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Abstract 

It was previously shown that [Pt(O,O’-acac)(γ-acac)(DMS)] induces apoptosis in various 

cancer cells and exerts antimetastatic responses in vitro. In rats, [Pt(O,O’-acac)(γ-

acac)(DMS)] reaches the central nervous system in quantities higher than cisplatin 

causing less excitotoxicity. The aim of the present paper was to investigate whether 

[Pt(O,O’-acac)(γ-acac)(DMS)] is able to exert cytotoxic effects on SH-SY5Y human 

neuroblastoma cell line, and to study the intracellular transduction mechanisms underlying 

these effects. Here we have demonstrated that [Pt(O,O’-acac)(γ-acac)(DMS)] was more 

effective than cisplatin in provoking apoptosis characterized by: (a) mitochondria 

depolarization, (b) decrease of Bcl-2 expression and increase of BAX expressions with 

cytosol-to-mitochondria translocation, (c) activation of caspase-7 and -9 and (d) generation 

of reactive oxygen species (ROS). [Pt(O,O’-acac)(γ-acac)(DMS)] provoked the activation 

of the following signalling kinases that were interacting with each other: PKC-δ and -ε, 

ERK1/2, p38MAPK, JNK1/2, NF-κB, c-src and FAK. We found that ROS generated by 

NADPH oxidase was responsible for the [Pt(O,O’-acac)(γ-acac)(DMS)]-mediated PKC-δ 

and -ε activation and consequential phosphorylation of all MAPKs. [Pt(O,O’-acac)(γ-

acac)(DMS)]-induced mitochondrial apoptosis was blocked when p38MAPK and JNK1/2 

were inhibited, whilst the effects on Bax/Bcl-2 mRNA and protein levels were blocked 

inhibiting NF-κB. NF-kB nuclear translocation was blocked inhibiting MEK1/2 activity. In 

addition to the induction of apoptosis [Pt(O,O’-acac)(γ-acac)(DMS)] downregulated pro-

survival pathway. Survival inhibition started from mitochondrial ROS generation which 

induced c-src, FAK and Akt activation. In conclusion, our results suggest that [Pt(O,O'-

acac)(γ-acac)(DMS)] may be considered a promising compound for the treatment of 

neuroblastoma. Further studies are warranted to explore in detail the therapeutic potential 

of this compound. 
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1. Introduction 

Neuroblastoma is the most common extracranial solid tumour in children [1]. Biologically 

and clinically, neuroblastomas can be divided into at least two groups: one with favourable 

biological features (favourable histology, hyperdiploidy) and another with unfavourable 

features (unfavourable histology, near-diploidy). Favourable neuroblastomas are prone to 

undergo either differentiation or apoptosis, whereas unfavourable neuroblastomas are 

frequently metastatic and have poor prognosis.  

The current treatment strategy for neuroblastoma uses an aggressive chemotherapy, 

consisting of a combination of cyclophosphamide, vincristine, tetrahydropyranyl [THP]-

adriamycin, and cisplatin. This regimen has increased the survival rates of patients with 

advanced neuroblastoma [2]. However, infusion with cisplatin induces peripheral 

neuropathy mainly affecting the large myelinated fibers of the nerves secondary to 

neuronopathy affecting the neurons of dorsal root ganglia [3].  

Although tumors with unfavourable biological features may respond to chemotherapy 

initially, they usually recur and are then resistant to further treatment. Resistance of 

tumours to treatment might be also associated with defects in, or deregulation of different 

steps in the apoptotic pathways [4]. Therefore, it is essential to identify new drugs or 

treatment strategies, which are more efficient and result in fewer toxic side effects.  

Much attention has been focused on designing new Pt compounds with improved 

pharmacological properties with less toxicity and more favourable therapeutic indices than 

cisplatin. Recently, a platinum complex containing two acetylacetonate ligands, one O,O'-

chelate and the other sigma-linked by methionine in the gamma position, and 

dimethylsulphide (DMS) in the metal coordination sphere has been synthesized [5] and 

shown to exhibit interesting biological activities [6-9].Differently from cisplatin, for which the 

activity appears to be associated both with its intracellular accumulation and with the 

formation of DNA adducts [6,7], the cytotoxicity of this new compound is related to the 

intracellular accumulation only, showing a low reactivity with nucleobases and a specific 

reactivity with sulphur ligands, suggesting that the cellular targets could be amino acid 

residues of proteins. The different action mechanism of the new complex, having different 

biological targets, with respect to cisplatin, may render it intrinsically able to evoke less 

chemo-resistance phenomena. In addition to the cytotoxic effects of [Pt(O,O’-acac)(γ-

acac)(DMS)] in HeLa and MCF-7 cells, we have also demonstrated that [Pt(O,O’-acac)(γ-

acac)(DMS)] reaches the brain tissue once injected. The brain platinum content after 

[Pt(O,O’-acac)(γ-acac)(DMS)] treatment was notably higher than after cisplatin. However, 
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compared with cisplatin, [Pt(O,O’-acac)(γ-acac)(DMS)] induces less severe changes on 

fundamental events of neuroarchitecture development, such as no high apoptotic events, 

less altered granule cell migration and Purkinje cell dendrite growth, suggesting a low 

neurotoxicity for normal central nervous system [10]. In light of these results it becomes 

important to determine whether or not [Pt(O,O’-acac)(γ-acac)(DMS)] has cytotoxic effects 

on brain cancer cells. For this purpose we used the human neuroblastoma SH-SY5Y cells, 

which are immature neuroblasts [11] that may represent a reliable model for studying the 

ability of [Pt(O,O’-acac)(γ-acac)(DMS)] to induce cell death and also for elucidate its 

mechanisms of toxicity. 
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2. Materials and methods 

2.1. Cell culture 

The human neuroblastoma cell line SH-SY5Y from ICLC (Genova, Italy) are neuron-like 

cells of human central nervous system origin. SH-SY5Y cells were grown in a 1:1 mixture 

of Dulbecco’s modified Eagle’s medium and Ham’s F-12 (Celbio, Pero, Milan, Italy) 

supplemented with 10% foetal bovine serum, penicillin (100 U/mL) and streptomycin (100 

mg/mL), in a humidified atmosphere of 5% CO2 in air. Cells were grown to 70-80% 

confluence and then treated with Pt compounds at various concentrations and for different 

incubation periods. 

 

2.2. Cytotoxicity assay 

Cells at 70–80% confluency were trypsinised (0.25% trypsin with 1 mM EDTA), washed 

and resuspended in growth medium. 100 µL of a cell suspension (105 cells/mL) was added 

to each well of a 96-well plate. After overnight incubation, cells were treated with specific 

reagents for different incubation periods. 

The conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol tetrazolium bromide) by 

cells was used as an indicator of cell number as previously described [12]. This method 

measures the reduction of MTT by active mitochondria, which results in a colorimetric 

change measured at 550 nm wave length. Experiments were performed to define the 

linear range of the assay. A good correlation was observed up to 50,000 cells per well 

(data not shown). 

Increasing concentration of heat-killed cells per well (killed by incubating at 70°C for 15 

min) caused no significant change in the absorbance; thus, this spectrophotometric 

method was a valid technique for measuring the number of viable cells. All subsequent 

experiments performed were within the linear range of the assay. 

The percentage cell survival was calculated as the absorbance ratio of treated to untreated 

cells. The data presented are means ± standard deviation (SD) from eight replicate wells 

per microtitre plate, repeated four times. 

 

2.3. Sulforhodamine B (SRB) assay 

The SRB assay was carried out as previously described (Skehan et al., 1990). Briefly, 70 

μL 0.4% (w/v) sulforhodamine B in 1% acetic acid solution was added to each well and left 
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at room temperature for 20 min. SRB was removed and the plates washed 5 times with 

1% acetic acid before air drying. Bound SRB was solubilized with 200 μL of 10 mM 

unbuffered Tris-base solution and plates were left on a plate shaker for at least 10 min. 

Absorbance was measured in a 96-well plate reader at 492 nm. The test optical density 

(OD) value was defined as the absorbance of each individual well minus the blank value 

(‘blank’ is the mean optical density of the background control wells, n=8). The percentage 

survival was calculated as the absorbance ratio of treated to untreated cells. The data 

presented are means ± standard deviation (SD) from eight replicate wells per microtitre 

plate, repeated four times. 

 

2.4. Trypan blue dye exclusion assay 

The cells were seeded in 60 mm tissue culture dishes (100,000 cells/mL). After overnight 

incubation, the cells were treated with the concentrations of cisplatin or [Pt(O,O’-acac)(γ -

acac)(DMS)] which were found to produce an IC50 and IC90, for 12 h, 24 h, 48 h, and 72 

h. Cell viability was estimated using the trypan blue exclusion assay and light microscopy. 

