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Iron is not involved in oxidative stress-mediated
cytotoxicity of doxorubicin and bleomycin
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1Faculty of Pharmacy in Hradec Králové, Department of Biochemical Sciences, Charles University in Prague, Hradec Králové,
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Background and purpose: The anticancer drugs doxorubicin and bleomycin are well-known for their oxidative stress-
mediated side effects in heart and lung, respectively. It is frequently suggested that iron is involved in doxorubicin and
bleomycin toxicity. We set out to elucidate whether iron chelation prevents the oxidative stress-mediated toxicity of
doxorubicin and bleomycin and whether it affects their antiproliferative/proapoptotic effects.
Experimental approach: Cell culture experiments were performed in A549 cells. Formation of hydroxyl radicals was measured
in vitro by electron paramagnetic resonance (EPR). We investigated interactions between five iron chelators and the oxidative
stress-inducing agents (doxorubicin, bleomycin and H2O2) by quantifying oxidative stress and cellular damage as TBARS
formation, glutathione (GSH) consumption and lactic dehydrogenase (LDH) leakage. The antitumour/proapoptotic effects of
doxorubicin and bleomycin were assessed by cell proliferation and caspase-3 activity assay.
Key results: All the tested chelators, except for monohydroxyethylrutoside (monoHER), prevented hydroxyl radical formation
induced by H2O2/Fe2þ in EPR studies. However, only salicylaldehyde isonicotinoyl hydrazone and deferoxamine protected
intact A549 cells against H2O2/Fe2þ . Conversely, the chelators that decreased doxorubicin and bleomycin-induced oxidative
stress and cellular damage (dexrazoxane, monoHER) were not able to protect against H2O2/Fe2þ .
Conclusions and implications: We have shown that the ability to chelate iron as such is not the sole determinant of
a compound protecting against doxorubicin or bleomycin-induced cytotoxicity. Our data challenge the putative role of iron
and hydroxyl radicals in the oxidative stress-mediated cytotoxicity of doxorubicin and bleomycin and have implications for the
development of new compounds to protects against this toxicity.
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Introduction

Modern chemotherapy employs a wide range of efficient

cytostatic agents. However, dangerous side effects sometimes

hamper the therapy and may lead to serious or even fatal

organ dysfunctions. Among the anticancer drugs, doxorubi-

cin is well-known for its cardiotoxicity (Keizer et al., 1990;

Minotti et al., 2004) while bleomycin (BLM) is known to elicit

severe interstitial pulmonary fibrosis (Mir et al., 1996;

Azambuja et al., 2005). These two drugs belong to different

classes: doxorubicin is an anthracycline antibiotic whereas

bleomycin is a glycosylated peptide antibiotic. They, how-

ever, share some properties. Thus, chronic organ toxicity

frequently develops upon administration of cumulative doses

of both drugs (Singal and Iliskovic, 1998; Azambuja et al.,

2005). Also, reactive oxygen species (ROS) were shown to be

involved in the toxicity of both doxorubicin and bleomycin

(Zhou et al., 2001; Manoury et al., 2005). Finally, interactions

of both drugs with iron are considered to be of importance in

exerting their deleterious effects on healthy tissues as well as

in their antineoplastic activity. The exact mechanisms

leading to doxorubicin-induced cardiotoxicity and bleomycin-

induced lung toxicity, however, remain unclear and it is

generally accepted that several mechanisms are involved.

The interactions of doxorubicin with iron are complex

(for review, see Xu et al. (2005)). Some of these include
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involvement of ROS whereas others are oxidative stress-

independent. Iron can either promote hydroxyl radical

(HOK) generation via the Fenton or Haber–Weiss reaction

or form doxorubicin-Fe(III) redox active complexes. ROS-

independent effects include, for example, disturbance of

either iron regulatory proteins (Minotti et al., 1999) or iron

mobilization from ferritin (Kwok and Richardson, 2003). The

role of iron in doxorubicin cardiotoxicity became particu-

larly evident after successful application of the iron chelator

dexrazoxane (ICRF-187) as a cardioprotector (Hasinoff et al.,

2003; Cvetkovic and Scott, 2005). Dexrazoxane, a prodrug

of an EDTA analogue, likely acts via displacing iron from

doxorubicin-Fe(III) complexes and removing free iron from

the vicinity of biomolecules. We have previously shown that

another iron chelating compound, monohydroxyethylruto-

side (monoHER), was protective against doxorubicin-

induced cardiotoxicity (Van Acker et al., 2000; Abou El

Hassan et al., 2003a). Besides iron chelation, the antioxidant

or anti-inflammatory effects might contribute to the cardio-

protective effect of the flavonoid monoHER (Van Acker et al.,

1998; Abou El Hassan et al., 2003b).

We also found that monoHER did not affect the anti-

tumour effects of doxorubicin in MCF-7, OVCAR-3 and

A2780 cell lines and in graft hosted nude mice (Van Acker

et al., 1997). The antiproliferative action of doxorubicin is

complex. Interaction with the DNA–topoisomerase II com-

plex is considered a primary trigger for cell growth arrest

(Gewirtz, 1999). Formation of free radicals, directly affecting

the cell membrane or the effects via DNA cross-linking, DNA

intercalation or alkylation have also been reported. The

precise contribution of free radicals to death of cancer cells

is still under debate. It has been shown that doxorubicin

retains toxicity under hypoxic conditions when ROS cannot

be formed (Tannock and Guttman, 1981). Co-treatment of

doxorubicin with the iron chelator dexrazoxane also did not

affect the antitumour effects of doxorubicin (Wu and

Hasinoff, 2005). On the other hand, some other studies

demonstrated that dexrazoxane compromised the anti-

tumour properties of doxorubicin (Zhang et al., 1996). The

mechanisms by which doxorubicin can interact with cardiac

and cancer cells are summarized in Figure 1.

