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ABSTRACT. DNA damage by metabolites of a food additive, butylated hydroxytoluene (BHT), was
investigated as a potential mechanism of carcinogenicity. The mechanism of DNA damage by 2,6-di-tert-butyl-
p-benzoquinone (BHT-quinone), 2,6-di-tert-butyl-4-hydroperoxyl-4-methyl-2,5-cyclohexadienone (BHT-
OOH), and 3,5-di-tert-butyl-4-hydroxybenzaldehyde (BHT-CHO) in the presence of metal ions was investigated
by using 32P-labeled DNA fragments obtained from the c-Ha-ras-1 proto-oncogene and the p53 tumor suppressor
gene. BHT-OOH caused DNA damage in the presence of Cu(II), whereas BHT-quinone and BHT-CHO did
not. However, BHT-quinone did induce DNA damage in the presence of NADH and Cu(II). Bathocuproine
inhibited Cu(II)-mediated DNA damage, indicating the participation of Cu(I) in the process. Catalase also
inhibited DNA damage induced by BHT-quinone, but not that induced by BHT-OOH. The DNA cleavage
pattern observed with BHT-quinone plus NADH was different from that seen with BHT-OOH. With
BHT-quinone plus NADH, piperidine-labile sites could be generated at nucleotides other than adenine residue.
BHT-OOH caused cleavage specifically at guanine residues. Pulsed field gel electrophoresis showed that
BHT-OOH and BHT-quinone induced DNA strand breaks in cultured cells, whereas BHT-CHO did not. Both
BHT-quinone and BHT-OOH induced internucleosomal DNA fragmentation, which is the characteristic of
apoptosis. Furthermore, flow cytometry analysis revealed an increase of peroxides in cultured cells treated with
BHT-OOH or BHT-quinone. These results suggest that BHT-OOH participates in oxidative DNA damage
directly, whereas BHT-quinone causes DNA damage through H2O2 generation, which leads to internucleosomal
DNA fragmentation. BIOCHEM PHARMACOL 56;3:361–370, 1998. © 1998 Elsevier Science Inc.
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BHTi is a synthetic phenolic antioxidant widely used as a
food additive. It has been reported that BHT increases the
incidence of hepatocellular tumors in male mice [1]. BHT
has been suggested to be carcinogenic in the liver of rats [2].
In addition, BHT has tumor-promoting activity when given
after an initiating carcinogen in the mouse lung [3] and
colon [4], and in the rat liver [5, 6] and urinary bladder [7].
On the other hand, BHT has been shown to inhibit the
induction of cancer by a wide variety of chemical carcino-
gens [8]. It is noteworthy that BHT has adverse effects in
enhancing and preventing tumor development in a variety
of tissues and organs. BHT has not been shown to be
mutagenic in Salmonella test systems [9, 10].

Studies on the metabolism of BHT in vivo and in vitro
have revealed that there are two main metabolic processes
in the mouse and rat, hydroxylation of the alkyl substitu-
ents and oxidation of the aromatic ring system. BHT-
COOH is a major metabolite formed from the former
process and may be derived via the corresponding alcohol
and aldehyde (BHT-CHO) [11]. BHT-quinone has been
identified as a further metabolite of BHT-COOH [12].
Moreover, recent studies have demonstrated the occur-
rence of a series of metabolites arising from oxidation of the
tert-butyl groups [13]. Oxidation of the aromatic system
leads to the formation of a number of minor metabolites
such as BHT-OOH [11] and 2,6-di-tert-butyl-4-methylene-
2,5-cyclohexadienone (BHT-quinone methide) [14]. It has
been reported that certain metabolites of BHT induce
strand breaks in plasmid DNA [15, 16]. However, the
mechanism remains to be clarified. In this study, we
investigated the mechanism of DNA damage by BHT-
OOH, BHT-quinone, and BHT-CHO in the presence of
NADH and endogenous metal ions using 32P 59 end-
labeled DNA fragments obtained from the human p53
tumor suppressor gene and the c-Ha-ras-1 proto-oncogene.