 

2.5. Clonogenic survival assay 

Cells were seeded in 100 mm Petri dishes at low density (~3X104 per dish) and left to 

adhere for 24 h in a standard medium. Crescent concentrations of [Pt(O,O’-acac)(γ-

acac)(DMS)] or cisplatin were added; after 2 h cells were washed, immediately treated 

with trypsin, resuspended in single-cell suspension, and plated for the determination of 

macroscopic colony formation. After 15 days of growth, colonies were fixed with a 3:1 

mixture of methanol/acetic acid and stained with crystal violet. Only colonies consisting of 

more than 50 cells were scored. Four separate experiments were performed using 

duplicate samples. 

 

2.6. Uptake of JC-1 by mitochondria 

Mitochondrial membrane depolarization was detected by a shift in fluorescence emission 

of the lipophilic cationic probe 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolo- 

carbocyanine iodide (JC-1). JC-1 is able to enter mitochondria selectively, where it exists 

as a J-aggregate, emitting at 590 nm (red/yellow) after excitation at 488 nm. Changes in 

the mitochondrial membrane potential (ΔΨm) and subsequent depolarization result in 

dissociation of the aggregate into the monomeric form of the dye, causing a shift in 
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emission to 530 nm (green), which can be detected. 

The uptake of JC-1 and the formation of J-aggregates by cells were monitored by 

fluorescent spectrophotometer. Inside the mitochondria, the fluorescence emission shifts 

from green (monomers of JC-1) to red (aggregates). The shifts were detected 

fluorimetrically (using excitation (EX) 490 nm and emission (EM) 590 nm for red, and 525 

nm for green). Mitochondrial depolarization is indicated by a decrease in the red to green 

fluorescence ratio. Preliminary experiments demonstrated that under these conditions the 

dye reached near equilibrium distribution and gave a maximal fluorescence response to a 

fall in ΔΨm induced by the mitochondrial uncoupler carbonylcyanide-m-chloro-phenyl-

hydrazone (5 mM). 

 

2.7. Preparation of subcellular fraction 

To obtain protein cell extracts, cells were washed twice in ice-cold PBS and harvested in 1 

mL of PBS. The samples were centrifuged for 30 s at 10,000x g, and cell pellets were 

resuspended in the following buffer (mM): 20 Tris–HCl (pH 8.0) containing 100 NaCl, 2 

EDTA, 2 Na3VO4, 0.2% Nonidet P-40 and 10% glycerol, supplemented with a cocktail of 

protease inhibitors (1 mg/mL of each of the proteinase inhibitors aprotinin, leupeptin, 

soybean trypsin inhibitor, and 1mM phenylmethylsulphonyl fluoride, all from Sigma, Milan, 

Italy). After a 10 min incubation on ice, the cells were passed several times through a 20-

gauge needle, and then centrifuged at 13,000x g for 10 min at 4°C. For preparation of 

subcellular fractions, the cells were ruptured in homogenization buffer (mM): 20 Tris–HCl 

(pH 7.5) containing 250 sucrose, 2 EDTA, 0.5 EGTA, 0.2 phenylmethylsulphonyl fluoride 

and the cocktail of protease inhibitors, by Dounce homogenization, and centrifuged 

immediately at 2,000x g for 10 min. The supernatant was collected and centrifuged at 

100,000x g for 1 h to separate cytosolic and membrane fractions. The membrane fraction 

was subsequently resuspended in extraction buffer (mM): 20 Tris–HCl (pH 7.5) containing 

150 NaCl, 1 EDTA, 1 EGTA, 0.2 phenylmethylsulphonyl fluoride and the cocktail of 

protease inhibitors with 1% (v/v) Nonidet P-40. 

Nuclei were pelleted by centrifugation at 2,000x g for 15 min at 4°C, and resuspended in 

high-salt buffer (mM): 20 Tris–HCl (pH 7.9), 420 NaCl, 10 KCl, 0.1 Na3VO4, 1 EDTA, 1 

EGTA, 20% glycerol, supplemented with a cocktail of protease inhibitors, and sonicated 

until no nuclei remained intact. The samples were then centrifuged at 13,000x g for 10 min 

at 4°C, and the resultant supernatant was used as the nuclear extract. 

For the preparation of mitochondrial and cytosolic proteins cells were trypsinized and 
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washed once with ice-cold phosphate-buffered saline and gently lysed for 30 s in 80 μL 

ice-cold lysis buffer (250 mM sucrose, 1 mM EDTA, 0.05% digitonin, 25 mM Tris [pH 6.8], 

1 mM dithiothreitol and the cocktail of protease inhibitors). The lysate was centrifuged at 

12,000 x g at 4°C for 3 min to separate the supernatant (mitochondria-free cytosolic 

extract) and the pellet (mitochondria-containing fraction). Supernatant (40 μg) and pellet 

(40 μg) were subjected individually to sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). 

The purity of fractions was tested by immunoblotting with anti-α subunit of Na+/K+-ATPase 

monoclonal antibody (membrane protein), anti-histone-3/4 polyclonal antibody (nuclear 

proteins), β-actin (cytoplasmic protein) or porin (mitochondrial membrane protein). Proteins 

in the homogenates and cellular fraction were determined using the Bio-Rad (Milan, Italy) 

protein assay kit 1. Lyophilized BSA was used as a standard. 

 

2.8.  Immunoprecipitation 

Supernatants of homogenates containing 400 µg of protein were diluted fourfold with 

immunoprecipitation buffer (pH 7.4) containing 50 mM HEPES, 10% glycerol, 150 mM 

NaCl, 1% Triton X-100, 0.5% NP-40, and 1 mM each of EDTA, EGTA, PMSF, and Na3VO4. 

Samples were incubated with 1-2 µg anti-total (phosphorylated and unphosphorylated) 

JNK3 primary antibody overnight at 4°C followed by addition of protein A. After another 2 h 

of incubation, samples were centrifuged at 10,000 x g for 2 min at 4°C and the pellets were 

washed with immunoprecipitation buffer three times. Bound proteins were eluted by boiling 

for 5 min in loading buffer containing 0.125 M Tris-HCl (pH 6.8), 20% glycerol, 4% sodium 

dodecyl sulfate (SDS), 10% mercaptoethanol and 0.002% bromophenol blue, and then 

isolated by centrifugation. The supernatants (immunoprecipitates) were used for 

immunoblotting analysis. 

 

2.9. Western blot analysis 

Proteins in homogenates and cellular fraction were determined using the Bio-Rad protein 

assay kit 1. Lyophilized BSA was used as a standard. Total cell proteins or proteins of the 

distinct subcellular fractions were dissolved in sodium dodecyl sulphate (SDS) sample 

buffer and separated on 10 or 15% SDS gels. Separated proteins were transferred 

electrophoretically onto polyvinylidene difluoride membrane (PVDF) (Amersham 

International, Piscataway, NJ, USA). Equal protein loading was confirmed by Ponceau S 

staining. Blots were incubated with specific primary antibodies, and the immune 

complexes were detected using appropriate peroxidase-conjugated secondary antibodies 
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and enhanced chemiluminescent detection reagent ECL (Amersham International). The 

blots were stripped and used for sequential incubation with control antibodies. 

Densitometric analysis was carried out on the Western blots using the NIH Image (v1.63) 

software (National Institutes of Health, Bethesda, MD, USA). The pixel intensity for each 

region was analysed, the background was subtracted and the protein expressions were 

normalized to β-actin loading control for each lane. 

 

2.10. Reverse transcription and polymerase chain reaction (RT-PCR) 

Total RNA was extracted from SH-SY5Y cells using an SV Total RNA isolation kit and 

performed according to the manufacturer’s protocols (Promega Corporation, USA). The 

RNA concentration was determined by measuring the absorbance at 260 nm. Samples 

were then stored at -20°C for subsequent RT-PCR analysis. 1 µg of total RNA was used to 

synthesize a complementary DNA (cDNA) using the RT kit (Promega Corporation, USA). 

The RT reaction was carried out at 25°C for 5 min followed by 42°C for 60 min and then at 

95°C for 5 min. The samples were then placed on ice for 5 min and stored at -20°C for 

PCR amplification. PCR was performed using a BioRad iQ iCycler Detection System 

(BioRad Laboratories, Ltd) with SYBR green fluorophore (SyberGreen Supermix; Biorad 

Laboratories, USA) in the presence of 2 μM of specific primers for Bax, Bcl-2 and β-actin.  

A melt curve analysis was performed following every run to ensure a single amplified 

product for every reaction. For each gene, relative expression was determined using the  

2-ΔΔCT method and normalized to β-actin expression [14].  

 

2.11. Apoptosis analysis  

For 4,6-diammine-2-phenylindol (DAPI) staining, cells treated with cisplatin or [Pt(O,O’-

acac)(γ -acac)(DMS)] were fixed with 3% formalin and stained with 1 mg/mL DAPI in PBS 

for 10 min. Cells were mounted on glass slides, covered, and analysed using fluorescence 

microscopy. For statistical analysis of each experiment, 5–10 fields (magnification X 400) 

were counted (between 400 and 700 cells in total). The mean ± SD was calculated and 

displayed as bar graph. 

