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Potent Antitumor Activity of Novel Iron Chelators Derived from
Di-2-Pyridylketone Isonicotinoyl Hydrazone Involves
Fenton-Derived Free Radical Generation
Timothy B. Chaston, Ralph N. Watts, Jun Yuan,
and Des R. Richardson
Children’s Cancer Institute Australia for Medical Research, Iron
Metabolism and Chelation Program, Sydney, New South Wales,
Australia

ABSTRACT
Purpose: The development of novel and potent iron
chelators as clinically useful antitumor agents is an area of
active interest. Antiproliferative activity of chelators often
relates to iron deprivation or stimulation of iron-dependent
free radical damage. Recently, we showed that novel iron
chelators of the di-2-pyridylketone isonicotinoyl hydrazone
(PKIH) class have potent and selective antineoplastic activity (E. Becker, et al., Br. J. Pharmacol., 138: 819 –30, 2003).
In this study, we assessed the effects of the PKIH analogues
on the redox activity of iron in terms of understanding their
antitumor activity.
Experimental Design: We tested the PKIH analogues
for their ability to promote iron-mediated ascorbate oxidation, benzoate hydroxylation, and plasmid degradation.
Subsequent experiments assessed their ability to bind DNA,
inhibit topoisomerase I, and cause DNA damage. To measure intracellular reactive oxygen species, we used the redoxsensitive probe, 2ⴕ,7ⴕ-dichloro-fluorescein-diacetate, to
measure intracellular PKIH-dependent redox activity.
Results: The PKIH analogues had relatively little effect
on ascorbate oxidation in the presence of Fe(III) but stimulated benzoate hydroxylation and plasmid DNA degradation
in the presence of Fe(II) and H2O2. These ligands could not
inhibit DNA topoisomerase I or cause DNA damage in intact
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cells. PKIH markedly increased the intracellular generation
of reactive oxygen species, and this was inhibited by catalase. This enzyme also decreased the antiproliferative effect
of PKIH, indicating H2O2 played a role in its cytotoxic
activity.
Conclusions: Our results suggest that the antiproliferative effects of these chelators relates to intracellular iron
chelation, followed by the stimulation of iron-mediated free
radical generation via the so-formed iron complex.

INTRODUCTION
Some tumors, particularly neuroblastoma and leukemia,
are sensitive to iron deprivation (1–5). These rapidly proliferating cell types are known to have an increased requirement for
iron (1, 3). This is best reflected by their heightened expression
of the transferrin receptor 1 and increased iron uptake that
presumably accommodates the need for DNA synthesis and
other iron-dependent metabolic processes (3).
The growing body of literature concerning iron chelation as
a treatment for cancer illustrates the importance of iron in a
variety of crucial metabolic pathways and also the need for a
range of chelators to be characterized in this context (1–10).
These studies have also attempted to define the mechanisms
behind the selective inhibition of tumor cell proliferation by iron
chelators. Historically, the clinically used chelator, desferrioxamine, and a variety of ␣-N-heterocyclic carboxaldehyde thiosemicarbazone chelators have dominated this field (4 –7). In
large part, this is due to their ability to inhibit ribonucleotide
reductase (6 –10), an iron-containing enzyme that catalyzes the
rate-limiting step of DNA synthesis (11).
Unfortunately, the effectiveness of desferrioxamine is
greatly hindered by a range of disadvantages, including a short
plasma half-life, poor membrane permeability, and the requirement for long s.c. infusion (12 to 24 hours per day, five to six
times per week; ref. 3). In an effort to target ribonucleotide
reductase, a range of ␣-N-heterocyclic carboxaldehyde thiosemicarbazones have been identified that can deprive the R2
subunit of iron and thus destabilize the critical tyrosyl radical
that is required for ribonucleotide reductase activity (6, 7).
Interestingly, one of the most recent products of ␣-N-heterocyclic carboxaldehyde thiosemicarbazone development, namely
3-amino-2-pyridyl carboxaldehyde thiosemicarbazone (Triapine; ref. 12), was shown to have selective antiproliferative
activity but poor iron chelation efficacy in vitro (13). This
finding has lead to the identification of other modes of antiproliferative activity of these chelators (13). These mechanisms of
action include the stimulation of iron-mediated free radical
generation and the localization of these radicals to vital biomolecules such as DNA (13).
Aroylhydrazone chelators such as the pyridoxal isonicotinoyl hydrazone analogue, 2-hydroxy-1-naphthaldehyde isonic-
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otinoyl hydrazone, can also inhibit ribonucleotide reductase (9,
13). This is thought to relate to their high chelation efficacy
because this class of chelators mobilize cellular iron and prevent
iron uptake from transferrin far more effectively than desferrioxamine or Triapine (13, 14). Recently, a series of chelators
known as the 2-pyridylcarboxaldehyde isonicotinoyl hydrazone
analogues were developed (15). These ligands have high chelation efficacy and low toxicity in vitro and have potential for the
treatment of iron overload diseases such as ␤-thalassaemia (15).
To increase the understanding of the relationship between structure and antiproliferative activity of chelators, a series of aroylhydrazone chelators known as the di-2-pyridylketone isonicotinoyl hydrazone analogues (Fig. 1) were designed based on
2-pyridylcarboxaldehyde isonicotinoyl hydrazone (16). A number of these ligands show high iron chelation efficacy in terms
of increasing iron mobilization from cells and preventing iron
uptake from transferrin and also have potent and selective
antitumor activity in vitro (16). These studies demonstrate that
the replacement of the 2-pyridylcarboxaldehyde moiety (2-pyridylcarboxaldehyde isonicotinoyl hydrazone) with a more lipophilic di-2-pyridylketone moiety (di-2-pyridylketone isonicotinoyl hydrazone) results in much greater antiproliferative
activity (16).
In the present study, the redox activity of iron in the
presence of the di-2-pyridylketone isonicotinoyl hydrazone series of chelators was measured using a variety of assays. These
studies were considered crucial as the iron complexes of the
di-2-pyridylketone isonicotinoyl hydrazone analogues showed
similar antiproliferative activity as the chelators (16). The results of this investigation demonstrated that the antiproliferative
activity of these chelators relate, in part, to their ability to
enhance the redox activity of cellular iron.

