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Abstract. In this study, synergism in activity from the
sequenced combinations of three trans-palladiums (denoted
as TH5, TH6 and TH7) with green tea polyphenol (—)-
epigallocatechin-3-gallate (EGCG), as well as that with
cisplatin, was investigated in a number of human ovarian
tumour models as a function of sequence of administration.
Cellular accumulation of platinum and palladium, and the
levels of platinum—DNA and palladium—DNA binding were
also determined for the 0/4 h and 0/0 h sequences of
administration. The results of the study show that co-
administration of cisplatin with EGCG (0/0 h) produces weak
synergism in both cisplatin-sensitive (A2780) and cisplatin-
resistant (A2780°R) cell lines whereas (0/4 h) administration
produces pronounced synergism in both. In contrast, bolus
administration of EGCG with TH5, TH6 and TH7 produces
marked antagonism except that with THS, in the A2780R
cell line, where a mild synergism is observed. In the case of
THS5, TH6 and TH7, administration of drugs with a time gap
(0/4 h or 4/0 h combinations) produces sequence-dependent
synergism in both A2780 and A2780°R cell lines, whereas in
the case of cisplatin, marked antagonism is observed with the
4/0 h sequence of administration in the A2780 cell line.
Whereas the highly synergistic 0/4 h sequence of combination
of cisplatin with EGCG is found to be associated with
pronounced cellular accumulation of platinum and a high
level of platinum—DNA binding, no such clear trend can be
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seen for any of the combinations of TH5, TH6 and TH7 with
EGCG. The results of the present study provide support to the
idea that sequenced combinations of platinum drugs and
tumour-active  palladium  compounds  with  selected
phytochemicals such as EGCG may provide a means of
overcoming drug resistance.

Epithelial ovarian cancer, the most lethal form of
gynaecological malignancy, affects more than two-hundred
thousand women each year around the world (1). The high
lethality is due to poor prognosis, the early asymptomatic
character, and the heterogenic nature of the tumour (2). Most
often ovarian cancer is diagnosed at an advanced stage when
tumours have spread beyond the ovaries in approximately
two-thirds of the patients (3). Although the combination of
cisplatin (or carboplatin) and paclitaxel are the standard
choice of chemotherapy for ovarian cancer, platinum
resistance (acquired or intrinsic) remains a major problem in
the treatment of epithelial ovarian cancer (4). Therefore, new
drugs and different regimens consisting of combinations of
chemotherapeutic agents are needed in order to improve the
therapeutic window of platinum-based drugs. In recent years,
palladium-based compounds have emerged as an attractive
new class of potent anticancer drugs (5). Indeed a number of
trans-palladium compounds having bulky planaramine
ligands has been found to display significant cytotoxicity
towards different cancer cell lines, including cisplatin-
resistant ovarian cancer cell lines (6-9). Unlike cisplatin
which mainly forms intrastrand adducts with DNA, trans-
palladium complexes are likely to form mainly interstrand
DNA adducts that would cause more of a global change in
the DNA conformation. The difference in the nature of
interaction with DNA may explain why a number of trans-
palladium complexes have been found to show greater
cytotoxicity towards cisplatin-resistant ovarian cancer cell
lines (10).
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Figure 1. Structures of cisplatin (a), (—)-epigallocatechin-3-gallate (b), TH5 (c), TH6 (d), and TH7 (e).

Combination of innocuous dietary phytochemicals with
anticancer drugs is a promising new strategy for increasing the
antitumour  response  of  chemotherapeutics  (11).
Phytochemicals can sensitize tumour cells towards
chemotherapeutic agents by modulating various cellular
pathways involved in chemoresistance (12-14). One such
phytochemical is (—)-epigallocatechin-3-gallate (EGCQ),
which is the key active component of green tea, commonly
consumed as a cancer chemopreventive (15). Growing
evidence demonstrates that EGCG has a diverse range of
effects including antioxidant, anticarcinogenic, antiangiogenic,
antitumour and, more importantly, as a modulator of tumour
cell response to chemotherapy (16, 17). For example, the
combination of EGCG with different anticancer agents was
found to enhance the induction of apoptosis in PC-9 cells by
a factor of 10-15 (18, 19). Our previous results also
demonstrated that more pronounced killing of human ovarian
cancer cells can be achieved from the sequenced
administration of cisplatin and EGCG (20). Since trans-
palladium compounds may be sufficiently tumour active and
EGCG can sensitize tumour cells to chemotherapeutic agents,
we hypothesized that combination of trans-palladiums with
EGCG may also act synergistically. In this study, we aimed at
investigating the effects of sequenced combination of cisplatin
and three tumour-active frans-palladium compounds: trans-
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bis(3-hydroxypyridine)dichloropalladium(Il), trans-bis(2-
hydroxypyridine)dichloropalladium(Il), and trans-bis(4-
hydroxypyridine)dichloropalladium(II), respectively coded as
THS, TH6 and TH7 (Figure 1) with EGCG in both cisplatin-
sensitive and cisplatin-resistant ovarian cancer cells. To the
best of our knowledge, this is the first report of the
combination study between trans-palladium compounds and
EGCG in cancer cell lines.

