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Abstract

There has been a continuing effort for the discovery of novel platinum(IV)-based antitumor compounds with better therapeutic

performances than cisplatin. In the present work, the anticancer action of recently synthesized Pt(IV)-based complex [Pt(HPxSC)Cl3] was

investigated using rat and human astrocytoma cell lines C6 and U251. [Pt(HPxSC)Cl3] markedly reduced the number of cultured astrocytoma

cells (IC50, 80 AM), as determined by crystal violet assay. The Pt(IV) complex induced apoptotic death of tumor cells, as flow cytometry

analysis of the propidium iodide-stained cellular DNA revealed approx. 30% of hypodiploid cells in [Pt(HPxSC)Cl3]-treated astrocytoma cell

cultures. On the other hand, [Pt(HPxSC)Cl3] at 200 AM did not affect the viability of rat primary astrocytes, unlike the established anticancer

drug cisplatin, which displayed high toxicity toward both astrocytoma cells (IC50, 15 AM) and primary astrocytes (IC50, 20 AM). Moreover,

[Pt(HPxSC)Cl3] at 100 AM did not interfere with the ability of rat peritoneal macrophages to produce important antitumor molecules nitric

oxide and tumor necrosis factor-a. Finally, we assessed the ability of [Pt(HPxSC)Cl3] to restrain growth of some bacterial and yeast strains,

but it showed rather limited antimicrobial activity.

D 2005 Elsevier B.V. All rights reserved.
Keywords: Astrocytoma; Platinum; Cancer; Apoptosis
1. Introduction

Cisplatin is a potent anticancer drug, effective against

various tumors, including those of testes, ovary, and head

and neck (Zhang and Lippard, 2003; Siddik, 2003). Still, its

application has two main disadvantages: intrinsic and

acquired drug-resistance, as well as cumulative and irrever-

sible toxicities, particularly nephrotoxicity, ototoxicity and

peripheral neuropathy (Zhang and Lippard, 2003; Siddik,

2003). Therefore, there is an enduring effort to synthesize
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new Pt-based drugs that would be as efficient as cisplatin,

but without its side effects. The important candidates are

Pt(IV)-based agents as their greater inertness comparing to

corresponding Pt(II) complexes, including cisplatin, may

allow the oral administration of the drugs, reduce toxicity

associated with platinum-based chemotherapy, and decrease

the amount of the complex lost or deactivated through

reactions on the way to the target site (Hall and Hambley,

2002; Galanski et al., 2003). Development of orally

available platinum drugs has focused on octahedral coordi-

nated platinum(IV) complexes, because they are more inert

to hydrolysis and other ligand exchange reactions than

platinum(II) compounds and thus are less likely to be

degraded in the gastrointestinal tract (Zhang and Lippard,

2003). Although some of these compounds, including
logy 517 (2005) 28 – 34
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iproplatin, tetraplatin, and satraplatin have been tested in

clinical trials, there are still no Pt(IV)-based therapeutics in

routine clinical use (Hall and Hambley, 2002; Galanski et

al., 2003).

Astrocytomas are the most common tumors of the central

nervous system (CNS), usually with a poor prognosis, and

extremely difficult to treat (Kleihues et al., 1995). Cisplatin,

in combination with other anticancer drugs, radiotherapy

and surgery, has been used for the treatment of various

astrocytomas with limited efficacy and considerable toxicity

(Frenay et al., 2000; Madajewicz et al., 2000; Choi et al.,

2002; Mathieu et al., 2004; Brandes et al., 2004; Silvani et

al., 2004; Rao et al., 2005). In addition, high level of

resistance of tumor cells to the cytotoxic action of cisplatin

has been observed in vitro both in primary brain tumors

collected from the patients (Haroun et al., 2002) and cell

lines (Jendrossek et al., 2001). Thus, exploiting new

possibilities for the treatment of astrocytomas is of

reasonable significance. In this paper, we report that newly

synthesized Pt(IV) complex [Pt(HPxSC)Cl3] potently

destroys rat and human astrocytoma cells, but exerts only

limited antimicrobial effect in vitro.
2. Materials and methods

2.1. Reagents

All the chemicals used in the experiments were from Sigma

(St. Louis, USA), unless specifically stated. The complex

[Pt(HPxSC)Cl3], has been prepared as described earlier (Kne”ević

et al., 2003). On the basis of analytical and spectroscopic data it

has been proposed that the octahedral platinum(IV) complex

contains monoanionic pyridoxal semicarbazone moiety coordi-

nated in the tridentate mode and the three chlorine atoms.

