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ABSTRACT - Purpose. Idarubicin is a clinically
effective synthetic anthracycline analog used in
the treatment of several human neoplasms.
Anthracyclines have the potential to undergo
bioactivation by flavoenzymes to free radicals and
thus exert their cytotoxic actions. In this study,
our main objective was to investigate the possible
involvement of NADPH-cytochrome P450
reductase in the bioreductive activation of
idarubicin to DNA-damaging species. Methods.
A pBR322 plasmid DNA damage assay was used
as a sensitive method for detecting strand breaks
in DNA exposed to idarubicin in the presence of
P450 reductase and cofactor NADPH under
various incubation conditions. In addition, the
rates of idarubicin reduction by P450 reductases
purified from phenobarbital-treated rabbit liver,
beef liver and sheep lung microsomes were
determined by measuring NADPH oxidation at
340 nm. Results. The plasmid DNA experiments
demonstrated that idarubicin could undergo
bioreduction by P450 reductase with the resulting
formation of DNA strand breaks. The antioxidant
enzymes SOD and catalase, and hydroxyl radical
scavengers, DMSO and thiourea, afforded
significant levels of protection against idarubicin-
induced DNA strand breaks. These findings
suggested that DNA damage by idarubicin occurs
through a mechanism which involves its redox
cycling with P450 reductase to generate reactive
oxygen species (ROS). The extent of DNA
damage by idarubicin was found to increase with
increasing concentrations of drug or enzyme as
well as with increasing incubation time. The
capacity of idarubicin to induce DNA damage
under above incubation conditions was compared
with that of a model compound, mitomycin C.
Finally, enzyme assays carried out with purified
P450 reductases revealed that idarubicin exhibited
about two-fold higher rate of reduction than
mitomycin C. Conclusion. Our findings

implicated bioreduction of idarubicin by P450
reductase and subsequent redox cycling under
aerobic conditions as being one mode of
idarubicin action potentially contributing to its
antitumor effect.

INTRODUCTION

Anthracyclines represent a large group of
clinically effective quinone-containing antibiotics
which are widely wused in anticancer
chemotherapy for the treatment of solid tumors
and hematological malignancies including
lymphomas, acute lymphocytic as well as
myelocytic leukemias (1,2). However, the clinical
utility of these agents is severely limited by dose-
dependent cardiotoxicity (1). A great number of
analogues (approximately 2000 compounds)
chemically related to the parent anthracyclines,
therefore, have been synthesized and tested in
experimental tumor models in an approach to
obtain better anthracycline analogs with improved
antineoplastic activities and less cardiotoxic
properties (1,3). Among these analogs, however,
only a few have reached clinical trials and
approved for clinical use. One such analog is
idarubicin (4-demethoxydaunorubicin), which has
been approved by the US FDA in 1990 for the
treatment of acute myelogenous leukemia (4).

The chemical structure of idarubicin
corresponds to that of the parent drug
daunorubicin with the exception of the absence of
methoxy group at C-4 position of the D ring in the
aglycone moiety. This minor modification of the
molecule, however, leads to major changes in the
pharmacological properties of the drug (4).
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Idarubicin is more lipophilic than its parent drug
which leads to a better oral bioavailability and
significantly enhanced cellular uptake (5,6). The
higher lipophilicity of the drug allows it to
accumulate faster in the nuclei and to bind DNA
with higher affinity which consequently results in
a greater cytotoxicity compared to daunorubicin
(4). The major metabolite of idarubicin,
idarubicinol, shows equipotent cytotoxic activity
as the parent compound and a much greater
activity than the other anthracycline alcohol
metabolites. The ability of idarubicin and mainly
idarubicinol to cross the blood-brain barrier
makes the drug particularly important for clinical
use (4,6). Idarubicin appears to be less cardiotoxic
than other anthracyclines and overcomes, at least
partially, multidrug resistance (4,5).

Although anthracycline anticancer drugs
have been used extensively and for a long time in
the clinic, a controversy still remains on their
exact mechanisms of action. Several mechanisms
have been postulated to account for the antitumor
effects of these agents. These include intercalation
into DNA resulting in inhibition of DNA
biosynthesis, free radical generation with
induction of DNA damage or lipid peroxidation,
alkylation of DNA and DNA cross-linking,
interference with DNA unwinding or DNA strand
separation and helicase activity, direct membrane
effects, initiation of DNA damage via inhibition
of topoisomerase II and induction of apoptosis
(for a review, see reference 7). Among these
proposed mechanisms, free radical generation and
subsequent redox cycling has been suggested as
having an important contributing role on the
effectiveness of anthracycline chemotherapy
agents (2,8-10). Free radical generation by
anthracyclines  involves their  bioreductive
activation by cellular oxidoreductases (11). The
one-electron reductase NADPH-cytochrome P450
reductase, in particular, is proposed to play a
major role in this process.

The studies on the molecular mechanisms
of action and bioreductive activation of
anthracyclines have been generally conducted
with natural anthracycline doxorubicin. A large
number of articles, for example, have been
published considering the bioreduction of
doxorubicin by various purified enzymes (see
references 2,3). The semisynthetic drug idarubicin
has unique features with respect to its oral
bioavailability, pharmacokinetics, toxicity and
antitumor activity that distinguish it from other

natural anthracyclines. However, despite its many
advantageous properties over other
anthracyclines, to our knowledge, no report on the
bioreductive activation of idarubicin by purified
NADPH-cytochrome  P450  reductase  has
appeared. This is particularly important, given the
fact that modification or removal of functional
groups of a drug may affect its physicochemical
and biological properties including its binding
affinity to cellular enzymes.

