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Through systematic structure-activity studies of the 2-benzoylpyridine thiosemicarbazone (HBpT), 2-(3-
nitrobenzoyl)pyridine thiosemicarbazone (HNBpT) and dipyridylketone thiosemicarbazone (HDpT) series
of iron (Fe) chelators, we identified structural features necessary to form Fe complexes with potent anticancer
activity (J. Med. Chem. 2007, 50, 3716-3729). In this investigation, we generated the related 2-acetylpyridine
thiosemicarbazone (HApT) analogues to examine the influence of the methyl group at the imine carbon.
Four of the six HApT chelators had potent antitumor activity (IC50: 0.001-0.002 µM) and Fe chelation
efficacy that was similar to the most effective HBpT and HDpT ligands. The HApT Fe complexes had the
lowest FeIII/II redox potentials of any thiosemicarbazone series we have generated. This property, in
combination with their ability to effectively chelate cellular Fe, make the HApT series one of the most
potent antiproliferative agents developed by our group.

Introduction

Iron (Fe) chelators were originally designed for the treatment
of iron overload disease.1-3 However, more recently, a number
of studies have demonstrated that Fe chelators are an emerging
class of agents that show effective antitumor activity in vitro
andinvivoandcanovercomeresistancetostandardchemotherapy.4-10

In fact, the ability of chelators to overcome resistance and inhibit
tumor growth probably relates to their ability to affect multiple
molecular targets.11 These include the enzyme responsible for
the rate-limiting step of DNA synthesis, ribonucleotide
reductase,1,11-14 and molecules involved in cell cycle control
(e.g., cyclin D1, p21CIP1/WAF1)15-17 and the inhibition of me-
tastasis (i.e., N-myc downstream regulated gene-1).18

Initial interest in the development of chelators for cancer
treatment began with desferrioxamine (DFOa; Figure 1), the
“gold-standard” therapeutic for the treatment of iron overload
disease.1,2 However, DFO suffers numerous problems, including
low membrane permeability and short plasma half-life and thus
this drug needs to be subcutaneously infused for long periods

(12-24 h/day, 5-6 days/week).2 Chelators such as DFO inhibit
tumor growth, at least in part, by inducing whole body
Fe-depletion.1 Therefore, this is not an appropriate approach in
the treatment of cancer, as many patients suffer the anemia of
chronic disease. Thus, whole body Fe depletion would not be
appropriate.

More recently, investigations from our laboratories have led to
the development of the dipyridylketone thiosemicarbazone (HDpT;
Figure 1) class of chelators that demonstrate potent and selective
antitumor activity in vitro and in vivo.5,7,19,20 Studies using mouse
and human tumor xenograft models have shown that dipyridylke-
tone 4,4-dimethyl-3-thiosemicarbazone (HDp44mT; 0.4-0.75 mg/
kg) markedly inhibits tumor growth but does not induce whole
body Fe depletion at these doses.20 The mechanism of action of
these compounds in vivo appears to be due to the formation of an
intracellular redox-active Fe complex in tumors that generates
cytotoxic reactive oxygen species.5,19

Further assessment of the HDpT analogues led to the
examination of the role of aromatic substituents on the anti-
proliferative and redox activity of novel HDpT analogues,
namely the 2-benzoylpyridine thiosemicarbazone (HBpT) and
2-(3-nitrobenzoyl)pyridine thiosemicarbazone (HNBpT) ana-
logues7 (Figure 1). These latter ligands possess the same set of
(N,N,S) donor atoms as the HDpT analogues, but have different
noncoordinating substituents.7 Like the HDpT chelators, they
typically form 2:1 ligand:metal complexes with six-coordinate
metal ions. Both series exhibited selective antiproliferative
effects, with the majority having greater antineoplastic activity
than their HDpT homologues.7 This made the HBpT chelators
the most active anticancer agents developed in our laboratory.7

The HBpT series Fe complexes exhibited lower redox
potentials than their corresponding HDpT and HNBpT com-
plexes, highlighting their enhanced redox activity.7 The in-
creased ability of BpT-Fe complexes to catalyze ascorbate
oxidation and benzoate hydroxylation, relative to their HDpT
and HNBpT analogues, suggested that redox cycling played an
important role in their antiproliferative activity.7 It is significant
to note that redox cycling of the metal complex is only one

* To whom correspondence should be addressed. For D.R.R.: phone,
+61-2-9036-6548;fax,+61-2-9351-3429;E-mail,d.richardson@med.usyd.edu.au.
For P.V.B.: phone, +61-7-3365-4266; fax, +61-7-3365-4299; E-mail,
p.bernhardt@uq.edu.au.

† Department of Pathology and Bosch Institute, University of Sydney.
‡ Centre for Metals in Biology, School of Chemistry and Molecular

Biosciences, University of Queensland.
a Abbreviations: 3-AP, 3-aminopyridinecarbaldehyde thiosemicarbazone;

DFO, desferrioxamine B; DMF, dimethyl formamide; Fe2-Tf, diferric
transferrin; HAPBH, 2-acetylpyridine benzoyl hydrazone; HApT, 2-acetylpy-
ridine thiosemicarbazone; HAp4aT, 2-acetylpyridine 4-allyl-3-thiosemicar-
bazone; HAp4eT, 2-acetylpyridine 4-ethyl-3-thiosemicarbazone; HAp4mT,
2-acetylpyridine 4-methyl-3-thiosemicarbazone; HAp44mT, 2-acetylpyridine
4,4-dimethyl-3-thiosemicarbazone; HAp4pT, 2-acetylpyridine 4-phenyl-3-
thiosemicarbazone; HBPBH, 2-benzoylpyridine benzoyl hydrazone; HBpT,
2-benzoylpyridine thiosemicarbazone; HBp4eT, 2-benzoylpyridine 4-ethyl-
3-thiosemicarbazone; HDpT, dipyridylketone thiosemicarbazone; HDp44mT,
dipyridylketone 4,4-dimethyl-3-thiosemicarbazone; HNBpT, 2-(3-nitroben-
zoyl)pyridine thiosemicarbazone; H2NIH/311, 2-hydroxy-1-naphthaldehyde
isonicotinoyl hydrazone; H2PIH, pyridoxal isonicotinoyl hydrazone; HP-
KBH, dipyridylketone isonicotinoyl hydrazone; IBE, iron-binding equiva-
lent; L1, deferiprone; MeCN, acetonitrile; MLCT, metal to ligand charge
transfer; NHE, normal hydrogen electrode; RR, ribonucleotide reductase.

