Antioxidative Mechanism of Planan Cateclrin
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Figure 4. SHACVs of (a) P1H; and (b) 1H; in deaerated MeCN
containing 0.1 M TBAP at 208 K. Scan rate, 4 mV s 1 working
electrode, Pt

SHACV method was applied (o determine the one-
clectron oxidation potentials (F4:% of P1H; and 1H; in
deacrated MeCN containing 0.1 M TBAJ? at 248 K.
Figure 4 shows the SHACV of P1H; and 1H,. The F,,°
value of P1H; thus determined (1.01 V vs SCE) is
significantly more negative than that of TH, (118 V vs
SCL) as expected above. 'Thus. P1Hz may undergo one
electron oxidation by cumylperoxyl radical more easily
than 1H,. showing excellent radical scavenging abilities.

Discussion

The primary goal of this project is to develop a novel
antioxidanl. which can be positively ulilized for clinical
trealment and/or chemoprevention of discases associated
with ROS. There are two kinds ol strategy in considering
the development of synthetic antioxidants: one Is a
design of a new lype of antoxidant. the struclure of
which is different from the naturat antioxidant, and the
other is a modification of natural antioxidants to improve
fts antloxidative capacities. A recent topic on the syn
thetic antivxidants is a development and clinical applica:
tion of edaravone (3.methyl 1 phenyl 2 pyrazolin 5 one,
MC1 186). Edaravone has been reported (o show potent
frec radical scavenging actions toward ROS such as O .
HROy,, and HCIO, which may be tnvolved in the Ussue
destructive offects of reperlusion after ischemia (54—-56).
As a neuroprotective agent. edaravone has been clinically
preseribed in Japan since 2001 1o treal patients with
cerebral ischemla. Regarding flavonoids, there are many
veports for (he synthetic derivatives (o exert prominent
chemopreventive effects toward oxidative stress derived
injury. Towever, only a few studies on the synthelic
Navonolds. which were aimed at the Improved radical
scavenging ability, have been reported. Flavopiridol is a
chlorinated derivative of flavence, which is cureently in
clinical development for the treatment of advanced
cancer, including ovarian cancer (47, 38). lavopiridol is
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aninhibitor of cycline dependent kinases to modulate cell
cycle (59, and radical scavenging mechanism s not
Invalved In the expression of anticancer effects of this
compound.

The planar catechin (P1Hy), which has been delected
In mere trace amounts in nature (60}, is easily synthe
sized by the reaction of 1H; and acetone (26). The ability
of P1H, to scavenge oxygen centered radical. such as
galvinoxyl radical. {s excellent as compared to that of (+}
catechin and fts complete inhibition of oxidative 1DNA
damage induced by mclal catalyzed generation of hy
droxyl radical (26). as well. Thercelore, P1H, may excerl
Its antioxidative capacities by scavenging reactive oxygen
radicals in many (ypes ol biologically generating systems.
The present study was focused on the reaction of P1H,
Lo cumylperoxyl radical, a model radical of lipid peroxyl
radical formed in a radical chain reaction of lipid per
oxidation. The processes of lipid peroxidation concomitant
with the formation of lipid peroxyl radicals are detri
mental (o the viability of the cell. The biophysical
consequences of peroxidation on membrane phospholipids
can he both extensive and highly destructive, provoking
diseased states such as atherosclerosis. heart atlacks,
cancer, Ischaemia/repulsion Injury, and even the aging
process as a whole (60, The ability of antioxidant to
scavenge peroxyl radicals and block lipid peroxidation
rafses the possibility that it may protect against the many
types of free radical associaled discases. As compared
wilh 1H;, P1H; showed strong radical scavenging ability
toward cumylperoxyl radical formed via a radical chain
pracess, as well as the predominant radical scavenging
reaction of PLH; 1o galvinoxyl radical. Lipid peroxyl
radical formed by the reaction between a lipid radical
and a molecular oxygen is essential for autoxidation of
Hpld. The peroxyl radical abstracts an allylic hydrogen
atom from an adjacent polyunsaturated fatty acld, re
sulting in a Hpid hydroperoxide and a second lipid radical.
Therefore. PIHz may act as an effective lerminator by
means of scavenging {ree radicals in autoxidation of
Hpids.

Considering the antloxidative mechanism to scavenge
peroxyl radical, there are (wo possibilities in the meeh
anisim of hydrogen transfer reaclions, i.c.. a vne step
hydrogen atom transfer or electron transfer followed by
proton transfer. The hydrogen transfer reaction from
P1H; to cumylperoxyl radical accelerated in the presence
of the metal jon. indicating that the hydrogen transfer
reactfon proceeded by the two step reaction. thal is.
clectron transfer from P1H, 1o camylperoxyl radical
followed by proton transfer from PIH*. Vitamin i {s a
typical antioxidant (o lerminate Hpid peroxidation. and
the hydrogen transfer reaction proceeds via a one step
hydrogen atom transfer process, which {s due (o no elfect
of metal fon on the hydrogen transfer rate from vitamin
1% analogue to galvinoxyl radical (62). On the other hand,
in the case of 1H: the hydrogen transfer reaciion
proceeds via clectron transfer from 1H; (o oxyl radical
followed by proton transfer rather than via a one step
hydrogen atom transfer (37). as the case ol present
results of the P1H,, The one electron oxfdation potential
investigated by the SHACV indicated that The electro
chemical oxidalion of PIH: was casier (o progress in
comparison with 1H,. The electron transfer mechanism
far the radical scavenging reaction of P1H; is probably
a consegeeenee of its electrochemical case for one eleciron
oxidation. Judging from the one clectron exidation po
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teniial of PIH, that is higher than the one electron
reduction potential of cumylperaxyl radical (5.0 = 0.65
Vovs SCE) {69, the Tree energy changes of clectron
transfer from P1H, (o cumylperoxyl radical are positive
IAL? (IneV) = e(Fo — Fa™ = 1L where efs elementary
chargel: thereby, the electron transfer step is endergonic.
In such a case. the initfal-clectron transfer rate (k) may
be the rale determining step in the overall rate of
hydrogen {ransfor, which conststs of clecirun and proton
transfor steps. The maximuam k, value is evaluated from
the AG," value by eg 1. where it is assumed that the
activation free energy (AGEY) s equal o AGL" (o
additivnal barrier is fnvolved). /s the frequency factor
taken as |1 10 M Vs 1and &y is the Boltzmann
constant (&4, 65,

k= Zoxpl=AG Yk, D) {n

The maximum &, value is calculated as 1.2 - 102 M #
s L which Is the same order of magnitade as the observed
A value (9.0 - 102 M s D The larger Ay valee than
the &, value indicates (hat the hydrogen transler from
P1H, (o cumylperoxyl radical proceeds via a rate deter
mining clectron transfer with an interaction belween
P1H, and cumylperoxyl radical. The formation of charge
transfer complexes between cumylperoxyl radical and a
variely of ¢lectron acceplors has been well documented
in the literature (66, 67). Thus, (he hydrogen transfer
ny proceed via an inner sphere clectron transfer in the
charge transfer complex formed between PIH; and
cumylperoxyl radical. The acceleration of the hydrogen
transfer rate inthe presence of Set! (Figure 3) 1s aseribed
la the promoting effect of S¢*! on the electron transfer
stepy due to the streng binding of 5S¢t with cumylperoxyl
anion produced in the clectron teansfer

