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Summary 
A major obstacle to the therapeutic use of anthracyclines, highly effective anticancer agents, is the fact that their 
administration results in dose-dependent cardiomyopathy. According to the currently accepted hypothesis, 
anthracyclines injure the heart by generating oxygen free radicals. The ability of pyridoxal isonicotinoyl hydrazone 
(PIH) and salicylaldehyde isonicotinoyl hydrazone (SIH) – new iron chelators – to protect against peroxidation as well 
as their suitable biological, physical and chemical properties make the compounds promising candidates for pre-clinical 
and clinical studies. Activities of carbonyl reductase CR (1.1.1.184), dihydrodiol dehydrogenase DD2 (1.3.1.20), 
aldehyde reductase ALR1 (1.1.1.2) and P450 isoenzymes (CYP1A1, CYP1A2, CYP2B, CYP3A) involved in the 
metabolism of daunorubicin, doxorubicin and other drugs or xenobiotics were studied. Various concentrations of the 
chelators were used either alone or together with daunorubicin or doxorubicin for in vitro studies in isolated 
hepatocytes. A significant decrease of activity was observed for all enzymes only at PIH and SIH concentrations higher 
than those presumed to be used for therapy. The results show that PIH and SIH have no effect on the activities of the 
enzymes studied in vitro and allow us to believe that they will not interfere with the metabolism of co-administered 
drugs and other xenobiotics. Daunorubicin (Da) and doxorubicin (Dx) significantly reduce cytochrome P450 activity, 
but the addition of SIH and PIH chelators (50 µM) reverses the reduction and restores the activity to 70-90 % of the 
activity of relevant controls.  
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Introduction 
 

Pyridoxal isonicotinoyl hydrazone (Fig. 1, PIH) 
was studied back in the 1950s as a coenzyme of 

pyridoxal-dependent enzymes (Davison 1956, Duhault et 
al. 1967). Later, several authors.(Hoy et al. 1979, Poňka 
et al. 1979, 1979, 1994, Brittenham 1990) found that it 
can chelate Fe ions and can be used as a chelator in the 
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treatment of secondary iron overload pathologies that 
occur in iron-loading anemias such as β-thalassemias, 
porphyria cutanea tarda and alcoholic cirrhosis (Pippard 
1994). Apart from being used to treat iron overload, PIH 
may also be a useful therapeutic agent against free radical 
injury (Schulman et al. 1995). At present, the only Fe 
chelators for widespread clinical use are desferrioxamine 
(DFO) and dexrazoxane (Lombardo et al. 1996, Wexler 
1998). However, their therapeutical administration has 
some drawbacks, e.g. poor intestinal absorption, high 
cost, potential to develop allergy due to mast cell 
activation (Magro and Brai 1983, Lombardo et al. 1996). 
Last but not least, they require repeated long-term 
infusions leading to patient’s discomfort. PIH and its 

analogue SIH (Fig. 1) have been tested in vivo (Bláha et 
al. 1998, Richardson and Poňka 1998) on rats after 
parenteral or peroral administration. The results indicated 
that pyridoxal isonicotinoyl hydrazone is not affected by 
hydrolytic enzymes and low pH in the gastrointestinal 
tract, is well absorbed by the intestine, has a high affinity 
for Fe hemosiderin, ferritin and transferrin and, at the 
same time, low affinity for Fe hemoglobin, cytochromes, 
myoglobin and other cations of physiological 
significance. Clinical studies in patients with iron 
overload demonstrated good PIH tolerance and iron 
excretion, while no distinct adverse effects were observed 
(Brittenham 1990). 
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Fig. 1. Structure of pyridoxal 
isonicotinoyl hydrazone (PIH) and 
salicylaldehyde isonicotinoyl 
hydrazone (SIH) 

 
 
 

 
 