 

2.12. Intracellular reactive oxygen species (ROS) formation 

ROS generation was detected by nitroblue tetrazolium (NBT) assay as previously 

described [15]. Data are expressed as % of control untreated cells. 
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2.13. Anion superoxide (O2-) production 

O2-is the main free radical produced in mitochondria and was measured in SH-SY5Y cells 

using the cell-permeable probe MitoSOX Red as previously described [15].  

The fluorescence intensity was measured with a JASCO FP 750 fluorimeter (Jasco 

Corporation, Japan). Excitation monochromators were set at 488 nm, with a chopper 

interval of 0.5 s, and the emission monochromator was set at 580 nm. 

 

2.14. Design and preparation of small interfering RNA (siRNA) 

siRNAs were prepared by an in vitro transcription method, according to the manufacturer’s 

protocol (Promega, Madison, WI, USA). Initially, four siRNA target sites specific to human 

protein kinase C (PKC)-ε mRNA, four siRNA target sites specific to human PKC-δ mRNA, 

four PKC-α mRNA and five siRNA to p65, as determined by blast analysis, were chosen. 

For each siRNA, sense and antisense templates were designed based on each target 

sequence and partial T7 promoter sequence. All template oligonucleotides were 

chemically synthesized and PAGE purified. In vitro transcription, annealing and purification 

of siRNA duplexes were performed using the protocol supplied with the T7 RiboMAX 

Express RNAi System (Promega Corporation). Briefly, approximately 2 μg of each single-

stranded transcription template was first annealed with the T7 promoter and filled in by 

Klenow DNA polymerase to form double-stranded transcription templates. For preparation 

of each siRNA duplex, transcription reactions were first performed with separated 

antisense and sense templates using the T7 RNA polymerase provided with the kit, and 

then annealed to form siRNA duplexes. Then, the siRNA duplex was treated with DNase 

and RNase to remove the extra nucleotides of transcribed siRNA to meet the structural 

3′UUU overhang and 5′ phosphate requirement.  

 

2.15. siRNA transfection 

The cells (50–70% confluence) were transfected with siRNA duplexes using the protocol 

supplied with the CodeBreaker siRNA transfection reagent (Promega Corporation). Briefly, 

the transfection reagent was first diluted into DMEM/Ham’s F-12  medium without serum 

and antibiotics for about 15 min, and then the sense and non-sense siRNA (siRNA-NS) 

duplex were added to the medium to form a lipid–siRNA complex. Following additional 15 

min incubation, transfection was initiated by adding the lipid–siRNA complex to six-well 

plates. The final concentrations of siRNAs were 10 nM. Immunoblottings were performed 

24 and 48 h post-transfection to determine the efficiency of siRNA incorporation in cells 

and to measure the protein expressions. Quantitative analysis of protein expression, as 
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measured by intensity of immunoreactivity in siRNA-transfected cells, revealed a higher 

reduction in PKC-α, PKC-ε, PKC-δ and p65 expression. 

 

2.16.     Statistical analysis 

Experimental points represent means ± standard deviation (SD) of 3–6 replicates. 

Statistical analysis was carried out using the ANOVA. When indicated, post hoc tests 

(Bonferroni/Dunn) were also performed. A P value less than 0.05 was considered to 

achieve statistical significance. 

 

2.17. Reagents 

[Pt(O,O′-acac)(γ-acac)(DMS)] was prepared according to previously reported procedures 

[5].  

Caspase-7, -9 and -3, Bax, Bid, poly(ADP-ribose) polymerase (PARP), phospho-specific p-

Akt (Ser473) and total (phosphorylated and unphosphorylated) Akt, phospho-specific p-

ERK1/2 and total (phosphorylated and unphosphorylated) ERK1/2, phospho-specific p-

p38MAPK (Thr180/Tyr182) and total (phosphorylated and unphosphorylated) p38MAPK 

antibodies, phospho-specific p-FAK (Tyr397) and total (phosphorylated and 

unphosphorylated) FAK antibodies, phospho-specific p-src (Tyr416) and total 

(phosphorylated and unphosphorylated) src antibodies were obtained from Cell Signaling 

Technology (Celbio, Milan, Italy).  

PKC isoforms antibodies, phospho-specific p-JNK1/2 (Thr183/Tyr185) total 

(phosphorylated and unphosphorylated) JNK1/2 antibodies and Bcl-2 antibody were 

obtained from Sigma (Milan, Italy). Phospho-specific p-JNK1/2/3, (Tyr185, Tyr185, Tyr223) 

were obtained from Diagnostic Brokers Associated (DBA), Milano, Italy. 

Anti-porin (or anti-voltage-dependent anion selective channel 1, VDAC1), anti-p65 

antibody, anti total (phosphorylated and unphosphorylated) JNK3, anti-histone-3/4 

antibodies, goat anti-rabbit IgG conjugated with peroxidase, as well as control antibodies, 

were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).   

The inhibitor of NF-κB quinazoline (QNZ), the MAPK  inhibitors PD98059, SP600125 and 

SB203580, the inhibitor of c-src PP1, the PKC-ε translocation inhibitor peptide εV1 were 

obtained from Calbiochem (Darmstadt, Germany). The inhibitors of NADPH oxidase, 

diphenyleneiodonium (DPI) and apocynin, nitroblue tetrazolium (NBT), MitoSOX Red and 

all the inorganic salts were obtained from Sigma (Milan, Italy).  
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Protein assay kit 1 was obtained from Bio-Rad (Milan, Italy), proteinase K and RNase A 

from Sigma (Milan, Italy). SpectrAA-880Z spectrometer from Varian Inc. (Vacuum 

Technologies, San Diego, CA, USA), Wizard genomic DNA purification kit from Promega 

(Madison, WI, USA), polyvinylidene difluoride membrane and chemiluminescent detection 

reagent ECL from Amersham International (Piscataway, NJ, USA), glass coverslips from 

Bradford Scientific (Epping, NH, USA), DMSO from Sigma (St Louis, MO, USA), 

Histovitrex mounting medium from Carlo Erba (Milan, Italy) and JC-1 Kit from Cell 

Technology (Mountain View, CA, USA). 
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3. RESULTS 

3.1. Cytotoxicity of  [Pt(O,O’-acac)(γ-acac)(DMS)] 

The cytotoxicity data shown here were obtained by MTT metabolic assay and confirmed  

by SRB assay to rule out potential effects of [Pt(O,O’-acac)(γ-acac)(DMS)] on 

mitochondrial enzymes. Indeed, comparable results were obtained when cell number was 

directly determined by cell counting (data not shown); consequently, we used MTT assay 

in the combined experiments reported. 

Exposure of SH-SY5Y cells to cisplatin and to [Pt(O,O’-acac)(γ-acac)(DMS)] at 

concentrations ranging from 1 μM to 200 μM resulted in a dose-dependent inhibition of cell 

survival (Fig. 1). In subsequent experiments we chose to use 10 µM [Pt(O,O’-acac)(γ-

acac)(DMS)] because, after passing 12 hours of incubation, it is the minimum 

concentration to which we have the maximum cytotoxic effect (Fig 1). [Pt(O,O’-acac)(γ-

acac)(DMS)] showed cytotoxicity approximately 10-fold greater than that observed for 

cisplatin (IC50 at 24 h were 4.2 ± 0.2 µM for [Pt(O,O’-acac)(γ-acac)(DMS)] and 50.8 ± 1.2 

µM for cisplatin, n=4) (see table in Fig. 2). In Fig. 2A it can be seen that about 50% of cells 

died after only 6 h of treatment with 10 µM [Pt(O,O’-acac)(γ-acac)(DMS)], while it was 

necessary to incubate for about 12 h to get the same effect using 100 µM cisplatin. 

Results of the clonogenic assay are shown in Fig. 2D: it can be seen that 10 µM [Pt(O,O’-

acac)(γ-acac)(DMS)] was significantly more cytotoxic than 100 µM cisplatin.  

 

3.2. [Pt(O,O’-acac)(γ-acac)(DMS)] causes caspases proteolysis and increases pro-

apoptotic protein Bax and decreases anti-apoptotic protein Bcl-2 

To compare the pathways leading to the induction of cell death in response to cisplatin and 

[Pt(O,O’-acac)(γ-acac)(DMS)], the cleavage patterns of caspase-3, 7 and -9, and PARP 

were analysed by western blotting. PARP has been shown to be one of the first proteins 

specifically cleaved by caspase-3 and -7 during apoptosis [16]. Therefore, PARP cleavage 

was examined by western blotting of proteins obtained from isolated nuclei. As shown in 

Fig. 3, both 100 µM cisplatin and 10 µM [Pt(O,O’-acac)(γ-acac)(DMS)] significantly 

increased the amounts of cleaved PARP, thus confirming the early signs of apoptosis 

process. PARP degradation was already evident after 1 h of [Pt(O,O’-acac)(γ-acac)(DMS)] 

treatment, while cisplatin provoked the fragmentation of PARP after 12 h of treatment. 

