
[CANCERRESEARCH56, 5172â€”5178, November 15, 19961

of cellular DNA damage through the generation of active oxygen
species remains to be clarified.

Apoptosis contributes to the pathogenesis of a number of diseases,
including cancer (15). Cell death in response to DNA damage, in most
instances, has been shown to result from apoptosis (15, 16). Apoptosis
is induced by many cytotoxic chemicals and ionizing radiation and
characterized by morphological and biochemical changes such as

chromatin condensation, nuclear fragmentation, formation of apop
totic bodies, and DNA fragmentation at internucleosomal sites.

To study the mechanism of benzene carcinogenicity, we investi
gated DNA damage induced by benzene metabohites l,4-BQ and
l,4-HQ in relation to apoptosis and carcinogenesis. DNA strand
breaks in human cultured cells were investigated with pulsed-field gel
electrophoresis. Internucleosomal DNA fragmentation and morpho
logical changes of apoptotic cells were examined. The cells treated
with benzene metabolites were analyzed to detect intracellular gener
ation of peroxides by flow cytometry. To investigate the mechanism
of cellular DNA damage, we examined the DNA damage induced by
benzene metabolites in the presence of NADH and metal ions using
32P-5'-end-labeled DNA fragments obtained from the human c-Ha
ras-l proto-oncogene. NADH was used because the biological im

portance of NADH has been described (17), and some chemicals are
nonenzymatically reduced by NADH (18, 19). Free radicals derived
from benzene metabolites were identified by ESR spectrometry.

MATERIALS AND METHODS

Materials. Restriction enzymes (AvaI and PstI) and T4 polynucleotide
kinase were purchased from New England Biolabs. [â€˜y-32PJATP (222 TBq/

mmol) was from DuPont New England Nuclear. I,4-BQ was from Nacalai
Tesque, Inc. (Kyoto, Japan). 1,4-HQ was from Aldrich Chemical Co. (Mil

waukee, WI). Proteinase K was from Boehringer Mannheim GmbH.
DCFH-DA was from Molecular Probes, Inc. Glucose oxidase was from
Toyobo Co. (Osaka, Japan). DTPA and bathocuproinedisulfonic acid were
from Dojin Chemical Co. (Kumamoto, Japan). SOD (3,000 units/mg from
bovine erythrocytes) and catalase (45,000 units/mg from bovine liver) were
from Sigma Chemical Co. Mn(llI)-PP1 was prepared according to Archibald
and Fridovich (20).

Detection of Cellular DNA Damage by Pulsed-Field Gel Electrophore
sis. HL6O cells were grown in RPMI 1640 (Life Technologies, Inc., Grand
Island, NY) supplemented with 6% FCS (Whittaker Bioproducts) at 37Â°C.For
the determination of DNA strand breaks, cells (1 X 106 cells/mI) were
incubated with either 1,4-BQ or 1,4-HQ in 2.5 ml of RPM! 1640 containing
6% FCS for 4 h at 37Â°C.After the incubation, the medium was removed, and
the cells were washed twice with PBS and resuspended in 65 p1 PBS. The cell
suspension was solidified with agarose, followed by treatment with proteinase

K according to the method described previously (21). Electrophoresis was
performed in 0.5 x Tris-borate EDTA buffer [45 mxi Tris, 45 mt@tboric acid,
and 1 mrviEDTA (pH 8.0)] by a CHEF-Mapper pulsed-field electrophoresis
system (Bio-Rad) at 200 V at 14Â°C.Switch time was 60 s for 15 h, followed
by a 90-s switch time for 9 h. DNA in the gel was visualized in ethidium
bromide.

