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1. General Introduction

The chemical and biological effects of thiosemicarbazones
have received considerable interest from medicinal chemists
for many years. This is attributed to, first, their wide pharma-
cological utility that includes antineoplastic, antibacterial,
antiviral, and antifungal activity,' and second, their versatility
as ligands that allows them to give rise to a great variety of
coordination modes.”

The antineoplastic activity of thiosemicarbazones has been
continually examined since the 1950s, where some compounds
of this general class were found to have antileukemic activity.
The pronounced antineoplastic efficacy of these ligands has
been widely attributed to their inhibition of the mammalian
enzyme ribonucleotide reductase (RR“).** The ability to
inhibit RR is of particular importance owing to the role of
RR in the de novo synthesis of deoxyribonucleotides required
for DNA replication and repair.® Considering this, these
compounds have often been described as RR inhibitors with-
out mention of the property that actually leads to this effect,
namely, metal chelation.

Apart from the inhibition of RR, it is also known that
thiosemicarbazones are typically excellent chelators of transi-
tion metals such as iron (Fe), copper (Cu), and zinc (Zn).”
Such ability for metal chelation is also an attractive strategy in
developing anticancer drugs because of the high requirement
of neoplastic cells for essential metals needed in growth and
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proliferation.'” In fact, thiosemicarbazones were the first class
of chelators to be comprehensively assessed as antineoplastic
agents against cancer cells* in vitro and in clinical trials.""
Considering the authors’ recent contributions to this field
and their new findings regarding the mechanisms of action of
these agents, including that they form cytotoxic redox active
metal complexes,'> ! this Perspective will focus on under-
standing the antineoplastic activity of thiosemicarbazones
from the point of view of chelation. To do this effectively,
introduction to the roles of metals in cellular proliferation is
required in addition to an evaluation of the development of
chelators for the treatment of cancer and other diseases.

2. Essential Metals: Their Homeostatic Regulation and Cel-
lular Proliferation

Essential transition metal ions such as Fe"™, Cu'" and
Zn" play vital roles in normal metabolism, being essential for
growth and proliferation. These ions are important nutrients
for cells, as they are cofactors of numerous molecules that play
crucial roles such as oxygen transport and metabolism and
DNA synthesis.'® However, homeostatic control of the cel-
lular levels of these metal ions is essential because an excess
can lead to toxicity while a deficiency could result in metabolic
impairment or disease.'” Below, we discuss the metabolism
and regulation of the most abundant transition metal ion in
mammals, namely, Fe, in order to understand how chelators
can more effectively disturb the growth of neoplastic cells
relative to their normal counterparts.

2.1. Iron. Iron participates in many essential biological
processes,'® and its utility stems from its redox activity that is
generated by the conversion of the metal between its di- or
trivalent forms after interaction with cellular oxidants or
reductants.'” Iron plays a pivotal role in a variety of physio-
logical cellular functions such as oxygen transport, energy
metabolism, electron transport and modulation of H,0,
levels.”® This same facile property that permits Fe to gain
and lose electrons can also make it toxic through the dona-
tion of electrons to oxygen, causing the generation of cyto-
toxic species such as superoxide and hydroxyl radicals."”
These reactive oxygen species (ROS) readily react with
biological molecules, including proteins, lipids, and
DNA." Thus, Fe works as a double-edged sword with an
excess of the metal being a risk for cancer, presumably via
generation of ROS. Indeed, Fe overload evident in the
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Figure 1. Diagram illustrating Fe uptake from transferrin (Tf) by mammalian cells. The release of Fe from cells into the bloodstream leads to
its binding by apo-Tf to form diferric-Tf. The latter binds to the transferrin receptor 1 (TfR1) that is expressed almost ubiquitously on cells,
forming the Tf—TfR1 complex that is internalized within an endosome. Within the cell, a decrease in endosomal pH mediates the transport of
Fe through the divalent metal ion transporter 1 (DMT1), where it enters the labile iron pool (LIP). Iron in the LIP is then either incorporated
into Fe-containing proteins or stored in ferritin. The content of Fe in the LIP is also a rapidly adjustable source of Fe and is thought to be sensed
by iron-regulatory proteins (IRPs) that play a role in homeostatically controlling Fe metabolism.
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Figure 2. Regulation of Fe homeostasis. Iron homeostasis is post-transcriptionally regulated by IRPs. During low intracellular Fe
concentration, IRP1 binds to the 3'-untranslated (UTR) of TfRI mRNA, stabilizing it from degradation and hence increasing TfR1
expression. On the other hand, binding of IRP1 to the 5- UTR of ferritin mRNA under these conditions prevents translation. Under high
intracellular Fe levels, a [4Fe-4S] cluster is incorporated into IRP1, preventing its mRNA-binding activity.

common genetic disease hemochromatosis is associated with
hepatocellular carcinoma.?' Consequently, homeostatic me-
chanisms have evolved to tightly regulate the concentration
of Fe so that it is available for use but at the same time
preventing Fe overload and the generation of ROS.'%*

Iron is transported in the blood bound to the glycopro-
tein, transferrin (Tf), which binds two ferric ions
(Figure 1).% Entry of Fe into the cell occurs when two
molecules of diferric-Tf form a complex at the cell surface
with the transferrin receptor 1 (TfR1).?* The Tf—TfRI
complex is then internalized within an endosome, and Fe
is released from Tf by a decrease in intravesicular pH
mediated by a proton pump (Figure 1). Iron is then reduced
to its ferrous form and is transported across the endosomal
membrane by the divalent metal transporter-1 (DMT]I,
Figure 1).247%¢

Once within the cytosol, Fe is available for cellular meta-
bolic processes and becomes part of a very poorly character-
ized compartment known as the chelatable Fe pool or labile
Fe pool (LIP).?"?® Iron in this pool is used for incorporation
into heme or [FeS] clusters or is stored in the multimeric Fe
storage protein, ferritin (Figure 1).>* Iron can also be re-
leased from cells by the transplasma membrane protein,
ferroportin, that transports Fe from the inside to the outside
of the cell.”’

The LIP has been assumed to provide a rapidly adjustable
source of Fe for immediate metabolic utilization and is
thought to be sensed by iron-regulatory proteins (IRPs).
These are mRNA-binding molecules that post-transcription-
ally control the expression of a variety of molecules involved
in Fe uptake, utilization, and storage.?” Systemic regulation
of Fe absorption and cellular uptake is possible through both
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Figure 3. Cell cycle. Fe deprivation results in a G/S phase cell cycle arrest. Fe chelation markedly decreases the expression of cyclin D family
(cyclins D1, D2, and D3) and cdk2. In the G, phase of the cell cycle, cyclin D binds cdk4/6 to form a catalytic complex that phosphorylates the
retinoblastoma protein (pRb). This then allows the release of E2F family of transcription factors that promotes the expression of genes
important for S-phase entry such as cyclin E. The formation of the cyclin A—cdk2 complex is essential for G/S progression. Cyclin B and cdk 1
are important for mitosis. Chelation of Fe also increases protein expression and DNA-binding activity of the tumor suppressor, p53, that acts

to induce a G,/S arrest.

transcriptional and post-transcriptional mechanisms.'”
IRP1 and IRP2 are important components of post-transcrip-
tional regulation.®® The IRPs bind to iron-responsive ele-
ments (IREs) present in the 3’ or 5’ untranslated regions of
mRNA that encode critical proteins of the Fe absorption and
uptake pathways (Figure 2).!° IRP1 is only active as a
mRNA-binding protein when intracellular Fe levels are
low, as otherwise it contains a [4Fe-4S] cluster that prevents
its binding to IREs (Figure 2).*° Similarly, IRP2 is not
present in Fe-replete cells, as it is degraded under this
condition by the proteasome.™”

As an example of this type of regulation, under conditions
of Fe deprivation, IRP1 and IRP2 bind to the 3’-untrans-
lated regions (UTR) of DM T1 and TfRI mRNA*' and to the
5 UTR of ferritin®' and ferroportin (Fpn/) mRNA.* Bind-
ing of IRPs to the 3’ IRE stabilizes the mRNA and prevents it
from being degraded, while binding at the 5" IRE blocks
translation of the mRNA. Consequently, as a response to Fe
deficiency, there is increased expression of DMT1 and TfR1
protein allowing cells greater Fe uptake capacity.?”!
Further, the concomitant reduction in Fpnl and ferritin
protein levels due to the inhibition of translation reduces
Fe export and storage to maximize the intracellular avail-
ability of Fe for metabolism.?> An opposite response occurs
during Fe loading, leading to the homeostatic control of
intracellular Fe metabolism. Interestingly, IRPs may re-
spond both to fluctuations in LIP per se and also to
secondary signals associated with redox-active species such
as nitric oxide.***?

It is notable that the IRP—IRE system is not the only
mechanism of regulating intracellular Fe levels, with the
hormone hepcidin playing an essential role at the systemic
level.>* 3¢ Hepcidin synthesis is stimulated by high liver Fe
levels leading to increased secretion in the blood.?” Hepcidin
is thought to bind to Fpnl at the cell surface, leading to its
down-regulation and preventing Fe release from cells.*® This
prevents Fe absorption from the gut and the release of Fe
from macrophages, thereby preventing more Fe uptake into
the body and regulating Fe levels.*

While Fe uptake from Tf is an important process, the
recycling of stored Fe in hemoglobin yields far greater
amounts of the metal.>? In fact, up to 20 times more Fe is
supplied through the phagocytosis of aged erythrocytes by
macrophages than is absorbed through the diet on a daily
basis.>? This is in line with the knowledge that Fe bound to
hemoglobin in erythrocytes accounts for approximately two-
thirds of total body Fe.*® A further 25—30% of body Fe
exists bound to the intracellular Fe storage protein ferritin.*!
The remaining small portion is either circulating in the
plasma bound to Tf or exists as part of the LIP.*’

2.1.1. Iron and Cancer. One of the important roles of Fe
includes its catalytic activity in RR which bears a di-Fe
center at its active (R2) site where it catalyzes the rate-
limiting step in DNA synthesis, i.e., the formation of deox-
yribonucleotides from their ribonucleotide precursors.** In
neoplastic cells, the rates of proliferation and DNA synthesis
are increased relative to normal cells.*? This translates to an
increased requirement for active RR in cancer cells, reflect-
ing their pronounced rate of DNA synthesis compared to
their normal counterparts.*?

Concurrently, in an effort to meet the increased Fe de-
mand of cancer cells, TfR1 expression is markedly increased
relative to normal cells,*** leading to high rates of Fe
uptake.*® Hence, TfR1 has also been proposed as a suitable
target for the treatment of cancer using antibodies conju-
gated to toxic molecules.*”** The greater need for Fe leads to
cancer cells being more susceptible to the effects of chelation
compared to normal cells.

Further to its role in DNA synthesis, Fe is also involved in
the progression of cells through the cell cycle by influencing
the expression of molecules involved in cell cycle control.*->°
Deprivation of Fe leads to G;/S phase cell cycle arrest® >
(Figure 3). The result of this is the potential to prevent cancer
cell proliferation by controlling availability of Fe to tumors
that have significantly higher Fe uptake than their normal
counterparts.>® This has prompted researchers to assess the
effect of Fe chelation on the expression of cell cycle control
molecules.
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A number of studies have found that Fe chelation by
desferrioxamine (DFO) or 2-hydroxy-1-naphthylaldehyde
isonicotinoyl hydrazone (known as 311 or NIH)>>*>® mark-
edly decrease the expression of cyclin D (D1, D2, and D3)
and to a lesser extent cyclin A and B.>*>"® In contrast, the
expression of cyclin E was increased in neuroepithelioma
cells after Fe depletion.> However, another report examin-
ing mimosine and DFO in breast cancer cells found a
decrease in cyclin E kinase-associated activity.’” The expres-
sion of cyclin dependent kinase 2 (cdk2) was also decreased
upon Fe chelation.* These effects were dependent on Fe
deprivation, as the Fe complexes of DFO and NIH were
unable to induce such effects.> Cyclins D, A and cdks 2, 4,
and 6 are involved in progression through the G; phase
(Figure 3).*’ The formation of the cyclin A—cdk2 complex is
essential for G1/S progression. Cyclin B and cdkl, on the
other hand, are important for mitosis.** During the G,
phase, cyclin D binds to cdk4 and cdk2 to phosphorylate
the retinoblastoma protein (pRb).** This results in the
release of molecules such as E2F transcription factor from
pRbD that promotes the expression of genes for progression
into S phase.> The decrease in the expression of the cyclins
upon Fe chelation caused hypophosphorylation of pRb,>*
which in turn leads to the G;/S phase arrest observed
(Figure 3).

Other molecules that can inhibit growth and metastasis,
induce apoptosis and are up-regulated by cellular
Fe depletion include p53, the growth arrest and DNA
damage (GADD) family of genes, and the growth and
metastasis suppressor N-myc downstream regulated gene-1
(NDRG1).#-°=62 The latter molecule is up-regulated by Fe
depletion induced by Fe chelators through hypoxia inducible
factor-lo. (HIFla)-dependent and -independent mechan-
isms.®" NDRGI, has been identified as a growth and metas-
tasis suppressor gene in a number of different neoplasms
including prostate, breast, and pancreatic cancer both in
vitro and in vivo.®>”% Moreover, NDRGI was found to
significantly reduce angiogenesis of pancreatic cancer in
vivo, leading to less aggressive tumors.®’

Recent studies have also suggested that NDRGI is neces-
sary for p53-dependent apoptosis in lung and colon cancer,
effectively increasing the efficiency of this important path-
way.°® Although the expression of NDRG is often reduced
in neoplastic compared to adjacent normal tissue, prostate
and breast cancer patients with higher endogenous NDRG1
levels in their tumors had a significantly greater survival rate
compared to those with low NDRG1.%%** Hence, NDRG1
plays an important role in regulating multiple facets of
cancer progression and presents an ideal therapeutic target
for the treatment of cancer. An examination of the efficacy of
a range of chelators on NDRGI expression demonstrated
that a potent dipyridyl thiosemicarbazone was highly effec-
tive at up-regulating this molecule at low concentrations,®’
probably because of its marked Fe chelation efficacy.'? This
up-regulation of NDRGI may be a part of the effective
antitumor activity of the thiosemicarbazones.

Like hypoxia, Fe depletion stabilizes HIF 1o through the
inhibition of prolyl hydroxylases that act to induce protea-
somal degradation of this transcription factor.***” Consid-
ering that hypoxia can increase BNIP3 expression via
HIF10,°%% the increase in HIF 1o transcriptional activity
after Fe depletion may, in addition to HIFla-independent
mechanisms, lead to the up-regulation of BNIP3 that
can induce apoptosis.”®’" The ability of Fe chelators to
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up-regulate key molecules involved in cancer progression
and apoptosis such as NDRG1 and BNIP3 makes these
agents an increasingly attractive treatment strategy for this
belligerent disease.

These factors combined identify Fe as a potential target in
cancer therapy either through chelating vital supplies of Fe
and subsequently modulating key cell regulatory molecules
or through the generation of cytotoxic redox active Fe
complexes within the cell.”

3. Redox Chemistry of Iron Complexes

Ironisarare case of a transition element that can be isolated
in one of two oxidation states in structurally similar forms.
This feature leads to facile redox reactions often unaffected by
any changes to the coordination sphere. Interconversion
between their di- and trivalent oxidation states results in very
small changes in the coordination bond lengths in thiosemi-
carbazone Fe complexes,'>'*7* which is the focus of this
Perspective. Moreover, rapid and totally reversible Fe'''/!!
couples have been identified in these complexes by cyclic
voltammetry.'*'*”* The ease with which the two forms may
be generated is relevant to their biological reactivity. The so-
called Fenton reaction was reported more than 100 years ago,
and its mechanism is still contentious. However, one certainty
is that hydroxyl radicals are generated by breakdown of H,0,.
The overall reaction may be represented by eq 1.

Fe'' + H,0, — Fe'' + -OH + OH™ (1)

Fe' + rede — Fe'' + oxe (2)

The Fenton reaction highlights the potential toxicity of free
redox active ferrous ions within the cell where hydrogen
peroxide may be present. The generation of hydroxyl radicals
may cause lethal damage (via hydroxylation) to vital biomo-
lecules. Equation 1 becomes more critical when the active Fe'!
ion is regenerated by cellular reductants (represented gener-
ally as red.)) in eq 2. Equation 1 is thought to be linked with
the toxicity of excessive levels of Fe localizing in vital organs
such as the heart and liver.”*

Fenton chemistry may be possible with complexed Fe
(assuming an outer sphere process) behaving similarly as a
catalyst for the decomposition of H,O, to -OH if the redox
potentials are in the appropriate range, that is, if the Fe"™/!!
redox potential is not so high that oxidation by H,O, is
impractical and not too low that the ferrous complex cannot
survive in an oxygenated solution. This hypothesis suggests an
optimal Fe'™™ potential window outside which biological
activity is poor because of the oxidative or reductive half
reactions (eqs 1 and 2) of the catalytic cycle becoming
unfavorable. The production of hydroxyl radicals through
Fenton chemistry of thiosemicarbazone Fe complexes has
been shown to be an important factor that mediates their
cytotoxicity, making them suitable as anticancer agents.””

4. Iron Chelators as Antitumor Agents

Although Fe chelators were initially designed and imple-
mented for the treatment of Fe overload diseases, such as
p-thalassemia, more recent developments have highlighted
their potential to act as potent antitumor agents.'®”>’® This is
illustrated by the entrance of the Fe chelator, 3-aminopyr-
idine-2-carboxaldehyde thiosemicarbazone (3-AP), into clin-
ical trials.”’~ "
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Figure 4. Structure of DFO.

A vast array of Fe chelators have been developed in the
quest to create more potent and selective anticancer agents.
From these studies, a number of lead compounds have been
identified that show potential. Moreover, these studies have
furthered our understanding of the structure—activity rela-
tionships of Fe chelators as potent antineoplastic agents.
Herein, we discuss the development of Fe chelators in terms
of their structure—activity relationships from initial lead
compounds through to the generation of efficient ligands with
marked antiproliferative activity.