In conclusion, the hydrogen transfer from P1H; 1o
cumylperoxyl radical generated In radical chain reactions
procecds via an electron transfer reaction and the rate
of hydrogen transfer from PIH; o comylperoxyl radical
i Faster than thal from 1H; The predominance of P1H,
in the hydreogen transler reaction is consistent willy the
clectrochemical ease for its one electron oxidation polen
tial. Since P1H; Is very lipophilic as compared W {+)
catechio dtselll it is proposed that P1Hz interacts and
penctarates the lipid bilayer giving rise to fis maximized
antioxidant capacity. Therefure, we believe that PLH;
tmay be significantly mure effective not only for protecting
tissue from the onslanght of the radical species governing
peruxidation but also for terminating the autexidation,
which plays in proveking discased states Studies ape
underway to investigale basic bioehemical propertios of
P1H, in vivo. as well as (o investigate its ability (o serve
as an antloxidant for the treatment of diseases associated
willr oxidative stress.
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Nitropyrenes are widespread in the environment due to mainly diesel engine emissions.
Dinitropyrenes (DNPs), especially 1,8-dinitropyrene (1,8-DNP) and 1,6-dinitropyrene (1,6-DNP),
are much more potent mutagens than other nitropyrenes. The carcinogenicity of 1,8-DNP and
1,6-DNP is stronger than 1,3-dinitropyrene (1,3-DNP). It is considered that adduct formation
after metabolic activation plays an important role in the expression of carcinogenicity of
nitropyrenes. However, Djuric et al. {(1993) Cancer Lett.] reported that oxidative DNA damage
was also found as well as adduct formation in rats treated with 1,6-DNP. We investigated
oxidative DNA damage by DNPs in the presence of NAD(P)H-cytochrome P450 reductase using
32p.5’-end-labeled DNA. After P450 reductase treatment, DNPs induced Cu(II}-mediated DNA
damage in the presence of NAD(P)H. The intensity of DNA damage by 1,8-DNP or 1,6-DNP
was stronger than 1,3-DNP. We also examined synthetic 1-nitro-8-nitrosopyrene (1,8-NNOP)
and 1-nitro-6-nitrosopyrene (1,6-NNOP) as one of the metabolites of 1,8-DNP and 1,6-DNP,
respectively, to find that 1,8-NNOP and 1,6-NNOP induced Cu(II}mediated DNA damage in
the presence of NAD(P)H but untreated DNPs did not. In both cases of P450 reductase-treated
DNPs and NNOPs, catalase and a Cu(I) specific chelator attenuated DNA damage, indicating
the involvement of H20; and Cu(I). Using a Clarke oxygen electrode, oxygen consumption by
the reaction of NNOPs with NAD(P)H and Cu(II) was measured to find that NNOP was
nonenzymatically reduced by NAD(P)H and that the addition of Cu(II) promoted the redox
cycle. Therefore, these results suggest that DNPs are enzymatically reduced to NNOPs via
nitro radical anion and that NNOPs are further reduced nonenzymatically by NAD(P)H.
Subsequently, autoxidation of nitro radical anion and the reduced form of NNOP occurs,
resulting in O, generation and DNA damage. We conclude that oxidative DNA damage in
addition to DNA adduct formation may play important roles in the carcinogenesis of DNPs

via their metabolites.

Introduction

Nitropolycyclic aromatic hydrocarbons including ni-
tropyrenes (NPs) are widespread in the environment due
to mainly diesel engine emissions (I, 2). NPs are strongly
mutagenic in the bacterial mutation assay (Ames test)
and human cell mutagenicity assay (3, 4). Dinitropyrenes
(DNPs),! especially 1,8-dinitropyrene (1,8-DNP) and 1,6-
dinitropyrene (1,6-DNP), are much more potent mu-
tagens than other nitropyrenes, DNPs induced lung
cancer and leukemia in rodents. An epidemiological study

* To whom correspondence should be addressed. Tel/Fax: +81-59-
231-5011. E-mail: kawanisi@doc.medic.mie-u.ac.jp.

t Mie University School of Medicine.

¥ National Institute of Health Science.

§ Nagoya City University.

! Abbreviations: DNPs, dinitropyrenes; 1,3-DNP, 1,3-dinitropyrene;
1,6-DNP, 1,6-dinitropyrene; 1,8-DNP, 1,8-dinitropyrene; NNOPs, nitro-
nitrosopyrenes; 1,6-NNOP, L-nitro-6-nitrosopyrene; 1,8-NNOP, 1-nitro-
8-nitrosopyrene; 8-0x0dG, 8-0x0-7,8-dihydro-2’-deoxyguancsine; NAD-
(P}, g-nicotinamide adenine dinucleotide (phosphate) (reduced form);
P450 reductase, NAD(P)H-cytochrome P450 reductase; Os~, superoxide;
ECD, electrochemical detector; DTPA, diethylenetriamine-N NN N N"-
pentaacetic acid; SOD, superoxide dismutase.

demonstrated that significant positive trends in lung
cancer risk were observed with increasing eumulative
exposure of diesel exhaust in male truck drivers (5). The
International Agency for Research on Cancer (IARC) has
assessed that 1,8-DNP and 1,6-DNP have been possibly
carcinogenic to humans (group 2B}, whereas 1,3-dinitro-
pyrene (1,3-DNP) has not been classifiable as to its
carcinogenicity to humans (group 3) (1).

Chemical mutagenesis is strongly affected by metabolic
activation. Cellular nitroreductase and O-acetyltrans-
ferase activities have been shown to markedly influence
the genotoxic activity of nitre-aromatic compounds (6).
DNA adduct formation after metabolic activation has
been considered to be a major causal factor of carcino-
genesis by DNPs. DNPs undergo nitroreduction to N-
hydroxy arylamines that bind to DNA directly or after
O-esterification (1). DNP adducts are identified as N-
(deoxyguanosin-8-yl)amino-nitrepyrene (dG-C8-1,6-ANP
and dG-C8-1,83-ANP), leading to mutation and carcino-
genesis (1, 7). On the other hand, Djuric et al. found not
only DNA adducts but also oxidative DNA damage in rats

10.1021/tx0497550 CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/24/2004
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Figure 1. Chemical structures of DNPs and their metabolites used in this study.

treated with 1,6-DNP (8). Furthermore, we previously
revealed the role of a nitroso derivative of 1-nitropyrene
on causing oxidative DNA damage (9). It has been
reported that nitro-nitroso derivatives are metabolic
intermediates of DNPs during metabolic activation,
which are more mutagenic than their parent DNPs (10).
These indicate that oxidative DNA damage by DNPs
after metabolic activation plays a role in carcinogenesis.