J. Med. Chem. 2009, 52, 1459–1470 1459

10.1021/jm801585u CCC: $40.75  2009 American Chemical Society
Published on Web 02/13/2009



mechanism by which these chelators induce antiproliferative
activity. In fact, other ligands such as 2-hydroxy-1-naphthyla-
ldehyde isonicotinoyl hydrazone (311) induce their antiprolif-
erative effects via Fe depletion and this is also an effect of the
HDpT and HNBpT analogues.1,5,6,19

Thiosemicarbazones have a long history and broad spectrum
of biological efficacy21-26 that includes antimalarial,27-29

antimicrobial,30-35 and antitumor activity.36-47 However, the
link between the biological activity of thiosemicarbazones and
their Fe coordination chemistry has only emerged more recently
and we have focused on this particular aspect.5,7,19 The
thiosemicarbazone that has attracted most attention is 3-ami-
nopyridinecarbaldehyde thiosemicarbazone (3-AP; Figure 1),
which is currently undergoing phase II trials for the treatment
of a range of cancers.48-54

Considering our results with the HDpT and HBpT analogues,7

together with the fact that the structurally similar and clinically
trialed thiosemicarbazone Fe chelator 3-AP8,55 shows high
antiproliferative activity, further studies were implemented to
examine the effect of replacing the parent ketone of HDpT (di-
2-pyridylketone) with 2-acetylpyridine. The series of thiosemi-
carbazides used to prepare the corresponding 2-acetylpyridine
thiosemicarbazones (HApT; Figure 1) remained the same as that
implemented to prepare the HDpT, HBpT, and HNBpT groups
of Fe chelators.5,7 This enabled variations in activity due to N4
substituents to be separated from those due to the substituent
on the C-atom attached to the coordinated pyridine i.e., 2-pyridyl
(HDpT), phenyl (HBpT), 3-nitrophenyl (HNBpT), and now

methyl (HApT), by direct comparison of experiments done under
the same conditions.5,7 This approach has led to a very potent
series of compounds with high Fe chelation efficacy and
antiproliferative activity.

Results and Discussion

Syntheses and Spectroscopy. The HApT analogues were all
prepared by high yielding, straightforward Schiff base conden-
sation reactions leading to crystalline compounds that typically
did not require further purification.

Structural Characterization. The crystal structures of
HApT,56 2-acetylpyridine 4-methyl-3-thiosemicarbazone (HAp4-
mT),57 2-acetylpyridine 4-ethyl-3-thiosemicarbazone (HAp4-
eT),58 2-acetylpyridine 4-phenyl-3-thiosemicarbazone (HAp4-
pT)59 and 2-acetylpyridine 4,4-dimethyl-3-thiosemicarbazone
(HAp44mT)60 are known. Herein, we have determined the
structure of the remaining chelator from our series, namely
2-acetylpyridine 4-allyl-3-thiosemicarbazone (HAp4aT; Figure
2A), with the crystal data being presented in Table 1. The pairs
of donor atoms (N1/N2 and N2/S1) are each in an anti
orientation and the E isomeric form is observed. [The pyridyl
ring and thiosemicarbazone NHCS moiety are on opposite sides
of the C)N double bond.] All bond angles along the ligand
backbone are close to 120°. A proton was identified on N3 from
a difference electron density map during refinement. The C8-S1
bond (Table 2) is typical of a double bond, or in other words,
the thioamide tautomer is present. An intramolecular H-bond

Figure 1. Line drawings of existing and novel Fe chelators discussed herein.
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(N4-H · · ·N2 2.18 Å, 108.5°) is also noted. In some cases, such
as HAp44mT,60 a different conformation of the thiosemicar-
bazone is preferred, where the donor atoms N1, N2, and S1,
are all on the same side of the ligand backbone (the E (syn,syn)
isomer). In this conformation, the three donor atoms are readily
disposed to coordinate to a metal. Furthermore, in cases like

this, a different tautomeric form is observed where the labile
proton resides at N2 (formally the imine group) and not N3, as
is normally found in thiosemicarbazone compounds and indeed
for HAp4aT (Figure 2A).

Considering bond length variations, the bonding within this
tautomeric form may be rationalized by the three dipolar
resonance forms shown in Figure 3B. By contrast, the more
conventional thioamide form (Figure 3A) is simply represented
by a single localized structure. The origin of these different
tautomeric forms lies in the absence of a proton on N4 in the
structure of HAp44mT, so no H-bonding of the kind illustrated
in Figure 3A can take place. The imine N2 atom is evidently
strongly nucleophilic and, in the absence of H-bonding with
N4, captures a proton from N3, and the cis, cis conformation
(Figure 3B) is observed. Indeed, all other structurally character-
ized HApT analogues in the literature, where N4 lacks a proton,
exhibit this dipolar tautomeric form.58,61-63

However, the electronic influence of the methyl group
attached to C6 is crucial in dictating the conformation and
tautomeric form. Thiosemicarbazones derived from di-2-pyridyl
ketone64 and 2-benzoyl ketone,65 where N4 is disubstituted, are
found in the Z isomeric form shown in Figure 3C, where N3 is
protonated and H-bonded to N1 in a completely different
conformation. It then emerges that the electron-donating influ-
ence of the methyl group attached to C6 plays a role in raising
the proton affinity of N2, while electron-withdrawing pyridyl
and phenyl groups favor the Z isomer. Similarly, the corre-
sponding 2-pyridineformamide thiosemicarbazones, where an
electron donating primary amino group is bonded to C6 instead
of a methyl group, always crystallize in the N2-protonated E(syn,
syn) form if N4 bears no protons.66,67

Figure 2. ORTEP views of (A) HAp4aT, (B) [Fe(Ap4eT)2]+ (ethyl
group disorder not shown), and (C) [Fe(Ap4mT)2]+ (30% probability
ellipsoids shown).

Table 1. Crystal Data

HAp4aT [Fe(Ap4eT)2]ClO4 [Fe(Ap4mT)2]ClO4

formula C11H14N4S C20H26ClFeN8O4S2 C18H22ClFeN8O4S2

formula weight 234.32 597.91 569.86
crystal system triclinic monoclinic monoclinic
space group P1 (no. 2) P21/c (no. 14) P21/c (no. 14)
color colorless black black
a, Å 8.1372(7) 9.3038(5) 9.0780(6)
b, Å 8.6083(7) 13.8983(8) 13.4270(9)
c, Å 9.337(1) 20.5616(8) 19.860(1)
R, deg 76.842(8)
�, deg 83.203(8) 99.330(4) 100.023(7)
γ, deg 71.007(8)
V, Å3 601.5(1) 2623.6(2) 2383.8(3)
T, K 293 293 293
Z 2 4 4
R1 (obs data) 0.0382 0.0613 0.0443
wR2 (all data) 0.0813 0.1413 0.1168
GOF 0.881 0.854 0.995

Table 2. Selected Bond Lengths (Å) and Angles (deg)

