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bstract

Di-2-pyridylketone isonicotinoyl hydrazone (PKIH) and di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT) novel iron chelators
hich possess marked anti-cancer activity in vivo. However, further progress in the development of these drug candidates requires precise and

onvenient methods for their qualitative and quantitative analysis. The aim of this study was to develop and validate HPLC methods suitable
or the purity and stability evaluation of Dp44mT and PKIH and subsequently to employ these methods in stress tests addressing their chemical
tability. The chromatographic analyses of both chelators were accomplished via HPLC using a Discovery HSF5 column (25 cm × 4 mm; 5 �m).
or separation of Dp44mT and its synthetic precursors, the mobile phase was composed of a mixture of 2 mM EDTA and acetonitrile in a ratio 60:40
v/v). A desirable separation of PKIH from its synthetic precursors was achieved with a mixture of 0.01 M phosphate buffer (pH 3.0), methanol and
cetonitrile in a ratio of 65:21:14 (v/v/v) with the addition of EDTA (2 mM). In order to confirm the utility of these HPLC methods for measuring
hese drugs and their stability, Dp44mT and PKIH were subjected to chemical stress tests. These experiments showed that Dp44mT was relatively

table against hydrolytic degradation, but quite sensitive to oxidation. On the other hand, PKIH was slightly sensitive to acid-catalyzed hydrolysis,
ut it was relatively stable under other tested conditions. Furthermore, these studies confirmed the utility of these methods not only for appropriate
valuation of purity but also stability. The analytical methods developed and validated in this study, as well as the basic data on the chemical
tability, should further support the development of both these novel anti-cancer chelators as promising drug candidates.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Despite enormous scientific effort over many decades, can-
er remains an important clinical problem. New drugs with
ovel mechanisms of anti-tumor action could considerably boost
he current therapeutic regimens and the prognosis of patients
uffering from cancer. Due to the extensive demand for iron
Fe) during proliferation and metabolism, tumor cells have
een shown to be markedly more sensitive to Fe-deprivation

han normal cells [1–4]. Therefore, the principle of selective
e-depletion is a unique strategy for novel anti-cancer drug
evelopment.

∗ Corresponding author. Tel.: +420 495067236; fax: +420 495512423.
E-mail address: petra.kovarikova@faf.cuni.cz (P. Kovařı́ková).
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The anti-proliferative effects of iron chelators were first doc-
mented in vitro using the drug desferrioxamine (DFO), which
s currently indicated for the treatment of Fe overload disease
2,4]. Many subsequent studies in a wide variety in vitro and
n clinical trials have demonstrated the anti-tumor activity of
FO [5,6]. However, the limited permeability of this compound

cross membranes into intracellular compartments [7,8] together
ith extremely short half-life hampered its use as an effective

nti-cancer drug [2].
Apart from DFO, intriguing anti-cancer activity was demon-

trated in the thiosemicarbazone class of Fe chelators. To
ate, the most significant progress has been made with 3-

minopyridine-2-carboxaldehyde thiosemicarbazone (3-AP or
riapine®) [9–14] which is currently in the Phase II of the
linical evaluation [2]. Other chelators tested for anti-tumor
ctivity include tachpyridine [15,16], O-trensox [17], ICL-670A

mailto:petra.kovarikova@faf.cuni.cz
dx.doi.org/10.1016/j.jpba.2006.11.011
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18], diethylenetriaminepentaacetic acid [6] and aroylhydrazone
helators such as those of the pyridoxal isonicotinoyl hydra-
one class [19,20]. Structure-activity relationship investigations
ocused on the development of novel cell-permeable iron chela-
ors of the aroylhydrazone class were performed [19]. These
tudies identified key classes of chelators with high Fe chela-
ion efficacy and anti-proliferative activity, with compounds
elonging to the 2-hydroxy-1-naphthyladehyde benzoyl hydra-
one series being particularly effective (e.g., chelator 311) [19].
ubsequent studies based upon these observations identified