Materials and Methods

Drugs. Cisplatin was prepared following Dhara’s method (21). The
three trans-palladiums, THS5, TH6 and TH7 were prepared according
to previously-described methods (6, 22). EGCG was obtained in
powder form Sigma—Aldrich Sydney, Australia. Cisplatin, TH5, TH6
and TH7 were initially dissolved in dimethyl-formamide (DMF)
followed by the addition of milliQ water (at a ratio 1:5) to give | mM
stock solution. EGCG was dissolved in ethanol to give 1 mM solution.
The solutions were filtered using DISMIC-25cs ADVANTEC filter
(cellulose acetate, 0.20 um hydrophilic, pressure limitation: 0.51 MPa;
Millipore, Ireland) to sterilize. The stock solutions were serially diluted
with freshly-prepared Roswell Park Memorial Institute-1640 (RPMI-
1640) medium to produce a range of final concentrations from 0.08 to
100 uM for cisplatin, TH5, TH6 and TH7.

Cell lines. A2780 (cisplatin-sensitive, parental cell line), A2780¢isR
(cisplatin-resistant) and A2780ZD0473R (ZD0473-resistant) ovarian
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cancer cell lines and multi-drug resistant SKOV-3 [Sloan-Kettering
human epidermal growth factor receptor 2 (HER2) 3+ ovarian cancer
cell line] were obtained from Ms. Zhang from Royal Prince Alfred
Hospital, University of Sydney, Australia. The cell lines were sub-
cultured in RPMI-1640 media that were prepared with 10% fetal
calf serum (FCS), 1 mM Hepes, 5.6% sodium bicarbonate and 200
mM glutamine.

Cytotoxicity assays. The cell kill due to dugs-alone and in
combination were determined using the 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay (23).
Briefly, 4000 to 6000 cells per well in RPMI-1640 medium were
seeded into flat-bottomed 96-well culture plates and allowed to
attach overnight. For single-treatments, drugs were added at a range
of at least three to five different concentrations to triplicate wells
and left in an incubator (at 37°C, with 5% carbon dioxide in air, at
pH 7.4) for 72 h. After preparation of serial five-fold dilutions of
the drugs in 10% FCS/RPMI-1640 medium (0.08 to 20 uM for
cisplatin and 0.80 to 100 pM for THS5, TH6 and TH7), 100 pl of
drugs were added to equal volumes of cell culture in triplicate wells
and left to incubate under normal growth conditions for 72 h, at
37°C in a humidified atmosphere. For combination studies, cells
were treated with increasing concentrations of drugs at constant
ratios of their inhibitory concentration 50 i.e. drug concentrations
required for 50% cell kill (ICs) values, using the sequences: 0/0 h,
0/4 h and 4/0 h, where 0/0 h means that both the drugs were added
at the same time, 0/4 h means that cisplatin or TH5/TH6/TH7 was
added first, followed by the addition of EGCG 4 h later, and 4/0 h
means the converse. The concentration ranges were: cisplatin: 0.08-
1.25 uM and 0.99-15.87 uM; EGCG: 1.37-21.98 uM and 1.33-21.34
uM; THS: 3.54-56.67 uM and 2.73-43.65 pM; TH6: 0.87-13.86 uM
and 0.89-14.30 uM; TH7: 2.71-43.37 uM and 2.39-38.18 puM for
A2780 and A2780¢SR cell lines, respectively. At the completion of
the 72 h incubation period, the MTT assay was performed, as in
previous experiments (23).

Combined drug action study. The combined action of the drugs was
investigated using the median-effect analysis. The combination
index (CI) used as a quantitative measure of combined action was
calculated based on the pooled data from three to five individual
experiments each with at least three data points for each drug-alone
and for the drug combinations. The CI for two drugs in combination
was calculated using the following equation (24, 25).

Eqtn. 1

where D; and D, in the numerator are the concentrations of
compounds 1 and 2 in combination needed to achieve x% inhibition,
whereas D;, and D, in the denominator are those required when
the drugs are present-alone. In the following equation, D, denotes
the dose of drug, D, is the median-effect dose meaning the dose
required for 50% cell kill, f, is the fraction of cells affected (i.e.
killed) by the dose, f,, is the fraction of cells remaining unaffected so
that f,=1-f, and m is the exponent defining the shape of the dose
effect curve. Three notations ICs, D,, and EDs, are commonly used
to indicate the median effect dose (26). Whereas use of ICs, is more
common for a single drug, D,, is more commonly used for drug
combinations. Also, the notations ICs, and EDs in essence indicate

the same, except that IC5, implies dose required for 50% cell kill
whereas ED5 indicates dose required to achieve median effect. This
means EDs is a more general term than ICs.
D =D, [f./(1f,)]''m Egtn. 2

A CI of <1, =1 and >1 indicates synergism, additivity and
antagonism, respectively, in the combined drug action. D,, indicates
the median effect dose that corresponds to the ICs, value. The linear
correlation co-efficient, ‘r’ indicates the goodness-of-fit for the
pooled data (where r=1 is a perfect fit). The linear correlation co-
efficient, r, of the median effect plot for the cell culture system
should be greater than 0.95 (r>0.95). The CI, D,, and r values were
calculated using Calcusyn software (V2) (Biosoft, UK).