Detection of DNA Ladder Formation Induced by Benzene Metabohites.
HL6Ocells (1 x 106cells/mI) were incubated with either l,4-BQ or l,4-HQ in
2.5 ml of RPMI 1640 supplemented with 6% FCS for 4 h at 37Â°C.After the
incubation, the medium was removed, and the cells were washed twice with
PBS. The cells were suspended in 1 ml of cytoplasm extraction buffer [10 mM
Tris (pH 7.5), 150 mM NaCI, and 5 mM MgC12in 0.5% Triton X-lOO] and
centrifuged. The pellet was treated with lysis buffer [10 nmiTris (pH 7.5), 400
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ABSTRACT

Benzene is a widely recognized human carcinogen. The mechanism of
DNA damage Induced by major benzene metabolites 1,4-benzoqulnone

(1,4-BQ) and hydroqulnone (1,4-HQ) was investigated in relation to ap

optosis and carcinogenesis. Pulsed-field gel electrophoresis showed that

cellular DNA strand breakage was Induced by benzene metabolites. In.

ternucleosomal DNA fragmentation and morphological changes of apop
totic cells were obsei-ved at higjser concentrations of benzene metabolites.
Flow cytometry showed an increase of peroxides in cultured cells treated
with benzene metabolites. 1,4-BQ induced these changes at a much lower

concentration than 1,4-HQ. Damage to DNA fragments obtained from the
c-Ha-ras-1 prota-oncogene was Investigated by a DNA sequencing tech

nique. 1,4-BQ + NADH and 1,4-HQ induced piperidine-labile sites fre
quently at thymine residues in the presence of Cu(II). Catalase and
bathocuprolue inhibited DNA damage, suggesting that H202 reacts with
Cu(I) to produce active species causing DNA damage. Electron spin
resonance studies showed that semiquinone radical was produced by
NADH-mediated reduction of 1,4-BQ and autoxidation of 1,4-HQ, sug
gesting that benzene metabolites produce 02- and H2O2 via the formation

of semiquinone radical. These results suggest that these benzene metab

olites cause DNA damage through H2O2 generation In cells, preceding

internudeosomal DNA fragmentation leading to apoptosis. The fates of
the cells to apoptosis or mutation might be dependent on the intensity of

DNA damage and the ability to repair DNA.

INTRODUCTION

Benzene, widely used in chemical industry, has been shown to
cause hematological disorders and carcinogenic effects in humans and
animals. Exposure to benzene causes leukemia, lymphoma, and car
cinomas of mammary gland and liver in humans and animals (1â€”5).
Sister chromatid exchanges (1, 2, 6, 7) and chromosomal loss and
breakage (8) were demonstrated in mice. However, benzene has not
been shown to be mutagenic in a bacterial test system (9). Benzene is
metabolized by cytochrome P450 to various phenolic metabolites,
which accumulate in bone marrow. Benzene metabolism is considered
important to express its toxicity (10), and there are many reports of
benzene toxicity mediated by its metabolites. We have already re
ported that benzene metabolites 1,2,4-benzenetriol and l,4-HQ3

caused oxidative DNA damage (11), and 1,2,4-benzenetriol produced
8-OH-dG, an oxidative product of guanine residue, in the presence of
metal ions (12). Benzene metabolites produced 8-OH-dG in cultured
cells in vitro and the bone marrow of mice in vivo (13). It is note
worthy that a significant correlation was observed between urinary
8-OH-dG and benzene exposure in humans (14). Thus, previous

studies have suggested the participation of active oxygen species in
benzene metabolite-induced DNA damage. However, the mechanism
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DNA DAMAGE AND APOPTOSIS BY BENZENE METABOLITES

mM NaCl, and 1 mM EDTA in 1% Triton X-100] for 10 mm and centrifuged

at 4Â°C.The supernatant was treated with 0.2 mg/mi RNase overnight at room
temperature and subsequently treated with 0.1 mg/mI proteinase K for 2 h at
37Â°C. The DNA was extracted with phenol-chloroform and subsequently
extracted with water-saturated ether. Then, the DNA was precipitated with
ethanol for 30 mm at â€”90CC.The pellet was dissolved in 40 @tlof Tris-EDTA
buffer [10 mM Tris-HC1 (pH 8.0) and 1 mM EDTA]. DNA was electrophoresed

on a 1.4%agarose gel containing 0.375 @tg/mlethidium bromide in 0.5 X Tris
borate EDTA buffer.