4.1. Desferrioxamine (DFQO). DFO (Figure 4) is a hexa-
dentate siderophore secreted by Streptomyces pilosus that is
used to sequester and take up Fe in a soluble form'® and
currently the “gold-standard” chelator used for the treat-
ment of S-thalassemia major.®® The use of this ligand has
validated Fe chelation therapy as an effective approach for
the treatment of Fe overload disease with improved patient
survival and well-being.®!*? DFO has high affinity for Fe'",
forming a 1:1 complex that prevents the formation of ROS,
making it suitable for the treatment of Fe overload disease."’

In addition to its role in the treatment of Fe overload,
DFO has been investigated as a potential antitumor agent in
a number of in vitro studies and in vivo investigations in
animals and clinical trials.**~° One in vitro study demon-
strated a greater than 80% reduction in the viability of
neuroblastoma (NB) cell lines upon incubation with DFO
(60 uM) for 72 h.%° DFO was also shown to inhibit DNA
synthesis in a NB cell line after 4 h.” Importantly, the
antiproliferative activity of DFO was shown to be inhibited
upon the addition of Fe or Fe-saturated DFO,** indicating
that Fe depletion is central to its mechanism of action. NB
cells were also found to have a 10-fold higher sensitivity to Fe
depletion after DFO treatment than normal bone marrow
cells.®

A number of clinical trials have demonstrated mixed
results with the use of DFO as an anticancer agent. For
example, a 50% reduction in bone marrow infiltration in 7
out of 9 NB patients was observed, with one patient experi-
encing a 48% decrease in tumor size after DFO treatment at
150 mg/kg/5 days.’” When used at this dosage level, no
significant side effects were observed.®” A combination study
of DFO with other anticancer agents, including thio-TEPA,
carboplatin, etoposide, and cyclophosphamide, in 57 NB
patients resulted in 24 complete responses, 26 partial re-
sponses, 3 minor responses, and 4 nonresponses in patients.*®
Another case study of an infant acute leukemia patient
showed no increase in peripheral blood blast cell numbers
and a rise in normal hematopoietic progenitor cells after an
iv dose of DFO.® On the other hand, treatment of some
cancer patients with DFO has shown little response. For
instance, 10 children with recurrent NB failed to produce a
response after DFO administration,® while DFO also failed
to inhibit the growth of human tumor xenografts in mice.®’

The moderate antiproliferative activity of DFO demon-
strates its limitations that stem from its high hydrophilicity,
including its poor membrane permeability, short half-life,
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Figure 5. (A) Chemical structures of deferiprone, a deferiprone
analogue, and the deferiprone—spermine conjugate. (B) Phase II
metabolism of deferiprone to form the glucuronide. (C) Stabiliza-
tion of the anionic species of the deferiprone analogue in (A) by the
amido moiety through intramolecular hydrogen bonding and the
electron-withdrawing effect.

and oral inactivity.®? Thus, DFO must be administered over
long periods via subcutaneous infusion.®' Because of the
high cost pain and swelling experienced by this cumbersome
route of administration, patient compliance is poor.5*°!
Hence, many alternatives to DFO have been developed in
the search for ever increasingly active, selective and specific
Fe chelators for the treatment of cancer. These alternatives
are discussed below.

4.2. Hydroxypyridinones. 4.2.1. Deferiprone. The first or-
ally active chelator for the treatment of Fe overload disease
was the hydroxypyridinone chelator, deferiprone (1,2-di-
methyl-3-hydroxypyridin-4-one, L1; Figure 5A). This biden-
tate chelator uses two adjacent oxygen atoms that selectively
coordinate tribasic metal cations.'” Although deferiprone is
available in Europe and several other countries, it never
gained Food and Drug Administration (FDA) approval and
is not available for clinical use in the U.S. This failure may
stem from conflicting clinical trial results that highlighted
issues about the safety and efficacy of this drug.’” For
example, a study monitoring the long-term safety of defer-
iprone demonstrated an increase in liver fibrosis in thalasse-
mia patients.”® However, this conclusion has been seriously
questioned because of the inclusion of patients with hepatitis
C, which is known to induce liver fibrosis.”! In fact, other
long-term trials have found no deleterious liver fibrosis after
deferiprone treatment.”*?> One clinical trial using a small
number of patients reported that deferiprone was more
efficient than DFO in removing myocardial Fe.”® On the
other hand, in a relatively large clinical trial, no difference in
cardiac Fe levels was evident between DFO or deferiprone.®*

These contrasting toxicity results have led to speculation
that the deferiprone—Fe complex is redox-active and thus, a
host of studies have examined this. Speciation plots of the
deferiprone—Fe complex have demonstrated that the in-
complete bis-complex accounts for almost 40% of the Fe'"!
at micromolar levels at pH 7.°” This potentially suggests
that the incomplete coordination of Fe would enable access
of reductants and oxidants to the metal center in a biolo-
gical system, potentially leading to the generation of
ROS.”
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To achieve a negative Fe balance in Fe overload patients,
deferiprone must be administered at a relatively high dose of 75
(mg/kg)/d.” This is mainly due to limited efficacy of the drug,
as extensive phase II drug metabolism occurs in the liver.
During this process the hydroxyl group, necessary for Fe
chelation, becomes blocked by glucuronidation (Figure 5B).
In fact, greater than 85% of deferiprone administered in
humans is converted to the nonchelating 3-O-glucuronide
form.'""1°" The extensive drug deactivation of deferiprone
has initiated the development of other hydroxypyridinone
derivatives as alternatives in chelation therapy. A wide variety
of deferiprone analogues has been investigated, and one of the
most promising is discussed below.

4.2.2. Deferiprone Analogues. To reduce the kinetic lability
and drug toxicity and to improve chelation efficacy of defer-
iprone Fe complexes, a number of analogues with high pFe'
values have been investigated. Chelators with high pFe'
values are able to scavenge Fe at lower levels and dissociate
less readily.'® An example of a high pFe'"" chelator is the
deferiprone analogue CP502 (Figure SA), which has a higher
pFe'™ value of 21.7 in comparison to that of deferiprone at
19.4.'%% This deferiprone analogue was found to enhance Fe
clearing efficacy in a *’Fe-ferritin-labeled rat model, more so
than deferiprone.'® Additionally, the analogue demonstrated
only a minute amount of phase II glucuronidation in a
cannulated rat study.'® This is an important factor in the
increased chelation efficacy of this analogue in comparison to
deferiprone, prolonging the activity of the ligand.

Because of the improved metabolic profile and complex
stability of this high pFe' chelator, Apotex Inc. is further

evaluating deferiprone analogues as potential Fe chelators
for clinical use.'"

4.2.3. Deferiprone Conjugates. Deferiprone conjugates
have also been designed and prepared to assess their in vitro
and in vivo activity. For example, the generation of defer-
iprone conjugated to polyamines, such as spermine
(Figure 5A), has been examined in an effort to increase the
membrane permeability of deferiprone.'® The effect of
introducing the polyamine moiety was assessed by examin-
ing the ability of this deferiprone conjugate to inhibit the
proliferation of L1210 murine leukemia cells.'® Interest-
ingly, the deferiprone—spermine conjugate (Figure 5A) de-
monstrated significantly greater antiproliferative activity
than deferiprone, with ICsy values of 0.2 and 55 uM,
respectively.'’ These results suggested that the spermine
moiety may enhance the ability of deferiprone to enter cells.
However, further studies are required before the validity of
this approach can be ascertained.

4.3. Aroylhydrazones. 4.3.1. Pyridoxal Isonicotinoyl Hy-
drazone (PIH). Pyridoxal isonicotinoyl hydrazone (PIH,
Figure 6A) is an orally active Fe chelator belonging to the
aroylhydrazone family of ligands.'®”!% This tridentate chela-
tor avidly binds Fe through phenolic and carbonyl oxygens
and imine nitrogen donor atoms (Figure 6B). PIH can be easily
synthesized through the Schiff base condensation reaction of
pyridoxal and isonicotinic acid hydrazide,'®”'% and its triden-
tate binding mode was demonstrated by the generation of the
PIH—Fe complex in a ligand—Fe ratio of 2:1.'%

Examination of the metal-binding affinity of PIH utilizing
potentiometric titrations has demonstrated that this ligand
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has a high affinity for Fe'! that is comparable to that of
DFO, while it has lower affinity for Fe'".'” This can be
expected, as PIH uses predominantly “hard” oxygen donor
atoms that prefer Fe''. Interestingly, the ferrous PIH
complex was shown to be sensitive to oxidation by oxygen,
and this may be an important factor in its ability to protect
plasmid pUC-18 DNA against hydroxyl radical-mediated
strand breaks."'"'" This may be due to its ability to sca-
venge Fe'!, limiting the levels of free Fe'' that are available to
catalyze Fenton chemistry and ROS generation and enhan-
cing its auto-oxidation rate.'!!

The ability of PIH to complex other divalent metals, such
as Ca', Mg" and Zn", has also been examined.''> Although
PIH was able to bind Zn"" with a much higher affinity than
Ca'and Mg", the affinity for these divalent metal ions was
far less than that of Fe'™."'? This suggests that the chelation
of Fe' and to a lesser extent Zn'' can be expected in
biological systems.''?

The ability of PIH to mobilize Fe was initially studied in
reticulocytes in which heme synthesis in the mitochondrion
was inhibited, leading to Fe accumulation in this orga-
nelle.'”” This study demonstrated the marked efficacy of
PIH to mobilize Fe from the mitochondrion, confirming the
ability of PIH to pass the plasma and mitochondrial mem-
branes and effectively chelate Fe, suggesting its potential
usefulness in the treatment of the mitochondrial Fe overload
disease, Friedreich’s ataxia.'?” In fact, when combined with
DFO, PIH has some beneficial effects in reducing the
mitochondrial Fe overload and the cardiomyopathy ob-
served in the MCK mouse model of this latter disease.''?

PIH has also been shown to be as efficient as DFO in
preventing the uptake of *’Fe from Tf in hepatocyte cell
cultures, reducing *’Fe uptake to approximately half that
observed in the control.'* Additionally, the ability of PIH to
reduce *’Fe uptake from Tf was also analyzed in the human
SK-N-MC neuroepithelioma cell line.>> This study showed
that PIH was able to effectively reduce *°Fe uptake to a far
greater extent than DFO.> Interestingly, while DFO showed
lower Fe chelation efficacy in terms of mobilizing Fe from
cells and preventing Fe uptake from Tf, it was found to be
more effective than PIH at inhibiting cellular prolifera-
tion."'® This highlights the suitability of PIH as an agent
for the treatment of Fe overload disease and that high Fe
chelation efficacy does not necessarily lead to marked in-
hibition of tumor cell growth.>®

The very low antiproliferative activity of PIH has been
shown to be blocked upon the addition of a soluble Fe
source, demonstrating that its ability to bind Fe is central
to its very mild cytotoxic effects.’® The suitability of PIH for
the treatment of Fe overload disease was also demonstrated
by the ability of its Fe complex to support hemoglobin
synthesis''® and cellular proliferation.'!”

In addition to these in vitro studies, a number of in vivo
trials have also been performed highlighting the ability of
PIH to induce Fe mobilization when administered orally in
animals''™®!"” and humans.'*® When administered orally in
rodents at doses between 25 and 100 mg/kg, PIH led to the
fecal excretion of Fe of up to 8 times greater than basal
levels.'?! Intraperitoneal or orally administered PIH was
shown to increase biliary *’Fe excretion from labeled rats
after only 15 min of PIH administration.'?* Further, a
decrease in *’Fe levels was evident in the liver and kidneys
of rats after repeated PIH doses.'*® The Fe mobilizing
activity of PITH was also examined in a human phase I clinical
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trial using both normal and Fe-overloaded patients.'*° Inter-
estingly, PIH doses at 30 mg/kg, three times a day for a
period of 3 weeks, led to a negative Fe balance in nontrans-
fused patients.'*° Unfortunately, this dosage level would not
be sufficient to achieve a negative Fe balance in transfused
subjects. However, it is important to note that the doses used
were far from optimal.'?’

Speciation studies have been conducted to assess the
ionization characteristics of the chelator that could provide
more information regarding the mechanism of action of
PIH.'** This study found that the majority of this ligand
(~80%) was in the neutral state at physiological pH (7.4),
with only a small proportion present as its singly charged
anionic species.'?® These results, in combination with this
ligand’s lipophilicity, suggest that at physiological pH, PIH
is readily able to permeate cell membranes and is taken up in
the small intestine where the basic pH means that the
majority of the chelator will be neutral.'*® Indeed, this is
shown by studies examining the ability of the chelator to
mobilize *Fe from prelabeled cells and the much greater
efficacy of PIH in comparison to DFO.'**

In order to further study the structure—activity relation-
ships of PIH, 45 analogues of this compound were devel-
oped. These analogues can be divided into three series known
as the 100, 200, and 300 groups of ligands. Despite relatively
minor structural differences, the PIH analogues were de-
signed to maintain their tridentate coordination with the
conservation of the carbonyl oxygen, imine nitrogen, and
phenolic oxygen donors (Figure 6C; for review, see ref 125).

4.3.2. 100 Series. The 100 series consist of PIH itself (also
known as “1117) and its various analogues (Figure 6C), each
differing slightly at the hydrazide moiety. In vitro analysis of
PIH and the other 14 analogues in a SK-N-MC neuroepithe-
lioma cell line demonstrated that they have low antiproli-
ferative activity.”> Most of these ligands displayed poorer
antiproliferative activity than DFO except for pyridoxal
p-tert-butylbenzoyl hydrazone (106), pyridoxal m-fluoro-
benzoSySI hydrazone (109) and pyridoxal 2-pyridyl hydrazone
(113).

Analysis of the relationship between the lipophilicity of
the 100 series and their antiproliferative activity demon-
strated a weak linear relationship.>® Although the 100 series
shows low antiproliferative activity, most of the analogues
were more effective than DFO in preventing *’Fe uptake
from Tf and promoting intracellular *’Fe release.> Hence, it
was suggested that most of the 100 series analogues were
suitable for the treatment of Fe overload diseases.

4.3.3. 200 Series. In order to further understand struc-
ture—activity relationships of the aroylhydrazone Fe chela-
tors, the 200 series was created by replacing the pyridoxal
moiety with the more hydrophobic salicylaldehyde group
(Figure 6C). Analysis of the biological activity of 200 series
analogues demonstrated higher antiproliferative efficacy
than the 100 series.”>'?® Similar to the 100 series, the most
pronounced antiproliferative activity was observed with
salicylaldehyde p-tert-butylbenzoyl hydrazone (analogue
206, Figure 6C). In fact, its efficacy at inhibiting tumor cell
growth in culture was similar to the clinically used cytotoxic
agents doxorubicin, cisplatin, and bleomycin.'?’

In contrast to the antiproliferative activity of the 100
series, the 200 series analogues demonstrated reduced capa-
city to mobilize intracellular *’Fe from cells, although they
were still more effective than DFO.% This emphasizes the
fact that chelators with marked antiproliferative activity
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work via various mechanisms. The increased antiprolifera-
tive activity of the 200 series, which are more lipophilic in
comparison with the 100 class, again highlighted the impor-
tance of lipophilicity as a factor in determining high
antitumor activity.>® This relationship was further empha-
sized in the 300 series of chelators discussed below.

4.3.4. 300 Series. The 300 series (Figure 6C) of PIH
chelators are more lipophilic than both the 100 and 200 series
because of the substitution of the pyridoxal or salicylaldehyde
moieties in PIH with the highly hydrophobic group 2-hydroxy-
I-naphthaldehyde. The 300 series demonstrate the highest
antiproliferative activity out of the three series of PIH
analogues.'®® As the 300 series are the most lipophilic and
demonstrated marked antiproliferative effects, this further
illustrated the importance of lipophilicity in the antitumor
activity of chelators. Considering the link between chelator
hydrophobicity and proliferation, it was speculated that more
lipophilic ligands can gain access to certain intracellular Fe
pools necessary for proliferation (e.g., those required by RR),
while more hydrophilic chelators cannot.>

All analogues of the 300 series were far more efficient than
DFO at preventing proliferation (ICso = 1—7 uM), the most
cytotoxic being 2-hydroxy-I-naphthylaldehyde m-chloro-
benzoyl hydrazone (308), 2-hydroxy-1-naphthylaldehyde
m-fluorobenzoyl hydrazone (309), NIH and 2-hydroxy-1-
naphthylaldehyde 2-thiophenecarboxyl hydrazone (315).>
Analysis of their Fe mobilization efficacy found that NTH
was the most effective of the analogues, mobilizing 44% of
intracellular *Fe compared to 15% with DFO.>> Precom-
plexation of NTH with Fe prior to cellular treatment resulted
in the inhibition of antiproliferative activity. This demon-
strated that the ability of NIH to bind intracellular Fe is
necessary for the ligand’s antiproliferative activity.*® Subse-
quent studies examined the transport and release of NIH
from tumor cells to understand its high efficacy. These in-
vestigations showed that, in contrast to the parent compound
PIH,"?’ NIH was shown to be released from cells by an energy-
independent mechanism consistent with diffusion or passive
transport.'*® Additionally, NIH was found to have antitumor
activity in a range of tumor cell types in culture, including
CCRF-CEM leukemia cells, breast cancer cells, bladder carci-
noma, as well as head and neck cancer cell lines.'®

A number of studies have consequently investigated the
chemistry of NIH to understand its marked antitumor
activity. For example, X-ray crystallography studies have
demonstrated that NIH was a tridentate ligand, using the
phenolic and carbonyl oxygens and imine nitrogen donor
atoms to bind Fe in a meridional manner.’® In fact, the
ligands form a distorted octahedral complex with high spin
Fe'"" >® The planarity of NIH prearranges the donor atoms in
a geometry ready for Fe binding.

