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Toluene is widely used as an organic solvent in various
industries and commercial products. Recent investigations
have shown that toluene may induce male reproductive
dysfunctions and carcinogenicity. To clarify whether the
toxicity results from the interference of endocrine systems
or direct damage to reproductive organs, we examined the
effects of toluene on the male reproductive system in rats,
comparing to those of diethylstilbestrol (DES), a potent
synthetic estrogen. Toluene (50, 500mg/kg) or DES
(2mg/kg) injected subcutaneously to male Sprague-
Dawley rats once a day for 10 days decreased the
epididymal sperm counts and the serum concentrations
of testosterone. The mRNA level for gonadotropin-
releasing hormone receptor in the pituitary was decreased
by DES, but not by toluene. On the contrary, 8-oxo-
7,8-dihydro-2'-deoxyguanosine (8-oxodG) formation in
testes, the biological marker for oxidative DNA damage,
was increased by toluene but not by DES. These results
suggest that toluene induces reproductive toxicity via
direct oxidative damage of spermatozoa, whereas DES
affects endocrine systems via the hypothalamo-pituitary-
gonadal axis. Morphological findings supported the idea.
To determine the mechanism of 8-oxodG formation in vivo,
we examined DNA damage induced by toluene metabolic
products in wvitro. Minor toluene metabolites, methyl-
hydroquinone and methylcatechols, induced oxidative
DNA damage, and the methylcatechols induced NADH-
mediated 8-oxodG formation more efficiently than
methylhydroquinone did. We propose that oxidative
DNA damage in the testis plays a role in reproductive
toxicity induced by toluene.
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INTRODUCTION

Toluene is widely used as an organic solvent in
various industries and commercial products.!
Toluene may have a severe toxicity on male repro-
ductive organs including epididymal sperm dys-
functions.!" = Workers who inhaled toluene-based
solvents showed elevated counts of abnormal
spermatozoa.l*”! A long-term experimental carcino-
genicity study has shown that toluene is carcinogenic
to rats® although the International Agency for
Research on Cancer (IARC)"”! has assessed that
toluene is not classifiable as to its carcinogenicity to
humans (group 3). Little is known about the
molecular mechanism by which toluene elicits its
toxic effects on these male reproductive organs and
carcinogenicity.

Diethylstilbestrol (DES) is known as a potent
synthetic estrogen, and the inhibitory effects on
male reproductive organs by DES can be explained
by the same mechanism due to estrogen.!®?! Estrogen
inhibits the testosterone production in Leydig cells in
adult rats testes,!'”) resulting in dysfunction of
spermatogenesis. This inhibition is associated with
down regulation of a cytochrome P450 17a-hydro-
xylase/C17-20-lyase (CYP17) gene expression.!"!?!
Gonadotropin-releasing hormone (GnRH) plays a
pivotal role in hypothalamo-pituitary-gonadal axis
to control the mammalian reproduction.”® DES
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affects spermatogenesis via hypothalamo-pituitary-
gonadal axis.' It is reasonable to use DES as the
agent which can inhibit male reproductive system
via hypothalamo-pituitary-gonadal axis by obser-
ving gene expression of GnRH and its receptor in
addition to CYP17.

Toluene inhalation altered the hormonal status of
the anterior pituitary gland in rodents.!">'®! A recent
study has also shown that acute exposure to toluene
affects the secretion of gonadotropins in
workers.['718] These reports suggest that one
possible way for the reproductive toxicity of toluene
may be related to alterations in the endocrine status.
Another possible mechanism of the reproductive
toxicity of toluene may involve its direct effects on
the reproductive organs. Several reproductive toxi-
cants have DNA damaging effects on germ epi-
thelium of the testis."”! Our previous study™®! has
indicated that minor metabolites of toluene have the
ability of oxidative damage to DNA isolated from the
human gene, and proposed that toluene may exhibit
carcinogenicity and reproductive toxicity via oxi-
dative DNA damage.

To clarify whether the toxicity results from the
interference of endocrine systems or direct damage
to reproductive organs, we examined the effects of
toluene on the male reproductive system in rats,
comparing to those of DES. Furthermore, in order to
investigate the mechanism of toluene-induced DNA
damage in vivo, we measured 8-oxodG formation
induced by toluene metabolites in calf thymus DNA
in in vitro system.

MATERIALS AND METHODS

Animals

Seven-weeks-old male Sprague—Dawley rats were
purchased from CLEA Japan (Tokyo, Japan). Rats
were fed laboratory chow (CE-2, CLEA Japan) and
tap water ad libitum, and housed with controlled
photoperiod (12-h light/12-h dark) and temperature
(23 = 1°C). All procedures for animal experiments
were approved by the Experimental Animal Care
Committee of Mie University School of Medicine.