he di-2-pyridylketone isonicotinoyl hydrazone (PKIH) series of
helators which possessed more potent anti-proliferative activ-
ty along with the minimal anti-proliferative effects on normal
ells [21,22]. Further systematic studies of the structure-activity
elationships within this group revealed that the di-2-pyridyl
oiety is important for pronounced anti-tumor activity both in

itro and in vivo [23,24]. Hence, this moiety was introduced
nto the basic chemical structure of thiosemicarbazones and thus

novel group of thiosemicarbazone analogs was developed,
amely the di-2-pyridyl thiosemicarbazone (DpT) chelators
23,24]. Among the DpT series of ligands, di-2-pyridylketone-
,4-dimethyl-3-thiosemicarbazone (Dp44mT), was shown to
e the most effective in terms of anti-tumor activity. Interest-
ngly, its anti-proliferative efficacy was comparable or many fold
reater than doxorubicin, one of the most potent clinically used
nti-neoplastic agents [23,24]. The mechanism of action of these
pT chelators relates to their ability to bind intracellular Fe and

edox cycle to generate cytotoxic free radicals [21,23,25,26].
As described above, previous investigations recognized both

p44mT and PKIH (Fig. 1) as potent anti-proliferative agents
hich deserved to be further intensively studied. Nevertheless,
rogress in the development of these drug candidates requires
odern analytical methodologies appropriate for the qualita-

ive and quantitative evaluation of these compounds. These
ethods are also fundamental to the pharmacological devel-

pment of these agents as clinically useful anti-tumor drugs
27].

One of the important functions of the modern analytical meth-
ds is to reliably assess the stability of both drug substances
nd pharmaceutical formulations. Since inherent chemical sta-
ility of the drug molecule largely determines the stability of
he final pharmaceutical product, regulatory authorities require
ovel chemical entities (NCE) to undergo extensive chemical

tability evaluation (stress testing) following the internationally
ccepted guidelines of the International Conference on Har-
onisation (ICH) of Technical Requirements for Registration

f Pharmaceuticals for Human Use [28]. The purpose of these

Fig. 1. The chemical structure of Dp44mT (a) and PKIH (b).
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hemical stress tests is to reveal the inherent stability of the
ovel molecule, to recognize potential degradation pathways as
ell as to identify likely degradation products. Moreover, the

nalyses of the samples subjected to chemical stress testing are
seful for confirming the stability indicating power of the ana-
ytical methods [28]. To date, no information about the stability
f either Dp44mT or PKIH are available in the literature.

Despite the promising anti-proliferative efficacy of both
p44mT and PKIH no modern analytical methods suitable for

heir analyses are available in the literature. However, RP-HPLC
ethods for the analyses of structurally related aroylhadrazone

ron chelators with lower anticancer potential [19] but more
ronounced iron mobilizing, antioxidative and cardioprotective
ffects [29–32] have been recently developed [33–35]. These
socratic methods employed C18 reverse phase HPLC columns
nd different mobile phases with addition of EDTA to prevent
rtificial formation of complexes with free or loosely bound
etals within chromatographic systems [33–35]. With respect

o Dp44mT, the only analytical methods for the analysis of
tructurally related compounds are those focusing on Triapine
36,37].

The aim of this study was to develop and validate HPLC meth-
ds suitable for the purity and stability evaluation of Dp44mT
nd PKIH. In order to evaluate the stability-indicating power of
he HPLC methods and to obtain basic data on the stability of
hese new substances, both Dp44mT and PKIH were subjected
o stress conditions recommended by the ICH.

. Experimental

.1. Chemicals

Dp44mT and PKIH were synthesized by Schiff conden-
ation and characterized as described previously [22,23,26].
he precursors of these chelators, namely 2,2′-dipyridylketone,
,4-dimethyl-3-thiosemicarbazide and isoniazid (PKIH) were
btained from Sigma-Aldrich (Munich, Germany). EDTA,
aH2PO4·2H2O, phosphoric acid, hydrochloric acid, sodium
ydroxide and hydrogen peroxide were purchased from
igma–Aldrich (Munich, Germany). Methanol and acetonitrile
ere obtained from Penta (Prague, Czech Republic).