In this study, we investigated oxidative DNA damage
induced by DNPs in the presence of NAD(P)H-cytochrome
P450 reductase (P450 reductase), using *2P-5"-end-labeled
DNA fragments obtained from the human p53 and p16
tumor suppressor genes and the c¢-Ha-ras-1 protoonco-
gene. We also examined synthetic nitro-nitrosopyrenes
(NNOP), 1-nitro-8-nitrosopyrene (1,8-NNOP), and 1-ni-
tro-6-nitrosopyrene (1,6-NNOP) as nitroso metabolites of
DNP. The chemical structures of DNPs and synthetic
NNOPs used in this study are shown in Figure 1. We
also analyzed 8-ox0-7,8-dihydre-2’-deoxyguanosine (8-
oxodG) formation in calf thymus DNA.

Materials and Methods

Materials. 1,6-NNOP and 1,8-NNOP were synthesized by
oxidation of 1-nitro-6-aminopyrene and 1-nitro-8-aminopyrene,
respectively, according to the method by the reference (11). The
nitroaminopyrene used in the gynthesis was carried out until
none of the undesired isomer could be detected by 'H NMR
spectroscopy. To a solution of the purified aminonitropyrene
dissolved in CH;3Cl, a solution of m-CPBA in CH;Cl was added
dropwise over 20 min and the reaction was carried out at 5 °C
for 4 h. The mixture was washed with saturated NalHHCO3 and
brine, and the organic phase was dried over anhydrous Nao-
80,. Following evaporation in vacuo, the product was obtained
by column chromategraphy on silica gel using n-hexanes—ethyl
acetate as the eluent and further recrystallization from n-hex-
anes—ethyl acetate to produce light orange crystals, The purity
of each compound was >99% as assessed by 'H NMR spectros-
copy.

1. 1,6NNOP. 'H NMR (400 MHz DMSO-dg): & 7.04 (1H, d,
J=88Hz),849(1H,d,J = 8.8 Hz), 8.64 (1H, d, J = 9.2 Hz),
8.84 (1H, ¢, J = 8.4 Hz), 8.92 (1H, d, J = 8.4 Hz), 8.97 (1H, d,
J =9.6 Hz), 9.00 (1H, d, J = 9.2 Hz), 10.42 (1H, d, J = 9.6 Hz),
mp 244 *C {decomp.) [lit. (11} >233 °C (decomp.)].

2. 1,8-NNOP, 'H NMR (400 MHz DMSO-dg): 4 7.03 (1H, d,
J =8.4Hz), 849 (1H, d, J = 8.4 Hz), 8.55 (1H, d, J = 8.8 Hz),
8.71 (1H, d, J = 8.8 Hz), 8.75 (1H, d, J = 8.8 Hz), 8.92 (1H, d,
J=8.8Hz2),921(1H,d, J = 9.6 Hz), 10.45(1H,d, J = 9.6 Hz),
mp 268 °C (decomp.} [lit. (11) >245 °C (decomp.)}}.

Restriction enzymes (Hind III, Sty I, Apa 1, Ave I, and Xba
I) and T, polynucleotide kinase were purchased from New
England Biolabs (Beverly, MA). [y-32P|ATP (222 TBg/mmol) was
obtained from New England Nuclear. Alkaline phosphatase from

calf intestine was purchased from Roche Molecular Biochemicals
{(Mannheim, Germany). 1,8-DNP, 1,6-DNP, and 1,3-DNP were
purchased from Aldrich Chemical Co. (Milwaukee, IL; the
purities were 98, 98, and 93%, respectively). P450 reductase
from rat microsome was a kind gift from Prof. Y. Kumagai
(Tsukuba University). Piperidine was purchased from Wako
Chemical Industries Ltd. (Osaka, Japan). Copper{Il) chloride
dihydrate was purchased from Nacalai Tesque, Inc. (Kyoto,
Japan). Diethylenetriamine-N N, N' . N” N”-pentaacetic acid
(DTPA) and bathocuproinedisulfonic acid were purchased from
Dojin Chemicals Co. (Kumamoto, Japan). Calf thymus DNA,
superoxide dismutase (SOD} (3000 units/mg from bovine eryth-

" rocytes), and catalase (45000 units/mg from bovine liver) were

purchased from Sigma Chemical Co. (St. Louis, MO). Nuclease
P, (400 units/mg) was purchased from Yamasa Shoyu Co.
(Chiba, Japan).

Preparation of %P-5-End-Labeled DNA Fragments
Obtained from the p53 Gene, the p16 Gene, and the c-Ha-
ras-1 Gene. DNA fragments were obtained from the human
p53 and p16 tumor suppressor gene (12, 13) and the ¢-Ha-ras-1
protooncogene (14). A singly ¥P-5"-end-labeled double-stranded
443 bp fragment (Apa I 14179-Eco RI* 14621) from the p53 gene
was prepared from the pUC18 plasmid according to a method
described previously (15). A singly labeled 328 bp fragment
(EcoRI*5841-Mrol 6168) of the pl16 gene was prepared from
pGEM-T Easy Vector (Promega Corporation) as described
previously (16). A 261 bp fragment (Ava I* 1645-Xba 1 1905)
and a 341 bp fragment (Xbal 1906-Aval* 2246) from the c-Ha-
ras-1 gene were prepared from plasmid pbeNI, which carries a
6.6 kb BamH I chromosomal DNA restriction fragment as
described previously (17). The asterisk indicates 3P labeling.

Detection of DNA Damage, A standard reaction mixture
(in a microtube; 1.5 mL) contained CuCl;, NAD(P)H, NNOP,
32p.5"-end-labeled double-stranded DNA fragments, and calf
thymus DNA in 200 xL of 10 mM sodium phosphate buffer (pH
7.8). For nitroreduction, DNP, 100 xM NADFH, and P450
reductase were preincubated at 25 °C for 30 min in 20 mM
potassium phosphate buffer (pH 7.4). After the preincubation,
32p.labeled DNA fragments, calf thymus DNA, and CuClz were
added to the mixtures (total 200 xL), followed by the incubation.
After incubation at 37 °C for 1 h, DNA fragments were treated
in 10% (v/v} piperidine at 90 °C for 20 min or treated with 6
units of Fpg protein in reaction buffer [10 mM HEPES-KOH
(pH 7.4), 100 mM KCl, 10 mM EDTA, and 0.1 mg/mL BSA] at
37 °C for 2 h, as deseribed previously (18). The treated DNA
fragments were electrophoresed on an 8% polyacrylamide/8 M
urea gel, and an auteradiogram was obtained by exposing X-ray
film to the gel. To make the dose of DNA constant, we used calf
thymus DNA (2050 M) at an excessive dose as compared with
32p-labeled DNA (less than pM) that can be negligible, because
the required dose of 32P-labeled DNA, for detection of DNA
damage, varies according to the decaying radioactivity (3?P; Ty
= 14 days). The preferred cleavage sites were determined by
direct comparison of the positions of the oligonucleotides with
those produced by the chemical reactions of the Maxam—Gilbert
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Figure 2. Autoradiogram of 3P-labeled DNA fragment treated
with DNPs and their nitro-nitroso derivatives. (A} The reaction
mixtures containing the indicated concentrations of DNPs, 100
#M NADPH, and 2.1 pg/mL P450 reductase were preincubated
at 25 °C for 30 min in potassium phosphate buffer (pH 7.4).
After preincubation, a 3P-5-end-labeled 328 bp DNA fragment,
calf thymus DNA (20 zM/base), and 20 uM CuCl; were added
to the mixtures. (B) The reaction mixture contained a 32P-5'-
end-labeled 341 bp DNA fragment, calf thymus DNA (50 uM/
base), the indicated concentrations of 1,8-NNOP or 1,6-NNOP,
100 uM NADH, and 20 4M Cu€l; in sodium phosphate buffer
{pH 7.8). The reaction mixtures were incubated at 37 °C for 1
h, followed by piperidine treatment, as described in the Materi-
als and Methods. The DNA fragments were electrophoresed on
an 8% polyacrylamide/8 M urea gel, and an autoradiogram was
obtained by exposing an X-ray film to the gel.