In the case of bleomycin, there is convincing evidence that

its antitumour action is linked with free radical formation.

Bleomycin binds iron and oxygen thus forming an activated

complex capable of releasing damaging oxidants in close

proximity to DNA (El-Medany et al., 2005). However, some

investigators observed that bleomycin was equally effective

in normal and iron-deprived mice (Lyman et al., 1989). In

another study, O-phenanthroline, a metal ion chelator, fully

inhibited bleomycin-induced DNA cleavage (Larramendy

et al., 1989). Bleomycin does not only form ROS but it can

also act as an intercalating agent thanks to its bithiazole

structural moiety. ROS are clearly involved in the develop-

ment of lung fibrosis. Studies with antioxidants such as

N-acetylcysteine or bilirubin showed effective protection of

rats against bleomycin-induced lung fibrosis. There is also

growing evidence that imbalances in various metallo-

proteinases and their inhibitors are crucial elements in the

fibrogenic process associated with bleomycin (Manoury

et al., 2005).
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Figure 1 A simplified scheme of the proposed interactions of doxorubicin with tumour and cardiac cells illustrates their complexity. With
regard to iron, the effects of doxorubicin can be divided to Fe-dependent and Fe-independent. The most prominent characteristic of
doxorubicin is its ability to induce oxidative stress. ROS can be formed in the absence of Fe (semiquinone radical, C7-aglycone radical,
superoxide, H2O2) but their generation can also be Fe-catalyzed (Fenton reaction, Haber–Weiss reaction), creating highly damaging HOK

radicals. Doxorubicin (DOX) can also form DOX–Fe(III) complexes that also lead to ROS. ROS may induce damage to both cardiac and
neoplastic cells. The higher susceptibility of heart tissue to oxidative stress is often explained by its poor antioxidant defences and/or
abundance of mitochondria, which are both important source, and target of ROS. The major mechanisms that lead to cancerous cell death are,
most probably, inhibition of topoisomerase II and DNA intercalation effects independent of oxidative stress and iron. Other effects that do not
depend on ROS are thought to contribute predominantly to their cardiotoxicity: dysregulation of iron homeostasis via interaction with iron
regulatory protein and inhibition of Fe mobilization from ferritin are examples of Fe-mediated effects whereas inflammation, endothelial
dysfunction and calcium homeostasis impairment are both iron and ROS independent.
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In the present study, we have employed five iron chelators

with clinical applicability: dexrazoxane, monoHER, deferox-

amine (DFO) and two aroylhydrazones (pyridoxal isonicoti-

noyl hydrazone, PIH and salicylaldehyde isonicotinoyl

hydrazone, SIH; Figure 2). These compounds differ in their

physico-chemical properties but their iron-chelating capa-

city has been well documented in a variety of in vitro and

in vivo models (Table 1). We investigated the interactions

between these iron chelators and the oxidative stress-

inducing agents (doxorubicin, bleomycin and for compar-

ison H2O2) in order to find out whether the iron chelators

were able to prevent doxorubicin and bleomycin oxidative

stress-mediated cytotoxicity and whether the antiproli-

ferative effects of doxorubicin and bleomycin in A549

human lung adenocarcinoma cells were affected by iron

chelation.

Methods

Cell culture

Human lung adenocarcinoma cell line (A549) was main-

tained in DMEM supplemented with 10% FBS, 100 U ml�1

of penicillin, 100 mg ml�1 of streptomycin and 2 mM of

L-glutamine under humidified atmosphere containing 5%

CO2 at 371C. Cell passages between 25 and 40 were used

for experiments described in this study.

For lipid peroxidation assay, GSH determination and LDH

leakage, subconfluent cultures were trypsinized and seeded

in 6 cm Petri dishes at a density of 1.9�105 cells ml�1 (in a

total volume of 4.5 ml). Cells were left to attach for 24 h after

which the culture medium was renewed for the medium

containing test compounds and cells were cultivated for

further 48 h. Cells were 40–50% confluent when treated and

confluent after 48 h incubation. The concentration of

dimethyl sulphoxide (DMSO) used to dissolve PIH, SIH and

monoHER was adjusted to 0.2% in all the solutions

including controls. After the end of incubation period

200 ml of medium was aspirated from each dish, mixed with

50 ml of 15% BSA and stored at �801C for later determination

of LDH activity. The rest of the medium was removed and

the dishes were kept on ice. Cell monolayers were washed

with ice cold PBS and scraped from the dishes with 600 ml of

fresh PBS per dish. Cells were sonicated on ice briefly (15 s)

and 300 ml of the cell lysate were removed to another

microtube containing 33 ml of 15% sulphosalicylic acid and

stored at �201C for glutathione (GSH) determination. The

rest of the lysate was also stored at �201C and used for

determination of thiobarbituric acid reactive substances

(TBARS).

Cell proliferation assay (Trypan blue exclusion)

For cell proliferation assay, subconfluent cultures were

trypsinized and seeded in six-well plates at a density of

1.9�105 cell ml�1 (in a total volume of 2 ml). They were left

Deferoxamine (DFO)
Monohydroxyethylrutoside
(monoHER)

Pyridoxal isonicotinoyl hydrazone (PIH)

Salicylaldehyde isonicotinoyl hydrazone (SIH)
Dexrazoxane (DXZ)

Figure 2 Chemical structures of the iron chelators used in this
study: DFO, PIH, SIH, monoHER and DXZ (ICRF-187).

