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Abstract

Objectives The environmental pollutant 2-nitrotoluene
(2-NO,-T) is carcinogenic and reproductively toxic in
animals. In this study, we elucidated the mechanisms of its
carcinogenicity and reproductive toxicity.

Methods We examined DNA damage induced by 2-NO,-
T and its metabolite, 2-nitrosotoluene (2-NO-T), using
*2p_5"-end-labeled DNA. We measured 8-oxo-7, 8-dihy-
dro-2'-deoxyguanosine (8-0xodG), an indicator of oxida-
tive DNA damage, in calf thymus DNA and cellular DNA
in cultured human leukemia (HL-60) cells treated with
2-NO,-T and 2-NO-T. 8-Oxoguanine DNA glycosylase
(OGG1I) gene expression in HL-60 cells was measured by
real-time polymerase chain reaction (PCR). We examined
estrogenic activity using an E-screen assay and a surface
plasmon resonance (SPR) sensor.

Results In experiments with isolated DNA fragments,
2-NO-T induced oxidative DNA damage in the presence of
Cu (II) and f-nicotinamide adenine dinucleotide disodium
salt (reduced form) (NADH), while 2-NO,-T did not.
2-NO-T significantly increased levels of 8-0xodG in HL-60
cells. Real-time polymerase chain reaction (PCR) analysis
revealed upregulation of OGGI gene expression induced
by 2-NO-T. An E-screen assay using the human breast
cancer cell line MCF-7 revealed that 2-NO,-T induced
estrogen-dependent cell proliferation. In contrast, 2-NO-T
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decreased the cell number and suppressed 17 f-estradiol-
induced cell proliferation. The data obtained with the SPR
sensor using estrogen receptor o and the estrogen response
element supported the results of the E-screen assay.
Conclusions Oxidative DNA damage caused by 2-NO-T
and estrogen-disrupting effects caused by 2-NO,-T and
2-NO-T may play a role in the reproductive toxicity and
carcinogenicity of these entities.
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Introduction

2-Nitrotoluene (2-NO,-T) is used to synthesize agricultural
and rubber chemicals; azo dyes; and dyes for cotton, wool,
silk, leather, and paper [1]. Environmental surveys have
demonstrated the presence of 2-NO,-T in rivers and in
drinking water [1]. Thus, humans are exposed to 2-NO,-T
in the workplace and in the environment.

A comparative study of o-, m-, and p- (2-, 3-, and 4-)
nitrotoluene showed that all three chemicals caused tox-
icity in the kidney, spleen, liver, and/or reproductive sys-
tem in rats, and the toxicity was most severe with the ortho
isomer [2]. Testicular degeneration was observed in male
rats treated with 2-NO,-T, and was characterized by
decreased numbers of germinal epithelial cells and the
presence of syncytial giant cells (degenerative spermatids)
in seminiferous tubules. Epididymal sperm density and
testicular spermatid head counts were reduced, indicating
male reproductive toxicity [3]. Furthermore, a National
Toxicology Program (NTP) study demonstrated clear evi-
dence of the carcinogenic activity of 2-NO,-T. In both
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male and female rats, incidences of subcutaneous skin
neoplasms, hepatocellular adenoma or carcinoma, and
mammary gland fibroadenomas were increased [2]. Epi-
didymis mesothelioma was observed in rats treated with
2-NO,-T [4]. The tumorigenicity in reproductive organs,
such as the mammary gland fibroadenoma and epidermis
mesothelioma, and the male reproductive toxicity suggest
certain endocrine-disrupting effects. Some reports indicate
that 2-NO,-T may contribute to genetic lesions [2, 5, 6].
The carcinogenic and reproductively toxic mechanisms of
2-NO,-T are not fully established. Therefore, it is impor-
tant to clarify the mechanisms that contribute to the tox-
icity of 2-NO,-T.