Dimethyl sulfoxide (DMSO) was used for dissolving the

complex, and in each experiment controls with appropriate

concentrations of vehicle were performed. As long-term cell

cultures were used in our study, we have investigated the stability

of complex [Pt(HPxSC)Cl3] in DMSO and cell culture medium

(with or without foetal calf serum) by electronic absorption

spectroscopy. Electronic absorption spectra for 100 AM solutions

of the complex were recorded on a GBC UV–visible Cintra 40

spectrometer. No difference was observed in the spectral patterns

at the beginning and 48 h after incubation (data not shown),

indicating that the complex was stable in the above mentioned

conditions.

2.2. Cell cultures

Rat astrocytoma cell line C6 and human astrocytoma cell line

U251 were a kind gift of Dr. Pedro Tranque (Universidad de

Castilla-La Mancha, Albacete, Spain). Rat primary astrocytes were

isolated from newborn Albino Oxford rats as previously described

(McCarthy and de Vellis, 1980). Peritoneal macrophages were

isolated from Albino Oxford rats by peritoneal lavage with cold

phosphate buffered saline (PBS), followed by adherence to plastic,

as previously described (Jankovic et al., 2000). The cells were

cultivated in HEPES-buffered RPMI 1640 medium supplemented
with 5% foetal calf serum, l-glutamine and antibiotics at 37 -C in a

humidified atmosphere with 5% CO2. For the experiments, cells

were grown in flat-bottom 96-well tissue culture plates (Sarstedt,

Numbrecht, Germany), except for flow cytometry analysis, where

30 mm tissue culture Petri dishes (Sarstedt) were used for cell

cultivation.

2.3. Crystal violet test

Adherent cell staining with crystal violet was used for

determining cell viability (Flick and Gifford, 1984). After

incubation, cell cultures were washed with PBS to remove non-

adherent cells, and adherent cells were then fixed with methanol

and stained with 1% crystal violet solution at room temperature

for 10 min. Plates were thoroughly washed with water, and

crystal violet dye was dissolved in 33% acetic acid. The

absorbance of dissolved dye, corresponding to the number of

adherent (viable) cells, was measured in an automated microplate

reader at 570 nm. The results are presented as percent of control

values obtained in untreated cell cultures. Tumor cell viability in

the cocultivation experiments was determined by subtracting the

absorbance values of macrophage cultures from that of astrocy-

toma/macrophage co-cultures.

2.4. Cell cycle analysis

At the end of incubation, cells (0.5�106) were fixed in 70%

ethanol at 4 -C for 30 min. Cells were washed twice with PBS,

resuspended in PBS containing 1 mg/ml RNase and 40 Ag/ml

propidium iodide, and kept at 37 -C in the dark for 30 min. Red

fluorescence was analyzed at FACSCalibur flow cytometer (BD,

Heidelberg, Germany), using a peak fluorescence gate to discrim-

inate aggregates. Cell distribution among cell cycle phases was

determined by Cell Quest Pro software (BD, Heidelberg,

Germany).

2.5. Determination of tumor necrosis factor-a (TNF-a) and nitric

oxide (NO)

Concentration of bioactive TNF-a in culture supernatants was

determined using cytolytic bioassay with actinomycin D-treated

fibrosarcoma cell line L929, as previously described (Stosic-

Grujicic et al., 2001). Nitrite accumulation, an indicator of NO

production, was measured in cell culture supernatants using the

Griess reagent (Green et al., 1982). Briefly, 50 Al samples of

culture supernatants were mixed with an equal volume of Griess

reagent (a mixture at 1 :1 of 0.1% naphthylenediamine dihydro-

chloride and 1% sulfanilamide in 5% H3PO4) and incubated at

room temperature for 10 min. The absorbance at 570 nm was

measured in an automated microplate reader. The nitrite concen-

tration was calculated from a NaNO2 standard curve.