[Fe(Ap4eT)2]ClO4
a [Fe(Ap4mT)2]ClO4

a

HAp4aT ligand a ligand b ligand a ligand b

C8-S1 1.667(2) 1.755(6) 1.762(6) 1.753(3) 1.753(3)
C8-N3 1.365(2) 1.309(7) 1.304(7) 1.318(4) 1.318(4)
C8-N4 1.325(2) 1.334(7) 1.38(1) 1.337(4) 1.337(4)
N2-N3 1.362(2) 1.375(6) 1.378(6) 1.382(4) 1.382(4)
C6-N2 1.283(2) 1.297(7) 1.302(7) 1.311(4) 1.311(4)
Fe-N1 1.998(5) 1.982(5) 1.984(2) 1.984(2)
Fe-N2 1.914(4) 1.916(4) 1.924(2) 1.924(2)
Fe-S1 2.223(2) 2.215(2) 2.221(1) 2.221(1)
S1-Fe-N1 163.4(1) 163.6(1) 163.31(8) 163.31(8)
S1-Fe-N2 84.7(2) 84.87(8) 84.87(8) 84.87(8)
N1-Fe-N2 80.4(2) 80.2(2) 80.2(1) 80.2(1)
S1a-Fe-S1b 97.86(7) 98.29(4)
N2a-Fe-N2b 176.0(2) 177.0(1)

a The two columns of data refer to ligands a and b, respectively, i.e.,
C8a-S1a and C8b-S1b.
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The solution structures of thiosemicarbazones are solvent-
dependent, and different isomeric (E or Z) forms may coexist
in solution on the NMR time scale. It is known that strongly
H-bonding solvents tend to favor a single isomeric form, as
intramolecular H-bonding of the types shown in Figure 3
become less competitive than H-bonding with the solvent. In
nonpolar solvents, multiple forms are often identified. In the
present series of six thiosemicarbazones, HAp44mT is unique
in exhibiting three sets of NMR resonances in DMSO-d6,
putatively from the E(syn, syn), E(anti, anti), and Z forms
(Figure 3), while all other compounds reported here give a single
set of resonances consistent with the E(anti, anti) isomer.

The crystal structures of the ferric complexes, [Fe(Ap-
4eT)2]ClO4 and [Fe(Ap4mT)2]ClO4, were also determined
(Figure 2B,C). In both cases, the complex cation has ap-
proximate (but not crystallographic) 2-fold symmetry. Each
ligand binds as a monoanionic N,N,S chelator in a meridional
fashion, leading to an approximately orthogonal arrangement
of the two ligands. As a consequence of deprotonation, the
C8n-S1n bonds (formally double bonds in the free ligand)
lengthen (Table 2), while the C8n-N3n bonds shorten; con-
sistent with a dominantly ene-thiolate (-NdC-S-) resonance
form of the coordinated ligand (top left structure in Figure 3B).
It is important that a lengthening of C8n-S1n and shortening
of C8n-N3n in the complex is much greater than that seen in
the zwitterionic free ligand, HAp44mT, where the C8-S1 and
C8-N3 bonds were of intermediate bond order (between single
and double bonds).60

The coordinate bonds are consistent with low spin FeIII pyridyl
thiosemicarbazone complexes14,65 and is in contrast to the much
longer coordinate bonds found in the high spin FeIII complexes
of aroylhydrazones such as 2-hydroxy-1-naphthaldehyde isoni-
cotinoyl hydrazone (H2NIH/311)68 and pyridoxal isonicotinoyl

hydrazone (H2PIH).69,70 This highlights the key influence of the
S- and N-donor atoms of the thiosemicarbazones on their Fe
coordination chemistry relative to the O,N,O donor set of H2NIH
and H2PIH. The Fe-N and Fe-S bond lengths are also quite
similar to those determined for the low spin FeII complex,
Fe(NBp4eT)2,

7 where the FeII-N1 and FeII-N2 bonds are
∼0.02-0.03 Å shorter than those found in ferric [Fe(Ap4-
mT)2]ClO4, while the FeII-S bonds are about ∼0.06 Å longer.

Electrochemistry. As our recent studies have shown that the
redox activity of an Fe complex is associated with cytotoxicity
of the chelator and thus its biological activity,5,7 it was important
to study the electrochemistry of the HApT Fe complexes. All
compounds exhibited totally reversible FeIII/II couples in MeCN/
H2O (70:30). This solvent mixture was necessary due to the
limited aqueous solubility of the complexes. The same volta-
mmograms were obtained regardless of whether the FeII or FeIII

complex was employed, as expected for a facile, reversible,
single electron redox process. The redox potentials are collated
in Table 3.

The cathodic shift in the FeIII/II redox potentials of the HApT
complexes in comparison to their corresponding HBpT, HDpT,
and HNBpT Fe complexes is apparent from Figure 4 and Table
3. As an example, the voltammogram of [Fe(Ap4mT)2]+/0 is
shown in Figure 4 in comparison with data from [Fe-
(Dp4mT)2]+/0, [Fe(Bp4mT)]+/0, and [Fe(NBp4mT)]+/0.

It is significant to note that the HApT series Fe complexes
have the lowest FeIII/II redox potentials of any thiosemicarbazone
series studied by our group to date and this may have significant
implications on their biological activity. These FeIII/II redox
potentials lie within a range accessible to both cellular oxidants
and reductants (see below), and both the ferric and ferrous forms
are chemically stable. Remembering that all four complexes in
Figure 4 have identical substituents at N4 (a single methyl
group), the differences in redox potential are only due to
variations in the substituent on the C6 atom (using the
numbering scheme from the crystal structures in Figure 2). The
inductive effects of these groups span the range from electron-

Figure 3. Different isomeric and tautomeric forms of pyridine
thiosemicarbazones: (A) E(anti, anti), N3-protonated form, (B) E(syn,
syn), N2-protonated form, and (C) the Z isomeric (N3-protonated) form.

