
Abstract. Aim: Newly synthesized platinum(IV) complexes
with ethylenediamine-N,N’-diacetate ligands (EDDA-type)
(butyl-Pt and pentyl-Pt) were investigated against two
cancer (A549 lung, and HTB 140 melanoma) and one non-
cancerous (MRC-5 embryonic lung fibroblast) human cell
lines. Materials and Methods: The effects of these agents
were compared with those of cisplatin after 6-, 24- and 48-h
treatment. Sulforhodamine-B (SRB) assay was performed to
estimate the cytotoxic effect, while the inhibitory effect on
cell proliferation was measured using 5-bromo-2,-
deoxyuridine (BrdU) incorporation assay. Cell cycle analysis
was performed by flow cytometry. Type of cell death induced
by these agents was determined by electrophoretic analysis
of DNA, flow cytometry and by western blot analysis of
proteins involved in induction of apoptosis. The effects of
gamma irradiation, alone and in combination with platinum-
based compounds, were examined by clonogenic and SRB
assays. Results: All examined platinum-based compounds
had inhibitory and antiproliferative effects on A549 cells, but
not on HTB140 and MRC-5 cells. Butyl-Pt, pentyl-Pt and

cisplatin arrested the cell cycle in the S-phase and induced
apoptotic cell death via regulation of expression of B-cell
lymphoma 2 (BCL2) and BCL2-associated X (BAX) proteins.
Platinum-based compounds increased the sensitivity of A549
cells to gamma irradiation. Butyl-Pt and pentyl-Pt showed
better antitumour effects against A549 cells than did
cisplatin, by interfering in cell proliferation and the cell
cycle, and by triggering apoptosis. Conclusion: The effects
of gamma irradiation on tumour cells may be amplified by
pre-treatment of cells with platinum-based compounds.

Cisplatin or cis-diamminedichloroplatinum(II) is an effective
chemotherapeutic agent that is used in nearly 50% of all
patients with cancer (1). It has been used in the fight against
ovarian, head and neck, bladder, cervical, oesophageal, as
well as against small-cell and non-small-cell lung cancer.
The clinical utility of cisplatin is based on the inhibition of
the processes that are important for growth and proliferation
of cancer cells by binding to DNA molecules and preventing
replication, transcription and cell-cycle progression, leading
to tumour cell death (2, 3). However, cisplatin administration
is associated with adverse effects and therapy resistance. The
development of platinum analogues that have similar
effectiveness as cisplatin but better toxicity profiles and lack
cross-resistance is the major concern in research centres
worldwide. Different modifications of cisplatin have been
investigated to achieve this aim. 

Platinum complexes are widely used in cancer therapy
research. Approximately 30 platinum(II) and platinum(IV)
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complexes are in some phase of clinical trials (4).
Platinum(IV) complexes are more inert than platinum(II)
complexes and can be used orally (5). They have better
toxicity profiles than cisplatin due to their higher kinetic
inertness. Their octahedral geometry with six coordinated
ligands offers broader possibilities for the design of
cytostatic drugs. Even a minimal change in ligand structure
significantly affects the antitumour capacity of synthesized
compounds (6-7). Lui was the first to synthesize
platinum(IV) complexes with ethylenediamine-N,N’-
diacetate ligands (EDDA-type) (8). Platinum(IV) complexes
with ethylenediamine-N,N-dicarboxylic acids and dialkyl
esters exhibited an antitumour activity similar to that of
cisplatin against several tumour cell lines (7, 9). Platinum
compounds with linear tetradentate EDDA-type ligands
displayed lower cytotoxic activity than cisplatin against a
human glioma cell line (10). Different modifications of
EDDA-type ligands affect drug reactivity and their spectrum
of activity. Platinum(IV) compounds with EDDA-type
ligands have been screened for their anticancer activity but
their mechanism of action has yet to be elucidated. Given the
small number of synthesized platinum(IV) compounds with
the EDDA-type ligand, it is of interest to examine in vitro
antitumour activity of newly synthesized complexes.

Combined chemotherapy and radiotherapy has been
extensively used in the treatment of solid tumours. However,
the results of investigations in this field are contradictory:
Cisplatin acts as a radiosensitizer (11), but also has weak
radiosensitization activity (12). It is assumed that cisplatin
inhibits repair of radiation-induced DNA damage but the
precise mechanisms involved are still unknown. 

Previous investigations have shown that newly synthesized
platinum(IV) complexes with EDDA-type ligands O,O’-
dialkyl esters of (S,S)-ethylenediamine-N,N’-di-2-(4-
methyl)pentanoic acid and O,O’-dialkyl esters of (S,S)-
ethylenediamine-N,N’-di-2-propanoic acid have significant
antitumour activity against some cancer cell lines (13, 14).
The aim of the present study was to investigate the anticancer
effects of newly synthesized platinum(IV) complexes on
human lung cancer and melanoma cell lines, alone and in
combination with ionizing radiation, and to compare them
with the effects of cisplatin. We investigated the effects of
platinum(IV) complexes on cell viability and proliferation,
cell-cycle distribution and induction of apoptotic cell death.
The cytotoxic effect on a normal human fibroblast cell line
was also estimated. 

