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Abstract. Background/Aim: The aim of the present study

was to investigate whether idarubicin (IDR) induces
oxidative DNA damage in the presence of copper (II).
Materials and Methods: DNA damage was evaluated by
pBR322 plasmid DNA cleavage. The formation of oxidative
stress markers [O2•– and 8-hydroxy-2’-deoxyguanosine (8OHdG)] was analysed. Results: IDR induced DNA damage
and O2•– and 8-OHdG generation in the presence of copper
(II). Conclusion: IDR induced oxidative DNA damage in the
presence of copper (II). Since it has been reported that the
concentration of copper in the serum of cancer patients is
higher than that in healthy groups, IDR-induced oxidative
DNA damage in the presence of copper (II) may play an
important role in anticancer therapeutic strategies.

Idarubicin (IDR, 4-demethoxydaunorubicin) is an anthracycline
anticancer agent that was developed by Arcamone et al. in
1976 (1). They synthesized IDR by the removal of the
methoxyl group at the C-4 position of daunorubicin (1). IDR
has a higher lipophilicity, cell-permeability and cytotoxicity
than daunorubicin and doxorubicin (2), and is more effective
against doxorubicin-, daunorubicin- and aclarubicin-resistant
cancer cell lines (3). Furthermore, the relative cardiotoxicity of
IDR is lower than that of doxorubicin and epirubicin (4). IDR
is presently used as an important standard drug for treating
acute myeloid leukemia combined with cytarabine, similar to
daunorubicin (5).
This article is freely accessible online.

Correspondence to: Hideki Mizutani, Ph.D., College of Pharmacy,
Kinjo Gakuin University, Moriyama-ku, Nagoya 463-8521, Japan. Tel:
+81 527987458, Fax: +81 527980754, e-mail: mizu@kinjo-u.ac.jp

Key Words: Idarubicin, DNA damage, ROS, copper.

DNA damage is one of the important anticancer mechanisms
of anthracyclines including IDR (6, 7). Anthracyclines induce
oxidative DNA damage by NADPH-cytochrome P450 reductase
(8, 9). IDR also induces reactive oxygen species (ROS)
generation and oxidative DNA damage by NADPH-cytochrome
P450 reductase (10). It has been reported that IDR activated by
NADPH-cytochrome P450 reductase induces DNA damage in
breast cancer cell lines (11). Meanwhile, we have reported that
anthracyclines (doxorubicin, amrubicin, aclarubicin and
pirarubicin) induce oxidative DNA damage in the presence of
copper (II) (12-15). However, it is unclear how IDR induces
oxidative DNA damage in the presence of copper (II). In the
present study, we investigated IDR-induced DNA damage in the
presence of copper (II), and showed that IDR increased the
formation of oxidative stress markers [O2•– and 8-hydroxy-2’deoxyguanosine (8-OHdG)] in the presence of copper (II).

Materials and Methods

Materials. Idarubicin hydrochloride, superoxide dismutase (SOD;
3,000 U/mg from bovine erythrocytes), catalase (45,000 U/mg from
bovine liver) and cytochrome c (from equine heart) were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA). Doxorubicin
hydrochloride was obtained from FUJIFILM Wako Pure Chemical
Co. (Osaka, Japan). Plasmid DNA (pBR322) was obtained from
Takara Bio Inc. (Kusatsu, Japan) and DNA gel loading dye (6x) was
from Toyobo Co., Ltd. (Osaka, Japan). Calf thymus DNA was
obtained from Worthington Biochemical Co. (Lakewood, NJ, USA)
and copper chloride (CuCl2•2H2O) was from Nacalai Tesque Inc.
(Kyoto, Japan). Diethylenetriamine-N,N,N’,N’’,N’’-penta-acetic acid
(DTPA) and bathocuproinedisulfonic acid were obtained from
Dojindo Laboratories Co. (Kumamoto, Japan) and methional [3(methylthio)propionaldehyde] was from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). All other chemicals used were of the
highest grade commercially available.