2.6. Antimicrobial activity assay

In total, 17 strains of 6 different bacterial or yeast species (4

strains of Staphylococcus aureus, 1 of Streptococcus pyogenes

(group A), 3 of Enterococcus sp., 4 of Escherichia coli, 2 of

Pseudomonas aeruginosa and 3 strains of Candida albicans)

were tested for susceptibility to [Pt(HPxSC)Cl3]. All strains were

isolated from the outpatients in our department (Institute of

Microbiology and Immunology, School of Medicine, Belgrade)
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and identified using standard microbiological procedures. After

being obtained in a pure culture, strains were cultivated for

additional 24 h in the appropriate medium (dextrose broth,

Biolife, Italy) at 36 -C, cultures adjusted to the cell concentration

of 2�106 colony forming units (CFU)/ml, 0.05 ml of which were

used in subsequent experiments. The assay was performed in

triplicates in the 96-well plates (Sarstedt). [Pt(HPxSC)Cl3] was

dissolved in DMSO (1 :100 dilution) and added to wells. Each

well contained 105 CFU of the microorganism and various

concentration of tested complex (six 2-fold dilutions starting from

1 mM) in 100 Al. Appropriate controls with medium alone,

DMSO in medium and bacteria and yeast without complex were

also performed. Bacteria and yeasts were subsequently cultured

for 24 h at 36 -C. The effect of [Pt(HPxSC)Cl3] on microbial

growth was determined by the measurement of the optical density

in a microplate reader at 492 nm. Results are expressed as percent

of inhibition of microbial growth compared to controls incubated

without the complex.

2.7. Statistical analysis

The significance of the differences between various treatments

was determined by analysis of variance (ANOVA), followed by

Student–Newman–Keuls test. The value of P <0.05 was consid-

ered statistically significant.
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Fig. 1. The influence of [Pt(HPxSC)Cl3] on the viability of astrocytoma cell

lines and primary astrocytes. C6 cells (A), U251 cells (B), and astrocytes

(C) were cultivated (5�104 cell/well) in the presence of various

concentrations of [Pt(HPxSC)Cl3] or cisplatin for 48 h, and their viability

was determined by crystal violet assay. Data from the representative of three

separate experiments with similar results are presented as meanTS.D. of
triplicate cultures (*P <0.05 refers to untreated cultures).
3. Results

3.1. The reduction of C6 and U251 astrocytoma cell viability by

[Pt(HPxSC)Cl3]

In order to investigate the antitumor potential of [Pt(HPxSC)Cl3]

in vitro, the various concentrations of the complex were added to

high-density cultures of rat astrocytoma C6 and human

astrocytoma U251 cells, and cell number was determined after

48 h by crystal violet test. While [Pt(HPxSC)Cl3] potently

reduced the viability of both astrocytoma cell lines in a dose-

dependent way (Fig. 1A, B), it was less efficient than the

recognized anticancer drug cisplatin (Fig. 1A, B). Namely, the

IC50 values calculated for complex [Pt(HPxSC)Cl3] were 82.8

and 81.8 AM, while IC50 values for cisplatin were 15.4 and

15.3 AM, for C6 and U251 cells, respectively. However,

[Pt(HPxSC)Cl3] did not significantly affect the viability of rat

primary astrocytes (Fig. 1C), whereas cisplatin killed primary

astrocytes with the efficiency (IC50=19.1 AM) fairly comparable

to that displayed against astrocytoma cells. Cell cycle analysis

after [Pt(HPxSC)Cl3] treatment of C6 cells revealed an increase in

the number of hypodiploid cells with fragmented DNA, suggest-

ing the ability of the Pt(IV) complex to cause tumor cell apoptosis

(Fig. 2). Similar results were obtained with U251 cultures (data

not shown). Importantly, DMSO (Cmax=0.01% v/v) used for

dissolving the complex, did not affect the viability of either cell

line. Thus, [Pt(HPxSC)Cl3] was able to induce apoptotic death of

astrocytoma cell without affecting the viability of primary

astrocytes.

3.2. The influence of [Pt(HPxSC)Cl3] on macrophages

As macrophages play an important role in antitumor immunity,

we analyzed the influence of [Pt(HPxSC)Cl3] on these cells.
Treatment of macrophages with [Pt(HPxSC)Cl3] did not signifi-

cantly change their viability after 48 h of cultivation, as determined

by crystal violet staining (Fig. 3A). Further, we tested the influence

of [Pt(HPxSC)Cl3] on antitumor properties of interferon g (IFN-g)-

treated macrophages co-cultivated with astrocytoma cells. Both

IFN-g-stimulated macrophages and [Pt(HPxSC)Cl3] markedly

reduced viability of U251 and C6 cells, showing an additive

effect when combined (Fig. 3B). We also assessed whether

[Pt(HPxSC)Cl3] could modulate production of well-known tumor-

icidal molecules NO and TNF-a in unstimulated and IFN-g-

stimulated macrophages. After 48 h of cultivation, IFN-g markedly

induced both NO and TNF-a release from macrophages, while

[Pt(HPxSC)Cl3] did not affect macrophage production of either

NO or TNF-a, irrespective of the presence of IFN-g (Fig. 3C,D).