Toluene and DES Treatments

Following one week of acclimatization period, rats
were divided into four groups: control, low-dose
(50mg/kg body weight) and high-dose toluene
(500mg/kg body weight) treatment, and diethyl-
stilbestrol (DES, 2mg/kg body weight) treatment.
Toluene or DES in olive oil was injected to rats
subcutaneously once a day for 10 days. Control
animals were injected with the same amount of olive
oil. The rats were killed by decapitation after 24 h of

the final injection, and the heart, liver, adrenal, testis,
epididymis and prostate gland were removed
quickly and weighed. All these organs were frozen
in liquid nitrogen and stored until use at —80°C,
except for right epididymis which was used for
counting of spermatozoa. Blood was collected to
obtain serum and testosterone was assayed by EIA
kit (ICN Pharmaceuticals, Orangeburg, NY). Brains
were removed and put onto an ice-cooled glass plate,
where hypothalamus and pituitary were dissected
according to the method described by Glowinski and
Iversen.*!]

Epididymal Sperm Counts

The spermatozoa were determined by the method of
Kawashima et al.*?! The right cauda epididymis was
minced in 5ml of phosphate buffer (pH 7.2) at 38°C,
and the spermatozoa were counted in a
hemocytometer.

RT-PCR and Southern Hybridization

Total cellular RNA was isolated from hypothalamus,
pituitary and testis using a TRIZOL reagent (Life
Technologies, Inc., Grand Island, NY). Reverse
transcription-polymerase chain reaction (RT-PCR)
were performed by the procedure described pre-
viously.”?! The mRNA level for ribosomal protein
subunit L19 was measured in each tissue as an
internal control. The primers used were: 5-CACTA-
TGGTCACCAGCGGG-3 and 5-AGAGCTCCTCG-
CACATCCCTAAGA-3' for GnRH cDNA, 5-GAAG-
CCCGTCCTTGGAGAAAT-3' and 5-GCGATCCAG-
GCTAATCACCACCAT-3 for GnRH receptor cDNA,
5-CAGGAAAAGTATGGTCCCATCT-3' and 5'-CCT-
CCAAGCCTTTGTTGGGAAA-3' for CYP17 cDNA,
and 5-GAAATCGCCAATGCCAACTC-3' and 5'-
TCTTAGACCTGCGAGCCTCA-3' for L19 cDNA.
The reactions were carried out in a DNA thermal
cycler under the following conditions: denaturation
at 94°C for 1 min except that the initial denaturation
was for 3min, annealing at 55°C for 1min, and
extension at 72°C for 2min. PCRs were repeated
23 cycles for GnRH, 18 cycles for GnRH receptor,
24 cycles for CYP17, and 14 or 16 cycles for L19. The
PCR cycles were confirmed to be within a linear
range of quantitative amplification for each RNA.
After PCR, the reaction mixtures were electropho-
resed on 1.5% agarose gels and blotted onto nylon
membranes (Schleicher & Schuell, Inc., Keene, NH).
Blotted membranes were hybridized with speci-
fic oligonucleotide probes which were labeled with
[y-**P]ATP (ICN Biomedicals Ins., Costa Mesa, CA)
using T4 polynucleotide kinase (Amersham Pharma-
cia Biotech, Tokyo, Japan). The radioactivities in
the bands corresponding to each mRNA
were determined by a laser image analyzer
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(Fujix BAS1000; Fuji Film, Tokyo, Japan) and were
expressed as arbitrary units.

Measurement of 8-oxodG Content in Testis

The testes were minced and gently homogenized in a
Dounce homogenizer by 5 strokes in ice-cold
phosphate-buffered saline (PBS). The cell suspen-
sions were filtered through a layer of nylon mesh
(80 wm) and centrifuged at 1000g for 10min. The
pellets were washed twice with PBS. Under
anaerobic conditions, DNA was extracted by using
RNase A (Sigma Chemical Co., St. Louis, MO) and
proteinase K (Boehringer Mannheim, Mannheim,
Germany) in a lysis buffer for DNA extraction
(Applied Biosystems, Foster City, CA) at 60°C for 1 h.
The DNA was enzymatically digested by nuclease P,
(Yamasa Shoyu Co., Chiba, Japan) and bacterial
alkaline phosphatase (Sigma Chemical Co.) to the
nucleosides, and analyzed on a HPLC equipped with
an electrochemical detector (ECD) as described
previously.?*!

