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Abstract

Introduction Cisplatin  (cis-diamminedichloroplatinum)
was first identified for its anti-bacterial activity, and was
later also shown to be an efficient anticancer agent. How-
ever, the therapeutic use of this anticancer drug is some-
what limited by its toxic side effects, which include
nephrotoxicity, nausea, and vomiting. Furthermore the
development of drug-resistant tumours is commonly
observed following therapy with cisplatin. Hence there is a
need for improved platinum derived drugs to overcome
these limitations.

Aims Apoptosis contributes significantly to the cytotoxic
effects of anticancer agents such as cisplatin; therefore in
this study the potential anticancer properties of a series
of pyrazole palladium(Il) and platinum(I) complexes,
[(3,5-R,pz),PdCL,] {R=H (1), R=Me (2)} and [(3,5-
R,pz),PtCL,] {R=H (3), R=Me (4)}, were evaluated by
assessment of their pro-apoptotic activity.

Methods The induction of apoptosis was measured in CHO
cells by the detection of phosphatidylserine (PS) expo-
sure using the annexin V and APOPercentage™ assays;
DNA fragmentation using the Terminal deoxynucleotide
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transferase dUTP Nick End Labelling (TUNEL) assay; and
the detection of activated caspase-3.

Results The platinum complexes were shown to be con-
siderably more active than the palladium complexes, with
complex 3 demonstrating the highest level of cytotoxic and
pro-apoptotic activity. The LDs, values for complex 3 and
cisplatin were 20 and 70 uM, respectively, demonstrating
that the cytotoxic activity for complex 3 was three times
higher than for cisplatin. Various human cancer cell lines,
including CaSki, HeLa, as well as the p53 mutant Jurkat T
cell line were also shown to be susceptible to complex 3.
Conclusions Collectively, this in vitro study provides
insights into action of palladium and platinum complexes
and demonstrates the potential use of these compounds, and
in particular complex 3, in the development of new antican-
cer agents.

Keywords Bis(pyrazole)palladium(II) -
Bis(pyrazole)platinum(II) - Cisplatin - Apoptosis -
Cytotoxicity - Anticancer

Introduction

The World Health Organization reported that in 1997, a
worldwide total of 6.2 million deaths were due to cancer
and that the global cancer rate could increase by 50% to
15 million new cases by 2020 [14]. As the prognosis for
treatment of many forms of cancer remains poor, there is a
need for more efficient drugs to be developed. The discov-
ery of cisplatin as an anticancer drug [25, 33, 34] has pro-
vided the basis for the design of a wider range of related
compounds with improved therapeutic profiles. Generally
because the metal centres of metallo-organic drugs such as
cisplatin are positively charged they are able to bind
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negatively charged bio-molecules, and thus proteins and
nucleic acids are excellent targets for these drugs [20].
However, it has been shown that the reactivity of these
compounds is dependent on the stereochemistry of the ligands
attached to the metal ion. Thus any novel metal-based anti-
cancer drug should maintain the chemical structure offered
by cisplatin and its analogues, while varying the ligands in
order to improve bioactivity.

Cisplatin is used extensively in cancer chemotherapy, for
example, testicular and ovarian cancer can be very effec-
tively treated with cisplatin and the overall cure rate for tes-
ticular cancer treated with cisplatin exceeds 95% [12].
Cisplatin is also widely used to treat various other forms of
cancer, including head and neck, cervical and non-small-cell
lung cancer [11]. Nucleophilic groups containing oxygen,
nitrogen and sulphur atoms with unpaired electrons are able
to bind to cisplatin [22]. Since these groups are present in
DNA, RNA and proteins, cisplatin is able to form complexes
with these biological molecules. There is now a fairly
detailed understanding of how metal complexes such as cis-
platin bind to DNA and how the DNA is structurally modi-
fied as a result of this interaction [1]. The formation of
cisplatin—-DNA adducts blocks DNA transcription and repli-
cation causing cells to undergo G2 cell-cycle arrest [2, 9].
Under normal circumstances the nucleotide excision repair
pathway [3] repairs DNA damage [29, 43, 44]. However,
DNA damage caused by cisplatin adducts is very poorly
repaired in cells, since cisplatin-induced intra-strand cross-
links serve as binding targets for high-mobility-group
(HMG) proteins because of structural similarity between
these intra-strand cross-links and the natural binding sites for
HMG proteins [45]. The binding of HMG proteins to cis-
platin-DNA adducts causes distortion in DNA structure that
inhibits or slows down DNA repair causing G2 cell-cycle
arrest [2, 9, 21, 44]. DNA damage functions as a pro-apopto-
tic stimulus through the activation of p53 dependent apopto-
tic pathways [18]. The tumour-suppressor protein p53 plays
an important role in regulating cell survival in response to
DNA damage [22]. It is known that cancer cells that are defi-
cient in wild-type p53 are more susceptible to cisplatin-
induced apoptosis [4, 15]. However, it is also known that cis-
platin can kill cancer cells in a p53-independent manner [42].