Sequential incubation of the blot with anti-actin antibody confirmed that the amount of 

protein loaded was the same. Both [Pt(O,O’-acac)(γ-acac)(DMS)] and cisplatin caused the 

proteolysis of procaspase-7; this cleavage occurred faster in the [Pt(O,O’-acac)(γ-
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acac)(DMS)]-treated cells (Fig. 3). Finally, we examined caspase-9, known to be the 

predominant activator of caspase-7, although some alternative pathways have also been 

described [17]. We found that the earliest generation of the activated caspase-9 

heterodimers, after drug administration, preceded the activation of caspase-7 in both 

cisplatin- and [Pt(O,O’-acac)(γ-acac)(DMS)]-treated  cells (Fig. 3). Whilst cisplatin also 

provoked the proteolysis of caspase-3, [Pt(O,O’-acac)(γ-acac)(DMS)]-treated cells did not 

show such activation, at least up to 24 h of treatment (Fig. 3). We determined the effects of 

[Pt(O,O’-acac)(γ-acac)(DMS)] on pro- and anti-apoptotic Bcl-2 family proteins. [Pt(O,O’-

acac)(γ-acac)(DMS)] increased Bax and decreased Bcl-2 levels (Fig. 3). We also 

assessed the effects of 10 μM [Pt(O,O'-acac)(γ-acac)(DMS)] or 100 μM cisplatin on the 

expression of Bid, Bax and Bcl-2 proteins by western blot analysis in whole cells. Neither 

cisplatin nor [Pt(O,O'-acac)(γ-acac)(DMS)] altered Bid expression (data not shown); 

conversely, Bcl-2 level was decreased by [Pt(O,O’-acac)(γ-acac)(DMS)] treatment (Fig. 3). 

Bax level increased slightly in cisplatin-treated cell and much more in [Pt(O,O’-acac)(γ-

acac)(DMS)]-treated cells (Fig. 3). Furthermore, [Pt(O,O’-acac)(γ-acac)(DMS)] also 

provoked Bax translocation from the cytosol to mitochondria, a phenomenon that preceded 

the decrement of ΔΨm. 

 

3.3. Effect of [Pt(O,O’-acac)(γ-acac)(DMS)] on ΔΨm 

A decrement in ΔΨm accompanies early apoptosis in many systems. ΔΨm was monitored 

by fluorescence of the cationic lipophilic dye JC-1 in cells treated with 10 µM [Pt(O,O’-

acac)(γ-acac)(DMS)]. JC-1 possesses the ability to form multimers known as J-aggregates 

after accumulation in mitochondria with high membrane potential. In addition to J-

aggregates, JC-1 can form monomers in mitochondria with low membrane potential. 

Mitochondrial membrane depolarization was detected fluorimetrically by a shift in 

fluorescence emission of JC-1; after addition of [Pt(O,O’-acac)(γ-acac)(DMS)], ΔΨm 

decreased slowly and gradually starting from 15 min, as determined by mean aggregate 

fluorescence of JC-1 (Fig. 4A). The depolarizing agent carbonylcyanide-m-chloro-

phenylhydrazone (5 mM), incubated for 10 min, was used as a positive control. 

 

3.4. [Pt(O,O’-acac)(γ-acac)(DMS)] causes release of mitochondrial cytochrome c 

Release of cytochrome c is known to be associated with the induction of apoptosis. In 

order to evaluate the effect of [Pt(O,O’-acac)(γ-acac)(DMS)] on cytochrome c release from 

mitochondria, we treated the cells with 10 µM [Pt(O,O’-acac)(γ-acac)(DMS)] for different 

time. Mitochondrial and cytosolic fractions were then separated as described in materials 
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and methods. Cytosolic cytochrome c levels were measured by immunoblot analysis. 

Cytosol from untreated cells did not show detectable cytochrome c protein (data not 

shown). In contrast, mitochondrial cytochrome c decreased significantly (densitometric 

analysis (D.A.): ANOVA p<0.01) with [Pt(O,O’-acac)(γ-acac)(DMS)] (Fig. 4B). Porin in 

mitochondrial extracts was used as a control (Fig. 4B).  

In addition, in mitochondrial fractions of [Pt(O,O’-acac)(γ-acac)(DMS)]-treated cells, Bax 

expression increased as the expression of an antiapoptotic factor, Bcl-2, declined (D.A.: 

ANOVA p<0.01 for both Bax and Bcl-2 protein levels, Fig. 4B). 

 

3.5. [Pt(O,O’-acac)(γ-acac)(DMS)]-induces MAPKs phosphorylation 

We evaluated the effects of [Pt(O,O’-acac)(γ-acac)(DMS)] on the activation state of  

extracellular-signal-regulated protein kinase (ERK1/2), c-jun N-terminal kinase (JNK1/2 

and JNK3), and p38MAPK, inasmuch as they are involved in many cellular functions, 

ranging from proliferation to differentiation and apoptosis. Western blot analysis using 

specific antibodies to phosphorylated ERK1/2, p38MAPK, and JNK1/2 revealed that 

[Pt(O,O’-acac)(γ-acac)(DMS)] provoked their phosphorylation in different time-dependent 

manner (D.A.: ANOVA p<0.01 for all, Fig. 4C), without affecting the overall level, as 

detected by antibodies recognising both phosphorylated and un-phosphorylated forms 

(Fig. 4C). In order to evaluate the effects of [Pt(O,O’-acac)(γ-acac)(DMS)] on the activation 

state of JNK3, we immunoprecipitated total JNK3 using a specific anti-JNK3 monoclonal 

antibody. The immunoprecipitated protein was used for immunoblotting analysis with an 

antibody recognising the phosphorylated forms of JNK1/2/3 (Tyr185, Tyr185, Tyr223). As 

shown in Fig. 4C, no activation of JNK3 protein was observed (D.A.: ANOVA p>0.05). 

By using an antibody which recognises the dually phosphorylated (Thr180 and Tyr182) 

p38MAPK we found that it was activated by [Pt(O,O’-acac)(γ-acac)(DMS)] as early as 5 

min of treatment. Persistent activation is observed until 6 h of treatment although the levels 

of activation are somewhat lower than that seen initially (Fig. 4C).  The p38MAPK inhibitor 

SB203580 (Fig. 5A) significantly reduced [Pt(O,O’-acac)(γ-acac)(DMS)]–induced 

cytotoxicity (Fig. 5A). 

[Pt(O,O’-acac)(γ-acac)(DMS)] also provoked JNK1/2 activation after 15 min, reaching its 

maximal phosphorylation at 1 h. The JNK1/2 phosphorylation decreased after 3 h. Using 

an antibody recognising both phosphorylated and un-phosphorylated JNK1/2 we found 

that the overall level was not affected (Fig. 4C). The JNK1/2 inhibitor SP600125 

significantly attenuates [Pt(O,O’-acac)(γ-acac)(DMS)]-induced cells death (Fig. 5B). 

[Pt(O,O’-acac)(γ-acac)(DMS)] induced a rapid phosphorylation of ERK1/2, with a threshold 
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increase at 5 min and a maximal effect at about 30 min; then, such phosphorylation 

declined and was undetectable after 12 h (Fig. 4C). Inhibition of ERK1/2 upstream kinase 

MEK1/2 by PD98059 significantly reduced [Pt(O,O’-acac)(γ-acac)(DMS)]–induced 

cytotoxicity (Fig. 6C). PD98059 blocked ERK1/2 activation and decreased the number of 

apoptotic cells. The exposure of cells to PD98059 alone for 1 h inhibited ERK1/2 

phosphorylation (D.A.: ANOVA p<0.01) and had no effect on apoptosis (Fig. 6C).  

The production of active caspase-9 was also significantly reduced by all MAPK inhibitors 

used: SP600125, SB203580 (D.A.: ANOVA p<0.01 Fig. 5A and B), and PD98059 (D.A.: 

ANOVA p<0.01 Fig. 6C), indicating that MAPK activities are essential for [Pt(O,O’-acac)(γ-

acac)(DMS)]-induced apoptosis. 

Further, we examined whether [Pt(O,O’-acac)(γ-acac)(DMS)]-induced MAPKs activation 

was required for the mechanism that allows the dissipation of mitochondrial membrane 

potential and the release of cytochrome c.  

SB203580 and SP600125 reversed the [Pt(O,O’-acac)(γ-acac)(DMS)]-induced release of 

cytochrome c, the Bcl-2 decrease and the translocation of Bax from the cytosol to the 

outer mitochondrial membrane (D.A.: ANOVA p<0.01, Fig. 5A and B). This indicates that 

p38MAPK  and JNK1/2 activities are essential for [Pt(O,O’-acac)(γ-acac)(DMS)]-induced 

mitochondrial apoptosis.  

 

3.6. [Pt(O,O’-acac)(γ-acac)(DMS)] induces NF-κB activation 

By real-time RT-PCR we found that [Pt(O,O’-acac)(γ-acac)(DMS)] up-regulated Bax mRNA 

and down-regulated Bcl-2 mRNA, in a time-dependent manner (D.A.: ANOVA p<0.01, Fig. 