Morphological Assessment

The testes were dissected out and immersed in
fixative solution (2% paraformaldehyde, 2% glutar-
aldehyde in 0.1 M phosphate buffer, pH 7.3). Then
the testis was cut into small pieces and kept in the
same fixative solution for 2h at room temperature.
Subsequently, the tissues were post-fixed with 2%
OsO; in 0.1M phosphate buffer (pH 7.3). After
alcohol dehydration, the tissues were embedded in
Epon 812 (TABB, Berkshire, UK). Semithin sections
of 1 pm in thickness were cut on an ultramicrotome
MT-5000 (Dupont Sorvall, Newtown, CT) and
stained with toluidine blue. The sections were
examined with light microscopy.

Analysis of 8-0xodG Formation by Toluene
Metabolites in Calf Thymus DNA

DNA fragments from calf thymus were incubated
with several toluene metabolites [methylhydroqui-
none (MHQ, Nacalai Tesque, Inc., Kyoto, Japan) and

methylcatechols (MCs; 3-MC and 4-MC, Tokyo Kasei
Co., Tokyo, Japan)], CuCl, and NADH for indicated
duration at 37°C. After ethanol precipitation, DNA
was enzymatically digested to the nucleosides with
nuclease P; and calf intestine phosphatase and
analyzed by a HPLC-ECD, as described pre-
Viously.[24]

Statistical Analysis

Data are expressed as means = SD. Statistical
comparison between means was calculated with
one way analysis of variance and Student’s t-test.
When the variances were not homogeneous, Mann—
Whitney U-test was used. Differences were con-
sidered significant with P < 0.05.

RESULTS

Body and Organ Weights

The effects of toluene and DES treatments on body
and organ weights were summarized in Table L
Injections of DES decreased the weights of body and
organ except for the liver. The effect of DES was most
markedly observed in epididymis and prostate
weights. Low-dose toluene treatment had little effect
on the body and tissue weights, but high-dose
toluene treatment significantly decreased the body,
heart and prostate weights.

Effects of Toluene and DES on Sperm Counts and
Serum Testosterone Levels

The number of sperm was significantly lowered in
high-dose toluene and DES groups than the control
group (Fig. 1A). The serum concentrations of
testosterone were significantly lowered in the high-
dose toluene and DES groups than those in the
control group (Fig. 1B). Low-dose toluene tended to
reduce the sperm count (P = 0.0814) but had no
significant differences.

TABLEI Effects of toluene and DES treatments on body and organ weights

Control Toluene 50 mg/kg BW Toluene 500 mg/kg BW DES 2mg/kg BW

Body weight (g) 358 + 8 356 = 13 335 + 10* 275 = 10*
Heart (g) 0.94 = 0.04 0.87 = 0.02* 0.87 = 0.03* 0.75 + 0.03*
Liver (g) 142 £ 09 13.7 £ 1.0 133+ 12 145 + 1.2
Adrenal (mg) 49 =8 538 57 £13 85 + 15*
Testis (g) 1.57 £ 0.02 1.62 + 0.06 1.55 £ 0.12 1.33 + 0.05*
Epididymis (g) 0.149 = 0.030 0.154 = 0.027 0.130 = 0.033 0.075 = 0.009*
Prostate gland (g) 0.265 = 0.040 0.275 = 0.026 0.203 * 0.069* 0.071 = 0.009*

Values are means = SD for four rats. *P < 0.05 vs. control.
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FIGURE 1 Effects of toluene and DES treatments on epididymal sperm counts (A) and concentrations of serum testosterone (B). Low-
dose (50 mg/kg body weight) toluene-injected group, High-dose (500 mg/kg body weight) toluene-injected group. Values are means + SD

for four rats. * P < 0.05 vs. control.

Effects of Toluene and DES on mRNA Expressions
for GnRH, GnRH Receptor and CYP17

The mRNA levels for GnRH in hypothalamus
tended to lowered in DES group (P = 0.0591),
although no significant difference was observed
(Fig. 2A). To the contrary, administration of DES
significantly decreased the mRNA level for GnRH
receptor in the pituitary (Fig. 2B). Toluene treatment,
however, did not affect the mRNA level for pituitary
GnRH receptor (Fig. 2B). The mRNA levels in the
testis for CYP17, a key enzyme for testosterone
synthesis, was significantly decreased in DES groups
(Fig. 2C). Toluene treatment tended to reduce the
testis CYP17 mRNA (P = 0.0814, 0.1124) but had no
significant differences. There was no significant
difference in the levels of L19 mRNA, an internal
control, among the groups in all tissues tested (data
not shown).

Formation of 8-0xodG in Testicular DNA by
Toluene

To confirm direct damage to male reproductive
organ, the contents of 8-oxodG in DNA extracted
from testes were measured. The amount of 8-oxodG
was significantly higher in the high-dose toluene
group than in the control group (Fig. 3). On the other
hand, DES did not increase the amount of 8-oxodG
(Fig. 3).