Table 1 Iron-chelating capacity of the chelators under investigation

Chelator Data on iron chelation References

DFO DFO decreased the intracellular calcein-chelatable iron pool and protected Jurkat cells against H2O2-
induced DNA damage

(Tenopoulou et al., 2005)

DFO displaced iron from iron–calcein complexes in solution as quickly as PIH or SIH but it was much
less efficient in K562 cells

(Cabantchik et al., 1996)

DFO reduced hepatic iron concentration and serum ferritin and increased urinary iron excretion in iron
overloaded thalassemic patients

(Taher et al., 2001; Yarali
et al., 2006)

DXZ DXZ and its hydrolysis products displaced iron(III) from its complex with anthracyclines (Buss and Hasinoff, 1993)
Hydrolysis products of DXZ displaced Fe(II) from its complex with calcein both in solution and in
isolated neonatal rat cardiac myocytes

(Hasinoff et al., 2003)

monoHER MonoHER released iron (II) from iron(II)–EDTA complex (Van Acker et al., 1996)
MonoHER treatment decreased plasma iron in b-thalassemic mice (De Franceschi et al., 2004)

PIH PIH was about as efficient as SIH in displacing iron from iron–calcein complexes in K562 cells (Cabantchik et al., 1996)
PIH reduced uptake of rat transferrin-59Fe and its incorporation into ferritin by hepatocytes; the effect
was comparable to that of DFO

(Baker et al., 1985)

SIH SIH rapidly and completely displaced iron from iron–calcein complexes in solution, resealed ghosts
and cultured K562 cells

(Cabantchik et al., 1996)

SIH quickly chelated calcein-bound iron in HUVEC cells while deferoxamine acted more slowly (Kartikasari et al., 2004)

Abbreviations: DFO, Deferoxamine; DXZ, dexrazoxane; monoHER, monohydroxyethylrutoside; PIH, pyridoxal isonicotinoyl hydrazone; SIH, salicylaldehyde

isonicotinoyl hydrazone.
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to adapt for 24 h after which the medium was changed for

the medium containing test compounds using the same

solutions as for the assays described above. Cells were

exposed to substances for 48 h and then they were trypsi-

nized with 300ml of trypsin per well, 700ml of serum

containing medium was added, and cell suspension was

mixed thoroughly in the well and transferred to a microtube.

Samples were then vortexed and an aliquot was mixed with

a Trypan blue solution (5 mg ml�1) 1:1. Living cells were

counted using a Bürker’s chamber and cell viability was

expressed as a percentage of control.

Caspase-3 activity determination

Cells were seeded on 10-cm Petri dishes at the density of

1.9�105 cells ml�1 (in 9 ml total volume). After the 24 h

adaptation period, cells were exposed to the compounds.

The chelators were added 30 min before doxorubicin or

bleomycin. At 12, 24 and 48 h cells were harvested by

centrifugation (600 g, 5 min) and lysed on ice for 20 min in a

lysis buffer containing 50 mM HEPES, 5 mM CHAPS and 5 mM

DTT. The lysates were centrifuged at 14 000 g, 10 min, 41C,

the supernatants were collected and stored at �801C. The

enzyme activity was measured in a 96-well microplate using

a kinetic fluorometric method based on the hydrolysis of the

peptide substrate Ac-DEVD-AMC by caspase-3, resulting in

the release of the fluorescent 7-amino-4-methylcoumarin

(AMC) moiety. Ac-DEVD-CHO, a specific inhibitor of

caspase-3, was used to confirm the specificity of the cleavage

for caspase-3. Fluorescence was recorded at lex 360 nm and

lem 465 nm. The concentration of the AMC released was

calculated from a standard curve constructed with known

concentrations of AMC. Caspase-3 activity was expressed as

nmol AMC min�1 ml�1 (mg protein)�1.

Thiobarbituric acid reactive substances assay for lipid

peroxidation

The TBARS generated were measured by means of HPLC

according to Lepage et al. (1991). Briefly, 100 ml of cell lysate

or malondialdehyde (MDA) standard were mixed with 900 ml

reagent composed of 10 parts of reagent A (0.012 M

2-thiobarbituric acid (TBA), 0.32 M H3PO4 and 0.01% EDTA)

and one part of reagent B (butylated hydroxytoluene (BHT)

in ethanol 1.5 mg ml�1). Standards were prepared using

0–10 mM MDA solutions in PBS and derivatized during the

same analytical measurement as the samples. The tubes were

covered with marbles and heated for 1 h at 991C. After

cooling, the product was extracted in 500 ml of butanol by

vigorous shaking and the tubes were centrifuged for 5 min at

5000 g 30 ml of the extract were injected on to a Nucleosil C18

column, 150 mm�3.2 mm (Supelco Inc., Bellefonte, PA,

USA) and eluted with 65% water and 35% methanolþ0.05%

trifluoroacetic acid (TFA). Fluorescence was recorded at lex

532 nm and lem 553 nm. The peak of TBA-MDA product was

integrated and the concentration of MDA was calculated by

means of linear regression. The amount of MDA was

corrected for protein content of the lysates and the results

were expressed as a percentage of TBARS formation, taking

the control sample as 100%.

