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Abstract

Tron overload secondary to B-thalassemia and other iron-loading anemias is the most serious obstacle to be overcome in the treatment of
these diseases, since there is no physiological mechanism for excretion of the excess iron acquired by chronic blood transfusion. Due to the
inconvenience and cost of the current iron chelation therapy, the search for an orally available iron chelator is ongoing. Pyridoxal
isonicotinoyl hydrazone (PIH) and many of its analogs are effective at mobilizing iron in vivo and in vitro at doses that are not toxic. PIH
analogs were approximately equally effective at binding Fe within K562 cells; their efficacy depended upon the kinetics of release of the
iron—chelator complex from the cell, which was correlated inversely with the lipophilicity of the chelators. Addition of BSA, which has a
well-characterized affinity for lipophilic species, to the extracellular medium enhanced iron—chelator efflux, such that all analogs caused
Fe release from the cells as quickly as it was chelated; this suggests that BSA acts as an extracellular sink for the iron—chelator
complexes, many of which are highly lipophilic. The toxicity of the free chelators varied over two orders of magnitude, and was correlated
with the amount of intracellular ¥Fe—chelator complexes, implicating the complexes in the mechanism of toxicity of the chelators.
Understanding the structural features that determine the efficacy and toxicity of iron chelators in biological systems is of value in the

selection of PIH analogs for in vivo examination.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The importance of iron in biological systems is due
mainly to its roles in oxygen distribution and electron
transfer. Iron in excess of the capacity of the organism
to use or store it is toxic, presumably via formation of
reactive oxygen species, including the extremely reactive
hydroxyl radical [1], which cause oxidative stress. To pre-
vent uncontrolled redox reactions, and to conserve a poorly
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bioavailable metal, iron metabolism in mammals is tightly
regulated, and involves efficient recycling [2]. Because there
is no physiological mechanism of iron excretion, patients
receiving chronic blood transfusions develop iron overload,
the current treatment for which is desferrioxamine, a drug
that must be administered via subcutaneous infusion [3] due
to its very short plasma half-time [4].

An orally effective iron chelator is urgently needed as a
convenient and inexpensive alternative to desferrioxamine
therapy. The efficacy of PIH (Fig. 1) in iron mobilization has
been characterized in vitro [5] and in vivo [6]. Screens of PIH
analogs using >°Fe-labeled cell culture models have identi-
fied several chelators in this series that are more active than
PIH [7-9], including pyridoxal para-methoxybenzoyl
hydrazone, pyridoxal meta-chlorobenzoyl hydrazone
(m-CIPBH), and pyridoxal meta-fluorobenzoyl hydrazone
(m-FPBH). These analogs also mobilized more °Fe in rats
than PIH, whether administered intraperitoneally or orally
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Fig. 1. Structures of the chelators examined: pyridoxal isonicotinoyl hydrazone (PIH), pyridoxal benzoyl hydrazone (PBH), salicylaldehyde isonicotinoyl
hydrazone (SIH), salicylaldehyde benzoyl hydrazone (SBH), 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone (NIH), 2-hydroxy-1-naphthylaldehyde
benzoyl hydrazone (NBH) and the positional isomers of pyridoxal chlorobenzoyl hydrazone (CIPBH).

[10]. A recent study has demonstrated that the property
defining the capacity of PIH analogs to mobilize °Fe from
reticulocytes is the rate of efflux of the iron—chelator com-
plexes from the cells [11], presumably via passive diffusion.
It is of interest whether these chelators mobilize °Fe
similarly from other cell lines, which, as compared with
reticulocytes, may be expected to have different intracellular
pathways of iron trafficking.

Several studies have demonstrated the antiproliferative
effects of some PIH analogs in cell culture models [8,12—
15]. It has been demonstrated that >°Fe mobilization and
inhibition of DNA synthesis were not correlated [16],
suggesting that iron depletion from cells, which is expected
to limit the iron available to ribonucleotide reductase, is
insufficient to account for the antiproliferative effects of
these chelators. Hence, it is of value to examine other
mechanisms by which the toxicity of PIH analogs may be
mediated.