To elucidate the mechanism of genotoxicity, we
examined DNA damage caused by 2-NO,-T and its
metabolite 2-nitrosotoluene (2-NO-T), using 32p_5'_end-
labeled DNA fragments obtained from the human p53
tumor suppressor gene. The amount of 8-oxo-7, 8-dihydro-
2'-deoxyguanosine (8-oxodG), an indicator of oxidative
DNA damage, was measured using an electrochemical
detector coupled to an HPLC system (HPLC-ECD). An
E-screen assay was performed to detect estrogenic
activity, using the human breast cancer cell line MCF-7.
Furthermore, we measured the binding of the 2-NO,-T-
liganded estrogen receptor (ER) to the estrogen response
element (ERE), using a surface plasmon resonance (SPR)
sensor in order to examine possible endocrine-disrupting
effects.

Materials and methods
Materials

The restriction enzymes EcoRI and Apal and proteinase K
were purchased from Roche Molecular Biochemicals
(Mannheim, Germany). The restriction enzyme HindIIl and
T, polynucleotide kinase were purchased from New Eng-
land Biolabs (Beverly, MA, USA). [y-32P] ATP (222 TBq/
mmol) was obtained from New England Nuclear (Boston,
MA, USA). Superoxide dismutase (SOD; 3000 units/mg
from bovine erythrocytes), catalase (45000 units/mg from
bovine liver), and 2-NO,-T were purchased from Sigma
Chemical (St. Louis, MO, USA). RNase A and bacterial
alkaline phosphatase were purchased from Sigma (Stein-
heim, Germany). f-Nicotinamide adenine dinucleotide
disodium salt (reduced form) (NADH) was purchased from
Kohjin (Tokyo, Japan). Diethylenetriamine-N, N, N', N”,
N"-pentaacetic acid (DTPA) and bathocuproinedisulfonic
acid were obtained from Dojin Chemicals (Kumamoto,
Japan). Formamidopyrimidine-DNA glycosylase (Fpg;
20000 units/mg from Escherichia coli) was obtained from
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Trevigen (Gaithersburg, MD, USA). Dimethyl sulfoxide
(DMSO) and nuclease P; were obtained from Wako
Chemical (Osaka, Japan). 2-NO-T was obtained from
Aldrich Chemical (Milwaukee, WI, USA). The lysis buffer
for extracting DNA was obtained from Applied Biosystems
(Foster City, CA, USA).

Preparation of *?P-5"-end-labeled DNA fragments

Exon-containing DNA fragments obtained from the
human p53 tumor suppressor gene [7] were prepared, as
described previously [8]. A 5'-end-labeled 650-bp fragment
(HindIlI*13972-EcoRI*14621) was obtained by dephos-
phorylation with calf intestine phosphatase and rephosph-
orylation with [y-**P] ATP and T, polynucleotide kinase
(*, ¥P-label). The 650-bp fragment was further digested with
Apal to obtain a singly labeled 443-bp fragment (Apal 14179—
EcoRI*14621) and a 211-bp fragment (HindIII*13972-Apal
14182).

Detection of DNA damage induced by 2-NO,-T
and its metabolite 2-NO-T in the presence of Cu (II)
and NADH

The standard reaction mixture (in a 1.5-ml Eppendorf
microtube) contained 2-NO,-T or 2-NO-T, Cu (II), NADH,
32p_5'_end-labeled DNA fragments, and calf thymus DNA
(20 pM per base) in 200 pl of 10 mM sodium phosphate
buffer (pH 7.8) containing 5 uM DTPA. After incubation
at 37°C for 1 h, the DNA fragments were heated at 90°C in
1 M piperidine for 20 min or treated with 10 units of Fpg
protein in 10 pl of reaction buffer (10 mM hydroxyethyl-
piperazine ethane sulfonic acid [HEPES]-KOH [pH 7.4],
100 mM KCI, 10 mM ethylenediaminetetraacetate
[EDTA], and 0.1 mg/ml bovine serum albumin [BSA]) at
37°C for 2 h as described previously [9]. The preferred
cleavage sites were determined by direct comparison of the
labeled, cleaved oligonucleotides with a standard 5'-end-
labeled Maxam-Gilbert sequencing reaction [10] (LKB
2010 Macrophor; LKB Pharmacia Biotechnology Inc.,
Uppsala, Sweden). The relative amounts of oligonucleo-
tides from the treated DNA fragments were measured with
a laser densitometer.