Flow Cytometric Detection of Peroxides in Cultured Cells Treated with
Benzene Metabolites. HL6O cells (1 X l0@cells/mi) were incubated with
either l,4-BQ or l,4-HQ in RPMI 1640 containing 6% FCS for 3.5 h at 37Â°C.

DCFH-DA, a sensitive fluorimetric probe of peroxides (22, 23), was dissolved

in ethanol, 5 @LMDCFH-DA were added to the medium, and the cells were
incubated for 30 mm at 37Â°C. After the incubation, the medium was removed,

and the cells were washed with PBS once and suspended in PBS. The cells
were analyzed with a FACScan (Becton Dickinson, Mountain View, CA).

Detection of DNA Damage Using c-Ha-ras-1 Fragments. DNA frag
ments were prepared from plasmid pbcNl, which carries a 6.6-kb BamHI
chromosomal DNA segment containing human c-Ha-ras- 1 proto-oncogene
(24, 25). The singly labeled 98-bp fragment (AsaI* 2247â€”Pstl 2344) and

337-bp fragment (PstI 2345_Aval* 2681) were obtained according to the

method described previously (24, 25). The asterisk indicates 32P-labeling,and
nucleotide numbering starts with the BamHI site (26).

The standard reaction mixture in a microtube (1.5-mI Eppendorf) contained
benzene metabohite,a 32P-labeledDNA fragment, and sonicated calf thymus
DNA (10 ,.tMlbase)in 200 @dof 10 mM sodium phosphate buffer (pH 7.8)
containing 5 p@MDTPA. After incubation at 37Â°C, the DNA fragments were

heated at 90Â°Cin 1 M piperidine for 20 mm where indicated and treated as
described previously (24, 25).

The preferred cleavage sites were determined by direct comparison of the
positions of the ohigonucleotideswith those produced by the chemical reac
tions of the Maxam-Gilbert procedure (27) using a DNA sequencing system

(LKB 2010 Macrophor). A laser densitometer (LKB 2222 UltroScan XL) was
used for measurement of the relative amounts of ohigonucleotides from the
treated DNA fragments.

.@ 1,4-BQ 1,4-HQ
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Fig. 2. Intemucleosomal DNA fragmentation in cultured cells treated with benzene
metabolites. HL6O cells were treated with either l,4-BQ or l,4-HQ for 4 h at 37Â°C.The
cells were lysed, and DNA was extracted as described in â€œMaterialsand Methods.â€•The
DNA was electrophoresed in a I .4% agarose gel containing 0.375 @zg/mlethidium
bromide. Lane St., size marker DNA (4X 174/HaeIII digest).

Detection ofFree Radicals Derived from Ben.zeneMetabolites with ESR

Spectrometry. ESRspectrawererecordedto detectfreeradicalsderivedfrom

benzene metabolites. The reaction mixture containing 500 @LM1,4-BQ or
l,4-HQ in 10 mMsodium phosphate buffer (pH 7.8) was incubated for I mm
at 25Â°C.In certain experiments, NADH ( 1 mM)or CuC12(20 ,.LM)was added
to the mixture. The spectra were measured at 25Â°Cusing a JES-FE-3XG
spectrometer (JEOL, Tokyo, Japan) with lOO-kHz field modulation. The
spectra were recorded with a microwave power of 16 mW and a modulation
amplitude of 1.0 G. No spin-trapping agent was used.

Detection of DNA Damage in Cultured Cells Treated with

Benzene Metabolites. Fig. 1 shows DNA strand breakage in cultured
cells treated with benzene metabolites, detected by pulsed-field gel
electrophoresis. Weak DNA strand breakage to produce 1â€”2-Mb
fragments was induced by 1â€”2 @Ml,4-BQ and 10â€”20 @Ml,4-HQ.
The apparent production of 1â€”2-Mband 50-kb DNA fragments was
observed at 5 @LMl,4-BQ and 50 @LMl,4-HQ. The formation of 50-kb
fragments was increased at 10 @tMl,4-BQ. A 50-kb DNA fragment
disappeared at 100 /LM l,4-HQ, probably due to necrosis. These
results reveal that 1,4-BQ caused cellular DNA damage more effi
ciently than l,4-HQ.

