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Abstract

We had demonstrated that two prenylflavanones, propolin A and propolin B, isolated and characterized from Taiwanese propolis,
induced apoptosis in human melanoma cells and significantly inhibited xanthine oxidase activity. Here, we have isolated a third compound
called propolin C. The chemical structure of propolin C has been characterized by NMR and HRMS spectra, and was identical to
nymphaeol-A. However, no biological activities of this compound have ever been reported. In the present study, propolin C effectively
induced a cytotoxic effect on human melanoma cells, with an icsg of about 8.5 pM. DNA flow cytometric analysis indicated that propolin
C actively induced apoptosis in human melanoma cells and there is a marked loss of cells from the G2/M phase of the cell cycle. To address
the mechanism of the apoptosis effect of propolin C, we evaluated the effect of propolin C on induction of apoptosis-related proteins in
human melanoma cells. The levels of procaspase-8, Bid, procaspase-3, and poly(ADP-ribose) polymerase were decreased in dose- or time
course-dependent manners. Moreover, propolin C was capable of releasing cytochrome ¢ from mitochondria to cytosol. The findings
suggest that propolin C may activate a mitochondria-mediated apoptosis pathway. On other hand, propolin C is a potential antioxidant
agent and shows a strong capability to scavenge free radicals and inhibit on xanthine oxidase activity with 1csy of about 17.0 pM. In
conclusion, the isolation and characterization of propolin C from bee propolis are described for the first time, and this compound is a

powerful inducer of apoptosis in human melanoma cells.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

A natural product, propolis, is a resinous material gath-
ered by honey bees from the buds and bark of certain trees
and plants, and used in their hives [1]. It is a kind of crude
medicine, long used as a folk remedy, chiefly in Europe [2].
Propolis contains various chemical components and exhi-
bits a broad spectrum of biological activities, including
antitumor [3], antioxidant [4], antibacterial [5], antiviral
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[6], antifungal [7], and anti-inflammatory activities [7].
More than 200 constituents have been identified from
propolis, but its various biological activities have not yet
been well understood [5]. Propolis contains wax, flavo-
noids, and phenolic compounds, such as cinnamic acids
and their derivatives, as well as various aldehydes and
ketones [8]. Caffeic acid phenethyl ester (CAPE) was one
of the components isolated and identified to show anti-
tumor and antioxidant properties [9].

Many natural products used in cancer chemotherapy,
including taxol [10], adriamycin [11], VP16 [12], camp-
tothecin [12], and carnosol [13], have apoptosis-inducing
activity. We previously identified two novel prenylflava-
nones from Taiwanese propolis, flavonoid compounds with
hydrated geranyl side chains, namely, propolin A and
propolin B [14]. In this study, propolin C is isolated and
characterized from Taiwanese propolis. The structure was
elucidated mainly by NMR spectral evidence, and found to
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be identical with the reported prenylflavanones compound
nymphaeol-A [15]. Propolin A and propolin B have
hydrated geranyl side chains, but propolin C has an unhy-
drated geranyl side chains.

Flavonoids are found naturally in fruits and vegetables
and have possessed chemoprevention or anticancer activity
[16,17]. The anticancer activities of flavonoids are due to
their inducing apoptosis [18]. Flavonoids shown to induce
apoptosis in cancer cells include quercetin [19], bicalein
[20], genistein [21], tangeritin [22], and sophoranone [23].

Apoptosis, the physiological mode of cell death, is
related to the regulation of development and homeostasis.
Its morphological characteristics, include plasma mem-
brane blebbing, cell shrinkage, nuclear condensation, chro-
mosomal DNA fragmentation, and formation of apoptotic
bodies [24]. Many recent reports have indicated that many
anticancer drugs or cancer chemopreventive agents act
though the induction of apoptosis to prevent tumor promo-
tion and progression. The process of apoptosis consists of
different phases, including initiation, execution, and degra-
dation [25], and is activated by two major pathways. One is
the receptor-induced apoptosis that includes the TNF-R1,
Fas (CD95), and TRAIL-receptor [26,27]. In the so-called
“extrinsic”” cell death pathway, a cytoplasmic death
domain forms and trimerization of the receptor and recruits
TRADD and FADD. The other major route leading to
apoptosis is the ‘““intrinsic” cell death pathway that is
activation of proapoptotic factors from mitochondria,
including cytochrome ¢ and Apaf-1 [28,29].