.2. Chromatographic systems and conditions

The chromatographic system LC 20A (Shimadzu, Duisburg,
ermany) consisted of a DGU-20A3 degasser, LC-20 AD
umps, a SIL-20 AC autosampler, a CTO-20AC column oven,
SPD-M10AVP UV/Vis detector and a CBM-20AC commu-

ication module. Peak purity analysis was carried out using
PD-M20A Photodiode Array Detector. The chromatographic
ata were analysed using LC solution software, version 1.21
P1 (Schimadzu, Duisburg, Germany). The separations were
chieved on an analytical chromatographic column (Discovery

S F5, 250 mm × 4 mm, 5 �m, Supelco, Prague, Czech
epublic) at 40 ◦C. A flow rate of 1.0 mL/min was found to
e optimal for the analyses. The UV detector was set to the
ual wavelength mode. The first channel worked at 275 nm, the
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was then changed to a Discovery HSF5 (250 mm × 4 mm,
5 �m; Supelco, Prague, Czech Republic). This stationary phase
allowed maintenance of the peak shapes within an acceptable
range (Table 1). Mixtures composed of water or phosphate

Table 1
The tailing factors of the chelators Dp44mT and PKIH and their respective
precursor compounds using a Discovery HSF5 column

Compound (n = 3)a Tailing factor

Dp44mT 1.187
4,4-Dimethyl-3-thiosemicarbazide 1.262
2,2’-Dipyridyl ketone 1.229
PKIH 1.643
Isoniazid 1.361
2,2’-Dipyridyl ketone 1.552
Z. Mrkvičková et al. / Journal of Pharmaceuti

econd channel monitored a wavelength of either 244 nm (for
nalysis of Dp44mT) or 260 nm (PKIH). An injection volume
f 30 �L was used in these analyses. Dp44mT and its synthetic
recursors were separated using a mixture of 2 mM EDTA
nd acetonitrile (60:40; v/v) as the mobile phase. Appropriate
eparation of PKIH and its synthetic precursors were achieved
sing a mobile phase composed of phosphate buffer (0.01 M
a2HPO4, 2 mM EDTA, adjusted to pH 3 using 25% H3PO4),
ethanol and acetonitrile in a ratio of 65:21:14 (v/v/v).

.3. Preparation of stock solutions

The stock solutions (500 �g/mL) of Dp44mT, PKIH and 2,2′-
ipyridylketone were prepared by dissolution of these agents in
ethanol. In order to obtain the stock solutions (500 �g/mL)

f 4,4-dimethyl-3-thiosemicarbazide and isoniazid, appropriate
mounts of the substances were dissolved in DMSO and water,
espectively.

.4. Analytical method validation

.4.1. Limit of detection (LOD), lower limit of
uantification (LOQ)

The LOD and LOQ of synthetic precursors were determined
s the lowest concentrations of the analytes that provided signal-
o-noise ratios of 3:1 and 10:1, respectively [38].

.4.2. Linearity
The linearity of the methods was confirmed using standard

olutions at six different concentrations of analytes within the
ange of 15–150 �g/mL and 5–100 �g/mL for the chelators and
he synthetic precursors, respectively. These standard solutions
ere prepared by appropriate dilution of stock solutions with

cetonitrile (Dp44mT) or a mixture of methanol and 2 mM
DTA in a ratio 50:50 (PKIH). Each solution was analyzed in

riplicate. Mean peak area values were plotted against the cor-
esponding concentrations of analytes. The linearity of this plot
as evaluated using least-squares linear regression analysis.

.4.3. Precision and accuracy
Intra-day precision was determined as the R.S.D. calculated

rom the analyses of six individually prepared standard solu-
ions at three concentrations (16, 60 and 150 �g/mL) and (5,
0 and 100 �g/mL) for the chelators and synthetic precursors,
espectively. The same experiment was repeated the next day to
etermine inter-day precision. The accuracy was calculated as a
ecovery of these analyses.