Materials and Methods

Preparation of drug solutions. The synthesis of platinum(IV)
complexes with O,O’-dipentyl-(S,S)-ethylenediamine-N,N’-di-2-
propanoate dihydrochloride dihydrate (pentyl-Pt) and with O,O’-
dibutyl-(S,S)-ethylenediamine-N,N’-di-2-(4-methyl)pentanoаte

dihydrochloride (butyl-Pt), which were used in this study, was
described previously (13, 14). Platinum(IV) complexes as well as
cisplatin were synthesized at the Faculty of Chemistry, University
of Kragujevac. Stock solutions of platinum complexes and cisplatin
were dissolved in dimethyl sulfoxide (DMSO; Fisher Scientific,
Pittsburgh, PA, USA) at 100 mM and filtered through a 0.22 μm
Millipore filter prior to use. Working solutions were prepared by
dilution of the stock solution with RPMI 1640 culture medium
(Sigma–Aldrich Inc., St. Louis, MO, Germany) to 5, 10, 25, 50 and
100 μM. The final concentration of DMSO in cell culture medium
never exceeded 0.5% (v/v). Working solutions were prepared on the
day of treatment of cells.

Irradiation conditions. Irradiation of cells with gamma rays was
performed using a 60Co source at the Vinca Institute of Nuclear
Sciences in Belgrade, Serbia. The applied doses of gamma rays
were 1, 2 and 4 Gy. The average dose rate was 1 Gy/min. All cell
irradiations were carried out in air at room temperature.

Cell culture. The human lung tumour (A549) and melanoma
(HTB140) cell lines, as well as normal fibroblast (MRC-5) cell line
were obtained from the American Type Culture Collection
(Manassas, VA, USA). All cell lines were maintained in RPMI 1640
medium supplemented with 10% foetal bovine serum, 100 IU/ml
penicillin, 100 μg/ml streptomycin and L-glutamine (all from
Sigma–Aldrich, GmbH, Munich, Germany). Cells were routinely
cultivated under standard conditions at 37˚C in a humidified
atmosphere with 5% CO2. After the cell culture reached 80%
confluence, subculture was conducted. Subculture ratio was about
1: 4. Cells used for the assays were harvested from culture when
the level of confluence was between 60% and 80%, while cell
viability was >90%. The cell counts were performed with a
haemocytometer, using the Trypan Blue exclusion technique. 

Cytotoxicity assay. Sulforhodamine-B assay (SRB assay) was used to
estimate the cytotoxicity of examined agents. This test is based on
binding of the dye to basic amino acids of cellular proteins, and
colorimetric evaluation provides an estimation of the total protein
mass, which is related to cell number (15). In short, A549 cells were
seeded in a 96-well plate (5×103 cells per well). After 24-h incubation,
cells were treated with 100 μl of different concentrations (5, 10, 25,
50 and 100 μM) of pentyl-Pt, butyl-Pt and cisplatin for 6, 24 and 48
h. In control samples, the medium was replaced with fresh medium.
After treatment, cells were fixed with 10% cold (4˚C) trichloroacetic
acid. Microplates were incubated for 60 min at 4˚C, washed five times
with distilled cold water and air-dried. Subsequently, 100 μl of SRB
dye (0.4% in 1% acetic acid) was added to each well of the plate
which was then left at room temperature for 20 min. The SRB was
removed and the plates were washed five times with 1% acetic acid
before air-drying. Bound SRB was dissolved in 200 μl of 10 mM
unbuffered Tris-base solution (pH 10.5). Absorbance was measured at
595 nm (ELISA reader Zenyth 3100; Anthos Labtec Instruments
GmbH, Wals-Siezenheim, Austria). Cytotoxicity was calculated using
the following formula: cytotoxicity (%)=[1−(At−Ab)/(Ac−Ab)]×100,
where At was the absorbance of treated cells; Ac was the absorbance
of untreated cells (control) and Ab was the absorbance of the blank
(medium only). Experiments were performed in triplicates and
repeated in three independent series. The dose of each agent that
reduced cell viability to 50% (IC50) was calculated by non-linear
regression analysis of the data with the Microsoft Excel ED50plus
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v1.0 Software (by M.H. Vargas, Instituto Nacionale de Enfermedades
Respiratories) (http: //www.softlookup.com/download.asp?ID=2972).
The Selectivity index (SI), used to evaluate the selective action of each
drug, was calculated by dividing the IC50 value against non-tumoural
cells by that of the same treatments for the tumour cell 

Cell proliferation assay. The inhibitory effects of the two newly
synthesized platinum compounds and cisplatin on cell proliferation
were measured using the BrdU ELISA Kit (Roche Diagnostics
GmbH, Mannheim, Germany). The assay is based on incorporation
of 5-bromo-2-deoxyuridine (BrdU) into genomic DNA during cell
replication. Cells were plated into 96-well plates at a density of 5×103
cells/well. Cells were treated with different concentrations (5, 10, 25,
50 and 100 μM) of pentyl-Pt, butyl-Pt and cisplatin and incubated
until 2 h prior to the desired total incubation time (6, 24 and 48 h).
The cells were then incubated with 10 μl/well BrdU labeling solution
for an additional 2 h at 37˚C. The labelling medium was removed,
200 μl/well FixDenat was added, and the cells were incubated for 30
min at 20˚C. The FixDenat solution was subsequently removed. The
cells were incubated with 100 μl/well anti-BrdU peroxidase working
solution for 90 min at 20˚C. The antibody conjugate was removed
and the cells were rinsed three times with washing solution.
Following the removal of the washing solution, and the addition of
100 μl/well substrate solution, the cells were incubated at 20˚C for
20 min, followed by the addition of 25 μl of 1 M H2SO4. The
absorbance of the samples was then measured in an ELISA reader
(Zenyth 3100; Anthos Labtec Instruments GmbH) at 450 nm. The
results were presented as a percentage of BrdU incorporation in cells
treated with the platinum-based compounds versus untreated control
cells (indicated as 100%). 