In general, the disruption of regulation of apoptosis
plays a significant role in the transformation of normal cells
into tumour cells and many genes that regulate apoptosis
can be mutated in cancer cells [32]. For example, genes
coding for cysteine aspartic acid-specific proteases (casp-
ases) are frequently mutated in cancer cells [24, 26, 37, 38,
40]. It is therefore not surprising that many traditional
anticancer chemotherapy drugs exert their cytotoxic
effects by indirectly inducing apoptosis, most often as a
result of DNA damage [23, 30]. However, a major obstacle
in chemotherapy is the indiscriminate killing of both
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tumour and normal cells. As a result, there is a need to
develop improved anticancer drugs that selectively target
tumour cells and specifically target the apoptosis pathways.

In spite of cisplatin’s considerable use in cancer therapy,
there are problems associated with intrinsic and acquired
resistance to this drug [39]. Furthermore, side effects that
include nephrotoxicity and neurotoxicity limit the useful-
ness of this drug [41]. Nevertheless, platinum complexes
provide one of the more promising classes of novel antican-
cer drugs that can be used to treat cancer.

This paper reports the study of the pro-apoptotic activity
of palladium and platinum compounds in Chinese hamster
ovary (CHO) cells, human cervical epitheloid carcinoma
cells (HeLa and CaSki), and human T-cell leukaemia cells
(Jurkat). Apoptosis involves a number of biochemical path-
ways and as a result of a variety of genetic mutations it is
known that cancer cells can be selectively resistant to
inducers of apoptosis. Since the aim of this study was to
evaluate the pro-apoptotic activity of palladium and plati-
num compounds, we used a normal cell line (CHO) to per-
form the initial screening for the induction of apoptosis.
The characteristic hallmarks of apoptosis (DNA fragmenta-
tion, caspase-3 activation, and PS externalisation) were
used to investigate the ability of a selection of platinum and
palladium-based compounds to activate apoptosis in CHO
and several human cancer cell lines. Two palladium com-
pounds (complexes 1 and 2) and two platinum compounds
(complexes 3 and 4) were evaluated in this study. The plat-
inum complexes were more cytotoxic than the palladium
complexes. We demonstrated that the cytotoxicity of com-
plexes 2, 3, 4 and cisplatin was due to apoptosis and that
complex 3 has the highest pro-apoptotic activity.

It is known that apoptosis contributes to the cytotoxic
effects of anticancer drugs. For this reason, compounds
with pro-apoptotic activity should be considered as promis-
ing candidates for anticancer drug development. Our study
demonstrated that the platinum compound, complex 3
shows potential for further drug development.

Materials and methods
Palladium and platinum complexes

Dichloro-bis(pyrazole)palladium(II) (1), dichloro-bis(3,5-
dimethylpyrazole)palladium(II) (2), dichloro-bis(pyrazole)
platinum(II) (3) and dichloro-bis(3,5-dimethylpyrazole)
platinum(II) (4) (Scheme 1) were synthesized according to
published procedures with minor modifications [28, 36].
The purity of complexes 1-4 was established by microanal-
ysis. The following data were obtained for complexes 1-4;
1(Calc. for C(H4CLN,Pd, C, 22.99; H, 2.57; N, 17.87%.
Found: C, 23.39; H, 2.25; N, 17.78%);, 2 (Calc. for
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Scheme 1 Palladium and platinum complexes tested for their antican-
cer activity. dichloro-bis(pyrazole)palladium(II) (1), dichloro-bis(3,5-
dimethylpyrazole)palladium(Il) (2), dichloro-bis(pyrazole) plati-
num(Il), (3) and dichloro-bis(3,5-dimethylpyrazole)platinum(II) (4)