One of the hypotheses explaining the toxic 
effects of anthracyclines is the “iron and free radical 
hypothesis”. According to this hypothesis, anthracyclines 
impair cardiac function by oxygen free radicals generated 
in reactions catalyzed by CYP enzymes (Hoy et al. 1979, 
Buzdar et al. 1985, Brittenham 1990, Olson and Mushlin 
1990, Rhoden et al. 1993, Goeptar et al. 1994). CYP 
enzymes are a large superfamily of heme-containing 
proteins that play a central role in the metabolism of 
drugs, other xenobiotics and some lipophilic endogenous 
substrates. In mammals, the main drug-metabolizing 
families of CYP (CYP1, CYP2, CYP3) are primarily 
expressed in liver (Testa 1995). CYP3A, CYP2B and 
NADPH cytochrome reductase (Goeptar et al. 1994) 
catalyze reductive transformation of daunorubicin (Da) 
and doxorubicin (Dx) and semiquinone radicals generated 
in those reactions are reoxidized by molecular oxygen. In 
a single-electron transfer reaction, the oxygen molecule 
forms superoxide radical that either initiates lipid 
peroxidation reactions or is converted by dismutase to 
hydrogen peroxide. The presence of Fe enables 
subsequent reactions of free radicals. Although the free 
radical hypothesis has a number of critics, it is still the 
principal hypothesis that explains myocardial injury by 
anthracyclines.  

Another hypothesis links the toxicity of 
anthracyclines to their toxic metabolite C13-ol generated 
by cytosolic carbonyl reductases. Subcellular fractions of 
liver and heart cells were used to examine the kinetics of 
the enzymes and organ distribution (Cusack et al. 1993, 
Propper and Maser 1997). In comparison with its 
substrate, C13-ol was found to be a 30 times more potent 
inhibitor of cardiac contractility in rabbit papillary 
muscles (Olson and Mushlin 1990, Maser and 
Bannenberg 1994, Minotti et al. 1999), and high level of 
C13-ol persisting for several days were found in the 
rabbit heart tissue upon a single-dose administration of 
the substrate (Cusack et al. 1993, Pouna et al. 1996). 

We studied the in vitro activities of oxidative 
and reductive enzymes in rabbit liver cells upon the 
administration of various doses of anthracyclines 
daunorubicin and doxorubicin, PIH and SIH as well as 
their combinations in order to examine whether the 
prospective chelators affect the activities of enzymes 
involved in the metabolism of the anthracyclines and/or 
other drugs that might be co-administered to the patients. 
Such changes of enzyme activity might result in 
modifications of metabolic transformation rate, 
pharmacological effects and the durations of therapeutic 
effects of the drugs.  
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Methods 
 
Animals 

Rabbits (Oryctolagus cuniculus var. Chinchilla, 
about 3 kg, Velaz, Prague, Czech Republic) were fed a 
standard diet and fasted 12 h prior to the experiment. The 
animals were euthanized; their liver excised and used 
fresh for the isolation of hepatocytes. All procedures were 
done in compliance with the “Guide for the care and use 
of laboratory animals“ (1996) and were supervised by the 
Ethics Committee of the Faculty of Pharmacy, Charles 
University in Prague, Hradec Králové, Czech Republic. 
 
Chemicals and reagents 

Coenzyme NADPH was obtained from ICN 
Biochemicals, Inc. California, 7-benzyloxyresorufin, 7-
methoxyresorufin, 7-ethoxyresorufin, 7-pentoxyresorufin, 
Williams´medium E, nutrient mixture F-12 HAM, 
penicillin G, streptomycin sulphate and albumin were 
purchased from Sigma-Aldrich. Collagenase was 
obtained from Sevapharma. Pyridoxal isonicotinoyl 
hydrazone and salicylaldehyde isonicotinoyl hydrazone 
were a gift of Dr. Poňka (McGill University, Montreal, 
Canada). Daunorubicin (Cerubidine) was obtained from 
Rhône-Poulenc, France and doxorubicin (Adriablastina) 
was from Pharmacia and Upjohn, Italy. Other chemicals 
and solvents were of analytical grade and were obtained 
from general commercial sources. 
 
Cell preparation and culture 

Hepatocytes were isolated from male rabbits 
(without treatment), by two-step collagenase perfusion 
(Seglen 1976) with some modifications. First, the liver 
lobe was perfused with a salt solution containing a 
calcium-binding component (0.4 mM EGTA). 
Subsequently, the liver was perfused (for 5-7 min) by a 
buffer solution with collagenase (50 mg/100 ml) and 
2 mM CaCl2. The whole perfusion was performed at 
37 °C and pH 7.4. Hepatocytes were centrifuged three-
times (40x g for 5 min at 4 °C) in a cold buffer containing 
2 mM CaCl2 and finally with a plating medium. 
Hepatocytes were cultured using ISOM medium 
supplemented with 3 % (v/v) fetal calf serum and 
antibiotics (60 µg/ml penicillin, 100 µg/ml streptomycin) 
in a humidified atmosphere of air (95 %) and CO2 (5 %) 
at 37 ºC. The cells were plated on 6-cm tissue culture 
dishes at a density of 3x106 cells/culture dish in 3 ml of 
medium and were left to attach. After 3-4 h, the medium 
was replaced by a fresh medium without serum, with 

5 µM insulin and antibiotics (3 ml of medium per dish) 
and containing the tested compounds. Incubation times 
were 24 and 48 h. 
 