GSH determination

Samples preserved in sulphosalicylic acid (see above) were

thawed, sonicated for 5 min on ice, centrifuged for 5 min at

5000 g and the supernatants were used for the assay. Total

GSH was determined according to Tietze (1969) using the

enzymatic recycling method with DTNB and GSH reductase

in a microplate format. The rate of TNB formation was

recorded at 405 nm for 2 min and the slope was compared

to that of the standard curve of GSSG. The concentration

of total GSH was calculated using the method of linear

regression, the results were corrected for protein content and

expressed as a percentage of the total GSH in control sample

(100%).

Lactic dehydrogenase leakage assay

For lactic dehydrogenase (LDH) activity determination, 50 ml

of sample was mixed with 950 ml of reagent consisting of

1.2 mM of sodium pyruvate and 0.1 mM NADH in 50 mM

Naþ /Kþ phosphate buffer pH 7.4. The rate of NADH

oxidation was followed at 340 nm for 1 min. Enzyme activity

was calculated using the extinction coefficient of NADH as

6.32 l mmol�1 cm�1. LDH leakage was expressed as percen-

tage of control taking LDH leakage in control sample

(medium from non treated cells) as 100% release.

Protein determination

Protein was determined spectrophotometrically using

bicinchoninic acid (Brown et al., 1989), with bovine serum

albumin as a standard.

Electron paramagnetic resonance

H2O2/Fe2þ induced HOK formation and its modulation by

iron chelators was measured by electron paramagnetic

resonance (EPR) spectroscopy. Measurements were per-

formed under the following conditions: microwave power,

2 mW; modulation amplitude, 1 G; scan width, 50 G;

modulation frequency, 100 kHz; and temperature, 301C

using spectrometer Bruker EMX (Bruker GmbH, Freiburg,

Germany). A typical reaction mixture contained 66 ml of

750 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 300ml of

6.6 mM H2O2, 2 ml of 50 mM PIH or SIH in DMSO (or DMSO

alone in case of control sample) and 582 ml of de-aerated

MilliQ water. The reaction was started with 50 ml of 200 mM

ferrous sulphate and the spectrum was recorded, after

2–3 min DFO and dexrazoxane were dissolved in MilliQ

instead of DMSO. DMSO was adjusted to 0.2% (v/v) in all the

measurements. The final concentrations of H2O2, Fe2þ ,

chelators and DMSO for the EPR experiments were the same

as used for cell culture experiments.

Data analysis

Results are given as mean7s.d. Statistical analysis was

performed by SigmaStat for Windows 3.0.1 (SPSS). Compar-

isons between groups were made by one-way ANOVA with

Tukey’s post hoc test. The differences were considered

significant when Po0.05.
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Drugs and chemicals

PIH and salicylaldehyde hydrazone (SIH) were a kind gift

from P Ponka (Mc Gill University, Montréal, Canada).

MonoHER was kindly provided by Novartis Consumer

Health (Nyon, Switzerland). Dexrazoxane (Cardioxane) was

from Chiron BV (Amsterdam, The Netherlands), and DFO

(Desferal) was from Novartis (Switzerland). Doxorubicin

(Adriblastina R.T.U.) was from Pfizer (USA) and bleomycin

(Bleomycine 15U PCH) was purchased from Pharmachemie

B.V. (Haarlem, the Netherlands). Note that 1mg ml�1 of

bleomycin the concentration used in these experiments,

approximates to 0.7 mM. Bleomycin is a mixture of several

molecules (Bleomycin A, Bleomycin B, etc.) in variable ratios

and thus the molecular weight is not specified in most

commercially available products.

TBA, butylated hydroxytoluene (BHT), oxidized glu-

tathione (GSSG) and reduced glutathione (GSH), 5-50-

dithiobis(2-nitrobenzoic acid) (DTNB), GSH reductase,

b-NADPH, Trypan blue, pyruvate, hydrogen peroxide, fer-

rous sulphate, Dulbecco’s modified Eagle’s medium (DMEM),

bovine serum albumin (BSA), sulphosalicylic acid (SSA),

dimethylsulphoxide (DMSO), 7-amino methyl coumarin

(AMC), HEPES, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)

and malondialdehyde (MDA) were purchased from Sigma

(St Louis, MO, USA). Hanks’ balanced salt solution (HBSS),

trypsin, foetal bovine serum (FBS), penicillin and strepto-

mycin (P/S) were from Life Technologies (Breda, The Nether-

lands). NADH was obtained from ICN Biochemicals (OH,

USA) and bicinchoninic acid (BCA) was obtained from

Pierce. N-acetyl Asp-Glu-Val-Asp-7-amido-4-methylcoumarin

(Ac-DEVD-AMC) and N-acetyl-Asp-Glu-Val-Asp-CHO (alde-

hyde) (Ac-DEVD-CHO) were from Alexis Biochemicals.

CHAPS was from Fluka.

Results

The effects of iron chelation on H2O2 /Fe2þ -induced oxidative

stress

The iron chelators DFO, DXZ, PIH and SIH markedly

decreased the H2O2/Fe2þ -induced HOK formation, mea-

sured as DMPO-OH adduct, to 43, 23, 13 and 15%

respectively, compared to control (Figure 3). MonoHER was

a weak HOK scavenger, decreasing the formation of this

radical to only 84% of control. Besides the characteristic

spectra of DMPO-OH adducts, additional peaks were ob-

served by EPR after adding dexrazoxane and to a smaller

extent in spectra after PIH. This suggests that besides HOK,

other radicals were formed. In contrast, simple spectra,

similar to that of H2O2/Fe2þ alone, resulted when DFO, SIH

or monoHER were added.