Morphological Findings

The testis in the control group showed regular
arrangement of seminiferous epithelium and no
degenerating cells in the contortous seminiferous
tubules. It was clear that Leydig cells crowded in the
interstitial tissue (Fig. 4A). In the high-dose toluene
group, moderately degenerating spermatogonia

A Hypothalamus GnRH mRNA B Pituitary GnRH receptor mMRNA C Testis CYP17 mRNA
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FIGURE 2 Effects of toluene and DES treatments on the GnRH, GnRH receptor and CYP17 mRNA expressions in various tissues. (A)
GnRH mRNA in hypothalamus, (B) GnRH receptor mRNA in pituitary, (C) CYP17 mRNA in testis. Low-dose (50 mg/kg body weight)
toluene-injected group, High-dose (500 mg/kg body weight) toluene-injected group. Values are means = SD for four rats. * P < 0.05

vs. control.
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FIGURE 3 Effects of toluene and DES treatments on the
formation of 8-oxodG in the testis. High-dose (500 mg/kg body
weight) toluene-injected group. Values are means * SD for five to
six rats. * P < 0.05 vs. control.
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were observed in the testis. Moderate numbers of
spermatogonia, located in the basement of semini-
ferous epithelium, showed cytoplasmic vacuoliza-
tion. On the contrary, the Leydig cells were
preserved almost well in the interstitial tissues, but
Leydig cells showed a little atrophic appearance
(Fig. 4B). In the DES group, it was prominent that
severe degenerating spermatogonia were observed
in the testis. Many spermatogonia showed severe
cytoplasmic vacuolization and some of them were
fell away. Markedly decreased numbers of Leydig
cells were scattered in the interstitial tissue of testes
in them. It was also prominent that remained Leydig
cells were atrophic (Fig. 4C).

Formation of 8-oxodG in Calf Thymus DNA by
Toluene Metabolites

We measured 8-oxodG contents in calf thymus DNA
treated with toluene metabolites, MHQ and MCs
(3-MC and 4-MC) in the presence and absence of
Cu(Il) and NADH (Fig. 5). The metabolites signifi-
cantly induced Cu(ll)-dependent 8-oxodG for-
mation, and the potency was similar. However,
MCs-induced 8-oxodG formation was much higher
than that of MHQ in the presence of NADH. These
metabolites did not induce the increase of 8-oxodG
formation in the absence of Cu(Il).

DISCUSSION

The present study have revealed that the mechanism
of toluene-induced male reproductive toxicity is

FIGURE 4 Effects of toluene and DES treatment on the
morphological findings in the testis. Testis in the control group
(A). Testis in the high-dose toluene-injected group (B). Testis in the
DES-injected group (C). A, B and C are same magnification. Scale
bar =100 um. Arrows indicate Leydig cells in the interstitial
tissue. Arrow heads indicate spermatogonia with cytoplasmic
vacuolization located in the basement of seminiferous epithelium.

different from that of DES. The most remarkable
finding of this study is that the toluene treatment
increased 8-oxodG formation in the testis, while the
DES treatment did not. On the other hand, DES
decreased the gene expression of GnRH receptor in
the pituitary but toluene did not. These results imply
toluene-induced reproductive toxicity is attributed
to direct damage of testis while DES affects
endocrine systems via the hypothalamo-pituitary-
gonadal axis. The idea was supported by morpho-
logical findings. That is, toluene mainly damaged
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FIGURE5 Formation of 8-oxodG in calf thymus DNA by toluene
metabolites (MHQ, 3-MC and 4-MC) in the presence and absence
of NADH and Cu(ll). Calf thymus DNA fragments (100 uM per
base) were incubated with 5 M metabolite, 200 pM NADH and
20 pM CuCl, for 60 min at 37°C. After ethanol precipitation, DNA
was enzymatically digested to the nucleosides and analyzed by
HPLC-ECD. Values are means = SD of three to four independent
experiments. * P < 0.05 vs. control (no metal conditions).

spermatogonia while DES strongly damaged both
Leydig cells and spermatogonia. Low serum level of
testosterone was also observed in toluene-treated
group. The decrease in weight of heart and prostate
gland by the treatment of toluene may relate to low
serum level of testosterone, since castration
decreases prostate weight'*! and heart weight.[*”]
Testosterone is catalyzed by CYP17 which is highly
expressed in Leydig cells. This may be interpreted as
dysfunction of Leydig cells which are a little
damaged. It is noteworthy that toluene-induced
oxidative DNA damage of testis including 8-oxodG
formation resulted in male reproductive toxicity.
Relevantly, 8-oxodG levels in human sperm are
closely associated with the impairment of sperm
function and with male infertility.**!