C,0H;6CLN,Pd, C, 32.50; H, 4.36; N, 15.16%. Found: C,
32.87; H, 4.50; N, 15.26%); 3 (Calc. for C;HgCL,N,Pt, C,
17.92; H, 2.01; N, 13.93%. Found: C, 18.31; H, 1.34; N,
13.84%); 4 (Cal. for C,H,(CI,N,Pt, C, 26.20; H, 3.52; N,
12.23%. Found: C, 26.55; H, 3.16; N, 12.13%). Cis-
diamminedichloroplatinum(Il) (cisplatin) was purchased
from Sigma Aldrich.

Cell culture and drug treatment

CHO cells were cultured in Hams F-12 medium containing
I mM vL-glutamine, 5% (v/v) foetal calf serum and 0.2%
(v/v) streptomycin—penicillin. HeLa, and CaSki cells were
cultured in DMEM medium with GlutaMAX-1, 10% (v/v)
foetal calf serum, and 0.2% (v/v) streptomycin—penicillin.
Jurkat cells were cultured in RPMI medium with Gluta-
MAX-1, 10% (v/v) foetal calf serum, and 0.2% (v/v) strep-
tomycin—penicillin. All cell culture reagents were supplied
by Invitrogen Ltd. All cell lines were maintained at 37°C in
an atmosphere of 5% CO,. Cells were plated in 6-well tis-
sue culture plates at a cell density of 2.5 x 10° cells per
well or in 96-well tissue culture plates at a density of
1 x 10* cells per well. After 24 h, the medium was replaced
with medium containing the test compounds. The cells
were treated for the indicated times, after which the cells
were harvested and the extent of apoptosis was assessed.

Neutral red assay

The effect of the palladium and platinum compounds on the
cell viability of CHO cells was determined using the neutral
red assay [7]. The cells were plated in 96-well plates at a
density of 1 x 10* cells per well and treated with the palla-
dium and platinum complexes. All treatments were per-
formed in triplicate. After 24 h the medium was replaced
with medium containing neutral red (16 pg/ml) and the
cells were incubated for 3 h. The cells were washed with
phosphate buffered saline (PBS) and lysed with an etha-
nol:acetic acid:water (50%:1%:49%) solution. The concen-
tration of accumulated neutral red, as a marker for cell
viability, was measured spectrophotometrically at 560 nm.

APOPercentage™ apoptosis assay

Cells were plated in 96-well tissue culture plates and
treated for 24 h with increasing concentrations (20—
2,500 uM) of the palladium and platinum compounds. All
treatments were performed in triplicate. The cells were
washed twice with PBS and stained for 1 h with APOPer-
centage™ dye (Biocolor Ltd.). Staining was evaluated by
light microscopy. The dye uptake was quantified by the col-
orimetric method according to the manufacturer’s instruc-
tion. The cells were lysed and the absorbance was measured
at 550 nm using a microplate reader.

Annexin V assay

Annexin V (BD Biosciences), a calcium-dependent phos-
pholipid-binding protein with a high affinity for PS, was
used to detect and quantify apoptosis. The cells were plated
in 6-well tissue culture plates at a cell density of 2.5 x 10°
cells per well. The cells were treated for 24 h with cisplatin
or complex 3. The concentrations of cisplatin and complex
3 varied between 100 and 500 pM. Subsequently the cells
were removed by trypsinization, washed twice with PBS
and stained with annexin-PE and 7-amino-actinomycin D
as described in the manufacturer’s manual (BD Biosci-
ences). Cell staining was measured by flow cytometry at
575 and 660 nm on a Becton Dickinson FACScan instru-
ment (BD Biosciences). A minimum of 10,000 cells per
sample was acquired and analysed using CELLQuest PRO
software (BD Biosciences).