MATERIALS AND METHODS
Chelators. The six di-2-pyridylketone isonicotinoyl hydrazone analogues were synthesized using standard procedures
(16). Desferrioxamine was purchased from Novartis (Summit,
NJ).
Cell Culture. The human SK-N-MC neuroepithelioma
cell line was obtained from the American Type Culture Collection (Manassas, VA). These cells were used so that direct
comparison could be made to data presented in previous publications (10, 13, 15–17). The cells were grown as described
previously (14, 18).
Ascorbate Oxidation and Benzoate Hydroxylation
Assays. These assays were performed as detailed in refs. 17,
19, 20.
Plasmid DNA Degradation Assay. These experiments
were performed with standard procedures described previously
(17, 21, 22). Briefly, reagents were added to sterile microfuge
tubes in the following order: purified sterile water, chelator (1,
10, and 30 mol/L), FeSO4 (10 mol/L), H2O2 (1 mmol/L), and
plasmid DNA (pGEM-7Zf(⫹) (10 g/mL; Promega Corp.,
Madison, WI) to a final volume of 100 L (17, 21).
DNA-binding and Topoisomerase I Assays. The DNAbinding experiments were performed by standard methods (17).
Briefly, an appropriate absorbance peak was chosen from spectrophotometric wavelength scans of each chelator and its iron

Fig. 1 Structural formulae of EDTA, desferrioxamine (DFO), di-2-pyridylketone isonicotinoyl hydrazone (PKIH), di-2-pyridylketone thiophenecarboxyl hydrazone (PKTH), di-2-pyridylketone benzoyl hydrazone
(PKBH), di-2-pyridylketone m-bromobenzoyl hydrazone (PKBBH), di-2pyridylketone p-aminobenzoyl hydrazone (PKAH), and di-2-pyridylketone
p-hydroxybenzoyl hydrazone (PKHH).

complex. Herring sperm DNA Sigma (Chemicals, St. Louis,
MO) was added to the ligand, iron complex, or reference solutions, and changes in test compound absorbance were recorded
(17, 23). The well-characterized DNA intercalation agent, doxorubicin, was used as a positive control (17, 24, 25).
The topoisomerase I studies were performed as described
in Chaston and Richardson (17) to determine the ability of the
di-2-pyridylketone isonicotinoyl hydrazone analogues to bind
DNA. Intercalation of compounds results in the inhibition of
topoisomerase I activity that converts DNA from the supercoiled DNA to open circular DNA form (17, 26). In these
experiments, 40 L of assay buffer [50 mmol/L Tris-HCl, 0.01
mol/L EDTA, 50 mmol/L NaCl, 1 mmol/L DTT, and 20%
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glycerol (pH 7.5)] containing 5 g/mL pBR322 were added to
tubes on ice. Doxorubicin (0.1, 1, and 10 mol/L) or the ligands
(20, 40, and 60 mol/L) and topoisomerase I (1 unit; Promega
Corp.) were added to a total of 50 L (17).
DNA Precipitation Assay. This method was carried out
with standard methodology (17, 27).
Intracellular Reactive Oxygen Species Assay. Intracellular reactive oxygen species generation was measured with the
cell-permeable dye, 2⬘,7⬘-dichloro-fluorescein-diacetate (Sigma; refs. 28, 29). This compound readily diffuses into cells and
becomes highly fluorescent when oxidized by superoxide,
H2O2, or hydroxyl radicals (28, 29). Cellular fluorescence intensity is directly proportional to the level of intracellular reactive oxygen species (28, 29). SK-N-MC cells (1 ⫻ 105 cells per
well) were incubated with di-2-pyridylketone isonicotinoyl hydrazone (20, 40, or 60 mol/L) in the presence and absence of
ebselen (15 mol/L; Sigma), superoxide dismutase (SOD, 1000
units/mL; Sigma), or catalase (1000 units/mL; Sigma) for 24
hours or 50 mol/L H2O2 (positive control; refs. 28, 29) for 10
minutes at 37°C. The cells were then incubated with 2⬘,7⬘dichloro-fluorescein-diacetate (5 mol/L) for 20 minutes at
37°C, washed twice, and detached from the culture plates
(28, 29).
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide Proliferation Assay. Antiproliferative activity of
di-2-pyridylketone isonicotinoyl hydrazone was examined with
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (14, 30).
Statistics. Experimental data were compared using Student’s paired t test. Results were considered statistically significant when P ⬍ 0.05. Results are presented as the mean or
mean ⫾ SE of three to four separate experiments.

RESULTS
The Effect of Chelators on the Redox Cycling of Iron in
the Presence of Ascorbate. The ability of the chelator to
interact intracellularly with the physiologic reductant ascorbate
could play a marked effect on reactive oxygen species generation in cells. To determine the effect of chelators on redox
cycling of iron in the presence of ascorbate, the rate of ascorbate
oxidation was measured in the presence of the chelators and
Fe(III) (Fig. 2A). As positive and negative controls, we used
EDTA and desferrioxamine, respectively (13, 17, 19). EDTA
significantly (P ⬍ 0.00001) increased ascorbate oxidation to
294 and 302% of the control at an iron-binding equivalent ratio
of 1 and 3 but had little effect at an iron-binding equivalent of
0.1 (Fig. 2A). In contrast, desferrioxamine inhibited the reaction
to 78 and 9% of the control at iron-binding equivalent ratios of
1 and 3, respectively, whereas it had no significant effect at an
iron-binding equivalent of 0.1 (Fig. 2A). The chelators di-2pyridylketone thiophenecarboxyl hydrazone, di-2-pyridylketone
benzoyl hydrazone, and di-2-pyridylketone p-aminobenzoyl hydrazone inhibited ascorbate oxidation in a concentration-dependent manner to 26, 46, and 23% of the control, respectively, at
an iron-binding equivalent ratio of 3. Interestingly, di-2-pyridylketone p-hydroxybenzoyl hydrazone inhibited this reaction
to 56% at all tested iron-binding equivalent ratios, whereas
di-2-pyridylketone isonicotinoyl hydrazone and di-2-pyridylk-