To determine the mechanism of 8-oxodG for-
mation in vivo, we examined DNA damage induced
by toluene metabolites in vitro. Metabolic studies
have revealed that toluene is mainly oxidized at
methyl group, a series of oxidations leads to benzoic
acid, which is detoxicantly conjugated with glycine
to form hippuric acid, which is then rapidly excreted
in urine. Cresol is a minor metabolite of toluene, and
a part of it is further metabolized to MHQ and MCs
by aromatic hydroxylation.””) We reported that
MHQ caused oxidative DNA damage but benzoic
acid and hippuric acid did not by using the
experiments in vitro.?°! Furthermore, Shen showed
that MCs were the most cytotoxic metabolites of
benzene, toluene, ethylbenzene and xylene.*®! In the
present study, we found that MCs induced oxidative
DNA damage more efficiently than MHQ in the
presence of endogenous reductant NADH. There-
fore, we speculated that these metabolites might

participate in the male reproductive toxicity via
oxidative DNA damage. If metabolizing enzymes
would act more efficiently in aromatic hydroxylation
than methyl hydroxylation, toluene might have
stronger reproductive toxicity and carcinogenicity.
Possible mechanisms of oxidative DNA damage by
the metabolites of toluene can be envisioned as
follows. Dihydroxy forms of toluene metabolites
such as MHC and MCs, are autoxidized to
semiquinone radicals, and further to benzoquinone
forms.”*”! Generation of O~ occurs coupled with the
autoxidation of the metabolites. Thereafter, O; " is
dismutated to generate H,O,. In the presence of
metal ions, H>O, causes oxidative DNA damage. The
addition of NADH enhanced oxidative DNA
damage by MCs more efficiently than that by
MHQ. It is revealed that catechol and hydroquinone
themselves have different redox properties lea-
ding to different DNA-damaging ability.*'??! The
oxidized form of catechol, 1,2-benzoquinone is
converted directly into catechol through two-
electron reduction by NADH, whereas the oxidized
form of hydroquinone, 1,4-benzoquinone into semi-
quinone radical through one-electron reduction.!*"*?!
This can also explain the different NADH-mediated
DNA-damaging ability between MCs and MHQ.
Therefore, it is a reasonable idea that these
metabolites may participate in the male reproductive
toxicity of toluene by acting directly on testis via
oxidative stress. Relevantly, Mattia et al. have shown
that toluene or its metabolites can stimulate the
formation of reactive oxygen species inducing lipid
peroxidation in various organs.**** The motility of
rabbit spermatozoa was decreased by lipid peroxi-
dation, and in vitro exposure to toluene impaired
sperm motility.*®! These reports support the idea
that oxidative DNA damage induced by toluene is
involved in its male reproductive toxicity.
Carcinogenic benzene!®”! and nitrobenzene®® are
reproductive toxicants as well as toluene, and their
metabolites are also known to cause oxidative DNA
damage.*”~*!! Recently, we reported that trinitro-
toluene (TNT) induced reproductive toxicity via
oxidative DNA damage by its metabolite.l**! Geno-
toxic agents can reduce sperm counts, resulting in
infertility.[*>** Rapidly dividing cells are sensitive to
genotoxic insults because of their low activity of
DNA repair enzymes.!*”! Dalgaad et al. reported that
pre- and postnatal exposure to toluene resulted in
apoptotic neurogeneration but no effect on semen
quality in weaned male rats.!*®! The rapidly dividing
cells such as neurons in peri-natal period and
spermatogonia cells in adulthood may be vulnerable
to toluene. The male reproductive organs are highly
susceptible to oxidative damage,*®*”~*"! since testes
have low activities of catalase,*”°! and testicular
cells such as spermatocytes and Sertoli cells showed
little or no activity of Cu, 7Zn-SOD.®! In this study,

[38]
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we demonstrated that toluene administration
decreased sperm number and increased 8-oxodG
formation in sperm cells of the testis. This oxidative
DNA damage in vivo may be attributed to the
damage induced by toluene metabolites as shown by
the experiments in vitro. In conclusion, toluene has
direct toxic effects on male reproductive organs
acting on their DNA rather than disrupting the
hypothalamic-pituitary-testis axis. This is the first
report to demonstrate that reproductive toxicity of
toluene may be associated with oxidative DNA
damages in the testis.

Acknowledgements

All procedures for animal experiments in the present
study were approved by the Experimental Animal
Care Committee of Mie University School of
Medicine. This work was partly supported by
Grants-in-Aid for University and Society Collabo-
ration, and Grants-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture
of Japan.