Electrophoretic analysis of DNA fragmentation. Approximately
1×106 cells were treated with IC50 concentrations of platinum
compounds for 24 h. The cells were harvested by trypsinization and
washed with phosphate-buffered saline (PBS). Cells were lysed with
the lysis buffer containing 0.6 mg/ml of RNase A and proteinase K
overnight at 55˚C. The samples were extracted three times with
phenol-chloroform-isoamyl alcohol (at a ratio of 25: 24: 1) and the
DNA was precipitated with ammonium acetate and ethanol
overnight at 4˚C. The purified DNA was resuspended in 10 mM
Tris/l mM EDTA (pH 8.0). Equal amounts of DNA were
electrophoresed through a 2% agarose gel containing 0.5 μg/ml
ethidium bromide at 100-150 V for 1 h. The gels were photographed
under on UV illuminator. The length of fragmented DNA was
compared with a standard 100-bp DNA ladder marker. 

Flow cytometric analysis of apoptosis. For quantification of
apoptosis, flow cytometric analysis using the AnnexinV-FITC/7-
AAD Kit (Beckman Coulter, Marseilles, France) was performed
according to the manufacturer’s instructions. Human A549 cells
were treated with butyl-Pt, pentyl-Pt and cisplatin at the IC50 value
for each agent, or with medium alone (for controls) for 6, 24 and
48 h at 37˚C in 5% CO2. Cells were harvested, washed in ice-cold
PBS and resuspended in 500 μl of ice-cold binding buffer. Samples
containing 100 ml of cell suspension (approximately 5×105 cells)
were stained with 10 μl of annexin V conjugated with fluorescein
isothiocyanate (FITC) and 20 μl of 7-amino-actinomycin D (7-
AAD). After incubation in the dark for 15 min, 400 μl of binding
buffer was added per sample. Samples were analysed on the
Cytomics FC 500 Series flow cytometer (Beckman Coulter, Inc, CA

USA). For each sample, 10,000 cells were analysed. The percentage
of apoptotic cells was calculated using Flowing Software (http:
//www.flowingsoftware.com). 

Western blot analysis. Total proteins for the western blot analysis were
extracted from A549 cells after 48-h treatment with the IC50
concentration of butyl-Pt, pentyl-Pt and cisplatin, as well as from
untreated control cells. Cells were collected, washed with PBS and
homogenized in a lysing buffer containing 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Nonident P-40, 0.5%
sodium-deoxycholate, 1 mM glycol ether diamine tetra-acetic acid, 1
mM ethylenediaminetetra-acetic acid, 1 mM Na3VO4, 1 mM
dithiothreitol, 5 μg/ml leupeptin, 5 μg/ml antipain, 0.5 mM
phenylmethanesulphonylfluoride, β-glycerophosphate, NaF and sodium
pyrophosphate. The homogenate was centrifuged at 1700×g for 20 min
at 4˚C. The amount of protein in the supernatant containing the whole
cell lysate was quantified spectrophotometrically using the Lowry
method. For the analysis of B-cell lymphoma 2 (BCL2) and BCL-2
associated X protein (BAX), 20 μg of proteins were loaded onto a 12%
sodium dodecyl sulfate-polyacrylamide gel and electro-transferred to a
polyvinylidene fluoride membrane (Immobilon-P membrane; Millipore,
Bedford, MA, USA) using a blot system (Transblot; BioRad, Hercules,
CA, USA). Membranes were blocked with PBS/bovine serum albumin
(5% non-fat dry milk in PBS) for 1 h at room temperature and then
incubated at 4˚C overnight with 1: 1000 dilution of the primary
antibodies to BAX and BCL2 (Cell Signaling, Danvers, MA, USA).
For normalization purposes, immunoblots were incubated overnight at
4˚C with rabbit polyclonal antibody to β-actin (Sigma-Aldrich Chemie
GmbH). After washing, membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit antibody (HRP, Cell Signaling)
diluted 1: 5000 in PBST/BSA. Proteins were visualized with an
enhanced chemiluminescence (Sigma–Aldrich, GmbH, Munich,
Germany) and exposed to X-ray film. Protein molecular mass standards
(PageRuler Plus Prestained Protein Ladder; Fermentas, Vilnius,
Lithuania) were used for calibration. Densitometry of protein bands on
X-ray film was performed using Image J Analysis PC software (NIH,
Bethesda, MD, USA).

Flow cytometric analysis of cell cycle distribution. Human A549
cells were treated with butyl-Pt, pentyl-Pt and cisplatin at their IC50
values. The control cells were treated with fresh medium. After 48
h, control and treated cells were washed in PBS (pH 7.4) and fixed
in ice-cold 70% ethanol overnight at 4˚C. Fixed cells were pelleted,
resuspended in PBS containing 500 μg/ml ribonuclease A (RNase
A; Sigma-Aldrich Chemie GmbH) and incubated for 30 min at
37˚C. Cells were stained with 50 μg/ml propidium iodide (PI;
Sigma-Aldrich Chemie GmbH) for 30 min at room temperature in
the dark. Cells were then analysed by flow cytometry (Cytomics
FC500; Beckman Coulter) using Flowing Software. For each
sample, 10,000 cells were analysed. Cell cycle phase distributions
are presented as histograms.