In the present study, we utilized purified
enzymes in order to examine the reduction of
idarubicin by NADPH cytochrome P450
reductase, and determined whether this reduction
results in the formation of DNA-damaging
species by employing a pBR322 plasmid DNA
damage assay. The in vitro plasmid DNA damage
assay used in this study is a very useful and
sensitive method for detecting strand breaks in
plasmid DNA exposed to various damaging
agents. It has been used effectively by researchers
as a method for evaluating the role of different
reductive enzymes on the bioactivation of various
anticancer drugs and compounds (12-17). In order
to investigate the mechanism of DNA damage by
idarubicin, we employed antioxidant enzymes
superoxide dismutase (SOD) and catalase as well
as scavengers of hydroxyl radicals (OH),
dimethyl sulfoxide (DMSO) and thiourea. Their
protective effects against strand breaks may
indicate whether reactive oxygen species (ROS)
produced during redox cycling of idarubicin with
P450 reductase can play a role in the DNA-
damaging activity of this anticancer drug. In this
study, we also tried to characterize the DNA-
damaging potential of idarubicin with respect to
increasing concentrations of drug or enzyme as
well as increasing incubation time using the above
method. All these results obtained from above
studies were compared with those obtained using
a model compound, mitomycin C, a well-known
redox cycling quinone with cytochrome P450
reductase, by performing the experiments under
the same reaction conditions as with idarubicin.

MATERIALS AND METHOD

Chemicals
Idarubicin  hydrochloride,  cytochrome c,
phenylmethane sulfonyl fluoride (PMSF), e-

amino caproic acid (e-ACA), bovine liver
catalase, thiourea, superoxide dismutase (SOD)
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from bovine erythrocytes and bovine serum
albumin (BSA) were purchased from Sigma-
Aldrich Chemical Company, Saint Louis,
Missouri, USA. Mitomycin C was obtained from
Kyowa Hakko Kogyo Co., Ltd., Tokyo, Japan.
pBR322 plasmid DNA was purchased from
Fermentas International Inc., Ontario, Canada. All
other chemicals used were obtained from
commercial sources at the highest grade of purity
available.

Preparation of microsomes and enzyme
purification
Sheep lung microsomes were prepared by

differential centrifugation as previously described
(18) except that homogenization solution
contained 2 mM EDTA, 0.25 mM g-ACA, 0.1
mM PMSF in 1.15 % KCI. The prepared
microsomes were stored at -80°C in a deep
freezer until used for purification studies.
NADPH-cytochrome P450 reductase from sheep
lung microsomes was purified by slight
modifications of the already existing methods
developed in our laboratory (19,20). Briefly, the
procedure involved anion exchange
chromatography of the detergent solubilized
microsomes on two successive DEAE-cellulose
columns followed by affinity chromatography of
the partially purified P450 reductase on adenosine
2’, 5’-diphosphate-Sepharose 4B column. Further
purification and concentration of the enzyme was
achieved on a final hydroxylapatite column.
Besides sheep lung P450 reductase, cytochrome
P450 reductases purified from beef liver and
phenobarbital-induced rabbit liver microsomes
were also used in this study. Beef liver NADPH-
cytochrome P450 reductase was purified to
apparent homogeneity from the detergent
solubilized microsomes according to the method
described by Aring and Celik (21). Phenobarbital
treatment of rabbits and preparation of liver
microsomes were performed as described
previously (18). NADPH-cytochrome P450
reductase of phenobarbital-induced rabbit liver
microsomes was purified by a slight modification
of the above described procedures. The purity of
the final purified enzyme preparations were
analyzed by sodium  dodecyl  sulfate-
polyacrylamide gel electrophoresis (22). It was
found that all the purified enzymes were
homogenous and gave a single protein band on
SDS-PAGE. Protein  concentrations  were

determined by the method of Lowry et al. (23)
utilizing bovine serum albumin as the standard.

NADPH-cytochrome P450 reductase activity
assay

NADPH-cytochrome P450 reductase activity was
measured spectrophotometrically by measuring
the rate of reduction of artificial substrate,
cytochrome c, at 550 nm at 25°C as described by
Masters et al. (24). The reaction mixture
contained 0.3 M potassium phosphate buffer, pH
7.7, containing 80 nmol cytochrome ¢, 130 nmol
NADPH and appropriate amounts of enzyme
preparations in a final volume of 0.8 ml. The
enzyme activities were calculated using the
extinction coefficient of 19.6 mM™".cm™ for the
difference in absorbance between the reduced
minus the oxidized form of cytochrome ¢ at 550
nm as described by Yonetani (25). One unit of
reductase is defined as the amount of enzyme
catalyzing the reduction of 1.0 pmole of
cytochrome € per minute under above conditions.