6A). 

In SH-SY5Y and in other cell types, NF-κB, a dimer of p50 and p65 subunits, is held in the 

cytoplasm in an inactive form bound to inhibitors such as IκB-α. Phosphorylation of IκB-α 

targets it for ubiquitination and destruction, thus releasing NF-κB which is then 

translocated to the nucleus. To determine whether [Pt(O,O’-acac)(γ-acac)(DMS)] activated 

NF-κB, we prepared cytosolic and nuclear fractions from cells incubated with 10 μM 

[Pt(O,O’-acac)(γ-acac)(DMS)]. Degradation of IκB-α and translocation of NF-κB were 

studied by Western blotting using an anti-IκB-α or anti-NF-κB (p65) antibodies, 

respectively.  

As shown in Fig. 6B, [Pt(O,O’-acac)(γ-acac)(DMS)] rapidly (within 5 min) stimulated IκB-α 

degradation and NF-κB (p65) nuclear translocation (D.A.: ANOVA p<0.01). 

As shown in Fig. 6D [Pt(O,O’-acac)(γ-acac)(DMS)] affected Bax/Bcl-2 protein levels and 

such effects were inhibited by pretreatment with 10 μM QNZ (quinazoline: 6-Amino-4-(4-
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phenoxyphenylethylamine), an inhibitor of the NF-kB transcriptional activation (D.A.: 

Student's t test p<0.01). To confirm the role of NF-κB p65 subunit, experiments were 

performed using cells transfected with either a siRNA oligonucleotide sequence specific for 

p65 or with scramble siRNA. This procedure knocked down p65 expression in sheared 

cells relative to cells transfected with scramble siRNA (D.A.: Student's t test p<0.01, Fig. 

6D), and blocked Bax upregulation and Bcl-2 downregulation in [Pt(O,O’-acac)(γ-

acac)(DMS)]-treated SH-SY5Y cells (D.A.: Student's t test p<0.01). Scramble control 

siRNA had no effect (D.A.: Student's t test p>0.05, Fig. 6D).  

Since it has been reported that activation of MAPKs is upstream of NF-κB [18], we 

determined their role in the modulation of Bax/Bcl-2 protein expression due to [Pt(O,O’-

acac)(γ-acac)(DMS)]. Thus, activation of NF-κB was assessed following [Pt(O,O’-acac)(γ-

acac)(DMS)] administration in the presence of inhibitors for MEK1/2 (PD98059), JNK1/2 

(SP600125) and p38MAPK (SB203580). [Pt(O,O’-acac)(γ-acac)(DMS)]-stimulated NF-

κB(p65) translocation was significantly inhibited by PD98059 (D.A.: Student's t test p<0.01, 

Fig. 6D), but not by SB203580 and SP600125 (data not shown). PD98059 also reversed 

the effects of [Pt(O,O’-acac)(γ-acac)(DMS)] on both Bax and Bcl-2 espressions (D.A.: 

Student's t test p<0.01, Fig. 6D).  

 

3.7. The mechanism of [Pt(O,O’-acac)(γ-acac)(DMS)]-induced MAPKs 

phosphorylation 

Role of PKC. SH-SY5Y cells express at least five isoforms of PKCs: -α, -β, -δ, -ε and -δ  

[19]. Inasmuch as activated PKCs translocate from the cytosol to the cellular membranes, 

we analysed, by immunoblottings, the distribution of PKCs in cells treated with 10 µM 

[Pt(O,O’-acac)(γ-acac)(DMS)] for different incubation times (0-30 min). As shown in Fig. 

7A, a cytosol-to-membrane translocations of PKC-α, PKC-δ and PKC-ε were observed. 

Then, we used molecular (PKC-α-siRNA, PKC-ε-siRNA and PKC-δ-siRNA) and 

pharmacological (the PKC-α/β inhibitor Görelin, the PKC-δ inhibitor rottlerin and the PKC-ε 

translocation inhibitor peptide εV1, an octapeptide that selectively inhibits the translocation 

of PKC-ε to subcellular sites) techniques in order to specifically inhibit PKC-α, PKC-ε and 

PKC-δ and establish their role in MAPKs control. Preliminary experiments by Western 

blotting demonstrated that PKC-α-siRNA, PKC-ε-siRNA and PKC-δ-siRNA were able to 

decrease PKC-α, PKC-ε and PKC-δ expressions and that nonspecific siRNA (siRNA-NS) 

had no silencing effect (Fig. 7B). The inhibition of PKC-δ blocked [Pt(O,O’-acac)(γ-

acac)(DMS)]-induced JNK1/2 and p38MAPK  phosphorylation (D.A.: Student's t test 

p<0.01, Fig. 7C). Likewise, PKC-ε-siRNA (10 nM) inhibited [Pt(O,O’-acac)(γ-acac)(DMS)]-
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induced ERK1/2 phosphorylation (D.A.: Student's t test p<0.01, Fig. 7C) and p65 cytosol-

to-nucleus translocation; in addition, PKC-ε-siRNA reversed the NF-κB-mediated down-

regulation of Bcl-2 and up-regulation of Bax expression (D.A.: Student's t test p<0.01, Fig. 

7D). This result was confirmed by using εV1 (data not shown). 

 

3.8. Role of ROS 

There is also evidence that oxidants activate MAPKs signalling pathways [20]. By using 

the NBT assay we found that [Pt(O,O’-acac)(γ-acac)(DMS)] increased the level of ROS in 

a time-dependent manner with ROS generation significantly different respect to control 

(p<0.005) as soon as 2.5 min (Fig. 8A). Such ROS production was decreased by 

diphenyleneiodonium (DPI), an inhibitor of the NAD(P)H oxidase (Fig. 8A). Since another 

important sources of intracellular ROS is mitochondrium, we studied the specific 

production of mitochondrial O-2 by MitoSOX red. We found that [Pt(O,O’-acac)(γ-

acac)(DMS)] increased the mitochondrial synthesis of O-2 in a time-dependent manner 

(Fig. 8B), and that such effect was blocked by the antioxidant apocynin (10 µM) a natural 

organic compound structurally related to vanillin, also known as acetovanillone (Fig. 8B). 

Finally, DPI completely inhibited the [Pt(O,O’-acac)(γ-acac)(DMS)]-induced PKC-δ and 

PKC-ε translocations (D.A.: Student's t test p<0.01, Fig. 8C) and MAPKs phosphorylations 

(D.A.: Student's t test p<0.01, Fig. 8D), thus suggesting the involvement of NAD(P)H 

oxidase in these processes.  

 

3.9. [Pt(O,O’-acac)(γ-acac)(DMS)] activates Akt 

It is known that PI3K/Akt pathway is involved in the survival of several cell types [21-24]. 

Western blotting with an antibody that specifically detect phosphorylated Akt (p-Akt) 

showed that [Pt(O,O’-acac)(γ-acac)(DMS)] caused a time-dependent increase of the 

phosphorylation up to 15 minutes; then, the level of p-Akt, but not of total Akt, was 

suppressed (D.A.: ANOVA p<0.01, Fig. 4C)  

To determine the relevance of this pathway for apoptosis resistance, we used LY294002, a 

PI3K inhibitor. LY294002 completely abrogated both endogenous and [Pt(O,O’-acac)(γ-

acac)(DMS)]–induced p-Akt (data not shown). Inhibition of Akt led to enhanced sensitivity 

to [Pt(O,O’-acac)(γ-acac)(DMS)]-induced apoptosis, as observed by MTT assay and 

caspase-7 activation, in the first hour of treatment (Fig. 9A and D). In addition, we found 

that cell treatment with LY294002 alone induced apoptosis  (Fig. 9A). These findings 

suggested that [Pt(O,O’-acac)(γ-acac)(DMS)] was able to inactivate an important pro-

survival pathway in these cells. 
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Because MAPKs activation is required for [Pt(O,O’-acac)(γ-acac)(DMS)]–induced 

apoptosis, we analyzed whether inhibition of the antiapoptotic pathways had an effect on 

these kinases. Indeed, LY294002 enhanced [Pt(O,O’-acac)(γ-acac)(DMS)]–induced 

activation of p38MAPK and JNK1/2 ( D.A.: ANOVA p<0.01, Fig. 9D), but not of ERK1/2 

(data not shown). 

 

3.10. Mitochondrial ROS induced c-src and Fak activation 

Because it is known that ROS may induce src phosphorylation [25,26], we performed 

Western analysis using antibodies recognizing total (phosphorylated and 

unphosphorylated) and phosphorylated src (p-src). As shown in Fig. 9B, [Pt(O,O′-acac)(γ-

acac)(DMS)] induced src phosphorylation, which resulted greatly decreased in the 

presence of apocynin (D.A.: ANOVA p<0.01, Fig. 9C), thus suggesting the involvement of 

mitochondrial ROS (mROS).  