Table 3. FeIII/II Redox Potentials (mV Vs NHE) of the [Fe(ApT)]+

Analogues in MeCN:H2O (7:3) in Comparison with Data Reported for
the HDpT, HBpT, and HNBpT Fe Complexes5,7

Fe complex Eo (mV Vs NHE)

[Fe(ApT)2]+/0 +20
[Fe(Ap4mT)2]+/0 -3
[Fe(Ap44mT)2]+/0 +49
[Fe(Ap4eT)2]+/0 +23
[Fe(Ap4aT)2]+/0 +98
[Fe(Ap4pT)2]+/0 +63

[Fe(BpT)2]+/0 +120
[Fe(Bp4mT)2]+/0 +108
[Fe(Bp44mT)2]+/0 +119
[Fe(Bp4eT)2]+/0 +99
[Fe(Bp4aT)2]+/0 +117
[Fe(Bp4pT)2]+/0 +180

[Fe(DpT)2]+/0 +165
[Fe(Dp4mT)2]+/0 +153
[Fe(Dp44mT)2]+/0 +166
[Fe(Dp4eT)2]+/0 +173
[Fe(Dp4aT)2]+/0 +170
[Fe(Dp4pT)2]+/0 +225

[Fe(NBpT)2]+/0 +189
[Fe(NBp4mT)2]+/0 +185
[Fe(NBp44mT)2]+/0 unstable
[Fe(NBp4eT)2]+/0 +170
[Fe(NBp4aT)2]+/0 +187
[Fe(NBp4pT)2]+/0 +249
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donating (methyl) through to strongly electron-withdrawing (3-
nitrophenyl), and their influence on the FeIII/II redox potentials
are consistent with this. The shift in FeIII/II redox potential
observed by varying the C6 substituent from methyl to 3-ni-
trophenyl (ca. 170 mV) outweigh those of variations in the N4
substituent (from methyl to phenyl spanning a range of ca. 60
mV). The greater sensitivity of the redox potential to the effect
of the C6 substituent no doubt relates to its closer proximity to
the metal than the N4 group.

Similar inductive effects on FeIII/II redox potentials were
previously observed in the complexes of the related hydrazone
analogues, 2-acetylpyridine benzoyl hydrazone (HAPBH; Figure
5), 2-benzoylpyridine benzoyl hydrazone (HBPBH; Figure 5),
and dipyridylketone benzoyl hydrazone (HPKBH; Figure 5).71

The main differences in comparison with the present thiosemi-
carbazone Fe complexes were due to the (N,N,O) donor set of
the hydrazones, which shifted the FeIII/II redox potentials to the
range +300 to +500 mV Vs NHE.71 This highlights the
importance of the terminal substituents adjacent to the coordi-
nating S- or O-donor with regards to the resulting Fe complex
redox potential.

Ascorbate Oxidation Assay. If a complex undergoes redox
cycling between its FeII and FeIII forms in oxygenated solution,
the formation of the superoxide radical as the single electron
reduction product of O2 is likely. Similarly, reaction between
FeII and H2O2 may lead to the production of hydroxyl radicals
(•OH) through so-called Fenton chemistry.72 In both cases, these
reactive oxygen species are potentially damaging to biomol-
ecules within the cell. In the present case, these processes may
play a role in the antitumor effects of the chelators through
formation of intracellular Fe complexes.5,7 It could be suggested
that the low potential ferrous HApT complexes will be more
rapidly oxidized than the corresponding HBpT, HDpT, and
HNBpT analogues. Conversely, it may be expected that the

ferric complexes of the HApT ligands will react more slowly
with intracellular reductants than the other higher potential
analogues. In other words, either half-reaction may be rate-
limiting and an optimal potential window will be expected where
both the oxidative and reductive half-reactions are rapid.

The ability of the complexes to be reduced by biologically
relevant molecules may be assessed in a chemical assay whereby
the Fe complexes are incubated with ascorbate in aerated
aqueous solution.5,73 Upon reduction of the ferric complexes
by ascorbate, aerial reoxidation sustains a catalytic ascorbate
oxidation cycle.

The ascorbate oxidation assay was performed at Fe-binding
equivalents (IBE) of 0.1, 1, and 3. At an IBE of 0.1, little effect
on ascorbate oxidation was noted, while similar results were
observed at IBEs of 1 and 3. For clarity, we have only presented
the results at an IBE of 3 (Figure 6), which represents an excess
of chelator to Fe (see Experimental Procedures) and was chosen
to better reflect the pharmacological excess of chelator to Fe
that would occur in vivo. Additionally, the well described
chelator, EDTA, was used as a positive control, which was
observed to increase ascorbate oxidation markedly (Figure 6),
in agreement with previous studies.73,74

The oxidative half-reaction (oxidation of ascorbate) should
be more rapid for complexes with higher FeIII/II redox potentials
(all other parameters being equal). The redox potential of the
two-electron ascorbate/dehydroascorbate couple at pH 7.2 is
+60 mV Vs NHE.75 This value is in the same range as the redox
potentials of the Fe complexes of the HApT analogues (Table
3), thus there is very little driving force for the reaction
compared with the higher potential Fe complexes of the HDpT
and HBpT analogues.

The ascorbate oxidation assay results of the Fe complexes
of the HApT, HDpT, and HBpT analogues (Figure 6) show an
interesting trend. The [Fe(BpT)2]+ analogues are the fastest
ascorbate oxidation catalysts, although their FeIII/II redox
potentials are intermediate of the [Fe(ApT)2]+ (lowest) and
[Fe(DpT)2]+ (highest) complexes.5,7 As discussed above, the
fact that [Fe(ApT)2]+ analogues are poorer ascorbate reduction
catalysts than the corresponding [Fe(BpT)2]+ complexes may
be ascribed to their slow reduction by ascorbate that is inhibited
by their low FeIII/II redox potentials. Because the [Fe(BpT)2]+

complexes are better ascorbate oxidation catalysts than their
higher potential [Fe(DpT)2]+ analogues, this indicates that the
reductive half-reaction (i.e., FeII(DpT)2 + O2) is slow and rate-
limiting due to the higher potential Fe(DpT)2 complexes.

Figure 4. Cyclic voltammograms of [Fe(Ap4mT)2]+ (black), [Fe(Bp4-
mT)2]+ (red), [Fe(Dp4mT)2]+ (green), and [Fe(Bp4mT)2]+ (blue).
Experimental conditions were 1 mM concentrations of complex in
MeCN:H2O (70:30) and 0.1 M Bu4NClO4 using a sweep rate 100 mV
s-1. All sweeps were initiated in direction of the arrow.

Figure 5. Line drawings of the hydrazones HAPBH, HBPBH, and
HPKBH.

Figure 6. Oxidation of ascorbate by the Fe complexes of the HApT,
HBpT, and HDpT analogues compared to EDTA at an IBE of 3. In all
cases, the ferric [FeL2]+ complex is the active oxidant. Activity is shown
as a percentage relative to ferric citrate (no additional chelator present).
See Experimental Procedures for further details. Results are mean (
SD of three experiments.
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These results indicate that FeIII/II redox potentials of the
Fe(BpT)2 complexes lie within the optimal potential window
to catalyze the oxidation of ascorbate, where either half-reaction
is rapid. On the other hand, these data suggest that the FeIII/II

redox potentials of the Fe(ApT)2 and Fe(DpT)2 complexes
approach either end of this window and are not as efficient as
the Fe(BpT)2 complexes in the oxidation of ascorbate. Never-
theless, the moderate ability of most Fe(ApT)2 complexes to
oxidize ascorbate suggests that the generation of reactive oxygen
species may still play a role in their biological activity.

