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To clarify the mechanism of carcinogenesis by hair 
dyes, we compared the extent of DNA damage induced 
by mutagenic m-phenylenediamine and 4-methoxy-m- 
phenylenedlamine, using 32p-5'-end-labeled DNA 
fragments obtained from the human c-Ha-ras-1 proto- 
oncogene and the p53 tumor suppressor gene. Carcino- 
genic 4-methoxy-m-phenylenediamine caused DNA 
damage at thymine and cytosine residues in the 
presence of Cu(II). Catalase and bathocuproine, a 
Cu(I)-specific chelator, inhibited 4-methoxy-m-phen- 
ylenediamine-induced DNA damage, suggesting the 
involvement of H20 2 and Cu(I). Superoxide dismutase 
(SOD) enhanced the DNA damage. Formation of 8- 
hydroxy-2'-deoxyguanosine (8-OH-dG) was induced 
by 4-methoxy-m-phenylenediamine in the presence of 
Cu(II). UV-visible spectroscopic studies have shown 
that Cu(II) mediated autoxidation of 4-methoxy- 
m-phenylenediamine and SOD accelerated the 
autoxidation. On the other hand, non-carcinogenic m- 
phenylenediamine did not cause clear DNA damage 
and significant autoxidation even in the presence 
of Cu(II). These results suggest that carcinogenicity 
of m-phenylenediamines is associated with ability to 
cause oxidative DNA damage rather than bacterial 
mutagenicity. 

Key'words: 4-Methoxy-m-phenylenediamine , 
m-phenylenediamine, DNA damage, copper , H202, SOD 

Abbreviations: 8-OH-dG, 8-hydroxy-2'-deoxyguanosine (and 
also known as 8-oxo-7,8-dihydro-2'-deoxyguanosine); HPLC- 
ECD, an electrochemical detector coupled to a high 
performance liquid chromatograph; DTPA, diethylenetri- 
amine-N,N,N',N",hg'-pentaacetic acid; O~-, superoxide; SOD, 
superoxide dismutase; PCR, polymerase chain reaction 

I N T R O D U C T I O N  

Epidemiologic studies have revealed an associa- 
tion be tween  occupational  exposure  to hair dyes  
and incidence of cancers.II~ 2] m-Phenylenedi-  
amine and its derivatives are used for the produc-  
tion of m a n y  dyes,  and  are also used  directly 
as color-yielding c o mp o u n d s  which  include 
hair and fabric dyes. It has been repor ted that 
increased incidence of b ladder  cancer was 
observed among workers  in the manufac tur ing  
indus t ry  of 4-methoxy-m-phenylenediamine.  t31 
m-Phenylenediamine and  4-methoxy-m-phenyl-  
enediamine (Scheme 1) have been  tested for 
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H~NH2 
rn-Phenylenediamine OCHa 4-Methoxy-m-phenylenediamine 

SCHEME 1 Chemical structures of m-phenylenediamine 
and 4-methoxy-m-phenytenediamine. 

the evaluation of their carcinogenicity using 
experimental animals. It has been reported 
that 4-methoxy-m-phenylenediamine is carcino- 
genic, [3'4] whereas m-phenylenediamine is 
not. [4"5] 4-Methoxy-m-phenylenediamine caused 
carcinomas of thyroid glands and skin in rats 
and mice. [3'4] However, the mutagenicity tests 
revealed that both m-phenylenediamine and 
4-methoxy-m-phenylenediamine are mutagenic 
with metabolic activation. I5-8] m-Phenylenedi- 
amine induced reverse mutations in Salmonella 
typhimurium TA 1538 in the presence of a rat 
liver post-mitochondrial supernatant fraction. Isl 
Peroxidase can activate m-phenylenediamine 
into an agent mutagenic in Salmonella typhimur- 
ium TA 98 and YG 1024. [61 4-Methoxy-m-phenyl- 
enediamine induced mutations in Salmonella 
typhimurium TA 98 in the presence of $9 mix. [TJ 
These studies suggest that carcinogenicity of m- 
phenylenediamines is not consistent with their 
mutagenicity in bacterial systems. 

