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Abstract Leukemia is a major type of cancer affecting a
significant segment of the population, and especially children.
In fact, leukemia is the most frequent childhood cancer, with
26 % of all cases, and 20 % mortality. The multidrug resis-
tance phenotype (MDR) is considered one of the major causes
of failure in cancer chemotherapy. The present study aimed to
investigate the relationship between the expression of MDR1
and CYP450 genes in human chronic myelogenous leukemia
cells (K-562) treated with cisplatin (cisPt) and two ruthenium-
based coordinated complexes [cisCRu(III) and cisDRu(III)].
The tested compounds induced apoptosis in K-562 tumor cells
as evidenced by caspase 3 activation. Results also revealed
that the amplification of P-gp gene is greater in K-562 cells
exposed to cisPt and cisCRu(III) than cisDRu(III). Taken

together, all these results strongly demonstrate that MDR-1
overexpression in K-562 cells could be associated to a MDR
phenotype, and moreover, it is also contributing to the plati-
num and structurally related compound, resistance in these
cells.
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Introduction

Leukemia is a major type of cancer affecting a significant
segment of the population, and especially children. In fact,
leukemia is the most frequent childhood cancer, with 26 % of
all cases, and 20 % mortality [1]. The annual incidence of
leukemia is 1.3 to 1.5/105, with a slight male preponderance,
but no significant differences across ethnicities. During the
initial chronic phase (CP), cellular differentiation and function
are largely maintained, therapy is effective, and mortality is
low. Without effective treatment, the disease invariably pro-
gresses to blastic phase (BP), a rapidly fatal acute myeloid
leukemia. The central problem is that chronic myelogenous
leukemia (CML) is usually diagnosed in BP, an indolent stage
characterized by expansions of differentiating cells that can
last for several, sometimes many years, and the acquisition of
additional mutations promotes progression to advanced
therapy-refractory disease. Unfortunately, when CML be-
comes BP therapy-refractory, they are almost incurable with
the currently available drug therapy [2].
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Chronic myelogenous leukemia (CML) cells are character-
ized by the presence of a BCR-ABL fusion gene, which pro-
duce a chimeric protein known as BCR-ABLwith constitutive
tyrosine kinase activity [3]. Imatinib mesylate emerged as a
very useful compound for clinical development, since it po-
tently inhibits all of the ABL tyrosine kinases and it has
proven to be highly effective in the treatment of the CML
[4]. However, some leukemia relapse can occur and several
mechanisms of resistance were well described [5].

The multidrug resistance phenotype (MDR) is considered
one of the major causes of failure in cancer chemotherapy, and
it is associated with the overexpression of P-glycoprotein (P-
gp or MDR1) in tumor cell membranes. While cytochrome
P450 proteins are responsible for phase I metabolism of
xenobiotics, P-gp, the product of the MDR1 gene, is an
ATP-dependent pump that transports a wide variety of struc-
turally diverse compounds out of the cell, resulting in a
decrease of its intracellular accumulation [6, 7] and it is among
the strongest prognostic factors in acute myeloid leukemia [8].

Heavy metal coordination complexes such as platinum,
gallium, and ruthenium have been investigated for their pos-
sible antitumor activity [8, 9]. Among the most studied metal
complexes, cisplatin and related platinum-based drugs have
d r awn much a t t e n t i on . S i n c e c i s p l a t i n [c i s - -
diamminedichloroplatinum (II)] was approved by the Ameri-
can Food and Drugs Administration (FDA) for cancer therapy
in 1978, it has become the most widely used anticancer drug,
with an estimated 70 % of patients receiving the compound as
part of their treatment [10, 11].

While the chemotherapeutic success of platinum is unde-
niable, it is by no means the perfect drug. It is not effective
against many common types of cancer, toxicity and drug
resistance are common, and it has a deplorable range of side
effects, which can include nerve damage, hair loss, and nausea
[12].