The relationships between DNA damage, apoptosis, and
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carcinogenesis are of considerable interest. Apoptosis con-
tributes to the pathogenesis of a number of diseases,
including cancer [17, 18]. Apoptosis is induced by many
cytotoxic chemicals and ionizing radiation, and is charac-
terized by morphological and biochemical changes, such as
chromatin condensation, nuclear fragmentation, formation
of apoptotic bodies, and DNA fragmentation at internu-
cleosomal sites. Although BHT has been shown to induce
necrosis in mice [19], there are no reports concerning
BHT-induced apoptosis. To improve the understanding of
BHT carcinogenicity, we investigated cellular DNA dam-
age induced by various BHT metabolites. DNA strand
breaks in human cultured cells were investigated by pulsed
field gel electrophoresis. The relationship between cellular
DNA damage and formation of the DNA “ladder,” which is
characteristic of apoptosis, was examined. In addition,
intracellular peroxide levels in cells treated with BHT
metabolites were analyzed by flow cytometry.

MATERIALS AND METHODS
Materials

Restriction enzymes (BamHI, AvaI, XbaI, PstI and HindIII)
and T4 polynucleotide kinase were purchased from New
England Biolabs. Restriction enzymes, EcoRI, SmaI, ApaI
and StyI, were from Boehringer Mannheim GmbH. A
human p53 amplimer panel was from Clontech Lab. The
primers designed for the PCR process for the amplification
of p53 are contained in this product (kit). [g-32P]ATP (222
TBq/mmol) was from New England Nuclear. DTPA and
bathocuproinedisulfonic acid were from Dojindo Laborato-
ries. Acrylamide, DMSO, bisacrylamide and piperidine
were from Wako Pure Chemical Industries. CuCl2, ethanol,
D-mannitol, and sodium formate were from Nacalai Tesque,
Inc. Catalase (45,000 U/mg from bovine liver) was from
Sigma. BHT-quinone was from Tokyo Kasei Organic
Chemicals. BHT-OOH and BHT-CHO were synthesized
according to the methods described by Kharasch and Joshi
[20] and Coppinger and Campbell [21], respectively. DNA
fragments were obtained from human p53 tumor suppressor
gene [22] and c-Ha-ras-1 proto-oncogene [23].

Subcloning of EcoRI-HindIII Fragments from p53
Tumor Suppressor Gene

Two fragments from p53 gene containing exons were
amplified by the PCR method using an Omnigene Tem-
perature Cycling System. The PCR products were digested
with SmaI and ligated into SmaI-cleaved pUC 18 plasmid,
and then transferred to Escherichia coli JM 109.

Preparation of 32P 5* End-Labeled DNA Fragments
Obtained from p53 Tumor Suppressor Gene

The plasmid pUC 18 was digested with EcoRI and HindIII,
and the resulting DNA fragments were fractionated by
electrophoresis on 2% agarose gel. A 59 end-labeled 654-

base pair fragment (HindIII*13972–EcoRI*14621) and a
461-base pair fragment (HindIII*13038–EcoRI*13507)
were obtained by dephosphorylating with calf intestine
phosphatase and rephosphorylating with [g-32P]ATP and
T4 polynucleotide kinase. The 654-base pair fragment
was further digested with ApaI to obtain a singly labeled
443-base pair fragment (EcoRI*14621–ApaI 14179) and
a 211-base pair fragment (ApaI 14182–HindIII*13972).
The 461-base pair fragment was further digested with
StyI to obtain a singly labeled 343-base pair fragment
(StyI 13160 –EcoRI*13507) and a 118-base pair fragment
(HindIII*13038 –StyI 13155). The asterisk indicates
32P-labeling.