Incubation of intact A549 cells with the chelators and

subsequent exposure to H2O2/Fe2þ showed that SIH effec-

tively reduced H2O2/Fe2þ -induced oxidative damage as

demonstrated by diminished TBARS formation and con-

served GSH levels (Tables 3 and 4, the last column). Cell

viability was increased and LDH leakage was prevented by

SIH (Table 2, the last column) suggesting its high efficacy in

prevention of Fenton-derived toxicity. On the other hand,

DFO offered only partial protection (marked preservation of

GSH levels while the other parameters did not change

significantly). The other chelators PIH, dexrazoxane and

monoHER, were not effective. To exclude a confounding

effect of DMSO, which by itself can act as a HOK scavenger,

the DMSO concentration was adjusted to 0.2% in both EPR

experiments and the cell culture experiments.

The effects of iron chelation on doxorubicin and bleomycin-

induced cytotoxicity and oxidative stress

Leakage of the cytosolic enzyme LDH from A549 cells

increased upon 48 h exposure to 1 mM doxorubicin while a

Table 2 Effects of various iron chelators on doxorubicin, bleomycin and
H2O2/Fe2þ -induced LDH leakage in A549 cells

Chelator Control a (%) DOX (%) BLM (%) H2O2/Fe2þ (%)

Controlb 100 232719* 8675 259711*
DXZ 137711 121714w 13577w 279726*
DFO 260737* 260737* 221749*w 234719*
MonoHER 8673 150720*w 9378 305722*w

PIH 91711 241724* 9774 26279*
SIH 214732* 262737* 223726*w 13176*w

A549 cells were pretreated with 100 mM of the chelator for 30 min at 371C

before doxorubicin (1 mM), bleomycin (1mg mg�1) or H2O2/Fe2þ (2 mM /

10 mM) were added. The exposure period was 48 h. Values represent the

mean7s.d. (nX3). Data are expressed as a percentage of LDH leakage relative

to untreated controls. Control values were 18.370.7 U l�1 min�1.
aCells not treated with any oxidative stress-inducing agent.
bCells not pretreated with any chelator.

*Po 0.05 vs untreated control; wPo0.05 vs DOX, bleomycin and H2O2/Fe2þ ,

respectively.

10 G

SIH

PIH

monoHERCTRL

DFO

DXZ

Figure 3 Representative EPR spectra of DMPO-OH radicals pro-
duced by Fenton reagents (2 mM H2O2, 10mM Fe2þ ) (control) and
its modulation by 100mM of DFO, DXZ, monoHER, PIH and SIH. The
concentration of the reagents used in this experiment correspond to
those used in cell culture. For details, see Materials and methods and
Results.
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comparable concentration of bleomycin did not induce LDH

leakage (Table 2). No LDH release was observed with PIH- or

monoHER-treated cells. Dexrazoxane caused a slight increase

in LDH leakage while the effect of SIH and DFO was a

significant increase. Combining the chelators with either

doxorubicin or bleomycin resulted in a significant cellular

protection against doxorubicin induced LDH leakage by

dexrazoxane and monoHER, whereas the other chelators

were not protective.

A marker of lipid peroxidation, TBARS, increased in the

cells exposed to doxorubicin and to a lesser extent also upon

exposure to bleomycin. Except for monoHER and PIH, all the

chelators were able to induce TBARS formation directly.

None of the chelators showed any protection against

doxorubicin or bleomycin-induced lipid peroxidation

(Table 3).

The intracellular antioxidant GSH decreased after doxo-

rubicin and to a lesser extent also after the bleomycin

treatment (Table 4). Notably, the chelators that were

effective in reducing the H2O2/Fe2þ -induced decrease in

GSH (i.e. SIH and DFO) failed to protect the A549 cells

against the fall in GSH induced by doxorubicin and

bleomycin. On the contrary, the chelators dexrazoxane and

monoHER, which did not prevent the loss in GSH induced

by H2O2/Fe2þ significantly protected against the doxorubi-

cin induced GSH decrease. Only monoHER prevented

bleomycin-induced GSH depletion.

The effects of iron chelation on the antiproliferative and

proapoptotic activity of doxorubicin and bleomycin

The influence of the two anticancer drugs and the iron

chelators on cell proliferation was followed in time (12, 24

and 48 h; Figure 4). In comparable concentrations (1 mM of

doxorubicin; 1mg ml�1 of bleomycin), doxorubicin was a

much more efficient antiproliferative agent than bleomycin

with IC50 values of 0.03 mM and 5 mg ml�1, respectively, after

48 h exposure (data not shown). Among the chelators, DFO,

dexrazoxane and SIH (all at 100 mM) exerted their own

remarkable antiproliferative effect. In contrast, PIH was only

moderately effective and monoHER did not have any direct

Table 3 Effects of various iron chelators on doxorubicin, bleomycin and
H2O2/Fe2þ -induced TBARS formation in A549 cells

Chelator Control a (%) DOX (%) BLM (%) H2O2/Fe2þ (%)

Controlb 100 3897132* 176751 89987940*
DXZ 435716* 513755* 435791*w 1193671744*
DFO 386717* 469772* 441783*w 945772158*
monoHER 10079 458788* 207758 1111072258*
PIH 133734 409782* 144743 885672702*

SIH 2827149* 6597263*w 4707262*w 3224776w

A549 cells were pretreated with 100 mM of the chelator for 30 min at 371C

before doxorubicin (1 mM), bleomycin (1 mg mg�1) or H2O2/Fe2þ (2 mM /

10 mM) were added. The exposure period was 48 h. Values represent the

mean7s.d. (nX3). Data are expressed as a percentage of TBARS formation

relative to untreated controls. Control values were 0.2970.06 nmol MDA/mg.
aCells not treated with any oxidative stress-inducing agent.
bCells not pretreated with any chelator.