Reduction of idarubicin and mitomycin C as
measured by NADPH oxidation

The initial rates of idarubicin and mitomycin C
reduction by purified NADPH-cytochrome P450
reductases were determined by measuring drug-
induced NADPH oxidation at 340 nm in a Hitachi
U-2800 double beam spectrophotometer. All
reactions were performed at 25°C under aerobic
conditions. The reaction mixture contained 0.3 M
potassium phosphate buffer, pH 7.7, 0.1 mM
EDTA, pH 7.7, 25 uM of either drug, appropriate
amounts of purified cytochrome P450 reductases
and 0.1 mM NADPH in a final volume of 1.0 ml
The reactions were initiated by the addition of
cofactor NADPH. Reduction of drugs was
measured by following NADPH consumption at
340 nm using an extinction coefficient of 6.22
mM™.cm™. Control incubations were carried out
by performing identical incubations without
enzyme or either drug. Reaction rates were
corrected by subtracting the very low rates of
NADPH consumption by the purified P450
reductases measured in the absence of drugs.

DNA strand cleavage assay

DNA strand breakage was detected by the method
based on the conversion of supercoiled form of
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plasmid DNA (SC, Form I) to the open (nicked)
circular form (OC, Form II) and their differential
mobility on agarose gel as reported previously by
others (12,13,15). The experiments were
performed in a volume of 60 pl reaction mixture
containing supercoiled pBR322 (1.0 pg),
idarubicin (100 uM) or mitomycin C (100 pM),
purified sheep lung NADPH-cytochrome P450
reductase (0.1 pg), NADPH (2 mM) and 100 mM
sodium phosphate buffer, pH 7.4. The samples
were incubated at 37°C for 30 minutes. Untreated
pBR322 plasmid-alone and reaction mixtures in
which one of the reaction components omitted
were included as controls in each run of gel
electrophoresis. For hydroxyl radical (OH)-
induced DNA damage, a typical OH' generating
system consisting of 10 uM ferric chloride, 20
uM EDTA and 1 mM ascorbate was employed
(14). After incubating the samples at 37°C for 30
minutes under dimmed light, 5 pl of loading
buffer (0.25% bromophenol blue, 0.5% SDS, 60%
glycerol and 5 mM EDTA) was mixed with 20 pl
aliquots of reaction mixtures. The samples were
then analyzed by electrophoresis on a 1% agarose
horizontal slab gel containing final concentration
of 0.5 pg/ml of ethidium bromide in Tris-borate
buffer (45 mM Tris-borate, | mM EDTA). Gels
were photographed using a computer-based gel
imaging instrument system (Infinity 3000-CN-
3000 darkroom) (Vilber Lourmat, Marne-la-
Vallee Cedex 1, France) with Infinity-Capt
Version 12.9 software, and DNA damage was
quantified using Scion Image Version Beta 4.0.2
software. A correction factor of 1.22 was applied
to values obtained from densitometric analysis of
the bands corresponding to the supercoiled form
of plasmid DNA to account for decreased binding
of ethidium bromide into this form as compared
to others (12).

DNA damage was expressed as % OC-
DNA which was calculated by using the below
formula (26): % OC-DNA = (open circular DNA /
total DNA) x 100. The protective effects of ROS
scavengers against OH'-, idarubicin- and
mitomycin C-induced DNA strand breaks were
expressed as protection (%), and calculated as
described by Ashikaga et al. (26) which is given
at the top of the next page.

RESULTS

Induction of DNA damage during bioreductive
activation of idarubicin by purified sheep lung
P450 reductase

The double stranded pBR322 plasmid DNA in its
native state exists in a compact supercoiled form
(SC, form I) which is converted to nicked circular
or open circular DNA (OC, form II) upon single-
strand cleavage. When double-strand breaks or
two opposing single-strand breaks in close
proximity are formed, the supercoiled circular
DNA molecule is converted into linear form
(Form III). As the intensity of damage increases,
the DNA molecule is broken down ultimately into
small DNA fragments which results in the
complete degradation of pBR322 DNA. These
three forms of plasmid DNA have different
electrophoretic mobilities on the agarose gel due
to their different tertiary structures. The
supercoiled DNA moves faster in the gel
compared to the open circular form which has a
reduced electrophoretic mobility, whereas, linear
form of plasmid DNA migrates as a single band
between the bands corresponding to supercoiled
and open circular forms of plasmid DNA. The
conversion of supercoiled DNA to open circular
form and their subsequent separation by agarose
gel electrophoresis was used, therefore, as a
sensitive method in this study to examine whether
idarubicin could undergo bioreductive activation
by purified sheep lung P450 reductase to DNA-
damaging species, and if so, to investigate the
possible involvement of ROS in the formation of
DNA strand breaks as a consequence of P450
reductase-catalyzed bioactivation of idarubicin.

As shown in Figure 1, incubation of
plasmid DNA with idarubicin in the presence of
purified sheep lung P450 reductase and cofactor
NADPH under aerobic conditions resulted in loss
in the intensity of bands corresponding to the
supercoiled form with concomitant increase in
those associated with the open circular form
(lanes 6 and 10). Control incubations in which
either enzyme, cofactor NADPH or drug were
omitted produced no DNA strand breaks over
plasmid-alone control (lanes 7, 8 and 9) indicating
that the purified sheep lung P450 reductase
catalyzes the bioreductive activation of idarubicin
to DNA-damaging species.
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% OC-DNA (in the presence of scavenger) — % OC-DNA (untreated) *

Protection (%)= | 1 - x 100
% OC-DNA (in the absence of scavenger) — % OC-DNA (untreated)

% OC-DNA for untreated pBR322 plasmid DNA-alone (control).