We have demonstrated that propolin A and propolin B
are cytotoxic to human melanoma cells, C6 glioma cells,
HL-60 human leukemia cells, MCF-7 human breast cancer
cells, and IMR32 neuroblastoma cells. Furthermore, both
are potential antioxidant agents [14]. In the present study,
propolin C was found to be more effective in inducing
apoptosis than either propolin A or propolin B in human
melanoma cells, and also more active in inhibiting xanthine
oxidase (XO) activity. Furthermore, we found propolin C is
more effective in inducing cytotoxicity than CAPE in six
different cancer cell lines, and also that propolin C exhibits
more potential inhibited XO activity than CAPE. However,
no biological activities of this compound (nyphaeol-A)
have ever been reported. These reasons prompted us to
investigate and further to evaluate whether this compound
had value as a chemotherapeutic drug.

2. Materials and methods
2.1. Cell culture and cytotoxicity assay

Human melanoma cells (A2058), murine melanoma
cells (B16F10), human breast cancer cells (MCF-7),
human hepatoblastoma cells (Hep.G2), human hepatocel-
lular carcinoma cells (Hep.3B), and human colon adeno-
carcinoma cells (HT-29) were cultured in Dulbecoo’s
modified Eagle’s medium (DMEM, Gibco) containing

10% fetal bovine serum (Gibco) and 1% penicillin—strep-
tomycin, and were maintained at 37° in a humidified
atmosphere at 95% air and 5% CO,. All cells (1 x 10°)
per well were cultured in 12-well plates and incubated for
14 hr were washed and different concentrations of propolin
C (2.35-16.35 uM) were added to each well in triplicate
for 24 hr. Treated cells were counted and cell viability was
determined by a trypan blue exclusion or MTT assay.

2.2. Propolin C isolated from the Taiwanese propolis

Taiwanese propolis glue (245 g, mixture from hives
collected near Bagwa Shan, Taiwan) was homogenized
by stirring at 4° and washed thrice with 0.7 L of deionized
water. The residue was extracted three times with 95%
ethanol. The filtered ethanol extract was evaporated to
dryness under reduced pressure to furnish a brown powder
which was kept at —20° until further purification. The brown
powder from the ethanol extract was dissolved in methanol
and applied to a Sephadex LH-20 column (Amersham
Pharmacia Biotech AB) using 95% ethanol as eluting
solvent. All eluates, including fractions from the follow-
up chromatographies, were assayed on human melanoma
proliferation, and the active fractions were again chromato-
graphed on Sephadex LH-20 column using 95% ethanol to
elute. The active fractions were then subjected to silica gel
column chromatography (Kiesel gel 60, E. Merck) using a
solvent system of n-hexane—EtOAc. Purification of the most
active fraction (n-hexane:EtOAc = 40:60) was carried out
on a reversed-phase preparative HPLC. Fractions of reten-
tion times at 25.0 min. containing propolin C were collected.
The conditions were: column-Luna Phenomenex (C18,
250 mm x 10 mm), solvent system: methanol:water (8:2);
flow rate: 3 mL/min; detection: UV 280 nm. Propolin C was
obtained as a slightly brown powder from methanol:water
(8:2). FAB-MS (negative mode): m/z423 ((M — H] ), FAB-
MS (positive mode): m/z 425.2 (IM + H]"), HRFAB*MS

Table 1
'H NMR data of propolin C in acetone-ds and CDCl,

Position Oy (J, Hz) in CDCl3 Oy in acetone-dg
23 CH 5.12 (dd, 12.8, 2.8) 5.34
3B CH, 2.60 (dd, 17.1, 2.8) 2.69
30 2.93 (dd, 17.1, 12.8) 3.10
8 CH 5.85 (s) 6.02
5 CH 6.73 (s) 6.84
6 CH 6.68 (dd, 8.0, 1.4) 6.84
2’ CH 6.81 (br s) 7.00
1" CH, 3.15(d, 6.9) 3.24
2" CH 5.12% 5.23
4" CH; 1.66 (s) 1.67
5" CH, 1.85 (t, 6.9) 1.94
6" CH, 1.95 (t, 6.9) 2.05
7" CH 4.96 (t) 5.07
9" CHj 1.46 (s) 1.55

10" CH; 1.53 (s) 1.60

Assignments were based on the HMQC and HMBC NMR data.
# Obscured.
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Table 2
13C NMR data of propolin C and nymphaeol-A*

Carbon No.  Propolin C in Propolin C in Nymphaeol-A Carbon Propolin C in Propolin C in Nymphaeol-A in
CDCl; 6¢ acetone-dg d¢ in acetone-dg ¢ No. CDCl; 6¢ acetone-dg d¢ acetone-dg O¢
2 78.9 79.9 79.5 1 20.8 21.5 21.4
3 43.0 43.6 434 2" 122.0 123.5 123.2
4 197.2 197.3 196.5 3" 135.2 134.9 134.3
5 160.7 162.2 161.7 4" 15.8 16.2 16.1
6 102.3 109.0 108.6 5" 39.6 40.5 40.3
7 161.0 165.0 164.7 6" 26.5 27.4 27.2
8 94.6 95.3 95.0 7" 124.2 125.1 124.7
9 164.4 161.9 161.3 8" 131.0 131.6 131.0
10 108.6 103.0 102.5 9" 17.3 17.7 17.6
U 130.3 131.6 130.9 10" 25.3 25.8 25.7
2 115.0 114.6 114.2
3 144.6 145.1 145.4
4 145.0 146.4 145.8
5 113.2 1159 115.7
6 118.2 119.1 118.6

Assignments were based on the HMQC and HMBC NMR data.
# Data taken from ref. [15].

m/z 425.20 (calcd for CpsHygOg 424.1992; 'H and *C NMR
data were illustrated in Tables 1 and 2).