2. Materials and methods
2.1. Synthesis of PIH analogs

Pyridoxal hydrochloride was purchased from Sigma.
Salicylaldehyde and 2-hydroxy-1-naphthylaldehyde were
purchased from Aldrich. Isonicotinic acid hydrazide and
benzoyl hydrazide were purchased from Lancaster. The
halogenated acid benzoyl hydrazides used for preparation
of the hydrazones were purchased from Transworld Che-
micals. PIH and its analogs were synthesized according to
standard methods as previously described [17]. All other
materials were of the highest quality available.

2.2. Preparation of chelator and Fe(chelator), solutions

Stock solutions of the chelators were prepared in either
NaOH or HCI, and either were used immediately or stored
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at —20°. These frozen solutions did not hydrolyze sig-
nificantly over at least 6 months of storage, as assessed
spectrophotometrically. Stock solutions of Fe(chelator),
complexes were prepared at a minimum concentration of
25 pM by the addition of 5 mM FeCly (Fisher) in 100 mM
sodium citrate (Bioshop) and chelator in a 1:2 molar ratio,
and incubated at room temperature for 60 min. That these
incubation conditions were sufficient to allow complete
complex formation was confirmed spectrophotometrically.

2.3. °°Fe mobilization from K562 cells

K562 cells were cultured in RPMI (Gibco) supplemen-
ted with 10% FBS (Gibco). Cells from log phase cultures
were labeled with *Fe by incubating 107 cells/mL with
10 uM °Fe,—transferrin, prepared as previously des-
cribed from human apotransferrin (Sigma) and °FeCl;
(Amersham), in RPMI supplemented with 1% FBS for
3 hr [18]. Washed *°Fe-labeled cells (the radioactivity
of which corresponds to 100% in Figs. 3-7) were
incubated in 6-well plates (Canadian Life Technologies)
with chelators at a density of 10° cells/mL as described
for each experiment, and were centrifuged at 210 g
for 5min at 4°. Ethanol-soluble cytosolic fractions,
which contain **Fe bound to cellular ligands and chelators,
were separated from ethanol-insoluble material, including
proteins, by lysing the cells with 200 pL of cold double-
distilled water and 1 mL of ice-cold 95% ethanol,
and centrifuging at 1800 g for 20 min at 4° [18]. Radio-
activity was measured in samples of the extracellular
medium and ethanol-soluble and -insoluble fractions,
and the total of these three fractions was summed to
confirm that radioactivity had not been lost during sample
handling.

When °Fe-labeled cells were washed and incubated
for 2 hr in MEM in the absence of chelators, approxi-
mately 10% of the °Fe was released into the medium,
probably due to the release of a small amount of °Fe,—
transferrin from which *Fe was not dissociated during
the labeling period. To simplify the figures, data shown in
the time- and concentration-dependent experiments were
corrected for this non-specific *Fe release by subtrac-
tion of the *°Fe released from identically treated control
samples.

Generally, within each experiment, variability among
identically prepared samples was extremely low. Varia-
bility among experiments was somewhat greater, probably
due to non-uniform levels of non-heme *’Fe in various
reticulocyte preparations. To assess variability among
experiments, PIH was used as a control in each experiment
to assess reproducibility [18]. In five independent experi-
ments, °Fe mobilization by 100 uM PIH during a
2-hr incubation was 22 4+4% (average + SD). Since
the effect of PIH was similar in all experiments in this
study, comparisons among the experiments can be made
safely.

2.4. Toxicity of chelators and Fe(chelator), complexes
toward K562 cells

Acute effects of the chelators were assessed in triplicate
by trypan blue exclusion after a 2-hr incubation period in
PBS, with and without 5% BSA (Sigma), in 6-well plates.
Cell viability in the presence of chelators over 72 hr was
measured using the MTS assay (Promega). MTS and PMS
(purchased from Aldrich) in the presence of cells with
active mitochondrial dehydrogenase cause the reduction
of MTS to a water-soluble product, the concentration of
which can be measured spectrophotometrically to indir-
ectly measure cell number. MTS assays were performed in
200-uL volumes in 96-well plates (Falcon) seeded with
14,000 cells/well, and absorbance measurements were
made at 492 nm using a Titertek Multiscan plate reader
(MTX Lab Systems). The MTS assay was calibrated
against cell number to ensure a linear relationship between
mitochondrial dehydrogenase activity over the range of
cell densities used in the experiments. Since the results of
the MTS assay did not accurately reflect cell number when
K562 cells were treated with iron—chelator complexes,
cell viability in the presence of Fe(chelator), over 72 hr
was assessed by trypan blue exclusion. These experiments
were performed in 24-well plates (Nunc) in quadruplicate.
Cells, taken from log phase cultures, were seeded at a
density of 10°/mL, and the final volume in the wells was
500 pL.