Incubations 

Chelators PIH and SIH were incubated with 
hepatocytes in monolayers in concentrations 50, 100, 
150, 250 and 750 µM. Anthracyclines daunorubicin and 
doxorubicin were incubated with hepatocyte monolayers 
in concentrations 10 µM. When combinations of 
chelators and anthracyclines were used, incubation was 
started only with chelators (50 and 150 µM). 
Anthracyclines (10 µM) were added after 60 min of 
incubation with chelators. A control medium for PIH, 
SIH and combinations of chelators with doxorubicin 
contained 1 % (v/v) DMSO, control medium for 
daunorubicin contained D-mannitol (150 µM), control 
medium for combinations of chelators and daunorubicin 
contained 1 % (v/v) DMSO and D-mannitol (150 µM). 
No additional substances were added to the control 
medium for doxorubicin. 

 
Isolation of subcellular fractions 

Hepatocytes after cultivation were homogenized 
in the ratio of 1:3 in a 0.1 M Na-phosphate buffer at pH 
7.4 in the Potter-Elvehjem homogenizer. The microsomal 
fraction was obtained by fractional ultracentrifugation the 
liver homogenates (Gillette 1972). Microsomes were 
resuspended in the same buffer with 20 % glycerol and 
stored at –80 °C. 
 
Protein and enzymatic assay 

Proteins were determined by a modification of 
the Lowry method (Peterson 1979). 7-ethoxyresorufin  
O-dealkylase, 7-methoxyresorufin O-dealkylase, 7-pento-
xyresorufin O-dealkylase activity and 7-benzyloxy-
resorufin O-dearylase activity were determined by a 
modification of the method described by Prough et al. 
(1978). 

Activities of selected cytosolic reductases were 
measured spectrophotometrically monitoring the 
oxidation rate of NADPH at 340 nm (Ohara et al. 1995). 
Carbonyl reductase CR (E.C.1.1.1.184) and dihydrodiol 
dehydrogenase DD2 (E.C.1.3.1.20) were assayed in a 
potassium-phosphate buffer (0.1 M, pH=6.0). TRIS-HCl 
buffer (0.2 M, pH=8.5) was used for determination of 
aldehyde reductase ALR1 (E.C.1.1.1.2). The reaction 
mixture contained daunorubicin (0.01 mM) as a substrate. 

Enzymatic activities were calculated in 
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pmol/min per mg of protein, and expressed as % values 
of relevant controls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of pyridoxal isonicotinoyl hydrazone (PIH), 
salicylaldehyde isonicotinoyl hydrazone (SIH) on P450-dependent 
monooxygenases. Incubation time of primary culture of 
hepatocytes from eight rabbits was 24 h. Hepatocytes were 
incubated with five concentrations (50, 100, 150, 250 and 750 
µM) of PIH or SIH.Values are expressed as % of control (1 % 
DMSO in hepatocytes medium). Enzymatic activity of control: 
BROD 41.5 pmol/min/mg, EROD 35.2 pmol/min/mg, MROD 27.6 
pmol/min/mg, PROD 9.3 pmol/min/mg. BROD – 
benzyloxyresorufin O-dearylase activity, EROD – ethoxyresorufin 
O-dealkylase activity, MROD – methoxyresorufin O-dealkylase 
activity, PROD – pentoxyresorufin O-dealkylase activity. * P<0.05 
(Student’s t-test); significantly different from control. 
 
 

Cytotoxicity assay 
The MTT (tetrazolium dye) assay was 

performed according to Martin and Clynes (1993) with 
some modifications. Cell suspension (1x106 cells/ml) was 
plated into the 96-well plate (50 µl/well) and incubated 
for 24 and 48 h with tested solutions. At the end 
2.5 mg/ml MTT was added and incubated for one hour 
(37 °C, 5 % CO2). Formed formazan crystals were 
dissolved in HCl-isopropanol. Optical density was 
measured at 595 nm. 

Lactate dehydrogenase (LDH) activity was 
measured in a medium spectrophotometrically monitoring 

the optical density of NADH at 340 nm (Clynes 1998). 
Cytotoxicity of tested chemicals was calculated 

as % of the control. 
 