.5. Stress tests

The inherent chemical stability of the chelators as well as
he stability-indicating power of the methods were evaluated
y the analyses of the samples exposed to basic chemical and

hysical stress conditions. According to ICH recommendations,
he degradation behaviour of these chelators was studied under
cidic, alkaline, neutral and oxidative conditions as well as heat
nd UV radiation [28,39].
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.5.1. Acidic, alkaline, neutral conditions and oxidative
tress

For purposes of the stability study, the stock solutions of both
helators (2 mg/mL) were prepared by dissolving an appropri-
te amount of Dp44mT and PKIH in methanol. Then 1 mL of
he stock solutions was mixed with the same volume of each
egradation media (1 M HCl, 1 M NaOH, water or 3% hydro-
en peroxide) to achieve the test solutions. The test solutions
ere maintained in a water bath at 50 ◦C for 240 min. After this

ime period, 0.2 mL of each test solution was mixed with either
.1 mL of the acid or alkali or 0.1 mL of phosphate buffer at
H 7.0 (neutral and oxidative degradation). Finally, all samples
ere diluted with 0.1 mL of phosphate buffer (pH 7.0) followed
y 1.6 mL of acetonitrile (Dp44mT) or methanol (PKIH) and
hen analyzed in triplicate. The control samples composed of

ethanol and the degradation media (1:1, v/v) were analysed as
ell.

.5.2. Dry heat and UV degradation study
Approximately 10 mg of both substances were laid out uni-

ormly under a UV lamp set at 254 nm or maintained in an oven
t 80 ◦C. After 24 h, an appropriate amount of each substance
as dissolved in acetonitrile (Dp44mT) or a mixture of methanol

nd 2 mM EDTA in a ratio 1:1 (PKIH) and analyzed employing
he HPLC methods.

. Results and discussion

.1. HPLC method development

In order to achieve sufficient separations of each chela-
or from its synthetic precursors, different chromatographic
onditions were tested. In initial experiments, a standard
PLC column (250 mm × 4 mm, Merck, Germany) packed with
iChrospher 100 RP-C18 (5 �m) as a stationary phase was
elected for separations. However, analyses using the chelators
uffered from the unacceptable peaks shapes and the column
p44mT and its precursors were separated using 2 mM EDTA and acetonitrile
60:40; v/v) as the mobile phase. In contrast, separation of PKIH and its precur-
ors were achieved using a mobile phase of phosphate buffer (0.01 M Na2HPO4,
mM EDTA, pH 3), methanol and acetonitrile in a ratio of 65:21:14 (v/v/v).
a n: number of determinations.
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Fig. 2. The representative chromatograms of the separation of Dp44mT (3) and its synthetic precursors: 4,4-dimethyl-3-thiosemicarbazide (1) and 2,2′-dipyridyl
ketone (2) detected at 244 (A) and 275 nm (B). Dp44mT and its precursors were analysed using 2 mM EDTA and acetonitrile (60:40; v/v) as the mobile phase.
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ig. 3. The chromatograms of the separation of PKIH (3) and corresponding s
nd 275 nm (B). PKIH and its precursors were analysed using a mobile phase of
n a ratio of 65:21:14 (v/v/v).

uffers and organic solvent (methanol or acetonitrile) in different

atios were tested as mobile phases. A small amount of EDTA
as added to the aqueous part of the mobile phase to prevent

he formation of complexes between chelator and iron or other

t
t
t

able 2
egression data of the calibration curves related to the analysis of each chelator and

ompound Linear regression

p44mT y = 0.0000117x + 1.8266762
,4-Dimethyl-3-thiosemicarbazide y = 0.0000059x − 1.5414245
,2′-Dipyridyl ketone y = 0.0000109x + 0.0529990
KIH y = 0.0000107x − 0.1329433
soniazid y = 0.0000177x − 0.255984
,2′-Dipyridyl ketone y = 0.0000117x − 0.0181084

he linearity of the methods was confirmed with in the ranges 15–150 �g/mL and 5
ts precursors were analysed using 2 mM EDTA and acetonitrile (60:40; v/v) as the m
hosphate buffer (0.01 M Na2HPO4, 2 mM EDTA, pH 3), methanol and acetonitrile i
tic precursors: isoniazid (1) and 2,2′-dipyridyl ketone (2), detected at 260 (A)
phate buffer (0.01 M Na2HPO4, 2 mM EDTA, pH 3), methanol and acetonitrile

etals within the chromatographic system. Moreover, this addi-

ive slightly improved the peak shapes of the chelators. Whereas
he mobile phase consisting of a mixture of EDTA and acetoni-
rile was capable of separating Dp44mT and the corresponding

their respective synthetic precursors

Correlation coefficient, R UV detection wavelength (nm)