2.3. Analysis of DNA fragmentation

Human melanoma cells in a 100-mm dish were treated
with various concentrations of propolin C (2.35-16.35 uM)
for 24 hr, trysinized, and collected with ice-cold PBS. After
centrifugation (2000 g) for 10 min at 4°, cells were washed
with PBS and recentrifuged at 13,200 g for 10 min at 4°.
Cell pellets were resuspended in 0.1 mL of isolation buffer
(10mM EDTA, 50 mM Tris—HCI, pH 8.0, 0.5% SDS,
1 mg/mL proteinase K) and incubated 12 hr at 50° and
treated with RNase A (0.5 pg/mL) for another 4 hr at 37°.
The lysate was centrifuged at 13,200 g for 10 min at 4° to
separate the soluble fragmented DNA from the intact
chromatin pellet. Fragmented DNA was extracted with
phenol:chloroform:isoamyl alcohol (25:24:1), precipitated
with ethanol, and analyzed by 1.8% agarose gel electro-
phoresis. Approximately 20 png DNA was loaded in each
well, visualized under UV light, and photographed.

2.4. Morphological analysis of apoptotic cells

Human melanoma cells on 60-mm culture dishes
(5 x 10° per dish) were treated with propolin C at
11.75 uM for 24 hr. After treatments, cell were fixed with
4% formaldehyde for 30 min, washed with PBS, and then
stained with 50 pg/mL propidium iodide (PI) in the pre-
sence of 25 pg/mL RNase A. The morphology of nuclear
chromatin was defined by fluorescence of DNA-binding
dye, PI, under a fluorescence microscope (Zeiss).

2.5. Analysis of the cell cycle

Human melanoma cells (1 x 10°) in a 100-mm dish
were treated with various concentrations (2.35-16.35 pM)

for 24 hr or treated with propolin C (16.35 uM) for 0, 4, 8,
16, and 24 hr. Cells were trysinized and collected with ice-
cold PBS. The cells were resupended in 200 puL. PBS, and
fixed in 800 pL of iced 100% ethanol at —20°. After being
left to stand overnight, the cell pellets were collected by
centrifugation, resuspended in 1 mL of hypotonic buffer
(0.5% Triton X-100 in PBS and 0.5 pg/mL RNase A), and
incubated at 37° for 30 min. Then, 1 mL of PI solution
(50 pg/mL) was added, and the mixture was allowed
to stand on 4° for 30 min. Fluorescence emitted from
the PI-DNA complex was quantitated after excitation
of the fluorescent dye by FACScan cytometry (Becton
Dickinson).

2.6. XO activity assay

The enzyme activity was measured spectrophotometri-
cally by continuously measuring uric acid formation at
295 nm with xanthine as substrate. The XO assay consisted
of a 500 pL reaction mixture containing 7.5 mM phosphate
buffer, 20 mM 3-(cyclohexylamino)-1-propanesulfonic
acid (CAPS), 38 uM EDTA (pH 7.0), 3 U/L XO, and
50 uM xanthine as substrate. The assay was started by
addition of the enzyme to the reaction mixture without or
with propolin C and CAPE. The assay mixture was incu-
bated for 3 min at 37° and absorbancy readings were taken.
The substrate concentration was less than 60 UM to avoid
substrate inhibition. All data obtained for enzyme inhibi-
tion assays and plotting were preceded using the Microsoft
Excel (Microsoft Office 2000).

2.7. Stable free radical scavenging capacity

The free radical scavenging capacity of propolin C was
measured with 1,1-diphenyl-2-picrylhydrazyl (DPPH).
The DPPH radical has a deep violet color due to its
unpaired electron and radical scavenging capability and
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can be followed spectrophotometrically by absorbance loss
at 517 nm when the pale yellow non-radical form is
produced. A 0.5 mL aliquot of propolin C (1.25, 2.5,
5.0, 10.0, 20.0, and 40.0 pM, final concentration) dissolved
in methanol was mixed with 0.5 mL 0.15 mM DPPH
solution (in methanol) in a cuvette and the optical density
change at 517 nm was followed for 1 min in a UV-Vis U-
3210 spectrophotometer. The DPPH test was also per-
formed with CAPE (1.25, 2.5, 5.0, 10.0, 20.0, and
40.0 uM, final concentration) as control.