PP1, a src inhibitor, blocked the phosphorylation of src induced by [Pt(O,O′-acac)(γ-

acac)(DMS)], and reversed the effect of [Pt(O,O′-acac)(γ-acac)(DMS)] on Akt 

phosphorylation (D.A.: ANOVA p<0.01, Fig. 9C). It is known that src can phosphorylate 

FAK leading to its activation. We observed that [Pt(O,O′-acac)(γ-acac)(DMS)] provoked 

FAK phosphorylation and it sequential (after 1 h treatment) cleavage to a 77 KDa product 

(D.A.: ANOVA p<0.01, Fig. 9B). FAK cleavage occurred early in apoptosis and correlated 

temporally with caspase-7 cleavage (Fig. 3).  
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4. DISCUSSION  

Despite substantial improvements in childhood cancer survival, drug resistance remains 

problematic for several tumour types, neuroblastoma included. The urgent need to access 

novel agents to treat drug-resistant disease should be expedited by gaining a fuller 

understanding of the signalling events that couple drug-induced damage signals to the 

engagement of apoptosis. In recent years our group is studying a complex of Pt (II) 

containing two acetylacetonate (acac) ligands and dimethylsulphide (DMS) in the metal 

coordination sphere that has shown interesting biological activities [5]. [Pt(O,O′-acac)(γ-

acac)(DMS)] not only was able to induce apoptosis in endometrial cancer cells (HeLa), 

with activity up to about 100 times higher than that of cisplatin, but also showed high 

cytotoxicity in cisplatin-resistant MCF-7 breast cancer cells. Differently from cisplatin, for 

which the activity appears to be associated both with its intracellular accumulation and with 

the formation of DNA adducts [6,7], the cytotoxicity of this new compound is related to the 

intracellular accumulation only, showing a low reactivity with nucleobases and a specific 

reactivity with sulphur ligands, suggesting that the cellular targets could be amino acid 

residues of proteins. The different mechanism of action of the new complex, having 

biological targets, different from those of cisplatin, may render it intrinsically able to evoke 

less chemo-resistance. Theoretically, this compound could produce, in addition, a broader 

spectrum of application, since we have assessed its ability to exert also specific 

antimetastatic responses in vitro [9]. Interestingly, [Pt(O,O’-acac)(γ-acac)(DMS)] passes 

the blood-brain barrier and reaches the central nervous system in doses much higher than 

cisplatin [10]. Nevertheless, [Pt(O,O’-acac)(γ-acac)(DMS)] displayed a low cytotoxic effect 

on normal tissue, certainly less important than the neurotoxicity caused by cisplatin. This is 

important because neurotoxicity is one of the cisplatin side effects. As a consequence, the 

question arises whether [Pt(O,O’-acac)(γ-acac)(DMS)] is toxic for tumour cells derived 

from brain. We show here that [Pt(O,O’-acac)(γ-acac)(DMS)] is toxic to neuroblastoma 

cells, with effects significantly greater than those caused by cisplatin (Figs 1 and 2). In SH-

SY5Y cells [Pt(O,O’-acac)(γ-acac)(DMS)] provoked the characteristic features of apoptosis 

including activation of caspase-9 and caspase-7, cleavage of PARP, as well as nuclear 

condensation/ fragmentation (Figs 2 and 3) 

As shown previously, cisplatin induces Bax translocation from cytosol to mitochondria, 

where it inserts into the outer mitochondrial membrane [8]. This same mechanism occurs 

with [Pt(O,O’-acac)(γ-acac)(DMS)], but with a different kinetic. [Pt(O,O’-acac)(γ-

acac)(DMS)] more rapidly dissipates mitochondrial membrane potential (ΔΨm) in whole 
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cells. Dissipation of ΔΨm is accompanied by the release of cytochrome c into the 

cytoplasm, activation of caspase-9 and subsequent activation of the executioner caspases 

to orchestrate apoptosis. Apoptosis associated to mitochondrial events induced by 

[Pt(O,O’-acac)(γ-acac)(DMS)] have been shown is facilitated by altered expression and 

mitochondrial localization of apoptotic regulators, such as Bcl-2 down-regulation and 

mitochondrial translocation of Bax and t-Bid [7] (Fig. 4). The crucial role of Bax/Bcl-2 in 

mitochondrial permeability and ΔΨm loss has been well established [27,28]. The down-

regulation of the Bcl-2 protein level observed in many different models of apoptosis, 

neuronal and non-neuronal, decreases its capacity to form heterodimers with the related 

pro-apoptotic protein Bax, or to link with specific molecules, thus of Bcl-2, thus preventing 

its anti-apoptotic activity [29-31]. This decrease in Bcl-2 protein level also occurs in SH-

SY5Y cells incubated with [Pt(O,O’-acac)(γ-acac)(DMS)] together with the up-regulation of 

Bax protein level and its translocation to mitochondria. No effect was observed, however, 

on Bid, revealing that this pathway is not involved in [Pt(O,O’-acac)(γ-acac)(DMS)]-

induced mitochondrial alterations. Since activated MAPKs are components of the apoptotic 

program [32], we studied their behavior in cells treated with [Pt(O,O’-acac)(γ-acac)(DMS)]; 

in addition it has been shown previously that p38MAPK and JNK1/2 contributes to SH-

SY5Y cell apoptosis [31]. Actually, [Pt(O,O’-acac)(γ-acac)(DMS)] strongly caused the 

phosphorylation of ERK1/2, p38MAPK, JNK1/2 but not JNK3 (Fig. 4). Activation of 

p38MAPK and JNK1/2 was related to apoptosis induction since their inhibition prevented 

cytochrome c release and caspase-9 and -7 activation (Fig. 5). Similarly, p38MAPK 

phosphorylation is required for the apoptosis in leukemia cells [33], in U-937 promonocytic 

cells treated with cadmium chloride [34] and in mouse cortical neuronal cells treated with 

calyculin A, a selective inhibitor of Ser/Thr phosphatase I and IIA [35]. The JNK1/2 

pathway has been implicated in signalling events in many forms of neuronal apoptosis 

[36]. In response to a variety of extracellular stimuli, JNK1/2 phosphorylates and regulates 

the activity of members of the Bcl-2 family (Bcl-2, Bcl-xL, Bim and Bad) [37,38] and 

modulates Bcl-2 and Bax protein expression [37,39,40].  

Phosphorylation of Bax by both JNK1/2 and p38MAPK has been reported to initiate its 

activation and mitochondrial translocation [41], whilst phosphorylation of Bcl-2 by 

p38MAPK enhances its degradation by proteasome-dependent pathway [42]. The 

proteolytic cleavage of Bcl-2 may be also caspase 3/7 dependent. If this was the case, it 

would have had resulted in the appearance of a 23 kDa Bcl-2 fragment. In this study, the 

time course of caspase-7 activation is not time related to Bcl-2 degradation. We exclude 

the hypothesis that proteolytic cleavage of Bcl-2 is caspase dependent. Another 
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explanation for Bcl-2 decrement after [Pt(O,O’-acac)(γ-acac)(DMS)] exposure is a Bcl-2 

transcriptional regulation; the increase in the amount of Bax may be also due to up-

regulation at the transcriptional level.  

NF-κB plays a role in regulating the expression levels of Bcl-2 proteins [43,44]. Depending 

on the specific role of NF-κB in apoptosis, it may regulate the expression of either pro-

apoptotic or antiapoptotic Bcl-2 proteins [45]. However, since in SH-SY5Y and in some 

neuronal cell types NF-κB is more-commonly associated with pro-apoptotic functions 

[44,46], and because NF-κB activation plays a pro-apoptotic role also in [Pt(O,O’-acac)(γ-

acac)(DMS)]-incubated SH-SY5Y cells, we examined the ability of NF-κB to up-regulate 

Bax and/or to down-regulate Bcl-2. Indeed, NF-κB activated by [Pt(O,O’-acac)(γ-

acac)(DMS)] down-regulated and up-regulated the expression of Bcl-2 and Bax, 

respectively (Fig. 6). These effects may be, at least partially, responsible for the death 

induction in SH-SY5Y cells. Since NF-κB is differentially regulated by the level of 

phosphorylation of the MAPKs [47,48], we investigated whether inhibition of MAPKs is 

able of curtailing NF-κB activity and subsequently modifing Bcl-2 proteins expression. 

Among the MAPKs activated by [Pt(O,O’-acac)(γ-acac)(DMS)], we showed that ERK1/2 is 

upstream of NF-κB, because its inhibition blocked Iκ-Bα degradation and NF-κB activation 

(Fig. 6). In addition, inhibition of ERK1/2 and of its activator, PKC-ε, significantly reduced 

also [Pt(O,O’-acac)(γ-acac)(DMS)]–induced cytotoxicity and reversed the effects of NF-κB 

on Bcl-2 and Bax expression (Fig. 7D). Accordingly, ERK1/2 activation can contribute to 

the apoptosis induced by H2O2 in SH-SY5Y [49], in oligodendrocytes [50] and in neurons 

[51].  