Analysis of 8-0xodG in calf thymus DNA

DNA fragments (100 pM per base) from calf thymus were
incubated with 2-NO-T, Cu (II), and NADH at 37°C for
1 h, and 0.1 mM DTPA was added to stop the reaction.
After ethanol precipitation, DNA was digested into
nucleosides with nuclease P; and calf intestine phospha-
tase, and then analyzed by HPLC-ECD [7].
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Measurement of 8-0xodG in DNA from cultured human
leukemia cells treated with 2-NO,-T and its metabolite
2-NO-T

Human leukemia HL-60 cells (1 x 10%ml) were treated
with 2-NO,-T or 2-NO-T at 37°C for 4 h in RPMI 1640
medium with 6% fetal bovine serum (FBS), and washed
three times with cold phosphate-buffered saline (PBS).
Under anaerobic conditions, DNA was extracted using
lysis buffer, RNase A, and proteinase K. After ethanol
precipitation, DNA was digested with nuclease P; and
bacterial alkaline phosphatase, and then analyzed by
HPLC-ECD [8].

Measurement of OGGI gene expression in cultured
human leukemia cells treated with 2-NO,-T
and its metabolite 2-NO-T

Total RNA was isolated using an RNAqueous-4PCR kit
(Ambion, Austin, TX, USA). The concentration and purity
of RNA were confirmed using a UV-spectrometer (UVPC-
1600; Shimadzu, Kyoto, Japan). The quality of RNA was
checked by electrophoresis on a 1% agarose gel. cDNA was
synthesized from total RNA using a High Capacity RNA-to-
cDNA kit (Applied Biosystems, Foster City, CA, USA).
Reverse transcription PCR was performed at 37°C for
60 min, and the reaction mixture was heated to 95°C for
5 min and held at 4°C. Gene expression was quantified by
real-time PCR, using the ABI StepOne PCR system (Applied
Biosystems) and TagMan Gene Expression Assays (Applied
Biosystems) as the primer and probe (glyceraldehyde-3-
phosphate-dehydrogenase [GAPDH], Hs99999905_ml,
OGG1, Hs00249902_m1) and TagMan Gene Expression
Master Mix (Applied Biosystems). OGG1 and GAPDH
levels were determined from relative standard curves, which
applied threshold cycle (Ct) values, and OGG1 was nor-
malized to an endogenous reference (GAPDH).

Bioassay for measuring estrogenic activity (E-screen
assay)

The E-screen assay was performed using a modified ver-
sion [11] of the method established by Soto et al. [12].
Briefly, MCF-7 cells were trypsinized and plated into
12-well plates, at an initial concentration of 3 x 10* cells
per well, with seeding medium (DMEM supplemented with
5% FBS and 100 ng/ml kanamycin). After the cells were
allowed to attach for 24 h, the seeding medium was
replaced with experimental medium (phenol red-free
DMEM, supplemented with 5% FBS-charcoal dextran,
100 ng/ml kanamycin, and 4 mM L-glutamine), and then a
test chemical was added. 2-NO,-T, 2-NO-T, and 17f-
estradiol (E2) as a positive control were dissolved in

DMSO before being tested. The final concentration of
solvent in the culture medium did not exceed 0.1%, as this
concentration did not affect cell yields [11]. The control
also contained 0.1% DMSO. Cells were incubated for
6 days after treatment with the test compounds, and were
then trypsinized and harvested. Harvested cells were
counted using a Coulter counter (Beckman Coulter, Ful-
lerton, CA, USA).