Instrumentation  
Hepatocytes were isolated and incubated in a 

flowbox AURA2000 M.A.C. BIOAIR Instruments, CO2-
incubator HERAcell Hereus Instruments. Microsomal 
fractions were prepared using an Avanti J-30I Beckman 
Coulter centrifuge and Biofuge Stratos Hereus 
Instruments. Cytochrome P450 isozymes and reductases 
activities were measured using UV-VIS spectrometer 
Helios β Spectronic Unicam, and luminiscence was 
measured on a spectrofluorimeter Perkin Elmer LS 50B. 
MTT assay was performed by a Micro Plate Reader 550 
BioRad.  
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Fig. 3. Effect of pyridoxal isonicotinoyl hydrazone (PIH), 
salicylaldehyde isonicotinoyl hydrazone (SIH) on reductases. 
Incubation time of primary culture of hepatocytes from eight 
rabbits was 24 h. Hepatocytes were incubated with five 
concentrations (50, 100, 150, 250 and 750 µM) of PIH or 
SIH.Values are expressed as % of control (1 % DMSO in 
hepatocytes medium). Enzymatic activity of control: CR + DD2 
3.20 nmol/min/mg, ALR1 1.21 nmol/min/mg. CR – carbonyl 
reductase, DD2 - dihydrodiol dehydrogenase, ALR1 – aldo-keto 
reductase. * P<0.05 (Student’s t-test); significantly different from 
control. 
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Fig. 4. Effect of doxorubicin (Dx), daunorubicin (Da) and 
combinations (Dx and PIH/SIH; Da and PIH/SIH) on P450-
dependent monooxygenases. Incubation time of rabbit liver 
hepatocytes from six animals was 24 h. Hepatocytes were 
incubated with Dx, Da (10 µM), for combinations were used 
doxorubicin and daunorubicin plus two concentrations of PIH or 
SIH (50 and 150 µM). Anthracyclines were added after 60 min of 
incubation with chelators. Values are expressed as % of control. 
Control medium for Dx+SIH/PIH contained 1 % (v/v) DMSO. 
Enzymatic activity of control: BROD 50.5 pmol/min/mg, EROD 
44.3 pmol/min/mg, MROD 32.7 pmol/min/mg, PROD 12.0 
pmol/min/mg. Control medium for Dx did not contain any added 
compound. Enzymatic activity of control: BROD 56.4 
pmol/min/mg, EROD 48.3 pmol/min/mg, MROD 37.4 
pmol/min/mg, PROD 15.1 pmol/min/mg. Control medium for 
Da+SIH/PIH contained 1 % (v/v) DMSO + D-mannitol (150 µM). 
Enzymatic activity of control: BROD 55.1 pmol/min/mg, EROD 
47.3 pmol/min/mg, MROD 41.1 pmol/min/mg, PROD 11.1 
pmol/min/mg. Control medium for Da contained D-mannitol (150 
µM). Enzymatic activity of control: BROD 55.4 pmol/min/mg, 
EROD 47.1 pmol/min/mg, MROD 37.9 pmol/min/mg, PROD 14.7 
pmol/min/mg. BROD – benzyloxyresorufin O-dearylase activity, 
EROD – ethoxyresorufin O-dealkylase activity, MROD – 
methoxyresorufin O-dealkylase activity, PROD – pentoxyresorufin 
O-dealkylase activity. * P<0.05 (Student’s t-test); significantly 
different from Dx, Da. 
 
 
Results 
 

Figure 2 shows the activities of 3A, 1A1, 1A2 
and 2B of P450 isoenzymes upon the addition of PIH and 
SIH chelators in 50, 100, 150, 250 and 750 µM 

concentrations after 24-h incubation. The highest PIH 
concentration employed significantly reduced the activity 
of the isoenzymes. In the same type of experiment, SIH 
in 250 and 750 µM concentrations reduced the activity of 
the isoenzymes in comparison with controls. The highest 
concentrations of the chelators used in the experiments 
were higher than those used in preclinical in vivo tests 
and than presumed therapeutical doses.  

0

20

40

60

80

100

120

BROD EROD MROD PROD

A
ct

iv
ity

 [%
]

Dx 10 PIH50Dx PIH150Dx SIH50Dx SIH150Dx

* *
*

*
* *

*
* *

 *  * *

0

20

40

60

80

100

120

BROD EROD MROD PROD

A
ct

iv
ity

 [%
]

Da 10 PIH50Da PIH150Da SIH50Da SIH150Da

*

*
* * *

* *
*

*
* *

Figure 3 shows that the chelators at the same 
concentrations (50-250 µM) and under the same 
incubation conditions had no effect on the activities of 
cytosolic reductases (carbonyl reductase E.C.1.1.1.184, 
aldehyde reductase E.C.1.1.1.2 and dihydrodiol 
dehydrogenase E.C.1.3.1.20) in comparison with the 
controls.  