Detection of DNA damage induced by anthracyclines in the
presence of copper (II). The reaction mixture was placed in 1.5 ml
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microcentrifuge tubes (3810X, Eppendorf AG, Hamburg, Germany)
and contained an anthracycline, 20 μM CuCl2 and pBR322 plasmid
DNA (0.2 μg/tube) in 50 μl of 10 mM sodium phosphate buffer (pH
7.8) that contained 5 μM DTPA, a chelator for removing trace
amounts of contaminated metals. After incubation at 37˚C for 60
min, the reacted DNA was analyzed by gel electrophoresis as
described in previous reports (14-16).

Detection of efficacy of ROS scavengers and bathocuproine in
protecting DNA from IDR-induced damage in the presence of copper
(II). The reaction mixture was placed in 1.5 ml microcentrifuge tubes
contained 20 μM IDR, 20 μM CuCl2, pBR322 plasmid DNA (0.2
μg/tube) in 50 μl of 10 mM sodium phosphate buffer (pH 7.8) that
contained 5 μM DTPA with ROS scavengers or bathocuproine. The
concentration of ROS scavengers was 1.7 M (10%) ethanol, 0.1 M
mannitol, 0.1 M sodium formate, 0.7 M (10%) DMSO, 50 or 100
units of SOD, 50 or 100 units of catalase, and 0.1 M methional. The
concentration of bathocuproine was 50 μM. After incubation at 37˚C
for 60 min, the reacted DNA was detected by gel electrophoresis as
described in previous reports (14-16).

Analysis of O2•– derived from IDR in the presence of copper (II). To
analyse O2•– production induced by IDR, 100 μM cytochrome c was
added to a reaction solution containing 20 μM IDR and 20 μM
Cu(II) in 1 ml of 10 mM sodium phosphate buffer (pH 7.8) with 2.5
μM DTPA. Ferrocytochrome c produced by the reduction of
ferricytochrome c has an absorption maximum at 550 nm;
absorption was measured at 37˚C with a UV-visible
spectrophotometer (UV-2600; Shimadzu, Kyoto, Japan). The
increased amounts of reduced cytochrome c were calculated by
subtracting the absorbance in the presence of 100 U/ml SOD from
that without SOD at 550 nm (ε=21.1×103 M–1 cm–1) (17).
Analysis of 8-OHdG generation in calf thymus DNA by IDR in the
presence of copper (II). Calf thymus DNA fragments (20 μg/tube)
were incubated with IDR and 20 μM CuCl2 in 200 μl of 4 mM
sodium phosphate buffer (pH 7.8) that contained 5 μM DTPA at
37˚C for 60 min. After ethanol precipitation, the reacted DNA was
digested to nucleosides with nuclease P1 and calf intestine alkaline
phosphatase (12). The generated 8-OHdG were analyzed by Highly
Sensitive 8-OHdG Check ELISA (Nikken SEIL Co., Fukuroi,
Japan) according to the manufacturer’s instructions (18).

Statistical analysis. All statistical analyses were carried out using
Kaleida Graph version 4.1.3 (Synergy Software, Reading, PA,
USA). ANOVA followed by Tukey’s HSD test was performed to
compare differences between the test groups and the control groups.
Student’s t-test was performed to compare differences between the
test groups. Values of p<0.05 were regarded as statistically
significant.

Results

IDR-induced DNA damage in the presence of copper (II).
Figure 1 indicates the electrophoretic profiles of the damage
of pBR322 plasmid DNA induced by IDR and doxorubicin.
Twenty μM of IDR induced DNA damage in a timedependent manner in the presence of copper (II) (Figure 1A).
IDR induced apparent DNA damage at 20, 30 and 60 min of
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incubation. The extent of DNA damage was IDRconcentration-dependent in the presence of copper (II) at 60
min of incubation (Figure 1B). IDR induced no or little DNA
damage at 1, 2 and 5 μM, and apparent DNA damage above
10 μM in the presence of copper (II), resulting in the
detection of a smear DNA band on the agarose gel at 20 μM.
Copper (II) or IDR alone did not induce DNA damage. IDR
did not induce DNA damage in the presence of other metals
[iron(III), iron(II), zinc(II), nickel(II), magnesium(II),
cobalt(II) or mangan(II)] (data not shown). On the other
hand, doxorubicin caused greater DNA damage compared to
IDR (Figure 1C). Doxorubicin caused no DNA damage at 1
and 2 μM, and apparent DNA damage at 5 μM in the
presence of copper (II). Doxorubicin induced strong DNA
damage at 10 and 20 μM in the presence of copper (II),
resulting in a smear DNA band detection on the agarose gel.
Copper (II) or doxorubicin alone did not cause DNA
damage.