Cell irradiation and cell growth inhibition. Twenty-four hours after
seeding in 96-well plates, A549 cells were treated with 100 μl butyl-
Pt, pentyl-Pt and cisplatin at their IC50 values for each agent and
incubated for 24 h in a CO2 incubator. The control cells were treated
with fresh medium. Thereafter, samples were irradiated with gamma
rays to 1, 2 or 4 Gy. After further incubation of 6, 24 and 48 h, the
cell viability was determined using SRB assay as described above.
Each experiment was repeated three times, in triplicates. 
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Clonogenic assay. Clonogenic survival is an important marker of
cell survival after treatment with antitumour agents and ionizing
radiation. A549 cells were seeded into 6-well plates at an
appropriate density and incubated in CO2 incubator. Clonogenic
assay was performed 10 days after the following treatments: I: At
24 h after seeding, cells were treated with butyl-Pt, pentyl-Pt and
cisplatin at concentrations that ranged from 5 to 100 μM; after 24-
h treatments, the medium with platinum compounds was discarded
and replaced only with fresh medium and the cells were incubated
for the next 10 days in a CO2 incubator. II: At 24 h after seeding,
cells were treated with butyl-Pt, pentyl-Pt and cisplatin at the IC50
value for each agent; after 24-h treatment, cells were irradiated with

1, 2 or 4 Gy, then fresh medium was added to all wells and the cells
were incubated for the next 10 days in a CO2 incubator. III: At 48
h after seeding, A549 cells were irradiated with 1, 2 or 4 Gy and
incubated for the next 10 days in a CO2 incubator. Clonogenic
assays were performed on all three experimental groups after 10
days of incubation. Cells were fixed with ice-cold methanol for 15
min at 4˚C, and stained with 10% Giemsa solution. Colonies with
at least 50 cells were counted by microscopy. The survival fraction
(SF) for each sample was calculated using the following formula: 

SF=number of colonies/number of cells seeded × (PE/100), 
where PE was the plating efficiency. 
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Figure 1. Dose-response curves obtained by sulforhodamine-B assay after 6, 24 and 48 h treatment of A549 (A), HTB140 (B) and MRC-5 (C) cells
with different concentrations of pentyl-Pt, butyl-Pt and cis-Pt. Results are presented as the mean±S.D. *Significantly different from the control at
p<0.001. 



The sensitizer enhancement ratio (SER) for treatment with Pt agent
and gamma rays was calculated as: SF of agent/SF of combination
treatment. Relative biological efficiencies (RBE) were calculated as
the ratio of survival with 2 Gy of gamma irradiation (SF2) and with
combination treatment showing the same effects as irradiation alone. 

Statistical analysis. Data are expressed as the mean±standard error
(SE) for each group. Statistical analysis was performed using SPSS
for Windows Software (SPSS Inc. Chicago, IL, USA). Differences
were considered significant at p<0.05. The measurements were
made in triplicate for each experiment, while each experiment was
repeated three times.

Results

The effects of newly synthetized platinum(IV) complexes and
cisplatin on cell viability. The SRB assay was used to
evaluate the cytotoxic activity of two new platinum(IV)
complexes, penyl-Pt and butyl-Pt, as well as cisplatin at
concentrations ranging from 5 to 100 μM on two tumour cell
lines (A549 and HTB140) and normal fibroblast cell line
(MRC-5) after 6, 24 and 48 h treatment. All treatments
resulted in time- and dose-dependent reduction of cell
viability in all examined cell lines. A549 human lung tumour
cell line was more sensitive to platinum-based complexes
than HTB140 human melanoma cell line (p<0.001), as well
as normal fibroblast cell line MRC-5 (p<0.001). As shown
in Figure 1, all platinum-based agents induced a statistically
significant inhibition of A549 cell growth compared to
untreated control cells: butyl-Pt at all doses applied for all
durations (p<0.001), whereas pentyl-Pt induced a
statistically significant inhibition of growth at doses above
10 μM with 6 h treatment (p<0.001), above 5 μM after 24 h
treatment (p<0.001) and at all doses for 48 h treatment
(p<0.001). Butyl-Pt led to significantly stronger cell growth
inhibition than pentyl-Pt (p<0.001) and cisplatin (p<0.001),
while pentyl-Pt induced significantly higher cell growth
inhibition than cisplatin after 24 h treatment with higher
doses (50 and 100 μM, p<0.05) and after 48 h treatment for
doses above 50 μM (p<0.001). The highest doses of

platinum-based agents (100 μM) had approximately the same
effect on inhibition of A549 cell growth. The calculated IC50
values (Table I) confirmed the high cytotoxic activity of
analysed platinum compounds against A549 cells and weak
cytotoxic effects on HTB140 and MRC-5 cells. 

The platinum-based complexes showed significant
selectivity in antitumour activity against A549 cells in
comparison with MRC-5 fibroblasts. Substances with SI>3
are considered to have high selectivity. The SI values shown
in Table II indicate that the newly synthetized platinum(IV)
complexes and cisplatin exhibited good selectivity with
respect to the A549 cell line. Based on the obtained results,
the A549 cell line was selected for examination of the
mechanisms underlying the pharmacological effects of these
complexes. 