Thus, [Pt(HPxSC)Cl3] apparently did not interfere with macro-

phage antitumor action in vitro.
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Fig. 2. Cell cycle analysis in [Pt(HPxSC)Cl3]-treated C6 cells. C6 cells (5�105 per plate) were cultivated for 48 h in the absence or presence of 100 AM of

[Pt(HPxSC)Cl3], and DNA content/cell cycle analysis was performed by flow cytometry after propidium iodide staining. The histograms from the

representative experiment are presented in (A), while cell cycle distribution values (B) are meansTS.D. from three independent experiments (*P <0.05 refers to

untreated cultures).
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3.3. Antimicrobial properties of [Pt(HPxSC)Cl3]

In order to further analyze the biological activity of

[Pt(HPxSC)Cl3] we have tested its influence on growth of various
[Pt(HPxSC)Cl ]3

C
el

l v
ia

b
ili

ty
 (

%
 o

f 
co

n
tr

o
l)

 
T

N
F

 (
p

g
/m

l)

N
O

 (
  M

)

A B

DC

1

1

0

20

40

60

80

100

120

0 4 20 100

0

20

40

60

80

100

120

140

160

0 IFN

[Pt(HPxSC)Cl3] (  M)

0

Fig. 3. The influence of [Pt(HPxSC)Cl3] on macrophage antitumor response in vit

various concentrations of [Pt(HPxSC)Cl3] (A), or 100 AM [Pt(HPxSC)Cl3] with o
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(1�104/well) were cultivated separately or together, in the absence or presence of

Data from the representative of three independent experiments with similar resu

untreated cultures).
bacterial and yeast species (17 strains in total, see Materials and

methods). [Pt(HPxSC)Cl3] did not show general antibacterial or

antifungal activity in our system. However, a minor inhibitory

effect on growth of some tested strains was observed. Namely, five
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ro. Rat peritoneal macrophages (5�104/well) were cultivated for 48 h with

r without 10 ng/ml IFN-g (C, D) and cell viability (A), TNF-a production

ng/ml)-stimulated rat peritoneal macrophages (5�104/well) and U251 cells

100 AM [Pt(HPxSC)Cl3], and cell viability was measured after 48 h. (A–D)

lts are presented as meanTS.D. of triplicate cultures (*P <0.05 refers to



Table 1

The effect of [Pt(HPxSC)Cl3] complex on the growth of various

microorganisms

Microorganism strain Concentration of [Pt(HPxSC)Cl3] (AM)

31.25 62.5 125 250 500 1000

Staphylococcus aureus

1 2T1 7T2a 5T4 10T1a 10T1a 18T1a

Enterococcus sp

1 2T1 4T4 6T1a 12T1a 19T7a 33T14a

2 0 0 0 50T14a 59T14a 60T12a

Escherichia coli

1 0 0 15T4a 15T3a 37T2a 62T13a

2 0 0 12T5a 14T2a 17T5a 17T10a

Candida albicans

1 9T4a 12T2a 44T6a 36T16a 51T25a 50T11a

All strains were incubated in the absence or presence of various

concentrations of [Pt(HPxSC)Cl3], as described in Materials and methods.

The effect of the complex on microbial growth was determined by

measuring the optical density and results are expressed as percent

inhibitionTS.D. of triplicates (aP <0.05).
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bacterial strains (one of S. aureus, two of Enterococcus sp. and two

of E. coli) and one yeast strain (C. albicans) were partly inhibited

in a dose-dependent way by the complex (Table 1). On the other

hand, DMSO, which was used for dissolving the complex, had no

observable growth inhibiting effect in concentrations used in our

experiments. Still, the growth of the remaining 11 strains tested

was not impaired, at least not in a dose range of complex between

31.25 and 1000 AM (not shown).
4. Discussion

As astrocytomas are the most common tumors of CNS,

with no efficient therapy available (Kleihues et al., 1995), an

effort for discovering new potential anti-astrocytoma drugs

has been continuous. We have recently reported synthesis

and chemical characterization of novel Pt(IV)-based octahe-

dral complex (Kne”ević et al., 2003). In this paper, we

present [Pt(HPxSC)Cl3] as a powerful antitumor molecule

that exerts pro-apoptotic activity against astrocytoma cells

in vitro, without affecting the viability of primary astrocytes

and macrophages, or macrophage anti-astrocytoma action.