2.8. Western blotting assay

Human melanoma cells on 100-mm culture dishes
(1.5 x 10° per dish) were treated with propolin C at
2.35, 7.05, 11.75, and 16.35 pM for 24 hr or treated with
propolin C at concentration of 16.35 for 0, 4, and 8 hr. After
treatment, cells were collected and resuspended in 100 pL.
Gold lysis buffer. Equal amounts of proteins (20 pg), were
mixed with 5 x sample buffer and resolved by 12% SDS-
PAGE for B-actin, poly(ADP-ribose) polymerase (PARP),
Bid, procaspase-3, procaspase-8, and cytochrome ¢ detec-
tion. Proteins were electrotransferred to an immobilon
membrane (PVDF; Millipore Corp.), and equivalent pro-
tein loading was verified by staining the membrane with
reversible dye amido black (Sigma Chemical Co). This was
followed by overnight blocking with a solution composed
of 20 mM Tris—HCI (pH 7.4), 125 mM NaCl, 0.2% Tween
20, 4% non-fat dry milk, and 0.1% sodium azide. Expres-
sion of B-actin, PARP, Bid, procaspase-3, procaspase-8,
and cytochrome ¢ was monitored by immunoblotting using
a specific antibodies (1:500 of rabbit polyclonal antibodies
to human PARP; Santa Cruz Biotechnology, Inc.), anti-
caspase-3 antibody and anti-caspase-8 antibody (Pharmin-
gen, Becton Dickinson), anti-Bid antibody (Santa Cruz
Biotechnology, Inc.), anti-B-actin antibody (Cashmere
Biotech), and cytochrome c antibody (Research Diagnostic
Inc.). These proteins were detected by chemiluminescence
(ECL, Amersham).

2.9. Cytochrome c release

Mitochondrial and cytosolic fractions were prepared
by resuspending cells in ice-cold buffer A (250 mM
sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl,,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 17 pg/mL phe-
nylmethylsulfonylfluoride (PMSF), 8 pg/mL aprotinin,
and 2 pg/mL leupeptin, pH 7.4). Cells were passed
through a needle 10 times. Unlysed cells and nuclei were
pelleted by centrifugation for 10 min at 750 g. The super-
natant was then centrifuged at 100,000 g for 15 min. This
pellet was resuspended in buffer A and represents
the mitochondrial fraction. The supernatant was again
centrifuged at 100,000 g for 1 hr. The supernatant from
this final centrifugation step represents the cytosolic
fraction.

2.10. Activity of caspase [36]

Cells were collected and washed with PBS and sus-
pended in 25 mM HEPES (pH 7.5), 5 mM MgCl,, 5 mM
EDTA, 5 mM dithiothione, 2 mM PMSEF, 10 pg/mL pep-
statin A, and 10 pg/mL leupeptin after treatment. Cell
lysates were clarified by centrifugation at 13,200 g for
20 min at 4°. Caspase activity in the supernatant was
determined by a fluorogenic assay (Promega’s CasACE™
Assay System). Briefly, 75 ng of total protein, as deter-
mined by bicinchoninic acid assay (Promega), was incu-
bated with 50 uM substrate acetyl-Asp-Glu-Val-Asp-7-
amino-4-methyl coumarin (Ac-DEVD-AMC) at 30° for
1 hr. The release of AMC was measured by excitation at
360 nm and emission at 460 nm using a fluorescence
spectrophotometer (Hitachi F-4500).

3. Results
3.1. Purification and identification of propolin C

Propolin C (Fig. 1) was isolated through repeated
chromatographies of the 95% ethanol extract of the
propolis glue under the guidance of human melanoma
proliferation. Final purification of the active fraction was
achieved by HPLC on a reversed-phase column. The
total content of the active component, propolin C, was
roughly 4.5% of the propolis glue. Both 'H and '*C

6 8"
/ 10"
, - 2
Propolin A Rl1= - < 5 CHg
OH
R2-H
R3=H
Propolin B R2= /\/K/\/ CHs
OH
RI=H
R3
CH, CH;
Propolin C R3= /W
CH,
RI=H
2-H