DNA Ladder Formation and Apoptotic Changes in Cultured

Cells Treated with Benzene Metabolites. Fig. 2 shows DNA ladder

formation in cells treated with benzene metabohites. The DNA ladder
was slightly induced by S p.M l,4-BQ and 20 @LMl,4-HQ, and
apparent fragmentation was induced by 10 @.LMl,4-BQ and 50 @tM
l,4-HQ. DNA fragments disappeared at 100 fLMl,4-HQ, probably due
to necrotic changes.

Apoptotic cells, identified by chromatin condensation and nuclear
fragmentation, were observed frequently in cells treated with S p@M
l,4-BQ and 50 @.LMl,4-HQ (data not shown).

Production of Intracellular Peroxides from Benzene Metabo
hites. Fig. 3 shows flow cytometric distribution of cells treated with
benzene metabolites or glucose oxidase, an enzyme to catalyze H2O2

0

Size __________ __________
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2200
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225

Fig. I. Detection of benzene metabohite-induced cellular DNA damage by pulsed-field
gel electrophoresis. HL6O cells were treated with either l,4-BQ or l,4-HQ for 4 h at 37Â°C.
The cells were prepared in agarose plugs, lysed, and subjected to pulsed-field gel
electrophoresis through 1% agarose gel. as described in â€œMaterialsand Methods.â€•The gel
was stained in ethidium bromide. Lane St., size marker DNA (Saccharomvces ceres'isiae).
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DNA DAMAGE AND APOPTOSIS BY BENZENE METABOLITES

l,4-BQ did not cause DNA damage (Fig. 4), suggesting the require
ment of NADH and Cu(II) for 1,4-BQ-induced DNA damage. DNA
damage was enhanced by piperidine treatment (Fig. 5A, Lanes 3 and
6), suggesting that l,4-BQ caused not only DNA strand breakage but

also base modification and/or liberation. l,4-HQ + Cu(II) induced
DNA damage (Fig. SB), but l,4-HQ alone did not (data not shown).
l,4-BQ and l,4-HQ caused little or no DNA damage in the presence
of other metal ions [Mn(II), Mn(III), Fe(II), and Fe(III)].

Effects of Scavengers and Bathocuproine on DNA Damage by
Benzene Metabolites. The effects of scavengers and bathocuproine,
a Cu(I)-specific chelator, on DNA damage by 1,4-BQ and l,4-HQ
were investigated (28). OH scavengers ethanol, mannitol, and sodium
formate only weakly inhibited DNA damage induced by l,4-BQ in the
presence of NADH and Cu(II) (Fig. 6, Lanes 2â€”4).Catalase (Lane 5)

BQ(5O@tM) - - - - + 4 + + + + 4 +

Cu(ll)(20 isM) - + - + - + - + + + + +

NADH(250 @tM) - - + + - - + + + + + +

flme(min) 60 60 60 60 60 60 60 5 10 20 30 60

*@@@@

.E?.
C.)@

0.

io@ it

Fig. 4. Autoradiogram of 32P-labeled DNA fragments incubated with l,4-BQ in the
presence of NADH and Cu(II). The reaction mixture contained the 32P-5'-end-labeled
337-bp DNA fragment, 10 @zst/baseof sonicated calf thymus DNA, 50 p.M I ,4-BQ, 250
MM NADH, and 20 @LMCuC12 in 200 pi of 10 mst phosphate buffer (pH 7.8) containing

S g.&MDTPA. The mixture was incubated for the indicated durations at 37Â°C.DNA
fragments were treated with 1 si piperidine for 20 mm at 90Â°Cand then electrophoresed
on an 8% polyacrylamide/8 si urea gel. The autoradiogram was obtained by exposing
X-ray film to the gel.