The addition of anthracyclines (10 µM) into the 
incubation mixture significantly reduced the activities of 
all P450 isoenzymes in comparison with controls (full 
horizontal line – 100 %). However, the activities were 
significantly increased when daunorubicin or doxorubicin 
was combined with chelators (50 a 150 µM) in 
comparison with the samples incubated with the 
anthracyclines only (Fig. 4).  
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Fig. 5. Effect of daunorubicin (Da) and combinations (Da and 
PIH/SIH) on reductases. Incubation time of rabbit liver 
hepatocytes from six animals was 24 h. Hepatocytes were 
incubated with Da (10 µM), for combinations were used 
daunorubicin (10 µM) plus two concentrations of PIH or SIH (50 
and 150 µM). Anthracycline was added after 60 min of incubation 
with chelators. Values are expressed as % of control. Control 
medium for Da+SIH/PIH contained 1 % (v/v) DMSO + D-
mannitol (150 µM). Enzymatic activity of control: CR + DD2 3.51 
nmol/min/mg, ALR1 1.51 nmol/min/mg. Control medium for Da 
contained D-mannitol (150 µM). Enzymatic activity of control: CR 
+ DD2 3.36 nmol/min/mg, ALR1 1.13 nmol/min/mg. CR – 
carbonyl reductase, DD2 - dihydrodiol dehydrogenase, ALR1 – 
aldo-keto reductase. * P<0.05 (Student’s t-test); significantly 
different from Da. 
 
 

As for cytosolic reductases, the activities of CR 
and DD2 in rabbit hepatocytes incubated for 24 h with 
daunorubicin were significantly higher than in the 
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controls (Fig. 5). No effect of daunorubicin on ALR1 was 
observed. The addition of PIH and SIH (50 and 150 µM) 
chelators had no effect on the activities of the cytosolic 
reductases in comparison with the samples incubated with 
antibiotics only. 

No results after 48-h incubations are presented 
because such a long incubation period cannot guarantee 
reproducible results due to toxic effects of the antibiotics 
on cellular biomolecules. This was confirmed by tests of 
cytotoxicity (MTT test, LDH activity). 
 
Discussion 
 

Properties of a suitable chelator defined by 
Chaberek and Martell (1969) involve sufficient 
biospecifity, high affinity for iron, low affinity for other 
cations of biological importance, simple oral 
administration, good bloodstream transport and intestinal 
absorption, minimal adverse effects and accumulation in 
tissues, particularly in the fat tissue. The low price is also 
a favorable factor.  

Desferrioxamine (DFO) is the only clinically 
available chelator for therapy of iron-overload diseases 
and the chelator dexrazoxane is an effective 
cardioprotective drug (Lombardo et al. 1996, Wexler 
1998). Although DFO and dexrazoxane are highly 
effective drugs with a few adverse effects, they have a 
number of serious problems. A considerable effort has 
therefore been exerted to develop new, biologically active 
chelators with improved properties. 

Chemical properties of pyridoxal isonicotinoyl 
hydrazone and its analogue salicylaldehyde isonicotinoyl 
hydrazone are promissing that they could be administered 
per os. At physiological pH, these compounds are mostly 
(80 %) neutral molecules; the addition of calcium 
carbonate effectively prevents their hydrolysis at pH 0.8-
1.5 or, alternatively, they could be administered per os 
before a meal. They easily cross the cellular membrane to 
chelate intracellular iron and are well absorbed by the 
intestine. Last but not least, their synthesis is inexpensive 
(Richardson and Poňka 1998).  

Since both the chelators are metabolized by 
hydrolysis (Brittenham 1990), we did not expect they 
would interact with the binding sites of P450 or cytosolic 
reductases, but it was necessary to eliminate likely 
interactions between very lipophilic xenobiotics with 
other enzymes and/or biomolecules that might affect the 
activities of enzymes with important roles in the 
metabolism of xenobiotics. 

We therefore studied their effect on the activities 
of enzymes involved in biotransformation using primary 
rabbit hepatocyte cultures. The concentrations of the 
chelators used in our experiments were within the range 
of expected therapeutic levels except for the highest 
concentration (750 µM) which served for experimental 
purposes only.  

