Table 2 Mean Distance from the Probes to the Poly(A)
Tail Positions of Genes Showing Presence Solely in the
UFT or Methacarn-Fixed PET?

Methacarn-
UFT, Fixed PET,
aRNA Sample 1 x amplified 2x amplified
Mean distance from the 5 end of the poly(A) tail (bp)
No. of genes examined® 6 5
3’ end of the 5’ most probe 847 318°
3’ end of the 3’ most probe 569 97°

aRNA, antisense RNA; UFT, unfixed frozen tissue; PET, paraf-
fin-embedded tissue.

*Genes obtained from microarray data in Table 1 were examined.

P All genes with sequence information for the 3'-untranslated
region were examined.

©Significantly different from the unfixed frozen samples (p <
0.01).

ferences for male- or female-biased expression were
found for 21% and 6% of all present genes, respec-
tively (>2-fold; Table 3). On EB-treatment, females
demonstrated a greater number of genes with expres-
sion change. In males, up-regulation by EB was
found for only 25 genes, all of them within 2- to 5-
fold, and no genes showed down-regulation. In
females, up-regulation was detected for a total of 586
genes after EB-treatment (>2-fold), with 52 genes
exhibiting >5-fold increase. When compared with
up-regulated genes, down-regulated examples were
fewer in number in females, with a total of 187 genes
showing <1/2-fold down-regulation when compared
with the vehicle control level. Among them, 33 genes
showed <1/5-fold down-regulation when compared
with vehicle controls. Relatively small numbers of
genes showed altered expression on FA-treatment in
both sexes. In males, only two and three genes
showed up- and down-regulation, respectively (2- to
5-fold change), and in females, three and 22, all of
them exhibiting 2- to 5-fold change, except for one
gene with <1/5-fold up- and down-regulation,
respectively.

Among genes showing male-biased expression
(>2-fold difference; 740 genes in total), 59% of them
exhibited up-regulation on EB-treatment in females
(>2-fold; 437 genes in total), one of them also exhib-
iting up-regulation by FA in males (as shown in
Fig. 4). One example alone showed down-regulation
by FA in males. On the other hand, among genes
showing female-biased expression (>2-fold differ-
ence; 203 genes in total), 55% of them exhibited
down-regulation by EB in females (<£1/2-fold; 111
genes in total). Among them, a total of 10 genes also
showed altered expression by FA; nine genes down-
regulated in females and one gene up-regulated in
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males. On the other hand, five female-predominant
genes exhibited up-regulation by EB in males, four of
them also showing down-regulation by EB in
females, with one gene each further showing down-
regulation in females and up-regulation in males by
FA-treatment.

When genes that demonstrated changed expression
levels in both sexes by the chemical treatments were
examined, four genes encoding the LINE retrotrans-
posable element 3, L1Rn B6 repetitive DNA element,
ADP-ribosyltransferase (adprt) 1, and NonO/p54nrb
homolog, exhibited up-regulation in males and down-
regulation in females by EB-treatment and also
female-biased expression (Table 4). Expression levels
for genes showing male-biased expression were not
affected by EB. FA-treatment did not alter the expres-
sion level of any gene involving both sexes.

Table 5 shows the list of genes showing altered
expression in the MPOA of either sex common to
both chemicals. Among the total of 15, 12 showed
down-regulation in females common to EB and FA,
eight of them exhibiting female-biased expression,
i.e., for protein tyrosine phosphatase, receptor type, F
(PTPRF); DAP-like kinase (dlk); glutamate receptor,
kainate receptor subunit (KA1); dyskeratosis congen-
ita 1 (dyskerin); L1Rn B6 repetitive DNA element;
MAP2; expressed sequence tag (EST), similar to the
mouse estrogen-responsive finger protein (efp); and glu-
tamate receptor, ionotropic, AMPA subtype (GluR1).