To clarify the mechanism of carcinogenesis 
b y  m-phenylenediamines, we examined DNA 

damage induced by m-phenylenediamine and 
4-methoxy-m-phenylenediamine in the presence 
of Cu(II), using 32p-5'-end-labeled DNA frag- 
ments obtained from the human c-Ha-ras-1 pro- 
tooncogene and the p53 tumor suppressor gene. 
These two genes are known to be the targets for 
chemical carcinogens, and the damaged sites may 
lead to mutational hotspots. [91 In addition, we 
measured the content of 8-hydroxy-2'-deoxy- 
guanosine (8-OH-dG), a marker of oxidative 
DNA damage, in calf thymus DNA with an 
electrochemical detector coupled to a high per- 
formance liquid chromatograph (HPLC-ECD). 

It has been reported that 8-OH-dG formation 
can lead to DNA misreplication resulting in 
mutation and cancer. [1°'111 Furthermore, to 
clarify the mechanism of the DNA damage, we 
examined the O~- generation from m-phenylene- 
diamines by cytochrome c reduction method 
and the spectral changes, using W-visible 
spectrophotometry. 

MATERIALS A N D  METHODS 

Materials Restriction enzymes (Sma I, Eco RI, 
Sty I, Apa I, Xba I, Ava I and Hind III) and T4 
polynucleotide kinase were purchased from 
New England Biolabs (Beverly, MA, USA). 
A human p53 Amplimer Panel was from Clon- 
tech lab. (Palo Alto, CA, USA). The primers 
designed for the use in the polymerase chain 
reaction (PCR) process for the amplification of 
p53 are contained in this product (kit). [~/_32p]_ 
ATP (222 TBq/mmol) was from ICN biomedicals 
Inc. (Costa Mesa, CA, USA). m-Phenylenedi- 
amine dihydrochloride and 4-methoxy-m-phe- 
nylenediamine sulfate were from Tokyo Kasei 
Co (Tokyo, Japan). Diethylenetriamine-N,N,N', 
N',N'-pentaacetic acid (DTPA) and bathocu- 
proinedisulfonic acid were from Dojin Chemi- 
cals Co. (Kumamoto, Japan). Superoxide 
dismutase (SOD, 3,000 units/mg from bovine 
erythrocytes), catalase (45,000 units/mg from 
bovine liver) and cytochrome c were from Sigma 
Chemical Co. (St. Louis, MO, USA). 

Detection of damage to 32P-5'-end-labeled DNA 
fragments obtained from the p53 and the c-Ha-ras-1 
genes DNA fragment was obtained from the 
human p53 tumor suppressor gene t12] and the 
human c-Ha-ras-1 protooncogene. I13J DNA frag- 
ments from the p53 gene containing exons (exon 
5, 13055-13238; exon 6, 13320-13432; exon 7, 
14000-14109; exon 8, 14452-14588) were ampli- 
fied by the PCR method using an Omnigene 
Temperature Cycling System. The PCR products 
were digested with Sma I and ligated into 
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DNA DAMAGE INDUCED BY m-PHENYLENEDIAMINE 199 