Fig. 2 A. The effect of EDTA, desferrioxamine (DFO), and the di-2pyridylketone p-hydroxybenzoyl hydrazone (PKIH) analogues [PKIH,
di-2-pyridylketone thiophenecarboxyl hydrazone (PKTH), di-2-pyridylketone benzoyl hydrazone (PKBH), di-2-pyridylketone m-bromobenzoyl hydrazone (PKBBH), di-2-pyridylketone p-aminobenzoyl hydrazone (PKAH), and di-2-pyridylketone p-hydroxybenzoyl hydrazone
(PKHH)] on ascorbate oxidation (A) and the hydroxylation of benzoate
in the presence of Fe and hydrogen peroxide (B). A. Ascorbate oxidation
studies: chelators at iron-binding equivalent (IBE) ratios of 0.1, 1, and
3 were incubated at room temperature in the presence of iron (10
mol/L) and ascorbate (100 mol/L). The UV-Vis absorbance at 265
nm was recorded after 10 and 40 minutes and the difference between the
time points calculated. B. Benzoate hydroxylation studies: chelators at
IBE ratios of 0.1, 1, and 3 were incubated for 1 hour at room temperature
in the presence of Fe(II) (30 mol/L), hydrogen peroxide (5 mmol/L),
and benzoate (1 mmol/L). The fluorescence of hydroxylated benzoate
was measured at 308 nm excitation and 410 nm emission. Results are
mean ⫾ SE (four experiments).

etone m-bromobenzoyl hydrazone had no significant effect
on the rate of ascorbate oxidation under all conditions tested
(Fig. 2A).
The Effect of Chelators on the Fenton-dependent Hydroxylation of Benzoate. To assess the ability of chelators to
affect the redox cycling of iron in the presence of H2O2, the
chelators, iron (added as FeSO4) and H2O2, were incubated in
the presence of benzoate. The degree of benzoate hydroxylation
was determined by measuring the presence of the fluorescent
product, salicylate (Fig. 2B). Again, EDTA and desferrioxamine
acted as positive and negative controls, respectively (13, 17, 19).
EDTA stimulated benzoate hydroxylation to 202 and 260% of
the control at iron-binding equivalent ratios of 1 and 3, respectively, whereas desferrioxamine inhibited the reaction to 52% of
the control at iron-binding equivalent ratios of 1 and 3 (Fig. 2B).
In contrast to the ascorbate oxidation results, at an iron-binding
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equivalent ratio of 1, di-2-pyridylketone isonicotinoyl hydrazone, di-2-pyridylketone thiophenecarboxyl hydrazone, di-2pyridylketone benzoyl hydrazone, and di-2-pyridylketone mbromobenzoyl hydrazone significantly (P ⬍ 0.05) increased the
rate of benzoate hydroxylation to 122 to 126% of the control. At
an iron-binding equivalent ratio of 3, these latter chelators
significantly (P ⬍ 0.01) increased benzoate hydroxylation to
207, 209, 238, and 178% of the control, respectively (Fig. 2B).
In contrast, di-2-pyridylketone p-aminobenzoyl hydrazone and
di-2-pyridylketone p-hydroxybenzoyl hydrazone had no significant activity in this assay when present at iron-binding equivalent ratios of 1 and 3 (Fig. 2B). All of the di-2-pyridylketone
isonicotinoyl hydrazone analogues tested caused inhibition of
benzoate hydroxylation to between 68 and 91% when present at
an iron-binding equivalent of 0.1 (Fig. 2B). It is of interest to
note that di-2-pyridylketone p-aminobenzoyl hydrazone and di2-pyridylketone p-hydroxybenzoyl hydrazone caused significantly less (P ⬍ 0.05) redox activity than the other compounds
at all iron-binding equivalent ratios (Fig. 2B).
The Effect of the Chelators on Fenton-mediated Degradation of Plasmid DNA. The ability of the chelators to
affect Fenton-mediated single- and double-strand breaks in
plasmid DNA was assessed by incubating plasmid DNA in
the presence of the chelators, Fe(II) and H2O2 (10, 13, 17). A
single-strand break causes the conversion of supercoiled
DNA to the open circular form, whereas a double-stranded
break causes conversion of supercoiled DNA to the linear
DNA form (10, 13, 17). These three forms run at different
rates on agarose gels (Fig. 3, A and B; refs. 10, 13, 17). As a
control, plasmid treated with the restriction enzyme BamHI
was included, resulting in a single band of linear DNA (Fig.
3, A and B, Lane 2). Untreated plasmid DNA and plasmid
treated with H2O2 alone appeared on the gels predominately
as supercoiled DNA (Fig. 3, A and B, Lanes 3 and 4). When
supercoiled plasmid DNA was treated with Fe(II) and H2O2,
it was completely converted to linear and open circular DNA
(Fig. 3, A and B, Lane 5).
Desferrioxamine was not particularly protective of plasmid
DNA and was required at an iron-binding equivalent of 3 to
markedly prevent Fenton-mediated strand breaks (Fig. 3A, Lane
6, and Fig. 3B, Lanes 7 to 9). Paradoxically, EDTA was highly
protective of plasmid DNA when present at iron-binding equivalent ratios of 1 and 3 (Fig. 3A, Lane 7, and Fig. 3B, Lanes 10
to 12). All of the di-2-pyridylketone isonicotinoyl hydrazone
analogues markedly stimulated DNA degradation (Fig. 3A,
Lanes 9 to 20, and Fig. 3B, Lanes 13 to 18). Even at an
iron-binding equivalent of 0.1, very little plasmid DNA was
detectable in the presence of the di-2-pyridylketone isonicotinoyl hydrazone analogues (Fig. 3, A and B). Only smears of
degraded DNA could be seen in the presence of any of the
di-2-pyridylketone isonicotinoyl hydrazone chelators at ironbinding equivalent ratios of 1 and 3 (Fig. 3A, Lanes 9 to 20, and
Fig. 3B, Lanes 13 to 18).
Interactions of Chelators and Their Fe(II) Complexes
with DNA. The ability of chelators and Fe(II) complexes to
interact with DNA was determined through measurement
of DNA-dependent hypochromicity of the UV-Vis spectra of
the ligand and Fe(II) complex (Fig. 4A; refs. 17, 23, 31). That
is, hypochromicity (a decrease in UV-Vis absorbance) or