References

[1] Bukowski, J.A. (2001) “Review of the epidemiological
evidence relating toluene to reproductive outcomes”, Regulat.
Toxicol. Pharmacol. 33, 147-156.

[2] Ono, A., Kawashima, K., Sekita, K., Hirose, A., Ogawa, Y.,
Saito, M., Naito, K., Yasuhara, K., Kaneko, T., Furuya, T,
Inoue, T. and Kurokawa, Y. (1999) “Toluene inhalation
induced epididymal sperm dysfunction in rats”, Toxicology
139, 193-205.

[3] Ono, A, Sekita, K., Ogawa, Y., Hirose, A., Suzuki, S., Saito, M.,
Naito, K., Kaneko, T., Furuya, T., Kawashima, K., Yasuhara,
K., Matsumoto, K., Tanaka, S., Inoue, T. and Kurokawa, Y.
(1996) “Reproductive and developmental toxicity studies of
toluene. II. Effects of inhalation exposure on fertility in rats”,
J. Environ. Pathol. Toxicol. Oncol. 15, 9-20.

[4] Xiao, G., Pan, C,, Cai, Y., Lin, H. and Fu, Z. (2001) “Effect of
benzene, toluene, xylene on the semen quality and the
function of accessory gonad of exposed workers”, Ind. Health
39, 206-210.

[5] Rendon, A., Rojas, A., Fernandez, S.I. and Pineda, I. (1994)
“Increases in chromosome aberrations and in abnormal
sperm morphology in rubber factory workers”, Mutat. Res.
323, 151-157.

[6] Maltoni, C., Ciliberti, A., Pinto, C., Soffritti, M., Belpoggi, F.
and Menarini, L. (1997) “Results of long-term experimental
carcinogenicity studies of the effects of gasoline, correlated
fuels, and major gasoline aromatics on rats”, Ann. NY Acad.
Sci. 837, 15-52.

[7] TARC Working Group (1989) IARC Monographs on the
Evaluation of the Carcinogenic Risk of Chemicals to Humans,
(Lyon, France) Vol. 47, pp. 79-123.

[8] Lombardi, G., Zarrilli, S., Colao, A., Paesano, L., Di Somma,
C., Rossi, F. and De Rosa, M. (2001) “Estrogens and health in
males”, Mol. Cell. Endocrinol. 178, 51-55.

[9] Goyal, H.O., Braden, T.D., Mansour, M., Williams, C.S.,
Kamaleldin, A. and Srivastava, K.K. (2001) “Diethylstilbes-
trol-treated adult rats with altered epididymal sperm
numbers and sperm motility parameters, but without
alterations in sperm production and sperm morphology”,
Biol. Reprod. 64, 927-934.

[10] Moger, W.H. (1980) “In vitro inhibitory effect of estradiol on
testosterone production”, J. Steroid Biochem. 13, 61-66.

[11] Wang, C., Erickson, G.F.,, Hopper, B. and Bsueh, A.]. (1980)
“Direct inhibitory effect of enclomiphene citrate and estradiol
on testis functions in hypophysectomized rats”, Biol. Reprod.
22, 645-653.

[12] Majdic, G., Sharpe, R.M., O’Shaughnessy, PJ. and Saunders,
P.T. (1996) “Expression of cytochrome P450 17a-hydroxy-
lase/C17-20 lyase in the fetal rat testis is reduced by maternal
exposure to exogenous estrogens”, Endocrinology 137,
1063-1070.

[13] Seeburg, PH., Mason, A]J., Stewart, T.A. and Nikolics, K.
(1987) “The mammalian GnRH gene and its pivotal role in
reproduction”, Recent Prog. Horm. Res. 43, 69-98.

[14] Atanassova, N., McKinnell, C., Walker, M., Turner, K.J.,
Fisher, J.S., Morley, M., Millar, M.R., Groome, N.P. and
Sharpe, R M. (1999) “Permanent effects of neonatal estrogen
exposure in rats on reproductive hormone levels, Sertoli cell
number, and the efficiency of spermatogenesis in adulthood”,
Endocrinology 140, 5364-5373.

[15] Andersson, K., Fuxe, K., Toftgard, R., Nilsen, O.G., Eneroth, P.
and Gustafsson, J.A. (1980) “Toluene-induced activation of
certain hypothalamic and median eminence catecholamine
nerve terminal systems of the male rat and its effects on
anterior pituitary hormone secretion”, Toxicol. Lett. 5,
393-398.

[16] Hsieh, G.C., Sharma, R.P. and Parker, R.D. (1991) “Hypo-
thalamic-pituitary-adrenocortical axis activity and immune
function after oral exposure to benzene and toluene”,
Immunopharmacology 21, 23-31.