*Po 0.05 vs untreated control, wPo0.05 vs DOX, bleomycin and H2O2/Fe2þ ,

respectively.

Table 4 Effects of various iron chelators on doxorubicin, bleomycin and
H2O2/Fe2þ -induced GSH decrease in A549 cells

Chelator Control a (%) DOX (%) BLM (%) H2O2/Fe2þ (%)

Controlb 100 5079* 8275* 871*
DXZ 9977 81713*w 8274* 1175*
DFO 5675* 26713*w 5176*w 3975*w

monoHER 103710 83715w 9875 1074*
PIH 102716 50710* 7677* 1476*
SIH 5474* 4476* 81718* 109711w

The A549 cells were pretreated with 100 mM of the chelator for 30 min at 371C

before doxorubicin (1 mM), bleomycin (1 mg mg�1) or H2O2/Fe2þ (2 mM /

10 mM) were added. The exposure period was 48 h. Values represent the

mean7s.d. (nX3). Data are expressed as a percentage of GSH content

relative to untreated controls. Control values were 5175 nmol GSH/mg.
aCells not treated with any oxidative stress-inducing agent.
bCells not pretreated with any chelator.

*Po 0.05 vs untreated control; wPo 0.05 vs DOX, bleomycin and H2O2/Fe2þ ,

respectively.
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*Po0.05 vs doxorubicin and BLM, respectively. For sake of clarity,
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influence on cell proliferation. When combined with

doxorubicin, the chelators DFO, PIH, SIH did not affect its

cytotoxic properties. A minor attenuation of the antiproli-

ferative effect of doxorubicin by dexrazoxane and monoHER

after 48 h incubation was observed. The antiproliferative

effect of bleomycin, which could not be observed earlier

than 48 h of treatment, was not diminished by any of the

chelators.

To investigate the nature of cell death induced by

doxorubicin, bleomycin and the chelators, we employed

the caspase-3 activity assay to quantify apoptosis at different

times (Figure 5). The onset of apoptosis in A549 cells was

much more rapid with doxorubicin than with bleomycin.

With doxorubicin, an increase in caspase-3 activity was

detected as early as after 12 h of incubation with maximum

activity after 24 h, whereas bleomycin only induced apopto-

sis after 48 h of incubation. Moreover, bleomycin-induced

caspase-3 activation was relatively weak compared to the

effect of doxorubicin. Among the chelators, PIH and

monoHER did not induce apoptosis whereas dexrazoxane,

SIH and DFO acted as proapoptotic agents, SIH being able to

induce the earliest cellular response (at 12 h). All chelators,

except for DFO, reduced the doxorubicin-induced apoptosis

after 24 h, where the differences between the groups were the

most obvious. Dexrazoxane was the most efficient chelator

in this respect. At 12 and 48 h, SIH was the only chelator,

which did not cause a significant decrease in apoptosis

induced by doxorubicin. Among the chelators that pre-

vented doxorubicin-induced apoptosis, dexrazoxane and

monoHER were the most effective compounds at all time

points.

Interestingly, we observed that the treatment of the cells

with DFOþdoxorubicin caused less caspase-3 activation

than DFO alone. Evaluation of the effects of the chelators

on bleomycin-induced apoptosis was only meaningful after

48 h incubation. MonoHER, PIH and dexrazoxane effectively

reduced bleomycin-induced caspase-3 activation, but not

SIH and DFO.

Discussion and conclusions

We investigated the role of iron in the oxidative stress-

mediated cytotoxicity of doxorubicin and bleomycin and

the consequences of iron chelation on the anti-proliferative

effects of these two drugs. We would like to emphasize that

our intention was not to aim our study at the question of

protection against doxorubicin cardiotoxicity or bleomycin

lung toxicity as such, but rather at the iron-dependent and

oxidative stress-related component of the cytotoxicity of

these compounds. To this end, we used the A549 human

lung adenocarcinoma cells and five different chelators of

iron. Dexrazoxane (ICRF-187) is a cell permeable prodrug of

an EDTA-like chelator (known as ADR-925) and is approved

for clinical use in the prevention of doxorubicin cardiotoxi-

city. Dexrazoxane was also shown to act against hypoxia-

reoxygenation damage (Hasinoff, 2002) and more recently, it

has successfully been used to prevent the extravasation tissue

injury by anthracyclines (Langer et al., 2000; Hasinoff, 2006).

DFO is a strongly hydrophilic iron chelator that is currently

used for the treatment of iron-overload diseases. MonoHER is

a flavonoid, which was shown to protect against doxorubicin

cardiotoxicity (Van Acker et al., 2000; Abou El Hassan et al.,

2003a) and recently entered phase II clinical trials. It has

both antioxidant properties as well as iron-chelating capacity

(Haenen et al., 1993; Van Acker et al., 1998). PIH and SIH are

two low molecular weight, lipophilic, iron chelators of the

aroylhydrazone class (Ponka et al., 1979; Hoy et al., 1979;

Baker et al., 1992).