Efficacy of ROS scavengers and bathocuproine in protecting
DNA from IDR-induced damage in the presence of copper
(II). Figure 2 indicates the efficacy of ROS scavengers or
bathocuproine on the DNA damage induced by IDR in the
presence of copper (II). Typical •OH scavengers, ethanol,
mannitol, sodium formate and DMSO, had little or no
inhibitory effect on IDR-induced DNA damage (Figure 2A).
SOD, catalase and methional had little inhibitory effect on
IDR-induced DNA damage, and bathocuproine completely
prevented DNA damage (Figure 2B).

Analysis of O 2•– derived from IDR in the presence of
copper (II). Figure 3A indicates the levels of IDR-induced
cytochrome c reduction in the presence of copper (II).
Incubation of cytochrome c in the presence of IDR and
copper (II) resulted in a time-dependent increase in
cytochrome c reduction. Upon addition of SOD, the levels
of reduced cytochrome c decreased significantly,
suggesting the production of O2•–. The results showed that
O2•– generation by 20 μM IDR was approximately 1.5 μM
in the presence of 20 μM copper (II). The inhibitory effect
of SOD on cytochrome c reduction was partial. These
findings suggest the presence of mechanisms of O 2•–independent cytochrome c reduction that were probably
mediated by Cu(I).
Generation of 8-OHdG in calf thymus DNA by IDR in the
presence of Cu(II). 8-OHdG is an oxidative stress marker,
and one of the DNA adducts generated by ROS. The
increased levels of 8-OHdG were significantly dependent on
the IDR concentration used in the presence of copper (II)
(Figure 3B). The generation of 8-OHdG increased about 3.5fold with 50 μM IDR in the presence of copper (II)
compared with the control.
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Figure 1. Analysis of DNA damage induced by idarubicin (IDR) or
doxorubicin (DOX) in the presence of copper (II). A: pBR322 plasmid
DNA reacted with the indicated concentrations of IDR in the presence
of 20 μM CuCl2 for 1 h. B: pBR322 plasmid DNA reacted with 20 μM
IDR in the presence of 20 μM CuCl2 for the indicated times. C: pBR322
plasmid DNA reacted with the indicated concentrations of DOX in the
presence of 20 μM CuCl2 for 1 h. The supercoiled (SC) and open
circular (OC) forms of DNA are indicated.

Discussion

The present work demonstrated that oxidative DNA damage
was induced by IDR in the presence of copper (II) in a cellfree system. IDR-induced oxidative DNA damage was less
than the doxorubicin-induced oxidative DNA damage, and
corresponded to less cardiotoxic effects in an isolated perfused
rat heart model (19). Typical •OH scavengers, SOD, catalase
and methional had little or no inhibitory effect on IDRinduced DNA damage. Bathocuproine, as a copper (I)

Figure 2. Inhibiting effect of ROS scavengers and bathocuproine on
DNA damage induced by idarubicin (IDR) in the presence of copper
(II). pBR322 plasmid DNA reacted with 20 μM IDR in the presence of
20 μM CuCl2 for 1 h with and without 1.7 M (10%) ethanol, 0.1 M
mannitol, 0.1 M sodium formate, 0.7 M (10%) dimethyl sulfoxide
(DMSO), 50 or 100 units of SOD, 50 or 100 units of catalase, 0.1 M
methional, or 50 μM bathocuproine. The supercoiled (SC) and open
circular (OC) forms of DNA are indicated.