Considering that redox activity of some clinically used antic-
ancer agents plays a role in their cytotoxic effects (e.g.,
anthracyclines),'*""'* studies were initiated to examine if the
binding of Fe by NIH resulted in the generation of cytotoxic
radical species. These investigations found that NIH was able to
inhibit the oxidation of ascorbate and hydroxylation of benzo-
ate, which indicated that the Fe complex was not significantly
redox active.'** Additionally, cyclic voltammetry studies exam-
ining NIH and its Fe complex demonstrated that redox cycling
does not play a role in its antiproliferative activity.>®

Other studies showed the ability of NITH to permeate cells,
bind Fe, and alter the expression of proteins involved in Fe
metabolism. In fact, NIH was found to increase the RNA-
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binding activity of the IRPs to a greater extent than DFO,
leading to increased levels in TfR/ mRNA and protein.'®
In addition, NIH and DFO increased the mRNA express-
ion of genes that play crucial roles in regulation of the
cell cycle, namely, GADD45,"** the growth and metastasis
suppressor gene NDRG1,%! and the cyclin-dependent kinase
inhibitor, p21<"P/WAFT (wild-type p53 activating fragment
1 gene)."3*!3 This increase in gene expression was due to Fe
depletion, and NIH was markedly more active as a function
of dose than DFO because of its high permeability and Fe
chelation efficacy.'* As found previously for other Fe
chelators,'3° 13 NIH was shown to reduce the generation
of the tyrosyl radical within RR'® and inhibit the activity of
this enzyme.'*> The inhibitory effects of NIH on
[*H]thymidine, [*H]uridine, and [*H]leucine incorporation
further confirmed the antiproliferative effects this chelator.?

4.3.5. 2-Pyridylcarboxaldehyde Isonicotinoyl Hydrazone
(PCIH) Series. In an attempt to synthesize ligands with high
antiproliferative activity, novel aroylhydrazone chelators were
designed by condensing 2-pyridylcarboxaldehyde with a range
of acid hydrazides previously used to synthesize the PIH
analogues.'*® The 2-pyridylcarboxaldehyde moiety was chosen
because it was previously shown to have potent RR inhibitory
and antiproliferative activity.'**'*! This led to the generation
of the 2-pyridylcarboxaldehyde isonicotinoyl hydrazone
(PCIH, Figure 7A) series of ligands.'*'** These analogues
are tridentate with the same hydrazone bridge as the 100, 200,
and 300 series and bind Fe through the imine nitrogen, pyridyl
nitrogen, and carbonyl oxygen donor atoms.'*

Unfortunately, in vitro analysis of the PCIH analogues
showed low antiproliferative activity, making them suitable
as agents for the treatment of Fe overload.'* A number of
members of the PCIH series were able to mobilize intracel-
lular Fe to a greater extent than DFO."* They also have far
less effect on [°H]thymidine, [*H]leucine, and [*H]uridine
incorporation than NIH.'*’ Investigations on the redox
activity of PCIH Fe complexes showed that they were redox
inactive.'** These results suggested that PCIH and its analo-
gues were more suitable candidates for the treatment of Fe
overload disease.

X-ray crystallography studies showed that PCIH under-
goes oxidation to isonicotinoyl picolinoyl hydrazine when
complexed with Fe'™.'** This oxidation product showed
little Fe chelation activity because of its ionized state at
physiological pH. These studies illustrate the importance of
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charge on the ability of the ligands to cross biological
membranes and to access intracellular Fe pools,'* providing
important structure—activity relationship information for
the development of new compounds.

4.3.6. Di-2-pyridylketone Isonicotinoyl Hydrazone (PKIH)
Series. In order to develop chelators as potent antitumor
agents, another series of novel ligands based on PCIH were
prepared. In this series, the 2-pyridylcarboxaldehyde moiety
was replaced with the more lipophilic di-2-pyridylketone
group (Figure 7B). This was done considering our studies
showing that lipophilicity was an important criterion of anti-
proliferative activity in Fe chelators.”® This generated a new
group of chelators known as the di-2-pyridylketone isonicoti-
noyl hydrazone (PKIH, Figure 7B) series. The PKIH ligands
have an additional pyridyl ring, which increased the lipophi-
licity of these compounds. These ligands use the same donor
atoms as PCIH, namely, the imine nitrogen, pyridyl nitrogen,
and carbonyl oxygen.'** Importantly, the PKIH series are
predominantly in their neutral form at physiological pH,
allowing access across cells membranes.'**

The in vitro biological activity of the PKIH series in the
human SK-N-MC human neuroepithelioma cell line demon-
strated that they were more cytotoxic than their correspond-
ing PCIH analogues.'* In terms of Fe chelation efficacy,
nearly all PKTH analogues showed similar or greater activity
in mobilizing *’Fe and preventing *’Fe uptake from Tf than
the corresponding PCIH series compounds.'*® The chelators
PKIH, 2-pyridylketone thiophenecarboxyl hydrazone
(PKTH), 2-pyridylketone benzoyl hydrazone (PKBH), and
2-pyridylketone m-bromobenzoyl hydrazone (PKBBH)
showed high antiproliferative activity, being as potent as
NIH (ICsy = 1—3 uM).'*® Importantly, while PKIH analo-
gues demonstrated marked inhibition of proliferation
against human SK-N-MC cells, their activity was less pro-
nounced toward normal MRC-5 human fibroblasts, suggest-
ing that they possess selectivity against tumor cells.'*

Studies on the chemistry of the PKIH series demonstrated
that they formed distorted octahedral complexes with Fe'’,
with two tridentate ligands arranged in meridional fashion
around the metal center.'** The Fe complexes are oxidized to
their Fe'" forms at relatively high potential, and this oxida-
tion is coupled to a rapid reaction with water to form a
hydrated (carbinolamine) derivative.'"** Further studies on
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the redox activity and solution chemistry of the PKIH—Fe
complexes suggested that they could stimulate benzoate
hydroxylation in the presence of Fe'' and H,0,.'*® The Fe''
complexes caused marked DNA degradation in the presence
of H,0,, confirming that the PKIH—Fe complexes can
mediate Fenton chemistry.'** In addition, PKIH markedly
increased intracellular ROS that was inhibited by catalase,
an enzyme that can also decrease the antiproliferative effects
of these chelators.'** Hence, it was suggested that the anti-
proliferative activity of these ligands was mediated by sti-
mulation of Fe-mediated free radical generation via redox
cycling of the Fe complexes.!#+14¢

Although there was no strong correlation between
the log P values and the antiproliferative activity of the
PKIH series, it was observed that analogues containing
electron-donating substituents such as di-2-pyridylketone
p-aminobenzoyl hydrazone (PKAH) and di-2-pyridylketone
p-hydroxybenzoyl hydrazone (PKHH) showed low antipro-
liferative activity (ICso > 23 uM)."* In contrast, analogues
bearing electron-withdrawing substituents such as PKIH
showed high antiproliferative activity, despite being the most
hydrophilic ligand of this series.'*> Therefore, it was pro-
posed that electron-withdrawing substituents can anodically
shift the Fe"™ redox potential, while electron-donating
substituents result in complexes with lower metal-centered
redox couples. Consequently, electron-donating substituents
can act to stabilize the trivalent Fe state and reduce their
antiproliferative activity.'** In fact, the PKAH—Fe complex
was a poor oxidant of ascorbate, while the PKIH—Fe
complex demonstrated the highest ability to catalyze ascor-
bate oxidation.'** Hence, the increased anticancer activity of
the PKIH series, relative to the PCIH analogues, can be
partly attributed to their redox activity.

4.4. Thiohydrazones. The previously discussed aroylhydra-
zone Fe chelators of the PKIH class use the N,N,O donor set of
atoms to bind Fe and demonstrate moderate antiproliferative
activity.'® Their closely related thiosemicarbazones counter-
parts discussed below, the (di-2-pyridylketone thiosemi-
carbazone) DpT series, utilize the N,N,S set of donor atoms
but display very marked antitumor activity."> Thus, in an
attempt to elucidate the effect of donor atom identity on
anticancer activity, a novel range of intermediate ligands, the
thiohydrazones (Figure 8B), were synthesized.'*” The design
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of these ligands was based on a number of aroylhydrazone
parent compounds (Figure 8A).'*” This novel range of ligands
incorporated the hydrazone backbone but replaced the carbo-
nyl oxygen with a sulfur atom.

Interestingly, thiohydrazones utilizing the O,N,S donor
atoms, such as pyridoxal thiobenzoyl hydrazone (PTBH),
salicylaldehyde thiobenzoyl hydrazone (STBH), and 2-hy-
droxy-1-naphthaldehyde thiobenzoyl hydrazone (NTBH),
demonstrated poorer antiproliferative activity than that of
their parent O,N,O aroylhydrazones.'*” Additionally, redox
studies demonstrated that the Fe complexes of these O,N,S
thiohydrazones showed reduced redox activity.'*’

In contrast to the O,N,S thiohydrazones, the N,N,S
thiohydrazones, including di-2-pyridylketone thiobenzoyl
hydrazone (PKTBH) and 2-benzoylpyridine thiobenzoyl
hydrazone (BPTBH), exhibited more potent and selective
antiproliferative activity than those of their N,N,O aroylhy-
drazone counterparts (Figure 8A).'*” Importantly, these N,
N.,S thiohydrazone chelators demonstrated anticancer activ-
ity that was comparable to the closely related thiosemicar-
bazones, the DpT and 2-benzoylpyridine thiosemicarbazone
(BpT) series.'*

Intriguingly, the N,N,S thiohydrazone Fe complexes showed
completely reversible electrochemistry at potentials accessible
to both oxidants and reductants, suggesting that their anti-
proliferative activity, at least in part, was derived from their
ability to produce intracellular ROS.'*” This was supported by
the fact that their Fe complexes were able to catalyze both the
oxidation of ascorbate and hydroxylation of benzoate.'*’

Collectively, the studies performed with the thiohydra-
zone ligands confirmed the importance of the N,N,S donor
set of atoms for potent antiproliferative and redox activ-
ity."*” These investigations have provided a crucial set of
structure—activity relationships necessary for the design of
future ligands for cancer treatment.

5. Thiosemicarbazones: Old and New

It has long been established that compounds of the
thiosemicarbazones class exhibit strong antiproliferative
activity. *'*71% Their ability to chelate metal ions depends

Figure 9. Chemical structure of 3-AP.
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on the presence of a N,N,S tridentate “soft donor” coordina-
tion system (Figure 9). This allows the thiosemicarbazone
ligands to bind not only Fe*'*8 but also Cu, Zn, and other
transition metals.'>® Although their ability to chelate metal
ions is known, the implication it has on the anticancer activity
of these compounds was not clear and is discussed below,
particularly in relation to their redox activity.

5.1. Chemical Properties of Thiosemicarbazones and
Their Complexes. Compounds bearing the a-pyridyl thiose-
micarbazone backbone (including 2-pyridylcarbaldehyde,
2-pyridylketone, and 2-pyridylformamide thiosemicarba-
zones) abound in the literature. More than 500 crystallogra-
phically characterized examples are reported in the Cam-
bridge Structural Database comprising either free ligands or
coordination compounds. The vast range of metal ions
complexed by a-pyridyl thiosemicarbazones in an N,N,S
configuration is illustrated in Scheme 1. The conventional
numbering scheme (from N' to N*) is shown. Other well
represented groups based on different parent aldehydes or
ketones are the salicylaldehyde thiosemicarbazones and their
analogues (~300 structurally characterized examples) where a
phenolate O-donor binds in addition to N'- and the S-donor.
Carbocyclic (organometallic) thiosemicarbazones based on
benzaldehyde and relatives are also known, although the range
of complexed metal ions is more restrictive.

The breadth of thiosemicarbazone chemistry demands a
more focused survey, and this section will concentrate on the
a-pyridyl thiosemicarbazones specifically with known bio-
logical activity. For earlier work, the 1993 review of West
et al. on the coordination and biological chemistry of
a-heterocyclic thiosemicarbazones (specifically copper com-
plexes) is important to note."”"!

5.1.1. a-Pyridyl Thiosemicarbazone Free Ligands: Struc-
ture and Solution Properties. In their metal free form,
a-pyridyl thiosemicarbazones have been identified in three
isomeric forms, Z, E, and £, depending on the disposition of
substituents about the C=N bond and thioamide (NHC=YS)
group (Scheme 2). The isomeric distribution in solution is
affected by solvent, and two or more forms may be present in
solution and discernible by NMR.'® The chemical shift of the
thioamide proton on N? is diagnostic of the isomeric form.
Intramolecular H-bonding is an important structural deter-
minant, and either N or N*is involved in H-bond donation
in the Z or E isomer, respectively (Scheme 2). In the special
case where N* bears no H-atoms, the ligand converts to the
E' tautomeric form (Scheme 2) where the labile proton
resides on N (rather than N?) where it is H-bonded to the
pyridyl N-atom and S atom (Scheme 2).

Scheme 1. Structures of the a-Pyridyl Thiosemicarbazone, Salicylaldehyde Thiosemicarbazone, and Benzaldehyde/Benzophenone
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Scheme 2. Different Isomeric Forms of Pyridine Thiosemicar-

bazones Showing the Z, E (anti, anti) and £’ (syn, syn) Isomeric
Forms

N R
T Yy
o L

“ _N
N Z W R

4 s// B \R' E

A favorable pharmacological property of o-pyridyl thio-
semicarbazones is their lipophilicity (commonly quantified
by their octanol/water partition coefficient, log P). Varia-
tions of the substituents R, R’, and R” enable the lipophili-
city to be readily tuned, and this is strongly correlated with
biological activity.'*!>1%” In this regard, it is apparent that
the solubility properties of the compound will also be
affected. The zwitterionic £ form should be more hydro-
philic than either the £ or Z form because of its polar
structure. In fact, we have shown this to be true in a number
of cases.'>!>147 For example, the structurally characterized
compounds Ap44mT (E' isomer)'>*> and Ap4mT (E iso-
mer)'>® bear similar substituents, but the latter compound
has a partition coefficient that is more than 1 log unit greater
than the former.

The pK, of the N’H group (see Scheme 2) in o-pyridyl
thiosemicarbazones is in the range 9.5—11, while the pyridyl
pK, is around 4; i.e., the compounds are always charge
neutral at physiological pH 7.4."* The anion itself is not
stable in the absence of metal coordination, and thus, there
are no structurally characterized examples of pyridine thio-
semibarbazone anions unstabilized by metal coordination.
The ligands appear more stable in acidic solution, and we
have reported'? the structure of the protonated (pyridinium)
derivative Dp4eT-HCIO4 compound as its perchorate salt
(Figure 10).

The charge neutrality of the ligands at physiological pH
(7.4) assists their passage across the cell membrane. How-
ever, very high lipophilicity can also be a problem as aqueous
solubility and bioavailability become poor. One attempt to
improve this has been the addition of solubilizing groups to
the well studied 3-AP to give aqueous-soluble prodrugs
(Figure 11).'3*15% These alterations led to an improvement
in biological efficacy.

5.1.2. o-Pyridyl Thiosemicarbazone Coordination Chemis-
try. To bind a single metal center in a tridentate fashion, the
three possible donor atoms (N, N', S) must adopt the E’
conformation, where all three donor atoms are syn with
respect to each other (Scheme 2). Deprotonation and co-
ordination bring about a change in the electronic structure
where the ensuing negative charge resides mostly on the S-
donor atom on the basis of the significant lengthening of the
C—S bond and shortening of the adjacent C—N? bond,
which approaches that of a double bond (Scheme 3). Once
in this configuration the ligand offers an N,N,S donor set
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Figure 10. Crystal structure of the hydrogen perchlorate salt
Dp4eT-HCIO, showing intramolecular and intermolecular
H-bonding. Note that N2 is the site of protonation.
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Figure 11. Prodrug derivatives of 3-AP.

that coordinates in an obligatory meridional fashion because
of the rigidity of the ligand. Additionally, the negative charge
on the S-donor enhances its binding strength and the ability
of the ligand to stabilize metals in higher oxidation states.
This is in contrast to hydrazone analogues derived from
similar heterocyclic aldehydes and ketones where low oxida-
tion states, i.c., Fe'l but not Fe'™', are stabilized.'#156:157

The fact that the ligands readily lose a proton upon
coordination also is a key factor in the biological activity
of their complexes. Combination of two ligands with a
divalent metal ion preferring 6-coordination (a common
example) results in a charge neutral complex (Scheme 4).”*
This charge neutrality means that the complexes themselves
may also be able to cross the cell membrane, and this
provides a novel method of delivery of the thiosemicarba-
zone to the cell in the form of a labile divalent complex which
may then dissociate within the cell.”

In light of the instability of thiosemicarbazones in strongly
acidic or basic solutions, potentiometric determination of
complex formation constants are fraught with difficulties.
To avoid such complications, spectrophotometric titrations
at pH 7.4 have established the formation constants for the
divalent first row transition metal ions Mn, Ni, Cu, and Zn.”
The same approach is not viable for determination of the Fe*
stability constants under anaerobic conditions, as the low spin
Fe complexes are particularly stable and kinetically inert.