Preparation of 32P 5* End-Labeled DNA Fragments
Obtained from c-Ha-ras-1 Proto-oncogene

DNA fragments were prepared from plasmid pbcNI, which
carries a 6.6-kilobase BamHI chromosomal DNA segment
containing human c-Ha-ras-1 proto-oncogene [24, 25]. A
singly labeled 98-base pair fragment (AvaI* 2247–PstI
2344) and 337-base pair fragment (PstI 2345–AvaI* 2681)
were obtained according to the method described previ-
ously [24, 25]. The asterisk indicates 32P-labeling and
nucleotide numbering starts at the BamHI site [23].

Detection of Damage to Isolated DNA Induced by BHT
Metabolites in the Presence of Metal Ions

The standard reaction mixture in a microtube (1.5-mL
Eppendorf) contained various concentrations of BHT me-
tabolites (BHT-quinone, BHT-OOH, and BHT-CHO),
250 mM NADH, 20 mM CuCl2, [32P]DNA fragment, and 1
mM per base of sonicated calf thymus DNA in 200 mL of 10
mM sodium phosphate buffer (pH 7.8) containing 5 mM
DTPA. After incubation at 37° for 120 min, the DNA
fragments were heated at 90° in 1 M piperidine for 20 min
where indicated and treated as previously described [24,
25]. 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 [26] using a DNA-sequencing system
(LKB 2010 Macrophor, Pharmacia). A laser densitometer
(LKB 2222 UltroScan XL, Pharmacia) was used for the
measurement of the relative amounts of oligonucleotides
from treated DNA fragments.

Cell Lines

Burkitt’s lymphoma cell line BJAB and human myeloge-
nous leukemic cell line HL 60 were grown in RPMI 1640
(Life Technologies, Inc.) supplemented with 5% fetal calf
serum (FCS) (Whittaker Bioproducts) at 37° under 5%
CO2 in a humidified atmosphere. Cells (106 cells/mL) were
incubated for 4 hr or 17 hr with or without the BHT
metabolites. Cells were preincubated with ZnSO4 for 1 hr,
where indicated.
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Detection of Cellular DNA Damage by Pulsed Field
Gel Electrophoresis

For the determination of DNA strand breaks, the treated
cells were washed twice with RPMI 1640 and once with
PBS and resuspended in 150 mL of PBS. The cell suspen-
sion was solidified with agarose, followed by incubation
with proteinase K according to the method described
previously [27]. Electrophoresis was performed in 0.5 3
TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA,
pH 8.0) by the pulsed field electrophoresis system (CHEF-
DRII DNA megabase electrophoresis system, Bio-Rad) at
200 volts at 14°. The switch time was 60 sec for 15 hr
followed by a 90 sec switch time for 9 hr. The DNA in the
gel was visualized using ethidium bromide.

Detection of DNA “Ladder” Formation

After the treated cells were washed, as described for pulsed
field gel electrophoresis, the cells were disrupted in a
solution containing 10 mM Tris-HCl (pH 7.6), 0.15 M
NaCl, 5 mM MgCl2, and 0.5% Triton X-100. Nuclei were
pelleted by centrifugation at 1000 g. The nuclei were then
extracted in a solution containing 10 mM Tris-HCl (pH
7.6), 0.4 M NaCl, 1 mM EDTA, and 1% Triton X-100 and
centrifuged at 12,000 g to separate the nucleoplasm from
the high molecular weight chromatin. Nucleoplasm was
incubated with RNase (final concentration 20 mg/mL) for 1
hr and then with proteinase K (final concentration 100
mg/mL) for 2 hr at 37°. DNA was purified with phenol-

chloroform and precipitated with 2.5 vol of ethanol and
analyzed by conventional electrophoresis on a 1.4% agarose
gel containing 0.5 mg of ethidium bromide per liter at 50
volts for 2 hr.