Fig. 3 A and B. The effect of desferrioxamine (DFO), EDTA, and the
di-2-pyridylketone p-hydroxybenzoyl hydrazone (PKIH) analogues
[PKIH, di-2-pyridylketone thiophenecarboxyl hydrazone (PKTH), di-2pyridylketone benzoyl hydrazone (PKBH), di-2-pyridylketone m-bromobenzoyl hydrazone (PKBBH), di-2-pyridylketone p-aminobenzoyl
hydrazone (PKAH), and di-2-pyridylketone p-hydroxybenzoyl hydrazone (PKHH)] on Fenton-mediated plasmid degradation. Chelators at
iron-binding equivalent (IBE) ratios of 0.1, 1, and 3 were incubated for
30 minutes in the presence of Fe(II) (10 mol/L), hydrogen peroxide (1
mmol/L), and plasmid DNA (10 g/mL). Samples were loaded onto an
agarose gel and electrophoresed for 1 hour at 90 V (see ref. 17 for
details). Densitometric analysis is shown below each gel and illustrates
the supercoiled (SC) DNA as a percentage of the total DNA. Results are
mean ⫾ SE (four experiments).

hyperchromicity (an increase in UV-Vis absorbance) upon
addition of DNA to the compound indicates an interaction
between these molecules (17, 23, 31). As an internal control, the potent intercalating agent and iron-binding ligand,
doxorubicin, was used (32) and became subject to 35.8%
hypochromicity as a free ligand and 25.0% after preincuba-
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Fig. 4 A. DNA-dependent hypochromicity of doxorubicin (DOX) and
the di-2-pyridylketone p-hydroxybenzoyl hydrazone (PKIH) analogues
[PKIH, di-2-pyridylketone thiophenecarboxyl hydrazone (PKTH), di-2pyridylketone benzoyl hydrazone (PKBH), di-2-pyridylketone m-bromobenzoyl hydrazone (PKBBH), di-2-pyridylketone p-aminobenzoyl hydrazone (PKAH), and di-2-pyridylketone p-hydroxybenzoyl hydrazone
(PKHH)] and their Fe(II) complexes. The effect of DOX, PKIH, PKTH,
PKBH, and PKBBH (B) and DOX, PKAH, and PKHH (C) on the activity
of DNA topoisomerase I. A. Hypochromicity studies: the ability of the
chelators and their Fe(II) complexes to bind DNA was determined through
measurement of the DNA-mediated hypochromicity of ligand and Fe(II)
complex spectra. An appropriate absorbance peak was chosen from spectrophotometric wavelength scans of each chelator and its iron complex.
Concentrations of test compounds were then adjusted so that peak absorbance intensities were ⬍1 (see ref. 17 for details). Data are expressed as the
percentage decrease in peak absorbance intensity upon addition of DNA.
Results are mean ⫾ SE (four experiments). B and C. Topoisomerase I
studies: DNA topoisomerase I (1 unit), pBR322 plasmid DNA (5 g/mL),
and the chelators (20 to 60 mol/L) were incubated for 1 hour at 37°C.

tion of doxorubicin with a stoichiometric amount of Fe(II)
(Fig. 4A).
All of the di-2-pyridylketone isonicotinoyl hydrazone chelators showed very weak DNA-binding activity in the absence
of Fe(II), being subject to less than an 8.2% change in peak
UV-Vis absorbance intensity upon addition of DNA (Fig. 4A).
Interestingly, the iron complexes of these chelators varied
widely in their abilities to bind DNA, varying between 0 and
15.4% change in peak absorbance intensity (Fig. 4A). The iron
complexes of di-2-pyridylketone thiophenecarboxyl hydrazone
and di-2-pyridylketone m-bromobenzoyl hydrazone were the
most avid binders of DNA as demonstrated by 10.2% hyperchromicity and 15.4% hypochromicity, respectively, in the presence of DNA (Fig. 4A). In contrast, weaker DNA-binding
activity was observed for the Fe(II) complexes of di-2-pyridylketone benzoyl hydrazone, di-2-pyridylketone isonicotinoyl hydrazone, di-2-pyridylketone p-aminobenzoyl hydrazone, and di2-pyridylketone p-hydroxybenzoyl hydrazone, as indicated by
changes in UV-Vis absorbance of 6.1, 3.8, 1.2, and 0%, respectively (Fig. 4A).
Inhibition of DNA Topoisomerase I by Chelators. The
ability of iron chelators to inhibit DNA topoisomerase I was
determined by incubating the enzyme, plasmid DNA, and the
ligand for 60 minutes at 37°C (Fig. 4, B and C). It should be
noted that iron complexes of the ligands were not examined
because of their marked ability to damage plasmid DNA (see
Fig. 3). The intercalating agent doxorubicin was used as a
positive control and was found to cause inhibition of enzyme
activity at 10 mol/L, resulting in the generation of more
supercoiled relative to open circular DNA (Fig. 4, B and C).
None of the di-2-pyridylketone isonicotinoyl hydrazone analogues could inhibit DNA topoisomerase I significantly at any
of the concentrations tested (20, 40, or 60 mol/L; Fig. 4, B and
C), thus confirming the weakness of DNA binding observed in
the hypochromicity experiments (see Fig. 4A).
The Effect of Chelators on the Alkaline Precipitation of
Intact Chromosomal DNA from SK-N-MC Neuroepithelioma Cells. The extent of DNA damage caused by chelators
was determined by DNA precipitation with the assay of Olive
(refs. 17, 27; Fig. 5A). Cells labeled with [3H]thymidine were
lysed under alkaline conditions, and intact genomic DNA was
precipitated by centrifugation. Incubation with the positive control, doxorubicin, at 1 and 10 mol/L significantly (P ⬍ 0.0001)
decreased DNA precipitation to 52 and 30% of the control
indicating direct DNA damage and/or inhibition of cellular
DNA repair mechanisms (Fig. 5A). Higher concentrations of
doxorubicin could not be used in this experiment because of its
marked antiproliferative activity. None of the di-2-pyridylketone isonicotinoyl hydrazone analogues had any significant
effect on the proportion of precipitable DNA at 20, 40, or 60
mol/L (Fig. 5A).