Recently, several Ga' complexes of thiosemicarba-
zones have been prepared and their anticancer properties
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Scheme 3. Resonance Structures of Complexes of Pyridine Thiosemicarbazones in Their Deprotonated Form
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assessed.'®1%% In most cases, the Ga complex is more active
than either the free ligand or the corresponding Fe complex.
Itis possible that the Ga complexes undergo transmetalation
in vivo and the effects observed are due to formation of the
Fe thiosemicarbazone complex within cells and also delivery
of Ga" to intracellular targets. These can interfere with
normal metabolism by substitution for Fe and hinde-
ring iron-dependent processes, such as ribonucleotide
reduction.'® The facile solution interconversion of [Ga-
(Ap44mT),][GaCly] to give a 1:2 equilibrium mixture of the
original complex and [Ga(Ap44mT)Cl,] suggests that trans-
metalation in vivo is quite likely.'*®

Several Ru'" and Ru"' complexes have also been investi-
gated.!">1% In the case of these inert Ru complexes, ligand
exchange seems unlikely. Indeed, in one study it was found
thatincorporation of a 2-benzoylpyridinethiosemicarbazone
ligand into heteroleptic Ru complexes resulted in less activity
compared to the precursor complex with more readily dis-
placeable ligands.'®! In fact, the Ru complexes were likely to
be acting as DNA-binding agents and their cytotoxicity may
be mediated through this mechanism.

Of note, the metal ion can, in some cases, promote
decomposition of the coordinated thiosemicarbazone. Apart
from hydrolysis of the Schiff base, some novel metal-cata-
lyzed decomposition processes of thiosemicarbazone ligands
have been identified. The extent to which these processes
may occur in vivo is currently unknown but may be relevant
to the fate of these compounds in vivo and warrants further
investigation. For example, Cu'' complexes of pyridine-2-
carbaldehyde thiosemicarbazone undergo base-catalyzed
loss of sulfur, ultimately leading to a nitrile, as shown in
Scheme 5.'%? Desulfurization was also detected in solutions
at physiological pH at 40 °C. It is of interest that the
insolubility of CuS may be a key factor in this reaction.

5.1.3. Iron Coordination Chemistry: A Key Aspect of
Thiosemicarbazone Biological Activity. Although thiosemi-
carbazones and their complexes show a broad spectrum
of biological activity, the link between their anticancer
properties and Fe chelation has only recently emerged. The
most intensively investigated thiosemicarbazone is 3-AP,
which is currently in phase II trials as a drug against a
number of cancers.”®'>>19371¢ T ittle has been reported
about the coordination chemistry of 3-AP, but it appears
that Fe chelation is strongly linked with its biological

activity. Our own studies with the DpT, BpT, and 2-acet-
ylpyridine thiosemicarbazone (ApT) analogues have shown
that the structural, spectroscopic, and redox properties of o-
pyridyl thiosemicarbazones are very similar. The little data
that have been published on the Fe coordination chemistry
of 3-AP mirror that of our own work on other related
thiosemicarbazones.'>!>!47

As Fe shows a distinct preference for octahedral coordina-
tion geometries in both its di- and trivalent oxidation states,
complexes of o-pyridyl thiosemicarbazones are typically of
the form [Fe'"L,] or [Fe™L,]" where L™ is the monoanionic,
N,N,S-coordinated thiosemicarbazone (Figure 12). An extra
consideration is the electronic ground state of the metal in
each of its oxidation states, i.e., whether it is high or low spin.
All a-pyridyl thiosemicarbazones form low-spin Fe''! com-
plexes of the type [Fe''"L,]", as shown by both X-ray crystal-
lography and EPR spectroscopy. The Fe—N,,,, bond lengths
(~1.99 A) are much longer than the central Fe—Nj,;,. bonds
(to atoms N2a and N2b in Figure 12), which are around
1.91 A. The Fe—S coordinate bonds (~2.22 A) are the
longest, as expected from the respective bonding radii of
the donor atoms. Most importantly, these bond lengths are
much shorter than seen in high spin ferric complexes of
related hydrazones.>®!!°

The Fe'' o-pyridyl thiosemicarbazone complexes are
usually slowly oxidized in aerated solutions to their ferric
form, so there are few structurally characterized examples of
complexes in the divalent state. One of these, [Fe(NBp4eT),],
is stabilized in its divalent form by the electron-withdrawing
nitro groups.'*’ The second comprises the Fe'' complex of a
neutral bis-pyridineformamide N*-phenyl thiosemicarba-
zone (where the proton on N? remains).'®” The higher
positive charge of the complex brings about a similar stabi-
lization of the ferrous oxidation state against oxidation,
although in neutral aqueous solution these protons will
almost certainly be lost. When compared to analogous low
spin Fe'™! complexes, there is little change in bond lengths,
and this is relevant to their electrochemical properties (see
below).

The o-pyridyl thiosemicarbazones are potent ligands for
Fe. We have shown that ferrioxamine B (or Fe(DFO), the
ferric complex of desferrioxamine) reacts with excess acet-
ylpyridine thiosemicarbazones to afford the ferric thiosemi-
carbazone complex over a period of days.”* Although this
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Scheme 5. Formation of the Nitrile Product after Complexa-
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process is very slow, it does highlight the competitiveness of
the o-pyridyl thiosemicarbazones for Fe. The formation
constant of Fe(DFO) is very high, and DFO has been used
for many years as the chelator of choice for the treatment of
Fe overload.” Hence, any ligand that can exhibit a similarly
high affinity for Fe as well as being able to gain access to
intracellular Fe pools will also be an effective Fe chelator.
Indeed, an important finding was that the Mn, Ni, Cu, and
Zn complexes of the DpT analogues exhibit the same anti-
proliferative activity as their free ligands, which strongly
suggests that the complexes dissociate, probably within the
cell.”? The Fe complexes are less active, although still active
in their own right, and evidently survive intact upon entry
into the cell. In fact, it appears that Fe is a target of these
ligands and that the unique redox chemistry of the Fe
complexes is linked to their antiproliferative activity.

5.2. 5-Hydroxypyridine-2-carboxaldehyde Thiosemicarba-
zone (HPCT) and Older Generation Thiosemicarbazones.
Some of the earlier thiosemicarbazones include 5-hydroxy-
pyridine-2-carboxaldehyde thiosemicarbazone (HPCT),
pyrazinecarboxaldehyde thiosemicarbazone (PCT), sodium
pyrazinecarboxaldehyde dithiocarbazonate (SPD), and pyr-
azinecarboxaldehyde 2'-pyrazinylhydrazone (PPH). Of
these ligands, PCT, SPD, and PPH were found to possess
considerable Fe chelation efficacy and reduced liver, spleen,
and transferrin Fe levels in Fe-overloaded mice.'*® More-
over, the ability of these chelators to bind and increase Fe
excretion was demonstrated in studies using an Fe-over-
loaded animal model'* and in clinical trials.’

HPCT was the first thiosemicarbazone to be studied in
patients for its toxicity and pharmacological disposition.’
After administration, characteristic dark-green urine was
observed, presumably resulting from the excretion of the
Fe'"-HPCT complex (2—11 mg/24 h). Plasma levels of
HPCT decayed in a biphasic mode with an initial half-life
of 2.5—10.5 min. Of the administered dose, 47—75% was
excreted within 24 h and the major (50—74%) metabolites
were glucuronide conjugates.” Transient decreases in blast
counts were observed in three of five patients with acute
leukemia, although no remission or antitumor effects were
noted in eight patients with solid tumors.” Administration of
larger doses was limited by gastrointestinal toxicity. Mild
myelosuppressant effects and hemolysis were noted in five
patients treated with a 5-day course of the drug. Although
toxicity appeared to limit the usefulness of this compound as
an antineoplastic agent, antileukemic activity was shown.’

5.3. 3-AP and Ribonucleotide Reductase Inhibition. After it
was recognized that the antitumor activity of early thiose-
micarbazones was at least partly due to an interaction with
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Figure 12. Crystal structure of [Fe(Ap4eT),|ClO, (H-atoms and
perchlorate anion omitted for clarity).

RR, a potent RR inhibitor, 3-aminopyridine carboxalde-
hyde thiosemicarbazone (3-AP) (Figure 9B), was synthesized
and later entered clinical trials.*!'#%:193:164 3 AP exhi-
bited more potent inhibition of L1210 leukemia cells both
in vitro'® and in vivo'® when compared to hydroxyurea
(HU), another clinically used RR inhibitor. A further ad-
vantage was that 3-AP is active against HU-resistant cells,
suggesting a different mechanism of action than HU itself.'®?

While 3-AP was shown to be a potent RR inhibitor, it was
not clear if this was due to the compound directly removing
Fe from the protein or if the 3-AP—Fe complex inhibited RR
activity via a redox mechanism, similar to other thiosemi-
carbazones.'?” Subsequent studies by our group demon-
strated that the 3-AP—Fe complex was redox active,
leading to ascorbate oxidation, hydroxylation of benzoate,
plasmid DNA degradation, as well as glutathione depletion
and DNA degradation in cultured tumor cells.'*?A later
study by Shao et al.'®® suggested that the Fe''—3-AP com-
plex was a more effective RR inhibitor than the free ligand, in
agreement with our previous studies.'** Shao and colleagues
showed that the cytotoxic effect of 3-AP was the result of
both ROS-mediated quenching of the tyrosyl radical in the
R2 subunit of RR, rendering the enzyme inactive, as well as
the toxic effects of ROS on proteins.'®® Earlier studies also
showed that the Fe complex of similar monothiosemicarba-
zones inhibit RR more effectively than the free ligand.'®”
Similar results were reported for the cupric complex of
2-formylpyridine monothiosemicarbazone.'”’

5.4. 3-AP: Clinical Trials. Phase I clinical trials utilizing
3-AP revealed concern over the toxicity of the compound.'®
After a 2 h iv dose of 96 mg/m? for 5 days every other week,
myelosuppression indicative of RR inhibition was noted.'®
Although this dose was deemed safe, it was recommended for
further clinical studies on the condition that it would be given
every 4 days to reduce the incidence of grade 4 leukopenia
which was noted in 13 of 14 patients.'®® Further, a phase II trial
of 3-AP in combination with the anticancer agent, gemcita-
bine, given to patients with non-small-cell lung cancer was
terminated after no objective response was observed in two
patients after two treatment cycles.'® Accompanying this was
the development of hypoxia in three patients and methemo-
globinemia in four patients.'®® Clearly, neither is desirable in
patients already compromised with pulmonary conditions.'®®

The activity of 3-AP has also been assessed in a phase II
trial of patients with metastatic renal cell carcinoma
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Figure 13. Chemical structures of the hybrid chelator NT series.

(RCC).”® Nineteen patients were given four courses of
3-AP at the doses recommended by Murren et al. (2003).'%
Again, acute hypoxia and methemoglobinemia were noted,
as well as grade 3/4 neutropenia in 79% of patients.”® This
resulted in only 47% of patients receiving more than 90% of
the initially planned dose, as the treatment dosage was
reduced to minimize adverse effects.”® The study was termi-
nated before completion, with only one patient exhibiting a
partial response.”®

A number of other clinical trials with 3-AP have also been
recently reported. These include studies examining pan-
creatic carcinoma, non-small-cell lung cancer (NSCLC),
leukemia, and myeloproliferative disorders. A phase II
clinical trial with 3-AP in both chemotherapy-naive and
gemcitabine-refractory (GR) patients with advanced pan-
creatic cancer was conducted.'”! Fifteen patients were
enrolled, including one chemotherapy-naive individual
and 14 that were GR. The chemotherapy-naive patient
progressed during cycle 1 with grades 3 and 4 toxicities.
Of 14 GR patients, seven received two cycles, six received
one cycle, and one received eight cycles. Progression pre-
cluded further treatment in 11 GR patients. Additionally, one
patient died in cycle 1, and this death was considered to be
related to treatment and two stopped treatment because of
toxicity. Five GR patients had grade 4 toxicities possibly
related to 3-AP, and six GR patients had grade 3 fatigue.'”!
Toxicities and lack of meaningful clinical benefit prompted
early closure of the study. The 4-month survival in GR patients
was 21%, and it was concluded that this regimen appeared
inactive against predominantly GR pancreatic cancer.

Another phase II study of 3-AP in combination with
gemcitabine was conducted in advanced pancreatic carcino-
ma patients who had not received prior chemotherapy.”
These patients were treated with 3-AP at 105 mg/m?® given
over 2 h.”° Four hours after the 3-AP infusion, gemcitabine,
1000 mg/m?, was given over 30 min. Both drugs were given
on days 1, 8, and 15 of a 28-day cycle. At this dose and
schedule, no objective responses were observed. The combi-
nation resulted in moderate toxicities in these patients.””

A phase II trial with gemcitabine in advanced non-small-
cell lung cancer (NSCLC) was also evaluated.'®® Twelve
patients were treated with a median of two treatment cycles
without objective response. Hence, the study was terminated
at interim analysis. Four patients had stable disease, and the
median time to progression was 3 months. Grade 3 toxicities
included neutropenia (two patients), hypoxia (three patients),
and dyspnea (one patient).'®® Four patients developed re-
versible symptomatic methemoglobinemia. 3-AP did not
enhance clinical response to gemcitabine in this cohort of
patients with prior exposure to gemcitabine for advanced

NSCLC. The further development of 3-AP in lung cancer is
challenged by its potential of causing methemoglobinemia
and hypoxia, which could be problematic in patients with
compromised pulmonary reserves.

On the other hand, combination of 3-AP with the nucleo-
side analogue, fludarabine, in patients with refractory acute
leukemias and aggressive myeloproliferative disorders
showed that 3-AP at 105 mg/m? followed by fludarabine at
30 mg/m” administered daily for 5 days is active, warranting
further studies.'’* A phase I study in combination with high
dose cytarabine in patients with advanced myeloid leukemia
also concluded that the combination is feasible in advanced
myeloid leukemia, although methemoglobinemia is a com-
mon toxicity that requires close monitoring.'”?

5.5. Hybrid Chelators. 5.5.1. 2-Hydroxy-1-naphthylalde-
hyde-3-thiosemicarbazone (NT). The failure of 3-AP and
other thiosemicarbazones in the clinics dictates the need
for the development of more effective and selective thiose-
micarbazones. The PCIH series of chelators as mentioned
above (section 4.3.5), were designed on the basis of the strong
antiproliferative activity observed with 2-pyridylcarboxal-
dehye-derived thiosemicarbazones.'>® However, subsequent
analysis showed that PCIH chelators possess low antiproli-
ferative activity.'*® This led to the observation that the
antitumor activity may be mostly conferred by the thiose-
micarbazide moiety instead of 2-pyridylcarboxaldehyde.'*
Hence, a new class of chelators known as 2-hydroxy-1-
naphthylaldehyde-3-thiosemicarbazone (NT) series
(Figure 13) were prepared by condensing the 2-hydroxy-1-
naphthylaldehyde moiety, associated with high antiproli-
ferative activity in the 300 series (section 4.3.4)°>1?” and a
number of thiosemicarbazides.'” These studies were also
performed in order to gain further insight into the effect of
lipophilicity on the antiproliferative activity of these chela-
tors. As such, the NT series chelators were synthesized with
increasingly lipophilic thiosemicarbazides.'”

The investigation assessing the antiproliferative activity of
the NT series demonstrated that the chelators N4mT and
N44mT (Figure 13) had significant antiproliferative activity
against SK-N-MC neuroepithelioma cells (ICsy=0.5—1.5 uM).
These chelators were clearly more cytotoxic than DFO (ICsy =
22 uM) and comparable in activity to NIH (IC5o = 0.3 uM).
In addition, the NT series demonstrated greater antiprolifera-
tive activity against tumor cells such as neuroepithelioma
cells (ICso = 0.5 uM) than normal fibroblasts (ICsy > 25 uM),
demonstrating some selectivity.!”*

In order to determine the role of Fe chelation in the
antitumor efficacy of the NT series, the ability of the ligands
to promote *’Fe mobilization from cells and to prevent uptake
of *Fe from Tf was assessed.'”* The results showed that some
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Figure 14. Chemical structures of the DpT series.

of the chelators, namely, NT and N2mT, displayed low Fe
chelation efficacy whereas the rest of the remaining analogues,
especially N44mT, had high Fe chelation efficacy that was
similar to that of NIH.'™ The other two analogues with
antiproliferative activity, NT and N4mT, did not show marked
Fe chelation efficacy. Other NT members with lower antipro-
liferative activity such as N4pT had higher Fe chelation efficacy
than NT and N4mT, suggesting that depletion of cellular Fe
pools was not crucial for their antiproliferative activity.'”*

Analysis of the relationship between lipophilicity and
antiproliferative activity of the NT series suggested an inter-
esting trend. This showed a loss of antiproliferative activity
as the substituents on the terminal nitrogen atom of the
thiosemicarbazide became increasingly lipophilic.!”* This
was an important structure—activity relationship that was
considered in future studies.

5.5.2. Di-2-pyridyl Thiosemicarbazones. Building on the
promise of the aroylhydrazones and early thiosemicarba-
zones classes of chelators as well as the success of the PKTH
series of compounds,'**'7* seven novel chelators were
synthesized and termed the DpT series (Figure 14).'> The
chelators Dp44mT, Dp4eT, Dp4aT, and Dp4pT all showed
very high antiproliferative activity in vitro against SK-N-
MC neuroepithelioma cells.'> Dp44mT was the most active,
with an ICso value of 0.03 uM, being more effective than
DFO, NIH, and 3-AP, with ICs, values of 5.0, 0.3, 0.26 uM,
respectively. This made Dp44mT the most effective antipro-
liferative chelator prepared in the Richardson laboratory to
that date.'? Similar results were obtained when these com-
pounds were tested against SK-Mel-28 melanoma cells and
MCF-7 breast cancer cells, with Dp44mT again proving to
be the most active.'?

The possibility of selective antitumor activity of these
compounds in vitro was shown by the finding that all
compounds were largely ineffective at inhibiting the prolif-
eration of MRC-5 fibroblasts, a normal cell line.!> Assess-
ment of the antiproliferative activity of the most promising
DpT analogue, Dp44mT, continued in vivo through admin-
istration to mice bearing the aggressive murine M109 lung
carcinoma.'? Tumor weights were reduced by 47% com-
pared to controls in mice treated with the maximum toler-
ated dose (MTD) of Dp44mT (0.4 mg/kg) after only 5 days,
indicating marked antitumor efficacy.'? In the same series of
studies, 3-AP at its MTD (6 mg/kg) was more effective than
Dp44mT (0.4 mg/kg), with tumor weights being reduced to
10% compared to the controls.'> However, this dose of 3-AP
appeared toxic to mice, as it caused a significant decrease in

animal weight, hemoglobin level, hematocrit and also ery-
throcyte and leukocyte cell count.'? This was not observed in
animals treated with Dp44mT."?