To overcome these limitations, some compounds based on
ruthenium have been developed and tested against cancer cell
lines. Several studies have been shown that ruthenium com-
pounds present relevant antineoplastic activities towards sev-
eral tumor lineages in vitro and in vivo, as well as
antimetastatic properties with lower systemic cytotoxicity,
when compared to platinum-based compounds; additionally,
these ruthenium compounds were shown to have a greater
effect on tumor cells than on normal cells [13, 14].

Although significant progress has been made towards un-
derstanding leukemia transformation and disease progression,
the molecular mechanism of multidrug resistance to chemo-
therapy remained largely unknown in K-562 tumor cells.
Since previous studies show that the resistance to chemother-
apy exhibited in multidrug-resistant human leukemic K-562
cells was mediated by P-gp and others CYP450 proteins, the
present study aimed to investigate the relationship between the
expression of MDR1 and CYP450 genes in human chronic

myelogenous leukemia cells (K-562) treated with cisplatin
and two ruthenium(III) compounds.

Material and Methods

Ruthenium(III) Compound Synthesis, Cisplatin,
and Chemicals

The ruthenium(III) complexes cis-(dichloro)tetrammi-
neruthenium(III) chloride {cis-[RuCl2(NH3)4]Cl} and cis-
tetraammine(oxalato)ruthenium(III) dithionate {cis-
[Ru(C2O4)(NH3)4]2(S2O6)} were synthesized at the Chemis-
try Institute of Universidade Federal de Mato Grosso by the
methods described in detail previously [15–17]. Cisplatin
[cis-diamminedichloroplatinum (II)] was obtained from
Sigma-Aldrich (Sigma-Aldrich Corp, St. Louis, MO, USA).

The stock solutions of Ru(III) complexes and cisplatin
were freshly prepared before use in DMSO (Sigma-Aldrich
Corp, St. Louis, MO, USA). The final concentration of
DMSO in cell culture medium did not exceed 0.25 % (v/v).

Cell Culture

The human chronic myelogenous leukemia cells (K-562
ATCC®# CCL-243TM) were purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA). Tu-
mor cells were cultured in RPMI 1640 medium (pH 7.2–7.4)
at 37 °C, under a 5 % CO2 humidified atmosphere. Media
were supplemented with 100 U mL−1 penicillin G,
100 μg mL−1 streptomycin, 2 mM L-glutamine, 1.5 g L−1

sodium bicarbonate, 4.5 g L−1 glucose, 10 mM HEPES,
1.0 mM sodium pyruvate, and 10 % fetal calf serum (FCS)
(w/v) (all reagents were obtained from Gibco®, Invitrogen,
Carlsbad, CA, USA) and subcultured two to three times a
week at an appropriate plating density.

Cell Viability Determination by MTTAssay

The cytotoxic activity of ruthenium(III) compound was mea-
sured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoli-
um bromide (MTT) assay as previously described [18]. Cis-
platin and Ru(III) metallodrugs were added to final concen-
trations from 0 to 500 μM. The logarithmically growing
K-562 cells were washed twice with supplemented RPMI
medium and centrifuged at (1000 rpm) 300×g/15 min/10 °C.
Cells were plated at a density of 5×104 cells/well into flat-
bottomed 96-well microplates (Nalge-Nunc, Rochester, NY,
USA) and cultured for 24 h.

Cell death was evaluated after 72-h treatment, or the cells
were exposed to the complexes for 24 h; then, after removal of
the complexes, a fresh medium was added, and the cells were
incubated for 48 h of recovery time. Then, 10 μL MTT
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(5 mg mL−1) (Sigma-Aldrich, St. Louis, MO, USA) was added
to each well and incubated for additional 6 h. The microplates
were then centrifuged (300×g/15 min/10 °C) and the culture
media were discarded. Then, 200 μL of PBS/20 % of SDS was
added to each well and plates were kept in the dark overnight.