PIH in the concentration range 50-250 µM had 
no effect on the activities of P450 1A1, 1A2, 2B and 3A, 
while the addition of SIH in the two highest 
concentrations tested significantly reduced the activities 
of all the enzymes. 

Figure 3 shows the results of the same type of 
experiments in which the effect of PIH and SIH chelators 
was examined on the activities of carbonyl reductase 
(CR), dihydrodiol reductase (DD2) and aldehyde 
reductase (ALR1). No effect of the chelators was 
observed in concentrations 50-250 µM on any of the 
enzymes was observed. Enzyme activities were assayed 
at optimum pH for each enzyme; CR and DD (with the 
same pH optimum 6.0) were assayed as a single enzyme. 
These studies were carried out with respect to the fact 
that at intracellular pH 7.4 it is carbonyl reductase 
(EC1.1.1.184) rather than DD2 that catalyses the 
reduction of daunorubicin and doxorubicin to C13-ol 
(Propper and Maser 1997).  

Based on the results shown in Figures 2 and 3, it 
can be concluded that pyridoxal isonicotinoyl hydrazone 
and its analog salicylaldehyde isonicotinoyl hydrazone do 
not affect the activities of oxidases and reductases studied 
in our experiments and that they do not interfere with the 
metabolism of anthracycline cytostatics, additional co-
administered drugs and/or other xenobiotics. The results 
of toxicity tests (MTT test and LDH leak test) support 
this conclusion – none of the PIH and SIH concentrations 
tested proved to be cytotoxic. 

In subsequent in vitro experiments in rabbit 
hepatocytes, the effect of anthracycline antibiotics on the 
activities of P450 and cytosolic reductases was studied 
after 24- and 48-h incubation, and the results were 
compared with incubations in which daunorubicin or 
doxorubicin (10 µM) were combined with the PIH and 
SIH chelators (50 and 150 µM). These concentrations 
were chosen to mimic plasma levels of the substrates and 
chelators used in our in vivo experiments  (Geršl et al. 
1999, Adamcová et al. 2002). 

Figure 4 depicts the effect of daunorubicin and 
doxorubicin (10 µM) incubated with hepatocytes in 
primary culture for 24 h. Both antibiotics significantly 
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depressed the activity of all P450 isoenzymes in 
comparison with the controls (100 %). However, 
chelators co-administered (in concentrations of 50 and 
150 µM) with the antibiotics partly reversed the negative 
effect of daunorubicin and doxorubicin. 

The “protective” effect of these chelators, i.e. 
their ability to chelate iron ions and suppress the 
generation of hydrogen peroxide and free radicals along 
daunorubicin and doxorubicin biotransformation 
pathway, seems to have another beneficial effect – it 
reduces the cytotoxic influence of the antibiotics. In our 
experiments, the addition of PIH or SIH (50 and 150 µM) 
significantly increased the viability of cells incubated 
with daunorubicin or doxorubicin (10 µM), as determined 
by the MTT test and LDH leak test. 

In comparison with the controls, the activity of 
cytosolic reductases CR and DD2 was significantly 
higher when hepatocytes were incubated with 
daunorubicin or doxorubicin (10 µM). A similar increase 
was observed in in vitro experiments with tumor cell 
lines (Ax et al. 2000); the authors explain this effect by 
tumor cell resistance to chemotherapeutics. We are 
currently working on elucidating the mechanisms through 
which healthy liver cells increase the activities or the two 
cytosolic reductases.  

No increase of the activity of any of the 
cytosolic reductases studied was observed in incubations 
in which the chelators were co-administered with the 
antibiotics.  

Based on the in vitro studies, one can conclude 
that the PIH and SIH chelators affect neither the activities 
of P450 1A1, 1A2, 2B, and 3A, nor those of cytosolic 
reductases CR, DD2 and ALR1, i.e. of the enzymes 
involved in oxidative or reductive transformation of a 
vast majority of drugs, hormones and other xenobiotics. 
The role that the studied enzymes play in the mechanism 
of the toxic effects of anthracyclines has been well 
established (Propper and Maser 1997, Ax et al. 2000, 
Forrest et al. 2000, Lee et al. 2001, Mordente et al. 
2001). It is thus evident that the new lipophilic chelators 
studied in our experiments do not affect the activity of the 
enzymes and may hopefully be used in clinical medicine. 
This, however, must be verified in subsequent preclinical 
and primary clinical studies. 
 