.4''

Fig. 5. Effects of concentration on DNA damage by l,4-BQ and l,4-HQ. The reaction
mixture contained the 32P-5'-end-labeled337-bp DNA fragment, 10 @tsi/baseof sonicated
calfthymus DNA, l,4-BQ + 250 @MNADH (A)or l,4-HQ (B), and 20 ,zMCuCI2in 200
@zlof 10 mM sodium phosphate buffer (pH 7.8) containing 5 @MDTPA. The mixture was

incubated for 20 mm at 37Â°C.DNA fragments were treated with 1Mpiperidine for 20 mm
at 90Â°C(except Lane 6) and analyzed by the method described in the legend to Fig. 4. The
concentrations ofbenzene metabolites are as follows; Lane 1, 10 @zsi;Lane 2, 20 @zsi;Lane
3, 50 ,zM; Lane 4, 100 ELM;Lane 5, 200 @zM;Lane 6, 50 ,SM,without piperidine treatment.

Control did not contain benzene metabolite, NADH, and CuC1,.
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generation from glucose, and subsequently treated with DCFH.DA, a
probe to detect intracellular production of peroxides (22, 23). The
cells treated with glucose oxidase were used as positive control and
showed a significant increase in fluorescence intensity. Treatment
with 1 @.LMl,4-BQ and 10 @LM1,4-HQ showed increases in fluores
cence intensity (Fig. 3), suggesting that intracellular production of
H202 and other peroxides was increased by benzene metabolites.

Damage to 32P-labeled DNA Fragments Induced by Benzene

Metabolites in the Presence of NADH and Cu(ll). Fig. 4 shows the
autoradiogram of DNA damage induced by l,4-BQ. l,4-BQ caused

DNA damage in the presence of both NADH and Cu(II). The intensity
of DNA damage increased with time (Fig. 4) and the concentration of
benzene metabolites (Fig. SA). In the absence of NADH and/or Cu(ll),

A Control

B Positivecontrol
(Glucose oxidase O.0005u/ml)

.0
E
C

C.)

C 1j@tMBQ
Q

-@1@t1
@0

D 1ORMHO

io@
Fluorescenceintensity

Fig. 3. Flow cytometric fluorescence distributions of cultured cells treated with
benzene metabolites. HL6O cells were treated with either I,4-BQ or l,4-HQ for 3.5 h at
37Â°C,and5 @LMDCFH-DAwereaddedtothemedium,followedbyincubationfor30mm
at 37Â°C.The cells were analyzed with a flow cytometer (FACScan). A, control. B, cells
treated with 0.0005 units/mI glucose oxidase. C, cells treated with 1 LM l,4-BQ. D, cells
treated with 10 @LMl,4-HQ. Abscissa, relative fluorescence intensity; ordinate, cell
number. Distributions of the fluorescence intensity of the control are also shown in B, C,
and D.
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DNA DAMAGE AND APOFTOSIS BY BENZENE METABOLITES

Fig. 6. Effects of scavengers and bathocuproine on DNA damage by
l,4-BQ. The reaction mixture contained the 32P-5â€˜-end-labeled337-bp DNA
fragment, 10 p@@t/baseof sonicated calf thymus DNA, 20 @zMl,4-BQ, and 20
MM CuCl2 in 200 @zlof 10 msi sodium phosphate buffer (pH 7.8) containing

5 @LMDTPA. The mixture was incubated for 20 mm at 37Â°C.DNA fragments
were treated with 1 M piperidine for 20 mm at 90Â°Cand analyzed by the
method described in the legend to Fig. 4. Scavenger or bathocuproine was
addedas follows:Lane1,noscavenger;Lane2, 1Methanol;Lane3, 0.1si
mannitol; Lane 4, 0. 1Msodium formate; Lane 5, 150units/mI catalase; Lane
6, 150 units/mI SOD; Lane 7, 10 @zMbathocuproine; Lane 8, 20 @zM

bathocuproine; Lane 9, 50 @.LMbathocuproine. Control did not contain
I ,4-BQ, NADH, and CuC1,.