procedure (19} using 2 DNA sequencing system (LKB 2010
Macrophor). A laser densitometer (LKB 2222 UltroScan XL) was
used for the measurement of the relative amounts of oligonucleo-
tides from the treated DNA fragments.

Analysis of 8-OxodG Formation by DNPs and NNOPs.
The calf thymus DNA fragment was incubated with NNOP or
treated DNF, NAD(P)H, and CuCl;. After ethanol precipitation,
DNA was digested to its component nucleosides with nuclease
Py and calf intestine phosphatase and analyzed by HPLC-
electrochemical detector (ECD), as described previously (20).

Measurement of Oxygen Consumption. Oxygen consump-
tion by the reaction of NNOPs with NADH and CuCly was
measured using a Clarke oxygen electrode (Electronic Stirrer
maodel 300, Rank Brothers Ltd., Bottisham Cambridge, United
Kingdom). The reactions were performed in a mixture contain-
ing NNOP, NADH, and CuCl; in 2 mL of 10 mM phosphate
buffer (pH 7.8) containing 2.5 uM DTPA at 37 °C. Catalase was
added in order to detect H»0; generation due to oxygen
consumption.
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Figure 3. Effects of scavengers and bathocuproine on Cu(II)y
NAD{(P)H-mediated DNA damage induced by P450 reductase-
catalyzed 1,8-DNP and 1,8-NNOP. (A} The reaction mixtures
containing 0.5 4M 1,8-DNP, 100 xM NADPH, and 2.1 ug/mL
P450 reductase were preincubated at 25 °C for 30 min in
potassium phosphate buffer (pH 7.4). After preincubation, a 32P-
5"-end-labeled 309 bp DNA fragment, calf thymus DNA (20 uM/
base), 20 4M CuCl, and a scavenger were added to the mixtures.
(B) The reaction mixture contained a 32P-5"-end-labeled 261 bp
DNA fragment, calf thymus DNA (20 #M/base), 0.2 M 1,8-
NNOP, 20 uM CuCly, and a scavenger in sodium phosphate
buffer (pH 7.8). The reaction mixtures were incubated at 37 °C
for 1 h, followed by piperidine treatment. The DNA fragments
were analyzed as described in the legend to Figure 2. The
concentrations of scavengers and bathocuproine were as fol-
lows: 0.1 M mannitol, 0.1 M sodium formate, 30 units of SOD,
30 units of catalase, and 50 uM bathocuproine.

Results

Damage to **P-Labeled DNA. Figure 2 shows an
autoradiogram of a DNA fragment treated with DNPs
and NNOPs. Oligonucleotides were detected on the
autoradiogram as a result of DNA damage. DNPs did not
cause DNA damage in the presence of NAD(P)H and Cu-
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Figure 4, Site specificity of DNA cleavage induced by P450 reductase-treated 1,8-DNP and 1,8-NNOP in the presence of NADPH
and Cu(ID). The reaction mixtures containing 0.5 4M 1,8-NNOP (A, B) or 0.5 uM 1,8-DNP (C, D), 100 .M NADPH with (C, D} or
without (A, B) 2.1 ug/mL P450 reductase were preincubated at 25 °C for 30 min in potassium phosphate buffer (pH 7.4). After
preincubation, a 22P-5"-end-labeled 443 bp DNA fragment, calf thymuns DNA (20 xM/base), and 20 uM CuCl: were added to the
mixtures. The reaction mixtures were incubated at 37 °C for 1 h, followed by piperidine treatment (A, C) or Fpg treatment (B, D).
The horizontal axis shows the nucleotide number of the human p53 tumor suppressor gene, and underscoring shows the complementary

sequence to codon 273 (nucleotides 14486—14488).

(IT) (data not shown). When P450 reductase was added,
DNPs induced Cu(II)}-mediated DNA damage (Figure 2A).
1,8-DNP and 1,6-DNP induced DNA damage more ef-
ficiently than 1,3-DNP did.

NNOPs, nitro-reduced metabolites of DNPs, were
synthesized in order to compare with parent DNP. 1,8-
NNOP and 1,6-NNOP induced DNA damage without
P450 reductase (Figure 2B). These NNOPs induced DNA
damage in the presence of NAD(P}H and Cu(II). In the
absence of either NAD(P)H or Cu(Il), NNOPs did not
cause DNA damage. NNOPs alone did not cause DNA
damage (data not shown).

Effects of Ecavengers arnd Bathocuprsine on
DNA Damage, The effects of scavengers and bathocu-
proine on DNA damage by 1,8-DNP with P450 reductase

are shown in Figure 3A. Mannitol and sodium formate,
typical *OH scavengers, did not inhibit DNA damage.
Catalase and bathocuproine, a Cu(l) specific chelator,
inhibited DNA damage, whereas SOD did not reduce the
amount of DNA damage. Similar inhibitory effects were
observed in the cases of 1,8-NNOP (Figure 3B). When
1,6-isomers were used instead of 1,8-isomers, similar
results were obtained (data not shown).