Acknowledgements 
This study was supported by Research Project LN00B125 
of the Czech Ministry of Education and Grant Agency of 
the Czech Republic (Grant No. 305/03/1511). 

 
References 
 
ADAMCOVÁ M, MACHÁČKOVÁ J, GERŠL V, PELOUCH V, ŠIMŮNEK T, KLIMTOVÁ I, HRDINA R, POŇKA 

P: Cardiac troponin T following repeated administration of pyridoxal isonicotinoyl hydrazone in rabbits. 
Physiol Res 51: 443-448, 2002. 

AX W, SOLDAN M, KOCH L, MASER E: Development of daunorubicin resistance in tumour cells by induction of 
carbonyl reduction. Biochem Pharmacol 59: 293-300, 2000. 

BLÁHA K, CIKRT M, NERUDOVÁ J, POŇKA HF: Biliary iron excretion in rats following treatment with analogs of 
pyridoxal isonicotinoyl hydrazone. Blood 91: 4368-4372, 1998. 

BRITTENHAM GM: Pyridoxal isonicotinoyl hydrazone: an effective iron-chelator after oral administration. Semin 
Hematol 27: 112-116, 1990. 

BUZDAR AU, MARCUS C, SMITH TL, BLUMENSCHEIN GR: Early and delayed clinical cardiotoxicity of 
doxorubicin. Cancer 55: 2761-2775, 1985. 

CHABEREK S, MARTELL AE: Organic Sequestering Agents. John Wiley, New York, 1969. 
CLYNES M: Animal Cell Culture Techniques, Springer, New York, 1998. 
CUSACK BJ, MUSHLIN PS, VOULELIS LD, LI X, BOUCEK RJ, OLSON RD: Daunorubicin-induced cardiac injury 

in the rabbit: a role for daunorubicinol? Toxicol Appl Pharmacol 118: 177-185, 1993. 
DAVISON AN: The mechanism of inhibition of decarboxylases by isonicotinoyl hydrazide. Biochemica Biophysica 

Acta 19: 131-140, 1956. 
DUHAULT J, GONNARD P, FENARD S: Study of heterocyclic hydrazones of pyridoxal phosphate. Coenzymic action 

(in French). Bull Soc Chim Biol (Paris) 49: 177-190, 1967. 



690   Schröterová et al.  Vol. 53 
 
 
FORREST GL, GONZALEZ B, TSENG W, LI X, MANN J: Human carbonyl reductase overexpression in the heart 

advances the development of doxorubicin-induced cardiotoxicity in transgenic mice. Cancer Res 60: 5158-
5164, 2000. 

GERŠL V, BAJGAR J, HRDINA R, MAZUROVÁ Y, MACHÁČKOVÁ J, CERMAN J, ŠUBA P: Cholinesterases in 
dexrazoxane-treated daunorubicin cardiomyopathy in rabbits. Gen Physiol Biophys 18: 335-346, 1999. 

GILLETTE JR: Techniques for Studying Drug Metabolism In Vitro. In: Fundamentals of Drug Metabolism and 
Disposition. LADU BN, MANDEL HG, WAY EL (eds), Williams & Wilkins, Baltimore, 1972, pp 400-418. 

GOEPTAR AR, GROOT EJ, SCHEERENS H, COMMANDEUR JN, VERMEULEN NP: Cytotoxicity of mitomycin C 
and adriamycin in freshly isolated rat hepatocytes: the role of cytochrome P450. Cancer Res 54: 2411-2418, 
1994. 

HOY T, HUMPHRYS J, JACOBS A, WILLIAMS A, PONKA P: Effective iron chelation following oral administration 
of an isoniazid-pyridoxal hydrazone. Br J Haematol 43: 443-449, 1979. 

LEE KW, KO BC, JIANG Z, CAO D, CHUNG SS: Overexpression of aldose reductase in liver cancers may contribute 
to drug resistance. Anticancer Drugs 12: 129-132, 2001. 

LOMBARDO T, FERRO G, FRONTINI V, PERCOLLA S: High-dose intravenous desferrioxamine (DFO) delivery in 
four thalassemic patients allergic to subcutaneous DFO administration. Am J Hematol 51: 90-92, 1996. 

MAGRO AM, BRAI M: Evidence for lipoxygenase activity in induction of histamine release from rat peritoneal mast 
cells by chelated iron. Immunology 49: 1-8, 1983. 