Further studies investigating the antitumor activity of the
DpT series have been conducted by Whitnall et al.'”> These
compounds were tested against 28 cell lines in vitro with
Dp44mT having the most pronounced and broadest anti-
tumor effects.'” The average ICs, value of Dp44mT (0.03 +
0.01 uM) was significantly lower than those of 3-AP (1.41 £
0.37 uM) and DOX (0.62 & 0.35 uM) across all cell lines.'”
With the development of resistance of tumors to chemother-
apeutic drugs being an important issue, it was of interest to
note that Dp44mT retained its antiproliferative efficacy
against etoposide-resistant cells while being more effective
against vinblastine-resistant cells than -sensitive cells.'”

Whitnall et al.!”® also used a variety of human tumor
xenografts in mice to assess the antitumor potential of
Dp44mT. It was found that Dp44mT at 0.4 (mg/kg)/d was
well tolerated and that by use of nude mice with SK-Mel-28
melanoma xenografts, tumor growth over 7 weeks was
reduced to only 8% of that found in animals treated with
vehicle only.'” At this dose there were no significant differ-
ences in animal weight and hematological indices between
the treated and control groups.'” However, it is notable that
higher nonoptimal doses of Dp44mT (0.75 mg/kg) adminis-
tered over 2 weeks led to cardiac fibrosis in nude mice.!””

In an attempt to elucidate the mechanism of action of the
DpT series of compounds, studies examined various molecular
markers obtained from both in vitro and in vivo studies.'>!7> It
was obvious that the ability of the DpT ligands to bind metal
ions was essential to their mechanism of action.'? Dp44mT, the
analogue with the greatest antiproliferative effect, facilitated
the release of 47% of *Fe from SK-N-MC cells and also
limited *°Fe uptake to 9% of the control, confirming similar
efficacy to NIH.'? The importance of Fe binding in the activity
of these compounds was reinforced through studies showing
that Dp2mT (Figure 14), a structurally similar analogue that
cannot bind Fe, also exhibited poor antiproliferative activity.'

The inhibition of cellular proliferation by the DpT chela-
tors was shown to be induced by not only the ability to bind
Fe but also their ability to cause oxidative stress, a mechan-
ism of actlon described as the “double-punch effect”.'>"?
Yuan et al.!? first suggested the possibility of ROS mediat-
ing, in part, the cytotoxic effects of the DpT ligands after
observing that the Dp44mT—Fe complex was redox-active.
This concept was supported by the finding of pronounced
ascorbate oxidation and benzoate hydroxylation by



Downloaded by TATA INST OF FUNDAMENTAL RES on October 11, 2009 | http://pubs.acs.org
Publication Date (Web): July 14, 2009 | doi: 10.1021/jm900552r

5286 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17

Dp44mT."? Indeed, the lower redox potentials of the DpT
series in comparison to the PKIH chelators is the most likely
reason they exhibit greater antiproliferative activity.'
Furthermore, the redox reactions of the DpT—Fe complexes
were reversible, unlike the PKIH series, a feature attributable
to the addition of the thioamide moiety.'? In light of this, it
was clear that this structure—activity relationship may be
central to the design of future chelators, with redox activity
being an important criterion for optimal efficacy.'?

Additional studies by other investigators at the U.S. FDA
and National Cancer Institute (U.S.) confirmed the
pronounced and selective antitumor efficacy of Dp44mT.'"®
These in vitro studies examined the cytotoxicity of Dp44mT
in breast cancer cells, both as a single agent and in combina-
tion with DOX. Dp44mT alone induced selective cell killing
in the breast cancer cell line MDA-MB-231 when compared
with healthy mammary epithelial cells (MCF-12A)."7¢ 1t
induced G; cell cycle arrest and reduced cancer cell clono-
genic growth at nanomolar concentrations. Interestingly,
Dp44mT, but not DFO, induced DNA double-strand breaks
in MDA-MB-231 cells. The chelator also caused selective
poisoning of DNA topoisomerase IIow (top2a).!”® Studies
using heterozygous Nalm-6 top2a knockout cells and top2a.
and top2f small interfering RNA knockdown in HeLa cells
showed that Dp44mT is cytotoxic to breast cancer cells, at
least in part, because of selective inhibition of top2c.'”®

By use of acute leukemia cells, the effect of Dp44mT on
apoptosis, cell cycle, caspase-3 activation and mitochondrial
transmembrane potential has also been examined by flow
cytometry.”® Dp44mT acted to induce a G,/S arrest in NB4
promyelocytic leukemia cells at low concentrations (0.5—2.5
uM).>® Moreover, Dp44mT induced apoptosis of NB4 cells
in a dose- and time-dependent manner with markedly less
effect on nonproliferating peripheral blood leukocytes.>
Furthermore, this study also showed that Dp44mT had
broad activity, inducing apoptosis through reduction in the
mitochondrial transmembrane potential and caspase-3 acti-
vation in several types of acute leukemia and multiple
myeloma cell lines.

Considering all these studies collectively, it is clear that the
DpT group of ligands possesses potential as effective cyto-
toxic agents for the treatment of a range of cancers.” The
compounds are protected by a suite of national phase
patents, and toxicological evaluation is now ongoing in the
authors’ laboratory. Clearly, patent protection is a vital
aspect for commercialization and provides the basis for
further development and clinical trials of the agents.

5.5.3. 2-Benzoylpyridine Thiosemicarbazones. A legitimate
concern from the investigations with Dp44mT was that these
compounds showed that high nonoptimal doses of the che-
lator led to cardiac fibrosis in nude mice.'”® Considering this,
the next step in the development of chelators as antineoplastic
agents involved the structural modification of DpT analo-
gues to create the BpT class of chelators (Figure 15).'*” This
structural modification involved the addition of a phenyl ring
in place of the non-coordinating 2-pyridyl group.'*’ The
rationale for this alteration was that it would increase the
lipophilicity and that the removal of the electron-withdraw-
ing pyridyl ring could lead to lowered Fe!" potentials and
elevated redox cycling of the Fe complex.'*

Examination of this series through in vitro assays revealed
the BpT analogues to have greater antiproliferative activity
than the corresponding DpT analogues.'*” Treatment of SK-
N-MC neuroepithelioma cells identified Bp4eT as having the
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Figure 15. Chemical structures of the BpT series.

greatest antiproliferative activity within this series, surpass-
ing Dp44mT as the most effective chelator to date (ICso =
0.002 uM).'"*” These compounds were also selective for
cancer cells over normal cells, as ICsy values in normal
MRC-5 fibroblasts were 1500—3000 times higher than that
observed in SK-N-MC cells.'*’

The investigators also examined the redox activity of the
BpT chelators in vitro, as this was considered a probable
explanation for their enhanced antiproliferative activity.'*’
The results from ascorbate oxidation and hydroxylation
assays highlighted the enhanced redox activity of the BpT
series of chelators.'*” The BpT—Fe complexes, especially
[Fe(Bp4eT),], were significantly more effective at oxidizing
ascorbate compared to the DpT Fe complexes, which was
consistent with the finding of increased benzoate hydroxyla-
tion with these complexes.'*” It was thought that the pre-
sence of the unsubstituted phenyl moiety in the BpT series
could be the major factor contributing to the lowered redox
potentials of the BpT—Fe complexes.'” This results in the
complexes being more redox active and so exerting a greater
antiproliferative effect.'*’

Considering the potential of the BpT and DpT series of
ligands as promising drugs, it is useful to assess their
chemical properties relative to the “Lipinski rule of five”
that predicts the qualitative concept of “druglikeness.”!”” It
primarily predicts permeability, solubility, and the absorp-
tion of drugs from the gut. This general “rule of thumb”
indicates that the compounds should have no more than 5
hydrogen bond donors (nitrogen or oxygen atoms with one
or more hydrogen atoms), not more than 10 hydrogen bond
acceptors (nitrogen or oxygen atoms), a molecular weight
under 500 Da, and an octanol—water partition coefficient
(log P) of less than 5. Analysis of the BpT and DpT series of
compounds demonstrates that they comply to this rule
(Table 1). Considering these data in conjunction with the
marked activity of the Dp44mT against a range of human
tumor xenografts in vivo,'>'” these drugs appear to be good
candidates for drug development.

5.6. 2-Acetylpyridine Thiosemicarbazones. As mentioned
above, the DpT and BpT series of Fe chelators illustrate
potent antiproliferative activity through redox cycling.'>!'*
In an attempt to examine the effect of substituents at the
imine carbon on antitumor and redox activity, the ApT
(Figure 16) series of ligands were developed.'> Through this
strategy, the electron-withdrawing pyridine ring of the DpT
series was replaced by an inductively donating methyl group
of the ApT chelators. These compounds were prepared by a
Schiff-base condensation of 2-acetylpyridine with the var-
ious thiosemicarbazides used to generate the DpT and BpT
series. '

Four of the six ApT chelators demonstrated potent
antiproliferative activity in the human SK-N-MC neuroe-
pithelioma cell line (IC5y = 0.001—0.002 M) and demon-
strated Fe chelation efficacy similar to that of the most
effective BpT and DpT ligands.'> The parent analogue,
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Table 1. DpT and BpT Ligands Satisfy the “Lipinski Rule of Five”, Indicating Their Potential Utility as Bioavailable, Membrane-Permeable Drugs
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ApT, was the least effective of the series, having an ICs, of

3.53 uM. This could be related to the fact that thisanalogue Figure 17. Cyclic voltammograms of [Fe(Ap4mT),]* (black),

represents the most hydrophilic compound of the series.
The ApT—Fe complexes had the lowest Fe'™ redox
potentials of any thiosemicarbazone series generated by
our group (Figure 17) and maintained the ability to oxidize
ascorbate, having activity comparable to the DpT series
but less than the BpT analogues.'” The cathodic shift in the
Fe""! redox potentials of the ApT—Fe complexes was
attributed to the inductively donating imine methyl group
present close to the metal center, and the potentials lie
within a range accessible to both cellular oxidants and

[Fe(Bp4mT),]" (red), and [Fe(Dp4mT),]" (green). Experimental
conditions were 1 mM concentrations of complex in MeCN/H,0
(70:30) and 0.1 M Buy,NCIO, using a sweep rate 100 mV s~ 1. All
sweeps were initiated in the direction of the arrow. Studies could not
be performed in aqueous solution alone because of the insolubility
of the Fe complexes at the concentration required.

reductants. These results suggested that redox cycling and
the generation of ROS may play a role in the antiproli-
ferative activity of the ApT series.'> More importantly, the
high Fe chelation efficacy of the ApT series to mobilize
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Figure 18. Chemical structures of chalcogen semicarbazone iron chelators: (a) 2-acetylpyridine semicarbazone; (b) 2-acetylpyridine

thiosemicarbazone; (c) 2-acetylpyridine selenosemicarbazone.

intracellular °*Fe and inhibit *’Fe uptake from Tf may play
a crucial part in their anticancer effects.'” This study
demonstrated the significance of substituents positioned
at the imine carbon and the dramatic effects of this sub-
stitution on antiproliferative activity and Fe"™ ! redox
potentials.

The biological activity of the general class of 2-acetylpyr-
idine thiosemicarbazones has been known for many years.
Indeed, earlier reports suggested this group of compounds
may bind heavy metals'’”® and have activity against
viruses,'”” parasites,'®® and bacteria.'®' Hence, this group
of compounds could have multiple medicinal applications
and deserves further investigation.

5.7. Thiosemicarbazone Derivatives: Selenosemicarbazone
Iron Chelators. Selenosemicarbazones represent a class of
semicarbazones in which the chalcogen donor atom is sele-
nium (Figure 18). These compounds represent an evolution
from the thiosemicarbazone class of Fe chelators which have
been demonstrated to possess a wide spectrum of pharma-
cological activity, including antibacterial, antimalarial, anti-
fungal, antiviral, and antitumor activity.'® The antimalarial
properties of 2-acetylpyridine thiosemicarbazone were first
reported in 1979 against Plasmodium berghei in mice.'®>

Following this latter discovery, extensive investigations were
undertaken by the same group to ascertain the molecular
features essential for activity.'> Among these structural moi-
eties, the nature of the chalcogen donor atom (O, S, Se) was
found to be crucial for antimalarial activity.'® Replacement of
the thiocarbonyl group with a carbonyl group produced a
compound devoid of antimalarial activity, indicating the im-
portance of the sulfur atom for activity. This observation was
further examined with the substitution of the sulfur atom with
selenium, an electronically similar element.

Biological screening of the most active antimalarial thio-
semicarbazones in comparison to their selenium analogues
revealed that the selenium compounds had comparable or
slightly lower activity than their corresponding thiosemicar-
bazones.'®? However, they showed markedly lower toxicity.
The most potent selenosemicarbazones produced cures at
the 20 mg/kg dosage level in mice against Plasmodium
berghei. On average, the selenium analogues were found to
exhibit toxicities at twice the dosage levels of the parent
thiosemicarbazone.'® This finding is pertinent given the
observed toxicities of some of the most potent thiosemicar-
bazones, namely, the N,N'-dialkyl thiosemicarbazones,
which were found to be toxic at the lowest dose administered
(40 mg/kg) against Plasmodium berghei in mice.'®>

The discovery of the antitumor activity of chalcogen
semicarbazones in the past few decades has led to extensive
structure—activity studies aimed at examining the molecular
features required for optimal antineoplastic activity. Evalua-
tion of the impact of the identity of the chalcogen donor
atom on the cytotoxicity of 2-acetylpyridine N, N’-dimethyl-
(chalcogen)semicarbazones in 41M and SK-BR-3 cancer cell
lines revealed very pronounced effects.'”> An atomic size
dependent increase in cytotoxicity was observed for the
oxygen, sulfur, and selenium chalcogen atoms evaluated.
The selenosemicarbazones were found to be about 13- to 22-
fold more potent than their thiosemicarbazone analogues.'>
In contrast, the semicarbazones were between 3 and 5 orders
of magnitude less potent than their corresponding thiosemi-
carbazone analogues. Complexation of the above chalcogen
semicarbazones with gallium led to a further enhancement in
cytotoxicity following a similar trend to the ligand alone.'
Hence, the antiproliferative activity of gallium complexed
semicarbazones appears primarily determined by that of the
corresponding chalcogen semicarbazone ligand.'8*

The observed antineoplastic activity of chalcogen semi-
carbazones is believed to occur via two mechanisms. The
pronounced Fe chelating properties of these compounds
enables either the sequestering of Fe from the R2 subunit
of RR or prior formation of the complex inhibiting the
enzyme. The second is through Fe-dependent free radical
damage of RR and other cellular targets. Traditionally, free
radical damage is believed to occur through redox cycling of
Fe between the ferrous and ferric state leading to the gen-
eration of ROS. Recently, ligand-centered electron transfer
has been proposed as an additional mechanism for the
observed cytotoxicity of this class of compounds. This is
thought to occur via electron transfer at the C=N Schiff base
double bond, leading to the formation of reactive species
capable of attacking cellular targets.'®*

The influence of the chalcogen donor atom (O, S, Se) on
ligand-centered redox potentials was investigated with a series
of Ga and Fe complexed 2-acetylpyridine 4,4'-dimethyl-
(chalcogen)semicarbazones.'®* The semicarbazones displayed
the lowest redox potentials at —1.03 and —1.34 V vs NHE for
the first two ligand-centered redox waves, whereas the thio-
and selenosemicarbazones displayed similar redox potentials
at —0.93 to —0.94 V and —1.22 V vs NHE for the correspond-
ing redox waves.'®* Metal-free thiosemicarbazone ligands
exhibited an irreversible reduction response at —1.01 to
—1.47 V vs NHE."® The identity of the complexed metal ion
was also found to strongly influence the ligand-centered redox
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potentials. Gallium complexes were found to be reduced
at ~0.3—0.8 V more positive redox potentials than the un-
coordinated ligands. The Fe'' complexes instead displayed
~0.0—0.4 V more negative redox potentials than the uncoor-
dinated ligand."®* These results suggest the possibility that the
observed cytotoxicity of Ga complexed chalcogen semicarba-
zones may, in part, be due to ligand-centered as well as metal-
centered redox activity. The cytotoxicity of Fe"™" complexed
chalcogen semicarbazones appears less likely to involve ligand-
centered reduction, due to the relative biological inaccessibility
of the redox potentials of these complexes.

Structure—activity studies undertaken in our laboratory
point to the identity of the chalcogen donor atom as crucial
for both the iron chelation efficacy and antiproliferative
activity of iron chelators. Substitution of the coordinating
carbonyl moiety with a thiocarbonyl moiety in PKIH,
forming DpT, resulted in compounds with potent antiproli-
ferative activity.'*!®> In contrast to the PKIH series, the
electrochemistry of the Fe complexes of the DpT series
exhibited facile redox cycling between Fe'' and Fe'' at
biologically relevant conditions.'* This suggested that the
enhanced antiproliferative activity of the DpT series was due
to both their ability to bind intracellular Fe and redox
cycling, inducing oxidative cellular damage.'”®> The estab-
lishment of the coordinating carbonyl moiety being vital to
the antiproliferative activity of Fe chelators suggested the
evaluation of softer donor atoms as potential targets in Fe
chelator design. Softer donor atoms are expected to enhance
redox cycling ability at biological conditions, leading to
improved antiproliferative activity through the generation
of ROS.