Figure 1. Agarose gel electrophoresis showing the protective effects of radical scavengers against plasmid DNA strand
breaks generated during purified sheep lung NADPH-cytochrome P450 reductase (P450R)-catalyzed reductive
activation of idarubicin in the presence of cofactor NADPH. Supercoiled pBR322 DNA (1.0 pg) was incubated for 30
minutes at 37°C in the presence of P450R (0.1 ug), NADPH (2 mM) and idarubicin (100 uM) with various radical
scavengers at indicated concentrations in a final volume of 60 ul reaction mixture as described in “Materials and
Methods”. Agarose gel electrophoresis, lane 1, plasmid DNA control; lane 2, plasmid DNA + hydroxyl radical
generating system (10 uM ferric chloride-20 uM EDTA-1 mM ascorbate); lane 3, plasmid DNA + hydroxyl radical
generating system + 50 mM DMSO; lane 4, plasmid DNA + hydroxyl radical generating system + 10 mM thiourea;
lane 5, plasmid DNA + idarubicin only; lane 6, complete system (plasmid DNA + idarubicin + P450R + NADPH); lane
7, no P450R control (plasmid DNA + idarubicin + NADPH); lane 8, no NADPH control (plasmid DNA + idarubicin +
P450R); lane 9, no idarubicin control (plasmid DNA + P450R + NADPH); lane 10, complete system (plasmid DNA +
idarubicin + P450R + NADPH); lane 11, complete system + SOD (42 units); lane 12, complete system + catalase (42
units); lane 13, complete system + 50 mM DMSO; lane 14, complete system + 10 mM thiourea.

SC, supercoiled (form I); OC, open circular (form II).

In order to investigate the mechanism of resulted in a 86% reduction in strand scission
DNA damage by idarubicin and the identity of (Table 1).
radical species involved in this process, Figure 1 also demonstrates that DNA
antioxidant enzymes, SOD and catalase, and strand breaks produced as a consequence of P450
scavengers of hydroxyl radicals, DMSO and reductase-catalyzed bioreductive activation of
thiourea, were employed. For this purpose, first of idarubicin were significantly inhibited by the
all, the effects of hydroxyl radicals generated via a treatment of pBR322 plasmid DNA with DMSO
typical OH' generating system (ferric chloride- and thiourea (lanes 13 and 14). While 50 mM
EDTA-ascorbate) on the induction of DNA DMSO produced a 71% reduction in DNA strand
damage were demonstrated. As shown in Figure breaks, treatment of plasmid DNA with 10 mM
1, exposure of the pBR322 plasmid DNA to OH' thiourea lead to a 58% protection (Table 1).
generating system lead to a complete conversion Similarly, both SOD and catalase were found to
of supercoiled form into open circular and linear be very effective in protecting DNA against
forms (lane 2). The yield of OH-induced DNA strand scission induced by idarubicin (Figure 1,
strand breaks was found to be reduced by the lanes 11 and 12). Treatment of pBR322 plasmid
addition of DMSO and thiourea (lanes 3 and 4). It DNA with SOD and catalase at 42.0 units per
was found that thiourea at a concentration of 10 assay concentrations provided 86 and 76%
mM was less protective than DMSO at 50 mM protections against idarubicin-induced single-
concentration in preventing OH'-induced DNA strand breaks, respectively (Table 1).
damage. While thiourea provided a 65% The above plasmid DNA experiments
protection against OH'-induced DNA strand were also repeated under the same reaction
breaks, treatment of plasmid DNA with DMSO conditions using mitomycin C and the results

were compared. We have chosen mitomycin C as
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a model compound, since it is a well-known redox
cycling quinone-containing anticancer drug that
produces oxygen radicals in the presence of
cytochrome P450 reductase (27). Figure 2 and
Table 1 demonstrate that essentially similar
results were obtained when mitomycin C was
used instead of idarubicin.

Comparison of DNA-damaging potentials of
idarubicin and mitomycin C in the presence of
purified sheep lung P450 reductase

In order to evaluate the in vitro capacity of
idarubicin to undergo bioreduction by cytochrome
P450 reductase, and thus to induce DNA damage,
the effects of increasing incubation time, drug
concentration and enzyme amount on the
generation of single-strand DNA breaks were
examined. Typical results demonstrating the
effects of increasing incubation time, drug
concentration and enzyme amount on the
generation of idarubicin-induced DNA strand
breaks in the presence of purified sheep lung
P450 reductase are presented in Figure 3, Figure 4
and Figure 5. It was shown that the degree of
DNA damage increased as a function of
increasing incubation time (5-90 minutes) (Figure

3) or drug concentration (1-400 uM) (Figure 4) as
well as with increasing amounts of enzyme added
(0.025-1.25 pg) (Figure 5). There was no DNA
damage when NADPH, enzyme or drug were
omitted from incubation mixtures (Figures 3, 4
and 5).

The potential of idarubicin to generate
DNA strand breaks following bioreductive
activation by cytochrome P450 reductase was
then compared with mitomycin C as determined
by the assessment of DNA damage under above
conditions (for mitomycin C, agarose gels not
shown). Table 2 shows the comparison of
idarubicin- and mitomycin C-induced DNA
damage at the same drug concentrations with
respect to increasing incubation time. Aerobic
incubation of plasmid DNA with idarubicin for 30
minutes in the presence of purified sheep lung
P450 reductase and cofactor NADPH resulted in
about 40% increase in OC form over control,
whereas incubation for 90 minutes produced
about 75% increase over control (Table 2 and
Figure 3). The time-course experiment for the
generation of DNA strand breaks induced by
mitomycin C produced essentially similar results
with idarubicin (Table 2).