Samples were loaded onto an agarose gel and electrophoresed for 1 hour
(see ref. 17 for details). Densitometric analysis is shown below each gel
and illustrates the supercoiled (SC) DNA as a percentage of the total
DNA. Note that untreated in this figure denotes topoisomerase I-treated
plasmid but without the addition of chelator. Results are a typical
experiment from a total of six.
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Fig. 5 A. The effect of doxorubicin (DOX) and the di-2-pyridylketone
p-hydroxybenzoyl hydrazone (PKIH) analogues [PKIH, di-2-pyridylketone thiophenecarboxyl hydrazone (PKTH), di-2-pyridylketone benzoyl hydrazone (PKBH), di-2-pyridylketone m-bromobenzoyl hydrazone (PKBBH), di-2-pyridylketone p-aminobenzoyl hydrazone (PKAH),
and di-2-pyridylketone p-hydroxybenzoyl hydrazone (PKHH)] on the
proportion of precipitable DNA in SK-N-MC neuroepithelioma cells. B.
The effect of PKIH in the presence and absence of catalase on the levels
of intracellular reactive oxygen species. A. DNA precipitation studies:
SK-N-MC neuroepithelioma cells were labeled with [3H]thymidine (0.5
Ci/mL) for 24 hours at 37°C, washed, and then treated with DOX (10
mol/L) or the iron chelators (20, 40, and 60 mol/L) for 24 hours at
37°C. The cells were then lysed under alkaline conditions and intact
genomic DNA was precipitated by centrifugation (see ref. 17 for details). Results are expressed as a percentage of the DNA precipitation
found in control cells incubated with medium alone. Results are mean ⫾
SE (four experiments). B. Intracellular reactive oxygen species studies:
the effect of PKIH on the presence of intracellular reactive oxygen
species was measured with a flow cytometer with the fluorescent redox
probe 2⬘,7⬘-dichloro-fluorescein-diacetate. The SK-N-MC cells were
incubated with PKIH (20, 40, or 60 mol/L) in the presence or absence
of catalase (1000 units/mL) for 24 hours or 50 mol/L H2O2 (positive
control) for 10 minutes at 37°C. The cells were then incubated with
2⬘,7⬘-dichloro-fluorescein-diacetate (5 mol/L) for 20 minutes at 37°C,
washed twice, and detached from the culture plate. The fluorescence of
oxidized 2⬘,7⬘-dichloro-fluorescein-diacetate in cells was measured with
a flow cytometer. Data are expressed as a percentage of the control, i.e.,
cells incubated with media alone. Results are mean ⫾ SE (four experiments).

Increase of Intracellular Reactive Oxygen Species Generation after Incubation with Di-2-Pyridylketone Isonicotinoyl Hydrazone. The benzoate hydroxylation and plasmid
degradation assays indicate that the di-2-pyridylketone isonicotinoyl hydrazone analogues cause considerable stimulation of