Flow-Cytometric Detection of Organic Peroxides and
H2O2 in Cultured Cells Treated with BHT Metabolites

HL 60 cells (1 3 106 cells/mL) were incubated with either
BHT-OOH or BHT-quinone in RPMI 1640 containing 6%
FCS for 3.5 hr at 37°. Five mM DCFH-DA, a sensitive
fluorometric probe for peroxides [28, 29], was added to the
medium before incubating the cells for 30 min at 37°. After
the incubation, the medium was removed and the cells were
washed with PBS once and suspended in 2 mL of PBS. The
cells were analyzed with a FACScan (Becton Dickinson).

RESULTS
Damage to 32P-Labeled DNA Fragments Induced by
BHT Metabolites in the Presence of Cu(II)

Figure 1A shows the autoradiogram of DNA fragments
treated with BHT-OOH in the presence of Cu(II). DNA
cleavage increased with the concentration of BHT-OOH
and with time. The upper and lower bands in the control
show single-stranded and double-stranded forms of the

FIG. 1. Autoradiogram of 32P-labeled DNA fragments incu-
bated with BHT-OOH and BHT-quinone plus NADH in the
presence of Cu(II). The reaction mixture contained the 32P 5*
end-labeled 98-base pair fragment (AvaI* 2247–PstI 2344)
from c-Ha-ras-1 DNA fragment, 1 mM per base of sonicated calf
thymus DNA, BHT metabolite ((A) BHT-OOH or (B) BHT-
quinone 1 250 mM NADH) and 20 mM CuCl2 in 200 mL of
10 mM phosphate buffer (pH 7.8) containing 5 mM DTPA.
The mixture was incubated at 37° for 120 min. The DNA
fragments were treated with 1 M piperidine for 20 min at 90°,
and then electrophoresed on an 8% polyacrylamide/8 M urea
gel. The autoradiogram was obtained by exposing x-ray film to
the gel.

FIG. 2. Effects of catalase and bathocuproine on DNA cleavage
induced by BHT-OOH and BHT-quinone plus NADH in the
presence of Cu(II). The 32P 5* end-labeled 337-base pair
fragment (PstI 2345–AvaI* 2681) and 1 mM per base of
sonicated calf thymus DNA in 200 mL of 10 mM sodium
phosphate buffer at pH 7.8 containing 5 mM DTPA were
incubated with 2 mM BHT-OOH plus 20 mM CuCl2 (A) or 2
mM BHT-quinone plus 20 mM CuCl2 in the presence of 100
mM NADH (B). Thirty units of catalase or bathocuproine was
added where indicated. After the incubation at 37° for 120 min,
followed by the piperidine treatment, the DNA fragments were
analyzed by the method described in the Fig. 1 legend.
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intact DNA fragment, respectively. Neither BHT-OOH
nor Cu(II) caused DNA damage. BHT-OOH did not cause
DNA damage in the presence of Fe(III)EDTA. BHT-CHO
did not induce DNA damage in the presence of Cu(II)
(data not shown).

Although BHT-quinone did not induce DNA damage in
the presence of Cu(II) alone, BHT-quinone did induce
Cu(II)-dependent DNA damage in the presence of NADH.
DNA damage in the presence of Cu(II) and NADH
increased with increasing concentrations of BHT-quinone
(Fig. 1B). DNA damage was enhanced by piperidine treat-
ment, suggesting that BHT-quinone plus NADH caused
not only DNA strand breakage but also base modification
and/or liberation. Damage to denatured single-stranded
DNA was stronger than that to native double-stranded
DNA. At the concentration used (250 mM), NADH did
not induce Cu(II)-dependent DNA damage in the absence

of BHT-quinone. Relevantly, we have reported previously
that in the presence of Cu(II), DNA damage is caused by
more than NADH present at 1-mM concentration [30].
BHT-quinone plus NADH did not cause DNA damage in
the presence of Fe(III)EDTA (data not shown).