Table 1. Protective effects of radical scavengers against hydroxyl radical (OH')-, idarubicin- and mitomycin C-induced

DNA strand breaks.

Protection (%)?

Treatment Hydrox_yl radical (OH)-
induced
pBR322 + OH: radical gen. sys.” + DMSO (50 mM) 85.9
pBR322 + OH' radical gen. sys. + thiourea (10 mM) 64.7
Idarubicin- Mitomycin C-
induced induced

Complete system® + SOD (42 units) 85.7 86.8
Complete system + catalase (42 units) 75.6 80.3
Complete system + DMSO (50 mM) 71.4 85.9
Complete system + thiourea (10 mM) 57.5 63.6

Experimental conditions are described in detail under “Materials and Methods”.
#Calculations for protection (%) values are described in “Materials and Methods”.

® Hydroxyl radical (OH') generating system consists of 10 pM ferric chloride-20 pM EDTA-
1 mM ascorbate.

¢ Complete system consists of pBR322 plasmid DNA (1.0 ug) + idarubicin (100 uM) or
mitomycin C (100 uM) + purified sheep lung NADPH-cytochrome P450 reductase (0.1 pg)
+ NADPH (2 mM) in a final volume of 60 pl reaction mixture.
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Figure 2. Agarose gel electrophoresis showing the protective effects of radical scavengers against plasmid DNA strand
breaks generated during purified sheep lung NADPH-cytochrome P450 reductase (P450R)-catalyzed reductive
activation of mitomycin C in the presence of cofactor NADPH. Supercoiled pBR322 DNA (1.0 pg) was incubated for
30 minutes at 37°C in the presence of P450R (0.1 pg), NADPH (2 mM) and mitomycin C (100 uM) with various
radical scavengers at indicated concentrations in a final volume of 60 pl reaction mixture as described in “Materials and
Methods”. Agarose gel electrophoresis, lane 1, plasmid DNA + mitomycin C only; lane 2, complete system (plasmid
DNA + mitomycin C + P450R + NADPH); lane 3, no P450R control (plasmid DNA + mitomycin C + NADPH); lane
4, no NADPH control (plasmid DNA + mitomycin C + P450R); lane 5, no mitomycin C control (plasmid DNA +
P450R + NADPH); lane 6, complete system (plasmid DNA + mitomycin C + P450R + NADPH); lane 7, complete
system + SOD (42 units); lane 8, complete system + catalase (42 units); lane 9, complete system + 50 mM DMSO; lane
10, complete system + 10 mM thiourea. SC, supercoiled (form I); OC, open circular (form II).

The effect of increasing drug
concentration on the generation of idarubicin- and
mitomycin C-induced plasmid DNA strand breaks
during their reductive activation by P450
reductase in the presence of NADPH is shown in
Table 3. It was found that at 100 uM
concentration, both drugs in the presence of sheep
lung P450 reductase induced about 40% increase
in DNA scissions over control, while at 200 and
400 pM concentrations idarubicin was 20 and
24% more effective than mitomycin C in
promoting DNA damage (Table 3).

The results for the characterization of
idarubicin- and mitomycin C-induced DNA
damage with respect to increasing enzyme
concentration are depicted in Table 4. The extent
of idarubicin-induced DNA damage was found to
increase with increasing P450 reductase amount
up to 0.2 pg beyond which saturation occurred,
whereas this saturation was reached at a higher
amount of P450 reductase (1.0 pg) in the presence
of mitomycin C (Table 4).

Idarubicin- and mitomycin C-induced NADPH
oxidations by purified P450 reductases

The initial rates of idarubicin and mitomycin C
reductions by P450 reductases purified from
phenobarbital-treated rabbit liver, beef liver and
sheep lung microsomes were determined by
measuring the disappearance of NADPH at
340 nm as described in detail under

“Materials and Methods”. As shown in Table 5,
all the purified P450 reductases catalyzed the
reduction of idarubicin at about two-fold greater
rate than they catalyzed the reduction of
mitomycin C. When purified rabbit liver P450
reductase was used as enzyme source, the specific
activities for idarubicin- and mitomycin C-
induced NADPH oxidations were found as 5112
and 2426 nmol/min/mg of protein, respectively,
which were almost similar to those catalyzed by
beef liver P450 reductase. However, sheep lung
P40 reductase was found to be somewhat less
effective than other P450 reductases in catalyzing
the reduction of both idarubicin and mitomycin C
(Table 5). Table 5 also shows that the specific
activities of NADPH-dependent cytochrome ¢
reductions by purified P450 reductases were
found to be similar around 31000 nmol/min/mg of
purified protein.