Fig. 1. Structures of propolin A, propolin B, and propolin C.
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NMR (in CDCl3, Tables 1 and 2) displayed absorptions of
characteristic of the prenylflavanone type, very similar to
those of propolin A and propolin B, the two more polar
components, isolated from the same source (3 and 1%,
respectively) [14]. The HRMS of a pure sample of
propolin C indicated a [M]" of 424 with the molecular
composition as C,sH,30¢. Obviously, a water molecule
was lost from the geranyl side chain. Moreover, the
geranyl substitution is not on the C-ring anymore, judging
from the coupling patterns of the two aromatic rings
(H 5.85, s; 6.76, d, J = 8.0 Hz; 6.68, dd, J = 8.0, 1.4;
and 6.81, br s). In other words, the side chain is either at
C6 or at C8 of ring A. A known compound, nymphaeol-A,
isolated from Hernandia nymphaefolia, happened to have
the same geranyl group at C6 [15]. Upon comparison of
the 3C NMR of propolin C in ds-acetone with the
reported data of nymphaeol-A, the identity of both com-
pounds could be recognized. However, the bioactivities
of nymphaeol-A have never been reported, and its che-
mical shifts of proton were only partially assigned. In
Tables 1 and 2, a complete assignments of each proton
and carbon of propolin C in both d-chloroform and dg-
acetone were compiled on the basis of two-dimensional
NMR (HMQC, HMBC, NOESY) performed. The cyto-
toxicity and free radical scavenging capability of propo-
lin C showed much more potency than those of either
propolin A or propolin B [14] as further demonstrated in
the following.

3.2. Inhibition of cell growth by propolin C

The cytotoxicity effect of propolin C was first eval-
uated in the human melanoma cells. As shown in Fig. 2a,
treatment with propolin C concentrations of 2.35-
16.35 uM caused a dose-dependant decrease of cell via-
bility. The 1c5q values of propolin C on the human mela-
noma cells was 8.5 uM. The growth-inhibiting activity
of propolin C was much stronger than that of either
propolin A or propolin B that had been described
previously. The 1cso values of propolin A and propolin
B were 13.6 and 16.0 uM, respectively. Figure 2b shows
the time courses of the induction of cytotoxic effect in

Table 3

human melanoma cells by propolin C at a concentration of
16.35 uM. Treatment of human melanoma cells with
16.35 uM propolin C for 12 hr induced cytotoxic effects
in approximately 62% of the cells. Treatment of the
human melanoma cells with 2.35-11.75 uM propolin C
for 24 hr induced cell morphological change as shown in
Fig. 2c. Morphological features, such as condensation of
chromatin of the nucleus and cell shrinkage, were seen in
propolin C-treated cells. It appears that the cells morpho-
logic changes may be via induced apoptosis as described
below.

3.3. Comparison of propolis major compound CAPE
with propolin C on various cancer cell viabilities

The cytotoxic effects of CAPE and propolin C on six
different cancer cell lines were investigated. All cancer cell
lines were treated with various concentrations (2.35—
16.35 uM) of propolin C and CAPE. After 24 hr of treat-
ment, the number of live cells was determined by means of
MTT assay. As shown in Table 3, the viability of MCF-7
cells was less than 6% after exposure to propolin C
(11.75 puM) for 24 hr, but, the same concentration of CAPE
induced no marked cytotoxic effect. Four different cancer
cell lines were sensitized by treatment with propolin C,
including A2058, B16F10, Hep.3B, and MCF-7. However,
both Hep.G2 and HT-29 were more resistant to propolin C
than the other four lines. Furthermore, B16F10 were more
sensitized to CAPE than the other five cancer cell lines,
but, all the data indicated that propolin C was markedly
more active than CAPE in inhibiting the growth of cancer
cells.

3.4. Effect of propolin C on DNA fragmentation and
ladder formation

We next questioned whether propolin C induced apop-
tosis in human melanoma cells. After treatment of human
melanoma cells with various concentrations of propolin C
for 24 hr, the genomic DNA from cells was subjected to
agarose gel electrophoresis. The DNA fragmentation lad-
der significantly increased (Fig. 3a). The induction of

Cytotoxic activity of propolin C and CAPE in various human and murine cancer cell lines

Cancer cell lines Cell viability (%)

Propolin C concentrations (uM)

CAPE concentrations (LM)

0 2.35 7.05 11.75 16.35 2.35 7.05 11.75 16.35
A2058 100 8 +5 62 £ 4 18 £2 4£05 98 £6 S £5 92 £ 4 82+ 45
B16F10 100 98 £6 49 £ 3 12+2 2£05 9 +7 75 £35 60 £ 3 42+25
Hep.G, 100 9 +6 95 £ 4 92 £3 85+ 4 98 £3 94 £35 92 £5 91 £5
Hep.3B 100 98 £3 80 £ 4 57+3 6 £0.5 97 £3 95 £6 92 £4 8 +£3
MCEF-7 100 95 +£2 35+£3 6+2 1£02 97 £3 96 £ 2.5 90 £ 4 82 +£3
HT-29 100 95 £ 4 82 +3 71+ 4 53£2 97 £35 95 £4 92 £4 90 £ 3