The effects of catalase and bathocuproine on Cu(II)-
mediated DNA damage by BHT-quinone plus NADH and
BHT-OOH were then investigated. Catalase completely
inhibited Cu(II)-mediated DNA damage by BHT-quinone
(Fig. 2B), suggesting the involvement of H2O2. In contrast,
catalase did not inhibit Cu(II)-mediated DNA damage by
BHT-OOH (Fig. 2A). The addition of 10 mM of bathocu-
proine inhibited Cu(II)-mediated DNA damage by BHT-
quinone plus NADH, suggesting the involvement of Cu(I)
(Fig. 2B). Although 10 mM bathocuproine did not inhibit
Cu(II)-mediated DNA damage by BHT-OOH (Fig. 2A),
the addition of DTPA inhibited Cu(II)-mediated DNA

FIG. 3. Site specificity of DNA cleavage
by BHT-OOH and BHT-quinone plus
NADH in the presence of Cu(II). The
32P 5* end-labeled 211-base pair fragment
(ApaI 14182–HindIII*13972) from p53
in 200 mL of 10 mM sodium phosphate
buffer at pH 7.9 containing 5 mM DTPA
and 1 mM per base of sonicated calf
thymus DNA was incubated with BHT
metabolite ((A) 1 mM BHT-OOH or (B)
1 mM BHT-quinone 1 100 mM NADH)
at 37° for 120 min. After the piperidine
treatment, DNA fragments were electro-
phoresed on an 8% polyacrylamide/8 M
of urea gel using a DNA-sequencing sys-
tem, and the autoradiogram was obtained
by exposing x-ray film to the gel. The
relative amounts of oligonucleotides pro-
duced were measured by a laser densitom-
eter (LKB 2222 UltroScan XL). The
piperidine-labile sites of the treated DNA
were determined by direct comparison
with the same DNA fragment after un-
dergoing DNA sequence reaction accord-
ing to the Maxam-Gilbert procedure [26].
The horizontal axis shows the nucleotide
number of human p53 tumor suppressor
gene [22]. Underscoring indicates the hot
spot of exon 8 of human p53 tumor
suppressor gene.
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damage, suggesting the involvement of Cu(II) binding to
DNA. Typical hydroxyl radical (●OH) scavengers showed
no inhibitory effects on Cu(II)-mediated DNA damage by
these compounds (data not shown).

Site Specificity of Cu(II)-mediated DNA Damage
Induced by BHT-OOH and BHT-Quinone Plus NADH

To investigate any site specificity of Cu(II)-mediated DNA
cleavage, 32P 59 end-labeled DNA fragments incubated
with either BHT-OOH or BHT-quinone plus NADH in
the presence of Cu(II), followed by piperidine treatment,
were electrophoresed and the autoradiograms scanned with
a laser densitometer (Fig. 3). When DNA was incubated

with BHT-OOH plus Cu(II), cleavage occurred specifically
at guanine residues. Cleavage at or near the hot spot in
exon 8 of the p53 tumor suppressor gene was comparatively
strong under the present conditions (Fig. 3A). DNA
cleavage was not observed without piperidine treatment.
The results suggest that the formation of direct strand
breaks is far less important than the induction of piperi-
dine-labile sites at guanine bases in the case of the mixture
of BHT-OOH and Cu(II).

When BHT-quinone plus NADH was used instead of
BHT-OOH, the site specificity of Cu(II)-mediated DNA
cleavage was changed. Cytosine, thymine and guanine
residues were piperidine-labile sites. Adenine residue was
relatively resistive to piperidine treatment (Fig. 3B), al-
though piperidine-labile sites are only representative of a
broad class of oxidative damage to DNA including a few
base lesions and sugar modifications. The site specificity

FIG. 4. Detection of cellular DNA damage and DNA ladder
formation in cultured cells treated with BHT metabolites. HL
60 cells were treated with either BHT-OOH or BHT-quinone
for 4 hr at 37°. (A) Cells were prepared as agarose plugs, lysed
and subjected to pulsed field gel electrophoresis through 1%
agarose gel, as described in Materials and Methods. The gel was
stained in ethidium bromide. Marker lane: size marker DNA
(Saccharomyces cerevisiae). (B) The cells were lysed, and DNA
was extracted and analyzed by conventional electrophoresis as
described in Materials and Methods. Marker lane: size marker
DNA (fX 174/HaeIII digest). BHT-Q indicates BHT-
quinone.