DISCUSSION

Idarubicin is a second-generation anthracycline
drug which is clinically effective against breast
cancer and some hematological malignancies
including acute myelogenous leukemia, multiple
myeloma and non-Hodgkin’s lymphoma (4-6).
Several studies have suggested that bioreductive
activation of anthracyclines to free radicals and
subsequent redox cycling under aerobic
conditions plays an important role in the cytotoxic
and genotoxic activity of these agents (2,8-10).
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Figure 3. Effect of increasing incubation time on the generation of plasmid DNA strand breaks resulting from purified
sheep lung NADPH-cytochrome P450 reductase (P450R)-catalyzed reductive activation of idarubicin in the presence
of cofactor NADPH. Supercoiled pBR322 DNA (1.0 pg) was incubated for various incubation times (0-90 minutes) at
37°C in the presence of idarubicin (100 uM), NADPH (2 mM) and P450R (0.1 pg) in a final volume of 60 pl reaction
mixture as described in “Materials and Methods”. (A) Agarose gel electrophoresis, lane 1, plasmid DNA control; lane
2, plasmid DNA + idarubicin; lane 3, plasmid DNA + NADPH,; lane 4, plasmid DNA + P450R; lane 5, no NADPH
control (plasmid DNA + P450R + idarubicin); lane 6, no P450R control (plasmid DNA + idarubicin + NADPH); lane
7, no idarubicin control (plasmid DNA + P450R + NADPH); lanes 8 to 15, complete system (plasmid DNA +
idarubicin + P450R + NADPH) incubations for increasing incubation time (0, 5, 10, 20, 30, 45, 60, 90 minutes,
respectively). (B) Percentage of detected SC and OC forms of pBR322 plasmid DNA represented as column chart.
Light colored columns represent % SC form of DNA and dark colored columns represent % OC form of DNA. Data
correspond to lanes 8 tol5 (complete system incubations for increasing incubation time; 0, 5, 10, 20, 30, 45, 60, 90
minutes, respectively). SC, supercoiled (form I); OC, open circular (form II).

A large number of cellular oxidoreductases have activation of idarubicin to DNA-damaging
been shown to catalyze the bioreductive species.  Our results demonstrated that
activation of quinone anticancer agents including bioreductive activation of idarubicin by purified
anthracyclines (see references 2,3). To the best of sheep lung P450 reductase results in the formation
our knowledge, there has been no previous report of redox active metabolites which causes DNA
demonstrating the bioreductive activation of the strand breaks under aerobic conditions through
synthetic anthracycline idarubicin by purified generating ROS. The plasmid DNA experiments
NADPH-cytochrome P450 reductase. Thus, in the with a model compound, mitomycin C, under the
present study, for the first time, we showed that same reaction conditions also produced similar
purified sheep lung cytochrome P450 reductase is results as with idarubicin (see Tables 1-4 and
capable of effectively catalyzing the bioreductive Figures 1 and 2).
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Figure 4. Effect of increasing drug concentration on the generation of plasmid DNA strand breaks resulting from
purified sheep lung NADPH-cytochrome P450 reductase (P450R)-catalyzed reductive activation of idarubicin in the
presence of cofactor NADPH. Supercoiled pBR322 DNA (1.0 pg) was incubated for 30 minutes at 37°C in the
presence of P450R (0.1 pg) and NADPH (2 mM) with various concentrations of idarubicin (0-400 uM) in a final
volume of 60 pl reaction mixture as described in “Materials and Methods”. (A) Agarose gel electrophoresis, lane 1,
plasmid DNA control; lane 2, plasmid DNA + P450R; lane 3, plasmid DNA + NADPH; lane 4, no idarubicin control
(plasmid DNA + P450R + NADPH); lane 5, plasmid DNA + idarubicin; lane 6, no P450R control (plasmid DNA +
idarubicin + NADPH); lane 7, no NADPH control (plasmid DNA + P450R + idarubicin); lanes 8 to 12, no NADPH
controls for increasing idarubicin concentrations (1, 50, 100, 200 and 400 uM, respectively); lanes 13 to 18, complete
system (plasmid DNA + idarubicin + P450R + NADPH) incubations for increasing idarubicin concentrations (0, 1, 50,
100, 200 and 400 puM, respectively). (B) Percentage of detected SC and OC forms of pBR322 plasmid DNA
represented as column chart. Light colored columns represent % SC form of DNA and dark colored columns represent
% OC form of DNA. Data correspond to lanes 13 to 18 (complete system incubations for increasing idarubicin
concentrations; 0, 1, 50, 100, 200 and 400 puM, respectively). SC, supercoiled (form I); OC, open circular (form II).

The plasmid DNA experiments and their structural differences may influence their
spectrophotometric enzyme assays carried out ability to undergo bioactivation by flavoenzymes
with purified P450 reductases revealed that the including cytochrome P450 reductase to generate
synthetic anthracycline idarubicin without a reactive metabolites (28,29).
methoxy group in the aglycone moiety can In plasmid DNA assays, we demonstrated
undergo bioreductive activation by cytochrome that the purified sheep lung cytochrome P450
P450 reductase to reactive metabolites like its reductase can catalyze the formation of DNA-
parent drug daunorubicin. Daunorubicin has been damaging products in the presence of idarubicin
shown previously by others to undergo one- as shown by the conversion of supercoiled form
electron reduction by cytochrome P450 reductase into open circular conformation which resulted
(28). The structure-activity relationships of from the induction of single-strand breaks in
anthraquinones are especially important given that DNA.
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Figure 5. Effect of increasing enzyme concentration on the generation of plasmid DNA strand breaks resulting from
purified sheep lung NADPH-cytochrome P450 reductase (P450R)-catalyzed reductive activation of idarubicin in the
presence of cofactor NADPH. Supercoiled pBR322 DNA (1.0 pg) was incubated for 30 minutes at 37°C in the
presence of idarubicin (100 uM) and NADPH (2 mM) with various concentrations of P450R (0-1.25 pg) in a final
volume of 60 pl reaction mixture as described in “Material and Methods”. (A) Agarose gel electrophoresis, lane 1,
plasmid DNA control; lanes 2 to 7, no NADPH controls (plasmid DNA + P450R + idarubicin) for increasing P450R
concentrations (0.025, 0.050, 0.1, 0.2, 1.0, 1.25 pg, respectively); lanes 8 to 14, complete system (plasmid DNA +
P450R + idarubicin + NADPH) incubations for increasing P450R concentrations (0, 0.025, 0.050, 0.1, 0.2, 1.0, 1.25
ng, respectively) including NADPH. (B) Percentage of detected SC and OC forms of pBR322 plasmid DNA
represented as column chart. Light colored columns represent % SC form of DNA and dark colored columns represent
% OC form of DNA. Data correspond to lanes 8 to 14 (complete system incubations for increasing P450R
concentrations, 0, 0.025, 0.050, 0.1, 0.2, 1.0, 1.25 pg, respectively). SC, supercoiled (form I); OC, open circular (form
10).