and bathocuproine (Lanes 7â€”9)inhibited DNA damage, suggesting
the involvement of H202 and Cu(I). Heat-inactivated catalase showed
no inhibitory effect on DNA damage (data not shown). Although 150
units/ml of SOD showed little or no effect on DNA damage (Lane 6),
a lower concentration (50 units/ml) of SOD enhanced DNA damage
(data not shown). Similar effects of scavengers and bathocuproine
were observed with l,4-HQ + Cu(II), although the stronger enhanc
ing effect of SOD on l,4-HQ-induced DNA damage was observed
(data not shown).

Site Specificity of DNA Damage by Benzene Metabolites. Fig. 7

shows the patterns of DNA strand breaks induced by benzene metab
olites in the presence of Cu(II). The relative intensity of DNA cleav
age obtained by scanning autoradiogram with laser densitometer is
shown in Fig. 8. l,4-BQ induced piperidine-labile sites frequently at
thymine residues adjacent to guanine residues, especially in the 5'-
GTC-3' sequence in the presence of NADH and Cu(II) (Fig. 8),
although there remains a possibility that certain base damage might be
over- or underrepresented, depending on its sensitivity to piperidine.
l,4-HQ showed similar patterns of DNA cleavage sites (Fig. 7).

Production of Free Radicals from Benzene Metabolites. Fig. 9
shows ESR spectra of radicals generated by benzene metabolites.
l,4-BQ + NADH shows the formation of a 1:4:6:4: 1 quintet spectrum
with@ 2.3 G, reasonably assigned to the semiquinone radical (28).
l,4-BQaloneand1,4-BQ+ Cu(II)didnotproducethesignal.1,4-HQ
alone produced the signal of the semiquinone radical, and addition of
Cu(H) increased the signal. These results suggest that the semiquinone
radical is generated by NADH-mediated l,4-BQ reduction and
l,4-HQ autoxidation.

DISCUSSION

In the present study, DNA damage induced by benzene metabolites
was examined in relation to apoptosis and carcinogenesis. Pulsed-field
gel electrophoresis showed that benzene metabolites induced cellular
DNA strand breakage. Production of 1â€”2-MbDNA fragments was
observed at 1â€”2@.LMl,4-BQ and 10â€”20 @Ml,4-HQ. Moreover, 5â€”10
.LM 1,4-BQ and 50 @LM1,4-HQ produced 50-kb DNA fragments. DNA

ladder and apoptotic changes were observed at 5 .LMl,4-BQ and 50
@LM1,4-HQ. Flow cytometry showed an increase in the generation of

peroxides in cells treated with 1 ,LMl,4-BQ and 10 @tMl,4-HQ. These
results suggest that benzene metabolites generate intracellular perox

ides, mainly H202, causing the DNA strand break to produce 1â€”2-Mb
DNA fragments and subsequently 50-kb fragments, preceding endo
nuclease-catalyzed internucleosomal DNA fragmentation and result
ing in apoptosis. Furthermore, it is suggested that lower concentra
tions of benzene metabolites induce carcinogenesis rather than

apoptosis through DNA damage. The fates of the cells exposed to
benzene metabolitesâ€” mutation or apoptosisâ€” depend on their con
centrations and the intensity of DNA damage (Fig. 10).

To clarify the mechanism of cellular DNA damage induced by
benzene metabolites, we investigated the damage to DNA fragments
obtained from the c-Ha-ras- 1 proto-oncogene. 1,4-BQ required both
NADH and Cu(II) for DNA damage, whereas l,4-HQ required only
Cu(II). The inhibitory effects of catalase and bathocuproine on DNA
damage indicate the involvement of H2O2 and Cu(I). Low concentra
tions of SOD enhanced DNA damage, especially by I ,4.HQ + Cu(II).