Anti-Proliferative Activity Against Tumor Cells: The
HApT Chelators. The ability of the HApT series to inhibit
cellular proliferation was assessed using SK-N-MC neuroepi-
thelioma cells (Table 4), as the effect of many series of Fe
chelators on their growth has been well characterized.15,19,20

These novel ligands were compared to a number of relevant
positive controls. These included DFO, which is used for the
treatment of Fe overload,2,3 and the well-described hydrazone,
H2NIH (311), which has moderate antiproliferative efficacy.15,68

In addition, results were compared to two of the most active
antiproliferative agents from the HBpT and HDpT series, namely
HBp4eT and HDp44mT.5,7

This study identified four of the six HApT series of chelators
(i.e., HAp44mT, HAp4eT, HAp4aT, and HAp4pT) as having
potent antiproliferative activity (IC50: 0.001-0.002 µM) that was
similar to that observed with HBp4eT and HDp44mT and
significantly (p < 0.001) greater than DFO or H2NIH (Table
4). The parent analogue, HApT, was the least effective of the
series, having an IC50 of 3.53 µM, which was still significantly
(p < 0.01) more effective than DFO but less active than H2NIH
(Table 4). Of interest, the corresponding parent analogues of
the HBpT, HDpT, and HNBpT series were also the least
effective of their group, having similar IC50 values as HApT,
namely 3.52-4.66 µM.7 This could be related to the fact that
these analogues, in each case, represent the most hydrophilic
compounds of the relevant series. The ligand, HAp4mT, showed
activity intermediate between HApT and the other four com-
pounds in its series, having an IC50 of 0.011 µM (Table 4).
Again, analogous compounds of the HDpT and HNBpT series
(namely HDp4mT and HNBp4mT),6,19 were also not highly
effective, suggesting this substitution leads to nonoptimal
efficacy.

The octanol:water partition coefficients of the six HApT free
ligands are also listed in Table 4. There is an apparent optimal
logP value between 1.5 and 2 for antiproliferative activity, while
more hydrophilic or more hydrophobic compounds are not as
potent. We have noted a similar correlation before.5,7 The likely
reason is that the most hydrophilic compounds will have
difficulty crossing the cell membrane, while very hydrophobic
analogues may become entrapped within membranes through a
high affinity for the lipid environment.

Anti-Proliferative Activity Against Tumor Cells: The
Fe Complexes of the HApT Series. Previous studies have
illustrated that complexation of related aroylhydrazone76-78 and
thiosemicarbazone79 chelators with metal ions can result in
marked changes in their biological activity. Such experiments
address the question of whether the sole mode of action is due
to the ability of a chelator to bind Fe intracellularly or whether
other mechanisms are also relevant. To determine the effect of
complexation on the antiproliferative behavior of the HApT
series, their FeII and FeIII complexes were synthesized and the
antiproliferative activity was examined using SK-N-MC neu-
roepithelioma cells. In comparison with their free ligands, the
FeII and FeIII complexes of all HApT analogues demonstrated
significantly (p < 0.001) decreased antiproliferative activity
(Table 4). In fact, complexation resulted in a 14-290-fold
increase of the IC50 value.

Assessing the difference in IC50 values between the FeII and
FeIII complexes, the antiproliferative activity of each component
of the redox pair was the same within experimental uncertainty
except HAp4aT, where the IC50 of the FeIII complex was 6-fold
higher than that of the FeII complex (Table 4). It is notable that
all FeII complexes of the HApT analogues were prepared under
an inert atmosphere and they slowly oxidize to their ferric
complex in aerated aqueous solutions (conditions under which
our assays were performed). Electrochemistry has identified
significantly lower FeIII/II redox potentials of the HApT com-
plexes, relative to the corresponding Fe complexes from the
HDpT and HBpT series, which is consistent with the greater
air sensitivity of their FeII complexes that we observe. The
similarities between the biological activities of the FeII and FeIII

complexes of the HApT analogues suggests they each equilibrate
to the same ratio of FeIII and FeII species depending on the
intracellular potential.

It is notable that precomplexation with Fe did not totally
prevent antiproliferative activity of the five most potent HApT
series ligands (Table 4). This result was similar to data obtained
with the most potent chelators of the HBpT, HDpT, and HNBpT
series5,6 and probably can be explained by the fact that the Fe
complexes are cytotoxic, probably due to their redox activity.5,19

However, the fact that the Fe complexes are significantly less
cytotoxic than their corresponding chelators is interesting and
may be due to several possible factors. Precomplexation with
Fe inhibits the ability of the chelator to sequester intracellular
Fe that is crucial for cellular proliferation. Also, the Fe complex
(in its ferric form) may be less able to gain entry to the cell
than the smaller and charge neutral ligand on the basis of acid
dissociation constants determined earlier.5 For example, the
HDpT analogues are all charge neutral across a wide pH range
(ca. 4 < pH < 9) regardless of the N4 substituent.5 The ferric
complexes of these chelators will always bear a positive charge,
and this may impair their ability to cross the cell membrane.

Table 4. Inhibition of Proliferation of SK-N-MC Cells by the HApT Series of Chelators Compared to Relevant Positive Control Chelators after a 72 h
Incubationa

ligand (HL)
partition coefficient
of free ligand (logP) IC50 (µM) of free ligand IC50 (µM) of FeIIL2 complex IC50 (µM) of [FeIIIL2]ClO4 complex

DFO 7.35 ( 1.53
H2NIH (311) 0.50 ( 0.04
HDp44mT 2.19 0.002 ( 0.001
HBp4eT 4.01 0.003 ( 0.001
HApT 1.52 3.53 ( 0.60 >6.25 >6.25
HAp4mT 2.70 0.011 ( 0.001 0.15 ( 0.01 0.15 ( 0.03
HAp44mT 1.80 0.001 ( 0.001 0.04 ( 0.01 0.02 ( 0.01
HAp4eT 1.52 0.002 ( 0.001 0.05 ( 0.01 0.06 ( 0.04
HAp4aT 1.76 0.001 ( 0.001 0.05 ( 0.02 0.29 ( 0.04
HAp4pT 2.99 0.001 ( 0.001 0.08 ( 0.01 0.09 ( 0.01
a The results are mean ( SD (three experiments).
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The FeII complexes are, like the free ligand, charge neutral but
also susceptible to oxidation to their ferric analogue.