2.5. Partition coefficients of chelators

Ethyl acetate/PBS partition coefficients were deter-
mined spectrophotometrically. The wavelengths chosen
for analysis (325-385 nm) were local maxima. Partition
coefficients were calculated from the absorbances of the
chelators dissolved in ethyl acetate-saturated PBS before
and after the addition of measured quantities of ethyl
acetate. Volumes of ethyl acetate were chosen such that
no more than 90% and no less than 10% of the chelator
entered the organic phase. Experiments were performed in
triplicate.

3. Results
3.1. °°Fe mobilization from K562 cells

K562 cells were labeled with °Fe by incubation for 3 hr
with °Fe,—transferrin as described in Section 2. After this
period of incubation, *’Fe is distributed between ferritin,
the major iron storage protein, and the poorly characterized
LIP [15]. The steps involved in *Fe mobilization, defined
in Fig. 2, were examined separately after the incubation of
cells with the chelators by measuring the radioactivity in
the incubation medium and in an ethanol-soluble cytoplas-
mic fraction, which presumably represents °Fe—chelator
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FeCZ

Fig. 2. Scheme of the steps involved in iron mobilization: diffusion of the chelator (C) into the cell (1), binding cellular iron (2), and release of the iron—
chelator complex from the cell (3). The term “mobilization” refers to the sum of steps (1) to (3).

that remains in the cell [18]. Thus, it is possible to evaluate
the capacities of the chelators to both bind *°Fe and release
the **Fe—chelator complexes from the cells.

The kinetics of *Fe mobilization from K562 cells by
100 pM PIH analogs (structures shown in Fig. 1) were
examined (Figs. 3 and 4). The kinetics of >*Fe binding were
similar for all analogs; they bound 25-40% of the total **Fe
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in the cells after a 60-min incubation, while PIH bound
approximately 20%. The kinetics of >*Fe mobilization were
quite fast; the half-times were less than 15 min, and the
process was complete in 60 min. PIH, o-CIPBH, and
0-CISBH caused a low, transient accumulation of >Fe—
chelator (Figs. 3 and 4) in the cytosol, which appeared to be
due to the relatively fast efflux of >°Fe from the cell such
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Fig. 3. Kinetics of *°Fe binding and release from *Fe-labeled K562 cells by 100 uM PIH (A), o-CIPBH (B), m-CIPBH (C), and p-CIPBH (D). Data are
corrected for *Fe release that is not chelator-mediated by the subtraction of control values for each incubation time. Error bars represent SD of triplicate
measurements. Key: (@) total **Fe bound (i.e. the sum of ethanol-soluble and released *Fe), (@) >°Fe released into the incubation medium, and (A)

intracellular ethanol-soluble *Fe.
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Fig. 4. Kinetics of **Fe binding and release from **Fe-labeled K562 cells by 100 uM PIH (A), o-CISBH (B), m-CISBH (C), and p-CISBH (D). Error bars
represent SD of triplicate measurements. Data are corrected for *’Fe release that is not chelator-mediated by the subtraction of control values for each
incubation time. Key: () total >*Fe bound (i.e. the sum of ethanol-soluble and released °Fe), (@) °Fe released into the incubation medium, and (A)

intracellular ethanol-soluble *Fe.

that, after 60 min, essentially all chelator-bound °Fe had
been released from the cell. In contrast, the meta and para
isomers released >°Fe more slowly; after a 2-hr incubation,
much higher levels of *Fe remained in the ethanol-soluble
cytosolic fraction, presumably as iron—chelator complexes.
The CIPBH and CISBH analogs bound similar amounts of
cellular *°Fe, and the differences in their capacities to
mobilize *Fe depended on the kinetics of efflux of their
»Fe—chelator complexes.