Sma I-cleaved pUC18 plasmid, and then trans- 
ferred to Escherichia coli JM109. The plasmid 
pUC18 was digested with Eco RI and Hind III, 
and the resulting DNA fragments were fraction- 
ated by electrophoresis on a 2% agarose gel. 
The 5'-end-labeled 650-base pair fragment (Hind 
III'13972-Eco RI'14621) and 460-base pair frag- 
ment (Hind III*13038-Eco RI'13507) were pre- 
pared by dephosphorylation with calf intestine 
phosphatase and rephosphorylation with T4 
polynucleotide kinase using [q,_32p] ATP (the 
asterisk indicates 32p-labeling). The 650-base 
pair fragment was further digested using Apa I 
to obtain a singly labeled 443-base pair fragment 
(Apa I 14179-Eco RI'14621) and a 211-base pair 
fragment (Apa I 13972-Hind III*14182), and the 
460-base pair fragment was further digested 
with Sty I to obtain a singly labeled 348-base 
pair fragment (Sty I 13160-Eco RI'13507) and a 
118-base pair fragment (Hind m*13038-Sty I 
13155), as described previously. I141 DNA frag- 
ment was also obtained from plasmid pbcNI, 
which carries a 6.6-kb BamHI chromosomal 
DNA segment containing the human c-Ha-ras-1 
protooncogene, t131 The 5'-end-labeled 602-base 
pair fragment (AvaI* 1645-AvaI* 2246) was pre- 
pared according to the method described pre- 
viously [1s'16] and digested using XbaI to obtain a 
singly labeled 261-base pair (AvaI* 1645-XbaI 
1905) fragment. The nucleotide numbering 
starts with the Barn HI site. E131 

The standard reaction mixture in a 1.5-mL 
microtube contained m-phenylenediamine or 
4-methoxy-m-phenylenediamine, 20~M CuC12, 
the 32p-labeled DNA fragment and sonicated 
calf thymus DNA (20~M/base) in 200~L of 
10 mM sodium phosphate buffer (pH 7.8) con- 
taining 2.5 ~M DTPA. After incubation at 37°C, 
the DNA fragment was heated at 90°C in 1 M 
piperidine for 20 min and treated as described 
previously. E15a61 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 procedure I171 using a DNA- 
sequencing system (LKB 2010 Macrophor). A 
laser densitometer (LKB 2222 UltroScan XL) 
was used for the measurement of the relative 
amounts of oligonucleotides from the treated 
DNA fragments. 

Measurement of 8-OH-dG formation The 
amount of 8-OH-dG was measured by a mod- 
ified method of Kasai et al. E181 Calf thymus 
DNA fragments (100 ~M) were incubated with 
m-phenylenediamine or 4-methoxy-m-phenyl- 
enediamine and 20 ~M CuC12 for 2h at 37°C. 
For the experiment with denatured DNA, calf 
thymus DNA was heated at 90°C for 5m in 
and quickly chilled before the reaction. After 
ethanol precipitation, DNA fragments were di- 
gested to the nucleosides with nuclease P1 and 
calf intestine phosphatase, and analyzed with 
an HPLC-ECD as described previously, t191 

UV-visible spectra measurement during autoxida- 
tion of m-phenyIenediamines W-visible spectra 
of m-phenylenediamines were measured with 
a UV-2500PC spectrometer (Shimadzu, Kyoto, 
Japan). The reaction mixture contained 200 ~M 
m-phenylenediamines and 20~M CuC12 in 
10mM phosphate buffer (pH 7.8). Where 
indicated, SOD (150 units/mL) was added to 
the reaction mixtures. The spectra of the 
mixture were measured every 10 min for 90 min 
at 37°C. 

Detection of 0~- formation during autoxidation 
of m-phenylenediamines The amounts of O~- 
formation by the reactions of 4-methoxy- 
m-phenylenediamine in the presence and absence 
of Cu(II) were determined by measuring cyto- 
chrome c reduction. The mixtures containing 
100~M ferricytochrome c, 200p2VI 4-methoxy- 
m-phenylenediamine, 20 ~M CuC12 and 2.5 ~tM 
DTPA in l mL of 10mM sodium phosphate 
buffer(pH 7.8) were then incubated at 37°C. The 
absorption at 550nm recorded every 2 min for 
20min using a UV-visible spectrophotometer. 
Where indicated, SOD (90 units/mL) was added 
to the reaction mixtures. 
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200 F. CHEN et al. 