Absorbance was measured at 545 nm (OD545nm) using an
automated microplate reader (Stat Fax 2100, Awareness Tech-
nology Inc, Palm City, FL, USA). The viability rate was
calculated as follows:

Viability %ð Þ ¼ absorbance of the treated wellsð Þ = absorbance of the control wellsð Þ½ � � 100 %:

The IC50 values (compound concentrations that produce
50 % of cell growth inhibition) were calculated from curves
constructed by plotting cell survival (%) versus drug concen-
tration (μM) using GraphPad Prism 4.02 for Windows
(GraphPad Software, San Diego, CA, USA). All experiments
were made in triplicate.

Cell Toxicity Measurement with LDH Assay

LDH is a cytoplasmic enzyme, and LDH reduction is often
associated with cell membrane damage and cell death [19].
The activity of LDH was measured spectrophotometrically by
assaying reduced nicotinamide adenine dinucleotide (NAD)
oxidation at 510 nm during LDH-catalyzed reduction of py-
ruvate to lactate. Briefly, cells were cultured at a density of 5×
104 cells/well into flat-bottomed 96-well microplates (Nalge-
Nunc, Rochester, NY, USA) and incubated for 24 h with
cisplatin and ruthenium(III) complexes at IC50 concentrations.
After 24 h of incubation, the cell culture supernatant was
removed and centrifuged to eliminate non-adherent particles
and cell debris. Samples of supernatant for each drug tested
were then analyzed for DHL activity using a DHL colorimet-
ric kit (Doles LTDA, Goiânia, GO, Brazil). All experiments
were made in triplicate.

Reverse Transcription and Real-Time Quantitative PCR

The human chronic myelogenous leukemia cells K-562 were
treated with different concentrations of Ru(III) complexes and
cisplatin for different periods. Total RNAwas extracted with
Tri Reagent® (Sigma-Aldrich Co., St. Louis, MO, USA)
following the manufacturer’s protocol. Total RNA (2.0 μg)
was used to produce complementary DNA (cDNA) with
ABgene one-step Verso™ RT-PCR Kit (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) in a total of 25 μL reaction
mixture according to the manufacturer’s protocol. Real-time
PCR reactions were then carried out by a LineGene K fluo-
rescence quantitative PCR detection system (Hangzhou
BIOER Tech Co., Tokyo, Japan). Homo sapiens apoptosis-
related cysteine peptidases (caspases) 3, 8, and 9 messenger
RNA (mRNA) expression were quantified for apoptosis cell
profiling using specific primers (Table 1).

Furthermore, MDR-1 mRNA [H. sapiens ATP-binding
cassette, subfamily B (MDR/TAP), member 1 (ABCB1)];
CYP3A4 mRNA (H. sapiens cytochrome P450, family 3,
subfamily A, polypeptide 4); CYP2C9 mRNA (H. sapiens
cytochrome P450, family 2, subfamily C, polypeptide 9); and
CYP2C19 mRNA (H. sapiens cytochrome P450, family 2,
subfamily C, polypeptide 19) were detected in order to eval-
uate the expression profile of these genes in cells exposed to
the cisplatin and ruthenium(III) complexes (Table 1).

A total of 25 μL reaction mixture: 2 μL of cDNA, 10 μL of
SYBR Green PCR Master Mix (LGC Biotechnology, Mid-
dlesex, UK), and 2.5 μL of each forward and reverse primer
(100 nM μL−1). The PCR program was initiated at 15 min at
95 °C before 40 thermal cycles, each of 30 s at 95 °C, 30 s at
55 °C, and 30 s at 72 °C. Data were analyzed according to
relative quantification method. Each sample was normalized
by the expression of following endogenous genes: GAPDH
(H. sapiens glyceraldehyde-3-phosphate dehydrogenase) and
B2M (H. sapiens beta-2-microglobulin) (Table 1). Checking
of the products was performed by melting curve analysis and
agarose gel electroforesis of qPCR products.

Statistical Analysis

Statistical analysis of the results was performed using one-
way ANOVA and Tukey’s post test for multiple comparisons
with controls. All statistical analyses were performed using
the statistical software GraphPad Prism 4 (GraphPad Software
Inc., La Jolla, CA, USA). A probability of 0.05 or less was
deemed statistically significant. The following notation was
used throughout: *p<0.05, **p<0.01, relative to control.