Agents activating MAPKs and NF-κB also induce an overproduction of ROS, suggesting 

that a cross-talk may occur between these pathways. The exact site of action of MAPKs 

along the pathway leading to NF-κB activation, as well as the mechanisms by which 

[Pt(O,O’-acac)(γ-acac)(DMS)] provokes ROS production, likely trough the activation of 

nicotinamide adenine-dinucleotide(phosphate)[NAD(P)H] oxidase, are still elusive. In 

MCF-7 cells, [Pt(O,O’-acac)(γ-acac)(DMS)] increases the synthesis of ROS through both 

activation of NAD(P)H oxidase and mitochondrial pathways [9], as often observed in the 

early stages of apoptosis [52]. Here, inhibition of NAD(P)H oxidase blocks activation of 

MAPKs, suggesting ROS generation upstream to MAPK activation in SH-SY5Y cells (Fig. 

8). We here determined the position of MAPKs in the signalling pathway from ROS 

production to NF-κB activation and apoptosis. ERK1/2 activation is linked to PKC-ε, since 

siRNA-PKC-ε blocked ERK1/2 activation and reversed p65-subunit nuclear translocation 

(Fig. 7D). PKC-ε can be involved in ERK1/2 activation at several levels of the classical 
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MAPK cascade [53], including the direct interaction with MEK [54]. In HeLa cells, [Pt(O,O’-

acac)(γ-acac)(DMS)] induced ERK1/2 activation through PKCs [6]. Also, PKCs pathways 

regulate cell death by both cisplatin [55] and [Pt(O,O’-acac)(γ-acac)(DMS)] [6]. In thyroid 

PC Cl3 cell line, PKC-ε has a role in the apoptosis-signalling pathways caused by many 

stimuli [56]; in these cells PKC-ε also mediates the apoptotic effects of cisplatin through 

p38MAPK activity [8]. In the present work, p38MAPK and JNK1/2 activations were 

mediated by PKC-δ (Fig. 7C), similarly to that reported during apoptosis in salivary gland 

acinar cells and in prostate cancer cells [57,58]. It is worth mentioning that the cytosol-to-

membrane translocations of PKC-δ and PKC-ε due to [Pt(O,O’-acac)(γ-acac)(DMS)] were 

blocked by inhibiting the NAD(P)H oxidase (Fig. 8C). Thus, NAD(P)H oxidase activation 

leading to MAPKs activation, is a key event in [Pt(O,O'-acac)(γ-acac)(DMS)]-mediating 

apotosis. Cancer cells often escape apoptotic process by triggering cell survival 

signallings. A major factor contributing to the survival of central neurons could be the 

stimulatory effects of the PI3K/Akt pathway. Akt is a critical factor for cell survival by the 

phosphorylation of a number of pro-survival substrates in response to many different 

stressors [59-62]. Indeed, we found that the inhibition of PI3K by itself induced apoptosis 

and potentiated the apoptosis caused by [Pt(O,O’-acac)(γ-acac)(DMS)] (Fig. 9A). PI3K 

inhibition also increased p38MAPK and JNK1/2 phosphorylation induced by [Pt(O,O’-

acac)(γ-acac)(DMS)] in the first hour of incubation (Fig. 9D); these data are consistent with 

other which have been shown Akt to regulate the expression of p38MAPK [63] and JNK1/2 

phosphorylation [64]. Thus, Akt has a role in cell survival and is implicated in the 

development of resistance against paclitaxel, cisplatin, vincristine, and rapamycin in 

various human solid tumors. Consequently, molecules that block Akt activity may play a 

significant role in cancer therapy and drug sensitization [65].  

In SH-SY5Y cells treated with [Pt(O,O’-acac)(γ-acac)(DMS)], the mitochondrial-derived 

ROS activated FAK through src–mediated phosphorylation, as shown to occur in other 

circumstances [25,26]. Besides phosphorylation, FAK function is also controlled by 

cleavage; indeed [Pt(O,O’-acac)(γ-acac)(DMS)] provoked FAK cleavage into an amino-

terminal 85 to 100 kDa fragment and a carboxyl-terminal 25 to 35 kDa fragment (Fig. 9B). 

A similar pattern of FAK cleavage by caspases has been observed in cells undergoing 

apoptosis [66,67] and in fibroblasts transformed by v-src or myc oncogenes [68,69]. 

Truncated FAK is known to inhibit cell spreading and migration [70]. Furthermore, activated 

FAK recruits SH2-containing proteins including 85 kDa subunit of PI3K, which in turn 

activates Akt [71]. Consistent with this, inhibition of src strongly reduced Akt 

phosphorylation in [Pt(O,O’-acac)(γ-acac)(DMS)]-treated SH-SY5Y cells (Fig. 9C). 
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In summary, [Pt(O,O’-acac)(γ-acac)(DMS)] is cytotoxic to neuroblastoma cells activating 

pro-apoptotic signalling and downregulating pro-survival signalling. This occurs through 

Akt inactivation and intracellular decompartimentalization of Bcl-2-related proteins, such as 

Bax (Fig. 10). [Pt(O,O’-acac)(γ-acac)(DMS)] promotes apoptosis through multiple 

pathways, all of which clinically relevant to tumorigenesis and progression of 

neuroblastoma and other cancer types (Muscella et al., 2007, 2008). This broad range of 

biological activities underscores the in vitro efficacy of [Pt(O,O’-acac)(γ-acac)(DMS)] in 

neuroblastoma and warrants further development of this drug as an anticancer agent. 
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LEGENDS TO FIGURES 

 

Figure 1. The sensitivity of SH-SY5Y cells to [Pt(O,O’-acac)(γ-acac)(DMS)] and 

cisplatin. Cells were treated with and without increasing concentrations of cisplatin and 

[Pt(O,O’-acac)(γ-acac)(DMS)]. Viable cell number was determined 12 (A), 24 (B), 48 (C) 

and 72 h (D) later by MTT assay. The data are means ± S.D. of four different experiments, 

with eight replicates in each, and are presented as % of control. Values with shared letters 

are not significantly different according to Bonferroni/Dunn post hoc tests. 

 

Figure 2. Different dynamics of [Pt(O,O’-acac)(γ-acac)(DMS)] and cisplatin effects on 

SH-SY5Y cells. 

A) Cells were continuously exposed to 100 μM cisplatin or 10 μM  [Pt(O,O’-acac)(γ-

acac)(DMS)], and cell viability was monitored by MTT assay over a period of 24 h. The 

data are means ± s.d. of four different experiments each with eight replicates and are 

presented as % of control.  

B) The IC50 values after 12, 24, 48 and 72 h exposure to cisplatin and [Pt(O,O’-acac)(γ-

acac)(DMS)] 

C) Quantification of the percentage of apoptotic nuclei obtained from cells stained with 

DAPI (means ± s.d.; n=4), after treatment for different times with 10 μM  [Pt(O,O’-acac)(γ-

acac)(DMS)] or 100 μM cisplatin. 

D) Clonogenic survival assay in SH-SY5Y cells treated with [Pt(O,O’-acac)(γ-acac)(DMS)] 

or cisplatin. Cells were exposed to the indicated amounts of cisplatin or [Pt(O,O’-acac)(γ-

acac)(DMS)] for 2 h and, after 15 days of growth, colonies consisting of more than 50 cells 

were scored. The percentage survival shown represents the mean±s.d. of four 

independent experiments each performed in duplicate. Values with shared letters are not 

significantly different according to Bonferroni/Dunn post hoc tests. 

 

 

Figure 3. Effect of cisplatin and [Pt(O,O’-acac)(γ-acac)(DMS)] on the activation of 

caspase-7 -9 and -3, the cleavage of PARP and on anti- and proapoptotic proteins. 

Cytosolic and nuclear proteins were obtained from SH-SY5Y cells, treated or not with 10 

μM [Pt(O,O’-acac)(γ-acac)(DMS)] (right) or 100 μM cisplatin (left). Samples were dissolved 

in SDS sample buffer and separated on SDS gel. Immunoblotting was performed using 

monoclonal antibodies anti-caspases-7, -9, and -3, anti-PARP, anti-Bax and anti-Bcl2 

proteins. Sequential incubation with anti-actin confirmed equal protein loading. These 
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results are representative of four independent experiments. 

 

Figure 4. Effect of [Pt(O,O’-acac)(γ-acac)(DMS)] on Δψm, apoptotic and signal 

transduction proteins in SH-SY5Y cells.  

A) Fluorescent spectra of JC-1 in SH-SY5Y cells treated or not  with 10 μM [Pt(O,O’-

acac)(γ-acac)(DMS)] for the indicated time. The data are means ± s.d. of three different 

experiments and are presented as red J-aggregates/green monomer JC-1 fluorescence 

ratio. Asterisks indicate values that are significantly different (P<0.05) from control at the 

same concentration and time point.  

B) Mitochondrial fractions were prepared at the indicated times of [Pt(O,O’-acac)(γ-

acac)(DMS)] treatment, and the kinetics of  Bax and Bcl-2 cytosol-to-mitochondria 

translocations and the release of cytochrome c were examined. Porin served as a 

mitochondrial indicator. 