Cellular Fe Efflux. In an effort to understand the mechanisms
of action of the HApT series, initial experiments characterized
the ability of these chelators to mobilize intracellular 59Fe from
prelabeled SK-N-MC neuroepithelioma cells (Figure 7A). The
release of 59Fe mediated by these ligands was compared to that
of a number of positive controls, including DFO, H2PIH, and
HDp44mT (Figure 1), which have been characterized in
detail.15,19,80

Both H2PIH and HDp44mT showed high 59Fe mobilization
activity, releasing 37 ( 1% and 27 ( 2% of intracellular 59Fe
(Figure 7A), respectively, as shown previously.80-82 In com-
parison, the control (culture medium alone) mediated 4 ( 1%
of intracellular 59Fe release. In accordance with previous
studies,6,7 the clinically used chelator, DFO, demonstrated poor
59Fe mobilization efficacy, resulting in the release of only 13
( 1% of intracellular 59Fe (Figure 7A). All members of the
HApT series led to significant 59Fe mobilization activity,
resulting in the release of 33-42% of cellular 59Fe. The least
effective analogue was HAp4pT that released 33% of cellular
59Fe, with the remaining five HApT analogues showing very
similar activity, resulting in mobilization of 40-42% of cellular
59Fe (Figure 7A). These latter compounds were significantly (p
< 0.001) more effective than DFO or HDp44mT, while
HAp4pT (p < 0.001) was significantly more effective than DFO.
Interestingly, assessing previous series of chelators, the analo-
gous ligands to HAp4pT, namely HBp4pT, HNBp4pT, and

HDp4pT, all generally showed lower Fe mobilization activity
than most other analogues in their respective series. This
indicates some unfavorable factor with these analogues (e.g.,
lipophilicity etc.), suggesting this substituent should be avoided
in future ligand design. The chelator-mediated increase in
cellular 59Fe mobilization was not mediated by their cytotoxic
effects, as the cells remained viable within the short 3 h
incubation used.

Inhibition of Cellular 59Fe Uptake from 59Fe-Trans-
ferrin. The ability of the HApT series chelators to inhibit 59Fe
uptake from the serum Fe-binding protein, diferric transferrin
(Fe2-Tf), in SK-N-MC neuroepithelioma cells was also assessed
(Figure 7B). This is important, as inducing Fe-deprivation and
antiproliferative activity in culture involves both increasing
cellular Fe mobilization and preventing Fe uptake from Fe2-Tf
into the cell.15 As demonstrated in our previous studies,19,80

the positive controls, H2PIH and HDp44mT, were found to
effectively reduce 59Fe uptake to 11 ( 1% and 7 ( 1% of the
control, respectively (Figure 7B). In contrast, the hydrophilic
chelator, DFO, exhibited poor ability to decrease 59Fe uptake,
reducing it to only 83 ( 2% of the control (Figure 7B), as shown
previously.6,7,19

As found in the complementary 59Fe efflux experiments
(Figure 7A), the least effective HApT analogue was HAp4pT
that reduced 59Fe uptake to only 35 ( 1% of the control (Figure
7B). This ligand was significantly (p < 0.001) more effective
than DFO but significantly less active than H2PIH, HDp44mT,
and the remainder of the HApT series of chelators. In fact, the
remaining HApT ligands reduced 59Fe uptake to 4-8% of the
control, having activity similar to HDp44mT and being signifi-
cantly more effective than H2PIH and DFO (Figure 7B). It is
notable that H2PIH and HDp44mT have been among the most
potent Fe chelators we have studied15,82,83 and thus the present
compounds demonstrate high Fe chelation efficacy.

Efficacy of the HApT Chelators to Directly Remove
59Fe from 59Fe-Transferrin. The ability of the chelators to
inhibit 59Fe uptake from the plasma protein 59Fe2-Tf (Figure
7B) could, in principle, be due to their ability to remove 59Fe
directly from 59Fe2-Tf before internalization via the process of
receptor-mediated endocytosis.1 To examine this, 59Fe2-Tf (0.75
µM) was incubated with the chelators (25 µM) under the same
conditions used in Fe uptake experiments, that is, for 3 h at 37
°C. The solutions were then dialyzed and the release of 59Fe
into the dialysate determined.

In the absence of chelators, very little 59Fe was released,
namely 1.3 ( 0.3% (Table 5). The chelators, DFO and
deferiprone (L1), were used as positive controls because they
are known83,84 to remove 59Fe from 59Fe2-Tf and led to the
release of 14% and 20% of 59Fe, respectively. Considering
previous studies of the structurally related HBpT and HDpT
analogues and their ability to reduce cellular 59Fe uptake from
59Fe2-Tf,7,19 their activity was compared to the HApT series.
All HDpT, HBpT, and HApT series chelators had little effect
on the direct release of 59Fe from 59Fe2-Tf, resulting in
mobilization of 0.9-4.4% of 59Fe (Table 5). Hence, the marked
ability of the HApT (Figure 7B), HBpT, and HDpT ligands at
preventing 59Fe uptake from 59Fe2-Tf by cells is not due to their
ability to directly remove 59Fe from this protein.

Conclusions

Thiosemicarbazones are an important group of Fe chelators
that show potent and selective antitumor activity.5,7,8,14,60,79

Their ability to bind Fe and other metals is vital for their
antiproliferative efficacy and elucidation of the structure-activity

Figure 7. The effect of the HApT series chelators on: (A) 59Fe
mobilization from prelabeled SK-N-MC neuroepithelioma cells and (B)
59Fe uptake from 59Fe-transferrin (59Fe2-Tf) by SK-N-MC neuroepi-
thelioma cells. Data for DFO, H2PIH, and HDp44mT are shown for
comparison. Control experiments were carried out in the absence of
any chelator. See Experimental Procedures for further details. Results
are mean ( SD of three experiments with three determinations in each
experiment.
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relationships of this group of compounds is important to develop
increasingly active and selective anticancer agents.

The current study highlights structure-activity relationships
critical for the antitumor activity of thiosemicarbazones. In fact,
we demonstrate the significance of substituents positioned at
the imine carbon (C6) and the consequential effect on antipro-
liferative activity. The inductive effects of groups at this position
were observed to influence the FeIII/II redox potentials due to
their proximity to the metal center. Those series of chelators
containing an electron-withdrawing substituent e.g., HNBpT
series, exhibited higher FeIII/II redox potentials.7 The Fe com-
plexes of the HApT series, which have an electron-donating
methyl substituent at C6, demonstrated the lowest FeIII/II redox
potentials of any thiosemicarbazone series investigated by our
laboratories. Nevertheless, the HApT analogues maintained the
ability to oxidize ascorbate, having activity comparable to the
HDpT series but less than the HBpT analogues. However, in
general, the HApT series showed marked antiproliferative
activity. This suggests that other factors, such as Fe chelation
activity and lipophilicity, are significant in terms of their
efficacy.

Considering the above conclusion, an important observation
from this study was the general potent Fe chelation efficacy of
the HApT analogues. This property is somewhat in contrast to
the HBpT and HDpT series of compounds, where some of these
ligands (e.g., HDpT or HBp4pT) showed less Fe chelation
activity.7,19 Significantly, four of the six HApT chelators
demonstrated potent antitumor activity (IC50: 0.001-0.002 µM)
that was comparable to the most effective HBpT and HDpT
ligands. This makes the HApT series among the most active
anticancer agents developed by our laboratories to date.