We used cytochrome P450 reductase purified catalase, as well as scavengers of hydroxyl
from sheep lung tissue in these experiments, since radicals, DMSO and thiourea, offered marked
previous studies carried out in our laboratory have protections against DNA strand breaks generated
shown that sheep lung P450 reductase was more in the presence of idarubicin, P450 reductase and
resistant to proteolytic cleavage compared to the cofactor NADPH led us to propose a mechanism
P450 reductase purified from liver tissue (19). for the observed DNA damage induced by
Our findings that antioxidant enzymes SOD and idarubicin (Figure 6).
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Table 2. Effect of increasing incubation time on the generation of idarubicin- and mitomycin C-induced plasmid DNA
strand breaks in the presence of purified sheep lung NADPH-cytochrome P450 reductase and cofactor NADPH.

Incubation Time (min)

% OC-DNA?

Idarubicin-Induced  Mitomycin C-Induced

0 6.9 8.6

16.4 20.1
10 27.6 30.3
20 40.0 43.9
30 47.7 52.2
45 64.7 62.0
60 72.6 70.5
90 82.2 82.9

# Supercoiled pPBR322 DNA (1.0 pg) in 100 mM sodium phosphate buffer, pH 7.4,
was incubated for various incubation times (0-90 minutes) at 37°C in the presence of
either drug (100 uM), NADPH (2 mM) and purified sheep lung cytochrome P450
reductase (0.1 pg) in a final volume of 60 pl reaction mixture and subjected to
agarose gel electrophoresis. Gels were photographed and the amount of DNA
damage was quantified. % OC-DNA was calculated as described in “Materials and

Methods”. OC, open circular (form II).

Table 3. Effect of increasing drug concentration on the generation of idarubicin- and mitomycin C-induced plasmid
DNA strand breaks in the presence of purified sheep lung NADPH-cytochrome P450 reductase and cofactor NADPH.

Drug Concentration (LM)

0

50
100
200

% OC-DNA*
Idarubicin-Induced Mitomycin C-Induced
9.7 9.4
11.1 12.4
46.1 40.6
54.1 48.3
72.4 52.7
84.7 60.9

400

# Supercoiled pBR322 DNA (1.0 ug) in 100 mM sodium phosphate buffer, pH 7.4, was
incubated for 30 minutes at 37°C in the presence of purified sheep lung cytochrome P450
reductase (0.1 pg) and NADPH (2 mM) with various concentrations of either drug (0-400
puM) in a final volume of 60 pl reaction mixture and subjected to agarose gel
electrophoresis. Gels were photographed and the amount of DNA damage was quantified.
% OC-DNA was calculated as described in “Materials and Methods”. OC, open circular

(form II).

This mechanism involves that one-electron
reductive activation of idarubicin by purified
P450 reductase under aerobic conditions results in
the formation of corresponding semiquinone
radical which undergoes redox cycling with
molecular oxygen to generate superoxide. The

O, formed by this process could then undergo
spontaneous or enzymatic dismutation to produce
hydrogen peroxide (H,O,) which in the presence
of trace amounts of ferric ions rapidly
decomposes to very reactive hydroxyl radical via
Fenton reaction.
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Table 4. Effect of increasing enzyme concentration on the generation of idarubicin- and mitomycin C-induced plasmid
DNA strand breaks in the presence of purified sheep lung NADPH-cytochrome P450 reductase and cofactor NADPH.

NADPH-Cytochrome P450
Reductase Amount (ug)

% OC-DNA*

Idarubicin-Induced Mitomycin C-Induced

0 9.7 14.9
0.025 29.6 32.2
0.05 42.2 38.8

0.1 50.1 46.1

0.2 65.3 54.1

1.0 63.0 71.9
1.25 64.9 69.6

* Supercoiled pBR322 DNA (1.0 pg) in 100 mM sodium phosphate buffer, pH 7.4, was
incubated for 30 minutes at 37°C in the presence of either drug (100 uM) and NADPH (2
mM) with various concentrations of purified sheep lung cytochrome P450 reductase (0-
1.25 pg) in a final volume of 60 pl reaction mixture and subjected to agarose gel
electrophoresis. Gels were photographed and the amount of DNA damage was quantified.
% OC-DNA was calculated as described in “Materials and Methods”. OC, open circular
(form II).