Fenton chemistry in the presence of iron and H2O2 (Figs. 2B and
3). Considering this, it was important to examine the generation
of free radicals intracellularly after incubation with the chelator.
Intracellular reactive oxygen species were measured by flow
cytometry with the 2⬘,7⬘-dichloro-fluorescein-diacetate probe
that becomes fluorescent when oxidized by superoxide, H2O2,
or the hydroxyl radical (refs. 28, 29; Fig. 5B). Experiments were
then performed to determine whether the antioxidants superoxide dismutase (1000 units/mL), catalase (1000 units/mL), or
ebselen (15 mol/L) could modulate di-2-pyridylketone isonicotinoyl hydrazone-induced redox activity. These concentrations of antioxidants were used as they have shown to be
effective in previous investigations (18, 33, 34).
Incubation of SK-N-MC cells with di-2-pyridylketone
isonicotinoyl hydrazone (20, 40, or 60 mol/L) for 24 hours
significantly (P ⬍ 0.001) increased the levels of the fluorescent,
oxidized probe to 632 ⫾ 21, 707 ⫾ 25, and 738 ⫾ 43% of the
control, respectively (Fig. 5B). Interestingly, compared with
di-2-pyridylketone isonicotinoyl hydrazone alone, incubation of
cells with di-2-pyridylketone isonicotinoyl hydrazone (20, 40,
or 60 mol/L) and catalase (1000 units/mL) significantly (P ⬍
0.001) decreased fluorescence to 376 ⫾ 8, 429 ⫾ 38, and 417 ⫾
29% of the control, respectively (Fig. 5B). Incubation of cells
with catalase (1000 units/mL) alone for 24 hours did not significantly alter the level of fluorescence (133 ⫾ 43% of the
control) compared with cells incubated with media alone (the
control). These data suggested that incubation of cells with
di-2-pyridylketone isonicotinoyl hydrazone resulted in the generation of H2O2, and this could be reduced by catalase. For
comparison to these results, a 10-minute incubation of cells with
the positive control, H2O2 (50 mol/L), increased fluorescence
to 1218 ⫾ 65% of the control (Fig. 5B), whereas incubation of
cells with catalase (1000 units/mL) and H2O2 (50 mol/L)
markedly decreased fluorescence (175 ⫾ 20%; Fig. 5B). Interestingly, co-incubation of di-2-pyridylketone isonicotinoyl hydrazone (20, 40, or 60 mol/L) with ebselen (15 mol/L) or
SOD (1000 units/mL) could not significantly prevent di-2pyridylketone isonicotinoyl hydrazone-dependent reactive oxygen species formation (data not shown).
The Effects of Ebselen, SOD, and Catalase on the Antiproliferative Activity of Di-2-Pyridylketone Isonicotinoyl
Hydrazone. Considering the results above, it can be suggested that the di-2-pyridylketone isonicotinoyl hydrazone analogues, in part, mediate their antiproliferative effects by enhancing iron-dependent reactive oxygen species generation. To
confirm this, the antioxidants, ebselen (15 mol/L), SOD (1000
units/mL), or catalase (1000 units/mL) alone or in combination
were tested for their abilities to decrease the antiproliferative
activity of di-2-pyridylketone isonicotinoyl hydrazone (Fig. 6).
Ebselen was not significantly protective against the antiproliferative effects of di-2-pyridylketone isonicotinoyl hydrazone,
whereas SOD slightly enhanced antiproliferative activity in the
presence of di-2-pyridylketone isonicotinoyl hydrazone at ligand concentrations greater than 30 mol/L (Fig. 6A). In contrast, catalase markedly and significantly (P ⬍ 0.001) decreased
the antiproliferative activity of di-2-pyridylketone isonicotinoyl
hydrazone from an IC50 of 0.5 to 7.1 mol/L (Fig. 6A).
Co-incubation of cells with di-2-pyridylketone isonicotinoyl hydrazone, ebselen, and SOD had no significant effect
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Fig. 6 The effects of antioxidants ebselen, SOD, and catalase (A) and the combinations of these antioxidants (B) on the antiproliferative activity of
di-2-pyridylketone p-hydroxybenzoyl hydrazone (PKIH). The SK-N-MC neuroepithelioma cells were allowed to grow overnight, and the treatments
were then added in 100 L of complete medium containing diferric transferrin (1.25 mol/L; iron ⫽ 2.5 mol/L). The cells were then incubated with
either (A) PKIH (0.23 to 60 mol/L); PKIH (0.23 to 60 mol/L) and ebselen (15 mol/L); PKIH (0.23 to 60 mol/L) and SOD (1000 units/mL);
and PKIH (0.23 to 60 mol/L) and catalase (1000 units/mL). B, PKIH (0.23 to 60 mol/L), ebselen (15 mol/L) and SOD (1000 units/mL); PKIH
(0.23 to 60 mol/L), ebselen (15 mol/L), and catalase (1000 units/mL); PKIH (0.23– 60 mol/L), SOD (1000 units/mL), and catalase (1000
units/mL); PKIH (0.23 to 60 mol/L), ebselen (15 mol/L), SOD (1000 units/mL), and catalase (1000 units/mL). Control samples contained complete
medium and diferric transferrin (1.25 mol/L). Cells were incubated with treatments for 72 hours at 37°C and cellular proliferation then determined
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide proliferation assay (see refs. 14, 30). Data are expressed as cell proliferation
(percentage of control). Results and mean ⫾ SE (four experiments).

compared with di-2-pyridylketone isonicotinoyl hydrazone
alone (Fig. 6B). In contrast, the combination of di-2-pyridylketone isonicotinoyl hydrazone, ebselen, and catalase had a similar effect as catalase alone, decreasing the antiproliferative
activity of di-2-pyridylketone isonicotinoyl hydrazone from an
IC50 of 0.5 to 6.6 mol/L. Cotreatment of cells with di-2pyridylketone isonicotinoyl hydrazone, SOD, and catalase gave
an IC50 value of 5.7 mol/L, but at higher concentrations of
di-2-pyridylketone isonicotinoyl hydrazone, the antioxidants
had no significant effect when compared with di-2-pyridylketone isonicotinoyl hydrazone alone (Fig. 6B). When all three
antioxidants were combined with di-2-pyridylketone isonicotinoyl hydrazone, they partially inhibited its antiproliferative activity, increasing the IC50 to 5.3 mol/L, whereas at higher
chelator concentrations the presence of antioxidants resulted in
no significant difference to di-2-pyridylketone isonicotinoyl hydrazone alone (Fig. 6B).

DISCUSSION
The use of iron chelators as clinical agents against cancer
is an area of growing interest (1–7, 9, 10, 12–14, 16, 35, 36).
Pivotal to the design of new iron chelators is a focus on structure-activity relationships (13, 14). Previously, the di-2-pyridylketone isonicotinoyl hydrazone analogues were identified as
ligands with potent and selective antineoplastic activity that can
induce the expression of molecules involved in cell cycle arrest,
such as p21cip1/waf1 and GADD45 (16). This latter study also