FIG. 5. BHT-quinone-induced cellular DNA damage and sub-
sequent DNA ladder formation. BJAB cells were treated with
BHT-quinone for 4 hr and 17 hr at 37°. (A) The cells were
prepared into agarose plugs, lysed and subjected to pulsed field
gel electrophoresis through 1% agarose gel, as described in
Materials and Methods. The gel was stained in ethidium bro-
mide. Marker lane, size marker DNA (Saccharomyces cerevi-
siae). (B) The cells were lysed, and DNA was extracted and
analyzed by conventional electrophoresis as described in Mate-
rials and Methods. Marker lane, size marker DNA (fX 174/
HaeIII digest). BHT-Q indicates BHT-quinone.

DNA Damage and Apoptosis by BHT Metabolites 365



was similar to that of DNA cleavage induced by high
concentrations of NADH in the presence of Cu(II) (data
not shown) [30].

Cellular DNA Damage and Internucleosomal DNA
Fragmentation Induction by BHT Metabolites

We analyzed DNA strand breaks in cells treated with BHT
metabolites using pulsed field gel electrophoresis. DNA
fragments corresponding to 500–600 kb were observed in
HL 60 cells incubated with 10 mM BHT-OOH, and DNA
fragments corresponding to ca. 2 Mb and 500–600 kb were
observed with 100 mM BHT-quinone (Fig. 4A). Agarose
gel electrophoresis of DNA extracted from HL 60 cells
treated with 25 mM BHT-OOH and 100 mM BHT-quinone
revealed a characteristic DNA ladder pattern, which is
associated with apoptosis (Fig. 4B). BHT-OOH induced
stronger DNA ladder formation than BHT-quinone.

Figure 5 shows that treatment of BJAB cells with
BHT-quinone for 4 hr caused DNA cleavage, producing
DNA fragments of ca. 2 Mb and 50 kb, but not DNA ladder
formation. Treatment for 17 hr induced not only DNA
cleavage at 50 kb (Fig. 5A) but also DNA ladder formation
(Fig. 5B). These results suggest that BHT metabolites cause
DNA damage in cells, resulting in internucleosomal DNA
fragmentation and apoptosis.

Zn(II) inhibited BHT metabolite-mediated DNA lad-
der formation (Fig. 6B). However, formation of the ca.
2-Mb DNA fragments increased upon addition of Zn(II)
(Fig. 6A). These results indicate that an endonuclease
participates in DNA ladder formation. Therefore, it has
been reasonably speculated that BHT metabolites cause
oxidative DNA damage to cleavage into ca. 2-Mb frag-
ments, followed by enzymatic cleavage to smaller DNA
fragments.

Detection of Intracellular Peroxides Induced
by BHT Metabolites

Figure 7 shows flow-cytometric distribution of HL 60 cells
treated with BHT metabolites, and subsequently with
DCFH-DA, a probe to detect intracellular peroxide pro-
duction. Treatment with 10 mM BHT-OOH and 50 mM
BHT-quinone resulted in an increase in fluorescence in-
tensity, suggesting that intracellular peroxides were in-
creased by BHT metabolites. In the case of BJAB cells,
BHT-OOH increased in fluorescence intensity more effi-
ciently than BHT-quinone (data not shown).