This effect can be explained by SOD-accelerated oxidation of 1,4-HQ
(29). Because typical OH scavengers showed only weak inhibitory
effects on DNA damage, active species other than @OHmight have
played an important role. Cu(II)-mediated DNA damage by 1,4-
BQ + NADH was frequently induced at thymine residues adjacent to

guanine residues, especially in the 5'-GTC-3' sequence. The pattern
of DNA cleavage induced by l,4-HQ resembled that induced by
l,4-BQ. Relevantly, several papers showed that the reaction of H2O2
with Cu(II) causes DNA damage with a site.specificity for thymine
residues (28, 30â€”32).This supports the involvement of active oxygen
species generated from H2O2 + Cu(I) other than â€˜OH.which causes
DNA cleavage at any nucleotide with little site-specificity (33, 34).

A possible mechanism of DNA damage induced by benzene me
tabolites in the presence of NADH and Cu(II) is proposed as shown in
Fig. 10. NADH-mediated reduction of 1,4-BQ and autoxidation of
l,4-HQ produce the semiquinone radical. The formation of the
semiquinone radical was confirmed by a quintet ESR spectrum with
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DNA DAMAGE AND APOPTO5IS BY BENZENE METABOLITES
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Fig. 8. Site-specificity of DNA cleavage induced by I,4-BQ in the presence of NADH
andCu(II).Thereactionmixturecontainedthe32P-5'-endlabeled337-bpfragment(PstI
2345â€”AvaI*2681; A) or the 98-bp fragment (Aval* 2247â€”PstI2344; B), 10 p@@i/baseof
somcated calf thymus DNA, 20 @zMI,4-BQ, 250 @zMNADH, and 20 zM CuC12 in 200 @zl
of 10 mat sodium phosphate buffer (pH 7.8) containing 5 @zMDTPA. The mixture was
incubated for 20 mm at 37Â°C.DNA fragments were treated with I Mpiperidine for 20 mm
at 90Â°Cand then electrophoresed on an 8% polyacrylamide/8 Murea gel. The autoradio
gram was obtained by exposing X-ray film to the gel. The relative amounts of DNA
fragments were measured by scanning the autoradiogram with a laser densitometer (LKB
2222 UltroScan XL). Abscissa, nucleotide number of human c-Ha-ras-l proto-oncogene
starting with the BamHI site (26).

a}5 2.3 G (28). However, the semiquinone radical is not a main
active species causing DNA damage because Cu(I) was required for
DNA damage, whereas the semiquinone radical was formed by 1,4-
BQ + NADH in the absence of copper. It is speculated that the NAD

radical was formed by the reaction of NADH with l,4-BQ. Recently,
it was reported that the NAD radical was detected using ESR and
mass spectrometry (18). The reactions of semiquinone and NAD
radicals with 02 yield O2, which is dismutated to generate H2O2.
Cu(II) is reduced to Cu(I) by the reaction with O2, and H2O2 reacts
with Cu(I) to form the active species causing DNA damage. Thus, the
NADH-dependent redox cycle of l,4-BQ generates active oxygen
species and mediates DNA damage.

The biological importance of NADH as a nuclear reductant has

Fig. 7. Autoradiogram showing site-specificity of DNA cleavage by benzene metab
olites + Cu(ll). The reaction mixture contained the 32P-5'-end-labeled 337-hp fragment
(PstI 2345â€”AvaI*2681), 10 @zst/baseof sonicated calf thymus DNA, either 20 @zM

1,4-BQ+ 250 @asiNADHor20 @LMI,4-HQ,and20MMCuCl2in200galof I0 instsodium
phosphate buffer (pH 7.8) containing 5 @zMDTPA. The mixture was incubated for 20 mm
at 37Â°C.DNA fragments were treated with I Mpiperidine for 20 mm at 90Â°Cand analyzed
by the method described in the legend to Fig. 4. Lanes G + A and T + C, patterns obtained
forthesamefragmentcleavedbythemethodsofMaxamandGilbert(27).Controldidnot
contain benzene metabolite, NADH, and CuC12.