Effects of newly synthesized platinum(IV) complexes and
cisplatin on A549 cell proliferation. The effect of platinum
(IV) compounds on proliferation of human lung cancer A549
cells was evaluated via measurement of DNA synthesis by
incorporation of BrdU into DNA molecules during
replication. A549 cells were exposed to pentyl-Pt, butyl-Pt
and cisplatin at doses from 5 to 100 μM. Results are
presented as a percentage of cell proliferation compared to
the absorbance determined in untreated control cells (Figure
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Table I. In vitro growth inhibition activity (IC50) of platinum-based complexes against various human cell lines after 6, 24 and 48 h treatment. Data
are the mean±S.D.

                                                                                                                                Cell line, μM

                                                           A549                                                                HTB140                                                            MRC-5

Agent                        6 h                     24 h                    48 h                  6 h                 24 h                  48 h                   6 h                  24 h                 48 h

Butyl-Pt                72.3±2.5             31.8±0.9             23.1±0.5             >100               >100                 >100                 >100               >100                >100
Pentyl-Pt              85.2±2.5             51.1±0.9             29.4±0.5             >100               >100                 >100                 >100               >100                >100
Cis-Pt                   92.7±5.3             79.5±3.1             47.1±0.5             >100               >100                 >100                 >100               >100                >100

Table II. Selectivity index (SI) of platinum-based complexes against
A549 human cell line after 6, 24 and 48 h treatment. Data are the
mean±S.D.

                                                                           SI

Agent                               6 h                            24 h                         48 h

Butyl-Pt                           7.5                             7.2                            8.9
Pentyl-Pt                          3.5                             3.9                            6.6
Cis-Pt                               4.8                             3.6                            4.1



2). The cell proliferative capacity of A549 cells decreased in
dose-dependent manner after treatment (Figure 2)
Statistically significant (p<0.001) inhibition of DNA
synthesis was observed at all tested concentrations compared
with untreated control cells. Butyl-Pt inhibited proliferation
of A549 cells in a time- and dose-dependent manner. The
best results were obtained after 48 h treatment with 100 μM
butyl-Pt. However, pentyl-Pt as well as cisplatin showed the
best inhibition of cell proliferation after 24 h treatment. The
proliferative activity of A549 cells was better after 48 h
incubation than after 24 h, indicating moderate recovery of
proliferative capacity.

Effects of newly synthesized platinum(IV) complexes and
cisplatin on induction of apoptotic cell death. DNA
fragmentation was determined by electrophoretic analyses of
DNA isolated from A549 cells after 24 h treatment with
IC50 concentrations of platinum-based compounds. The
electrophoretic analyses of DNA samples produced a ladder
pattern (Figure 3) characteristic of apoptotic cell death, indicating
that the examined platinum-based complexes induced apoptosis. 

After treatment with test compounds at IC50 values for 6,
24 and 48 h, we performed cytofluorometric analysis of
apoptosis using annexin V-FITC/7-AAD. The results are
presented as dot plots (Figure 4A) and as percentages of
apoptotic cells (Figure 4B). The percentages of apoptosis
detected after 6 h of treatment with pentyl-Pt, butyl-Pt and
cisplatin were rather low, not exceeding 5-11% (Figure 4A and
B). After 24 h of treatment, the complexes induced greater
apoptotic cell death (butyl-P: 21.90%; pentyl-Pt: 18.08%; and
cisplatin: 16.40%), but a significant percentage of treated cells
were necrotic (Figure 4A and B). The highest percentage of
apoptotic cells was detected after 48 h treatment (butyl-Pt:
29.66%, pentyl-Pt: 23.76%; and cisplatin: 17.74%). Both of
our newly synthesized platinum(IV) complexes were more
potent than cisplatin in inducing apoptosis. 

Western blot analysis was performed to determine the
expression of apoptosis-related proteins in A549 cells. As
shown in Figure 4D, treatment with IC50 concentrations of
the investigated compounds for 48 h resulted in a significant
increase in the BAX/BCL2 ratio. Our results showed that the
level of anti-apoptotic protein BCL2 decreased, while that of
pro-apoptotic protein BAX increased as compared to the
untreated control samples.

Effects of platinum-based complexes on cell cycle distribution.
In order to investigate the possible effect of newly synthesized
platinum compounds on cell cycle progression, A549 cells
were treated with IC50 concentrations of pentyl-Pt, butyl-Pt
and cisplatin for 48 h. Data are presented as the percentage of
cells in G0/G1, S and G2/M phases of the cell cycle (Figure
5). Treatment of A549 cells with pentyl-Pt, butyl-Pt and
cisplatin resulted in the accumulation of cells in the S-phase
of cell cycle (46.6%, 37.9% and 37.7% respectively compared
to 22.7% in untreated cells) with concomitant reduction of the
cell percentage in G0/G1 phase of the cycle (56.29% in
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Figure 2. Proliferative capacity of A549 cells after 6-, 24- and 48-h incubation with butyl-Pt (A), pentyl-Pt (B) and cis-Pt (C) estimated by 5-bromo-
2-deoxyuridine (BrdU) assay. Results from three separate experiments are presented as the percentage of the control (mean±S.D). *Significantly
different from the control at p<0.001. 

Figure 3. DNA gel electrophoresis of untreated control A549 cells (lane
2) and cells after 24-h treatment with half-maximal inhibitory
concentration of cis-Pt (lane 3), pentyl-Pt (lane 4) and butyl-Pt (lane
5). Lane 1 represents a molecular weight marker, 100 bp DNA ladder.



untreated sample and 30.38%, 40.35% and 40.78% in pentyl-
Pt-, butyl-Pt- and cisplatin-treated cells, respectively). 