0.9999781 275
0.9999019 244
0.9999901 275
0.9999507 275
0.9998515 260
0.9999823 275

–100 �g/mL for chelators and synthetic precursors, respectively. Dp44mT and
obile phase. PKIH and its precursors were analysed using a mobile phase of

n a ratio of 65:21:14 (v/v/v).
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Table 3
Intra-day precision calculated from the analysis of six separately prepared standard solutions at three concentrations of chelators and synthetic precursors

Concentration (�g/mL) Recovery % (n = 6) ±S.D.; R.S.D.

Added Found ±S.D.; R.S.D.*

Dp44mT 152.12 153.97 ±0.55; 0.36 101.22 ±0.36; 0.36
60.848 61.11 ±0.37; 0.61 100.43 ±0.61; 0.61
15.212 15.90 ±0.17; 1.08 104.54 ±1.13; 1.08

4,4-Dimethyl-3-thiosemicarbazide 100.80 100.70 ±1.33; 1.33 99.90 ±1.32; 1.33
50.40 50.71 ±0.66; 1.30 100.62 ±1.31; 1.30

5.04 5.08 ±0.07; 1.30 100.71 ±1.31; 1.30

2,2′-Dipyridyl ketone 99.04 99.17 ±0.37; 0.37 100.14 ±0.37; 0.37
49.52 48.83 ±0.30; 0.61 98.60 ±0.60; 0.61

4.95 5.08 ±0.05; 1.05 102.52 ±1.08; 1.05

PKIH 155.00 155.20 ±0.73; 0.47 100.13 ±0.47; 0.47
62.00 61.72 ±0.38; 0.62 99.55 ±0.62; 0.62
15.50 15.45 ±0.15; 0.94 99.71 ±0.94; 0.94

Isoniazid 103.00 102.65 ±0.44; 0.43 99.66 ±0.43; 0.43
51.50 99.66 ±0.98; 1.94 99.08 ±1.94; 1.94

5.15 5.26 ±0.05; 1.02 102.04 ±1.04; 1.02

2,2′-Dipyridyl ketone 101.60 100.48 ±0.49; 0.49 98.90 ±0.48; 0.49
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50.80 50.80
5.08 5.07

ynthetic precursors, in the case of PKIH, the mobile phase had
o be more complex. In order to obtain sufficient separation of
KIH and its synthetic precursors, phosphate buffer adjusted to
H 3 had to be employed. Furthermore, acetonitrile was partially
ubstituted for methanol. The dual wavelength mode was used

o achieve sensitive detection of the chelator and synthetic pre-
ursors. The representative chromatograms of the separations
f the chelators and the corresponding synthetic precursors are
hown in the Figs. 2 and 3.

c
d
t
b

able 4
nter-day precision calculated from the analysis of six separately prepared standard s

Concentration (�g/mL)

Added Found

p44mT 150.96 152.39
60.38 61.47
15.10 15.37

,4-Dimethyl-3-thiosemicarbazide 99.59 97.79
49.79 50.07

4.98 5.02

,2′-Dipyridyl ketone 99.04 98.32
49.52 48.73

4.95 5.02

KIH 142.00 141.37
56.80 56.70
14.20 14.04

soniazid 94.00 92.44
47.00 46.84

4.70 4.79

,2′-Dipyridyl ketone 104.00 104.92
52.00 52.43

5.20 5.24
±0.35; 0.69 100.01 ±0.69; 0.69
±0.03; 0.58 99.75 ±0.58; 0.58

.2. Linearity, precision and accuracy, LOD and LOQ

The correlation coefficients (R > 0.999) of the calibration
lots proved good linearity for both methods. Table 2 shows
egression data for all chelators as well as their synthetic pre-

ursors. The intra and inter-day precision and accuracy are
isplayed as Tables 3 and 4, respectively. The limits of detec-
ion and quantification for the synthetic precursors were found to
e 1.5 and 5 �g/mL (2,2′-dipyridylketone), 1.3 and 4.5 �g/mL

olutions at three concentrations of chelators and synthetic precursors

Recovery % (n = 6) ±S.D.; R.S.D.