Although antibacterial and/or antifungal effects of cisplatin

and other Pt(II) and Pt(IV) complexes were previously

reported (Cardenas et al., 1999; Watabe et al., 2001; Kushev

et al., 2002; Gumus et al., 2003), [Pt(HPxSC)Cl3] did not

show significant antimicrobial effect against the analyzed

strains. Such results do not justify further experiments of

antimicrobial characteristics of our complex and exclude it

as a candidate for an antimicrobial agent.

It should be noted that [Pt(HPxSC)Cl3] was considerably

less effective against astrocytoma cells in comparison with

prototypical Pt-based drug cisplatin. However, while cis-

platin was highly toxic to rat primary astrocytes cells in our

experiments, as well as in previous studies (Hardej and
Trombetta, 2002; Wick et al., 2004), we did not observe any

significant alteration of primary astrocyte viability upon

[Pt(HPxSC)Cl3] treatment. One of the reasons for this tumor

cell-selective toxicity of [Pt(HPxSC)Cl3] might be at least

partly due to the fact that, unlike astrocytoma cells,

confluent primary astrocytes do not extensively divide in

culture. Namely, the existence of positive correlation was

described between cell proliferation rate and susceptibility

to apoptosis induction in certain settings (Wang et al., 1999;

Laitinen et al., 2000; Los et al., 2001). Whereas putative

selective killing of tumor cells makes [Pt(HPxSC)Cl3] a

plausible candidate for a relatively ‘‘safe’’ anticancer drug, it

is on future studies to examine whether beneficial / side

effect ratio of this novel Pt(IV) complex would compare

favorably to that of presumably more toxic, but also more

efficient cisplatin.

Importantly, our experiments demonstrate that

[Pt(HPxSC)Cl3] cooperates with macrophages in their

antitumor actions in vitro. Although this cooperation is

rather additive than synergistic, it could still be significant as

it would presumably allow combination with some immune-

based anticancer strategies. Moreover, we have shown that

[Pt(HPxSC)Cl3] does not reduce macrophage production of

important antitumor molecules TNF-a and nitric oxide.

While TNF-a induces rapid cell death in susceptible tumor

cells and blocks tumor angiogenesis (Hagen and Eggermont,

2004), NO produced by macrophages is efficient against

tumor cells in vitro (Miljkovic et al., 2004) and contributes

to the elimination of tumors in vivo (MacMicking et al.,

1997). Thus, it seems reasonable to assume that inability of

[Pt(HPxSC)Cl3] to reduce TNF-a and NO production in

macrophages could be a valuable therapeutic property.

Finally, an important concern about the potential use of

[Pt(HPxSC)Cl3] for astrocytoma treatment arises from the

fact that the complex might not easily pass the blood–

brain barrier. However, the role of the blood–brain barrier

in the chemotherapy of brain tumors is controversial

(Stewart, 1994), and intravenous administration of cisplatin

was fairly efficient in some clinical trials for astrocytoma

treatment (Choi et al., 2002; Brandes et al., 2004; Silvani

et al., 2004). Moreover, glioma treatment with intravenous

cisplatin resulted in 10-fold higher concentration of the

drug in the tumor as compared with that in normal brain

tissue (Van den Bent et al., 1998), supporting the

hypothesis on the relative absence of the blood–brain

barrier within brain tumors. In addition to clinically-proven

intra-arterial administration of platinum-based chemother-

apeutics (Madajewicz et al., 2000), there is an expanding

field of innovative strategies for improved drug-delivery

into the brain, including nanoparticles, temporary disrup-

tion of the blood–brain barrier, or various systems for

intracranial administration (Kreuter, 2001; Kemper et al.,

2004). It should be also noted that the influence of

[Pt(HPxSC)Cl3] was not restricted to astrocytoma cell

lines, as this Pt(IV) complex potently inhibited the viability

of mouse L929 fibrosarcoma cells (unpublished observa-
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tion), indicating that it could be potentially interesting for

its antitumor properties in general.

To conclude, [Pt(HPxSC)Cl3] seems to be very efficient

against astrocytomas in vitro, possibly acting as an pro-

apoptotic agent. Further investigation about its mechanism

of action, as well as exploration of its capability to restrain

tumor formation in vivo would be our future goals.
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