The concentration dependence of *Fe binding by PIH
was markedly different from the CISBH analogs (Fig. 5).
All three CISBH isomers were approximately equally
effective at binding >°Fe, and their effects were maximal
at 10 uM. At all chelator concentrations, approximately
half of the °Fe bound by m- and p-CISBH was released
into the incubation medium during the 3-hr incubation,
while nearly all >*Fe bound by 0-CISBH and PIH was
released. >°Fe binding by PIH increased with concentra-
tion over the range assessed in this experiment, and much
higher concentrations of PIH were required to achieve the
levels of *°Fe binding observed for the CISBH isomers.
This weaker concentration dependence of PIH in compar-
ison to its analogs has also been demonstrated in reticu-
locytes [11], in which the effects of CIPBH and FPBH
analogs are maximal at concentrations above 50 uM,
while °Fe mobilization by PIH increases linearly over
this range.

To determine whether other ortho-halogenated PIH ana-
logs were as efficient as 0-CISBH at mobilizing *Fe, a
series of halogenated analogs were screened. At concentra-
tions of 100 uM, the analogs bound approximately 40-50%
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Fig. 5. Concentration dependence of *°Fe binding from *Fe-labeled K562
cells by PIH analogs during a 3-hr incubation. Symbols represent total >*Fe
bound (i.e. the sum of ethanol-soluble and released *Fe) by PIH (O), o-
CISBH (), m-CISBH (A), and p-CISBH (v7). For PIH and o-CISBH,
nearly all the radioactivity was found in the incubation medium, while
approximately half that bound by m-CISBH and p-CISBH was found in the
ethanol-soluble intracellular fraction. Data are corrected for *°Fe release
that is not chelator-mediated by the subtraction of control values. Error
bars represent SD of triplicate measurements.



354 J.L. Buss et al./Biochemical Pharmacology 65 (2003) 349-360

60

50

40 |

30 1

Fe Mobilization (%)

o

A\

59

20 | —

10 { w

7

A\
A\
2o

Ctrl PIH  o-CIPBH m-CIPBH p-CIPBH o-FPBH m-FPBH p-FPBH m-BrPBH p-BrPBH 0-IPBH m-IPBH p-IPBH

(A)

Chelator

60
50 |
40

]
30

Fe Mobilization (%)

7

59

20

10'

N

A\

mw

Ctrl PIH  o-CISBH m-CISBH p-CISBH 0-FSBH m-FSBH p-FSBH m-BrSBH p-BrSBH 0-ISBH m-ISBH p-ISBH

(B)

Chelator

Fig. 6. >°Fe binding and release from °Fe-labeled K562 cells by 100 uM chelators synthesized from pyridoxal (A) and salicylaldehyde (B). Incubations were
for 2 hr at 37°. Key: black bars, *Fe released into the incubation medium; hatched bars, intracellular ethanol-soluble *Fe. Standard deviations in this
experiment, which was performed twice, did not exceed 4%. IPBH = pyridoxal iodobenzoyl hydrazone; ISBH = salicylaldehyde iodobenzoyl hydrazone.

of the total cellular *°Fe in 2 hr (Fig. 6), while PIH bound
approximately 20%. The fraction of chelator-bound *°Fe
that was effluxed from the cell was much higher for the
ortho isomers, and seems to be limited only by the kinetics
of ¥Fe binding (Figs. 3 and 4).

It has been demonstrated that the iron complexes of the
most lipophilic PIH analogs have high affinity for erythro-
cyte ghost membranes [11]; this has been proposed as the
explanation for the slow efflux of lipophilic iron complexes
[11]. The slow release of *Fe from reticulocytes by the
meta- and para-substituted analogs, due to high membrane
affinity, can be overcome by the addition of BSA to the