We have shown that the chelators presented here induced

different cellular responses in many respects. The most

striking difference in the activity of the compounds is the

one between PIH and SIH, the most structurally similar

compounds in this study. A mere replacement of the

pyridoxal moiety for the salicylaldehyde moiety completely

changed the behaviour of the molecule in the cell. SIH acted
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as a pro-oxidant and apoptosis inducer whereas PIH was

devoid of these effects. On the other hand, SIH but not PIH,

was as an excellent protector against H2O2/Fe2þ -induced

injury. In EPR experiments, both chelators were equally

effective in prevention of HOK formation induced by H2O2/

Fe2þ . Their effect was comparable to that of dexrazoxane

and greater than that of DFO and monoHER. However, of all

the chelators tested only SIH and, partially, DFO protected

the A549 cells against H2O2/Fe2þ -induced oxidative damage.

The different efficacy of these compounds is probably due to

different lipophilicity. Sufficient lipophilicity is important to

allow the compounds to reach the cellular compartments

where ROS are produced. This would certainly explain the

effect of SIH, which was previously also found to be

protective against H2O2-induced injury in isolated cardio-

myocytes (Horackova et al., 2000) and in the H9c2

cardiomyoblast cells (Simunek et al., 2005a). However, the

effects of DFO, a relatively large, water-soluble molecule with

a low partition coefficient are not as easily explained.

Although the cellular protection by DFO was weaker than

that of SIH, DFO was still more effective than other more

lipophilic chelators, such as PIH. Membrane permeability is

therefore not the only prerequisite for an intracellular action

of an iron chelator. Although DFO is not freely diffusible

through the biological barriers, it is taken up by the cells by

endocytosis (Persson et al., 2003). The effective antioxidant

behaviour of DFO is also because it is a hexadentate chelator,

which binds to all six coordination sites of iron making it

unreactive. On the other hand, we have found that in the

A549 cells, DFO and SIH were able to induce considerable

oxidative stress on their own. However, when the cells were

preincubated with DFO or SIH and subsequently exposed

to H2O2, these chelators efficiently prevented oxidative

damage. Dexrazoxane was shown to have relatively weak

pro-oxidant properties while PIH and monoHER had no such

effects at all. In conclusion, SIH and partially also DFO

protected against H2O2/Fe2þ -induced oxidative stress,

whereas dexrazoxane, monoHER and PIH did not.

Next, we investigated the effect of iron chelation on

doxorubicin and bleomycin-induced cytotoxicity. Based on

preliminary experiments, the concentrations of 1 mM and

1 mg ml�1 were found to be optimal for doxorubicin and

bleomycin-induced oxidative toxicity, respectively. At these

concentrations both doxorubicin and bleomycin were cap-

able of inducing cellular oxidative damage after a 48 h

incubation. A shorter incubation period did not result in

significant differences in oxidative stress markers between

the groups (data not shown). However, for studies on cell

proliferation, shorter exposures of 12 and 24 h were used.

Although DFO and SIH were effective in prevention of

oxidative stress induced by H2O2/Fe2þ , these chelators failed

to protect against doxorubicin and bleomycin-induced

oxidative injury. On the contrary, dexrazoxane and mono-

HER reduced doxorubicin cellular toxicity and partially also

the toxicity of bleomycin but had no effect on H2O2/Fe2þ -

induced oxidative stress. These data imply that the Fenton-

type reaction is not involved in the toxicity of doxorubicin.

We suggest that the lack of protection against doxorubicin

and bleomycin-induced oxidative stress can be explained by

the involvement of free radicals, other than the HOK, in

doxorubicin and bleomycin toxicity, while the iron chelators

protect via prevention of HOK formation. In mice doxo-

rubicin cardiotoxicity in vivo was relieved by administration

of lecithinized copper-zinc superoxide dismutase (Den

Hartog et al., 2004) showing that it is rather the superoxide

radical, which is crucial in pathophysiology of doxorubicin

cardiotoxicity. As for bleomycin, protection against lung

fibrosis in mice overexpressing extracellular SOD has also

been described (Bowler et al., 2002).

However, there is evidence that iron chelators can protect

against doxorubicin cardiotoxicity and dexrazoxane (ICRF-

187) has become a clinically approved drug with this

indication. The same compound was successfully used to

prevent bleomycin lung toxicity in mice in vivo (Herman

et al., 1995). PIH attenuated daunorubicin-induced histolo-

gical and biochemical changes in the rabbit heart in vivo and

increased the survival of the animals (Simunek et al., 2005b).

In isolated hepatocytes, SIH also prevented daunorubicin-

induced loss in CYP450 activities (Schroterova et al., 2004). It

seems safe to conclude that iron is somehow involved in the

cellular toxicity of doxorubicin but not via the previously

accepted Fenton-derived production of HOK radicals. For

example, Minotti et al. (1999) suggested that the anthracy-

clines (or possibly their C13-alcohol metabolites) disrupt

a delicate iron homeostasis through their interaction with

iron regulatory proteins, which regulate the expression

of transferin receptor and ferritin according to the cellular

needs. Also, doxorubicin as well as other redox-cycling

agents induce an accumulation of iron in ferritin in both

myocardial and neoplastic cells and this effect can be

prevented by some iron chelators (DFO but not dexrazoxane)

(Kwok and Richardson, 2003). It is, however, not clear,

whether and in which way this effect contributes to the

anthracycline toxicity.