Platinum/palladium accumulation and platinum—DNA  or
palladium—DNA binding. Since an essential step in the cell kill
due to platinum and palladium drugs is believed to be their
binding with DNA, the most synergistic (0/4 h) and least
synergistic (0/0 h) combinations of cisplatin with EGCG were
selected for the determination of cellular platinum accumulation
and platinum—-DNA binding. Similarly, for TH5, TH6 and TH7
with EGCG, the most synergistic (0/4 h) and most antagonistic
(0/0 h) combinations were selected for the determination of
cellular palladium accumulation and palladium—DNA binding. It
is believed that the results may aid in the understanding of the
combined drug action. The method used for the determination of
total intracellular platinum, palladium, platinum—-DNA, as well as
palladium—DNA levels, was a modification of a previously
described method (27). Cisplatin, palladium drugs and EGCG
were added to culture plates containing exponentially growing
A2780 and A2780¢isR cells in 5 ml 10% FCS/RPMI-1640 culture
medium (cell density=1x10° cells ml). The cells containing the
drugs were incubated for 24 h, at the end of which cell monolayers
were trypsinized and cell suspension (5 ml) was transferred to
centrifuge tubes and spun at 2041 xg using a Beckman CS-15R
centrifuge, for 2 min at 4°C. The cells were washed twice with ice-
cold phosphate-buffered saline (PBS) and the pellets were stored
at —20°C until assayed.

Cellular accumulation. Cell pellets from cells treated with drug
combinations were suspended in 0.5 ml 1% triton-X, held on ice
while being sonicated. Total intracellular platinum and palladium
contents were determined by graphite furnace atomic absorption
spectrophotometer (AAS) using a Varian SpectrAA-240 plus with
Graphite Tube Atomizer (GTA) 120 AAS (Varian Australia Pty Ltd,
Victoria, Australia) (28).

Platinum—DNA and palladium—DNA binding. DNA was isolated
from the cell pellet using H440050 JETQUICK Blood DNA Spin
Kit/50 (Austral Scientific Pty Ltd, New South Wales, Australia)
according to the modified protocol of Bowtell (29). DNA content
was determined by UV spectrophotometry (260 nm) (Varian Cary
1E UV-Visible with Varian Cary Temperature Controller, Varian
Australia Pty Ltd, Victoria, Australia) and platinum and palladium
levels were determined by graphite furnace AAS. Ayq0/Ayg ratios
were found to be between 1.75 and 1.8 for all samples, indicating
their high purity (30), and the DNA concentration was calculated
according to the equation:

Concentration=Absorbance at 260 nm x 50 ng/ul.
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Table 1. Inhibitory concentration 50 (ICsy)® values (uM) and resistance factors (RF) for cisplatin, the trans-palladiums TH5, TH6, TH7 and EGCG,
as applied to the human ovarian cancer cell lines A2780, A2780¢SR, A2780ZD0473R gpnd SKOV-3.b

Drug A2780 A2780¢isR RF¢ A2780ZD0473R RFd SKOV-3
THS 17.71+4.67 13.64+591 0.77 12.50+2.12 0.71 14.34+2.72
TH6 4.33+£2.19 4.47+2.08 1.03 4.92+2.49 1.13 3.36+0.95
TH7 13.55+3.41 11.93£2.20 0.88 12.31+1.96 0.90 4391+ 10.24
EGCG 6.87+£2.72 6.67+3.61 0.97 9.63+4.73 1.40 11.08+1.21
Cis 0.39+0.09 4.96x2.60 12.72 4.99+2.06 12.79 1.45+0.55

aThe ICs values were obtained from the results of quadruplicate determinations of at least three independent experiments, and are given as
meanszstandard deviation (SD). PThe results are averages of those obtained from four identical wells with 4000 cells per well. °Ratio of ICs value
for A2780¢5R to A2780 cell line. dRatio of ICsq value for A27802D0473R 1o A2780 cell line.

Table II. Dose-effect parameters applying to combinations of (—)-epigallocatechin-3-gallate (EGCG) with cisplatin (Cis) and trans-palladiums

(THS, TH6 and TH7) in the A2780 and A2780¢5R cell lines.

Drug Sequence A2780 A2780cisR
()
Molar ratio  CI at EDs, D,, m r Molar ratio CIs at EDs D, m r
Cis 0.36 0.64 1.00 4.86 0.69 0.98
EGCG 3.89 0.52 0.99 2.88 0.71 0.98
Cis + EGCG 0/0 1:17.1 0.68 0.08 0.68 0.95 1:1.34 0.71 0.66 0.55 0.99
0/4 041 0.05 0.55 0.98 0.20 0.18 043 0.99
4/0 143 0.17 0.63 0.99 0.38 0.36 0.51 0.94
THS5 314 1.02 1.00 24.6 1.36 0.99
TH5 + EGCG 0/0 2.6:1 1.38 3.25 1.13 0.96 2:1 0.79 1.16 0.60 0.97
0/4 0.16 0.04 0.51 0.99 0.56 0.99 0.62 0.97
4/0 0.22 0.05 0.57 1.00 0.67 0.83 0.53 0.94
TH6 5.52 1.35 1.00 2.99 1.07 1.00
TH6 + EGCG 0/0 0.63:1 2.10 4.53 1.26 1.00 0.66:1 2.17 1.20 0.54 1.00
0/4 045 0.97 0.45 1.00 0.24 0.13 0.22 0.98
4/0 0.56 1.20 0.53 0.99 0.58 0.32 0.33 1.00
TH7 21.2 0.80 0.98 17.9 0.97 0.96
TH7 + EGCG 0/0 1.97:1 247 5.39 1.12 1.00 1.79:1 2.56 1.41 0.57 0.99
0/4 045 0.97 0.45 1.00 0.24 0.13 0.25 0.99
4/0 0.53 1.16 0.61 1.00 0.36 0.20 0.33 1.00

0/0 h: Both the drugs are added at the same time; 0/4 h: cisplatin or TH5/TH6/TH?7 is added first, followed by the addition of EGCG 4 h later; 4/0
h: converse of 0/4 h sequence; CIs: combination indices; ED5: effective dose 50; D,,: median effect dose; m: exponent defining the shape of the dose

effect curve; r: linear correlation co-efficient of the median effect plot.