incubation medium, which presumably acts as a sink by
binding *Fe—chelator complexes as they are released from
the cell [11]. Under these conditions, the PIH analogs
examined release essentially all chelator-bound >°Fe
into the incubation medium [11]. Addition of 1% BSA
to the incubation medium also had this effect on >°Fe
release from K562 cells by the chelators (Fig. 7). The total
amount of *Fe bound by the chelators was not affected
by the presence of BSA (Figs. 6 and 7), suggesting
that, under these conditions, the binding of the chelators
to BSA [11] did not inhibit the passive diffusion of chelator
into the cell.
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Fig. 7. >°Fe binding and release from **Fe-labeled K562 cells by 100 uM chelators synthesized from pyridoxal (A) and salicylaldehyde (B) in the presence of
1% BSA. Incubations were for 2 hr at 37°. Key: black bars, 9Fe released into the incubation medium; hatched bars, intracellular ethanol-soluble °Fe.
Standard deviations in this experiment, which was performed twice, did not exceed 4%.

3.2. Toxicity of Fe’*(chelator), complexes toward K562
cells

The antiproliferative effects of the complexes were also
examined. The ligands were incubated with Fe*"-citrate as
described in Section 2 to ensure complete complex for-
mation before incubation of K562 cells with the complexes
for 72 hr. Cell proliferation was assessed by trypan blue
exclusion, and 1csy values were calculated by fitting the
normalized data to a two-parameter logistic equation:

1
Relative cell number = —— (D

(C/IC5())b +1

in which ¢ is the chelator concentration, and b is the
equivalent of the Hill coefficient. The ics, values are
reported in Table 1. While the ics, values for the chelators
varied over two orders of magnitude, those of the majority
of their iron complexes fell into a much narrower range,
with the exception of FeSBH,, the most toxic of the
complexes.

3.3. Toxicity of chelators toward K562 cells
The effect of exposure of K562 cells to 100 uM of the

free chelators for 2 hr in PBS on cell viability was assessed
by trypan blue exclusion (Table 1). The toxicity of the
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Table 1
Toxicity of PIH analogs toward K562 cells®

% Dead cells ICs0 (UM)
chelator 2 hr chelator 72 hr
(trypan blue) (MTS)

ICso (M)
Fe(chelator), 72 hr
(trypan blue)

PIH 0 84 + 4 24 +2
PBH - 39 + 1 62 +2
0-CIPBH 1 51+ 1 31.1 £ 03
m-CIPBH 6 15+ 04 36 £ 1
p-CIPBH 7 132+ 03 -
o-FPBH 1 55+2 2 +2
m-FPBH 6 19.6 + 0.5 24 +2
p-FPBH 5 21.0 £ 0.8 29 +2
m-BrPBH 9 - -
p-BrPBH 10 - -
o-IPBH 3 - -
m-IPBH 11 - -
p-IPBH 8 - -

SIH - 12.6 £ 0.6 17+2
SBH - 2.1+0.1 0.96 + 0.03
m-CISBH - 1.92 + 0.06 -
m-FSBH - 1.88 + 0.09 -

NIH - 1.12 £ 0.06 14 +2
NBH - 1.00 + 0.02 21 +1

# Values are means + SD (N ranges from 3 to 7).
® Not determined.

chelators was relatively low, as was observed previously
for 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydra-
zone (NIH) at short incubation times with neuroblastoma
cells [15], and the meta- and para-substituted PBH isomers
were more toxic than the ortho isomers. The most toxic
analog, m-IPBH, resulted in a loss of viability in 11% of the
cells. In the presence of 1% BSA, no toxicity was observed
for any of the chelators (data not shown). Though it is
possible that membrane damage due to toxicity of the
chelators may account for a small fraction of the °Fe
release observed in the *’Fe mobilization experiments
(Figs. 3-7), this cannot be the only mechanism of °Fe
release, since only a small percentage of cells had lost
membrane integrity during a 2-hr incubation with the
chelators. Moreover, it must be noted that the most toxic
analogs, namely the meta and para isomers, caused the
least release of >°Fe, which is inconsistent with cell lysis as
a major mechanism of °Fe release.

The toxicity of selected analogs was also assessed after a
72-hr incubation, and normalized data were fitted to Eq. (1).
PIH had the weakest antiproliferative effect, with an 1cs, of
84 uM, while the most toxic of the chelators examined had
ICso values two orders of magnitude lower. As was
observed during the 2-hr incubation, the merta- and
para-substituted analogs had significantly higher antipro-
liferative activity than their ortho isomers, which correlates
with the affinity of their Fe® complexes for erythrocyte
ghost membranes [11].