Terminal deoxynucleotide transferase
dUTP Nick End Labelling (TUNEL) assay

To analyse the occurrence of DNA fragmentation, the
TUNEL assay (BD Biosciences) was used [16]. CHO cells
were plated in 6-well tissue culture plates at a cell density
of 2.5 x 10° cells per well. The cells were treated for 24 h
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with complex 3 at concentrations varying between 50 and
200 pM. The cells were removed by trypsinization, washed
twice with PBS and fixed for 1 h in 1% paraformaldehyde.
The cells were washed twice with PBS and permeabilized
for 48 h in 70% ethanol at —20°C. Subsequently the cells
were labelled with FITC-dUTP and propidium iodide (PI)
as described in the manufacturer’s manual (BD Biosci-
ences). Cell staining was measured by flow cytometry at
530 and 585 nm using a Becton Dickinson FACScan
instrument (BD Biosciences). A minimum of 10,000 cells
per sample was acquired and analysed using CELLQuest
PRO software (BD Biosciences). Dual parameter analysis
(DNA area signal on the Y-axis and DNA width on the
X-axis) was used to exclude DNA doublet events.

Caspase-3 assay

The activation of caspase-3 was detected using a monoclo-
nal antibody specific for the cleaved caspase-3 (BD Biosci-
ences). CHO cells were plated in 6-well tissue culture
plates and treated for 24 h with either cisplatin or complex
3 (500 and 1,000 uM). The cells were removed by trypsin-
ization and washed twice with cold PBS. The cells were re-
suspended in Cytofix/Cytoperm™. Following 20 min of
incubation on ice, the cells were washed twice with Perm/
Wash™ buffer and stained for 30 min at room temperature
with a FITC-conjugated monoclonal antibody specific for
active caspase-3 (BD Biosciences). Cell staining was mea-
sured by flow cytometry at 530 nm on a Becton Dickinson
FACScan instrument (BD Biosciences). A minimum of
10,000 cells per sample was acquired and analysed using
CELLQuest PRO software (BD Biosciences).

Results

Quantitative analysis of cytotoxicity and apoptosis
induction

The cytotoxicity of dichloro-bis(pyrazole)palladium(II) (1),
dichloro-bis(3,5-dimethylpyrazole)palladium(I) (2), dichloro-
bis(pyrazole)platinum(II), (3) and dichloro-bis(3,5-dim-
ethylpyrazole)platinum(II) (4) (Scheme 1) was assessed by
means of the neutral red assay. CHO cells were treated for
24 h with increasing doses of complexes 1-4 and cisplatin.

Cellular viability assay was assessed and used to deter-
mine the LDs, values for these complexes (Table 1). The
LDy, values for complexes 1, 2, 3, 4, and cisplatin were
determined to be 10,000, 350, 20, 200, and 70 uM, respec-
tively. Complex 3 displayed the highest cytotoxicity with
an LDy, value of 20 uM, while complex 1 was the least
toxic with an LD, value of 10,000 pM. Shown in Fig. 1b,
¢, d, e and f are cells treated for 24 h with 2,500 uM of the
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Table 1 LDy, of palladium and platinum complexes established in
CHO cells. The cells were treated for 24 h with increasing concentra-
tions (20—10 000 pM) of the complexes. Cellular viability was deter-
mined using the neutral red assay

Complex LDy, (uM)

1 10,000 £+ 0.1
2 350 £ 0.01
3 20+ 0.01
4 200 £+ 0.1
Cisplatin 70 £ 0.01

cisplatin, complexes 1, 2, 3, and 4, respectively. Figure 1
shows that CHO cells treated with these complexes dis-
played morphological changes (cell shrinkage and cell
detachment) that were indicative of apoptosis. However
complex 1 did not induce any morphological changes in the
cells at this concentration.

The APOPercentage™ assay was used to assess whether
the cytotoxicity induced by these complexes was the conse-
quence of apoptosis. CHO cells were treated for 24 h with
increasing doses (20-2,500 uM) of complexes 1, 2, 3, 4,
and cisplatin, and thereafter stained with the APOPercent-
age™ dye. The uptake of APOPercentage™ dye was used
to evaluate the pro-apoptotic activity of these complexes.
Except for complex 1, all the other complexes including
cisplatin caused increased dye-uptake in CHO cells. Com-
plex 1 was unable to induce dye-uptake in these cells at all
the concentrations tested. Figure 2 shows that there was a
direct relationship between the concentration of the com-
plexes and dye-uptake, that is the absorbance and therefore
dye-uptake increased as the concentration of the complexes
was increased. Maximum dye-uptake peaked at an absor-
bance of ~0.4. For complex 3, the maximum absorbance
was reached at a much lower concentration (500 pM) com-
pared to the other complexes tested.

