular uptakes of the active com-
pounds were compared. Curcumin undergoes
extensive metabolic reduction [9] and DIMC
is more stable than curcumin in cells [7]. To
overcome these limitations, HL-60 cells were
exposed to the active compounds at 10uM
only for 1h, so that an extensive loss of
each compound should be prevented. Uptake
was estimated by absorbance measurement
of methanol extracted cell lysates as a func-
tion of the total amount of the active com-
pounds added in the incubation medium. Fig.
4 shows relative cellular uptake by three
agents. It can be seen that the uptake of

DIMC was significantly higher, followed by
curcumin and BDMC.

IV. Discussion

Although it is well established that cur-
cumin can inhibit the growth of cancer cells,
how ~ curcumin analogues differ in their
ability to exert antiproliferative activity is
not known. Our results indicate that DIMC
is most active in suppressing HL-60 cell
growth the order of antiproliferative activity
was DIMC, curcumin and BDMC. Interes—
tingly, THC was found to be inactive.

One of the notable findings was that
THC, lacking the ap-unsaturated carbonyl
groups present in the active compounds, was
virtually inactive. Compounds carrying. this
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Figure 4. Celiular uptake. HL-60 celis were incubated for th with 10uM of DiMC, curcumin, or
BDMC. Total cellular uptake was determined by measuring the absorbance of each
compound extracted into the methanol fraction as described under Materials and methods.
Data shown are mean SD of three independent experiments.

reactive group have been shown to exhibit
versatile biological activities, e.g., inhibition
of tumor cell growth [10), induction of
differentiation [11], apoptosis [12], and anti—
inflammatory activity [13]. Modifications of
cysteine residues and consumption of intra-
cellular glutathione have been implicated as
the essential action mechanisms of af-
unsaturated carbonyl agents [12]. We assume
that curcumin, DIMC and BDMCare effective,
at least in part, on account of bearing the g,
B-unsaturated carbony! groups. However, such
an assumption could not explain differential
antiproliferative activities of curcumin, DiMC
and BDMC since these compounds possess
the same functionality(a,B-unsaturated carbonyl
groups). Curcumin contains two methoxy
groups, DiMC contains four, and BDMC
contains none. Since the order of antipro-
liferative activity is DIMC, curcumin and

BDMC, this indicates that the number of
methoxy group would be associated with
differential antiproliferative activities of the
active compounds. How the methoxy group
can enhance antiproliferative activity, however,
is unclear. One of possiblé explains is that
the differential antiproliferative activities of
the active compounds may be caused by their
differential permeability into Cell membrane,
mainly due to the number of hydrophobic
methoxy group. This is supported by our
finding that the relative potency for cellular
uptake was DIiMC > curcumin > BDMC and
casually correlating with the order of antipro-
liferative activity. Therefore, it is most likely
that the differential antiproliferative activities
of the active compounds are associated with
their capacities of cellular uptake resulting in
building up of enough concentration inside
the cells.
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It has been suggested that cancer cell
growth inhibition is associated with the
promotion of apoptosis [4]. Indeed, we found
that curcumin, DIMC or BDMC, but not
THC,  induced apoptosis of HL-60 cells.
Interestingly, the potency of apoptosis was
DiMC > curcumin > BDMC, which correlates
well with the order of antiproliferative activity.

In summary, DIMC, curcumin and BDMC
differentially inhibited the growth of HL-60
cells; the order of antiproliferative activity
being DiMC > curcumin >BDMC. In com-
parison with cellular uptakes of the active
compounds, uptake capacity was found to be
highest with DIMC, followed by curcumin
and BDMC.
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