chelator, completely inhibited DNA damage. Moreover, we
observed that IDR induced O2•– production and 8-OHdG
generation in the presence of copper (II). IDR-induced
oxidative DNA damage was confirmed by O2•– production
and 8-OHdG formation in the presence of copper (II), whereas
•OH scavengers, SOD, catalase and methional had little or no
inhibitory effect on IDR-induced oxidative DNA damage.
Our previous reports have revealed that oxidative DNA
damage was induced by anthracyclines such as doxorubicin,
amrubicin, aclarubicin and pirarubicin via oxidation of
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Figure 3. Cytochrome c reduction and 8-hydroxy-2’-deoxyguanosine (8-OHdG) generation by idarubicin (IDR) in the presence of copper (II). A:
The reaction solution contained 100 μM cytochrome c, 20 μM IDR and 20 μM CuCl2. Absorption at 550 nm was measured at 37˚C with a UVvisible spectrophotometer. The increased levels of O2•– production were calculated by subtracting absorbance with 100 U/ml SOD from that without
SOD at 550 nm (ε=21.1×103 M–1 cm–1). B: Calf thymus DNA fragments were incubated with IDR and 20 μM CuCl2 at 37˚C for 60 min. After
ethanol precipitation, the reacted DNA was digested to nucleosides with nuclease P1 and calf intestine alkaline phosphatase. The generated 8OHdG was analyzed by Highly Sensitive 8-OHdG Check ELISA (Nikken SEIL Co., Fukuroi, Japan). The data are presented as means ± SD (n=3).
Significantly different at *p<0.05 and **p<0.01 by the Student’s t-test; #p<0.05 and ##p<0.01 vs. control by ANOVA followed by Tukey’s HSD test.

Figure 4. Possible mechanisms for oxidative DNA damage induced by idarubicin in the presence of copper (II).
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p-hydroquinone in the presence of copper (II) (12-15). IDR
has an anthraquinone portion similarly to the other
anthracyclines. Hence, it seems that the oxidative DNA
damage induced by IDR in the presence of copper (II)
proceeds via a mechanism identical to that of the other
anthracyclines. We advocated the possible mechanism of the
oxidative DNA damage induced by IDR. Copper (II)mediated one-electron oxidation is caused by IDR at the OH
group on the anthraquinone aromatic ring, producing copper
(I) and the semiquinone radical. Copper (I) causes O2•−
generation from O2, and subsequently the production of
H2O2. H2O2 interacts with copper (I), resulting in the
formation of Cu(I)OOH via the crypto-OH radical or that of
•OH via the Fenton reaction (20). Finally, Cu(I)OOH and
•OH may cause DNA damage (Figure 4). However, methional
and •OH scavengers had little or no inhibitory effect on IDRinduced DNA damage. Methional inhibits other radicals, for
example, metal–oxygen complexes as well as •OH (21). In
our previous studies, methional inhibited DNA damage
induced by doxorubicin, aclarubicin or pirarubicin in the
presence of copper (II), and •OH scavengers did not inhibit
the DNA damage, suggesting that the DNA damage was
induced by Cu(I)OOH, not •OH. On the other hand, IDR has
higher affinity with DNA than the other anthracyclines (22),
therefore methional and •OH scavengers may be ineffective
for IDR-induced DNA damage. The complete inhibition of
IDR-induced DNA damage by bathocuproine, a copper (I)
chelator, indicates that copper (I) is a key molecule for IDRinduced DNA damage in the presence of copper (II).
It has been reported that anthracyclines induce ROS
generation and oxidative DNA damage by NADPHcytochrome P450 reductase (6-9). IDR also induces ROS
generation and oxidative DNA damage by NADPHcytochrome P450 reductase (10). However, we have shown
that anthracyclines such as doxorubicin, amrubicin,
aclarubicin and pirarubicin induced oxidative DNA damage
in the presence of copper (II) (12-15). This oxidative DNA
damage in the presence of copper (II) is more effective than
DNA damage caused by NADPH-cytochrome P450
reductase (12). Furthermore, our and other groups have
reported that other anticancer agents as well as
anthracyclines induce oxidative DNA damage in the presence
of copper (II) (23-29). The concentration of copper in the
serum of cancer patients is higher than that in healthy
groups, and is correlated with the malignancy grade of
cancer patients (30). Therefore, oxidative DNA damage
induced by IDR in the presence of copper (II) may play an
important role in anticancer therapeutic strategies.
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