Table 5. Idarubicin- and mitomycin C-induced NADPH oxidations by NADPH-cytochrome P450 reductases purified

from phenobarbital-treated rabbit liver, beef liver and sheep lung microsomes.

NADPH Oxidation”
(nmol min™* mg™®)
Idarubicin- Mitomycin C-

Cytochrome c
Reduction®
(nmol min*mg™)

Purified Enzyme Source

Induced Induced
Rabbit Liver P450 Reductase 31735.6 5112.2 2425.7
Beef Liver P450 Reductase 30891.7 5673.9 2452.8
Sheep Lung P450 Reductase 31087.3 3111.7 1461.6

Experimental conditions for each enzyme activity determination are described in detail
under “Materials and Methods”. Data represent the averages of duplicate determinations.

* NADPH-dependent cytochrome ¢ reductase activities were assayed at 25°C in 0.3 M
potassium phosphate buffer, pH 7.7.

® The reaction mixture contained 0.3 M potassium phosphate buffer, pH 7.7, 0.1 mM
EDTA, pH 7.7, idarubicin (25 pM) or mitomycin C (25 uM), appropriate amounts of
purified cytochrome P450 reductases and 0.1 mM NADPH in a final volume of 1.0 ml at
25°C.

The highly potent OH' then causes the formation
of DNA strand breaks (11,30,31). The plasmid
DNA experiments using mitomycin C, a model
redox cycling quinone with cytochrome P450
reductase, also confirmed that the mechanism of
DNA damage by idarubicin appears to involve its
redox cycling with cytochrome P450 reductase
under aerobic conditions to generate ROS.

The idarubicin concentrations used in our
plasmid DNA experiments were higher than its
clinically achievable concentrations. However, for
example in the case of doxorubicin, several
studies have shown that ROS could be detected
also at very low concentrations of this drug in
cancer cells (for details see the review 2).
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Figure 6. The mechanism of idarubicin-induced DNA damage in the presence of NADPH-cytochrome P450 reductase

and cofactor NADPH.

Thus, it may be suggested based on these results
that ROS generated during cytochrome P450
reductase-catalyzed reductive activation of
idarubicin  may contribute both to the
chemotherapeutic effects of idarubicin in the
treatment of tumor cells as well as its toxic side
effects in normal healthy cells. The ROS formed
in the presence of cytochrome P450 reductase
may also be responsible for the genotoxic effects
of this antineoplastic drug to induce secondary
malignancies.

When the potential of idarubicin to induce
DNA damage was compared with that of
mitomycin C at varying incubation times and drug
concentrations as well as at different enzyme
amounts, it was shown that both drugs exhibited
almost similar DNA-damaging potentials under
aerobic conditions (see Tables 2-4). The only
marked difference observed was the greater
ability of idarubicin to induce DNA strand breaks
at higher drug concentrations (200 and 400 pM)
compared to mitomycin C (Table 3). This finding

may suggest that these structurally related
compounds might have similar abilities to redox
cycle with cytochrome P450 reductase, and thus
to induce single-strand breaks in DNA.

The enzyme assay experiments with P450
reductases purified from phenobarbital-treated
rabbit liver, beef liver and sheep lung microsomes
revealed that idarubicin exhibited about two-fold
higher rate of reduction, as measured by NADPH
oxidation at 340 nm, than mitomycin C by all the
purified P450 reductases (Table 5). The rate of
superoxide radical production by these drugs is
expected to be proportional to their one-electron
reduction rates by cytochrome P450 reductase.
Thus, based on these results, idarubicin seems to
be a more cytotoxic drug than mitomycin C in
terms of the generation of reactive and/or redox
active metabolites by P450 reductase. However,
despite the two-fold difference in their reduction
rates, the reason for observing no major
difference in the DNA-damaging potentials of
idarubicin and mitomycin C at various incubation
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conditions in plasmid DNA experiments remains
unclear and needs further detailed investigation.
This may be related to the sensitivity of the
plasmid DNA damage assay or to the differences
in the assay conditions. Nevertheless, the
differences in the reduction rates of idarubicin and
mitomycin C by purified sheep lung P450
reductase may account for the increased ability of
idarubicin to induce DNA strand breaks at higher
drug concentrations (200 and 400 uM) compared
to mitomycin C. Another point is that the purified
sheep lung P40 reductase, when compared to
P450 reductases purified from beef liver and
phenobarbital-treated rabbit liver microsomes,
was found to be somewhat less effective in
catalyzing the reduction of both idarubicin and
mitomycin C (Table 5). This functional difference
may be caused by the differences in three-
dimensional structures of P450 reductases
purified from different species that occur as a
result of differences in amino acid sequences (for
the reviews, see references 32-34).

The present study has conclusively
demonstrated that NADPH-cytochrome P450
reductase effectively catalyzes the bioreductive
activation of idarubicin to DNA-damaging species
with the resulting formation of DNA strand
breaks under aerobic conditions. These results
implicated this pathway as one of the mode of
idarubicin action potentially contributing to its
antitumor effect. The results of the present study
may also suggest that cytochrome P450
reductases may potentially be used as therapeutic
agent on their own in cancer treatment strategies
or their genes, in gene-directed enzyme prodrug
therapy (GDEPT) strategy in combination with
bioreductive anticancer drugs like mitomycin C
and idarubicin (35,36).
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