[17] Luderer, U., Morgan, M.S., Brodkin, C.A., Kalman, D.A. and
Faustman, EM. (1999) “Reproductive endocrine effects of
acute exposure to toluene in men and women”, Occup.
Environ. Med. 56, 657—-666.

[18] Svensson, B.G., Nise, G., Erfurth, E.M. and Olsson, H. (1992)
“Neuroendocrine effects in printing workers exposed to
toluene”, Br. |. Ind. Med. 49, 402—-408.

[19] Bjerge, C., Brunborg, G., Wiger, R., Holme, J.A., Scholz, T,
Dybing, E. and Soderlund, E.J. (1996) “A comparative study
of chemically induced DNA damage in isolated human and
rat testicular cells”, Reprod. Toxicol. 10, 509-519.

[20] Murata, M., Tsujikawa, M. and Kawanishi, S. (1999)
“Oxidative DNA damage by minor metabolites of toluene
may lead to carcinogenesis and reproductive dysfunction”,
Biochem. Biophys. Res. Commun. 261, 478—483.

[21] Glowinski, J. and Iversen, L.L. (1966) “Regional studies of
catecholamines in the rat brain. I. The disposition of
[3H]norepinephrine, [3H]dopamine and [3H]d0pa in various
regions of the brain”, J. Neurochem. 13, 655-669.

[22] Kawashima, K., Usami, M., Sakemi, K. and Ohno, Y. (1995)
“Studies on the establishment of appropriate spermatogenic
endpoints for male fertility disturbance in rodent induced by
drugs and chemicals. I. Nitrobenzene”, ]. Toxicol. Sci. 20,
15-22.

[23] Nakai, N., Obayashi, M., Nagasaki, M., Sato, Y., Fujitsuka, N.,
Yoshimura, A., Miyazaki, Y., Sugiyama, S. and Shimomura, Y.
(2000) “The abundance of mRNAs for pyruvate dehydroge-
nase kinase isoenzymes in brain regions of young and aged
rats”, Life Sci. 68, 497-503.

[24] Tto, K., Inoue, S., Yamamoto, K. and Kawanishi, S. (1993) “8-
Hydroxydeoxyguanosine formation at the 5' site of 5-GG-3'
sequences in double-stranded DNA by UV radiation with
riboflavin”, J. Biol. Chem. 268, 13221-13227.

[25] Murata, M. and Kawanishi, S. (2000) “Oxidative DNA
damage by vitamin A and its derivative via superoxide
generation”, |. Biol. Chem. 275, 2003—-2008.

[26] Lacey, J.P., Donatucci, C.E, Price, D.T., Page, S.O., Bennett,
S.A., Tenniswood, M.P. and Schwinn, D.A. (1996) “Effects of
androgen deprivation on prostate alpha 1-adrenergic recep-
tors”, Urology 48, 335-341.

[27] Scheuer, J., Malhotra, A., Schaible, T.F. and Capasso, ]. (1987)
“Effects of gonadectomy and hormonal replacement on rat
hearts”, Circ. Res. 61, 12-19.

[28] Shen, H. and Ong, C. (2000) “Detection of oxidative DNA
damage in human sperm and its association with sperm
function and male infertility”, Free Radic. Biol. Med. 28,
529-536.

[29] Bertoni, G., Bolognese, F.,, Galli, E. and Barbieri, P. (1996)
“Cloning of the genes for and characterization of the early

RIGHTS LI MN iy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/25/11

For personal use only.

76 N. NAKAI ef al.

stages of toluene and o-xylene catabolism in
Pseudomonasstutzeri OX1”, Appl. Environ. Microbiol. 62,
3704-3711.

[30] Shen, Y. (1998) “In vitro cytotoxicity of BTEX metabolites in
Hela cells”, Arch. Environ. Contam. Toxicol. 34, 229-234.

[31] Kawanishi, S., Hiraku, Y., Murata, M. and Oikawa, S. (2002)
“The role of metals in site-specific DNA damage with
reference to carcinogenesis”, Free Radic. Biol. Med. 32,
822-832.

[32] Hirakawa, K., Oikawa, S., Hiraku, Y., Hirosawa, I. and
Kawanishi, S. (2002) “Catechol and hydroquinone have
different redox properties responsible for their differential
DNA-damaging ability”, Chem. Res. Toxicol. 15, 76—82.

[33] Mattia, C.J., Adams, Jr., J.D. and Bondy, S.C. (1993) “Free
radical induction in the brain and liver by products of toluene
catabolism”, Biochem. Pharmacol. 46, 103-110.