Results

Growth inhibitory effects of single drugs. Table I presents the
IC5( values and resistance factors (RF) for cisplatin, THS,
TH6, TH7 and EGCG, as applied to the ovarian cancer cell
lines. The RF is defined as the ratio of the IC5, value of a
drug for the resistant cell line to that of the parental cell line.
It can be seen that all the three trans-palladiums (THS, TH6,
and TH7) and the phytochemical EGCG are less active than
cisplatin against the four ovarian cancer cell lines, except
that TH6 was found to be slightly more active than cisplatin
in both A2780¢R and A27807P0473R ce]] lines. Cisplatin had

4854

the highest RFs and TH5 had the lowest. Lower RF values
(close to 1 or less) for TH5, TH6, TH7 and EGCG than
cisplatin indicate that these compounds are equally or better
able to induce cell death of the resistant cell lines compared
to the parental.

Growth-inhibitory effects of drugs in combination.
Combination of cisplatin, TH5, TH6 and TH7 with EGCG
was investigated as a function of the sequence of
administration and concentration against A2780 and
A2780°R cell lines, with CIs being used as a measure of
combined drug action. The dose-effect parameters in terms
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Figure 2. Combination indices (Cls) applying to the 0/0 h, 0/4 h and
4/0 h combinations of cisplatin (Cis), and trans-palladiums (TH5, TH6
and TH7) at the median effect dose (EDsy) with EGCG in A2780 (a)
and A2780¢R (b) cell lines, calculated based on the pooled data from
three to five individual experiments.

of D,, (median-effect dose), m (sigmoidal shape,) and r
(conformity as linear correlation co-efficient) are presented
in Table II and Figure 2 provides the CI values at the median
effect dose (EDs(). The results show that co-administration
of cisplatin with EGCG (0/0 h) produces only weak
synergism in both cisplatin-sensitive and cisplatin-resistant
cell lines. In contrast, bolus administration of EGCG with
THS, TH6 or TH7 produces marked antagonism, except for
THS5 in the A2780°R cell line (where a mild synergism is
observed). As applied to administration of the drugs with a
time gap, both sequences of administration were found to
produce high synergism in both A2780 and A2780°R cell
lines in the case of trans-palladiums; in the case of cisplatin,
whereas the 0/4 h sequence of administration is synergistic,
the 4/0 h sequence is antagonistic in the A2780 cell line and
synergistic in the A2780R cell line.
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Figure 3. Total intracellular platinum levels (a) and platinum—DNA
binding levels (b) in the A2780 and A2780¢R cell lines treated with
cisplatin and its 0/0 h and 0/4 h combination with (—)-epigallocatechin-
3-gallate (EGCG); the values are averages of at least three independent
experiments.

Cellular accumulation and DNA binding level. As the activity
of platinum drugs is believed to be associated with their
binding to DNA, the effect of the presence of EGCG on both
the cellular accumulation of platinum and the level of
platinum—DNA binding in A2780 and A2780°R cell lines
applying to the highly-synergistic 0/4 h and mildly- synergistic
0/0 h combinations was determined (Figure 3). Likewise, the
effect of presence of EGCG on the cellular accumulation of
palladium and the level of palladium—DNA binding in A2780
and A2780°R cell lines applying to highly-synergistic 0/4 h
and antagonistic 0/0 h combination, was also determined
(Figure 4). It was found that for the 0/4 h combination of
cisplatin with EGCG in parental A2780 and cisplatin-resistant
A2780%SR cell lines, both the cellular accumulation of
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palladium compounds (TH5, TH6 and TH7)-alone and their 0/0 h and 4/0 h combination with EGCG; the values are averages of at least three
independent experiments.
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platinum and level of platinum—DNA binding are greater than
those from the 0/0 h combination and also from that of
cisplatin-alone. As applied to TH5-, TH6- and TH7-alone and
their 0/0 h and 0/4 h combinations with EGCG, no clear trend
can be seen neither for cellular accumulation of palladium nor
for the level of palladium—DNA binding. However, the two
more active trans-palladiums, TH6 and TH7, and their
combinations with EGCG were found to be associated with
higher palladium—-DNA binding levels, especially in the
parental A2780 cell line.

Discussion

The lower RFs for trans-palladiums (THS, TH6 and TH7)
and EGCG, as compared to cisplatin (close to 1 or less for
THS, TH6, TH7 and EGCG, and 5 or greater for cisplatin),
indicate that the compounds are better-able to induce cell kill
in resistant cell lines than cisplatin. Trans-planaramine
platinum(I) complexes also have much lower RFs than
cisplatin, as applied to ovarian cancer cell lines (31, 32). It
has been suggested that DNA interstrand crosslinks formed
by trans-platinum compounds are not generally repaired as
efficiently as the intrastrand crosslinks formed by cisplatin
(33). Although this explanation may be equally true for
trans-palladium compounds THS, TH6 and TH7, the greater
lability of palladium—DNA adducts (as compared to
platinum—DNA adducts) may serve to complicate the matter
in the case of THS, TH6 and TH7. As applied to apoptosis
induced by EGCG, binding with DNA is not relevant (as the
cell kill is brought about by a different mechanism) and
hence mechanisms of platinum resistance, also, may not be
relevant in regard to the drug.