MARTIN A, CLYNES M: Comparison of 5 microplate colorimetric assays for in vitro cytotoxicity testing and cell 
proliferation assays. Cytotechnology 11: 49-58, 1993. 

MASER E, BANNENBERG G: 11 beta-hydroxysteroid dehydrogenase mediates reductive metabolism of xenobiotic 
carbonyl compounds. Biochem Pharmacol 47: 1805-1812, 1994. 

MINOTTI G, CAIRO G, MONTI E: Role of iron in anthracycline cardiotoxicity: new tunes for an old song? FASEB J 
13: 199-212, 1999. 

MORDENTE A, MEUCCI E, MARTORANA GE, GIARDINA B, MINOTTI G: Human heart cytosolic reductases and 
anthracycline cardiotoxicity. IUBMB Life 52: 83-88, 2001. 

OHARA H, MIYABE Y, DEYASHIKI Y, MATSUURA K, HARA A: Reduction of drug ketones by dihydrodiol 
dehydrogenases, carbonyl reductase and aldehyde reductase of human liver. Biochem Pharmacol 50: 221-227, 
1995. 

OLSON RD, MUSHLIN PS: Doxorubicin cardiotoxicity: analysis of prevailing hypotheses. FASEB J 4: 3076-3086, 
1990. 

PETERSON GL: Review of the Folin phenol protein quantitation method of Lowry, Rosebrough, Farr and Randall. 
Anal Biochem 100: 201-220, 1979. 

PIPPARD MJ: Megaloblastic anaemia: geography and diagnosis. Lancet 344: 6-7, 1994. 
POŇKA P, BOROVÁ J, NEUWIRT J, FUCHS O: Mobilization of iron from reticulocytes. Identification of pyridoxal 

isonicotinoyl hydrazone as a new iron chelating agent. FEBS Lett 97: 317-321, 1979a. 
POŇKA P, BOROVÁ J, NEUWIRT J, FUCHS O, NEČAS E: A study of intracellular iron metabolism using pyridoxal 

isonicotinoyl hydrazone and other synthetic chelating agents. Biochim Biophys Acta 586: 278-297, 1979b. 
POŇKA P, RICHARDSON DR, EDWARD JT, CHUBB FL: Iron chelators of the pyridoxal isonicotinoyl hydrazone 

class. Relationship of the lipophilicity of the apochelator to its ability to mobilise iron from reticulocytes in 
vitro. Can J Physiol Pharmacol 72: 659-666, 1994. 

POUNA P, BONORON-ADELE S, GOUVERNEUR G, TARIOSSE L, BESSE P, ROBERT J: Development of the 
model of rat isolated perfused heart for the evaluation of anthracycline cardiotoxicity and its circumvention. 
Br J Pharmacol 117: 1593-1599, 1996. 

PROPPER D, MASER E: Carbonyl reduction of daunorubicin in rabbit liver and heart. Pharmacol Toxicol 80: 240-245, 
1997. 

PROUGH RA, BURKE MD, MAYER RT: Direct fluorometric methods for measuring mixed function oxidase activity. 
Methods Enzymol 52: 372-377, 1978. 

RHODEN W, HASLETON P, BROOKS N: Anthracyclines and the heart. Br Heart J 70: 499-502, 1993. 



2004  Influence of New Chelators on P450 and Cytosolic Reductases   691  
   
RICHARDSON DR, POŇKA P: Pyridoxal isonicotinoyl hydrazone and its analogs: potential orally effective iron-

chelating agents for the treatment of iron overload disease. J Lab Clin Med 131: 306-315, 1998. 
SEGLEN PO: Preparation of isolated rat liver cells. Methods Cell Biol 13: 29-83, 1976. 
SCHULMAN HM, HERMES-LIMA M, WANG EM, PONKA P: In vitro antioxidant properties of the chelators 

pyridoxal isonicotinoyl hydrazone and some of its analogs. Redox Report 1: 373-378, 1995. 
TESTA B: The Metabolism of Drugs and Other Xenobiotic. Biochemistry of Redox Reactions. Academic Press, 

London, 1995. 
WEXLER LH: Ameliorating anthracycline cardiotoxicity in children with cancer: clinical trials with dexrazoxane. 

Semin Oncol 25: 86-92, 1998. 
 
 
Reprint requests 
E. Kvasničková, Department of Biochemical Sciences, Faculty of Pharmacy, Charles University, Heyrovského 1203, 
Hradec Králové 500 05, Czech Republic. Fax : +420495518002, e-mail: kvasnice@faf.cuni.cz  
 
 