DISCUSSION

The present results have shown that BHT-OOH caused
damage to isolated DNA in the presence of Cu(II), whereas
BHT-quinone and BHT-CHO did not. However, the
addition of NADH induced DNA damage by BHT-quinone
in the presence of Cu(II). The metal-mediated DNA
cleavage pattern observed with BHT-OOH was different
from that with BHT-quinone and NADH. BHT-OOH plus
Cu(II) induced specific oxidation of guanine residues, and
subsequent piperidine treatment led to chain cleavage at
each guanine residue. On the other hand, in the presence of
Cu(II), BHT-quinone plus NADH frequently induced pip-
eridine-labile sites at cytosine, thymine and guanine resi-
dues, but rarely at adenine residue. In other words, piperi-
dine-labile sites were guanine residues and pyrimidine
residues especially located 59 and/or 39 to purine residues. In
order to examine what kinds of active species caused the
two types of site-specific DNA damage, experiments using
various scavengers were performed. Typical zOH scavengers
showed no inhibitory effect on Cu(II)-mediated DNA
damage. Bathocuproine inhibited DNA damage, indicating
the participation of Cu(I). Catalase inhibited DNA damage
by BHT-quinone, but not that by BHT-OOH. These results

FIG. 6. Effect of Zn(II) on BHT
metabolite-induced cellular DNA
damage and DNA ladder forma-
tion. (A) BJAB cells were treated
with BHT-quinone for 17 hr at
37°. The cells were prepared into
agarose plugs, lysed and subjected
to pulsed field gel electrophoresis
on 1% agarose gel, as described in
Materials and Methods. The gel
was stained in ethidium bromide.
Marker lane, size marker DNA
(Saccharomyces cerevisiae). (B)
BJAB cells were treated with
BHT-OOH or BHT-quinone for 4
hr at 37°. The cells were lysed, and
DNA was extracted and analyzed
by conventional electrophoresis as
described in Materials and Meth-
ods. Marker lane, size marker
DNA (fX 174/HaeIII digest).
BHT-Q indicates BHT-quinone.
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suggest that an active complex derived from H2O2 and
Cu(I) rather than zOH may play an important role in
metal-dependent DNA damage by BHT-quinone and
NADH. This complex may be a bound hydroxyl radical,
which immediately attacks an adjacent DNA constituent
before being intercepted by zOH scavengers. In contrast,

BHT-OOH itself participates in DNA damage. It has
previously been reported that BHT-OOH can be converted
into phenoxyl and alkoxyl radicals [31, 32]. It is considered
that this alkoxyl radical may be the ultimate reactive
species in guanine-specific DNA damage, because it has
been reported that similar site-specific cleavage can be

FIG. 7. Flow-cytometric fluorescence
distributions of cultured cells treated
with BHT metabolites. HL 60 cells
were treated with either BHT-OOH
or BHT-quinone for 4 hr at 37°, and 5
mM DCFH-DA was added to medium
followed by incubation for 30 min at
37°. The cells were analyzed with a
flow cytometer (FACScan). (A) Con-
trol cells treated with 0.05% ethanol.
(B) Cells treated with 10 mM BHT-
OOH. (C) Cells treated with 50 mM
BHT-quinone. The horizontal axis
shows the relative fluorescence inten-
sity, and the vertical axis shows the
cell number. Distributions of fluores-
cence intensity of control are shown in
lines B and C.
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induced by hydroperoxide of linoleic acid which may
produce the corresponding alkoxyl radical [33]. The site
specificity by BHT-OOH cannot be explained by zOH,
because it is generally considered that zOH causes DNA
cleavage at every nucleotide with no marked site specificity
when zOH is produced by a metal complex not bound to
DNA or by g-radiolysis of H2O [24, 25, 34, 35]. It is known
that the energy level of the highest occupied molecular
orbital of guanine is highest among the nucleic acid bases
and, accordingly, guanine is oxidized most easily [36]. The
predominant guanine alteration in BHT-OOH-induced
DNA damage can be explained by the fact that alkoxyl
radical has less oxidizing potential than zOH.