Results

The Dose-Dependent Cytotoxicity of cisPt, cisCRu(III),
and cisDRu(III) on K-562 Tumor Cells

The anticancer drug cis-diamminedichloroplatinum(II) [cisPt]
and two ruthenium(III) complexes, cis-(dichloro)tetram-
mineruthenium(III) chloride [cisCRu(III)], and cis-
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tetraammine(oxalato)ruthenium(III) dithionate [cisDRu(III)]
(Fig. 1) were evaluated in a comparative in vitro MTT cell
viability assay with human chronic myelogenous leukemia
cell line K-562.

Cell viability was detected after the cells were treated with
cisPt, cisCRu(III), and cisDRu(III) at concentrations from 0.2
to 500 μM for 48 h.

Measurement of the number of living cells using MTT or
similar assays in drug-treated and control cultures is the most
commonly used method in cell-based screening experiments.
The results can be interpreted as an indicator for the cytotoxic
selectivity of the applied drug towards tumorigenic tissue. The
IC50 values for compounds tested are depicted in Table 2. The
data indicate that cisDRu(III) is the most cytotoxic compound
of three on tested cell line, followed by cisPt and cisCRu(III)
(Fig. 2).

Although the cytotoxicity of cisDRu(III) on K-562 present-
ed be higher than others two metallocomplexes, the results
show that K-562 tumor cells treated with different concentra-
tion of cisPt and ruthenium complexes cisCRu(III) and cis-
DRu(III), ruthenium-based coordinated complexes, presented
moderate cytotoxic and antiproliferative activities.

Cytomembrane Damage of K-562 Cells Induced by cisPt
and Ruthenium(III) Complexes

The lactate dehydrogenase (LDH) release experiments (Fig. 3)
using K-562 IC50 concentrations of cisPt, cisCRu(III), and
cisDRu(III) showed loss of cell vitality, which corroborates
results observed on MTT assays. The compound cisDRu(III)
caused K562 cytomembrane damage on a scale higher than
cisPt and cisCRu(III).

Caspase Activity and Apoptosis on K-562 Tumor Cell Line

The effects of cisPt, cisCRu(III), and cisDRu(III) on mRNA
expression of caspase 3, caspase 8, and caspase 9 were ana-
lyzed by real-time quantitative PCR after 6 h of treatment. As
it is possible to see from these results, the activities of caspase
8 and caspase 9 changed modestly in treated cells when
compared to untreated control cells. Moreover the mRNA
expression of caspase 3 was slightly increased (from 1.8- to
2.6-fold) after 6 h exposure to cisPt, cisCRu(III), and cis-
DRu(III) (Fig. 4). Caspase 3 was reported to be an important
key executioner of apoptosis. As shown in Fig. 4, the

Table 1 Primers sequences used
in reverse transcription real-time
quantitative polymerase chain
reactions

Primer Sequence Amplicon (bp)