Experimental Procedures

Reagents. All commercial reagents were used without further
purification. Desferrioxamine (DFO) was obtained from Novartis
(Basel, Switzerland). The chelators, HBp4eT, HDp44mT, H2NIH,
and H2PIH were prepared and characterized according to previously
described methods.5,7,68

Syntheses. See Supporting Information for full characterization
data.

Chelators of the HApT Series: General Synthesis. 2-Acetylpy-
ridine (1.15 g, 0.01 mol) was dissolved in 15 mL ethanol, and then

1.00 g (0.01 mol) of the appropriate thiosemicarbazide dissolved
in warm water (15 mL) was added. Glacial acetic acid (5-6 drops)
was added, and the mixture was gently refluxed for 2 h. The mixture
was cooled to room temperature and then allowed to stand in a
refrigerator overnight to ensure complete precipitation. The product
was filtered off and washed with ethanol (10 mL) followed by
diethyl ether (10 mL).

2-Acetylpyridine thiosemicarbazone (HApT). Colorless crys-
tals (yield: 81%).

2-Acetylpyridine 4-methyl-3-thiosemicarbazone (HAp4mT).
Colorless crystals (yield: 73%).

2-Acetylpyridine 4-allyl-3-thiosemicarbazone (HAp4aT). Col-
orless crystals (yield: 80%).

2-Acetylpyridine 4-phenyl-3-thiosemicarbazone (HAp4pT).
Colorless crystals (yield: 81%).

2-Acetylpyridine4,4-dimethyl-3-thiosemicarbazone(HAp44-
mT). Yellow needles (yield: 67%).

2-Acetylpyridine 4-ethyl-3-thiosemicarbazone (HAp4eT). Col-
orless crystals (yield: 83%).

FeIII Complexes: [FeL2]ClO4 (Where L- ) ApT Analogue
Monoanion). The complexes were prepared by the following
general method. The appropriate thiosemicarbazone (3.6 mmol) was
dissolved in ethanol (15 mL), and 0.37 g (3.6 mmol) of triethy-
lamine was added to the solution. Solid Fe(ClO4)3 ·6H2O (1.8 mmol,
0.849 g) was added directly to the basic ligand solution, and the
mixture was gently refluxed for 30 min. Upon cooling, the product
was filtered off and washed with ethanol (10 mL) followed by
diethyl ether (10 mL).

[Fe(ApT)2]ClO4. Dark-brown powder (yield: 91%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 465 (6990), 367
(16600).

[Fe(Ap4mT)2]ClO4. Black powder (yield: 49%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 466 (3300), 364
(11600).

[Fe(Ap4aT)2]ClO4. Brown powder (yield: 66%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 510 (2750), 358
(12500).

[Fe(Ap4pT)2]ClO4 ·11/2H2O. Brown powder (yield: 79%). Elec-
tronic spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 508 (3410),
390 (36200).

[Fe(Ap44mT)2]ClO4. Brown powder (yield: 56%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 509 (3100), 380
(14000).

[Fe(Ap4eT)2]ClO4. Brown powder (yield: 72%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 509 (2300), 371
(13000).

FeII Complexes: FeIIL2 (Where L- ) ApT Analogue Mono-
anion). The Fe complexes were prepared by the following general
method. The thiosemicarbazone (3.5 mmol) was dissolved in ethanol
(15 mL). Triethylamine (0.36 g, 3.6 mmol) was added to the
solution, and the mixture was purged with nitrogen. Solid
Fe(ClO4)2 ·6H2O (0.652 g, 1.8 mmol) was added directly to the
ligand solution, and the mixture was gently refluxed for 30 min
under nitrogen. Upon cooling, the product was filtered off and
washed with ethanol (10 mL) followed by diethyl ether (10 mL).

[Fe(ApT)2] ·H2O. Black powder (yield: 78%). Electronic spec-
trum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 634 (1790), 366
(12500).

[Fe(Ap4mT)2] ·H2O. Green powder (yield: 85%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 626 (735), 366
(15400).

Fe(Ap4aT)2. Green powder (yield: 76%). Electronic spectrum
(MeOH): λmax (nm) (ε, L mol-1 cm-1) 634 (1130), 360 (14900).

[Fe(Ap4pT)2] ·H2O. Green powder (yield: 87%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 630 (925), 389
(20900).

[Fe(Ap44mT)2] ·11/4H2O. Green powder (yield: 83%). Electronic
spectrum (MeOH): λmax (nm) (ε, L mol-1 cm-1) 632 (515), 381
(20200).

Fe(Ap4eT)2. Green powder (yield: 85%). Electronic spectrum
(MeOH): λmax (nm) (ε, L mol-1 cm-1) 632 (1080), 364 (24700).

Table 5. Release of Transferrin-Bound 59Fe by Iron Chelators as
Measured Using Dialysis Experiments (see Experimental Procedures for
Details)a

ligand 59Fe removed from 59Fe2-Tf (% total)

control 1.3 ( 0.3
L1 20.0 ( 2.0
DFO 14.2 ( 3.0
HDpT 1.6 ( 0.2
HDp4mT 1.9 ( 0.1
HDp44mT 2.9 ( 0.2
HDp4eT 2.0 ( 0.1
HDp4aT 2.0 ( 0.1
HDp4pT 2.0 ( 0.2
HBpT 2.0 ( 0.1
HBp4mT 2.2 ( 0.1
HBp44mT 2.7 ( 0.1
HBp4eT 3.1 ( 0.2
HBp4aT 3.5 ( 0.2
HBp4pT 4.4 ( 0.3
HApT 1.0 ( 0.1
HAp4mT 1.8 ( 0.6
HAp44mT 2.7 ( 0.6
HAp4eT 2.1 ( 0.4
HAp4aT 1.7 ( 0.4
HAp4pT 0.9 ( 0.2

a The results are mean ( SD (three experiments).
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Physical Methods. 1H NMR (400 MHz) spectra were acquired
using a Bruker Avance 400 NMR spectrometer with DMSO-d6 as
the solvent and internal reference (Me2SO: 1H NMR δ 2.49 ppm
and 13C NMR δ 39.5 ppm Vs TMS). Infrared spectra were measured
on undiluted solid samples with a Perkin-Elmer FT-IR spectro-
photometer equipped with an attenuated total reflectance assembly.
Cyclic voltammetry was performed using a BAS100B/W poten-
tiostat. A glassy carbon working electrode, an aqueous Ag/AgCl
reference, and Pt wire auxiliary electrode were used. All complexes
were at ca. 1 mM concentration in MeCN:H2O 70:30 v/v. This
solvent combination was used to ensure solubility of all compounds.
The supporting electrolyte was Et4NClO4 (0.1 M), and the solutions
were purged with nitrogen prior to measurement. All potentials are
cited versus the normal hydrogen electrode (NHE) by addition of
196 mV to the potentials measured relative to the Ag/AgCl
reference. Partition coefficients of the free ligands were determined
as previously described.85