Comparative analysis of the apoptotic activity of cisplatin
and complex 3

The pro-apoptotic activity of complex 3 was further
investigated by examining other markers of apoptosis.
The annexin V assay, which measures PS externalisation;
the caspase-3 assay, which measures caspase-3 cleavage;
and the TUNEL assay, which measures DNA fragmenta-
tion, were used to perform a comparative analysis of the
pro-apoptotic activity of complex 3 and cisplatin. CHO
cells were treated for 24 h with increasing doses (100-
250 uM) of cisplatin or complex 3. The level of apoptosis
was assessed by means of the annexin V assay and
showed no significant difference in the pro-apoptotic
activity of these two complexes at low doses (100-120 pM)



Cancer Chemother Pharmacol (2008) 63:127-138

131

Fig. 1 Palladium and platinum
complexes induce morphologi-
cal changes in CHO cells that are
indicative of apoptosis. CHO
cells were treated for 24 h with
2,500 puM of these complexes
and evaluated by light micros-
copy. Cells were viewed with a
Nikon inverted light microscope
at 20x magnification and photo-
graphs were taken using a Leica
EC3 digital camera. a shows un-
treated cells, while b, ¢, d, e and
f shows cells treated with cis-
platin, complexes 1, 2, 3, and 4,
respectively

as indicated by the number of annexin V positive cells
(Fig. 3). The lower left quadrant in the dot plots repre-
sents the viable cells, the lower right quadrant represents
the early apoptotic cells and the upper right quadrant repre-
sents the late apoptotic and necrotic cells. Indicated on
these plots is the combined proportion of early and late
apoptotic cells. At lower doses (100-120 pM) both com-
plexes induced apoptosis in ~30% of the cells. However, at
higher doses (200 and 250 pM), complex 3 was signifi-
cantly more effective than cisplatin. This is illustrated in
Fig. 3, which shows that the number of apoptotic cells for
cisplatin and complex 3 at 200 UM were 37 and 85%,
respectively. At the highest dose tested (250 uM), the
number of apoptotic cells for cisplatin and complex 3 were
40 and 96%, respectively.

To assess the activation of caspase-3, CHO cells were
treated for 24 h with 500 uM cisplatin or complex 3
(Fig. 4). The cells were permeabilised and stained for the
presence of cleaved caspase-3 using an anti-active caspase-
3-PE antibody. Cell fluorescence was measured by FACS
analysis. The number of active caspase-3 positive cells for
cisplatin- and complex 3-treated cells was 16 and 86%,
respectively (Fig. 4).

DNA fragmentation was evaluated using the TUNEL
assay. CHO cells were treated for 24 h with three doses (50,
100, and 200 uM) of complex 3 and subsequently analysed
for DNA fragmentation (Fig. 5). As a positive control for
this experiment, cells were also treated with 1 pM stauro-
sporine. Fluorescent labelling of fragmented DNA with the
TUNEL assay was performed in combination with propidium
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Fig. 2 Quantification of the pro-apoptotic activity of palladium and
platinum complexes. CHO cells were treated for 24 h with increasing
doses (20-2,500 uM) of complexes 1, 2, 3, 4, and cisplatin. Apoptosis
was measured by the APOPercentage™ assay as described by the
manufacturers. The cells were stained with APOPercentage™ dye and
dye-uptake, which is a measure of apoptosis, was measured at Ass,.
The error bars show +standard error for each measurement

iodide (PI) counterstaining and cell fluorescence was mea-
sured by FACS analysis (Fig. 5). The events in the R2
region of the dot plot represent cells that are negative for
FITC-dUTP staining and therefore do not display any DNA
fragmentation, while events in the R3 region represent cells
that are positive for FITC-dUTP and DNA fragmentation.
Figure 5 shows a dose dependent increase from 8 to 29% in
the number of cells staining positive for FITC-dUTP incor-
poration, confirming that complex 3 does induce DNA frag-
mentation.