Homo sapiens caspase 3 Forward 5′-CCTCTTCCCCCATTCTCATT-3′

Reverse 5′-CCAGAGTCCATTGATTCGCT′

122

Homo sapiens caspase 8 Forward 5′-GGAGTTAGGCAGGTTAGGGG-3′

Reverse 5′-GCTTCCTTTGCGGAATGTAG-3′

188

Homo sapiens caspase 9 Forward 5′-AACAGGCAAGCAGCAAAGTT-3′

Reverse 5′-CATGCTCAGGATGTAAGCCA-3′

198

Homo sapiens MDR-1 Forward 5′-CTATGCTGGATGTTTCCGGT-3′

Reverse 5′-GCTTTGGCATAGTCAGGAGC-3′

147

Homo sapiens CYP3A4 Forward 5′-GAAACACAGATCCCCCTGAA-3′

Reverse 5′- CATGTACAGAATCCCCGGTT-3′

250

Homo sapiens CYP2C9 Forward 5′-TCTGGTTGACCCAAAGAACC-3′

Reverse 5′-AGGCCATCTGCTCTTCTTCA-3′

110

Homo sapiens CYP2C19 Forward 5′-CTGCATGGATATGAAGTGG-3′

Reverse 5′-GCTTCCTCTTGAACACGGTC-3′

219

Homo sapiens GAPDH Forward 5′-ACAGTCAGCCGCATCTTCTT-3′

Reverse 5′-GTTAAAAGCAGCCCTGGTGA-3′

127

Homo sapiens B2M Forward 5′-GTGCTCGCGCTACTCTCTCT-3′

Reverse 5′-TCAATGTCGGATGGATGAAA-3′

143

a b c
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Fig. 1 Chemical structure of cis-diamminedichloroplatinum(II) (a), cis-(dichloro)tetrammineruthenium(III) chloride (b) and cis-
tetraammine(oxalato)ruthenium(III) dithionate (c)



induction of caspase 3 by cisDRu(III) is increased when
related to cisPt and cisCRu(III) levels, what could probably
explain the relative low IC50 of cisDRu(III).

Determination of Multidrug Resistance Phenotype in K-562
Tumor Cell Line

The expression ofMDR and CYPs genes in K-562 tumor cells
were evaluated by real-time reverse-transcription PCR using
specifics primers. Although K-562 tumor cells have never
been exposed to cisPt, cisCRu(III), and cisDRu(III) before
these experiments, qPCR analysis revealed that the amplifica-
tion of MDR1 and CYPs genes are greater on K-562 cells
treated with metallocomplexes compared to untreated cells.
As shown in Fig. 5, treatment of K-562 with cisPt, cis-
CRu(III), and cisDRu(III) resulted in significantly induced
MDR-1 expression levels.

Results also revealed that the amplification of P-gp gene is
greater in K-562 cells exposed to cisPt and cisCRu(III) than
cisDRu(III). Is important to note that cisPt and cisCRu(III) are
structurally similar. Taken together, all these results strongly
demonstrate that P-gp overexpression in K-562 cells could be
associated to a MDR phenotype, and moreover, it is also

contributing to the platinum and structurally related com-
pound, resistance in these cells.

To evaluate the clinical relevance of the observations that
certain anticancer drugs are able to induce cytochrome P450
(CYPs) genes activity, and mRNA and protein expression
levels, expression levels of CYPs was quantified by real-
time PCR after treatment with metallodrugs (Fig. 6).

CYP2C9 is an important cytochrome P450 enzyme with a
major role in the oxidation of both xenobiotic and endogenous
compounds. The metallocomplexes did not exert a significant
effect on induction of CYP3A4 expression on K-562 cells. On
the other hand, as expected, cisPt, cisCRu(III), and cis-
DRu(III) enhanced CYP2C9 and CYP2C19 mRNA

Table 2 IC50 values of compounds cisPt, cisCRu(III), and cisDRu(III)
on tumorigenic K-562 cell line after 48 h of incubation, determined using
the MTT assay. Results are expressed as means (±error) of at least two
independent experiments

Compound IC50 K-562 (μM)

cisPt 81.01 (±6.42)

cisCRu(III) 80.40 (±6.16)

cisDRu(III) 46.51 (±6.56)

Fig. 2 Effect of cisPt, cisCRu(III), and cisDRu(III) (0.2–500 μM) upon
cell viability, determined by MTT assay in human K-562 tumor cells.
Data are mean±SD (n=3)
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Fig. 3 Effect of cisPt, cisCRu(III), and cisDRu(III) (IC50 concentration)
uponK-562 cellular membrane integrity determined by LDH activity (UI/
L), in human K-562 tumor cells. Data are mean±SD (n=3). Means
among bars without a common letter are statistically different (Tukey’s
test, p<0.05)

Fig. 4 Alterations of caspases expression after treatment with cisPt,
cisCRu(III), and cisDRu(III), for 6 h. Samples are in relation to the
untreated control cell line with a transcription rate set up to a value of
one. The data are expressed as mean±SEM of n=3. Means among bars
without a common letter are statistically different (Tukey’s test, p<0.05)
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expression levels; cisDRu(III) caused a fivefold CYP2C9
increase, while cisPt and cisCRu(III) were shown to increase
the expression of CYP2C9 by three- and fourfold, respective-
ly, after 48 h or treatment. CYP2C19 also showed an increas-
ing on mRNA levels, although they were more modest than
those presented by CYP2C9.