RESULTS 

Damage to 32p-labeled DNA fragments induced by 
m-phenylenediamines in the presence of metal 
ions Figure 1 shows the autoradiogram of 
DNA damage induced by m-phenylenediamine 
and 4-methoxy-m-phenylenediamine. As shown 
in Figure 1, 4-methoxy-m-phenylenediamine 
(lanes 9-12) caused DNA damage in the pres- 
ence of Cu(II), whereas m-phenylenediamine 
did not clearly (lanes 4-7). The intensity of 
DNA damage increased depending on con- 
centrations of 4-methoxy-m-phenylenediamine 

1 2 3 4 5 6 7 8 9 10 11 12 

(lanes 9-12), and incubation time (data not 
shown). DNA damage by 4-methoxy-m-phenyl- 
enediamine was enhanced by piperidine 
treatment, suggesting that 4-methoxy-m-phenyl- 
enediamine caused not only DNA strand break- 
age but also base modification and liberation 
(data not shown). However, 4-methoxy-m- 
phenylenediamine did not cause DNA damage 
in the presence of Mn(II), Fe(II) or Fe(III) (data 
not shown). 

Effects of scavengers and bathocuproine on DNA 
damage The effects of scavengers and bath- 
ocuproine, a Cu(I)-specific chelator, on DNA 
damage by 4-methoxy-m-phenylenediamine 
were investigated and the  results are shown 
in Figure 2. Typical "OH scavengers, ethanol 

1 2 3 4  5 6 7 8  9 

FIGURE 1 Autoradiogram of DNA fragments incubated 
with m-phenylenediamines. The reaction mixture contained 
the 32p-5'-end-labeled 261-base pair DNA fragment, 20 ttM/ 
base of sonicated calf thymus DNA, indicated concentra- 
tion of m-phenylenediamine or 4-methoxy-m-phenylenedia- 
mine and 20taM CuC12 in 200~tL of 10mM phosphate 
buffer (pH 7.8) containing 2.5 p~I DTPA. The mixture was 
incubated for 2h at 37°C. The DNA fragments were treated 
with 1 M piperidine for 20 min at 90°C, and then electro- 
phoresed on an 8% polyacrylamide/8M urea gel. The auto- 
radiogram was obtained by exposing an X-ray film to the 
gel. Lane 1, control; lane 2, Cu(II) alone; lane 3, 500 ttM m- 
phenylenediamine alone; lane 4, Cu(lI)+50 tiM m-phenyl- 
enediamine; lane 5, CuflI)+100ttM m-phenylenediamine; 
lane 6, Cu(II)+200~vl m-phenylenediamine; lane 7, 
Cu(II)+500tflvl m-phenylenediamine; lane 8, 5001tM 4- 
methoxy-m-phenylenediamine alone; lane 9, Cu(ll)+ 50 p2¢I 
4-methoxy-m-phenylenediamine; lane 10, Cu(II) + 100 IxM 
4-methoxy-m-phenylenediamine; lane 11, Cu(II)+ 200 ttM 4- 
methoxy-m-phenylenediamine; lane 12, Cu(ID + 500 ~M 
4-methoxy-m-phenylenediamine. 

FIGURE 2 Effects of scavengers and bathocuproine on 
DNA damage by 4-methoxy-m-phenylenediamine. The 

32  f reaction mixture contained the P-5 -end-labeled 261-base 
pair DNA fragment, 20 ttM/base of sonicated calf thymus 
DNA, 2001aM 4-methoxy-m-phenylenediamine, and 201dvl 
CuCI2 in 200~tL of 10mM sodium phosphate buffer (pH 
7.8) containing 2.5 ttlVl DTPA. The mixture was incubated 
for 2 h at 37°C. The DNA fragments were treated with 1 M 
piperidine for 20 min at 90°C, and analyzed by the method 
described in the legend to Figure 1. Control (lane 1) con- 
tained neither m-phenylenediamines nor CuC12. Scavenger 
or bathocuproine was added as follows: lane 2, no scaven- 
ger; lane 3, 1M ethanol; lane 4, 0.1 M mannitol; lane 5, 
0.1 M sodium formate; lane 6, 0.1 M methional; lane 7, 150 
units/mL catalase; lane 8, 50~M bathocuproine; lane 9, 50 
units/mL SOD. 
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DNA DAMAGE INDUCED BY m-PHENYLENEDIAMINE 201 