Complex 3 induces apoptosis in cancer cells

Various human cancer derived cell lines, including Jurkat,
CaSki and HeLa were screened for susceptibility to com-
plex 3. The cells were treated for 24 h with cisplatin
(250 uM) or complex 3 (250 uM). Apoptosis was assessed
by the annexin V assay (Fig. 6). The numbers on the dot
plots indicate the total number of apoptotic cells, that is, the
combined proportion of early and late apoptotic cells. The
apoptotic cell death counts for Jurkat, CaSki and HeLa cells
treated for 24 h with cisplatin were 92, 45 and 72%, respec-
tively. While the apoptotic cell death counts for cells
treated with complex 3 were 95, 65 and 58%, respectively.

Discussion
Four palladium(Il) and platinum(Il) pyrazole complexes
(Scheme 1) were chosen for this study for two reasons.

Firstly, they all resemble cisplatin structurally and are
expected to bind biological molecules in a similar manner.
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Secondly, the electronic properties of pyrazole ligands offer
metal centres for late transition metals that are quite elec-
trophilic to allow coordination to biological molecules.

The measurement of cellular viability using the supravi-
tal dye, neutral red is based on the ability of live cells to
incorporate and bind the dye. Neutral red readily penetrates
cell membranes and accumulates intracellularly in lyso-
somes. Physiological conditions that affect lysosomal mem-
brane integrity, such as cytotoxicity for example, result in
decreased neutral red uptake and hence it is possible to
differentiate viable cells from damaged or dead cells. In this
study the neutral red assay was used to determine the LDy,
values for the palladium and platinum complexes. Based on
the LDs, values, the platinum compounds (complexes 3 and
4) were more cytotoxic than the palladium compounds
(complexes 1 and 2) (Table 1). Complex 3 was the most
active complex with an LDs, value of 20 uM.

Cellular viability assays such as the neutral red assay
measure cytotoxicity and therefore do not distinguish
between apoptosis and necrosis. The aim of this study was
to evaluate the use of these complexes as possible antican-
cer agents in terms of their ability to induce apoptosis.
Hence the complexes were also tested for pro-apoptotic
activity using the APOPercentage™ apoptosis assay
(Biocolor Ltd.).

At a concentration of 2,500 uM, complexes 2, 3, 4 and
cisplatin induced morphological changes (cell shrinkage
and cell detachment) in the CHO cells that were indicative
of cells undergoing apoptosis (Fig. 1). However, no mor-
phological changes were observed in CHO cells treated
with complex 1. The APOPercentage™ apoptosis assay
confirmed that cells treated with complexes 2, 3, 4 and cis-
platin were undergoing apoptosis. The APOPercentage™
apoptosis assay is a dye-uptake bioassay, which detects
apoptotic cells during PS trans-membrane movement. PS
externalisation is a characteristic feature associated with
cells dying via apoptosis, hence only apoptotic cells will
take up the dye. This assay allows for the detection and
quantification of apoptosis since the trapped dye can be
released from the cells and the total dye-uptake can be mea-
sured. The APOPercentage™ dye was taken up by CHO
cells treated with complexes 2, 3, 4 and cisplatin. Quantifi-
cation of the dye released from these cells shows that there
is a direct relationship between the concentration of the
complexes and the level of apoptosis (Fig. 2). Higher Ass,
values means that more dye was taken up by the cells and
that more cells died via apoptosis. A maximum Ags, value
was reached at 0.4 and complex 3 stands out as the most
active complex, since it was capable of inducing maximum
APOPercentage™ dye uptake at 500 pM. In comparison,
complexes 2, 4 and cisplatin required concentrations up to
five times higher (2,500 uM) to induce similar levels of
apoptosis. The Ass, value for cells treated with complex 1
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Fig. 3 Comparison of the pro- Untreated Control
apoptotic activity of complex 3
and cisplatin. CHO cells were
treated for 24 h with increasing
doses (100-250 uM) of complex
3 or cisplatin and evaluated for
PS externalization using the an-
nexin V assay. For each dot plot
the lower left quadrant repre-
sents the normal viable cells, the
lower right quadrant represents
the early apoptotic cells and the
upper right quadrant represents
the late apoptotic and necrotic
cells. Indicated on the plot in the
upper right quadrant is the com-
bined early and late apoptotic
cell numbers
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remained at the same level as the Ay, value for the
untreated cells, even at concentrations as high as 2,500 uM
suggesting that complex 1 did not induce apoptosis. This
result is in agreement with the data from the cellular viabil-
ity assay. Furthermore, the lack of morphological changes
observed in cells treated with this complex suggested that
complex 1 was not cytotoxic when tested at concentrations
below 2,500 uM. Overall, the platinum compounds (com-
plexes 3, 4 and cisplatin) displayed higher pro-apoptotic
activity than the palladium compounds (complexes 1 and
2). In addition, the pro-apoptotic activity of complexes 3
and 4 were also higher than cisplatin. Based on the
APOPercentage™ assay the pro-apoptotic activity of com-
plex 3 is almost eight times higher than for cisplatin.
Despite palladium and platinum being elements of the
same group and the ionic radii of these elements being
nearly the same as a result of lanthanoid contraction, their
respective pyrazole complexes exhibit different activities.
We attribute this to an associative substitution mechanism
similar to that reported by Rauterkus et al. [31], in which
the kinetic behaviour of the two metal complexes differ.
Platinum compounds have been reported to be more stable
in solution than palladium compounds [10] and thus would
be less susceptible to translabilization, especially in the
biological milieu, as opposed to palladium compounds.
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Active Caspase-3-PE