Discussion

Metal-based chemotherapy for cancer treatment has been
broadly used for many decades, and cisplatin, an inorganic
platinum complex, is one of the most widely used metal-based
anticancer drugs [20]. Cisplatin is known to exert its antican-
cer effects by interacting with DNA and inducing pro-
grammed cell death and has proven to be a highly effective
chemotherapeutic agent for treating a variety of cancers, es-
pecially testicular cancer, for which it has a >90 % cure rate

[21]. Unfortunately, similar to most chemotherapeutic agents,
cisplatin is nonselective and attacks other types of rapidly
dividing cells in the body, such that nearly all people treated
with cisplatin experience gastrointestinal problems, including
intense nausea and vomiting [20].

The issue of drug resistance should also be considered. The
cellular mechanisms leading to MDR are still not fully under-
stood, and several factors seem to be of importance [22]. Most
frequently discussed are (a) lowering of the intracellular con-
centration of the drug either by blocking uptake or increasing
efflux, (b) increased rates of repair of the drug damage, and (c)
accelerated rates of drug inactivation by protein binding (e.g.,
metallothionein and glutathione S-transferase) and conjuga-
tion to small molecules such as glutathione [7].

It has been shown that MDR cells overexpress certain
efflux proteins, which leads to a significantly lower intracel-
lular level of chemotherapeutical agents. The most prominent
example of this superfamily of proteins, for which a similar

Fig. 5 Alterations of MDR1-
mRNA expression using RT-
qPCR after treatment with cisPt,
cisCRu(III) and cisDRu(III),
respectively, for 24 and 48 h.
Samples are in relation to the
untreated control cell line with a
transcription rate set up to a value
of one. The data are expressed as
mean±SD of n=3. Means among
bars without a common letter are
statistically different (Tukey’s
test, p<0.05)

Fig. 6 Alterations of CYPs
mRNAs expression using RT-
qPCR after treatment with cisPt,
cisCRu(III), and cisDRu(III),
respectively, for 24 and 48 h.
Samples are in relation to the
untreated control cell line with a
transcription rate set up to a value
of one. The data are expressed as
mean±SD of n=3. Means among
bars without a common letter are
statistically different (Tukey’s
test, p<0.05)
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mechanism of action is assumed, is P-glycoprotein (P-gp) or
MDR protein (MRP1). MRP1 mainly transports neutral and
charged molecules in unmodified form, but it can also accept
metabolized substrates such as GSH, glucuronide, or sulfate
conjugates [23, 24].

In this study, we have investigated the effects of platinum
and ruthenium-based compounds on transmembrane trans-
port proteins involved in drug efflux (MDR-1). Furthermore,
the cytochrome P450 genes expression was also analyzed.
The study presented here demonstrates that human chronic
myelogenous leukemia cells K-562 expressed relatively high
levels of P-gp, as detected by RT-PCR analyses (Fig. 5).
This is in line with previous reports, in which MDR-1
expression was detected in K-562 tumor cells treated with
cisPt. Our results suggest, that structurally related com-
pounds might act relatively equally, inducing the expression
of these proteins. K-562 tumor cells treated with the metal
complexes cisPt and cisCRu(III), pretty similar compounds,
have much higher levels of MDR-1 expression than cells
treated with cisDRu(III), a broader and more complex
compound.