The effects of combination treatments of platinum-based
complexes and gamma irradiation on growth inhibition of
A549 cells. The effects of combined treatment of A549 cells
with platinum-based complexes at IC50 and gamma irradiation
are presented in Figure 6. The effects of combined treatments
were compared with effects of single platinum-based agents
(IC50 value of each agent) as well as with effects of gamma
irradiation alone. The level of cell growth inhibition evaluated

by SRB assay after combined treatment with pentyl-Pt, butyl-
Pt or cisplatin and gamma irradiation was not significantly
different from that of each treatment (at IC50) separately after
6 h of treatment (Figure 6A). After 24 h (Figure 6B) and 48 h
(Figure 6C), combined treatments induced much higher cell
growth inhibition than single treatment of A549 cells with
IC50 concentration of pentyl-Pt (p<0.001), butyl-Pt (p<0.001)
and cisplatin (p<0.001). Newly synthesized platinum(IV)
complexes had better effect in combination with gamma rays
than combined treatment with cisplatin (p<0.001) and gamma
ray treatment alone (p<0.001). The detected growth inhibition
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Figure 4. Effects of half-maximal inhibitory concentration (IC50) of pentyl-Pt, butyl-Pt and cis-Pt on induction of apoptotic cell death. A: Flow
cytometric analyses of annexin V-fluorescein isothiocyanate (horizontal axis)/7-amino-actinomycin D (vertical axis) staining. Dot plots present the
percentage of cells that were viable (lower left quadrant), early apoptotic (lower right quadrant), late apoptotic (upper right quadrant) and necrotic
(upper left quadrant) after 6-, 24- and 48-h treatment with platinum-based complexes. B: Percentage of apoptotic cells after 6-, 24- and 48-h
treatment with IC50 concentration of platinum-based compounds. C: Western blot of expression of apoptotic proteins B-cell lymphoma 2 (BCL2)
and BCL2-associated X protein (BAX) in A549 cells. D: BAX/BCL2 ratio in untreated A549 cells and cells treated with IC50 of penty-Pt and butyl-
Pt for 48 h. Quantification of bands was based on densitometric analysis. *Significantly different from the control at p<0.001. 



was time- and irradiation dose-dependent for all platinum-
based compounds. However, no statistically significant
difference was shown between the effects of using butyl-Pt
and pentyl-Pt combined with gamma rays on the inhibition of
A549 cell growth.

The effects of single and combined treatments on A549 cell
survival. Due to the fact that final cell death may occur after
additional cell divisions, clonogenic assays were performed
to evaluate cell survival after treatment with antitumour drugs
and gamma irradiation, 10 days after single or combined
treatments. The SFs are presented in Figure 7. SFs decreased
in a dose-dependent manner with all platinum-based
treatments applied (Figure 7A). Radiation dose–survival
curves indicate that pre-treatment with pentyl-Pt, butyl-Pt and
cisplatin suppressed the clonogenic survival of A549 cells
after varying doses of gamma irradiation (Figure 7B).

The values of all tested radiobiological parameters [SF2,
SER (2 Gy) and RBE (2 Gy)] indicate that the platinum-
based compounds increased the sensitivity of A549 cells to
the effects of gamma irradiation (Table III). Comparing the
values obtained, we conclude that the increase in
radiosensitivity of A549 cells was greater after pre-treatment
with pentyl-Pt and butyl-Pt than after pre-treatment with
cisplatin. Butyl-Pt had the best effect on increasing the
sensitivity of A549 cells to gamma irradiation.

Discussion

Cisplatin and other platinum-based compounds are the most
effective agents for the treatment of many cancer types.
Genomic DNA is the main cellular target for cisplatin.
Cisplatin binds to DNA to form interstrand crosslinks and
adducts that inhibit DNA replication and transcription, and
activate several signal transduction pathways, culminating in
cell growth inhibition and activation of apoptosis (16, 17).
However, the use of cisplatin is limited due to side-effects
and resistance acquired by tumours (18). In order to reduce
side-effects and to improve the clinical applicability of
cisplatin, a large number of different analogues have been
developed. However, most of them failed to gain approval
for manifold reasons: Insufficient accumulation in tumour
cells, cytotoxic effects on non-tumour tissues, induction of
drug resistance, adverse pharmacokinetics, etc. (19).
Although the antitumour effects of a large number of
platinum-based complexes were investigated in recent years,
only about 30 complexes were included in clinical studies
(20). Platinum(IV) complexes with EDDA-type ligands
showed antitumour activity in vitro that was better (14),
weaker (13, 21) or the same (7) as that of cisplatin. All of
this has led researchers to synthesize compounds with better
activity and selectivity for malignant cells and with as few
negative effects as possible.

In the present study, the main goal was to characterize the
cellular response of A549 human lung tumour and HTB140
human melanoma cell lines to the newly synthesized
platinum(IV) complexes, butyl-Pt and pentyl-Pt compared
with the effect of cisplatin. Treatment with butyl-Pt and
pentyl-Pt as well as with cisplatin, resulted in very weak cell
growth inhibition of HTB140 cells. The cell growth inhibition
was less than 20% for all concentrations applied compared to
control cells, while values of IC50 were >100 μM. All of this
indicates that HTB140 melanoma cells are resistant to
platinum-based compounds. Although cisplatin is one of the
most commonly used in melanoma therapy, resistance to
cisplatin treatment is one of the major causes for
chemotherapy failure (22-23).