Site Specificity of DNA Damage by 1,8-DNP with
P450 Reductase and 1,8-NNOP. An autoradiogram
was scanned with a laser densitometer to measure the
relative intensities of DNA cleavage products from the
human p53 tumor suppressor gene. 1,8-NNOP and P450
reductase-treated 1,8-DNP induced piperidine labile sites
relatively at thymine and cytosine residues in the pres-
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Figure 5. Formation of 8-0x0dG by P450 reductase-treated
DNPs and NNOPs in the presence of NADPH and Cu(I). For
DNPs, the reaction mixtures containing 0.5 uM DNPs, 100 xM
NADPH, and 2.1 gg/mL P450 reductase were preincubated at
25 °C for 30 min in potassium phosphate buffer (pH 7.4). After
preincubation, calf thymus DNA (100 uM/base} and 20 xM CuCl,
were added to the mixtures, followed by the incubation of 37
°C for 1 h, For NNOPs, the reaction mixtures containing calf
thymus DNA (100 gM/base), 0.5 xM NNOPs {A), or the indicated
concentrations of NNOPs (B), 100 4M NADPH, and 20 xM CuCls
were incubated at 37 °C for 1 h in potassium phosphate buffer
(pH 7.4). After ethanol precipitation, DNA was enzymatically
digested to individual nucleosides, and the 8-0xodG content was
measured by HPLC-ECD as described in the Materials and
Methods. Results are expressed as means and SD of values
obtained from three independent experiments. Symbols indicate
a significant difference as compared with control (*P < 0.05;
;*P < 0.01) and significant difference among DNPs (4P < (.05)
y t-teat,

ence of Cu(Il) and NAD(P)H (Figure 4A,C). With Fpg
treatment, DNA cleavage occurred mainly at guanine and
cytosine residues (Figure 4B,D), 1,8-NNOP and 1,8-DNP
caused piperidine labile and Fpg sensitive lesions at CG
in the 5-ACG-3’ sequence, a well-known hotspot (21) of
the p53 gene.

Formation of 8-Oxo0dG in Calf Thymus DNA.
Using HPLC-ECD, we measured the 8-0xodG content of
calf thymus DNA incubated with NNOPs and P450
reductase-ireated DNPs (Figure 5A). P450 reductase-
treated DNPs significantly inereased the amount of
8-0x0dG as compared with the control (1,8-DNP, P <
0.01; 1,6-DNP, P < 0.01; 1,3-DNP, P < 0.05). The order
of 8-0x0dG content was as follows: 1,8-DNP, 1,6-DNP >
1,3-DNP > control. 1,8-DNP and 1,6-DNP induced 8-
oxod( formation more efficiently than 1,3-DNP (P < 0.01
and P < 0.05, respectively). There was no significant
difference in 8-0x0dG formation between 1,8-DNP and
1,6-DNP, after P450 reductase treatment. 1,8-NNOP and
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Figure 6. Oxygen consumption by the interaction of NNOPs
with NAD(P)H and Cu(ll). (A) Reaction mixtures contain 100
#M 1,8-NNOP, 2 mM NADPH, and/or 100 uM CuClz in 2 mL of
10 mM phosphate buffer (pH 7.4) at 37 °C. (B) Reaction mixtures
contain 100 xM NNOP, 2 mM NADH, and/or 100 4M CuCl; in
2 mL of 10 mM phosphate buffer (pH 7.8) at 37 °C. To detect
H20: generation during oxygen consumption, 100 units of
catalase were added at 10 min (indicated by an arrow).

1,6-NNOP without reductase significantly induced 8-
oxodG formation in the presence of Cu{I[) and NAIXP)H
(Figure 5A).

1,8-NNGP significantly induced Cu{IIYNADXP)H-medi-
ated 8-oxodG formation in a dose-dependent manner
(Figure 5B). 1,8-DNP induced no significant increase of
8-ox0dG formation without P450 reductase. In the case
of 1,6-NNOP, similar results were obtained {data not
shown),

Oxygen Consumption during the Reaction of
NNOP in the Presence of NADH and Cu(ID). Oxygen
consumption was observed in the reaction of 1,8 NNOP
with NADH and Cw(Il) (Figure 6). In the case of 1,8-
NNOP alone, a little amount of oxygen consumption was
observed. The addition of NADH increased oxygen con-
sumption to some extent. In the reaction of 1,8-NNOP
with NADH and Cu(II), a large amount of oxygen was
consumed (Figure 6A). Figure 6B shows oxygen consump-
tion by 1,8-NNOP and 1,6-NNOP in the presence of
NADIH and Cu(Il). In the reaction of NADH and Cu(I),
a little amount of oxygen consumption was observed. 1,8-
NNOP induced oxygen consumption a little more ef-
ficiently than 1,6-NNOP. The addition of catalase in-
creased dissolved oxygen, suggesting the generation of
H:0, that was decomposed by catalase to yield oxygen.

Discussion

The present study demonstrated the abilities of oxida-
tive DNA damage by DNPs and their nitroso metabolites.
NNOPs caused oxidative DNA damage in the presence
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Figure 7. Proposed mechanism of oxidative DNA damage
induced by DNPs in the presence of P450 reductase, NAD(P)H,
and Cu(II).

of NAD(P)H and Cu(II), but DNPs did not. After the
treatment of P450 reductase, DNPs, especially 1,.8-DNP
and 1,6-DNP, induced Cu(ll)-mediated DNA damage.
Both catalase and bathocuproine were found to reduce
the DNA damage, indicating the involvement of H:O; and
CufI). These results sugpgested that NNOP was nonen-
zymatically reduced by NAD{P)H and autoxidized again
by reacting with molecular oxygen to generate superoxide
{07}, and the addition of Cu(II) promoted the redox cycle.
On the basis of these results, a possible mechanism could
be proposed as follows (Figure 7). P450 reductase cata-
lyzes one or more electron reduction of DNP to nitro
radical anion and/or further reduced forms. Autoxidation
of the reduced form yields O;~. NNOP can be reduced by
an endogenous reductant NAD(P)H, to a reactive inter-
mediate, which is probably a hydronitroxide radical,
Autoxidation of this intermediate to NNOP occurs,
coupled with the generation of O;~. Oz is dismutated to
H;O, and reduces Cu(Il) to Cu(l). H;O,, in turn, interacts
with Cu(I) to form a reactive oxygen species, which causes
DNA damage. Study using a Clarke oxygen electrode
confirmed oxygen consumption by the reaction of NNOPs
with NADH and Cu(ll). The addition of catalase in-
creased the level of dissolved oxygen by the decomposition
of H;0; to oxygen. It is suggested that the dissolved
oxygen in the reaction mixture is converted to Oz~ by the
reduced forms of DNPs and NNOPs. Collectively, NNOP

Chem. Res. Toxicol., Vol. 17, No. 12, 2004 1755

and P450 reductase-treated DNP significantly induce
DNA damage including 8-0x0dG formation through NAD-
(P)H-dependent redox cycles. The amounts of 8-0xodG
induced by DNPs and NNOPs (0.5 4M) through the redox
cycles corresponded to. those induced by 30—60 xM H,0,
in the presence of Cu(II). The concentration of NAD(P)H
in certain tissue has been estimated to be as high as 100~
200 uM (22). The biological importance of NADH and
NADPH as nuclear reductants (23) has been demon-
strated before (24, 25). P450 reductase and other enzymes
with nitroreduction activity, such as NAD(P)H:quinone
oxidoreductase and xanthine oxidase (26, 27), may par-
ticipate in activation of DNPs in vivo.