The pulsed field gel electrophoresis experiments showed
that treatment with BHT-OOH and BHT-quinone for 4 hr
produced strand breaks in DNA of cultured human cells.
Treatment with BHT metabolites for 17 hr caused not only
DNA cleavage but also DNA ladder formation. Zn(II), a
Ca(II)/Mg(II)-dependent endonuclease inhibitor, inhibited
BHT metabolite-mediated DNA ladder formation (Fig.
6B). However, formation of ca. 2-Mb DNA fragments was
not inhibited, but increased, by the addition of Zn(II).
These results suggest that BHT metabolites cause oxidative
DNA damage to cleave into ca. 2-Mb fragments, followed
by enzymatic cleavage to smaller DNA fragments. Rele-
vantly, Guyton et al. [37] reported that cell death induced
by BHT-OOH was characterized by alterations in the
mitochondrial and nuclear membranes.

On the basis of the above findings, possible mechanisms
for DNA damage induced by BHT metabolites have been
proposed as shown in Fig. 8. There are two pathways: one
is via BHT-OOH and the second is via BHT-quinone.
BHT-quinone generates H2O2 in the cell. The idea that
H2O2 formation occurs via the mechanism shown in Fig. 8
may be supported by flow cytometry analysis and UV-
visible spectroscopy. BHT-quinone is reduced by NADH to
its semiquinone, which reacts with O2 to produce O2

2 and
subsequently H2O2. Furthermore, formed NADz also reacts
with O2 to form NAD1 and O2

2 at an almost diffusion-
controlled rate [38]. Several other papers have also pointed
out the possibility that chemicals are nonenzymatically
reduced by NADH in vivo [39–41].

Flow cytometry analysis also supported the notion that
BHT-OOH can penetrate into cells. Consequently, H2O2

and BHT-OOH reach into DNA. Then, H2O2 and BHT-
OOH are activated by endogenous transition metal ions
such as Cu(I) or Fe(II) to cause damage to cellular DNA.
These active species cause damage to DNA and generate
fragments corresponding to ca. 2 Mb, subsequently leading
to smaller DNA fragments. Recently, it has been reported
that H2O2 participates in endonuclease activation leading
to apoptosis [42, 43].

The present work suggests that Cu(II) is an important
factor in DNA damage induced by metabolites of BHT.
Copper is naturally present in cell nuclei [44], and its role
in carcinogenicity and mutagenicity has recently drawn

FIG. 8. Possible mechanisms for DNA
damage and apoptosis induced by BHT
metabolites.
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much interest [45–48]. The binding of copper to DNA
and/or protein in chromatin is proposed to serve physiolog-
ical functions [46], whereas copper bound to DNA and/or
protein may provide an adventitious site for deleterious
redox reactions [45]. Certain carcinogens may induce active
oxygen species formation in the presence of endogenous
metal ions and subsequently cause oxidative DNA damage
[49]. Thus, the copper-mediated DNA damage by BHT
metabolites seems to be relevant to the expression of the
carcinogenicity of BHT.

The relationships between DNA damage, apoptosis, and
carcinogenesis have attracted considerable interest. Cells
that incur DNA damage and undergo apoptosis are no
longer candidates for producing cancer cells. Moreover, the
failure of cells to undergo apoptotic cell death might be
involved in the pathogenesis of a variety of human diseases,
including cancer [17, 18]. DNA damage induces the pro-
duction of the p53 protein, activation of proteases, and
subsequent activation of endonucleases to catalyze DNA
fragmentation at internucleosomal sites, leading to apopto-
sis [50]. We should also pay attention to errors in the repair
of DNA damage that might cause the high mutation rate
observed in many human cancers. The present study
suggests that BHT metabolites generate peroxides and
induce cellular DNA damage preceding apoptosis. This has
led us to propose three fates of the cells with DNA damage,
as shown in Fig. 8. Firstly, DNA damage is correctly
repaired. Secondly, when the DNA damage is repaired
incorrectly, the cells may undergo mutation, subsequently
leading to cancer. Thirdly, stronger DNA damage, which
fails to be repaired, may induce apoptotic cell death. The
fates of the cells might be dependent on the intensity of
DNA damage and the ability of DNA repair. Thus, it is
proposed that various external stimuli resulting in apoptosis
have genotoxic risk for cells.
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