(lane 3), mannitol (lane 4) and sodium formate 
(lane 5), did not inhibit DNA damage induced 
by 4-methoxy-m-phenylenediamine in the pres- 
ence of Cu(II), whereas methional inhibited the 
DNA damage (lane 6). Catalase (lane 7) and 
bathocuproine (lane 8) inhibited the DNA 
damage, suggesting the involvement of H202 
and Cu(I). SOD showed an enhancing effect on 
the DNA damage (lane 9). 

Site specificity of DNA damage by 4-methoxy-m- 
phenylenediamine Figures 3 and 4 show the 
site specificity of DNA damage induced by 
4-methoxy-m-phenylenediamine in the pres- 
ence of Cu(II). 4-Methoxy-m-phenylenediamine 
could cause DNA damage at certain thymine, 
cytosine and guanine residues, although there 
remains a possibility that base damage might be 
over- or under-represented, depending on their 
sensitivity to piperidine treatment. 4-Methoxy- 
m-phenylenediamine caused cleavages at gua- 
nine residues of the GG__C sequence (Figure 3B) 
and the ACG sequence (Figure 4B). It is 
interesting that the ACG sequence is comple- 
mentary to codon 273 (a known hotspot) [9"2°1 
in exon 8 of the p53 gene. The other predomi- 
nant cleavage sites were thymine residue of the 
5'-CTG-3' sequence (Figure 3A) and cytosine 
residues located 5 r or 3r to cytosine (Figures 3B 
and 4A)2 

Formation of 8-OH-dG in calf thymus DNA by 
m-phenylenediamines in the presence of Cu(II) We 
measured 8-OH-dG contents in calf thymus 
DNA treated with m-phenylenediamines plus 
Cu(II) using an HPLC-ECD (Figure '5). The 
amount of 8-OH-dG increased with increasing 
concentrations of 4-methoxy-m-phenylenedi- 
amine. The content of 8-OH-dG formed was 
larger, when DNA was denatured before incu- 
bation. On the other hand, m-phenylenediamine 
generated little 8-OH-dG in the presence of 
Cu(II). 

UV-visible spectroscopic studies on the autoxida- 
tion of m-phenylenediamines Figure 6 shows 
changes in UV-visible spectra of m-phenylene- 
diamine and 4-methoxy-m-phenylenediamine 
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FIGURE 3 Site specificity of DNA cleavage induced by 
4-methoxy-m-phenylenediamine in the presence of Cu(II). 
The reaction mixture contained the 32p-5t-end labeled 261- 
base pair (Ava I* 1645-Xba I 1905) (A) or ll8-base pair 
(Hind UI*13038-Sty I 13155) (B) DNA fragment, 20 pM/base 
of sonicated calf thymus DNA, 500 ~M 4-methoxy-m-phe- 
nylenediamine and 20~M CuC12 in 20011L of 10mM so- 
dium phosphate buffer (pH 7.8) containing 2.5 ~M DTPA. 
The mixture was incubated for 2 h at 37°C. After piperidine 
treatment, DNA cleavage sites were determined as de- 
scribed under Materials and Methods. The horizontal axis 
shows the nucleotide number of the human c-Ha-ras-1 pro- 
tooncogene (A) and the p53 tumor suppressor gene (B). 
Underscoring, codon 12 of the human c-Ha-ras-1 protoonco- 
gene and codon 157 of the p53 tumor suppressor gene. 

in the presence of Cu(II). Both of the spectra of 
m-phenylenediamine and 4-methoxy-m-phenyl- 
enediamine did not change in the absence of 
Cu(II). The spectrum of m-phenylenediamine 
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FIGURE 4 Site specificity of DNA cleavage induced by 
4-methoxy-m-phenylenediamine in the presence of Cu(ID. 