showed that these chelators have high chelation efficacy, indicating a potential mechanism of antitumor activity (16). Indeed,
the di-2-pyridylketone isonicotinoyl hydrazone chelators with
greatest antiproliferative activity effectively entered cells, bound
iron, and induced iron mobilization and prevented iron uptake
from transferrin (16). In the present study, we have identified
another additional mechanism of cytotoxic activity by showing
that once the di-2-pyridylketone isonicotinoyl hydrazone analogues bind iron they promote the production of Fenton-derived
radicals.
Interestingly, we showed that the iron complexes of the
di-2-pyridylketone isonicotinoyl hydrazone analogues demonstrate the same antiproliferative activity as their free ligands
(16). This observation suggested that the iron complex itself
could contribute to the antitumor activity observed after incubation of cells with the chelator. Moreover, we demonstrated
these compounds formed stable ferrous iron complexes that are
potentially redox active (22). Therefore, it was relevant to
measure the effects of ligands on the redox cycling of iron
(added as FeCl3) in the presence of the physiologically relevant
reducing agent ascorbate. The di-2-pyridylketone isonicotinoyl
hydrazone analogues varied in their abilities to inhibit redox
cycling of iron in the presence of ascorbate (Fig. 2A), reflecting
the effects of each of the aromatic R groups adjacent to the
carbonyl oxygen (Fig. 1). However, none of these chelators
were capable of markedly stimulating ascorbate oxidation.
To additionally characterize the redox activity of the iron
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complexes, a number of other assays were then implemented.
The four most cytotoxic di-2-pyridylketone isonicotinoyl hydrazone analogues (namely di-2-pyridylketone isonicotinoyl hydrazone, di-2-pyridylketone thiophenecarboxyl hydrazone, di-2pyridylketone benzoyl hydrazone and di-2-pyridylketone
m-bromobenzoyl hydrazone; ref. 16) significantly (P ⬍ 0.05)
increased the rate of benzoate hydroxylation when present at
iron-binding equivalent ratios of 1 and 3 (Fig. 2B). This observation provides evidence of a potential mechanism of antiproliferative activity for these chelators and is strengthened by the
lack of activity observed for the far less cytotoxic chelators,
di-2-pyridylketone p-aminobenzoyl hydrazone and di-2-pyridylketone p-hydroxybenzoyl hydrazone (ref. 16; Fig. 2B).
Again, the differences observed between the di-2-pyridylketone
isonicotinoyl hydrazone chelators must relate in part to the
electronic influence of the aromatic R group adjacent to the
carbonyl oxygen (Fig. 1).
Considering the benzoate hydroxylation data, a more sensitive measure of the ability of the chelator to effect hydroxyl
radical production was then used, namely the plasmid degradation assay (10, 13, 17). The greater sensitivity of this latter
technique is due to the fact that only one phosphodiester bond in
plasmid DNA needs to be hydroxylated in order for it to be
converted to the open circular form. However, comparison of
the activity of EDTA in the benzoate hydroxylation and plasmid
degradation assays demonstrates a fundamental difference between the two methods. EDTA is highly protective of plasmid
DNA (Fig. 3), despite its facilitation of redox cycling in both
ascorbate oxidation (Fig. 2A) and benzoate hydroxylation assays
(Fig. 2B). This can be explained by the ability of the EDTA-iron
complex to repel DNA (37), thus preventing proximity of the
highly reactive hydroxyl radical to the nucleic acid (37, 38). The
importance of this in interpreting our current results is additionally illustrated by the comparative lack of protection offered by
desferrioxamine, despite its ability to inhibit Fenton chemistry
(19, 21). The di-2-pyridylketone isonicotinoyl hydrazone analogues all caused marked plasmid DNA degradation in the
presence of H2O2 and iron (added as FeSO4) in an iron-binding
equivalent ratio-dependent manner (Fig. 3). This observation
indicated that these iron complexes promote Fenton chemistry
and cannot prevent the proximity of this reaction to DNA as
with EDTA.
Taken together, the results described above strongly suggest that the di-2-pyridylketone isonicotinoyl hydrazone class of
chelators promote the production of Fenton-derived radicals,
particularly when the ligands are present in excess of iron. This
conclusion is consistent with our recent electrochemical studies
showing that although the ferrous complexes of the di-2-pyridylketone isonicotinoyl hydrazone analogues are not easily oxidized in aerated solution, oxidation by water yields a highly
transient ferric complex that is subsequently protonated or reduced (22). Therefore, in the presence of H2O2, these iron
complexes can redox cycle by rapidly returning to the ferrous
state after being oxidized (22) but are maintained in the reduced
form by ascorbate. Clearly, the properties of the di-2-pyridylketone isonicotinoyl hydrazone analogues are quite different to
that of another cytotoxic chelator characterized in our lab,
namely 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone
(9, 10, 13, 14, 30, 35). This latter ligand binds Fe(III) tightly to