6. Summary

Iron chelators have potential therapeutic use for the treat-
ment of cancer. Studies with a range of chelators indicate that
Fe chelation alone is not enough to generate compounds with
pronounced antitumor efficacy. Structure—activity relation-
ships demonstrated that chelators containing hard electron
donors such as oxygen typically lead to ligands that bind Fe'
with high affinity that do not have pronounced antitumor
efficacy. Such compounds are more suitable for the treatment
of iron-overload disease, e.g., f-thalassemia major.

In contrast, ligands with soft donors such as sulfur and
nitrogen lead to compounds that can redox cycle and induce a
“double punch”, namely, marked chelation and redox activ-
ity. Such compounds include the thiosemicarbazone chelators
such as 3-AP and the ApT, BpT, and DpT series.

Detailed investigations of the thiosemicarbazone group of
ligands have demonstrated that they are highly effective
chelators that, besides RR, also target a range of other
molecules including NDRGI1 and top2a, all of which con-
tribute to their anticancer effects.

Acknowledgment. We acknowledge financial support from
the Australian Research Council, the National Health and
Medical Research Council of Australia, the Cancer Institute
of New South Wales, Australian Rotary Health Research
Fund, the Prostate Cancer Foundation Australia and Cancer
Council of NSW.

Biography of the Senior Author

Des R. Richardson is Professor of Cancer Cell Biology and a
National Health and Medical Research Council of Australia

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17 5289

Senior Principal Research Fellow at the University of Sydney,
Australia. He is Director of the Iron Metabolism and Chelation
Program, Department of Pathology, and Theme Leader of
Bosch Institute Cancer, Cell Biology and Development Theme.
He earned his B.Sc., M.Sc., Ph.D., and D.Sc. degrees from the
University of Western Australia, Perth. After being awarded his
Ph.D. degree in 1991, he spent 2 years as a Medical Research
Council of Canada Postdoctoral Fellow at McGill University,
Montreal, Canada. His interests lie in understanding the iron
metabolism of normal and neoplastic cells and the design,
synthesis, and evaluation of iron chelators for the treatment of
cancer and other diseases. He has published over 215 research
articles, books, chapters, and patents.

References

(1) Beraldo, H.; Gambino, D. The wide pharmacological versatility of

semicarbazones, thiosemicarbazones and their metal complexes.
. 2004, 4, 31-39.

(2) Pedrido, R.; Gonzalez-Noya, A. M.; Romero, M. J.; Martinez-
Calvo, M.; Vazquez Lopez, M.; Gomez-Forneas, E.; Zaragoza, G.;
Bermejo, M. R. Pentadentate thiosemicarbazones as versatile
chelating systems. A comparative structural study of their metallic
complexes. jnbinniuamey. 2008, 6776-6787.

(3) Brockman, R. W.; Thomson, J. R.; Bell, M. J.; Skipper, H. E.
Observations on the antileukemic activity of pyridine-2-carboxal-
dehyde thiosemicarbazone and thiocarbohydrazone. (st
1956, 16, 167-170.

(4) Sartorelli, A. C.; Booth, B. A. Inhibition of the growth of sarcoma

180 ascites cells by combinations of inhibitors of nucleic acid

biosynthesis and the cupric chelate of kethoxal bis-(thiosemicarb-

azone). (etiiaainiigs. 1967, 27, 1614-1619.

Sartorelli, A. C.; Agrawal, K. C.; Moore, E. C. Mechanism of

inhibition of ribonucleoside diphosphate reductase by a-(N)-het-

erocyclic aldehyde thiosemicarbazones. | . 1971,

20, 3119-3123.

(6) Thelander, L.; Reichard, P. Reduction of ribonucleotides. Jduug

; . 1979, 48, 133-158.

(7) Pandeya, S. N.; Sriram, D.; Nath, G.; DeClercq, E. Synthesis,
antibacterial, antifungal and anti-HIV activities of Schiff and
Mannich bases derived from isatin derivatives and N-[4-(4'-chlor-
ophenyl)thiazol-2-yl] thiosemicarbazide. |- 1999,
9,25-31.

(8) French, F. A.; Blanz, E. J.Jr. The carcinostatic activity of
alpha-(N)-heterocyclic carboxaldehyde thiosemicarbazones. II. 3-
Hydroxypyridine-2-carboxaldehyde thiosemicarbazone. Cgucer
Res. 1966, 26, 1638-1640.

(9) DeConti, R. C.; Toftness, B. R.; Agrawal, K. C.; Tomchick, R.;
Mead, J. A.; Bertino, J. R.; Sartorelli, A. C.; Creasey, W. A.
Clinical and pharmacological studies with 5-hydroxy-2-formylpyr-
idine thiosemicarbazone. (usiissimigd- 1972, 32, 1455-1462.

(10) Kalinowski, D. S.; Richardson, D. R. The evolution of iron
chelators for the treatment of iron overload disease and cancer.

. 2005, 57, 547-583.

(11) Krakoff, I. H.; Etcubanas, E.; Tan, C.; Mayer, K.; Bethune, V.;
Burchenal, J. H. Clinical trial of 5-hydroxypicolinaldehyde thiose-
micarbazone (5-HP; NSC-107392), with special reference to its iron-
chelating properties. . 1974, 58, 207-212.

(12) Yuan, J.; Lovejoy, D. B.; Richardson, D. R. Novel di-2-pyridyl-
derived iron chelators with marked and selective antitumor activ-
ity: in vitro and in vivo assessment. Blgod 2004, 104, 1450-1458.

(13) Richardson, D. R.; Sharpe, P. C.; Lovejoy, D. B.; Senaratne, D.;
Kalinowski, D. S.; Islam, M.; Bernhardt, P. V. Dipyridyl thiose-
micarbazone chelators with potent and selective antitumor activity
form iron complexes with redox activity. gt 2006, 49,
6510-6521.

(14) Kalinowski, D. S.; Yu, Y.; Sharpe, P. C.; Islam, M.; Liao, Y. T.;
Lovejoy, D. B.; Kumar, N.; Bernhardt, P. V.; Richardson, D. R.
Design, synthesis, and characterization of novel iron chelators:
structure—activity relationships of the 2-benzoylpyridine thiose-
micarbazone series and their 3-nitrobenzoyl analogues as potent
antitumor agents. jdekmto. 2007, 50, 3716-3729.

(15) Richardson, D. R.; Kalinowski, D. S.; Richardson, V.; Sharpe,
P.C.; Lovejoy, D. B.; Islam, M.; Bernhardt, P. V. 2-Acetylpyridine
thiosemicarbazones are potent iron chelators and antiproliferative
agents: redox activity, iron complexation and characterization of
their antitumor activity. . 2009, 52, 1459-1470.

(16) Cai, L.; Li, X. K.; Song, Y.; Cherian, M. G. Essentiality, toxicology
and chelation therapy of zinc and copper. |S——_— 2005,
12,2753-2763.

s

=



Downloaded by TATA INST OF FUNDAMENTAL RES on October 11, 2009 | http://pubs.acs.org

Publication Date (Web): July 14, 2009 | doi: 10.1021/jm900552r

5290 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17

(17) Durham, T. R.; Snow, E. T. Metal ions and carcinogenesis.
. 2006, 97-130.

(18) Green, D. A.; Antholine, W. E.; Wong, S. J.; Richardson, D. R.;
Chitambar, C. R. Inhibition of malignant cell growth by 311, a
novel iron chelator of the pyridoxal isonicotinoyl hydrazone class:
effect on the R2 subunit of ribonucleotide reductase. kit
Res. 2001, 7, 3574-3579.

(19) De Domenico, I.; McVey Ward, D.; Kaplan, J. Regulation of iron

acquisition and storage: consequences for iron-linked disorders.
I 25 0. 721

(20) Toyokuni, S. Role of iron in carcinogenesis: cancer as a ferrotoxic
disease. usiiagimagi- 2009, 700, 9-16.

(21) Kowdley, K. V. Iron, hemochromatosis, and hepatocellular carci-

noma. [ 2004, /27, S79-S86.
(22) Hentze, M. W.; Kuhn, L. C. Molecular control of vertebrate iron

metabolism: mRNA-based regulatory circuits operated bv iron,
nitric oxide, and oxidative stress. “
1996, 93, 8175-8182.

(23) Richardson, D. R.; Ponka, P. The molecular mechanisms of the
metabolism and transport of iron in normal and neoplastic cells.
I 997, 1331, 1-40.

(24) Aisen, P. Transferrin receptor 1. || N | | NN 2004. 36.
2137-2143.

(25) Brinkmann, M.; Teuffel, R.; Laham, N.; Ehrlich, R.; Decker, P.;
Lemonnier, F. A.; Pascolo, S. Expression of iron transport proteins
divalent metal transporter-1, ferroportin-1, HFE and transferrin
receptor-1 in human monocyte-derived dendritic cells. (ugli2igs

i 2007, 25, 287-296.
(26) Klausner, R. D.; Ashwell, G.; van Renswoude, J.; Harford, J. B.;

Bridges, K. R. Binding of apotransferrin to K 562 cells: explanation
of the transferrin cycie. NN 155>,
2263-2266.

(27) Breuer, W.; Shvartsman, M.; Cabantchik, Z. I. Intracellular labile
iron. | NN . 2008. 40, 350-354.

(28) Glickstein, H.; El, R. B.; Shvartsman, M.; Cabantchik, Z. L.
Intracellular labile iron pools as direct targets of iron chelators: a
fluorescence study of chelator action in living cells. Blgad 2005, 106,
3242-3250.

(29) Zoller, H.; Theurl, I.; Koch, R.; Kaser, A.; Weiss, G. Mechanisms
of iron mediated regulation of the duodenal iron transporters
divalent metal transporter 1 and ferroportin 1. Blood Cells, Mol
Dis. 2002, 29, 488-497.

(30) Rouault, T. A. Post-transcriptional regulation of human iron
metabolism by iron regulatory proteins. | R RRNRNREREEEE
2002, 29, 309-314.

(31) Kato, J.; Kobune, M.; Ohkubo, S.; Fujikawa, K.; Tanaka, M.;
Takimoto, R.; Takada, K.; Takahari, D.; Kawano, Y.; Kohgo, Y;
Niitsu, Y. Iron/IRP-1-dependent regulation of mRNA expression
for transferrin receptor, DMT1 and ferritin during human ery-
throid differentiation. juiimeente. 2007, 35, 879-887.

(32) Richardson, D. R.; Neumannova, V.; Nagy, E.; Ponka, P. The
effect of redox-related species of nitrogen monoxide on transferrin
and iron uptake and cellular proliferation of erythroleukemia
(K562) cells. Blaod 1995, 86, 3211-3219.

(33) Fillebeen, C.; Pantopoulos, K. Redox control of iron regulatory
proteins. edeaaigd. 2002, 7, 15-22.

(34) Nicolas, G.; Bennoun, M.; Devaux, I.; Beaumont, C.; Grand-
champ, B.; Kahn, A.; Vaulont, S. Lack of hepcidin gene expression
and severe tissue iron overload in upstream stimulatory factor 2
(USF2) knockout mice. _ 2001, 98,
8780-8785.

(35) Rivera, S.; Liu, L.; Nemeth, E.; Gabayan, V.; Sorensen, O. E.;
Ganz, T. Hepcidin excess induces the sequestration of iron
and exacerbates tumor-associated anemia. Blgod 2005, 105,
1797-1802.

(36) Rivera, S.; Nemeth, E.; Gabayan, V.; Lopez, M. A.; Farshidi, D
Ganz, T. Synthetic hepcidin causes rapid dose-dependent hypofer-
remia and is concentrated in ferroportin-containing organs. Blood
2005, 106, 2196-2199.

(37) Dunn, L. L.; Rahmanto, Y. S.; Richardson, D. R. Iron uptake and
metabolism in the new millennium. iy 2007, /7,
93-100.

(38) Nemeth, E.; Tuttle, M. S.; Powelson, J.; Vaughn, M. B.; Donovan,
A.; Ward, D. M.; Ganz, T.; Kaplan, J. Hepcidin regulates cellular
iron efflux by binding to ferroportin and inducing its internaliza-
tion. Sgiguee 2004, 306, 2090-2093.

(39) Fleming, M. D. The regulation of hepcidin and its effects on
systemic and cellular iron metabolism. Hematol. Am. Soc. Hema-
tol. Educ. Program 2008, 2008, 151-8.

(40) Chua, A. C.; Graham, R. M Trinder, D.; Olynyk, J. K. The
regulation of cellular iron metabolism. *

2007, 44, 413-59.

Yuetal.

(41) Eisenstein, R. S. Iron regulatory proteins and the molecular control
of mammalian iron metabolism. piG—Gi—— 2000, 20, 627
662.

(42) Kolberg, M.; Strand, K. R.; Graff, P.; Andersson, K. K. Structure,
function, and mechanism of ribonucleotide reductases. Rigelii

2004, 1699, 1-34.

(43) Elford, H. L.; Freese, M.; Passamani, E.; Morris, H. P. Ribonu-
cleotide reductase and cell proliferation. I. Variations of ribonu-
cleotide reductase activity with tumor growth rate in a series of rat
hepatomas. jpsietmisle 1970, 245, 5228-5233.

(44) Larrick, J. W.; Cresswell, P. Modulation of cell surface iron
transferrin receptors by cellular density and state of activation. J,

. 1979, 11, 579-586.

(45) Sutherland, R.; Delia, D.; Schneider, C.; Newman, R.; Kemshead,
J.; Greaves, M. Ubiquitous cell-surface glycoprotein on tumor cells
is proliferation-associated receptor for transferrin. it

i . 1981, 78, 4515-4519.

(46) Richardson, D. R.; Baker, E. The uptake of iron and transferrin by
the human malignant melanoma cell. || N RN 1990,
1053, 1-12.

(47) Daniels, T. R.; Delgado, T.; Rodriguez, J. A.; Helguera, G.;
Penichet, M. L. The transferrin receptor part I: biology and
targetmg with cytotoxic antibodies for the treatment of cancer.

. 2006, /21, 144-158.

(48) Daniels, T. R.; Delgado, T.; Helguera, G.; Penichet, M. L. The
transferrin receptor part I1: targeted delivery of therapeutic agents
into cancer cells. fiuian. 2006, /21, 159-176.

(49) Yu, Y.; Kovacevic, Z.; Richardson, D. R. Tuning cell cycle
regulation with an iron key. (edataiglg 2007, 6, 1982-1994.

(50) Bohnsack, B. L.; Hirschi, K. K. Nutrient regulation of cell cycle
progression. i——— 2004, 24, 433-453.

(51) Seligman, P. A.; Schleicher, R. B.; Siriwardana, G.; Domenico, J.;
Gelfand, E. W. Effects of agents that inhibit cellular iron incor-
poration on bladder cancer cell proliferation. B/god 1993, 82, 1608—
1617.

(52) Lederman, H. M.; Cohen, A.; Lee, J. W.; Freedman, M. H.;
Gelfand, E. W. Deferoxamine: a reversible S-phase inhibitor of
human lymphocyte proliferation. Blgod 1984, 64, 748-753.

(53) Noulsri, E.; Richardson, D. R.; Lerdwana, S.; Fucharoen, S.;
Yamagishi, T.; Kalinowski, D. S.; Pattanapanyasat, K. Anti-
tumor activity and mechanism of action of the iron chelator,
Dp44mT, against leukemic cells. i 2009, 54, 170—
176.

(54) Gao, J.; Richardson, D. R. The potential of iron chelators of the
pyridoxal isonicotinoyl hydrazone class as effective antiprolifera-
tive agents. IV: The mechanisms involved in inhibiting cell-cycle
progression. Blood 2001, 98, 842-850.

(55) Richardson, D. R.; Tran, E. H.; Ponka, P. The potential of iron
chelators of the pyridoxal isonicotinoyl hydrazone class as effective
antiproliferative agents. Blggd 1995, 86, 4295-4306.

(56) Richardson, D. R.; Bernhardt, P. V. Crystal and molecular struc-
ture of 2-hydroxy-l-naphthaldehyde isonicotinoyl hydrazone
(NIH) and its iron(I1I) complex: an iron chelator with anti-tumour
activity. . 1999, 4, 266-273.

(57) Kulp, K. S.; Green, S. L.; Vulliet, P. R. Iron deprivation inhibits
cyclin-dependent kinase activity and decreases cyclin D/CDK4
protein levels in asynchronous MDA-MB-453 human breast can-
cer cells. . 1996, 229, 60-68.

(58) Simonart, T.; Degraef, C.; Andrei, G.; Mosselmans, R.; Hermans,
P.; Van Vooren, J. P.; Noel, J. C.; Boelaert, J. R.; Snoeck, R.;
Heenen, M. Iron chelators inhibit the growth and induce the
apoptosis of Kaposi’s sarcoma cells and of their putative endothe-
lial precursors. |- 2000, //5, 893-900.

(59) Sherr, C. J. G1 phase progression: cycling on cue. Cell 1994, 79,
551-555.

(60) Liang, S. X.; Richardson, D. R. The effect of potent iron chelators
on the regulation of p53: examination of the expression, localiza-
tion and DNA-binding activity of p53 and the transactivation of
WAFI. @ 2003, 24, 1601-1614.

(61) Le, N. T.; Richardson, D. R. Iron chelators with high antiproli-
ferative activity up-regulate the expression of a growth inhibitory
and metastasis suppressor gene: a link between iron metabolism
and proliferation. Blogd 2004, 104, 2967-2975.

(62) Kovacevic, Z.; Richardson, D. R. The metastasis suppressor,
Ndrg-1: a new ally in the fight against cancer. j—_——
2006, 27, 2355-2366.

(63) Bandyopadhyay, S.; Pai, S. K.; Gross, S. C.; Hirota, S.; Hosobe, S.;
Miura, K.; Saito, K.; Commes, T.; Hayashi, S.; Watabe, M.;
Watabe, K. The Drg-1 gene suppresses tumor metastasis in pros-
tate cancer. (it 2003, 63, 1731-1736.