Analysis of ER-ERE binding

The BIAcore-biosensor system (Biacore X; Pharmacia
Biosensor, Uppsala, Sweden) permits the monitoring of
macromolecular interaction in real time using an SPR
sensor [13]. A single-stranded biotinylated oligonucleotide
(35 mer, HPLC grade) with the sequence of the human pS2
ERE [14] and the compensatory unbiotinylated oligonu-
cleotide (35 mer, HPLC grade) were obtained from
Invitrogen (Carlsbad, CA, USA). The biotinylated oligo-
nucleotide’s sequence is 5-XGTCCAAAGTCAGGT
CACGGTGGCCTGATCAAAGTT-3' (X indicates biotin-
labeled). The running buffer used for immobilization and
the binding assay included 25 mM Tricine, 160 mM KClI,
5 mM MgCl,, and 0.05% Tween 20 (pH 7.8). The biotin-
ylation of the oligonucleotide was performed for immobi-
lization to the streptavidin-treated sensor chip. The
compensatory oligonucleotide was annealed to the immo-
bilized ERE. Human estrogen receptor o (ERa 20 nM),
obtained from Invitrogen, was liganded with 100 nM E2 or
10 uM 2-NO,-T and its metabolite 2-NO-T by incubation
at 37°C for 5 min. Then, the liganded ER was injected over
surfaces coated with double-stranded ERE via a sample
loop. Each binding cycle was performed with a constant
flow of buffer of 20 pl/min at 25°C, as described
previously [11]. The activity of the liganded ER to
bind ERE was expressed as a percentage, with the response
with 100 nM E2 taken as 100% and that without the
chemical (DMSO 0.1%) as 0%. All samples contained
0.1% DMSO.

Results

Damage to *?P-labeled DNA fragments induced
by 2-NO,-T and its metabolite 2-NO-T in the presence
of Cu (II) and NADH

Figure 1la shows an autoradiogram of DNA fragments
treated with 2-NO,-T and its metabolite. Oligonucleotides
were detected on the autoradiogram following DNA
cleavage. 2-NO,-T did not cause DNA damage even in the
presence of Cu (II) and NADH under the condition used.
2-NO-T did not cause DNA damage in the presence of Cu
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Fig. 1 Autoradiogram of **P-labeled DNA fragments incubated with
2-nitrotoluene (2-NO,-T) and its metabolite -2-nitrosotoluene (2-NO-
7) in the presence of Cu (II) and fS-nicotinamide adenine dinucleotide
disodium salt (reduced form) (NADH). a The reaction mixture
contained the 3?P-5'-end-labeled 443-bp DNA fragment, 20 pM/base
thymus DNA, the indicated concentrations of 2-NO,-T or 2-NO-T,
20 pM CuCl,, and 100 pM NADH in 10 mM sodium phosphate
buffer (pH 7.8) containing 5 pM diethylenetriamine-N, N, N', N’, N”-
pentaacetic acid (DTPA). b The reaction mixture contained the 32p.
5'-end-labeled 443-bp DNA fragment, 20 pM/base thymus DNA,
0.5 pM 2-NO-T, 20 pM CuCl,, 100 pM NADH, and a scavenger in
10 mM sodium phosphate buffer (pH 7.8) containing 5 pM DTPA.
The scavenger or bathocuproine was added as follows: 5% ethanol,
0.1 M sodium formate, 0.1 M mannitol, 30 units/ml superoxide
dismutase (SOD), 30 units/ml catalase, and 50 M bathocuproine.
The mixtures were incubated at 37°C for 1 h, and 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 exposing an X-ray film to the gel

(II). 2-NO-T induced DNA damage in the presence of both

Cu (II) and NADH. The intensity of damage increased with
successive concentrations of 2-NO-T.
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Effects of scavengers and bathocuproine on DNA
damage induced by 2-NO-T

Figure 1b shows the effects of scavengers and bathocupr-
oine, a Cu (I)-specific chelator, on DNA damage induced
by 2-NO-T in the presence of Cu (II) and NADH. Hydroxyl
radical (OH) scavengers, such as ethanol, sodium formate,
and mannitol, did not have an inhibitory effect. SOD
reduced the amount of DNA damage. Catalase and
bathocuproine inhibited the DNA damage, suggesting the
involvement of hydrogen peroxide (H,O,) and Cu (I).
These results suggest that the main reactive species is not
-OH but Cu (I) OOH.

Site specificity of DNA cleavage by 2-NO-T

To examine site specificity, an autoradiogram was obtained
and scanned with a laser densitometer to measure the rel-
ative intensity of DNA cleavage in the human p53 tumor
suppressor gene. 2-NO-T/Cu (II)/NADH generated piperi-
dine-labile sites predominantly at thymine and cytosine
residues (Fig. 2a), and Fpg-sensitive sites at guanine and
cytosine residues (Fig. 2b) of the p53 gene.