±S.D.; R.S.D.*

±0.60; 0.39 100.95 ±0.40; 0.39
±0.63; 1.03 101.81 ±1.05; 1.03
±0.16; 1.05 101.79 ±1.07; 1.05

±1.59; 1.62 98.20 ±1.60; 1.62
±0.49; 0.97 100.56 ±0.98; 0.97
±0.10; 2.03 100.79 ±2.04; 2.03

±0.37; 0.38 99.27 ±0.38; 0.38
±0.68; 1.40 98.41 ±1.38; 1.40
±0.04; 0.70 101.42 ±0.71; 0.70

±0.89; 0.63 99.55 ±0.63; 0.63
±0.49; 0.86 99.82 ±0.85; 0.86
±0.15; 1.09 98.90 ±1.08; 1.09

±0.80; 0.87 98.34 ±0.85; 0.87
±0.70; 1.50 99.66 ±1.49; 1.50
±0.07; 1.46 101.86 ±1.49; 1.46

±0.80; 0.77 100.89 ±0.77; 0.77
±0.61; 1.17 100.83 ±1.18; 1.17
±0.05; 1.04 100.67 ±1.05; 1.04
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4,4-dimethyl-3-thiosemicarbazide) and 1.5 and 4.8 �g/mL for
soniazid.

.3. Forced degradation

.3.1. Dp44mT
After a 4 h incubation of Dp44mT to acidic (pH 0.5) the

eak area of the chelator fell to 77% of the initial amount. It was
bserved that under these conditions, Dp44mT decomposed into
wo degradation products which were detected at the retention
imes of 2.58 and 3.58 min, respectively (Fig. 4A). Since their
etention times as well as UV spectra determined through pho-
odiode array (PDA) analysis were similar with those obtained
rom the analysis of the corresponding precursors, hydroly-

is of the thiosemicarbazone bond can be considered as the
ain degradation pathway under acidic conditions. In fact,

cid-catalysed hydrolysis across the hydrazone linkage has
een reported for other structurally related hydrazone ligands

p
D
l
i

ig. 4. The chromatograms showing acid (A), alkaline (B), neutral (C) and oxidative (D
sing 2 mM EDTA and acetonitrile (60:40; v/v) as the mobile phase. The degradation
nknown degradants (4 and 5).
d Biomedical Analysis 43 (2007) 1343–1351

uch as pyridoxal isonicotinoyl hydrazone and its analogs
40].

In contrast to acid-catalyzed degradation, Dp44mT was more
table in alkaline medium (pH 13) where after a 4 h of incuba-
ion, the peak area of the chelator decreased to only 92% of
ts initial value. Furthermore, an additional 4 h of incubation
esulted in little further degradation. A small peak was detected
n the chromatogram at a retention time of 3.58 min (Fig. 4B)
hich was consistent with 2,2′-dipyridylketone (one of the syn-

hetic precursors of Dp44mT). The experiments carried out in
eutral medium showed that Dp44mT was highly stable under
hese conditions (Fig. 4C), with virtually no degradation being
bserved.

In the sample exposed to hydrogen peroxide, one new large

eak (RT 4.06 min) was detected, while the peak of parent
p44mT (RT 4.91 min) disappeared (Fig. 4D). According to the

iterature, this finding may be explained by hydrogen peroxide-
nduced conversion of the thiocarbonyl to carbonyl group of

) degradation of Dp44mT (3) (detected at 244 nm). The samples were analysed
products: 4,4-dimethyl-3-thiosemicarbazide (1), 2,2′-dipyridyl ketone (2) and
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he chelator [41]. Besides the main oxidative product, the syn-
hetic precursor 2,2′-dipyridylketone was also detected in the
xposed samples (Fig. 4D). However, due to the intensive peak
at RT 4.06 min) arising from treatment with hydrogen per-
xide, 4,4,dimethyl-3-thiosemicarbazone (the other synthetic
recursor) could not be detected. The presence of the synthetic
recursor in the exposed sample revealed that hydrogen peroxide
ould also result in hydrolysis of the thiosemicarbazone bond.
xperiments focusing on photo and thermal stability of solid
p44mT showed that this substance was not markedly suscepti-
le to degradation under the tested conditions (data not shown).