This is substantiated by the fact that both palladium and
platinum compounds used in this study have the same
ligand system and that the only difference in activities is
attributed to the metals; thus the observed activities could
only be due to the solution properties and perhaps the
intrinsic properties of the metals, where platinum com-
pounds were considerably better compared to palladium
compounds. It is also worth noting that the palladium com-
plexes had poor solubility compared to platinum analogues.
Platinum compounds are found to be more stable in solu-
tion than palladium compounds and thus would be less sus-
ceptible to translabilization as opposed to palladium
compounds. It is for this reason that their activities are con-
siderably better compared to palladium compounds.

The bulkiness of the pyrazole ligands also appears to
affect activity. For example the activity of complex 3 was
significantly higher than that of cisplatin. Previous studies
also show that the more bulky dichloro-2-(2-pyridyl)benz-
imidazoleplatinum(Il) is more active than cisplatin [17].
The steric hindrance due to 2-(2-pyridyl)benzimidazole
ligands was found to reduce rapid detoxification by thiol-
containing molecules, as compared to the ammonia ligands
in cisplatin. There is a probability that such bulky ligands
prevent translabilization and undesired displacement of the
non-leaving ligand by other nitrogen donors [17]. Hence it
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is possible that complex 3 could be acting through a similar
mechanism that induces the formation of DNA-adducts,
promoting the activation of apoptosis. Earlier structure—
activity relationships have defined the necessity of at least
one NH moiety, which is thought to be important for hydro-
gen bonding interactions to DNA [6]. It has been suggested
that the small size of the NH group, rather than its hydrogen
bonding ability, is responsible for the greater activity
exhibited by platinum compounds with amine carrier
ligands bearing multiple NH protons [8]. However, it
should be noted that if the carrier ligands are sterically
crowded, then the presence of NH group(s) is not neces-
sary. Based on these observations, we propose that the

600 200 1000 . 0 200 400 600 £00 1000

DNA Content

complexes reported in this paper which also have NH moie-
ties, act in the same manner, that is, the non-covalent inter-
action of the NH moieties of complexes 1-4 with DNA, led
to a kinked platinated-DNA adduct, which played a crucial
role in the activities observed.

Since the APOPercentage™ assay demonstrated
higher activity for complex 3, the other compounds
(complexes 1, 2, and 4) were excluded from further analy-
sis. In addition, both the neutral red assay and the
APOPercentage™ assay demonstrated that complex 3
was a more efficient cytotoxic agent than cisplatin. We
therefore further evaluated the pro-apoptotic activity of
complex 3 in comparison to cisplatin. Similarly to the
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Fig. 6 Evaluation of pro-apoptotic activity of complex 3 in human
cancer cell lines. Various cancer cell lines including Jurkat, HeLa, and
CaSki were treated for 24 h with complex 3 (250 uM) or cisplatin
(250 uM). Apoptosis was assessed by the annexin V assay. For each
dot plot, the lower left quadrant represents the normal viable cells, the