Formation of 8-0xodG in calf thymus DNA induced
by 2-NO-T in the presence of Cu (II) and NADH

We examined the Cu (II)-mediated formation of 8-oxodG
in calf thymus DNA treated with 2-NO-T in the presence
and absence of NADH, using HPLC-ECD (Fig. 3). 2-NO-T
did not cause oxidative DNA damage in the presence of Cu
(IT), but the addition of NADH significantly increased the
amount of 8-0xodG. These results, as well as the above-
mentioned results, suggest that 2-NO-T requires both
NADH and Cu (II) to induce DNA damage, in a cell-free
system.

Formation of 8-0xodG and OGGI gene expression
in human cultured cells treated with 2-NO,-T
and its metabolite 2-NO-T

Figure 4 shows 8-oxodG levels and OGGI expression in
HL-60 cells. 2-NO-T significantly increased the amount of
8-0x0dG, whereas there was no significant increase in
8-0x0dG in the cells treated with 2-NO,-T (Fig. 4a). The
amount of 8-oxodG increased with successive concentra-
tions of 2-NO-T (Fig. 4b). 2-NO-T significantly increased
OGGI mRNA levels compared with the control, but
2-NO,-T did not (Fig. 4c). OGG1 is a DNA repair enzyme
that incises DNA at 8-oxo-guanine residues. These results
suggest that 2-NO-T induced oxidative damage to cellular
DNA.
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Fig. 2 Site specificity of DNA damage induced by 2-NO-T in the
presence of Cu (II) and NADH. The reaction mixture contained the
2p_5'-end labeled 211-bp (HindIIl*13972-Apal 14182) DNA frag-
ment, 20 uM/base calf thymus DNA, 0.2 pM or 0.5 pM 2-NO-T,
20 uM CuCl,, and 100 pM NADH in 10 mM sodium phosphate
buffer (pH 7.8) containing 5 uM DTPA. After incubation for 1 h at
37°C, the DNA fragments were treated with piperidine (a) or
formamidopyrimidine-DNA glycosylase (Fpg) protein (b) and elec-
trophoresed by the method described in “Materials and methods”.
The relative amounts of DNA fragments were measured by scanning
the autoradiogram with a laser densitometer

Cell proliferative activity of 2-NO,-T and 2-NO-T
in estrogen-sensitive MCF-7 cells

The effects of 2-NO,-T and 2-NO-T on cell proliferation
were measured with an E-screen assay (Fig. 5a). 2-NO,-T
induced proliferation in MCF-7 cells, indicating an estro-
genic effect. On the other hand, 2-NO-T decreased the cell
numbers of MCF-7 cells. E2, as a positive control, signif-
icantly induced cell proliferation compared with the neg-
ative control (DMSO 0.1%), and the addition of 2-NO-T
significantly suppressed cell proliferation compared with
the effect of E2 alone. The suppression of the E2-induced
cell proliferation by 2-NO-T was similar to that shown by
the E2 antagonist 4-hydroxytamoxifen (data not shown),
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Fig. 3 Formation of 8-oxo-7, 8-dihydro-2’-deoxyguanosine (8-ox-
0dG) in calf thymus DNA treated with 2-NO-T in the presence of Cu
(I) and NADH. The reaction mixture contained 100 pM/base calf
thymus DNA, the indicated concentrations of 2-NO-T, 20 uM CuCl,,
and no or 100 pM NADH in 4 mM sodium phosphate buffer (pH 7.8)
containing 5 uM DTPA. After incubation at 37°C for 1 h, DNA was
precipitated in ethanol and enzymatically digested into nucleosides.
Then, the amounts of 8-0xodG were measured by an electrochemical
detector coupled to an HPLC system (HPLC-ECD). Results are
expressed as the means and SEM for four independent experiments.
*Significant difference compared with the control by Student’s ¢ test
with Bonferroni correction (the level of significance was less than
0.05)

suggesting an anti-estrogenic effect of 2-NO-T. 2-NO,-T
induced cell proliferation and 2-NO-T suppressed it in a
dose-dependent manner (Fig. 5b).