form a complex that is not markedly redox active, and unlike the
di-2-pyridylketone isonicotinoyl hydrazone-iron complex (16),
the 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone-iron
complex does not inhibit cellular proliferation (30). In fact, the
high antiproliferative activity of 2-hydroxy-1-naphthylaldehyde
isonicotinoyl hydrazone relates predominately from its ability to
induce marked intracellular iron depletion (13, 14, 30, 35)
The topoisomerase I inhibition assay was performed to
assess the significance of the weak DNA binding observed with
the hypochromicity assay (Fig. 4). This latter assay is only
sensitive to compounds that can bind DNA very strongly, most
commonly through intercalation (17, 26). None of the chelators
had any effect on the activity of topoisomerase I, indicating that
these ligands do not bind DNA strongly enough to inhibit
DNA-binding enzymes. Unlike the planar, fused ring structure
of doxorubicin (39), our recent X-ray crystal data shows that
neither the free di-2-pyridylketone isonicotinoyl hydrazone ligands nor their iron complexes exhibit coplanarity of aromatic
substituents (22). This lack of planarity of the chelators and
inability to strongly interact with DNA (Fig. 4A) may play a role
in their inability to inhibit topoisomerase I. However, as stated
previously, the topoisomerase I assay was not carried out in the
presence of iron complexes that may have inhibited the enzyme
by degrading DNA. Therefore, it was important to examine the
effects of the di-2-pyridylketone isonicotinoyl hydrazone analogues on DNA with intact cells where upon incubation with the
ligands iron complexes will form (Fig. 5A). Again, the chelators
had little ability to cause DNA damage in the alkaline precipitation assay, neither in confluent (Fig. 5A) nor rapidly proliferating cells (data not shown). Collectively, these results show
that the antiproliferative activity of the di-2-pyridylketone isonicotinoyl hydrazone analogues does not relate to a rapid induction of cellular DNA damage under our current incubation
conditions.
It is of interest to note that although the di-2-pyridylketone
isonicotinoyl hydrazone analogues did cause marked DNA degradation in the isolated plasmid assay (Fig. 3), there was no
marked induction of DNA damage in intact SK-N-MC cells
with the alkaline precipitation assay (Fig. 5A). These seemingly
paradoxical results could be explained by the fact that the
plasmid assay uses naked DNA, whereas in mammalian cells,
the DNA is probably protected by its compartmentalization in
the nucleus and by histone proteins that surround the molecule.
However, considering the relationship between lipophilicity and
antiproliferative activity shown previously (16) and the redox
activity observed in this study, it can be suggested that the
di-2-pyridylketone isonicotinoyl hydrazone analogues may associate with and cause oxidation of other important biological
molecules, e.g., lipids and/or proteins.
It was critical to examine the relevance of the chemical
properties of the di-2-pyridylketone isonicotinoyl hydrazone
analogues (22) of their ability to generate radicals intracellularly. To determine this, the cell permeable agent, 2⬘,7⬘-dichloro-fluorescein-diacetate, was examined as it is oxidized to
the highly fluorescent 2⬘,7⬘-dichloro-fluorescein-diacetate by
superoxide, H2O2 and hydroxyl radicals, providing a sensitive
measure of these species (28, 29). After incubation of cells with
di-2-pyridylketone isonicotinoyl hydrazone, the presence of the
fluorescent 2⬘,7⬘-dichloro-fluorescein-diacetate increased dra-
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matically (Fig. 5B). This result was markedly inhibited when
di-2-pyridylketone isonicotinoyl hydrazone was co-incubated
with catalase, demonstrating the role of H2O2 in this reaction
(Fig. 5B).
To better define the role of redox activity in the antiproliferative activity of di-2-pyridylketone isonicotinoyl hydrazone, experiments were performed in the presence of three
different antioxidants. These antioxidants included the cellpermeable glutathione peroxidase mimetic, ebselen (34), the
enzyme SOD that removes superoxide, and catalase, which
destroys H2O2. Neither ebselen nor SOD, alone or in combination, had any significant effect on the antiproliferative activity of
di-2-pyridylketone isonicotinoyl hydrazone (Fig. 6). In contrast,
catalase was protective to some extent against the antiproliferative effects of di-2-pyridylketone isonicotinoyl hydrazone, suggesting that H2O2 was involved in the effects of di-2-pyridylketone isonicotinoyl hydrazone (Fig. 6). Because catalase is a
protein, it is unlikely that it could easily gain intracellular
access. Hence, the effect of this antioxidant may be mediated
through its extracellular action. For instance, catalase may inhibit the detrimental effect of H2O2 generated by the redoxactive di-2-pyridylketone isonicotinoyl hydrazone iron complex
on the cell membrane. Alternatively, because H2O2 is diffusible
across cell membranes, the extracellular effect of catalase of
reducing the media concentration of H2O2 may be appreciable
enough to reduce the cytotoxic/cytostatic effects of this species.
These results using cells in culture support our studies in cellfree systems, demonstrating that di-2-pyridylketone isonicotinoyl hydrazone is redox active (this study and ref. 22) and
suggesting the biologically significant participation of di-2pyridylketone isonicotinoyl hydrazone in Fenton chemistry.
Interestingly, SOD could both reverse the protective effects
of catalase and cause some enhancement of the antiproliferative
effect of di-2-pyridylketone isonicotinoyl hydrazone at higher
concentrations (Fig. 6). This may be explained by an increase in
H2O2 levels in the presence of SOD. Indeed, SOD reacts with
superoxide to generate H2O2 that appears to be the cytotoxic
species in our studies. The lack of effect of ebselen (Fig. 6)
could be due to several possibilities. For instance, ebselen is a
relatively hydrophobic compound that may become localized to
the wrong cellular location (e.g., in membranes) so that it does
not effectively remove H2O2. Alternatively, because ebselen is
a low molecular weight species that is noncatalytic in nature,
there simply may not be sufficient concentrations in the correct
microenvironment to scavenge H2O2.
Our previous studies have shown that the di-2-pyridylketone isonicotinoyl hydrazone analogues show selective antiproliferative activity against neoplastic cells compared with
normal cells (16). From investigations examining the stability
constants of iron with the 2-pyridylcarboxaldehyde isonicotinoyl hydrazone ligands (40) that have the same coordination
sites as those in the di-2-pyridylketone isonicotinoyl hydrazone
group (Fig. 1), we can expect these latter chelators to bind Fe(II)
and Fe(III). However, our electrochemical investigations suggest the Fe(II) state is preferred (22). Because iron is probably
in equilibrium between the Fe(II) and Fe(III) oxidation states
within cells, the ability of the di-2-pyridylketone isonicotinoyl
hydrazone chelators to bind both is advantageous in terms of
depleting cells of iron.

Considering the structural similarities of the di-2-pyridylketone isonicotinoyl hydrazone analogues to other aroylhydrazone chelators, they are unlikely to remove iron directly
from the high-affinity transferrin-binding sites (41). The results of this investigation and our previous studies (16)
suggest that the antitumor activity of these ligands is derived
from their ability to intercept iron from sensitive pools such
as those used for DNA synthesis. These iron pools may be
more readily bound by the di-2-pyridylketone isonicotinoyl
hydrazone analogues in neoplastic cells than their normal
counterparts due to the high TfR1 expression and iron uptake
rate of the former (3). The subsequent generation of the
redox-active di-2-pyridylketone isonicotinoyl hydrazone-iron
complex may then act as an additional cytotoxic effector that
could then lead to further damage to neoplastic cells. Hence,
these chelators act by at least two mechanisms, namely,
binding iron from sensitive pools and the subsequent redox
activity of the iron complex leading to cytotoxicity. It should
be noted that we cannot exclude that the chelators may also
bind iron that is present in the extracellular medium at low
concentrations before entering cells. However, because the
di-2-pyridylketone isonicotinoyl hydrazone chelators can induce a marked net 59Fe efflux when added to cells prelabeled
with 59Fe (16) indicates that they are predominantly in the
iron-free state before entering cellular compartments.
In conclusion, the di-2-pyridylketone isonicotinoyl hydrazone analogues have antiproliferative activity that relates
to their iron chelation efficacy (16) and consequent inhibition
of ribonucleotide reductase and also to the redox chemistry of
their iron-complexes. This hypothesis is supported by the
observation that the iron complexes of these chelators demonstrate the same antiproliferative activity as their free ligands (16). Additionally, we showed that these chelators
form ferrous iron complexes that can be oxidized to a highly
unstable ferric complex (22). The consequent redox activity
is reflected in our results, which indicate that the iron complexes of the di-2-pyridylketone isonicotinoyl hydrazone series of chelators can enhance Fenton chemistry. However, the
resulting oxidative damage is not directed to DNA in vitro, at
least not under the conditions used in our experiments, and
additional studies examining other markers of oxidative damage in cells are warranted.
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