We showed that DNPs with P450 reductase treatment
induced DNA damage including 8-0x0dG formation in the
intensity of 1,8-DNP, 1,6-DNP > 1,3-DNP. Consistently,
among three DNP isomers, 1,3-DNP appears to be a
weaker carcinogen (I) and mutagen (2, 4). 1,6-DNP and
1,8-DNP are more efficiently nitro-reduced by liver
cytosol and microsomes than 1,3-DNP (28). Similarly,
Djuric (29) demonstrated that NADPH-mediated reduc-
tion of 1,3-NNOP to intermediates was slower than that
of 1,6-NNOP. These differences in rates of enzyme
efficacy to DNPs are considered to be one factor contrib-
uting to the differences of DNA damaging ability. This
may explain the lower carcinogenic potential of 1,3-DNP
as compared to 1,6-DNP and 1,8-DNP. Qur results have
suggested that DNPs are enzymatically reduced to
NNOPs and are subsequently followed by the autoxida-
tion of nitro radical anion and NAD(P)H-dependent
reduction of NNOPs, resulting in Cu(IT)-dependent redox
cycle formation and DNA damage. This oxidative DNA
damage may be supported by the report of Djuric et al.
showing not only DNA adducts but also oxidative DNA
damage in rats treated with 1,6-DNP (8). ’

Kohara et al. (30) showed that DNPs treatment
increased the incidence of G — T transversions in mice.
In this study, P450 reductase-treated DNPs induced Fpg
sensitive sites preferentially at guanine residues and
increased 8-oxodG formation. Shibutani et al. {(21) have
reported that 8-0xodG causes DNA misreplication, which
can lead to mutation, particularly G — T substitutions.
In addition, the bacterial mutation assay (32) revealed
that DNPs exerted frequent base substitution mutations
at cytosine residues. We demonstrated that NNOPs and
P450 reductase-treated DNPs induced DNA cleavage
sites preferentially at cytosine residues. Furthermore,
piperidine and Fpg treatment detected cytosine and
guanine damage of the ACG sequence complementary to
codon 273, a well-known hotspot (21) of the p53 gene.
The occurrence of mutational hotspots may be partly
explained by our observations. It is concluded that
oxidative DNA damage, in addition to DNA adduct
formation, may play important roles in the carcinogenesis
of DNPs via metabolic activation on nitro group.
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Abstract

The main anticancer action of doxorubicin (DOX) is believed to be due to topoisomerase II inhibition and free
radical generation. Our previous study has demonstrated that TAS-103, a topoisomerase inhibitor, induces
apoptosis through DNA cleavage and subsequent H,O, generation mediated by NAD(P)H oxidase activation [H.
Mizutani et al. J. Biol. Chem. 277 (2002) 30684-30689]. Therefore, to clarify whether DOX functions as an
anticancer drug through the same mechanism or not, we investigated the mechanism of apoptosts induced by DOX
in the human leukemia cell line HL-60 and the H,O,-resistant sub-clone, HP100. DOX-induced DNA ladder
formation could be detected in HL-60 cells after a 7 h incubation, whereas it could not be detected under the same
condition in HP100 cells, suggesting the involvement of H;0,-mediated pathways in apoptosis. Flow cytometry
revealed that H;O, formation preceded the increase in AWm and caspase-3 activation. Poly(ADP-ribose)
polymerase (PARP) and NAD(P)H oxidase inhibitors prevented DOX-induced DNA ladder formation in HL-60
cells. Moreover, DOX significantly induced formation of 8-ox0-7,8-dihydro-2" -deoxyguanosine, an indicator of
oxidative DNA damage, in HL-60 cells at 1 h, but not in HP100 cells. DOX-induced apoptosis was mainly
initiated by oxidative DNA damage in comparison with the ability of other topoisomerase inhibitors (TAS-103,
ammubicin and amrubicinol) to cause DNA cleavage and apoptosis. These results suggest that the critical apoptotic
trigger of DOX is considered to be oxidative DNA damage by the DOX-induced direct HyO, generation, although
DOX-induced apoptosis may involve topoisomerase II inhibition, This oxidative DNA damage causes indirect
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H,0; generation through PARP and NAD(P)H oxidase activation, leading to the A¥m increase and subsequent
caspase-3 activation in DOX-induced apoptosis.
© 2004 Elsevier Inc. All rights reserved,

Keywords: Doxorubicin; Apoptosis; Hydrogen peroxide; Oxidative DNA damage; 8-0x0-7,8-dihydro-2' -deoxyguanosine

Introduction

Doxorubicin (DOX), an anthracycline antibiotic, is one of the most popular anticancer drugs. DOX
is used for the treatment of human cancers including a variety of solid cancers (Chabner et al., 1996).
Although the main anticancer action of DOX is believed to involve DNA damage through
topoisomerase II inhibition and free radical generation by redox reaction (Chabner et al., 1996;
Gewirtz, 1999; Jung and Reszka, 2001; Hurley, 2002), the mechanism of apoptosis induced by DOX
has not well been clarified.

A number of anticancer drugs including DOX exert their effects by inducing apoptosis (Sellers
and Fisher, 1999; Kaufmann and Earnshaw, 2000). The major apoptotic pathway of anticancer
drugs acts through the loss of mitochondrial membrane integrity (Kaufmann and Eamnshaw, 2000).
A sudden increase in mitochondrial membrane permeability, so-called mitochondrial permeability
transition (MPT), is a central coordination event in the apoptotic process (Mignotte and Vayssiere,
1998; Costantini et al., 2000; Gottlieb, 2000; Kroemer and Reed, 2000). MPT causes the release
of cytochrome ¢ from mitochondria; cytochrome ¢ thén activates effector caspases to induce
DNA ladder formation. Reactive oxygen species (ROS), such as H,O, and O;, cause apoptosis
through MPT (Kroemer et -al., 1997; Hampton et al, 1998; Chandra et al, 2000); some
anticancer drugs induce ROS formation in apoptosis (Gewirtz, 1999; Muller et al., 1998; lkeda et
al., 1999; Tada-Oikawa et al,, 1999; Kajiwara et al., 2001; Mizutani et al., 2002; Nakagawa et
al,, 2002; Tsang et al, 2003), and we have recently reported that TAS-103, a topoisomerase
inhibitor and not a redox agent, induces apoptosis through indirect H,O, generation (Mizutani et
al., 2002). However, the mechanism of ROS formation by anticancer drugs including DOX
remains to be clarified.