Binding of liganded ERo to ERE

The binding activity of liganded ERx and ERE was mea-
sured by SPR sensor (Fig. 5c). The reactivity of the
E2-liganded ER to ERE was detected as the peak height of
the sensorgram, expressed as 100%, and the reactivity
without the chemical (DMSO 0.1%) was expressed as 0%.
2-NO,-T-liganded ER« had about 30% E2-binding activity.
On the contrary, 2-NO-T decreased the binding to ERE, of
which the sensorgram was below the negative control
(DMSO 0.1%) level. This was a similar pattern to that shown
by 4-hydroxytamoxifen (data not shown), suggesting that
2-NO-T has anti-estrogenic activity.

Discussion
The present study has shown that 2-NO-T can cause oxi-
dative DNA damage, including the formation of 8-oxodG,

in the presence of Cu (II) and NADH. Possible mechanisms
of oxidative DNA damage caused by 2-NO-T are shown in
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Fig. 4 Intracellular 8-oxodG formation and 8-oxoguanine DNA
glycosylase (OGGI) gene expression induced by 2-NO,-T and its
metabolite 2-NO-T in HL-60 cells. HL-60 cells were treated with
50 uM 2-NO,-T and 2-NO-T (a, ¢) or the indicated concentrations of
2-NO-T (b) in the experimental medium at 37°C for 4 h. a, b DNA
was extracted and treated as described in “Materials and methods”.
Amounts of 8-oxodG were determined by HPLC-ECD. ¢ RNA was
extracted and reverse-transcribed to cDNA. OGGI gene expression
was determined by real-time polymerase chain reaction (PCR) as
described in “Materials and methods”. Results are expressed as the
means = SEM for four independent experiments. *Significant dif-
ference compared with the control by Student’s ¢ test with Bonferroni
correction (the level of significance was less than 0.05). GAPDH
glyceraldehyde-3-phosphate-dehydrogenase
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Fig. 5 Estrogenic activities of 2-NO,-T and 2-NO-T. a An E-screen
assay was performed as described in “Materials and methods”. MCF-
7 cells were incubated with 10 pM 2-NO,-T, 100 pM 17 -estradiol
(E2), and 10 uM 2-NO-T + 100 pM E2 at 37°C for 6 days. b MCF-7
cells were incubated with the indicated concentrations of 2-NO,-T
and 2-NO-T at 37°C for 6 days. Then the cells were trypsinized,
harvested, and counted. Results are expressed as the means + SEM
for four independent experiments. *Significant difference compared
with the control by Student’s ¢ test with Bonferroni correction (the
level of significance was less than 0.05). *Significant difference
between E2 and 2-NO-T + E2 by Student’s ¢ test. ¢ Estrogen receptor
o and estrogen response element (ER-ERE) binding was assessed by
surface plasmon resonance (SPR). Human ERo (20 nM) was liganded
with 100 nM E2, 10 uM 2-NO,-T, or 2-NO-T by incubation at 37°C
for 5 min. Then, the liganded ER was introduced by a 40 pl-injection
over a sensor chip immobilized with double-stranded human pS2
ERE. The binding of liganded ER to ERE was expressed as a
percentage; that is, with the response to 100 nM E2 taken as 100%
and that to no ligand (DMSO, 0.1%) as 0%. Results are expressed as
the means for two independent experiments
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Fig. 6a. The nitroso metabolite of 2-NO,-T, 2-NO-T, can
be reduced to hydronitroxide radicals by an endogenous
reductant, NADH. When the radicals autoxidize to 2-NO-
T, the generation of O;  would then occur from molecular
oxygen. Thereafter, O; is dismutated to generate H,O,
together with the reduction of Cu (II) to Cu (I). The
inhibitory effects of catalase and bathocuproine on the
DNA damage induced by the metabolite suggest that H,O,
and Cu (I) are involved. NADH reduces the nitroso form to
hydronitroxide radicals, and the radicals autoxidize again
to the nitroso form, resulting in the generation of reactive
oxygen species and DNA damage through the redox cycle.
NADH itself is oxidized to NAD-, and then NAD™ with the
formation of O . Several studies indicate that NADH may
react nonenzymatically with some xenobiotics and mediate
their reduction [15, 16]. The cycling of redox reactions
would cause DNA damage with the excessive generation of
reactive oxygen species at low concentrations of 2-NO-T.