(64) Bandyopadhyay, S.; Pai, S. K.; Hirota, S.; Hosobe, S.; Takano, Y.;
Saito, K.; Piquemal, D.; Commes, T.; Watabe, M.; Gross, S. C.;



Downloaded by TATA INST OF FUNDAMENTAL RES on October 11, 2009 | http://pubs.acs.org

Publication Date (Web): July 14, 2009 | doi: 10.1021/jm900552r

Perspective

Wang, Y.; Ran, S.; Watabe, K. Role of the putative tumor
metastasis suppressor gene Drg-1 in breast cancer progression.
Becageug 2004, 23, 5675-5681.

(65) Maruyama, Y.; Ono, M.; Kawahara, A.; Yokoyama, T.; Basaki,
Y.; Kage, M.; Aoyagi, S.; Kinoshita, H.; Kuwano, M. Tumor
growth suppression in pancreatic cancer by a putative metastasis
suppressor gene Cap43/NDRG1/Drg-1 through modulation of
angiogenesis. (ugiiadhmig. 2006, 66, 6233-6242.

(66) Stein, S.; Thomas, E. K.; Herzog, B.; Westfall, M. D.; Rocheleau,
J.V.;Jackson, R. S.2nd; Wang, M.; Liang, P. NDRG/ is necessary
for p53-dependent apoptosis. s 2004, 279, 48930-
48940.

(67) Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh,
M.; Salic, A.; Asara, J. M.; Lane, W. S.; Kaelin, W. G., Jr.
HIFalpha targeted for VHL-mediated destruction by proline
hydroxylation: implications for O2 sensing. Seigge 2001, 292,
464-468.

(68) Bruick, R. K. Expression of the gene encoding the proapoptotic
Nip3 protein is induced by hypoxia. ﬂ
2000, 97, 9082-9087.

(69) Guo, K.; Searfoss, G.; Krolikowski, D.; Pagnoni, M.; Franks, C.;
Clark, K.; Yu, K. T.; Jaye, M.; Ivashchenko, Y. Hypoxia induces
the expression of the pro-apoptotic gene BNIP3. i
2001, 8, 367-376.

(70) Mizutani, A.; Furukawa, T.; Adachi, Y.; Ikehara, S.; Taketani, S.
A zinc-finger protein, PLAGL2, induces the expression of a
proapoptotic protein Nip3, leading to cellular apoptosis. Ledigk
Chem. 2002, 277, 15851-15858.

(71) Furukawa, T.; Adachi, Y.; Fujisawa, J.; Kambe, T.; Yamaguchi-
Iwai, Y.; Sasaki, R.; Kuwahara, J.; Ikehara, S.; Tokunaga, R.;
Taketani, S. Involvement of PLAGL?2 in activation of iron defi-
cient- and hypoxia-induced gene expression in mouse cell lines.
acageus 2001, 20, 4718-4727.

(72) Kalinowski, D. S.; Richardson, D. R. Future of toxicology—iron
chelators and differing modes of action and toxicity: the changing
face of iron chelation therapy. |- 2007, 20, 715—
720.

(73) Bernhardt, P. V.; Sharpe, P. C.; Islam, M.; Lovejoy, D. B.;
Kalinowski, D. S.; Richardson, D. R. Iron chelators of the
dipyridylketone thiosemicarbazone class: precomplexation and
transmetalation effects on anticancer activity. i
2009, 52, 407-415.

(74) Bernhardt, P. V. Coordination chemistry and biology of chelators
for the treatment of iron overload disorders. joskisilsig. 2007,
3214-3220.

(75) Buss, J. L.; Torti, F. M.; Torti, S. V. The role of iron chelation in

cancer therapy. i, 2003, /0, 1021-1034.
(76) Buss,J. L.; Greene, B. T.; Turner, J.; Torti, F. M.; Torti, S. V. Iron

chelators in cancer chemotherapy. | RN 2004, 4,
1623-1635.

(77) Gojo, L.; Tidwell, M. L.; Greer, J.; Takebe, N.; Seiter, K.; Pochron,
M. F.; Johnson, B.; Sznol, M.; Karp, J. E. Phase I and pharmaco-
kinetic study of Triapine, a potent ribonucleotide reductase in-
hibitor, in adults with advanced hematologic malignancies. Leuk,
Res. 2007, 31, 1165-1173.

(78) Knox,J.J.; Hotte, S. J.; Kollmannsberger, C.; Winquist, E.; Fisher,
B.; Eisenhauer, E. A. Phase II study of Triapine in patients with
metastatic renal cell carcinoma: a trial of the National Cancer
Institute of Canada Clinical Trials Group (NCICIND.161). Zuyest,
Rinbigs 2007, 25, 471-477.

(79) Mackenzie, M. J.; Saltman, D.; Hirte, H.; Low, J.; Johnson, C.;
Pond, G.; Moore, M. J. A Phase II study of 3-aminopyridine-2-
carboxaldehyde thiosemicarbazone (3-AP) and gemcitabine in
advanced pancreatic carcinoma. A trial of the Princess Margaret
hospital phase II consortium. | 2007, 25, 553-538.

(80) Brittenham, G. M. Iron chelators and iron toxicity. Qlcakal 2003,
30, 151-158.

(81) Hershko, C.; Abrahamov, A.; Konijn, A. M.; Breuer, W.; Ca-
bantchik, I. Z.; Pootrakul, P.; Link, G. Objectives and methods of
iron chelation therapy. . 2003, 151-168.

(82) Olivieri, N. F.; Brittenham, G. M. Iron-chelating therapy and the
treatment of thalassemia. Blgod 1997, 89, 739-761.

(83) Becton, D. L.; Bryles, P. Deferoxamine inhibition of human
neuroblastoma viability and proliferation. (st 1988, 45,
7189-7192.

(84) Blatt, J. Deferoxamine in children with recurrent neuroblastoma.

) . 1994, 14,2109-2112.

(85) Blatt, J.; Stitely, S. Antineuroblastoma activity of desferoxamine in
human cell lines. (s 1987, 47, 1749-1750.

(86) Donfrancesco, A.; De Bernardi, B.; Carli, M..; Mancini, A.; Nigro,
M.; De Sio, L.; Casale, F.; Bagnulo, S.; Helson, L.; Deb, G.
Deferoxamine followed by cyclophosphamide, etoposide, carboplatin,

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17 5291

thiotepa, induction regimen in advanced neuroblastoma: prelimin-
ary results.

Caueer 1995, 314, 612-615.

(87) Donfrancesco, A.; Deb, G.; Dominici, C.; Pileggi, D.; Castello,
M. A.; Helson, L. Effects of a single course of deferoxamine in
neuroblastoma patients. (usiisimias. 1990, 50, 4929-4930.

(88) Estrov, Z.; Tawa, A.; Wang, X. H.; Dube, I. D.; Sulh, H.; Cohen,
A.; Gelfand, E. W.; Freedman, M. H. In vitro and in vivo effects
of deferoxamine in neonatal acute leukemia. Blogd 1987, 69, 757—
761.

(89) Selig, R. A.; White, L.; Gramacho, C.; Sterling-Levis, K.; Fraser,
1. W.; Naidoo, D. Failure of iron chelators to reduce tumor growth
in human neuroblastoma xenografts. (asiiseimigs 1998, 58, 473—
478.

(90) Blatt,J.; Taylor, S. R.; Stitely, S. Mechanism of antineuroblastoma
activity of deferoxamine in vitro. sy 1988, //2,433—
436.

(91) Wong, C.; Richardson, D. R. Beta-thalassaemia: emergence of new
and improved iron chelators for treatment. |G
Bigl. 2003, 35, 1144-1149.

(92) Richardson, D. R. The controversial role of deferiprone in the
treatment of thalassemia. NN 2001, /37, 324—
329.

(93) Olivieri, N. F.; Brittenham, G. M.; McLaren, C. E.; Templeton,
D. M.; Cameron, R. G.; McClelland, R. A.; Burt, A. D.; Fleming,
K. A. Long-term safety and effectiveness of iron-chelation therapy
with deferiprone for thalassemia major. juiuiimiiay. 1998, 339,
417-423.

(94) Maggio, A.; D’Amico, G.; Morabito, A.; Capra, M.; Ciaccio, C.;
Cianciulli, P.; Di Gregorio, F.; Garozzo, G.; Malizia, R.; Magna-
no, C.; Mangiagli, A.; Quarta, G.; Rizzo, M.; D’Ascola, D. G.;
Rizzo, A.; Midiri, M. Deferiprone versus deferoxamine in patients
with thalassemia major: a randomized clinical trial. oo siatt
Adelal. 2002, 28, 196-208.

(95) Wanless, I. R.; Sweeney, G.; Dhillon, A. P.; Guido, M.; Piga, A.;
Galanello, R.; Gamberini, M. R.; Schwartz, E.; Cohen, A. R. Lack
of progressive hepatic fibrosis during long-term therapy with
deferiprone in subjects with transfusion-dependent beta-thalasse-
mia. Bload 2002, 100, 1566—1569.

(96) Anderson, L.J.; Wonke, B.; Prescott, E.; Holden, S.; Walker,J. M.;
Pennell, D. J. Comparison of effects of oral deferiprone and
subcutaneous desferrioxamine on myocardial iron concentrations
and ventricular function in beta-thalassaemia. Lgucez 2002, 360,
516-520.

(97) Motekaitis, R. J.; Martell, A. E. Stabilities of the iron(III) chelates
of 1,2-dimethyl-3-hydroxy-4-pyridinone and related ligands. Jggrg,

i g 1991, 183, 71-80.

(98) Cragg, L.; Hebbel, R. P.; Miller, W.; Solovey, A.; Selby, S.;
Enright, H. The iron chelator L1 potentiates oxidative DNA
damage in iron-loaded liver cells. Blogd 1998, 92, 632-638.

(99) Balfour,J. A. B.; Foster, R. H. Deferiprone: a review of its clinical
potenitial in iron overload in B-thalassemia major and other
transfusion-dependant disease. Quuas 1999, 58, 553-578.

(100) Kontoghiorghes, G.J.; Neocleous, K.; Kolnagou, A. Benefits and
risks of deferiprone in iron overload in Thalassaemia and other
conditions: comparison of epidemiological and therapeutic as-
pects with deferoxamine. Quugetad’ 2003, 26, 553-584.

(101) Singh, S.; Epemolu, R. O.; Dobbin, P. S.; Tilbrook, G. S.; Ellis,
B. L.; Damani, L. A.; Hider, R. C. Urinary metabolic profiles in
human and rat of 1,2-dimethyl- and 1,2-diethyl-substituted 3-
hydroxypyridin-4-ones. . 1992, 20, 256-261.

(102) Liu, Z. D.; Hider, R. C. Design of clinically useful iron(III)-
selective chelators. juimnsiay. 2002, 22, 26-64.

(103) Hider, R. C.; Liu, Z. D.; Piyamongkol, S. The design and proper-
ties of 3-hydroxypyridin-4-one iron chelators with high pFe(3+)
values. : - 2000, 23, 201-209.

(104) Liu, Z. D.; Piyamongkol, S.; Liu, D. Y.; Khodr, H. H.; Lu, S. L.;
Hider, R. C. Synthesis of 2-amido-3-hydroxypyridin-4(1 H)-ones:
novel iron chelators with enhanced pFe3+ values. jgg

. 2001, 9, 563-573.

(105) Birch, N.; Wang, X.; Chong, H.-S. Iron chelators as therapeutic
iron depletion agents. . 2006, /6, 1533—
1556.

(106) Bergeron, R. J.; McManis, J. S.; Franklin, A. M.; Yao, H.;
Weimar, W. R. Polyamine-iron chelator conjugate. Lomldods
Clhew. 2003, 46, 5478-5483.

(107) Ponka, P.; Borova, J.; Neuwirt, J.; Fuchs, O. Mobilization of iron
from reticulocytes. Identification of pyridoxal isonicotinoyl hy-
drazone as a new iron chelating agent. JalaRaubgd. 1979, 97, 317
321.

(108) Ponka, P.; Borova, J.; Neuwirt, J.; Fuchs, O.; Necas, E. A study of
intracellular iron metabolism using pyridoxal isonicotinoyl hy-



Downloaded by TATA INST OF FUNDAMENTAL RES on October 11, 2009 | http://pubs.acs.org

Publication Date (Web): July 14, 2009 | doi: 10.1021/jm900552r

5292  Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17

drazone and other synthetic chelating agents. i
Acrg 1979, 586, 278-297.

(109) Vitolo, L. M. W.; Hefter, G. T.; Clare, B. W.; Webb, J. Iron
chelators of the pyridoxal isonicotinoyl hydrazone class. Part I1.
Formation constants with iron(IIl) and iron(1l). stk
Acrg 1990, 170, 171-176.

(110) Avramovici-Grisaru, S.; Sarel, S.; Cohen, S.; Bauminger, R. E.
The synthesis, crystal and molecular structure and oxidation state
of iron complex from pyridoxal isonicotinoyl hydrazone and
ferrous sulfate. juuninintay 1985, 25, 288-292.

(111) Hermes-Lima, M.; Nagy, E.; Ponka, P.; Schulman, H. M. The
iron chelator pyridoxal isonicotinoyl hydrazone (PIH) protects
plasmid pUC-18 DNA against *OH-mediated strand breaks. Frgg

. 1998, 25, 875-880.

(112) Richardson, D. R.; Hefter, G. T.; May, P. M.; Webb, J.; Baker, E.
Iron chelators of the pyridoxal isonicotinoyl hydrazone class. I11.
Formation constants with calcium(Il), magnesium(II) and zinc-
(1), Rigdmdded 1989, 2, 161-167.

(113) Whitnall, M.; Rahmanto, Y. S.; Sutak, R.; Xu, X.; Becker, E. M.;
Mikhael, M. R.; Ponka, P.; Richardson, D. R. The MCK mouse
heart model of Friedreich’s ataxia: alterations in iron-regulated

roteins and cardiac hypertrophy are limited by iron chelation.
A 05 5. 97579762

(114) Baker, E.; Vitolo, M. L.; Webb, J. Iron chelation by pyridoxal
isonicotinoyl hydrazone and analogues in hepatocytes in culture.
I 1985, 34, 3011-3017.

(115) Richardson, D. R.; Ponka, P. The iron metabolism of the human
neuroblastoma cell: lack of relationship between the efficacy of
iron chelation and the inhibition of DNA synthesis. gointtafbin
Mcd. 1994, 124, 660-671.

(116) Ponka, P.; Schulman, H. M.; Wilczynska, A. Ferric pyridoxal
isonicotinoyl hydrazone can provide iron for heme synthesis in
reticulocytes. 1982, 718, 151-156.

(117) Brock, J. H.; Stevenson, J. Replacement of transferrin in serum-
free cultures of mitogen-stimulated mouse lymphocytes by a
lipophilic iron chelator. juininatd. 1987, /5, 23-25.

(118) Blaha, K.; Cikrt, M.; Nerudova, J.; Ponka, H. F. Biliary iron
excretion in rats following treatment with analogs of pyridoxal
isonicotinoyl hydrazone. Blogd 1998, 91, 4368-4372.

(119) Link, G.; Ponka, P.; Konijn, A. M.; Breuer, W.; Cabantchik, Z.1.;
Hershko, C. Effects of combined chelation treatment with pyr-
idoxal isonicotinoyl hydrazone analogs and deferoxamine in
hypertransfused rats and in iron-loaded rat heart cells. Blogd
2003, 101, 4172-4179.

(120) Brittenham, G. M. Pyridoxal isonicotinoyl hydrazone: an effec-
tive iron-chelator after oral administration. |—S—|——
1990, 27, 112-116.

(121) Hoy, T.; Humphrys, J.; Jacobs, A.; Williams, A.; Ponka, P.
Effective iron chelation following oral administration of an iso-
niazid-pyridoxal hydrazone. i 1979, 43, 443-449.

(122) Cikrt, M.; Ponka, P.; Necas, E.; Neuwirt, J. Biliary iron excretion
in rats following pyridoxal isonicotinoyl hydrazone. Rt
Waelal 1980, 45, 275-283.

(123) Richardson, D. R.; Vitolo, L. M. W.; Hefter, G. T.; Mat, P. M.;
Clare, B. W.; Webb, J.; Wilairat, P. Iron chelators of the pyridoxal
isonicotinoyl hydrazone class. Part I. lonisation characteristics of
the ligands and their relevance to biological properties. [ugrg,

: 1990, 770, 165-170.

(124) Richardson, D. R.; Baker, E. The release of iron and transferrin
from the human melanoma cell. | R 1991.
1091, 294-302.

(125) Buss, J. L.; Hermes-Lima, M.; Ponka, P. Pyridoxal isonicotinoyl
hydrazone and its analogues. |- 2002, 509, 205~
229.

(126) Johnson, D. K.; Pippard, M. J.; Murphy, T. B.; Rose, N. J. An

in vivo evaluation of iron-chelating drugs derived from pyr-
idoxal and its analogs. NEER. 1952. 22/, 399
403.

(127) Richardson, D. R.; Milnes, K. The potential of iron chelators of
the pyridoxal isonicotinoyl hydrazone class as effective antipro-
liferative agents II: the mechanism of action of ligands derived
from salicylaldehyde benzoyl hydrazone and 2-hydroxy-1-
naphthylaldehyde benzoyl hydrazone. Blgad 1997, 89,3025-3038.

(128) Richardson, D. R.; Ponka, P. Identification of a mechanism of
iron uptake by cells which is stimulated by hydroxyl radicals
generated via the iron-catalysed Haber—Weiss reaction. Rigeliz
ety 1995, 1269, 105-114.

(129) Huang, A. R.; Ponka, P. A study of the mechanism of action of
pyridoxal isonicotinoyl hydrazone at the cellular level using
reticulocytes loaded with non-heme 59Fe.

1983, 757, 306-315.

Yuetal.

(130) Richardson, D. R. Mobilization of iron from neoplastic cells by

some iron chelators is an energy-dependent process. Qiglikis
1997, 1320, 45-57.