To clarify the mechanism of DOX-induced apoptosis, we investigated apoptosis by examining
DNA ladder formation, H,O, generation, mitochondrial membrane potential (A¥m) change and
caspase-3 activation in HL-60 cells and HP100 cells, H,O,-resistant cells derived from HL-60. The
mechanism of apoptosis was also examined by using inhibitors of poly(ADP-ribose) polymerase
(PARP) and NAD(P)H oxidase. Moreover, in order to clarify whether H,O, generation by DOX
induces DNA damage, we measured the content of 8-ox0-7,8- dihydro-2' -deoxyguanosine (8-
0xodG), a marker of oxidative DNA damage, in HL-60 and HP100 cells treated with DOX using
by high-performance liquid chromatography with an electrochemical detector (HPLC-ECD). In
addition, we compared the ability of DOX to cause DNA damage and DNA ladder formation with
that of topoisomerase inhibitors [TAS-103, amrubicin (AMR) and amrubicinol (AMR-OH), an
active metabolite of AMR]. AMR is a new, completely synthetic 9-aminoanthracycline derivative
which induces anticancer effects by stabilizing topoisomerase II-DNA complex (Hanada et al.,
1998). '
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Material and methods
Materials

DOX was purchased from Wako Pure Chemical Industries (Osaka, Japan). TAS-103 was provided
by Taiho Pharmaceutical Co., Ltd (Tokyo, Japan). AMR and AMR-OH were provided by Sumitomo
Pharmaceutical Co., Ltd (Osaka, Japan). Proteinase K was obtained from Merck (Darmstadt,
Germany). 2,7 -Dichlorofluorescin diacetate (DCFH-DA) and 3,3’ -dihexyloxacarbocyanine iodide
[DIOC(3)] were purchased from Molecular Probes (Eugene, OR). z-Asp-Glu-Val-Asp-7-amino-4-
trifluoromethyl coumarin (DEVD-AFC) and diphenyleneiodonium chleride (DPI) were provided by
Biomol (Plymouth Meeting, PA). 6(5H)-Phenanthridinone (PHEN) was obtained from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). Apocynin (APO) was purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). 32p_labeled DNA fragment was also obtained from the human c-Ha-ras-1
protooncogene (Mizutani et al., 2003).

Cell culture and treatment with DOX

HP100 cells have been derived from human leukemia HL-60 cells by repeated exposure to H,0,,
followed by outgrowth of viable cells, and were approximately 340-fold more resistant to H,O,
than HL-60 cells (Kasugai and Yamada, 1989). Catalase activity of HP100 cells is I8 times higher
than that of HL-60 cells (Kasugai and Yamada, 1992). HL-60 and HP100 cells were grown in
RPMI 1640 supplemented with 6% fetal calf serum at 37 °C under 5% CO; in a humidified
atmosphere. The cells (1 X 10% cells/ml) were then treated with the indicated concentrations of
DOX. Cells were preincubated with either PARP inhibitors or NAD(P)H oxidase inhibitors for 0.5 h
where indicated.

Detection of apoptosis induced by DOX

For analysis of DNA ladder formation by treatment with DOX, cells were washed twice with PBS.
Cells (2 x 10 cells), resuspended in 1 ml cytoplasm extraction buffer [10 mM Tris (pH 7.5), 150 mM
NaCl, 5 mM MgCl, and 0.5% Triton X-100], were centrifuged at 1000 x g for 5 min at 4 °C. The
cellular pellet was resuspended in lysis buffer {10 mM Tris (pH 7.5), 400 mM NaCl and 1 mM
EDTA] and centrifuged at 12,000 % g for 10 min at 4 °C. The supernatant was then treated overnight
with 0.2 mg/ml RNase at room temperature, followed by treatment with proteinase K as described
previously (Hiraku and Kawanishi, 1996). DNA ladder formation was analyzed by conventional
electrophoresis.

Flow cytometric detection of peroxide and AV m in cells treated with DOX

To evaluate cellular peroxide levels, DOX-treated cells were incubated with 5 uM DCFH-DA for
30 min at 37 °C (Xiang et al., 1996). To assess changes in AWm, DOX-treated cells were
incubated with 40 nM DiQC4(3) for 15 min at 37 °C {Decaudin et al, 1997). Cells were then
washed twice with PBS. Following resuspension in PBS, the cells were analyzed on a flow
cytometer (FACScan; Becton Dickinson, San Jose, CA). Dead cells and debris were excluded from
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the analysis. The data were analyzed using the data analysis program, Cell Quest (Becton
Dickinson).

Measurement of caspase-3 activity

To analyze caspase-3 activity, DOX-treated cells (1 x 10° cells) were washed twice with PBS
and resuspended in a 100 pl solution containing 0.1 M HEPES (pH 7.4), 2 mM dithiothreitol,
0.1% CHAPS, and 1% sucrose. Cell suspensions were first frozen in liquid nitrogen and then
thawed at 37 °C. This freeze-thaw procedure was repeated three times. Cell lysates were then
centrifuged at 18,500 X g for 15 min, to obtain the apoptotic extracts. The reaction was initiated
by the addition of 20 pM DEVD-AFC, a caspase-3 substrate, to 50 ul apoptotic extract at 37 °C.
Product formation was measured using a Shimadzu RF-5300PC spectrofluorometer (Kyoto, Japan)
with excitation at 400 nm and emission at 505 nm (Hishita et al.,, 2001).

Measurement of 8-ox0dG in cultured cells

Cells (1 x 10° cells/ml) were incubated with DOX at 37 °C and immediately washed three times with
PBS. Under anaerobic conditions, DNA was extracted using lysis buffer, RNase A and proteinase K.
After ethanol precipitation, DNA was digested to component nucleosides with nuclease Py and bacterial
alkaline phosphatase and the resulting mixture was analyzed by HPLC-ECD, as described previously
(Ito et al., 1993).

Analysis of DNA damage by DOX, AMR, AMR-OH or TAS-103 in the presence of Cu(ll)

The reaction mixture in a microtube (1.5 ml Eppendorf) contained 10 uM drugs, 20 uM
CuCl,, *?P-labeled DNA fragment and calf thymus DNA (2 pM/base) in 200 pl of 10 mM
sodium phosphate buffer (pH 7.8) containing 5 uM DTPA, a chelating agent, to remove trace
amounts of contaminated metals. After incubation at 37 °C for 60 min, the DNA fragments were
treated with 1 M piperidine at 90 °C for 20 min, and then electrophoresed on an 8%
polyacrylamide/8 M urea gel. The autoradiogram was obtained by exposed X-ray film to the gel
(Mizutani et al., 2003).

Results
DNA ladder formation in HL-60 and HP100 cells treated with DOX

We have analyzed DNA ladder formation, which is characteristic for apoptosis, in the cells treated
with DOX using conventional electrophoresis. The DNA ladder formation could be detected at 1-5 uM
in HL-60 cells after an 8 h incubation, whereas it could be detected apparently at 2-5 uM in HP-100
cells. (Fig. 1A). The time-course of the DNA ladder formation by | uM DOX was shown in Fig. 1B. It
was detectable at 7 h in HL-60 cells, whereas it was observed slightly at 8 h in HP100 cells. The cell
viability at 8 h estimated by trypan blue exclusion was 80% and 90 % at 1 uM in HL-60 and HP100
cells, respectively.
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Fig. 1. Detection of DNA ladder formation in HL-60 and HP100 cells treated with DOX. (A) HL-60 and HP100 cells (1 X 10°
cells/ml) were treated with DOX at 37 °C for 8 h. (B) HL-60 and HP100 cells (1 X 10° cells/ml) were treated with 1 pM DOX at
37 °C for the indicated times. The cells were lysed, and DNA was extracted and analyzed by conventional electrophoresis.