The antiproliferative effects of the CIPBH isomers were
attenuated in the presence of 5% BSA, the level of albumin
in human plasma, such that the icsy values were approxi-
mately 2-fold higher (Fig. 8). Protection by BSA against

(A)

Relative Cell Number
o

Relative Cell Number

W

FO-

Relative Cell Number

0 10 20 30 40 50
Concentration (LM)

Fig. 8. Effect of BSA on the toxicity of CIPBH analogs. K562 cells were
incubated with 0o-CIPBH (A), m-CIPBH (B), and p-CIPBH (C) for 72 hr in
the absence (@) or presence (O) of 5% BSA. Cell viability was assessed
by the MTS assay as described in Section 2. Error bars represent SD
(N = 6). Experimental data were fitted to Eq. (1) (solid and dotted lines).

chelator toxicity was also observed at lower concentrations
of BSA, although the effect was less pronounced (data not
shown). Moreover, BSA completely prevented the toxicity
observed after a 2-hr incubation of K562 cells with che-
lators. In the preceding experiments, it was demonstrated
that BSA decreased the intracellular accumulation of >*Fe—
chelator complexes (Fig. 7). The inverse relationship
between Ics (Table 1) and the amount of °Fe found in
the ethanol-soluble fraction after a 2-hr incubation with the
chelators (Fig. 6) is shown in Fig. 9A. This relationship
suggests a direct role of the complexes in mediating the
toxicity of the chelators.

Ethyl acetate/PBS partition coefficients for some PIH
analogs examined have been reported [19]. Experiments to
determine those for PIH, PBH, SIH, and the ortho and para
isomers of CIPBH and FPBH were performed as described
in Section 2. Partition coefficients were calculated from
absorbance data as follows:

(1= (A/40))

P = A A

@)
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in which A represents the absorbance of the chelator in
the PBS phase of volume y after the addition of a volume x
of ethyl acetate. The partition coefficients of the free
chelators determined in the present study were combined
with those previously determined [19], since differences
between values obtained by the two methods were not
statistically significant. The complexes of m-FSBH,
m-CISBH, and p-CIPBH were insufficiently soluble to
allow determination of their partition coefficients, and the
very low lipophilicity of FePIH, also prevented a reliable
determination.

The 1cs5, values were negatively correlated with the
partition coefficients of both the free chelators and their
Fe’™ complexes (Fig. 9B), and the slopes of the
unweighted, linear, least-squares fits of these data were
—42 £ 8 and —19 £ 5, respectively. That these slopes
differ by a factor of approximately two is consistent with
the predicted relationship between the lipophilicity of a
free ligand and its 1:2 metal complex, a relationship that
has been confirmed experimentally for many PIH analogs.
The most likely explanation for the relationship between
lipophilicity of the complexes and toxicity of the free

ligands is a contribution of the iron—chelator complexes
to the toxicity of the free chelators.

4. Discussion
4.1. °°Fe mobilization in K562 cells by chelators

PIH analogs were effective in mobilizing °Fe from K562
cells, many of which were more effective than PIH itself
(Fig. 6). At the concentrations used in this study, all che-
lators bound °Fe with similar kinetics (Figs. 3 and 4), but
the kinetics of °Fe release from the cells varied markedly.
The maximum amount of **Fe mobilized from K562 cells
by 100 uM PIH analogs depended primarily upon the
kinetics of release of *Fe—chelator complexes from the
cells (Figs. 3, 4, and 6), which is determined by the
lipophilicity of the complexes (Fig. 9A). It appears, there-
fore, that access of the chelators to intracellular compart-
ments and binding of °Fe (steps 1 and 2 in Fig. 2) are
equally efficient for all analogs, except PIH itself, which
consistently bound the least *°Fe. Since it has been demon-
strated that PIH readily accesses intracellular compartments
[18], the most likely explanation for the relatively low
activity of PIH lies in its capacity to form iron complexes.