(5') (3')

(3')

z

a,

0
Cl)
a,

Nucleotide number of human c-Ha-ras-1 proto-oncogene
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DNA DAMAGE AND APOPTOSIS BY BENZENE METABOLITES

been described (17). The possibility that some chemicals are nonen

zymatically reduced by NADH in vivo has been shown (18, 19).
NADH can be a source of endogenous reductant, resulting in oxida
tive DNA damage. The present study showed that l,4-BQ induced a
cellular DNA strand break and apoptotic changes at a much lower
concentration than l,4..HQ, indicating that 1,4.BQ has greater poten.
tial to cause cellular DNA damage and apoptosis. The NADH-de
pendent redox cycle is considered to be important to explain the
higher potentiality of l,4-BQ because 100â€”200p.M of NAD(P)H are
contained in certain tissues (35) and NAD(P)H may play very impor
tant roles as a reductant.

Copper occurs in the mammalian cell nucleus and may contribute to
high-order chromatin structures (36). Copper ions bind to nonhistone

proteins and caused much stronger ascorbate-mediated DNA damage
than iron (37). Copper-mediated production of active oxygen species
and DNA damage are reported (12, 38, 39). Therefore, the copper
dependent DNA damage by benzene metabolites is of interest in

connection with these observations.
Many studies have shown cytotoxicity and genotoxicity of benzene

(1â€”7).The generation ofactive oxygen species from benzene metabolites
has been discussed in relation to benzene carcinogenicity. Our previous
reports showed that benzene metabolites l,2,4-benzenetriol and l,4-HQ
caused DNA damage mediated by active oxygen species (11), and
l,2,4-benzenetriol produced 8-OH-dG in the presence of metal ions (12).
The hypothesis we proposed that benzene metabolites produce active
oxygen species to cause DNA damage has been supported by the fol
lowing reports: (a) DNA damage mediated by active oxygen species was
caused by l,4-HQ in the presence ofCu(ll) (28); (b) benzene metabolites
produced 8-OH-dG in vitro and in vivo (13); (c) a significant correlation

between benzene exposure and urinary 8-OH-dG was observed in hu
mans (14); and (d) benzene administration produced active oxygen spe

cies in the bone marrow of rats (40). Therefore, the importance of active

I â€”1
lOG

Fig. 9. ESR spectra of radicals generated from benzene metabolites. The reaction
mixture, which contained 500 p.si benzene metabolite and 5 @zMDTPA in 10 inst
phosphatebuffer(pH7.8),waskeptfor 1mmat 25Â°C,andthespectrumwasmeasured.
Where indicated,NADH(1 mM)or CuC12(20 @zM)was added to the mixture.No
spin-trapping agent was added.

Benzene

OH

Fig. 10. Proposed mechanism of DNA damage, ap- Phenol
optosis,andcarcinogenesisinducedby benzenemetab
olites in the presence of NADH and Cu(H).

OH

OH
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Cu(II) Cu(I)
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DNA DAMAGE AND APOPTO5IS BY BENZENE METABOLITES

oxygen species for DNA damage and carcinogenesis induced by benzene
metabolites has been confirmed.

The relationship among DNA damage, apoptosis, and carcinogen
esis attracts our interests. DNA damage induces the production of p53
protein, the activation of protease, and the subsequent activation of
endonucleases to catalyze DNA fragmentation at internucleosomal
sites, leading to apoptosis (15). The present study suggested that
benzene metabolites generated active oxygen species to induce a
cellular DNA strand break preceding apoptosis. This proposed two
fates of the cells with DNA damage; one is apoptosis, and the other
is mutation leading to carcinogenesis. The cells that incur strong
DNA damage and undergo apoptosis are no longer candidates for
producing cancer cells. When weak DNA damage was induced, the
cellular response allows repair of the damage. However, if the
damage failed to be repaired, mutagenic lesions could be propa
gated and might lead to carcinogenesis. The fates of the cells might
be dependent on the intensity of the DNA damage and the ability
to repair DNA.
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