In considering synergism from the combinations of green
tea antioxidant EGCG with cisplatin and trans-palladiums, it
is noted that the polyphenol has a growth-inhibitory effect on
a number of different ovarian cancer cell lines (34-36).
Although EGCG generally acts as an antioxidant, it may also
act as a pro-oxidant at high concentrations and can thus
damage cells (37). It has been reported that ovarian cancer
cells produce endogenous hydrogen peroxide upon treatment
with EGCG that serves to amplify the cytotoxic effect of
cisplatin by 3- to 6-fold (38). The high synergism observed
for the 0/4 h combination of cisplatin with EGCG is in
agreement with reported results (20). It has been suggested
that EGCG may accentuate the oxidative stress that would
serve to inhibit the growth of ovarian cancer cells and
sensitize them to platinum action. The cytotoxic effect of Cis
is believed to be closely associated with the increased
generation of reactive oxygen species (ROS). The elevation
of the level of ROS would serve to reduce that of intracellular
thiols (such as glutathione, which is the main intracellular
antioxidant in the body) that are involved in detoxification of
ROS. As the level of intracellular thiols decreases, less

platinum is de-activated, resulting in increased binding of
platinum with DNA. It has been suggested that the addition of
cisplatin first, 4 h before the addition of EGCG, to the cancer
cells would serve to increase the activity of ROS in the cells.
In contrast, EGCG is a polyphenolic compound that has been
shown to provide protection against DNA damage by acting
as a scavenger for free radicals (39) so that in presence of
EGCG, more platinum may be deactivated before binding
with DNA, thus providing an explanation as to why the 4/0
h combination of cisplatin with EGCG is antagonistic in the
A2780 cell line. This may also explain why high synergism is
produced from the 0/4 h combinations of TH5, TH6 and TH7
with EGCG. As to the question of why the addition of
cisplatin 4 h before the addition of EGCG greatly increases
the cellular accumulation of cisplatin in both the A2780 and
A2780°R cell lines, it was suggested that EGCG may also
act as a proteasome inhibitor, similarly to bortezomib which
retards the cisplatin-induced down-regulation of copper
transporter CTR1 that is involved in transporting cisplatin into
the cell (40-43).

The multifactorial nature of platinum resistance (which
includes reduced uptake, increased efflux, increased de-
activation before binding with DNA, increased DNA repair
and increased tolerance to platinum—DNA adducts) implies
that multiple strategies can be gainfully employed to
overcome platinum resistance (at least partially) (44, 45).
Although platinum—DNA binding may be a necessary step
to induce cell kill, on its own it is not sufficient to induce
apoptosis. In actual fact, cell death is brought about by
downstream processes in the cell cycle, where many proteins
are involved. Platinum resistance is associated with increased
expression of transcription factor Nuclear factor kappa-B
(NF-KB) and up-regulation of AKT and cyclooxygenase-2
(COX-2) pathways, resulting in cell survival (46-49),
whereas EGCG has the converse effect (50-52). Indeed,
EGCG is capable of acting on multiple cellular targets and
signaling pathways, including induction of cell cycle arrest
and apoptosis, modulation of cell signaling by inhibition of
NF-kB, mitogen-activated protein kinases (MAPKS),
epidermal growth factor receptor (EGFR), and inhibition of
metalloproteases, vascular endothelial growth factor (VEGF),
proteasome, COX-2 overexpression, and many others (53).

Based on the current findings, about 15% of all solid
tumours are driven by NF-KB, as a player, whereas most
cancer-preventive agents are believed to be NF-KB inhibitors
(54). Aberrant activation of NF-KB can provide protection
from apoptosis and stimulate the proliferation of malignant
cells, and its overexpression is causally linked to phenotypic
changes that are characteristic of neoplastic transformation.
Activation of NF-KB occurs in response to a wide variety of
stimuli, such as cytokines, growth factors, physiological,
physical and oxidative stress, and certain pharmacological
drugs and chemicals (4). The convergent step in signal-
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induced activation of NF-KB is the phosphorylation of
Inhibitory kappa B alpha protein (IKBa) that is done by the
enzyme IKB kinase (IKK), leading to its ubiquitination and
degradation. Once IKBo is degraded, active NF-KB is
translocated into the nucleus. The inhibitory effect of EGCG
on NF-KB activation may be due to the inhibition of IKK
activity (55, 56). Both cisplatin- and #rans-platinum-mediated
DNA damage has been shown to up-regulate pS3 in A2780
ovarian cancer cells (33, 57). It has also been reported that
trans-palladium complexes, such as trans-[1-benzyl-3-tert-
butylimidazol-2-ylidene],PdCl,, can inhibit tumour cell
proliferation by arresting cell-cycle progression at the G,
phase, preventing the mitotic entry of the cell and also
causing apoptosis through a p53-dependent pathway (58).

Combinations of cisplatin and three trans-palladiums (THS,
TH6 and TH7) with major green tea polyphenol EGCGs were
found to produce sequence-dependent synergism, with the 0/0
sequence of administration being least synergistic or even
antagonistic, whereas administration of drugs with a 4 h time
gap produces greater synergistic outcomes. The results of the
study support the idea that sequenced combinations of
platinum drugs and tumour-active palladium compounds with
selected phytochemicals can provide a means of overcoming
drug resistance in ovarian cancer.