According to PDA analyses, neither peak of the degradation
roducts which appeared in these analyses interfered with the
eak corresponding to the parent Dp44mT chelator. Thus, these
esults confirmed the validity of the HPLC method not only for

urity but also for routine stability evaluation of this chelator.
urthermore, these stability experiments indicated that Dp44mT

s virtually stable in neutral media and can be also considered
o be relatively stable under alkaline conditions. In the current
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ig. 5. The chromatograms showing acid (A), alkaline (B), neutral (C) and oxidative
sing a mobile phase of phosphate buffer (0.01 M Na2HPO4, 2 mM EDTA, pH 3), me
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tudy, only partial degradation of Dp44mT was observed when
he compound was exposed to acidic conditions. According to
hese findings, Dp44mT did not seem to be markedly susceptible
o hydrolysis. Thus, respecting general precautions, hydrolysis
eed not be a major problem from the viewpoint of short-term
tability in aqueous pharmaceutical vehicles. On the contrary,
p44mT was found to be very sensitive to the oxidising agent,
ydrogen peroxide. This observation is important from the view
oint of selection of the handling and storage conditions as
ell as composition of application media and pharmaceutical
elivery.

.3.2. PKIH
PDA analysis as well as the agreement of the retention times

howed that after a 4 h incubation, the acid degradation of PKIH

pH 0.5) lead to a decrease in the peak area of the parent chelator
o 23% of its initial value (Fig. 5A). At the same time, the for-

ation of both synthetic precursors (isoniazid: – RT 2.59 min;
,2′-dipyridyl ketone: RT 3.89 min) occurred (Fig. 5A). These

(D) degradation of PKIH (3) (detected at 275 nm). The samples were analysed
thanol and acetonitrile in a ratio of 65:21:14 (v/v/v). The degradation products:
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bservations suggested hydrolysis of the parent chelator into its
espective precursors across the thiosemicarbazone bond. How-
ver, in the case of alkaline hydrolysis (pH 13), the situation
as quite different, since more than 73% of the initial amount
f the chelator was found at the end of this experiment (Fig. 5A).
wo degradation products were detected (RT 3.21 and 3.95 min)
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recursors. These findings led us to consider another possible
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. Conclusions
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[

[
[

d Biomedical Analysis 43 (2007) 1343–1351

ounds could be utilized in further investigations focused on
hese novel iron chelators.

cknowledgments

This study was supported by the research grant GAUK
84/2006/B-CH/FaF and the research project MSM
021620822. D.R.R. Thanks the National Health and Medical
esearch Council of Australia for a fellowship and project
rant and Australian Research Council for a Discovery grant.

eferences

[1] J.L. Buss, F.M. Torti, S.V. Torti, Curr. Med. Chem. 10 (2003) 1021–1034.
[2] D.S. Kalinowski, D.R. Richardson, Pharmacol. Rev. 57 (2005) 547–583.
[3] T.F. Tam, R. Leung-Toung, W. Li, Y. Wang, K. Karimian, M. Spino, Curr.

Med. Chem. 10 (2003) 983–995.
[4] C. Hershko, Baillieres Clin. Haematol. 7 (1994) 965–1000.
[5] E.M. Hoke, C.A. Maylock, E. Shacter, Free Radic. Biol. Med. 39 (2005)

403–411.
[6] L. Shen, H.Y. Zhao, J. Du, F. Wang, In Vivo 19 (2005) 233–236.
[7] D. Richardson, P. Ponka, E. Baker, Cancer Res. 54 (1994) 685–689.
[8] G. Darnell, D.R. Richardson, Blood 94 (1999) 781–792.
[9] R.A. Finch, M.C. Liu, A.H. Cory, J.G. Cory, A.C. Sartorelli, Adv. Enzyme

Regul. 39 (1999) 3–12.
10] R.A. Finch, M. Liu, S.P. Grill, W.C. Rose, R. Loomis, K.M. Vasquez, Y.