The E-screen assay in the present study revealed that
2-NO,-T induced cell proliferation in estrogen-dependent
MCF-7 cells. The data obtained with the SPR sensor
showed that 2-NO,-T-liganded ERa had little ability to
bind ERE. These data indicate that 2-NO,-T has estrogenic
activity. On the other hand, 2-NO-T decreased cell prolif-
eration, and suppressed E2-induced cell proliferation.

2-NO-T-liganded ER had lower reactivity to ERE com-
pared with the control (DMSO 0.1%). These results shown
by 2-NO-T were similar to those shown by the E2 antag-
onist, 4-hydroxytamoxifen. Several studies have suggested
that the three-dimensional folding of the hormone-binding
domain induced by ligand exhibits a difference in the ionic
charge at the surface of the ligand-receptor complexes [17].
The estrogen antagonist such as 4-hydroxytamoxifen
induced conformational modifications of the estrogen
receptor that do not preclude binding to the ERE but fail to
promote events needed for gene transcription [18]. In the
present study, 2-NO-T exhibited an SPR sensorgram sim-
ilar to that of 4-hydroxytamoxifen, and the results of SPR
may indicate a change in the ionic charge at the surface of
the estrogen receptor (ER) induced by the binding of
2-NO-T, which contributes to the alteration in binding ability
to ERE. The method we used here is one of the established
methods employed to determine the sequence-dependent
receptors’ binding capacity by monitoring the binding of
ER to ERE sequences immobilized on a sensor surface [19,
20]. In the assessment by SPR, 2-NO-T decreased the
binding activity dramatically (Fig. 5b). However, in the
E-screen assay, only moderate inhibition was observed
(Fig. 5a). SPR detects simply the reactivity of liganded ER
to ERE. Because cells have additional determinants of
receptor function, including cofactors, there may be some
discrepancies between the two assay systems. However,
SPR is a useful method with which to detect specific pro-
tein—-DNA interactions, which play an initial role in tran-
scription and further biological processes. Experiments
with the E-screen assay and SPR sensor indicate that
2-NO,-T and its metabolite may have endocrine-disrupting
effects.

It is known that estrogen inhibits the production of
testosterone in Leydig cells [21], disturbing spermatogen-
esis. The reproductive toxicity of 2-NO,-T in males may be
related to alterations in endocrine status. Alternatively,
2-NO,-T may have direct effects on the reproductive organs.
Several reproductive toxicants have DNA-damaging
effects in male germ cells [22]. In addition, the male
reproductive organs are highly susceptible to oxidative
damage [23]. That is, oxidative DNA damage caused by
2-NO-T may contribute to male reproductive toxicity, such
as a decreased sperm count. On the other hand, cancers in
reproductive organs such as the testes and mammary
glands are assumed to develop as follows. According to the
hypothesis of estrogen-induced carcinogenesis [24, 25],
metabolites of estrogen play a role in tumor initiation
through DNA damage, whereas estrogen itself induces
tumor promotion and/or progression by enhancing cell
proliferation. Several studies indicate that materials with
endocrine-disrupting effects contribute to breast or testic-
ular cancer and a reduction in sperm counts [26-28].
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Although the mechanisms are not completely understood,
the binding of ERE and ER liganded with some interaction
of 2-NO,-T or 2-NO-T may be responsible for such
endocrine-disrupting effects. A possible mechanism of
endocrine disruption induced by 2-NO,-T and 2-NO-T is
shown in Fig. 6b. The present results and previous findings
may be interpreted as indicating that oxidative DNA
damage caused by 2-NO-T, and endocrine disruption
caused by 2-NO,-T and 2-NO-T, play a role in carcino-
genicity and reproductive toxicity; for example, in mam-
mary gland fibroadenoma, epididymis mesothelioma, and
testicular degeneration.
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