[34] Mattia, C.J., Ali, S.F. and Bondy, S.C. (1993) “Toluene-induced
oxidative stress in several brain regions and other organs”,
Mol. Chem. Neuropathol. 18, 313—328.

[35] Alvarez, J.G. and Storey, B.T. (1982) “Spontaneous lipid
peroxidation in rabbit epididymal spermatozoa: its effect on
sperm motility”, Biol. Reprod. 27, 1102-1108.

[36] Yelian, F.D. and Dukelow, W.R. (1992) “Cellular toxicity of
toluene on mouse gamete cells and preimplantation
embryos”, Arch. Toxicol. 66, 443—445.

[37] Haye, R.B., Songnian, Y., Dosemeci, M. and Linet, M. (2001)
“Benzene and lymphohematopoietic malignancies in
humans”, Am. J. Ind. Med. 40, 117-126.

[38] Iida, S., Misaka, H. and Naya, M. (1997) “A flow cytometric
analysis of cytotoxic effects of nitrobenzene on rat sperma-
togenesis”, . Toxicol. Sci. 22, 397-407.

[39] Hiraku, Y. and Kawanishi, S. (1996) “Oxidative DNA damage
and apoptosis induced by benzene metabolites”, Cancer Res.
56, 5172-5178.

[40] Oikawa, S., Hirosawa, 1., Hirakawa, K. and Kawanishi, S.
(2001) “Site specificity and mechanism of oxidative DNA
damage induced by carcinogenic catechol”, Carcinogenesis 22,
1239-1245.

[41] Ohkuma, Y. and Kawanishi, S. (1999) “Oxidative DNA
damage by a metabolite of carcinogenic and reproductive
toxic nitrobenzene in the presence of NADH and Cu(ll)”,
Biochem. Biophys. Res. Commun. 257, 555—-560.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Homma-Takeda, S., Hiraku, Y., Ohkuma, Y., Oikawa, S.,
Murata, M., Ogawa, K., Iwamuro, T.,, Li, S., Sun, G.E,
Kumagai, Y., Shimojo, N. and Kawanishi, S. (2002) “2,4,6-
Trinitrotoluene-induced reproductive toxicity via oxi-
dative DNA damage by its metabolite”, Free Radic. Res.
36, 555-566.

Haines, G.A., Hendry, J.H., Daniel, C.P. and Morris, 1.D.
(2001) “Increased levels of comet-detected spermatozoa DNA
damage following in vivo isotopic- or X-irradiation of
spermatogonia”, Mutat. Res. 495, 21-32.

Irvine, D.S., Twigg, ].P., Gordon, E.L., Fulton, N., Milne, P.A.
and Aitken, R.J. (2000) “DNA integrity in human spermato-
zoa: relationships with semen quality”, . Androl. 21, 33-44.
Thomas, J.A. (1996) “Toxic responses of the reproductive
system”, In: Klaassen, C.D., ed, Casarett and Doull’s
Toxicology: The Basic Science of Poisons, 5th Ed. (McGraw-
Hill, New York), pp 547-581.

Dalgaard, M., Hossaini, A., Hougaad, K.S., Hass, U. and
Ladefoged, O. (2001) “Developmental toxicity of toluene in
male rats: effects on semen quality, testis morphology, and
apoptotic neurogeneration”, Arch. Toxicol. 75, 103-109.
Liang, R., Senturker, S., Shi, X., Bal, W., Dizdaroglu, M. and
Kasprzak, K.S. (1999) “Effects of Ni(Il) and Cu(Il) on DNA
interaction with the N-terminal sequence of human prota-
mine P2: enhancement of binding and mediation of oxidative
DNA strand scission and base damage”, Carcinogenesis 20,
893-898.

Haines, G., Marples, B., Daniel, P. and Morris, I. (1998) “DNA
damage in human and mouse spermatozoa after in vitro-
irradiation assessed by the comet assay”, Adv. Exp. Med. Biol.
444, 79-91.

Fraga, C.G., Motchnik, P.A., Shigenaga, M.K., Helbock, H.J.,
Jacob, R.A. and Ames, B.N. (1991) “Ascorbic acid protects
against endogenous oxidative DNA damage in human
sperm”, Proc. Natl Acad. Sci. USA 88, 11003—11006.

Peltola, V., Huhtaniemi, I. and Ahotupa, M. (1992) “Anti-
oxidant enzyme activity in the maturing rat testis”, J. Androl.
13, 450-455.

Nonogaki, T., Noda, Y., Narimoto, K., Shiotani, M., Mori, T.,
Matsuda, T. and Yoshida, O. (1992) “Localization of CuZn-
superoxide dismutase in the human male genital organs”,
Hum. Reprod. 7, 81-85.

RIGHTS LI MN iy