32 t The reaction mixture contained the P-5 -end labeled 211- 
base pair (Apa I 13972-Hind m'14182) (A) or 443-base pair 
(Apa I 14179-Eco RI'14621) (B) DNA fragment, 20gM/base 
of sonicated calf thymus DNA, 500 gM 4-methoxy-m-phe- 
nylenediamine and 20gM CuC12 in 200~tL of 10ram so- 
dium phosphate buffer (pH 7.8) containing 2.5 gM DTPA. 
The mixture was incubated for 2h at 37°C. After piperidine 
treatment, DNA cleavage sites were determined as de- 
scribed under Materials and Methods. The horizontal axis 
shows the nucleotide number of the p53 tumor suppressor 
gene. Underscoring, (A) codous 248 and 249 of the p53 
tumor suppressor gene, (B) complementary sequence to 
codon 273 of the p53 tumor suppressor gene. 

(Figure 6A) changed only a little, suggest ing 

very  s low autoxidat ion in the buffer solution 

at p H  7.8, even in the presence of Cu(II). 

4-Methoxy-m-phenylenediamine plus Cu(II) 

E CHEN et al. 
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FIGURE 5 Formation of 8-OH-dG by m-phenylenedi- 
amines in the presence of Cu(tI). The reaction mixture con- 
tained calf thymus DNA (100 ~M/base) and 20 ~M CuCI2, 
indicated concentrations of 4-methoxy-m-phenylenediamine 
(circle) or m-phenylenediamine (square) in 400 ~L of 4 mM 
phosphate buffer (pH 7.8) containing 2.5 ~uM DTPA. Native 
DNA (closed) and denatured DNA (open) were used. After 
incubation for 2h at 37°C, 0.2mM DTPA was added to stop 
the reaction, and then the DNA was precipitated in ethanol. 
The DNA fragment was enzymatic.ally digested into 
nudeosides, and 8-OH-dG formation was measured with 
an HPLC-ECD as described in Materials and Methods. 

showed  an increase in the absorbance at about  

350 n m  (Figure 6B). The increase of the absor- 

bance at about  350nm (Figure 6C) was  en- 

hanced  by  the addi t ion of SOD, suggest ing that 

SOD enhanced  the rate of Cu(II)-mediated autox- 

idation of 4-methoxy-m-phenylenediamine.  

Generation of 0~- by 4-methoxy-m-phenylenedia- 
mine Cytochrome c reduct ion by  4-methoxy-m- 

phenylenediamine  was  measured  in the presence 

and absence of Cu(II). 4-Methoxy-m-phenylene-  

d iamine reduced cytochrome c in the presence 

Cu(II) and  the reduct ion was  partially inhibited 

by the addi t ion of SOD, suggest ing O~- genera- 

tion. Even in the absence of Cu(II), O~- genera- 

tion was  observed in this system. 
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FIGURE 6 Changes in W-visible spectra of m-phenylenediamines. (A) 200 ~VI m-phenylenediamine plus 20 ~M CuC12 (B) 
200 ~M 4-methoxy-m-phenylenediamine plus 20 pat CuC12 (C) sample (B) plus 150 units/mL SOD. The spectra were mea- 
sured every 10min for 90min at 37°C. 

DISCUSSION 

In the present study, carcinogenic 4-methoxy- 
m-phenylenediamine caused site-specific DNA 
damage, and non-carcinogenic m-phenylenedi- 
amine could not induce DNA damage under the 
condition used. Both m-phenylenediamine and 
4-methoxy-m-phenylenediamine are mutagenic 
in the bacterial test system, t5-8] However, 
4-methoxy-m-phenylenediamine is carcinogenic 
in rodents and possibly in humans, t3"4] whereas 
m-phenylenediamine is not. [4'5] Our results 
showed that carcinogenicity of m-phenylene- 
diamines might be associated with an ability 
to cause oxidative DNA damage rather than 
bacterial mutagenicity. 