(131) Xu, X.; Sutak, R.; Richardson, D. R. Iron chelation by clinically
relevant anthracyclines: alteration in expression of iron-regulated
genes and atypical changes in intracellular iron distribution and
trafficking. g 2008, 73, 833-844.

(132) Kwok, J. C.; Richardson, D. R. The cardioprotective effect of the
iron chelator dexrazoxane (ICRF-187) on anthracycline-
mediated cardiotoxicity. Rgsicamitgd- 2000, 5, 317-324.

(133) Chaston, T. B.; Lovejoy, D. B.; Watts, R. N.; Richardson, D. R.
Examination of the antiproliferative activity of iron chelators:
multiple cellular targets and the different mechanism of action of
triapine compared with desferrioxamine and the potent pyridoxal
isonicotinoyl hydrazone analogue 311. i 2003, 9,
402-414.

(134) Darnell, G.; Richardson, D. R. The potential of iron chelators of
the pyridoxal isonicotinoyl hydrazone class as effective antipro-
liferative agents III: the effect of the ligands on molecular targets
involved in proliferation. Blgod 1999, 94, 781-792.

(135) Fu, D.;Richardson, D.R. Iron chelation and regulation of the cell
cycle: 2 mechanisms of posttranscriptional regulation of the
universal cyclin-dependent kinase inhibitor p21CIP1/WAFI1 by
iron depletion. Blgod 2007, 110, 752-761.

(136) Nyholm, S.; Mann, G. J.; Johansson, A. G.; Bergeron, R. J.;
Graslund, A.; Thelander, L. Role of ribonucleotide reductase in
inhibition of mammalian cell growth by potent iron chelators. J.

. 1993, 268, 26200-26205.

(137) Thelander, L.; Graslund, A. Mechanism of inhibition of mam-
malian ribonucleotide reductase by the iron chelate of 1-formyli-
soquinoline thiosemicarbazone. Destruction of the tyrosine free
radical of the enzyme in an oxygen-requiring reaction. L Rigl
Chew. 1983, 258, 4063-4066.

(138) Thelander, L.; Graslund, A.; Thelander, M. Continual presence of
oxygen and iron required for mammalian ribonucleotide reduc-
tion: possible regulation mechanism.

g 1983, 110, 859-865.

(139) Becker, E.; Richardson, D. R. Development of novel aroylhy-
drazone ligands for iron chelation therapy: 2-pyridylcarboxalde-
hyde isonicotinoyl hydrazone analogs. NN 1999,
134,510-521.

(140) Cory,J. G.; Cory, A. H.; Rappa, G.; Lorico, A.; Liu, M. C.; Lin,
T. S.; Sartorelli, A. C. Inhibitors of ribonucleotide reductase.
Comparative effects of amino- and hydroxy-substituted pyridine-
2-carboxaldehyde thiosemicarbazones.

1994, 48, 335-344.

(141) Cory,J. G.; Cory, A. H.; Rappa, G.; Lorico, A.; Liu, M. C.; Lin,
T. S.; Sartorelli, A. C. Structure—function relationships for a new
series of pyridine-2-carboxaldehyde thiosemicarbazones on ribo-
nucleotide reductase activity and tumor cell growth in culture and
in vivo. . 1995, 35, 55-68.

(142) Wong, C. S.; Kwok, J. C.; Richardson, D. R. PCTH: a novel
orally active chelator of the aroylhydrazone class that induces iron
excretion from mice. 2004, 7739, 70-80.

(143) Bernhardt, P. V.; Chin, P.; Richardson, D. R. Unprecedented
oxidation of a biologically active aroylhydrazone chelator cata-
lysed by iron(III): serendipitous identification of diacylhydrazine
ligands with high iron chelation efficacy. | R
2001, 6, 801-809.

(144) Bernhardt, P. V.; Caldwell, L. M.; Chaston, T. B.; Chin, P.;
Richardson, D. R. Cytotoxic iron chelators: characterization of
the structure, solution chemistry and redox activity of ligands
and iron complexes of the di-2-pyridyl ketone isonicotinoyl
hydrazone (HPKIH) analogues. | R 2003, S
866-880.

(145) Becker, E. M.; Lovejoy, D. B.; Greer, J. M.; Watts, R.; Richard-
son, D. R. Identification of the di-pyridyl ketone isonicotinoyl
hydrazone (PKIH) analogues as potent iron chelators and anti-
tumour agents. . 2003, /38, 819-830.

(146) Chaston, T. B.; Watts, R. N.; Yuan, J.; Richardson, D. R.
Potent antitumor activity of novel iron chelators derived from
di-2-pyridylketone isonicotinoyl hydrazone involves fenton-
derived free radical generation. | 2004, /0,
7365-7374.

(147) Kalinowski, D. S.; Sharpe, P. C.; Bernhardt, P. V.; Richardson,
D. R. Design, synthesis, and characterization of new iron chela-
tors with anti-proliferative activity: structure—activity relation-
ships of novel thiohydrazone analogues. judmsnisig. 2007, 50,
6212-6225.

(148) Sartorelli, A. C.; Agrawal, K. C.; Tsiftsoglou, A. S.; Moore, E. C.
Characterization of the biochemical mechanism of action of



Downloaded by TATA INST OF FUNDAMENTAL RES on October 11, 2009 | http://pubs.acs.org

Publication Date (Web): July 14, 2009 | doi: 10.1021/jm900552r

Perspective

(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

(163)

(164)

(165)

alpha-(N)-heterocyclic carboxaldehyde thiosemicarbazones. 44y,
. 1976, 15, 117-139.
Spingarn, N. E.; Sartorelli, A. C. Synthesis and evaluation of the
thiosemicarbazone, dithiocarbazonate, and 2’'-pyrazinylhydra-
zone of pyrazinecarboxaldehyde as agents for the treatment of
iron overload. st 1979, 22, 1314-1316.
Mohan, M.; Kumar, M.; Kumar, A.; Madhuranath, P. H.; Jha,
N. K. Synthesis, spectroscopic, and antitumor activity of metal
chelates of S-methyl-N-(I-isoquinolyl)-methylendithiocarbazate.
. 1988, 33, 121-129.
West, D. X.; Liberta, A. E.; Padhye, S. B.; Chikate, R. C.;
Sonawane, P. B.; Kumbhar, A. S.; Yerande, R. G. Thiosemicar-
bazone complexes of copper(I1): structural and biological studies.
. 1993, 123, 49-71.
Kowol, C. R.; Eichinger, R.; Jakupec, M. A.; Galanski, M.;
Arion, V. B.; Keppler, B. K. Effect of metal ion complexation
and chalcogen donor identity on the antiproliferative activity of 2-
acetylpyridine N,N-dimethyl(chalcogen)semicarbazones. iz
; . 2007, 101, 1946-1957.
Bermejo, E.; Carballo, R.; Castineiras, A.; Dominguez, R.; Liberta,
A. E.; Maichle-Mossmer, C.; Salberg, M. M.; West, D. X. Synth-
esis, structural characteristics, and biological activities of com-
plexes of Znll, CdIl, Hgll, PdII, and PtII with 2-acetylpyridine-
4-methylthiosemicarbazone. | 1099, 965-973.
Li, J.; Luo, X.; Wang, Q.; Zheng, L.-M.; King, 1.; Doyle, T. W_;
Chen, S.-H. Synthesis and biological evaluation of a water
soluble phosphate prodrug of 3-aminopvridine-2-carboxaldehyde
thiosemicarbazone (3-AP). * 1998, 8,
q3159-3164.
Li, J.; Zheng, L. M; King, I.; Doyle, T. W.; Chen, S. H. Syntheses
and antitumor activities of potent inhibitors of ribonucleotide
reductase: 3-amino-4-methylpyridine-2-carboxaldehyde-thiose-
micarba-zone (3-AMP), 3-amino-pyridine-2-carboxaldehyde-
thiosemicarbazone (3-AP) and its water-soluble prodrugs. Lz,
.2001, 8, 121-133.
Bernhardt, P. V.; Chin, P.; Sharpe, P. C.; Richardson, D. R.
Hydrazone chelators for the treatment of iron overload disorders:
iron coordination chemistry and biological activity. josisialuitd
2007, 3232-3244.
Bernhardt, P. V.; Wilson, G. J.; Sharpe, P. C.; Kalinowski, D. S.;
Richardson, D. R. Tuning the antiproliferative activity of biologi-
cally active iron chelators: characterization of the coordination
chemistry and biological efficacy of 2-acetylpyridine and 2-ben-
zoylpyridine hydrazone ligands. | 2008, /3,
107-119.
Rudnev, A. V.; Foteeva, L. S.; Kowol, C.; Berger, R.; Jakupec, M.
1. A.; Arion, V. B.; Timerbaev, A. R.; Keppler, B. K. Preclinical
characterization of anticancer gallium(III) complexes: solubility,
stability, lipophilicity and binding to serum proteins. Jmiiakgs
Bigekeus. 2006, 100, 1819-1826.
Kowol, C. R.; Berger, R.; Eichinger, R.; Roller, A.; Jakupec, M.
A.; Schmidt, P. P.; Arion, V. B.; Keppler, B. K. Gallium(III)
and iron(III) complexes of alpha-N-heterocyclic thiosemicarba-
zones: synthesis, characterization, cytotoxicity, and interaction
with ribonucleotide reductase. pisinimy. 2007, 50, 1254
1265.
Grguric-Sipka, S.; Kowol, C. R.; Valiahdi, S.-M.; Eichinger, R.;
Jakupec, M. A.; Roller, A.; Shova, S.; Arion, V. B.; Keppler, B. K.
Ruthenium(II) complexes of thiosemicarbazones: the first water-
soluble complex with pH-dependent antiproliferative activity.
. 2007, 2870-2878.
Graminha, A. E.; Rodrigues, C.; Batista, A. A.; Teixeira, L. R.;
Fagundes, E. S.; Beraldo, H. Ruthenium(II) complexes of 2-
benzoylpyridine-derived thiosemicarbazones with cytotoxic ac-
tivity against human tumor cell lines. *
2008, 694, 1073-1076.
Gomez-Saiz, P.; Garcia-Tojal, J.; Diez-Gomez, V.; Gil-Garcia,
R.; Pizarro, J. L.; Arriortua, M. L.; Rojo, T. Indirect evidences
of desulfurization of a thiosemicarbazonecopper(ll) system
in aqueous basic medium. . 2005, 8, 259—
262.
Finch, R. A.; Liu, M. C,; Cory, A. H.; Cory, J. G.; Sartorelli, A. C.
Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarba-
zone; 3-AP): an inhibitor of ribonucleotide reductase with anti-
neoplastic activity. |- 1999, 39, 3-12.
Finch, R. A.; Liu, M.; Grill, S. P.; Rose, W. C.; Loomis, R.;
Vasquez, K. M.; Cheng, Y.; Sartorelli, A. C. Triapine (3-amino-
pyridine-2-carboxaldehyde- thiosemicarbazone): a potent inhibi-
tor of ribonucleotide reductase activity with broad spectrum
antitumor activity. | N R NN 2000, 59, 983-991.
Murren, J.; Modiano, M.; Clairmont, C.; Lambert, P.; Savaraj,
N.; Doyle, T.; Sznol, M. Phase I and pharmacokinetic study of

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

(177)

(178)

(179)

(180)

(181)

(182)

(183)

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17 5293

triapine, a potent ribonucleotide reductase inhibitor, adminis-
tered daily for five days in patients with advanced solid tumors.
j . 2003, 9, 4092-4100.
Ma, B.; Goh, B. C.; Tan, E. H.; Lam, K. C.; Soo, R.; Leong, S. S;
Wang, L. Z.; Mo, F.; Chan, A. T.; Zee, B.; Mok, T. A multicenter
phase II trial of 3-aminopyridine-2-carboxaldehyde thio
semicarbazone (3-AP, Triapine) and gemcitabine in advanced
non-small-cell lung cancer with pharmacokinetic evaluation using
peripheral blood mononuclear cells. | N 2008, 26,
169-173.
Amendola, V.; Boiocchi, M.; Fabbrizzi, L.; Mosca, L. Metal-
controlled anion-binding tendencies of the thiourea unit of thio-
semicarbazones. Chem.—Eur. J. 2008, 14, 9683-9696.
Shao, J.; Zhou, B.; Di Bilio, A. J.; Zhu, L.; Wang, T.; Qi, C.; Shih,
J.; Yen, Y. A Ferrous—Triapine complex mediates formation of
reactive oxygen species that inactivate human ribonucleotide
reductase. | 20006, 5, 586-592.
Antholine, W.; Knight, J.; Whelan, H.; Petering, D. H. Studies of
the reaction of 2-formylpyridine thiosemicarbazone and its iron
and copper complexes with biological systems. Jiiii
1977, 13, 89-98.
Saryan, L. A.; Mailer, K.; Krishnamurti, C.; Antholine, W.;
Petering, D. H. Interaction of 2-formylpyridine thiosemicarbazo-
nato copper (II) with Ehrlich ascites tumor cells. jiimbim
wacol 1981, 30, 1595-1604.
Attia, S.; Kolesar, J.; Mahoney, M. R.; Pitot, H. C.; Laheru, D.;
Heun, J.; Huang, W.; Eickhoff, J.; Erlichman, C.; Holen, K. D. A
phase 2 consortium (P2C) trial of 3-aminopyridine-2-carboxalde-
hyde thiosemicarbazone (3-AP) for advanced adenocarcinoma of
the pancreas. | 2008, 26, 369-379.
Karp, J. E.; Giles, F. J.; Gojo, I.; Morris, L.; Greer, J.; Johnson,
B.; Thein, M.; Sznol, M.; Low, J. A phase I study of the novel
ribonucleotide reductase inhibitor 3-aminopyridine-2-carboxal-
dehyde thiosemicarbazone (3-AP, Triapine) in combination with
the nucleoside analog fludarabine for patients with refractory
acute leukemias and aggressive myeloproliferative disorders.
il 2008, 32, 71-717.
Odenike, O. M.; Larson, R. A.; Gajria, D.; Dolan, M. E.;
Delaney, S. M.; Karrison, T. G.; Ratain, M. J.; Stock, W. Phase
I'study of the ribonucleotide reductase inhibitor 3-aminopyridine-
2-carboxaldehyde-thiosemicarbazone (3-AP) in combination
with high dose cytarabine in patients with advanced myeloid
leukemia. EG—_ I 2008, 26, 233-239.
Lovejoy, D. B.; Richardson, D. R. Novel “hybrid” iron chelators
derived from aroylhydrazones and thiosemicarbazones demon-
strate selective antiproliferative activity against tumor cells. Blggd
2002, 100, 666-676.
Whitnall, M.; Howard, J.; Ponka, P.; Richardson, D. R. A class of
iron chelators with a wide spectrum of potent antitumor activity
that overcomes resistance to chemotherapeutics. Qi
i . 2006, 103, 14901-14906.
Rao, V. A.; Klein, S. R.; Agama, K. K.; Toyoda, E.; Adachi, N.;
Pommier, Y.; Shacter, E. B. The iron chelator Dp44mT causes
DNA damage and selective inhibition of topoisomerase Ilalpha in
breast cancer cells. usiisaimitgd 2009, 69, 948-957.
Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J.
Experimental and computational approaches to estimate solubi-
lity and permeability in drug discovery and development settings.
. 1997, 23, 3-25.
Agarwal, R. P.; Perrin, D. D. Computer-based approach to
chelation therapy: a theoretical study of some chelating agents
for the selective removal of toxic metal ions from plasma. dgeuss
Latigus 1976, 6, 667-673.
Shipman, C., Jr.; Smith, S. H.; Drach, J. C.; Klayman, D. L.

Antiviral activity of 2-acetvlpvridine thiosemicarbazones against
herpes simplex virus. (NN 1951 /9.
682-685.

Klayman, D. L.; Scovill, J. P.; Bruce, J.; Bartosevich, J. F. 2-
Acetylpyridine thiosemicarbazones. 8. Derivatives of 1-acetyliso-
quinoline as potential antimalarial agents. gty 1984,
27, 84-87.

Brown, R. E.; Stancato, F. A.; Wolfe, A. D. Preferential inhibition
of ribonucleic acid synthesis by a new thiosemicarbazone posses-
sing antibacterial and antiparasitic properties. | N

mheisadha 1981, 19, 234-237.
Klayman, D. L.; Bartosevich, J. F.; Griffin, T. S.; Mason, C. J.;

Scovill, J. P. 2-Acetylpyridine thiosemicarbazones. 1. A new
class of potential antimalarial agents. gy 1979, 22,
855-862.

Klayman, D. L.; Scovill, J. P..; et al. 2-Acetylpyridine thiosemi-
carbazones. 3. Selenium analogs as potential anti-malarial agents.

I 1981, /6, 317-320.



Downloaded by TATA INST OF FUNDAMENTAL RES on October 11, 2009 | http://pubs.acs.org
Publication Date (Web): July 14, 2009 | doi: 10.1021/jm900552r

5294  Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17

(184) Kowol, C. R.; Reisner, E.; Chiorescu, I.; Arion, V. B.; Galanski,
M.; Deubel, D. V.; Keppler, B. K. An electrochemical study of
antineoplastic gallium, iron and ruthenium complexes with redox
noninnocent alpha-N-heterocyclic chalcogensemicarbazones. [n-

. 2008, 47, 11032-11047.

(185) Bernhardt, P. V.; Mattsson, J.; Richardson, D. R. Complexes of

cytotoxic chelators from the dipyridyl ketone isonicotinoyl

Yuetal.

hydrazone (HPKIH) analogues. iisisaislei 2006, 45, 752
760.

(186) Ghose, A. K.; Crippen, G. M. Atomic physicochemical para-
meters for three-dimensional-structure-directed quantitative
structure—activity relationships. 2. Modeling dispersive and
hydrophobic interactions. NNENNE 1957, 2.

21-35.