Conflicts of Interest

Mohammed Ehsanul Hoque Mazumder, Philip Beale, Charles Chan,
Jun Qing Yu and Fazlul Huq declare that they have no financial and
personal relationships with other people or organizations that could
inappropriately influence their work.

Acknowledgements

Mohammed Ehsanul Hoque Mazumder expresses his sincere thanks
and gratitude to the Australian Department of Education,
Employment and Workplace Relations (DEEWR) for an Endeavour
Postgraduate Award and to the Sydney Medical School, University
of Sydney for a part-fee scholarship. M.E.H Mazumder is also
grateful to Jahangirnagar University, Bangladesh for providing study
leave to carry out his Ph.D. program in the Discipline of Biomedical
Science, University of Sydney, Australia. This work was partly
supported by a Biomedical Science Research Initiative Grant and a
Biomedical Science Cancer Research Donation Fund.

References

1 Helm C and States J: Enhancing the efficacy of cisplatin in
ovarian cancer treatment — could arsenic have a role. J Ovarian
Res 2(1): 1-7,20009.

2 Zhang N, Zhang H, Xia L, Zheng Y, Yu Y and Zhu Y:
NSC606985 induces apoptosis, exerts synergistic effects with
cisplatin, and inhibits hypoxia-stabilized HIF-la protein in
human ovarian cancer cells. Cancer Lett 278(2): 139-144, 2009.

3 Schuijer M and Berns EMJJ: TP53 and ovarian cancer: Human
Mutation 217(3): 285-291, 2003.

4858

4 Solomon L, Ali S, Banerjee S, Munkarah A, Morris R and
Sarkar F: Sensitization of ovarian cancer cells to cisplatin by
genistein: the role of NF-kappaB. J Ovarian Res /(7): 9, 2008.

5 Gao E, Liu C, Zhu M, Lin H, Wu Q and Liu L: Current
development of Pd(II) complexes as potential antitumor agents.
Current Med Chem 9(3): 356-368, 2009.

6 Huq F, Tayyem H, Beale P and Yu JQ: Studies on the activity of
three palladium(II) compounds of the form: trans-PdL2CI2
where L=2-hydroxypyridine, 3-hydroxypyridine, and 4-
hydroxypyridine. J Inorganic Biochem 701(1): 30-35, 2007.

7 Travnicek Z, Szucova L and Popa I: Synthesis, characterization
and assessment of the cytotoxic properties of cis and trans-
[PAL2CI2] complexes involving 6-benzylamino-9-isopropylpurine
derivatives. J Inorganic Biochem 101(3): 477-492, 2007.

8 Abu-Surrah AS, Abu Safieh KA, Ahmad IM, Abdalla MY, Ayoub
MT and Qaroush AK: New palladium(Il) complexes bearing
pyrazole-based Schiff base ligands: Synthesis, characterization
and cytotoxicity. Eur J Med Chem 45(2): 471-475, 2010.

9 Shi CY, Gao EJ, Ma S, Wang ML and Liu QT: Synthesis, crystal
structure, DNA-binding and cytotoxicity in vitro of novel cis-
Pt(Il) and trans-Pd(II) pyridine carboxamide complexes. Bioorg
Med Chem Lett 20(24): 7250-7254, 2010.

10 Huq F, Tayyem H, Abdullah A, Beale P and Fisher K: Synthesis
and characterization and binding of amine-palladium (II)
complexes and their interaction with DNA. Asian J Chem 8(/):
65-78, 2006.

11 Arafa ESA, Zhu Q, Barakat BM, Wani G, Zhao Q and El-Mahdy
MA: Tangeretin sensitizes cisplatin-resistant human ovarian cancer
cells through downregulation of phosphoinositide 3-kinase/AKT
signaling pathway. Cancer Res 69(23): 8910-8917, 2009.

12 Garg AK, Buchholz TA, Aggarwal BB, Garg AK, Buchholz TA
and Aggarwal BB: Chemosensitization and radiosensitization of
tumors by plant polyphenols. Antiox Redox Signal 7(11-12):
1630-1647, 2005.

13 Hemalswarya S, Doble M and Doble M: Potential synergism of
natural products in the treatment of cancer. Phytotherapy Res
20(4): 239-249, 2006.

14 Chan MM and Fong D: Overcoming drug resistance by
phytochemicals. In: Drug Resistance in Cancer Cells. Siddik ZH
and Mehta K (eds.). New York, Springer Science+Business
Media, LLC., pp. 315-342, 2009.

15 Dong Z, Ma WY, Huang C and Yang CS: Inhibition of tumor
promoter-induced activator protein 1 activation and cell
transformation by tea polyphenols, (-)-epigallocatechin gallate,
and theaflavins. Cancer Res 57(19): 4414-4419, 1997.

16 Singh BN, Shankar S and Srivastava RK: Green tea catechin,
epigallocatechin-3-gallate (EGCG): Mechanisms, perspectives and
clinical applications. Biochem Pharmacol 82(12): 1807-1821,2011.

17 Carlson JR, Bauer BA, Vincent A, Limburg PJ and Wilson T:
Reading the tea leaves: Anticarcinogenic properties of (—)-
epigallocatechin-3-gallate. Mayo Clinic Proc 82(6): 725-732, 2007.