APOPercentage™ assay, the annexin V assay also detects
apoptosis during the PS trans-membrane movement
phase. An added advantage is the sensitivity of this assay
at detecting the early membrane changes during apoptosis
[5]. Both cisplatin and complex 3 induced PS externalisa-
tion in CHO cells after 24 h as measured by the annexin V
assay (Fig. 3). However, complex 3 was significantly more
bioactive than cisplatin at doses above 200 uM. All three
assays (neutral red, APOPercentage™ and annexin V)
used in this study demonstrated that the cytotoxicity of
complex 3 is much higher than for cisplatin.

Several nucleases have been associated with DNA frag-
mentation during apoptosis. Among these nucleases is the

@ Springer

Annexin V

lower right quadrant represents the early apoptotic cells and the upper
right quadrant represents the late apoptotic and necrotic cells. Indi-
cated on the plot in the upper right quadrant is the combined early and
late apoptotic cell numbers

Caspase Activated Deoxyribonuclease (CAD), which
pre-exists in living cells as an inactive complex with an
inhibitory sub-unit, called ICAD. The cleavage of CAD/
ICAD complex, that is activation of CAD, occurs by means
of caspase-3 mediated cleavage of the inhibitory sub-unit
(ICAD) [35]. It is well known that cisplatin-induced apopto-
sis can occur via caspase-3 activation [19]. However, it has
also been shown that cisplatin-induced apoptosis in A2780
ovarian tumour cells occurs via a caspase-3 independent
pathway [19]. Hence we also investigated whether the pro-
apoptotic activity of complex 3 involved the activation of
caspase-3. Both cisplatin and complex 3 induced caspase-3
cleavage in CHO cells. However, as shown in Fig. 4, the
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extent of caspase-3 cleavage in cells treated with complex 3
was ~5 fold higher than that in cells treated with cisplatin.

Farrell et al. [13] previously demonstrated that the pro-
apoptotic activity of platinum compounds is associated
with the production of DNA strand breaks. Hence we also
investigated the ability of complex 3 to induce DNA frag-
mentation. CHO cells were treated with increasing concen-
trations (50-200 M) of complex 3 and evaluated for the
presence of fragmented DNA using the FITC-dUTP and the
TUNEL assay. Figure 5 shows a dose-dependent increase
(7-29%) in the percentage of cells staining positive for
fragmented DNA.

We investigated the ability of complex 3 to induce apopto-
sis in various cancer derived cell lines, which included Jur-
kat, CaSki and HeL a. Jurkat cells were more sensitive to the
effects of both cisplatin and complex 3, with ~90% of the
cells undergoing apoptosis when treated with 250 uM of the
complexes (Fig. 6). The human cervical epitheloid carci-
noma cells (CaSki and Hel.a) were more resistant to these
platinum compounds. CaSki and HeLa cells were differen-
tially susceptible to cisplatin and complex 3. CaSki cells
appeared to be more sensitive to complex 3, whereas the
HeLa cells were more susceptible to cisplatin. This may
point to different mechanistic actions for these two com-
plexes. Alternatively this differential susceptibility may be a
reflection of different genetic mutations that block apoptotic
pathways in these cell lines. Mutations in genes regulating
apoptosis have been reported for many human cancer cell
lines. For example, point mutations in the p53 gene prevent
the expression of this oncogene in Jurkat T cells [27]. The
susceptibility of cancer cells to these complexes highlights
the possible use of complex 3 as a potential anticancer agent.

The results obtained from this study demonstrate that the
metal complexes evaluated have significant cytotoxic activity
and that the cell death induced by these complexes is due to
the activation of apoptosis. Various markers of apoptosis,
including PS externalisation, caspase-3 activation and DNA
fragmentation were detected in cells treated with these metal
compounds. This study also shows that the platinum
complexes are considerably more active than the palladium
complexes and that one of the platinum complexes [dichloro-
bis(pyrazole)platinum(II) or complex 3] is also active against
various cancer cells including Jurkat, CaSki and HeLa. Fur-
thermore this study also shows that complex 3 is significantly
more active than cisplatin and represents a useful point of
departure for future chemical diversification of this group of
compounds to increase their activity and solubility.
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