C) Cells were treated or not with 10 μM [Pt(O,O’-acac)(γ-acac)(DMS)] for indicated time. 

Cell lysates were analysed by Western blotting with anti- unphosphorylated and 

phosphorylated p38MAPK, ERK1/2, JNK1/2, and Akt antibodies.  

IP: the immunoprecipitated sample obtained by a specific anti total JNK3 monoclonal 

antibody was analysed by Western blotting using an anti- unphosphorylated (JNK3) and 

phosphorylated (pJNK3) antibodies. 

The same blots were stripped and reprobed with an anti-β-actin monoclonal antibody. 

Representative immunoblots of three experiments are depicted. 

 

Figure 5. Role of p38MAPK and JNK1/2 on Pt(O,O’-acac)(γ-acac)(DMS)]-induced 

apoptosis. Cells were pretreated with SB203580 (1–10 μM) (A) or  with SP600125 (1–10 

μM) (B) and then incubated or not with 10 μM [Pt(O,O′-acac)(γ-acac)(DMS)]. Upper panel 

- Cell viability was monitored by MTT assay after 24 h. The percentage of survival shown 

represents the mean±s.d. of four independent experiments each performed in duplicate. 

Values with shared letters are not significantly different according to Bonferroni/Dunn post 

hoc tests. 

Bottom panel - Cytosolic and mitochondrial fractions were analysed by Western blotting 

with antibodies against cytochrome c (Cyt.c), activated caspases (t-casp-9 and t-casp-7) , 

Bax and Bcl-2. Porin served as an indicator for mitochondrial contamination of cytosolic 

extracts whilst β-actin was used as a control for protein loading. Representative 

immunoblots of three experiments are depicted. 
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Figure 6. Pt(O,O’-acac)(γ-acac)(DMS)] induces NF-κB activation. 

 A) Cells were treated or not with 10 μM [Pt(O,O’-acac)(γ-acac)(DMS)] for different times 

and then RNA was extracted. Upper panel: RNA was reverse-transcribed and amplified 

with specific primers for BAX and Bcl-2 and for the housekeeping gene β-actin to 

normalised the amount of DNA template used in each PCR reaction. The figures are 

representative of three independent experiments. Bottom panel: samples were analysed 

by real-time PCR. mRNA levels were normalised to β-actin and calculated as fold change 

values relative to control. Data were expressed as the the mean±s.d. of three different 

experiments.  

B) Cells were treated or not with 10 μM [Pt(O,O’-acac)(γ-acac)(DMS)] for different time 

periods and then cytosol (cyt) and nuclear (nuc) fractions were analyzed by Western 

blotting with specific anti-IkB-α or anti-p65 NF-Kb antibodies. The purity of fractions was 

tested by immunoblotting with anti-histone-3/4 (H3/4) polyclonal and anti β-actin 

monoclonal antibodies. Representative immunoblots of three experiments are depicted.  

(C) Cells, pretreated with PD98059 (10–30 μM), were incubated or not with 10 μM 

[Pt(O,O′-acac)(γ-acac)(DMS)] for 24 h. Then, (upper panel) Western blotting performed 

using an anti- unphosphorylated and phosphorylated  ERK1/2 and anti-caspase-9 

antibodies and (bottom panel) cell viability was monitored by MTT assay. 

Actin was used as a control for protein loading. Representative immunoblots of three 

experiments are depicted. 

The percentage of cell survival shown represents the mean±s.d. of four independent 

experiments each performed in duplicate. Values with shared letters are not significantly 

different according to Bonferroni/Dunn post hoc tests. 

D)  Cells pretreated with 10 μM quinazoline (QNZ)  or with 30 μM PD98059 or transfected 

with siRNA–p65 (or with control siRNA (NS)) were incubated or not with 10 μM [Pt(O,O′-

acac)(γ-acac)(DMS)].  Cytosol (cyt) and nuclear (nuc) fractions were analyzed by Western 

blotting with anti-BAX, -Bcl-2 or -p65 antibodies. The purity of fractions was tested by 

immunoblotting with anti-histone-3/4 (H3/4) polyclonal and anti β-actin monoclonal 

antibodies. Representative immunoblots of three experiments are depicted. 

 

Figure 7. PKCs activation and their transductional roles in Pt(O,O’-acac)(γ-

acac)(DMS)]-treated cells. 

(A) SH-SY5Y cells were treated without or with 10 μM [Pt(O,O′-acac)(γ-acac)(DMS)] for 

the indicated times. For PKCs translocation studies, cytosol (cyt) and membrane (mem) 

fractions were analyzed by Western blotting with specific antibodies. The purity of fractions 
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was tested with anti β-actin and anti-α subunit of Na+/K+ATPase monoclonal antibodies. 

The figures are representative of four independent experiments. (B,C and D) Cells were 

transfected with siRNA–PKC-ε, -PKC-δ and -PKC-α or with control siRNA (NS) and then 

were incubated with 10 μM [Pt(O,O′-acac)(γ-acac)(DMS)]. Western blotting of total lysates 

was performed with specific anti-PKCs (B), or with anti- unphosphorylated and 

phosphorylated p38MAPK, and JNK1/2  antibodies (C) or with anti- unphosphorylated and 

phosphorylated ERK1/2, anti-IkBα, anti-Bcl-2 and anti-BAX antibodies (D). Western 

blotting of nuclear extracts was performed with specific anti-p65 antibody (D). The purity of 

fractions was tested with anti-histone-3/4 (H3/4) polyclonal and anti β-actin monoclonal 

antibodies. Representative immunoblots of three experiments are depicted. 

 

Figure 8. [Pt(O,O′-acac)(γ-acac)(DMS)] induces MAPKs activation through ROS 

generation. A) SH-SY5Y cells were pre-incubated or not with DPI for 30 min and then 

exposed to 10 μM [Pt(O,O′-acac)(γ-acac)(DMS)] for the indicated times.  ROS production 

was measured by NBT reduction. Values with shared letters are not significantly different 

according to Bonferroni/Dunn post hoc tests. (B)  Cells pre-incubated with apocynin for 30 

min were exposed to [Pt(O,O′-acac)(γ-acac)(DMS)] and specific production of 

mitochondrial O2- was measured using the cell-permeable probe MitoSOX Red. The 

emitted red fluorescence after 488 nm excitation, was measured  with a chopper interval of 

0.5 s and the emission monochromator was set at 580 nm. (C and D) Cells pre-incubated 

with apocynin or DPI for 30 min were exposed to [Pt(O,O′-acac)(γ-acac)(DMS)]  for further 

30 min. (C) Membrane fractions (mem) were analysed by Western blotting with specific 

anti- PKC-ε and PKC-δ antibodies. The purity of fractions was tested with anti-α subunit of 

Na+/K+ATPase monoclonal antibody. (D) Cell lysates were analysed by Western blotting 

with anti-phosphorylated or anti-total (unphosphorylated and phosphorylated) p38MAPK, 

ERK1/2 and JNK1/2 antibodies. Control loadings are shown by β-actin. The figures are 

representative of four independent experiments. 

 

Figure 9. [Pt(O,O′-acac)(γ-acac)(DMS)] activates  c-src and Fak 

(A) SH-SY5Y cells were pre-incubated or not with LY 294002 for 30 min and then exposed 

to 10 μM [Pt(O,O′-acac)(γ-acac)(DMS)] for the indicated times; viable cell number was 

determined by MTT assay. The data are means ± S.D. of four different experiments, with 

eight replicates in each, and are presented as % of control. Values with shared letters are 

not significantly different according to Bonferroni/Dunn post hoc tests. (B) Cell lysates 

were analysed by Western blotting with anti- phosphorylated src (p-src) and 
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phosphorylated FAK (p-FAK) antibodies. The same blots were stripped and reprobed with 

an anti-β-actin monoclonal antibody. Representative immunoblots of three experiments are 

depicted. (C and D) SH-SY5Y cells pre-incubated or not with the src inhibitor PP1 or 

apocynin (C) or  with LY 294002 or SB203580 (D) for 30 min were then exposed to 10 μM 

[Pt(O,O′-acac)(γ-acac)(DMS)] and cell lysates were analysed by Western blotting with anti- 

phosphorylated src (p-src), phosphorylated p38MAPK (p-p38MAPK), phosphorylated Akt 

(p-Akt), phosphorylated JNK1/2 (p-JNK1/2) and with truncated caspase-7 (t-casp-7) 

antibodies. Control loadings are shown by β-actin. The figures are representative of four 

independent experiments. 

 

Fig. 10.  [Pt(O,O’-acac)(γ-acac)(DMS)]  have a dual effect on human neuroblastoma 

cell line.  [Pt(O,O’-acac)(γ-acac)(DMS)] activates apoptotic mechanisms (A) and 

downregulates pro-survival pathways (B) starting from mitochondrial ROS generation.   
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