The cardioprotective potential of another compound, the

flavonoid monoHER, although originally selected because of

its iron chelating and antioxidant properties, has recently

been linked with other features like anti-inflammatory

effects, which could be of importance (Abou El Hassan

et al., 2003a). PIH analogues also seem to possess antioxidant

properties in addition to their iron chelating capacity

(Hermes-Lima et al., 2000). Interestingly, it was shown that

systolic heart failure induced by the anthracyclines is

accompanied by chronic calcium overload and dexrazoxane

was able to restore normal myocardial calcium content

(Simunek et al., 2005c). Interference of daunorubicin with

calcium-handling proteins such as the ryanodine receptor

and its normalization by dexrazoxane was also demonstrated

(Burke et al., 2000). It is therefore possible that the protective

effects by many chelators – including dexrazoxane – are not

exclusively due to chelation of iron.

Before introducing new iron chelators in chemotherapy

protocols, it is essential to establish whether the compounds

interfere with the antitumour effect of the chemotherapeutic

agents. Our results have shown that pretreatment of the

A549 cells with 100mM PIH, SIH and DFO did not affect the

antiproliferative effects of either doxorubicin or bleomycin.

On the other hand, we have observed a weak reduction of

doxorubicin-induced apoptosis and cell death by dexrazox-

ane and monoHER. Although clinical trials showed that
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dexrazoxane did not decrease the effectiveness of doxorubi-

cin chemotherapy in patients (Marty et al., 2006), studies in

hypertensive rats and in CHO cells, however, confirmed an

antagonism (Hasinoff et al., 1996; Zhang et al., 1996). It was

suggested that the mechanism by which dexrazoxane

diminishes the antiproliferative effects of doxorubicin is

that the active chelating form of dexrazoxane (ADR-925)-

Fe(III) complexes oxidatively degrade the a-ketol side chain

of doxorubicin, possibly changing its antitumour efficiency

(Malisza and Hasinoff, 1995). This interaction promotes

formation of HOK, which would also explain certain pro-

oxidant activities of dexrazoxane. On the other hand,

addition of dexrazoxane to the doxorubicin-containing

chemotherapy protocols allows the cumulative dose of the

anthracycline to be increased without concurrent increased

cardiac risk. Moreover, in vitro, dexrazoxane significantly

delayed the development of multidrug resistance, a frequent

complication of doxorubicin chemotherapy (Sargent et al.,

2001). All the chelators, except for monoHER, were shown to

possess antiproliferative properties by themselves (DFOESI-

HEdexrazoxane4PIH). We had expected to see an additive

effect when these chelators were combined with doxorubicin

or bleomycin, because of the apparently different mechan-

isms by which these compounds inhibit cell growth. Never-

theless, this was not the case. It might be that a possible

interference of the chelators with the antitumour activity

of the cytostatic drugs was sufficiently counteracted by the

antiproliferative action of the chelators. On the other hand,

Wu et al. (2004) previously showed that the antiproliferative

effect of bleomycin was not compromised by dexrazoxane in

a specially developed dexrazoxane-insensitive CHO cell line

in which the confounding effect of the intrinsic antiproli-

ferative effect of the chelator was eliminated.

Three of the five chelators tested (DFO, SIH, dexrazoxane)

induced apoptosis in the A549 cells. SIH derivatives

(aroylhydrazones) were previously shown to induce apopto-

sis in Jurkat T lymphocytes and K562 cells (Buss et al., 2003)

and other chelators with enhanced antiproliferative and

proapoptotic properties are continuously being developed

for further evaluation as new anticancer drugs (Lovejoy and

Richardson, 2003). It may be that the apoptosis caused by

these compounds is triggered by redox-cycling of their iron

complexes (Buss et al., 2004). Other studies demonstrated

that dexrazoxane also induced apoptosis in tumour cells,

which is likely to be due to its inhibitory action on

topoisomerase II (Hasinoff et al., 2001). Interestingly, DFO

was recently shown to act as a cytostatic agent in the MCF-7

breast cancer cells but it caused neither apoptosis nor cell

cycle arrest (Hoke et al., 2005). The concentration of DFO

used by Hoke et al. was, however, 4–30 mM, compared to

100 mM used in this study. We therefore propose that the

mechanism of the antitumour effect of DFO is concentra-

tion-dependent. It is well known that iron is involved in

some crucial metabolic pathways in the cell such as DNA

synthesis or oxygen transport (Mladenka et al., 2006). We

suggest that at high concentrations of the chelator, not only

free iron, but also the iron bound to macromolecules might

be depleted and cellular apoptosis initiated. Possible differ-

ences between various cell types also have to be considered

when extrapolating the data collected from the A549 cells to

non-cancerous cells, for example, cardiomyocytes. Never-

theless, we suggest that the mechanisms by which the

compounds (doxorubicin and bleomycin vs H2O2) induce

oxidative stress, and the way in which this can be prevented,

may not be cell-type dependent. Moreover, our data offer

a reasonable argument to support this statement, as the two

iron chelators that had been previously shown to protect

cardiac cells against doxorubicin toxicity (dexrazoxane,

monoHER) also prevented the doxorubicin-induced oxida-

tive damage and increased the cell survival of the A549 cells

in the present study.

In conclusion, using A549 cells we established that the

mechanism by which doxorubicin and bleomycin induce

oxidative stress to the cells is not iron-mediated (i.e. Fenton

reaction-dependent). We have clearly shown that the ability

to chelate iron, as such, is not the sole determinant of an

effective protective compound. Further, the effect of iron

chelation on the antiproliferative activity of doxorubicin

and bleomycin is only minor. These findings will have

influence the direction in which new protective agents

should be developed.
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