Cheng, A.C. Sartorelli, Biochem. Pharmacol. 59 (2000) 983–991.
11] Y. Yen, K. Margolin, J. Doroshow, M. Fishman, B. Johnson, C. Clairmont,

D. Sullivan, M. Sznol, Cancer Chemother. Pharmacol. 54 (2004) 331–342.
12] S. Wadler, D. Makower, C. Clairmont, P. Lambert, K. Fehn, M. Sznol, J.

Clin. Oncol. 22 (2004) 1553–1563.
13] J. Murren, M. Modiano, C. Clairmont, P. Lambert, N. Savaraj, T. Doyle,

M. Sznol, Clin. Cancer Res. 9 (2003) 4092–4100.
14] F.J. Giles, P.M. Fracasso, H.M. Kantarjian, J.E. Cortes, R.A. Brown, S.

Verstovsek, Y. Alvarado, D.A. Thomas, S. Faderl, G. Garcia-Manero, L.P.
Wright, T. Samson, A. Cahill, P. Lambert, W. Plunkett, M. Sznol, J.F.
DiPersio, V. Gandhi, Leuk. Res. 27 (2003) 1077–1083.

15] R.D. Abeysinghe, B.T. Greene, R. Haynes, M.C. Willingham, J. Turner,
R.P. Planalp, M.W. Brechbiel, F.M. Torti, S.V. Torti, Carcinogenesis 22
(2001) 1607–1614.

16] J. Turner, C. Koumenis, T.E. Kute, R.P. Planalp, M.W. Brechbiel, D. Beard-
sley, B. Cody, K.D. Brown, F.M. Torti, S.V. Torti, Blood 106 (2005)
3191–3199.

17] N. Rakba, P. Loyer, D. Gilot, J.G. Delcros, D. Glaise, P. Baret, J.L. Pierre,
P. Brissot, G. Lescoat, Carcinogenesis 21 (2000) 943–951.

18] K. Chantrel-Groussard, F. Gaboriau, N. Pasdeloup, R. Havouis, H. Nick,
J.L. Pierre, P. Brissot, G. Lescoat, Eur. J. Pharmacol. 541 (2006) 129–137.

19] D.R. Richardson, E.H. Tran, P. Ponka, Blood 86 (1995) 4295–4306.
20] D.R. Richardson, K. Milnes, Blood 89 (1997) 3025–3038.
21] T.B. Chaston, R.N. Watts, J. Yuan, D.R. Richardson, Clin. Cancer Res. 10

(2004) 7365–7374.
22] E.M. Becker, D.B. Lovejoy, J.M. Greer, R. Watts, D.R. Richardson, Br. J.

Pharmacol. 138 (2003) 819–830.
23] J. Yuan, D.B. Lovejoy, D.R. Richardson, Blood 104 (2004) 1450–1458.
24] M. Whitnall, J. Howard, P. Ponka, D.R. Richardson, Proc. Natl. Acad. Sci.

U.S.A. 103 (2006) 14901–14906.
25] P.V. Bernhardt, L.M. Caldwell, T.B. Chaston, P. Chin, D.R. Richardson, J.

Biol. Inorg. Chem. 8 (2003) 866–880.
26] D.R. Richardson, P.C. Sharpe, D.B. Lovejoy, D. Senaratne, D.S. Kali-

nowski, M. Islam, P.V. Bernhardt, J. Med. Chem. 49 (2006) 6510–6521.

27] S. Ahuja, S. Scypinski, Handbook of Modern Pharmaceutical Analysis,

Academic Press, London, 2001.
28] ICH, International Conference on Harmonization, IFPMA, Geneva, 2003.
29] J.L. Buss, M. Hermes-Lima, P. Ponka, Adv. Exp. Med. Biol. 509 (2002)

205–229.



cal an

[

[

[

[

[

[

[

[

[

[
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