Treatment with butyl-Pt and pentyl-Pt resulted in time- and
dose-dependent increase in cytotoxity in the A549 cell line.
The best inhibitory growth rate was obtained using butyl-Pt,
48h after treatment of human lung tumour cells. Importantly,
the examined platinum(IV) complexes showed better inhibitory
effects on cell growth than cisplatin, i.e. lower IC50 values.
Based on these results, A549 cells were selected for further
research. Arsenijevic and co-workers designed PtCl4(en)
compound that was more cytotoxic than cisplatin to lung
cancer cells at all tested concentrations (24). Platinum(IV)
complexes with some esters of ethylenediamine-N,N’-di-S,S-
(2,2’-dibenzyl)acetic acid showed very high cytotoxic potential
against a chronic lymphocytic leukaemia cell line and their
activity was significantly higher than that of cisplatin (21).
However, similar platinum(IV) complexes with dimethyl,
diethyl and dipropyl esters of EDDA ligand were clearly less
effective than cisplatin against the A549 cell line (25).

An important role in the identification and development
of novel therapeutic agents for use in cancer prevention and
therapy is their selectivity in activity against malignant cells
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Figure 5. The effects of platinum-based complexes on cell cycle phase
distribution of A549 cells estimated after 48 h treatment with doses
corresponding to the half-maximal inhibitory concentration. Results
from two experiments are presented as the mean±S.D. 



in relation to non-tumoural cells. In our study, to further
elucidate properties of examined newly synthesized
complexes, their cytotoxic activities were investigated in
parallel on non-tumoural MRC-5 human fibroblast cell line.
The SI is often used to evaluate the selective action of drugs
(26). The analysed platinum complexes showed significant
selectivity in antitumour activity against A549 human lung
tumour cells in comparison to healthy fibroblasts. The best
results were obtained using butyl-Pt, but both complexes
showed better selectivity than did cisplatin. Therefore, this
chemical strategy holds promise for further development of
platinum complexes as selective chemotherapeutic agents. 

The results of BrdU assay and flow cytometry
demonstrated that butyl-Pt and pentyl-Pt significantly
inhibited proliferation and induced apoptosis of A549 cells.
Excessive cell proliferation and disruption of its regulation
are the main cause of cancer development. The checkpoints
of the cell cycle are altered in many tumours, which in turn
leads to uncontrolled proliferation and accumulation of tissue

mass. Many chemotherapeutic agents have been designed to
arrest the cell cycle and inducing apoptotic death of tumour
cells. An ideal anticancer drug should selectively induce
apoptosis of transformed cells without compromising normal
cell function. Apoptosis is a highly controlled process that is
limited to individual cells and, therefore, is the most eligible
strategy in cancer therapy. Apoptosis is an energy-dependent
process leading to membrane blabbing, phosphatidylserine
externalization, cell shrinkage, chromatin condensation,
internucleosomal DNA fragmentation and activation of a
family of cysteine proteases called caspases (27).
Consequently, numerous methods are available for apoptosis
detection. All of these methods have some advantages and
disadvantages, therefore several methods should be used to
confirm apoptosis. The electrophoretic analyses of DNA
samples, isolated from control and drug-treated A549 cells
here revealed the presence of apoptosis in treated cells. The
DNA ladder patterns, a typical internucleosomal DNA
fragmentation characteristic of apoptosis, were detected on
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Figure 6. The effects of 6 h (A), 24 h (B) and 48 h (C) treatment using platinum-based complexes at the half-maximal inhibitory concentration
combined with 1, 2 or 4 Gy gamma irradiation (IR) on growth inhibition of A549 cells. *Significantly different from IR alone at p<0.001. 

Figure 7. A: Survival curves derived from clonogenic assay of A549 cells treated only with platinum-based compounds. B: Radiation dose–survival
curves derived from A549 cells pre-treated with platinum-based compounds for 24 h then irradiated (IR) with 1, 2 or 4 Gy of gamma rays. In all
cases, colonies were counted 10 days after treatment. Survival fraction values were calculated based on colony counts and plating efficiency. Data
are presented as the mean±S.D. from three independent experiments.



DNA isolated from cells treated with butyl-Pt and pentyl-Pt,
as well as with cisplatin. The results obtained from the
annexin V-FITC/7-AAD assay confirmed butyl-Pt and
pentyl-Pt to be strong inducers of apoptosis of A549 cells,
much better than cisplatin. However, the percentage of
necrotic cells after 24 and 48 h treatment with all platinum-
based compounds was significantly higher than in control
samples. This can be explained by the fact that in the treated
samples, late apoptotic cells entered the process of secondary
necrosis. Additional experiments have shown that apoptosis
is the basic mechanism of cell death. It is known that the
large numbers of proteins regulate apoptosis (28). BCL2 is
an important anti-apoptotic member of the BCL2 family,
which prevent apoptosis by inhibiting the release of
mitochondrial proteins into the cytoplasm. A pro-apoptotic
protein of this family, BAX, promotes apoptosis by
activating caspases. The ratio between pro- and anti-
apoptotic BCL2 proteins is a significant determinant of cell
viability and cell death. A number of anticancer agents
ultimately act on these proteins causing cells to undergo
apoptosis (29). The balance of BCL2 and BAX proteins
changed after treatment of A549 cells with butyl-Pt and
pentyl-Pt, favouring induction of the apoptotic machinery,
suggesting that platinum-mediated apoptosis was associated
with modulation of BCL2 and BAX expression. All applied
assays confirmed that these platinum complexes induced
apoptosis to a greater percentage than did cisplatin. The
ability of cisplatin to induce apoptotic cell death has already
been reported not only for lung cancer cells (30) but also in
other tumour cell lines of prostate (31), gastric (32) and
bladder (33) cancer. Moreover, other newly synthesized
platinum-based drugs induced apoptosis of different cell
lines (14, 34-35). Cisplatin and other platinum-based drugs
induce apoptosis through several different mechanisms
including activation of pro-apoptotic genes such as p53 up-
regulated modulator of apoptosis (PUMA) (36), caspases
(37), P53-induced protein with a death domain (PIDD) (38),