All metal compounds used in this study induced specific
members of cytochrome P450 families. The compounds cisPt,
cisCRu(III), and cisDRu(III) enhanced CYP2C9 and
CYP2C19 mRNAs expression levels, but they did not affect
CYP3A4mRNA expression levels (Fig. 6). CYPs isoforms are
involved in the metabolism of a number of therapeutic drugs
[25]. Pharmacogenetic variations in CYP2C family leads to
inappropriate concentration of drugs and their metabolites,
which may result in toxicity and risk of adverse drug reac-
tions, or lack of therapeutic benefits [26]. Poor metabolizer
(PM) and extensive metabolizer (EM) phenotypes has been
demonstrated based on the ability to metabolize CYP2C sub-
strates [27].

Our results suggest that cisDRu(III) induces CYP2C9 and
CYP2C19 activity, in a manner much more intense than cisPt
and cisCRu(III), and this activity could be involved in cis-
DRu(III) mechanism of action, since CYP2C family is known
to be involved in the bioactivation of some environmental
procarcinogen(s) and therapeutic agents to reactive DNA-
binding metabolites [28–30]. Ruthenium complexes have
been shown to have DNA-binding activities that can inhibit
tumor cells growth. It has been demonstrated that
ruthenium(III) complexes treatment causes DNA damage
and oxidative stress in a number cancer cells [8, 17, 31].

Cell death under physiological conditions usually occurs
via apoptosis. Morphologically, the most obvious characteris-
tics of this form of cell death are cytoplasmatic and nuclear
condensation, followed by internucleosomal DNA cleavage,
membrane blebbing, and finally cell fragmentation [32]. Cell
death due to apoptosis has received much attention, since it
has been found that many chemotherapeutic drugs induce
apoptosis in a variety of tumor cell [33].

Themechanisms of apoptosis mainly involve two signaling
pathways identified according to the initiator caspase: the
death receptor pathway involving caspase 8 (extrinsic), and
the mitochondrial pathway (intrinsic), in which various sig-
nals can trigger the release of harmful proteins by mitochon-
dria into the cytoplasm, leading to activation of caspase 9.
Both pathways result in the downstream activation of caspase
3. Caspase 3 is able to cleave a variety of substrates, thereby
contributing to the typical morphological and biochemical
features observed in apoptosis inducing DNA fragmentation
[34–37].

In the present study, our results showed clearly that cisPt,
cisCRu(III), and cisDRu(III), induced apoptosis in K-562
tumor cells as evidenced by caspase 3 activation. cisDRu(III)
elevated caspase 3 activity significantly in K-562 cells relative
to the untreated control. However, only a slight increase in
caspase 8 and caspase 9 activations was observed in treated
K-562 cells. This result could be related to the fact that caspase
8 and caspase 9 are considered to be an important initiating
event in apoptosis, whereas caspase 3 is involved in the
effector phase of the apoptotic process [38]. Based on this
evaluation, it is possible that caspases play an important role in
the activation and executioner phase of platinum and rutheni-
um compound-induced apoptosis. Several studies have shown
that ruthenium complexes, such as Nami-A, KP1019, and
RAPTA-C, induce apoptosis through caspase activation, par-
ticularly caspase 3 [39, 40].

In summary, the data presented here clearly show that cisPt,
cisCRu(III), and cisDRu(III) induces apoptosis in human
K562 cells, as verified by caspase 3 activation. Although
some genes that confer multidrug resistance are known, it is
clear that many other genes remain to be identified. Based on
this investigation, we propose that cytochrome P450 genes
represent a useful chemosensitivity marker in K-562 cells. We
plan to investigate other cell lines and other P450 proteins that
may be associated with in its role in drug resistance, since the
mechanisms by which ruthenium complexes induce cytotox-
icity and apoptosis on tumor cell lines may not only be by the
consequence of direct DNA binding and damage, but also by
the interactions with a myriad of proteins like cytochrome
P450, P-gp, and caspases; via oxidative stress promotion,
reduction of MDR-1 phenotype and apoptosis induction via
extrinsic activation pathway [41]. It is anticipated that the
continued identification and characterization of novel mecha-
nisms of drug resistance will enable the development of a new
generation of anticancer drugs that increase cancer sensitivity
and/or represent more effective chemotherapeutic agents.
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