At low concentrations, the weaker activity of PIH was
most apparent (Fig. 5). As the chelator concentration
increased, *Fe mobilization by PIH increased, and
approached that of the CISBH analogs. Likely, PIH
accesses the same intracellular iron pools as its analogs,
only less effectively. Because of the relatively short incu-
bation of cells with >*Fe,transferrin, a large fraction of the
Fe in K562 cells is expected to be in a transient pool,
destined for incorporation into ferritin [20]. The fast
kinetics of °Fe binding by PIH analogs (Figs. 3 and 4)
are consistent with relatively weakly bound cellular
ligands, the nature of which is unknown. It does not appear
likely that PIH analogs are mobilizing *°Fe from ferritin,
since this process is slow in vitro [21], and because longer
incubations with *°Fe,—transferrin, which allow sufficient
time for the majority of >°Fe to reach ferritin, decrease *°Fe
mobilization by PIH analogs [15].

Structure—activity relationships describing the capacity
of PIH analogs to mobilize *Fe from reticulocytes have
been reported [11]. The reticulocyte model requires inhibi-
tion of heme synthesis, which prevents iron incorporation
into heme, thereby enriching the non-heme iron pools. The
capacities of these chelators to mobilize °Fe in this model,
in which iron is targeted to the mitochondria, are similar to
their effects on °Fe in K562 cells, which is mainly targeted
to ferritin [15]. It is interesting that the structure—activity
relationships describing the capacity of PIH analogs to
mobilize *°Fe hold for both cell types, despite the expected
large differences in iron handling between them.

Since the chelators, with the exception of PIH, were
equally effective at 10 and 100 pM at binding *°Fe (Fig. 5),
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pharmacologically achievable concentrations will likely be
effective. Fe mobilization occurred within 2 hr for the
most effective analogs, which is consistent both with the
results of similar experiments performed using reticulo-
cytes [11], and with in vivo *Fe mobilization studies,
which demonstrated that PIH mobilized *°Fe from rats
with a half-time of approximately 2 hr [6].

4.2. Toxicity of chelators and Fe(chelator), complexes

The similar 1c5o values obtained for most of the Fe(che-
lator), complexes demonstrate that these species, with the
exception of FeSBH, and FeNBH, (Table 1), are approxi-
mately equally able to prevent cell growth. Iron—-PIH [22]
and iron—SIH [23] complexes are known to donate iron to
cells, and, at low concentrations, can be used to promote cell
growth in iron-deficient medium. At higher concentrations,
these complexes may donate iron in excess of the capacity of
the cell to efficiently store or use it, resulting in iron
accumulation in non-physiological pools [24]. Recently,
FeSIH, and FeNIH, have been shown to induce apoptosis
in Jurkat T lymphocytes, whereas FePIH, had no effect
below its solubility limit [25]. Iron that is inappropriately
handled by the cell may induce oxidative stress [1], even
though the capacity of iron-PIH complexes to catalyze
redox reactions appears to be much lower than that of
iron—-EDTA [26,27]. Another possible mechanism of growth
inhibition is the inhibition of ribonucleotide reductase,
which may be caused by the chelators themselves as demon-
strated for NIH [28], or by their iron complexes as has been
demonstrated for the iron complexes of 4-methyl-5-amino-
1-formylisoquinoline thiosemicarbazone [29] and 2,2'-
bipyridyl-6-carbothioamide [30].

Although iron depletion undoubtedly contributes to the
toxicity of PIH analogs, it is unlikely to be the only
mechanism. While the ics, values of the analogs examined
in this study varied over two orders of magnitude (Table 1),
all chelators except PIH bound approximately the same
amount of *Fe from labeled K562 cells (Fig. 6). In
addition, the observation that >*Fe binding by the chelators
was similar at 10 and 100 pM (Fig. 5) indicates that
maximal *Fe binding is achieved at very low chelator
concentrations in K562 cells, at which some of the che-
lators cause no toxicity (Table 1). Thus, iron depletion
alone cannot account for the observed relationship between
toxicity and iron mobilization, and other mechanisms must
be considered, as has been concluded previously [16].