mitogen-activated protein kinase (MAPK) family (39), as
well as through interaction with BCL2 family proteins in
mitochondria or the cytosol (40). 

Each phase of the cell cycle is regulated by a control
mechanism that prevents the replication of DNA and division
of damaged cells. Cell cycle arrest allows the control
mechanisms to repair damage and, if that is not possible, to
activate the apoptotic process. Our results showed that in
A549 cells, all treatments applied resulted in an increase in
the number of cells in the S-phase of the cell cycle. Control
mechanisms that arrest the cell cycle at the S-phase (S
checkpoint) prevent damaged cells from replicating their
DNA, and from entering the G2/M phase of the cell cycle
and dividing. The intra-S-phase checkpoint response to DNA
damage slows down cell cycle progression to activate the
DNA repair system. These results are in accordance with the
results of the BrdU assay, and show that treatment with
platinum complexes inhibits DNA synthesis and cell
proliferation. Progression through the S-phase of the cell
cycle is caused by the coordinated action of cyclin-A/cyclin-
E with its associated kinase (CDK2). Inhibition of these
cyclins and CDKs results in the accumulation of cells in the
S-phase (41). Other researchers have shown that cisplatin
can arrest the cell cycle of A549 cells in the S-phase (30,42)
or in G2/M phase (34). Cell-cycle arrest is a possible
mechanism for growth inhibition and induction of apoptosis
in A549 cells by platinum complexes. 

Radiotherapy plays important role in lung cancer therapy,
either early on or in the late stage of the disease, but the
outcomes are still not satisfactory (43). Ionizing radiation
induces both single- and double-strand breaks on DNA. In
cancer therapy, combination treatments with radiation and
other anticancer agents are often used to obtain the best
results. In vitro studies on different cell lines for combination
treatment with cisplatin and ionizing radiation showed diverse
results. The best effects in terms of reducing tumour cell
survival and viability, and increasing apoptosis were
demonstrated by treatment in which agents were administered
prior to radiation (44). The SRB test has been successfully
used to monitor the interaction of anticancer agents and
radiation because it allows comparison with a clonogenic
assay in in vitro studies. In the present study, we confirmed
that the radiosensitivity of radioresistant A549 lung cancer cell
line was enhanced by pre-treatment with cisplatin and, much
better, with newly synthesized platinum(IV) complexes butyl-
Pt and pentyl-Pt. It is known that cell lines can be classified
according to their radiosensitivity through SF2 values:
Radioresistant cell lines have SF2 values higher than 0.6,
while radiosensitive ones have SF2 values lower than 0.5 (45).
Based on this, A549 cells, with an SF2 value of 0.71, belong
to the radioresistant group of cells (11, 46). According to
literature data, non-small-cell lung cancer cell lines show
different radiosensitivity with SF2 values ranging from 0.21
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Table III. Radiobiological parameters of dose–survival curves for A549
cells (shown in Figure 7) when treated with gamma irradiation (IR)
alone and in combination with platinum-based complexes at their half-
maximal inhibitory concentration. SF2: survival fraction at 2 Gy; SER
(2 Gy): sensitizer enhancement ratio at 2 Gy; RBE (2 Gy): relative
biological efficiency for 2 Gy of gamma irradiation.

                                                                Parameter

Treatment                       SF2                 SER (2 Gy)               RBE (2 Gy)

IR                                   0.71                                                         1.00
IR+pentyl-Pt                  0.52                       1.37                           1.41
IR+butyl-Pt                    0.41                       1.73                           1.79
IR+cis-Pt                        0.58                       1.22                           1.24



in H460 cells to 0.74 in A549 cells (47). In this study, we
showed that platinum-based complexes further increased
radiosensitivity of the A549 cell line, with SF2 values reduced
to 0.52 for pentyl-Pt and 0.41 for butyl-Pt. The other
radiobiological parameters examined in this study [SER (2
Gy) and RBE (2 Gy)] also indicated that the platinum-based
agents increased the sensitivity of A549 cells to gamma
irradiation. Irradiation can induce the activation of signalling
pathways in cancer cells that can be demonstrated by reduced
viability, cell proliferation and survival after irradiation (48). 

Conclusion

The results presented here indicate that in the A549 human
lung tumour cell line, newly synthesized platinum(IV)
complexes butyl-Pt and pentyl-Pt selectively and more
potently inhibit cell growth and proliferation than cisplatin
by inducing cell-cycle arrest and apoptosis. Pre-treatment
with these new platinum(IV) complexes increased radiation
sensitivity of A549 cells. These results point to potential
applicability of butyl-Pt and pentyl-Pt either as single
antitumour agents or as radiosensitizers in combination
treatment with radiation.
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