Marker lane: size marker DNA ((bX174/Hae 111 digest).

Generation of peroxide and change of A¥m in HL-60 and HP100 cells treated with DOX

In Fig. 1A, the DNA ladder formation could be detected apparently at 1 pM in HL-60 cells. Therefore,
we performed the time-course experiments of DOX-induced apoptotic events at 1 uM to reveal
difference between HL-60 and HP100 cells. As shown in Fig. 2, peroxide generation in HL-60 cells was
apparently observed at 1 h after the treatment with DOX, while its generation in HP100 cells was not
observed. Fig. 3 shows change of A¥m in HL-60 and HP100 cells treated with DOX to examine
whether DOX induces MPT. A¥m in HL-60 was slightly increased at 4 h, and apparently at 6 h. No
increase in AWm was observed in HP100 at 4 h, and AW'm increased slightly at 6 and 8 h in comparison

with HL-60 cells.
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Fig. 2. Generation of H,05 in HL-60 and HP100 cells treated with DOX. HL-60 and HP100 cells (! x 10° cells/ml) were
treated with 1 uM DOX at 37 °C for the indicated times. After the treatment, the cells were incubated with $ uM DCFH-
DA for 30 min at 37 °C. The cells were analyzed with a flow cytometer (FACScan). Open peaks, control; shaded peaks,
DOX-treated cells.

Activation of caspase-3 by DOX in HL-60 and HP100 cells treated with DOX

Activation of caspase-3 in DOX-treated cells was measured using a fluorometric assay with its
substrate DEVD-AFC. The caspase-3 activity was increased after treatment with DOX for 7 h in HL-60
and HP100 cells. Caspase-3 activity in HL-60 was significantly higher than that seen in HP100 at 8 h
(Fig. 4).

Inhibitory effects of PARP and NAD(P)H oxidase inhibitors on apoptotic process in HL-60 cells treated
with DOX

PARP is a DNA repair enzyme activated by DNA cleavage (Bertrand et al., 1993; Scovassi and
Poirier, 1999; Martin et al., 2000). NAD(P)H oxidase mediates peroxide generation (Jones et al., 2000).
Thus, we investigated the effects of PARP and NAD{P)H oxidase inhibitors on DNA ladder formation in
HL-60 cells treated with DOX. PARP inhibitors {ANI and PHEN) and NAD(P)H oxidase inhibitors (DPI
and APQ) prevented DOX-induced DNA ladder formation (Fig. 5), indicating that this apoptosis occurs
through the activation of PARP and NAD(P)H oxidase. In addition, we analyzed the effects of ANI and
DPI on peroxide generation and the change in AWm following the treatment of HL-60 cells with DOX.
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ANI did not inhibit peroxide production at 2 h and the change in A¥m at 4 h. DPI, a flavoenzyme
inhibitor, which inhibits not only NAD(P)H oxidase but also NADPH-cytochrome P450 redutase (Tew,
1993; Ramji et al., 2003), suppressed peroxide production. DPI increased the change in A¥m (Fig. 6).
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Fig. 3. Change of mitochondorial membrane potential in HL-60 and HP 100 cells treated with DOX. HL-60 and HP100 cells (1 x
10° cells/ml) were treated with DOX at 37 °C for the indicated times. After the treatment, the cells were incubated with 40 nM
DiOC4(3) for 15 min at 37 °C. The cells were analyzed with a flow cytometer (FACScan). Open peaks, control; shaded peaks,
DOX-treated cells.
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Fig. 4. Activation of caspase-3 in HL-60 and HP100 cells treated with DOX. Caspase-3 activity was measured by cleavage of
DEVD-AFC, using extracts of HL-60 (O) and HP100 (@) cells undergoing DOX-induced apoptosis. The cells (1 X 10% cells/
ml) were treated with 1 uM DOX at 37 °C for the indicated times. Results represent means + SD of five independent
experiments, Asterisks indicate significant differences between HL-60 cells and HP100 cells by t-test {* P< 0.03).

Formation of 8-ox0dG in HL-60 and HP100 cells treated with DOX

We investigated 8-0xodG formation in HL-60 and HP100 cells. DOX significantly induced 8-oxodG
formation in HL-60 cells, whereas no significant 8-oxodG formation compared with the control was
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Fig. 5. Inhibitory effects of PARP inhibitors and NAD(P)H oxidase inhibitors on DNA ladder formation in HL-60 cells treated
with DOX. HL-60 cells (1 x 10 cells/ml) were treated with 1 pM DOX at 37 °C for 8 h. Cells were preincubated for 0.5 h with
20 uM ANL, 100 oM PHEN, 2 uM DPI, or 1 mM APO, where indicated. Following lysis, DNA was extracted and analyzed by
conventional clectrophoresis. Marker lane: size marker DNA (X 174/Hae 111 digest). '
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observed in HP100 cells under the same conditions, suggésting that H,O;-mediated oxidative DNA
damage was induced (Fig. 7).

Damage to **P-labeled DNA fragments by DOX, AMR, AMR-OH and TAS-103 in the presence of Cu(li)

Recently, we have reported DOX-induced DNA damage in the presence of Cu(ID} (Mizutani et al.,
2003). Thus, we compared DOX-induced DNA damage with that by two other topoisomerase inhibitors
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Fig. 6. Effects of ANI and DPI on peroxide generation and changes in A¥m following the treatment of HL-60 cells with DOX,
HL-60 cells (1 x 108 cells/ml) were treated with 1 pM DOX at 37 °C for 2 h (A) or 4 h (B). Cells were preincubated for 0.5 h
with 20 pM ANI or 2 uM DPI, where indicated. After the treatment, the cells were incubated with 5 uM DCFH-DA for 30 min
(A) or 40 nM DiCC4(3) for 15 min (B} at 37 °C. The cells were analyzed with a flow cytometer (FACScan). Qpen peaks,
control; shaded peaks, DOX-treated cells.
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Fig. 7. Formation of 8-oxodG in HL-60 and HP100 cells treated with DOX. HL-60 (1) and HP100 (m) cells (1 x 10° cells/ml)
were treated with 1 pM DOX at 37 °C for the indicated times. After the treatment, DNA was extracted and subjected to enzyme
digestion and analyzed by an HPLC-ECD. Values represent means + SD of three independent experiments. Asterisks indicate
significant differences compared with control by t-test (* P< (.05, ** P< 0.01).
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Fig. 8. Autoradiogram of *?P-labeled DNA fragment incubated with DOX, AMR, AMR-OH ‘and TAS-103 in the presence of
Cu(ID). The reaction mixture contained the 32p-§ -end-labeled 261-bp fragment, 2 pM/base of calf thymus DNA, 20 pM CuCl,
and 10 pM reagents in 200 p! of 10 mM phosphate buffer (pH 7.8) containing 2.5 uM DTPA. The mixture was incubated at

37 °C for 60 min. The DNA fragments were treated with piperidine and analyzed by the method described under Materials and
Methods.