Cells were treated with propolin C or CAPE for 24 h. Each cell viability value is the mean of three repeated experimesnts by MTT assay.
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Fig. 2. Effect of propolin C on the viability of human melanoma cells. (a) The cells were treated with various concentrations (2.35-16.35 uM) of propolin C
for 24 hr and (b) various time courses at concentration of 16.35 pM for 0, 3, 6, 12, and 24 hr and subsequent cell viability was measured by a trypan blue
exclusion assay. (c) Phase-contrast micrographs of human melanoma cells treated with various concentrations of propolin C (2.35-11.75 uM). Results are
from one experiment representation of three similar experiments. Magnification 400x. The data are presented in terms of proportional viability (%) by
comparing the propolin C-treated group with the untreated cells, the viability of which was assumed to be 100%. Results represent the mean £ SE of three

independent experiments.

apoptosis was further confirmed in fluorescence photomi-
crographs of human melanoma cells stained with PI after
treatment with 11.75 pM propolin C for 24 hr. The mor-
phological features of apoptosis, such as condensation of
chromatin and fragmentation of the nucleus into discrete
masses scattered throughout the cytosol, were seen in
propolin C-treated cells (Fig. 3b).

3.5. Relation between cell cycle and DNA
[fragmentation after propolin C

To investigate the induction of a sub-G1 cell population,
the DNA content of human melanoma cells treated
with propolin C at various concentrations was analyzed
by flow cytometry as shown in Fig. 4a. The percentages
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Propolin C (uM)
235 7.05 1L75 1635

(a)

Control

(b)

Propolin C 11.75 uM

Fig. 3. Propolin C-induced DNA fragmentation in human melanoma cells. (a) DNA fragmentation by propolin C in human melanoma cells. Human
melanoma cells were treated with various concentrations (2.35-16.35 uM) for 24 hr. Genomic DNA was isolated and analyzed by 1.8% agarose gel
electrophoresis. (b) Effect of propolin C on the morphology of nuclear chromatin. The untreated and propolin C (11.75 uM)-treated human melanoma cells
for 24 hr were fixed and stained as described in Section 2. Morphological changes of nuclear chromatin were then viewed under a fluorescence microscope.
The control cells showed round and homogeneous nuclei; propolin C-treated cells showed condensed and fragmented nuclei. Results are from one experiment

representative of three similar experiments. Magnification 400x.

of apoptotic human melanoma cells observed after 0,
2.35, 7.05, 11.75, and 16.35 uM of propolin C (left
column in Fig. 4a) for 24 hr were as follows: 1.70,
0.72, 4.16, 25.24, and 52.72%. A sub-Gl (sub-2N)
DNA peak, which has been suggested to be the apoptotic
DNA, was detected. However, we next questioned
whether cell damage might be attributable to the cell
cycle program or might have become arrested at any cell
cycle phases by propolin C-induced apoptosis in human
melanoma cells. Our data in Fig. 4a right and left columns
demonstrate that propolin C was markedly loss of cells
from the G2/M phase of the cell cycle (from 22.4
to 8.2%). Figure 4b (sub-Gl) and 4c (DNA content)
shows the time courses of the induction of apoptosis
effect in human melanoma cells by propolin C at a
concentration of 16.35 uM. Treatment of human mela-
noma cells with 16.35 uM propolin C for 16 hr induced

apoptosis effects in approximately 48.57% of sub-Gl
(sub-2N) DNA peak. These results show that propolin
C at a concentration of 11.75 pM or treated with propolin
C at concentration 16.35 uM for 16 hr was efficient to
induce apoptosis in human melanoma cells, and there is a
marked loss of cells from the G2/M phase of the cell
cycle. Our data indicate that propolin C had cytotoxic
effects on human melanoma cells, and the cytotoxic
effects may be through apoptosis induction.

3.6. Propolin C-induced apoptosis via activated
caspase-dependent pathway

Initiator caspases (including 8, 9, 10, and 12) are
closely coupled to proapoptotic signals. Once activated,
these caspases cleave and activate downstream effector
caspases (including 3, 6, and 7), which in turn cleave
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cytoskeletal and nuclear proteins, such as PARP and signal pathways were involved in the apoptotic cell
lamin A, and finally induce apoptosis. Proapoptotic sti- death induced by propolin C in human melanoma cells.
muli, including the FasL, TNF-a, DNA damage, and Treatment of human melanoma cells with 16.35 uM
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Fig. 4. (Continued)

and procaspase-3 protein levels (Fig. 5a). Next, we
further evaluate whether caspase-8 might be activated
during the induction of apoptosis by propolin C, because
caspase-8 plays an important role in the mitochondria
dependent or independent pathway in apoptosis. Our data
indicate PARP, procaspase-8, procaspas-3, and Bid pro-
tein expressions were markedly decreased by treated
with propolin C at concentration of 11.75-16.75 pM.
(Fig. 5b).