PIH, SIH, and NIH have been demonstrated to induce
apoptosis in Jurkat T lymphocytes and K562 cells [25],
indicating that the effects of PIH analogs on cell growth
(Table 1) are due to cytotoxic, as opposed to cytostatic,
mechanisms. That incubation of K562 cells for 2 hr was
sufficient to cause small losses in cell viability (Table 1)
lends further support to this conclusion. It has been docu-
mented that other iron chelators, including desferrioxa-
mine [15,31], induce apoptosis in cultured cells, suggesting

that there may be common elements in their mechanisms of
action.

The toxicity of the chelators toward K562 cells, assessed
after 2- and 72-hr incubations (Table 1), demonstrated that
the antiproliferative effects of the chelators increased as
»Fe release from the cells decreased (Fig. 9A). PIH enters
cells much more quickly than >Fe is mobilized [18]. Since
the kinetics of iron binding by PIH analogs did not vary
greatly (Fig. 3), it appears that membrane permeability of
the chelators does not limit their access to intracellular
compartments. Lipophilicity of the chelators, as measured
by ethyl acetate/PBS partition coefficients, varied with both
the aldehyde moiety (pyridoxal < salicylaldehyde < 2-
hydroxy-1-naphthylaldehyde) and the substitution pattern
of the hydrazide moiety (unsubstituted ~ ortho < meta =~
para). This property apparently determines the kinetics of
release of iron—chelator complexes from K562 cells, most
likely by modulating their affinities for the cell membrane
[11], since the chelators that allow efficient release of Y°Fe
from cells (see Figs. 3—6) have the lowest values of log P
(Fig. 9B). Although an energy-dependent mechanism of
release of the FePIH, complex has been proposed [18,32],
evidence against such a mechanism has been reported for
the iron complexes of analogs synthesized from salicylal-
dehyde and 2-hydroxy-1-naphthylaldehyde [32]. The Fe* "
complexes of these analogs, which may be expected to be
much more lipophilic than FePIH, due to the high lipo-
philicity of the free chelators [19], are likely to leave the
cell via passive diffusion [32]. A previous study demon-
strated an inverse correlation between affinity for erythro-
cyte ghost membranes and the kinetics of release of the
complexes from reticulocytes [11]. This finding suggests
that, due to the fact that the more lipophilic iron—chelator
complexes have higher affinities for membranes, their
efflux from cells is blocked [11]. The accumulation of
SFe—chelator within the cell is correlated with toxicity
(Fig. 9A), implicating the iron—chelator complexes in the
mechanism of toxicity of the chelators.

The observation that BSA protects cells from the toxi-
city of PIH analogs (Fig. 8) supports the hypothesis that
iron—chelator complexes are an active species. Since BSA
remains in the extracellular medium, it can have no direct
effect on intracellular Fe(chelator), formation or efflux.
The affinity of BSA for the iron complexes of PIH analogs
is sufficient to prevent their binding to erythrocyte ghost
membranes [11]. Thus, the most likely explanation of the
effect of BSA on iron—chelator efflux is that it promotes the
exit of the complexes from the membrane by serving as an
extracellular sink, thereby reducing the intracellular con-
centration of the iron—chelator complex.

The concentration of intracellular ethanol-soluble *°Fe,
which presumably represents cytosolic °Fe—chelator,
assessed after a 2-hr incubation with the chelators, is
correlated with the antiproliferative effects of the chelators,
assessed after a 72-hr incubation (Fig. 9A). Over long
incubation times, the formation and efflux of Fe(chelator),
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may reach an equilibrium with iron uptake from the culture
medium, such that a steady-state level of intracellular iron—
chelator is achieved. Thus, it may be expected that the
steady-state level varies inversely with efflux, i.e. chelators
that efflux iron slowly cause higher intracellular levels of
iron—chelator, accounting for their increased toxicity
(Table 1).

4.3. Summary

A detailed understanding of the mechanism of iron
mobilization by PIH analogs, and its relationship to their
toxicity, is important in the ongoing search for iron che-
lators with improved capacities to mobilize iron in vivo,
without causing appreciable toxicity. In addition, chelators
with strong antiproliferative effects may be of value as
antitumor agents, as has been suggested previously [33].
The correlation of complex events such as chelator-
mediated iron efflux and cell death to a simple property
such as lipophilicity, which can be measured easily, may be
valuable as an initial screen for the selection of analogs
worthy of further investigation.
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