Crystallography. Crystallographic data were acquired at 293
K on an Oxford Diffraction Gemini CCD diffractometer employing
graphite-monochromated Mo KR radiation (0.71073 Å) and operat-
ing within the range 2 < 2θ < 50 Å. Data reduction and empirical
absorption corrections (multiscan) were performed with Oxford
Diffraction CrysAlisPro software. Structures were solved by direct
methods with SHELXS and refined by full-matrix least-squares
analysis with SHELXL-97.86 All non-H atoms were refined with
anisotropic thermal parameters. Molecular structure diagrams were
produced with ORTEP3.87 These data in CIF format have been
deposited at the Cambridge Crystallographic Data Centre with
deposition numbers CCDC 713027-713029.

Biological Studies. Cell Culture. Chelators were dissolved in
DMSO as 10 mM stock solutions and diluted in medium containing
10% fetal calf serum (Commonwealth Serum Laboratories, Mel-
bourne, Australia) so that the final [DMSO] < 0.5% (v/v). The
human SK-N-MC neuroepithelioma cell line (American Type
Culture Collection, Manassas, VA) was grown as previously
described15 at 37 °C in a humidified atmosphere of 5% CO2/95%
air in an incubator (Forma Scientific, Marietta, OH).

Effect of the Chelators and Complexes on Cellular Pro-
liferation. The effect of the chelators and complexes on cellular
proliferation were determined by the MTT [1-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium] assay using standard techniques.7,15

The SK-N-MC cell line was seeded in 96-well microtiter plates at
1.5 × 104 cells/well in medium containing human Fe2-Tf (1.25 µM)
and chelators or complexes at a range of concentrations (0-6.25
µM). Control samples contained medium with Fe2-Tf (1.25 µM)
without the ligands. The cells were incubated at 37 °C in a
humidified atmosphere containing 5% CO2 and 95% air for 72 h.
After incubation, 10 µL of MTT (5 mg/mL) was added to each
well and further incubated at 37 °C for 2 h. After solubilization of
the cells with 100 µL of 10% SDS-50% isobutanol in 10 mM HCl,
the plates were read at 570 nm using a scanning multiwell
spectrophotometer. The results, which are the means of three
experiments, are expressed as a percentage of the control. The
inhibitory concentration (IC50) was defined as the chelator or
complex concentration necessary to reduce the absorbance to 50%
of the untreated control. Using this method, absorbance was shown
to be directly proportional to cell counts, as shown previously.15

Preparation of 59Fe-Transferrin. Human Tf (Sigma) was
labeled with 59Fe (Dupont NEN, MA) to produce 59Fe2-Tf, as
previously described.88,89 Unbound 59Fe was removed by exhaustive
vacuum dialysis against a large excess of 0.15 mM NaCl buffered
with 1.4% NaHCO3 by standard methods.88,89

Effect of Chelators on 59Fe Efflux from Cells. Iron efflux
experiments examining the ability of various chelators to mobilize
59Fe from SK-N-MC cells were performed using established
techniques.6,7,15 Briefly, following prelabeling of cells with 59Fe2-
Tf (0.75 µM) for 3 h at 37 °C, the cell cultures were washed four
times with ice-cold PBS and then subsequently incubated with each
chelator (25 µM) for 3 h at 37 °C. The overlying media containing
released 59Fe was then separated from the cells using a Pasteur
pipet. Radioactivity was measured in both the cell pellet and

supernatant using a γ-scintillation counter (Wallac Wizard 3, Turku,
Finland). In these studies, the novel ligands were compared to the
previously characterized chelators, DFO, H2PIH, and HDp44mT.

Effect of Chelators at Preventing 59Fe Uptake from 59Fe2-
Tf by Cells. The ability of the chelator to prevent cellular 59Fe
uptake from the serum Fe transport protein, 59Fe2-Tf, was examined
using established techniques.6,7,15 Briefly, cells were incubated with
59Fe2-Tf (0.75 µM) for 3 h at 37 °C in the presence of each of the
chelators (25 µM). The cells were then washed four times with
ice-cold PBS, and internalized 59Fe was determined by standard
techniques by incubating the cell monolayer for 30 min at 4 °C
with the general protease, Pronase (1 mg/mL; Sigma). The cells
were removed from the monolayer using a plastic spatula and
centrifuged for 1 min at 14000 rpm. The supernatant represents
membrane-bound, Pronase-sensitive 59Fe that was released by the
protease, while the Pronase-insensitive fraction represents internal-
ized 59Fe. The novel ligands were compared to the previously
characterized chelators, DFO, H2PIH, and HDp44mT.

The Ability of the Chelators to Directly Remove 59Fe from
Transferrin. To examine the efficacy of the chelators at directly
removing 59Fe from the Fe-binding sites of 59Fe2-Tf, dialysis
experiments were performed using an established procedure.85

Briefly, 59Fe2-Tf (0.75 µM) was incubated with each chelator (25
µM) for 3 h at 37 °C, the solution was then placed in a dialysis
sack, and the contents dialyzed with constant mixing for 24 h at 4
°C. Dialysate and the sack were separated and radioactivity assessed
as described above.

Ascorbate Oxidation Assay. Briefly, ascorbic acid (100 µM)
was prepared immediately prior to an experiment and incubated in
the presence of FeIII (10 µM; added as FeCl3), a 50-fold molar
excess of citrate (500 µM) and the chelator (1-60 µM). Absorbance
at 265 nm was measured after 10 and 40 min at room temperature,
and the decrease of intensity between these time points calculated.5-7

The results of these experiments were expressed in terms of iron-
binding equivalents (IBE) due to the varying denticity of the
chelators examined. For example, the hexadentate EDTA ligand
forms a 1:1 Fe:ligand complex, while tridentate ligands (e.g., HApT
series, etc.) form 1:2 Fe:ligand complexes. Three IBEs were chosen,
0.1, 1, and 3, to examine the redox activity of these aroylhydrazones.
An IBE of 0.1 represents an excess of Fe, where 1 hexadentate or
2 tridentate ligands are in the presence of 10 Fe atoms. An IBE of
1 results in complete filling of the coordination sphere, while an
IBE of 3 represents an excess of the ligand, where 3 hexadentate
or 6 tridentate ligands are in the presence of 1 Fe atom.

Statistical Analysis. Experimental data were compared using
Student’s t-test. Results were expressed as mean or mean ( SD
(number of experiments) and considered to be statistically significant
when p < 0.05.
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