3.7. Propolin C-induced apoptosis via activated
mitochondrial-dependent pathway

However, the apoptotic processes that follows two signal-
ing pathways, namely, the mitochondrial-independent acti-
vation of caspase-3 and the mitochondrial-dependent
apoptosis due to cleavage of Bid by caspase-8, the formation
of apoptosomes, and activation of caspase-9 and the down-
stream caspases. We next determined the Bid protein level
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after propolin C treatment (0, 4, and 8 hr) in human mel-
anoma cells. The results indicate this level decreased mark-
edly at 8 hr after treatment with propolin C (Fig. 5c). To
address the question of whether propolin C induces cyto-
chrome c release from mitochondria, a cytoplasm fraction
prepared from human melanoma cells was incubated in the
presence (7.05, 11.75, and 16.35 pM) or absence of propolin
C for 24 hr. Our data indicated that the cytoplasm fraction
markedly increased the cytochrome c protein level in a dose-
dependent manner (Fig. 5d). All results suggest conclusively
that the propolin C-induced apoptosis of human melanoma
cells was via mitochondrial-dependent pathway, as were the
activation of caspase-8, Bid, and caspase-3.

3.8. Caspase-3 activation of human melanoma cells by
propolin C

To further elucidate the mechanisms of propolin
C-induced apoptosis, we think of the possible involvement
of caspases. Activation of caspase-3 plays an important
role in the induction of apoptosis by various stimuli. Upon
treatment of human melanoma cells with 16.35 uM pro-
polin C, the activity of a caspase-3-like enzyme increased
significantly within 4 hr after the start of treatment (Fig. 6).
The results further obtained in these experiments suggested
that caspase-3 involved in propolin C-induced apoptosis of
human melanoma cells.
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Fig. 5. Induction of apoptosis via caspases-dependent pathway, and activation of caspase-8, Bid, caspase-3, and PARP. Human melanoma cells were incubated
with 2.35, 7.05, 11.75, and 16.35 uM propolin C for 24 hr or treated with propolin C for 0, 4, and 8 hr. Cell lysates were prepared, and subjected to SDS-PAGE.
(a) Procaspase-3 and PARP were determined by immunoblotting using specific antibodies. (b) PARP, procaspase-8, procaspase-3, and Bid were determined by
immunoblotting using specific antibodies. (c) Human melanoma cells were incubated with propolin C at 0, 4, and 8 hr at concentrations of 16.35 uM. Cell lysates
were prepared, subjected to SDS—-PAGE, and Bid determined by immunoblotting using specific antibodies. (d) Release of cytochrome ¢ from mitochondria was
dose dependent. Human melanoma cells were treated with 7.05, 11.75, and 16.35 pM propolin C for 24 hr, and cytochrome c in the cytosolic fraction was detected
by western blotting analysis with antibodies against cytochrome c. The results are representative of those from three separate experiments.

3.9. Inhibition of XO by propolin C and CAPE

XO is the major source of reactive oxygen species
(ROS). Normal loads of ROS are removed by the enzyme
superoxide dismutase (SOD), catalase, and glutathione
peroxidase. Excessive amounts of ROS increase the oxi-
dative stress in the body. This accelerates membrane
damage, DNA base oxidation, DNA strand breaks, and
chromosome aberrations, most of which are involved in the
cacinogenesis process. XO activity can be determined
because it forms uric acid, which has a maximum absorp-
tion in OD = 295 nm, providing the basis for a spectro-
phtometric assay. The effects of two polyphenols on
XO activity were tested, and the dose—response curves

and 1csq values for these two compounds are shown in
Fig. 7. The 1csq values of propolin C and CAPE [30] were
17 and 44 pM, respectively. In the system, the 1c5q value
for the well-known XO inhibitor allopurinol is 0.7 uM
(data not shown). The results suggest that the chemical
structures of propolin C are closely related to hypox-
anthine, xanthine, and uric acid, and may act as substrate
analogs for XO.

3.10. Free radicals scavenging by propolin C
and CAPE

The radical scavenging abilities of propolins C and
CAPE were tested with DPPH, and the results are pre-
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experiments.

sented in Fig. 8. The data indicate 1c5y values of both
propolin C and CAPE were approximately 7.5 and 8.5 pM,
respectively. These results suggest that propolins C is a
potential antioxidant agent.