Site-specific and characteristic mutations were 
found in human cancers as molecular mutational 
fingerprints associated with chemical carcino- 
gens. [21] We showed that 4-methoxy-m-phenyl- 
enediamine could induce Cu(II)-mediated DNA 

damage at certain thymine residues e.g. the 
5'-CT_G-3' in the human c-Ha-ras-1 protoonco- 
gene, at cytosine residues located 3' or 5' to 
cytosine in the human p53 tumor suppressor 
gene. It is noteworthy that the guanine residue 
of the ACG sequence complementary to codon 
273 (a known hotspot I9"2°I) in the p53 gene was 
damaged intensively. 

To clarify the kinds of active species participat- 
ing in site-specific DNA damage induced by 
4-methoxy-m-phenylenediamine in the presence 
of Cu(II), the effects of scavengers and bath- 
ocuproine on the DNA damage were examined. 
The DNA damage was inhibited by both catalase 
and bathocuproine, suggesting the involvement 
of H 2 0  2 and Cu(I) in the DNA damage. UV- 
visible spectroscopic studies on the autoxidation 
of 4-methoxy-m-phenylenediamine showed that 
the autoxidation occurred only in the presence of 
Cu(II), but not in the presence of Fe(II), Fe(III) or 
Mn(II). This suggested that only Cu(II) might 
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catalyze the autoxidation, and explained the 
reason why 4-methoxy-m-phenylenediamine 
did not cause DNA damage in the presence of 
Fe(II), Fe(III) or Mn(II). Spectroscopic studies 
using cytochrome c and SOD have shown the 
generation of O~- during the autoxidation of 
4-methoxy-m-phenylenediamine. On the basis 
of our results, a possible mechanism of DNA 
damage induced by 4-methoxy-m-phenylenedi- 
amine in the presence of Cu(II) could be explained 
as follows: 4-methoxy-m-phenylenediamine 
undergoes Cu(II)-mediated autoxidation to 
generate phenylenediamine-derived radicals 
and Cu(I). O~- is generated probably by the 
reaction of 02 with the radicals and /o r  Cu(I), 
and then is dismutated to H202. H202 interacts 
with Cu(I) to form the metal-oxygen complex, 
such as Cu(I)-OOH, capable of causing DNA 
damage. Typical "OH scavengers showed no 
inhibitory effects on DNA damage by 4-me- 
thoxy-m-phenylenediamine, suggesting that "OH 
does not play an important role in the DNA 
damage. Little involvement of "OH is supported 
by the site-specific DNA damage observed with 
4-methoxy-m-phenylenediamine, because "OH 
causes DNA cleavage at any nucleotides with 
little site specificity. ~22"231 Relevantly, Youngman 
and Elster proposed a concept of crypto-hydroxyl 
radical on the basis of reactions that were much 
less sensitive to the inhibition by traditional 
"OH scavengers e.g. ethanol and mannitol, and 
the crypto-hydroxyl radical was reported to be 
reactive to sulfur compounds like methionine 

[24] and methional. The inhibitory effect of methio- 
nal on the DNA damage can be explained by 
assuming that sulfur compounds are reactive to 
the metal-oxygen complex, such as Cu(I)-OOH. 

It is noteworthy to find that SOD, which 
should protect organelle from oxidative stress, 
enhanced both the DNA damage and the autox- 
idation of 4-methoxy-m-phenylenediamine in 
the presence of Cu(II). SOD accelarated the 
process of O~- generation by removing O~-. As 
the result, H202 generated by O~- dismutation, 
participated in the formation of the copper- 

oxygen complex responsible for the DNA 
damage. It has been reported that copper occurs 
in the mammalian cell nucleus, IzS[ and copper 
mediates production of active oxygen species and 
DNA damage, t26! Therefore, it is concluded that 
SOD and Cu(II)-mediated oxidative DNA da- 
mage may have an important role in carcinogen- 
esis of 4-methoxy-m-phenylenediamine. 
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