18 Suganuma M, Okabe S, Kai Y, Sueoka N, Sueoka E and Fujiki
H: Synergistic effects of (—)-epigallocatechin gallate with (-)-
epicatechin, sulindac, or tamoxifen on cancer-preventive activity
in the human lung cancer cell line PC-9. Cancer Res 59(1): 44-
47, 1999.

19 Suganuma M, Kurusu M, Suzuki K, Tasaki E and Fujiki H:
Green tea polyphenol stimulates cancer preventive effects of
celecoxib in human lung cancer cells by up-regulation of
GADD153 gene. Int J Cancer 119(1): 33-40, 2006.



Ehsanul ef al: EGCG with Cisplatin and trans-palladiums in Ovarian Cancer Cells

20 Yunos NM, Beale P, Yu JQ and Huq F: Synergism from
sequenced combinations of curcumin and epigallocatechin-3-
gallate with cisplatin in the killing of human ovarian cancer
cells. Anticancer Res 37(4): 1131-1140, 2011.

21 Dhara SC: A rapid method for the synthesis of cis-
[Pt(NH3),Cl,]. Indian J Chem 8&: 193-194, 1970.

22 Kauffman G and Cowan D: Cis- and trans-dichlorodiammi-
neplatinum(Il). Inorg Syn 7: 239-245. 1963.

23 Mosmann T: Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods 65(1-2): 55-63, 1983.

24 Chou TC: Relations between inhibition constants and fractional
inhibition on enzyme-catalyzed reactions with different numbers
of reactants, different reaction mechanisms, and different types
and mechanisms of inhibition. Mol Pharmacol 70(2): 235-247,
1974.

25 Chou TC: Derivation and properties of Michaelis-Menten type
and Hill type equations for reference ligands. J Theor Biol 59(2):
253-276, 1976.

26 Chou TC and Talalay P. Quantitative analysis of dose-effect
relationships: the combined effects of multiple drugs or enzyme
inhibitors. Adv Enz Reg 22: 27-55, 1984.

27 Di Blasi P, Bernareggi A, Beggiolin G, Piazzoni L, Menta E and
Formento ML: Cytotoxicity, cellular uptake and DNA binding
of the novel trinuclear platinun complex BBR 3464 in sensitive
and cisplatin resistant murine leukemia cells. Anticancer Res
18(4C): 3113-3117, 1998.

28 Roberts JD, Peroutka J, Beggiolin G, Manzotti C, Piazzoni L and
Farrell NP: Comparison of cytotoxicity and cellular accumulation
of polynuclear platinum complexes in L1210 murine leukemia cell
lines. J Inorg Biochem 77(1-2): 47-50, 1999.

29 Bowtell DDL: Rapid isolation of eukaryotic DNA. Anal
Biochem 7162(2): 463-465, 1987.

30 Holford J, Beale PJ, Boxall FE, Sharp SY and Kelland LR:

Mechanisms of drug resistance to the platinum complex ZD0473

in ovarian cancer cell lines. Eur J Cancer 36(15): 1984-1990,

2000.

Huq F, Daghriri H, Yu JQ, Beale P and Fisher K: Studies on the

synthesis and characterization of four trans-planaraminepla-

tinum(II) complexes of the form trans-PtL(NH3)Cl, where L=2-
hydroxypyridine, 3-hydroxypyridine, imidazole, and imidazo(1,2-

alpha)pyridine. Eur J] Med Chem 39(8): 691-697, 2004.

32 Hugq F, Yu JQ, Daghriri H and Beale P: Studies on activities, cell
uptake and DNA binding of four trans-planaramineplatinum(II)
complexes of the form: trans-PtL(NH;3)Cl,, where L=2-
hydroxypyridine, imidazole, 3-hydroxypyridine and imidazo(1,2-
alpha)pyridine. J Inorg Biochem 98(8): 1261-1270, 2004.

33 Aris SM, Gewirtz DA, Ryan JJ, Knott KM and Farrell NP:
Promotion of DNA strand breaks, interstrand cross-links and
apoptotic cell death in A2780 human ovarian cancer cells by
trans-platinum planar amine complexes. Biochem Pharmacol
73(11): 1749-1757, 2007.

34 Huh SW, Bae SM, Kim Y-W, Lee JM, Namkoong SE and Lee
IP: Anticancer effects of (—)-epigallocatechin-3-gallate on
ovarian carcinoma cell lines. Gynecol Oncol 94(3): 760-768,
2004.

35 Yan C, Yang J, Shen L and Chen X: Inhibitory effect of
epigallocatechin gallate on ovarian cancer cell proliferation
associated with aquaporin 5 expression. Arch Gynecol Obstet
285(2): 459-467. 2012.

3

—

36 Rao SD and Pagidas K: Epigallocatechin-3-gallate, a natural
polyphenol, inhibits cell proliferation and induces apoptosis in
human ovarian cancer cells. Anticancer Res 30(7): 2519-2523,
2010.

37 Azam S, Hadi N, Khan NU and Hadi SM: Prooxidant property
of green tea polyphenols epicatechin and epigallocatechin-3-
gallate: Implications for anticancer properties. Toxicol In Vitro
18(5): 555-561, 2004.

38 Chan MM, Soprano KJ, Weinstein K and Fong D:
Epigallocatechin-3-gallate delivers hydrogen peroxide to induce
death of ovarian cancer cells and enhances their cisplatin
susceptibility. J Cell Physiol 207(2): 389-96, 2006.