4. Discussion

In the present study, we have demonstrated that pro-
polin C potently inhibits the proliferation of human
melanoma cells through inducing a cytotoxic effect
and triggering apoptosis. Propolin C exhibited a dose-
and time-dependent inhibition of cellular proliferation

in the human melanoma cells. Our present data demon-
strate that propolin C induces more cytotoxic effect than
CAPE at the same concentrations. We have identified
two novel prenylflavanones from Taiwanese propolis,
flavonoid compounds with hydrated geranyl side chains,
namely, propolin A and propolin B [14]. Both propolin
A and propolin B have hydrated geranyl side chains on
the ring B attached at C2 and C5, respectively, but
propolin C has an unhydrated geranyl side chain on
the ring A attached at C6 (Fig. 1). We have demonstrated
that both propolin A and propolin B induce apoptosis in
different cancer cell lines and are potential antioxidant
agents.
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Fig. 7. Inhibition of xanthine oxidase activity by propolin C. Inhibition of xanthine oxidase by propolin C, CAPE, and allopurinol. The formation of uric acid

was determined spectrophotometrically at 295 nm as described in Section 2.
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'"H NMR and '3C NMR data indicate that propolin C is a
flavonoid compound with a geranyl side chain and iden-
tical to known compound nymphaeol-A from H. nymphae-
folia [15]. However, the physiological activity of
nymphaeol-A has never been reported. This prompted us
to study the anticancer activity of propolin C. Another
closely related compound called sophoranone, extracted
from a traditional Chinese medicine shan dou gen, induced
apoptosis in human leukemia U937 cells [23]. Hyperforin
was isolated from St. John’s wort (Hypericum perforatum),
and inhibition of tumor cell growth by it has been reported
[31]. Hyperforin is an acylphloroglucinol-type compound
that consists of a phloroglucinol skeleton substituted with
four lipophilic isopren chains. Many reports have indicated
that geranylgeranylacetone [32] or Vitamin K, with four
isoprene units [33], significantly inhibits cell growth and
induces the differentiation of leukemia cells.

Our data indicate that propolin C had cytotoxic effects
on human melanoma cells, and the effect may be due to its
induction of apoptosis. Apoptosis can be evaluated by
three techniques: DNA laddering, fluorescence micro-
scopy, and flow cytometry. When human melanoma cells
were grown in the presence of propolin C and cells were
isolated and analyzed electrophoretically for nuclear DNA
degradation as shown in Fig. 3a, the results indicated that
propolin C markedly promoted DNA fragmentation at a
concentration of 11.75 pM. In DNA content analysis, low
molecular weight DNA is lost from apoptotic cells, result-
ing in a peak at the sub-G1 position. Human melanoma
cells were grown in the presence of various concentrations
of propolin C (2.35-16.35 puM) for 24 hr or treated with
propolin C (16.35 uM) for 0, 4, 8, 16, and 24 hr, and cells
were analyzed by flow cytometry. Results indicated that
propolin C efficiently induced apoptosis in human mela-
noma cells, and there is a clear loss of cells from the G2/M
phase of the cell cycle as shown in Fig. 4a and c. We further
investigated the molecular mechanism of the propolin

C-induced apoptosis pathway. Our data indicated that
propolin C can induce the activation of caspase-8, Bid,
caspase-3, and PARP, finally producing DNA fragmenta-
tion (Fig. 5). On whether propolin C induced apoptosis
through the mitochondrial-dependent pathway, our data
indicated that it can increase cytochrome c release in
cytoplasm (Fig. 5d).

A high level of XO may cause gout and is responsible for
oxidative damage to living tissues. It catalyzes the oxida-
tion of hypoxanthine and xanthine to uric acid-yielded
superoxide radical and raises the oxidation level in the
organism. Our previous studies have indicated that propo-
lin A and propolin B inhibit XO activity. The data in this
report demonstrate that propolin C and CAPE might inhibit
XO activity with 1csq values at a concentration of 17 and
44 uM, respectively (Fig. 7). The results suggest that the
chemical structures of propolin C are closely related to
hypoxanthine, xanthine, and uric acid and may act as
substrate analogs for XO.

The mechanism of apoptosis induction by propolin C
appears via caspase pathways. Recently, many reports have
suggested that the caspase family plays an important role in
apoptosis [34,35]. The caspases are unique in their require-
ment for an Asp residue at the cleavage site in their sub-
strates. Recently, from the 14 known members of the caspase
family of proteases, caspase-3 has been suggested to be akey
part in the apoptotic machinery. Caspase-3 has been indi-
cated to be activated in apoptotic cells, and it cleaves several
cellular proteins, including PARP protein, and DFF-45
protein. The cleavage of these vital proteins is a hallmark
of apoptosis. The Fas/Fas ligand (FasL) death pathway is an
important mediator of apoptosis. Deregulation of this path-
way is reportedly involved in the immune escape of breast
cancer and the resistance to anticancer drugs. In the present
study, our results indicate that the mitochondrial-dependent
pathway of cell death signaling is involved in propolin
C-induced apoptosis in human melanoma cells.
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In summary, we propose that propolin C-induced apop-
tosis may be via the activation of caspase-8, Bid, and the
induction of cytochrome c release from mitochondria to the
cytosol, activating of caspase-3, leading to cleavage of
PARP, causing DNA fragmentation, and finally the execu-
tion of apoptosis.
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