39 Johnson MK and Loo G: Effects of epigallocatechin gallate and
quercetin on oxidative damage to cellular DNA. Mutat Res DNA
Repair 459(3): 211-218, 2000.

40 Dou Q, Landis-Piwowar K, Chen D, Huo C, Wan S and Chan T:
Green tea polyphenols as a natural tumour cell proteasome
inhibitor. Inflammopharmacol /6(5): 208-212, 2008.

41 Yang H, Landis-Piwowar K, H Chan T, and P Dou Q: Green tea
polyphenols as proteasome inhibitors: Implication in chemo-
prevention. Curr Cancer Drug Targets /1(3): 296-306, 2011.

42 Al-Eisawi Z, Beale P, Chan C, Yu JQ and Huq F: Modulation of
cisplatin cytotoxicity due to its combination with bortezomib and
the nature of its administration. Anticancer Res 31(9): 2757-
2762,2011.

43 Jandial DD, Farshchi-Heydari S, Larson CA, Elliott GI,
Wrasidlo WJ and Howell SB: Enhanced delivery of cisplatin to
intraperitoneal ovarian carcinomas mediated by the effects of
bortezomib on the human copper transporter 1. Clinical Cancer
Res 15(2): 553-560, 2009.

44 Stewart DJ: Mechanisms of resistance to cisplatin and
carboplatin. Crit Revs Oncol Hematol 63(7): 12-31, 2007.

45 Siddik ZH: Cisplatin: mode of cytotoxic action and molecular
basis of resistance. Oncogene 22(47): 7265-7279, 2003.

46 Nakanishi C and Toi M: Nuclear factor-[kappa]B inhibitors as
sensitizers to anticancer drugs. Nat Rev Cancer 5(4): 297-309,
2005.

47 Ferrandina G, Lauriola L, Zannoni GF, Fagotti A, Fanfani F and
Legge F: Increased cyclooxygenase-2 (COX-2) expression is
associated with chemotherapy resistance and outcome in ovarian
cancer patients. Ann Oncol /3(8): 1205-1211, 2002.

48 Peng DJ, Wang J, Zhou JY and Wu GS: Role of the AKT/mTOR
survival pathway in cisplatin resistance in ovarian cancer cells.
Biochem Biophys Res Communic 394(3): 600-605, 2010.

49 Oiso S, Ikeda R, Nakamura K, Takeda Y, Akiyama S and
Kariyazono H: Involvement of NF-kappaB activation in the
cisplatin resistance of human epidermoid carcinoma KCP-4
cells. Oncol Rep 28(1): 27-32,2012.

50 Tang FY, Nguyen N and Meydani M: Green tea catechins inhibit
VEGF-induced angiogenesis in vitro through suppression of VE-
cadherin phosphorylation and inactivation of Akt molecule. Inter
J Cancer 106(6): 871-878, 2003.

51 Gupta S, Hussain T and Mukhtar H: Molecular pathway for (-)-
epigallocatechin-3-gallate-induced cell cycle arrest and apoptosis
of human prostate carcinoma cells. Arch Biochem Biophys
410(1): 177-185, 2003.

52 Peng G, Dixon DA, Muga SJ, Smith TJ and Wargovich MI:
Green tea polyphenol (—)-epigallocatechin-3-gallate inhibits
cyclooxygenase-2 expression in colon carcinogenesis. Mol
Carcinogen 45(5): 309-319, 2006.

4859



ANTICANCER RESEARCH 32: 4851-4860 (2012)

53 Khan N, Afaq F, Saleem M, Ahmad N and Mukhtar H: Targeting 57 Jones NA, Turner J, Mcllwrath AJ, Brown R and Dive C:

multiple signaling pathways by green tea polyphenol (-)- Cisplatin- and paclitaxel-induced apoptosis of ovarian carcinoma

epigallocatechin-3-gallate. Cancer Res 66(5): 2500-2505, 2006. cells and the relationship between BAX and BAK up-regulation
54 Banerjee S, Zhang Y, Wang Z, Che M, Chiao PJ and Abbruzzese and the functional status of p53. Mol Pharmacol 53(5): 819-826,

JL: In vitro and in vivo molecular evidence of genistein action 1998.

in augmenting the efficacy of cisplatin in pancreatic cancer. Inter ~ 58 Ray S, Mohan R, Singh JK, Samantaray MK, Shaikh MM and

J Cancer 120(4): 906-917, 2007. Panda D: Anticancer and antimicrobial metallopharmaceutical
55 Jobin C, Bradham CA, Russo MP, Juma B, Narula AS and agents based on palladium, gold, and silver N-heterocyclic

Brenner DA: Curcumin blocks cytokine-mediated NF-kKB carbene complexes. J Am Chem Soc 729(48): 15042-15053,

activation and proinflammatory gene expression by inhibiting 2007.

inhibitory factor I-kB kinase activity. J Immunol /63(6): 3474-

3483, 1999.

56 Plummer SM, Holloway KA, Manson MM, Munks RJ, Kaptein
A and Farrow S: Inhibition of cyclo-oxygenase 2 expression in .
colon cells by the chemopreventive agent curcumin involves Received July 21, 2012
inhibition of NF-kappaB activation via the NIK/IKK signaling Revised September 25, 2012
complex. Oncogene /8(44): 6013-6020, 1999. Accepted September 27, 2012

4860