Table 3 Number of Genes Showing Sex Differences in
Basal Expression as well as Alteration After EB or FA
Treatment in the Neonatal MPOA (p < 0.05)

Difference/Change (x fold) 2-5 >5
Sex difference
Males > females 676 64
Females > males 176 27
Altered by EB
Males
Up-regulated 25 0
Down-regulated 0 0
Females
Up-regulated 534 52
Down-regulated 154 33
Altered by FA
Males
Up-regulated 2 0
Down-regulated 3 0
Females
Up-regulated 3 0
Down-regulated 22 0

EB, estradiol benzoate; FA, flutamide; MPOA, medial preoptic
area.
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Figure 4 Distribution of gene populations showing altered expression with EB and/or FA-treat-
ment among those showing sex differences in expression in the neonatal MPOA.

Interestingly, two subtypes of glutamate receptors, KA1
and GluR1, exhibited this particular expression pattern,
the former being detected with two different probe
sets (accession nos. U08257 and X59996). Without
showing sex differences in the basal expression,
expression of five genes were influenced by EB and
FA, the following four exhibiting down-regulation in
females with both chemicals: myeloid/lymphoid or
mixed-lineage leukemia (trithorax (drosophila) hom-
olog); translocated to, 3; cyclin D1; serine/threonine
kinase 25; and neurotrimin. On the other hand, one
EST (accession no. AI639097) showed up-regulation
by EB and down-regulation by FA in females.
Among the genes listed in Table 5, up-regulated
examples were rather few and the magnitude of up-
regulation was within 2- to 3-fold. In addition to the
altered expression involving both sexes after EB
treatment (see above), two genes showed altered
expression with FA, ie., down-regulation of the

L1Rn B6 repetitive DNA element in females, and up-
regulation of the LINE retrotransposable element 3 in
males. Among those showing male-biased expres-
sion, there was only one with altered expression due
to both EB and FA. MT1a transcripts showed up-reg-
ulation by EB in females and also by FA in males.

Fig. 5 shows mRNA expression data for two genes
by real-time RT-PCR regarding sex differences in the
neonatal MPOAs observed with microarrays. Both
thymosin 4 and Gai2 mRNAs exhibited strong
male-biased expression at PND 2, with 8.9- and 7.1-
fold higher levels than in females. Real-time RT-PCR
results confirmed this sex difference.

Immunoreactivity of Protein Signals

Fig. 6 shows representative figures for immunohisto-
chemical demonstration of protein signals in the
MPOA with the anatomical location indicated in

Table 4 List of Genes Showing Altered Expression in the MPOA of Both Sexes by EB-Treatment (>2-fold, p < 0.05)

Altered by EB
(x fold vs. control)
Accession No. Gene Sex Difference (x fold) M F
M13100 LINE retrotransposable element 3 M<F (2.9) 2.1 0.5
X07686 L1Rn B6 repetitive DNA element M<F (3.8) 2.0 0.4
AA964849 ADP-ribosyltransferase (adprt) 1 M<F (3.3) 2.2 0.3
AF036335 NonO/p54nrb homolog M<F (3.5) 32 <0.1

MPOA, medial preoptic area; EB, estradiol benzoate; FA, flutamide; M, males; F, females; EST, expressed sequence tag.
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Table 5 List of Genes Showing Altered Expression in the MPOA Common to EB and FA (>2-fold, p < 0.05)

Altered by EB Altered by FA
(x fold vs. (x fold vs.
Sex Difference control) control)
Accession No. Gene (x fold) M F M F
M13100 LINE retrotransposable
element 3 M<F (2.9) 2.1 0.5 22 -
U87960 Protein tyrosine
phosphatase, receptor type,
F (PTPRF); leukocyte
common antigen receptor (LAR) M<F (11.8) - 0.1 - 04
AJ006971 DAP-like kinase (dlk) M<F (6.4) - 0.3 - 0.3
V08257 Glutamate receptor,
(X59996) ionotropic, kainite 4
(Grik4); Kainate receptor M<F (5.8) - 0.3 - 0.5
subunit (KA1) M<F (5.4)) =) 0.2) =) 0.5)
AAB92562 Dyskeratosis congenita 1,
dyskerin (dkc1) M<F (4.0) - 0.4 - 04
X07686 L1Rn B6 repetitive
DNA element M<F (3.8) 2.0 04 - 0.2
X53455 Microtubule-associated
protein 2 (MAP2) M<F (3.5) - 0.1 - 0.3
AA859593 EST, similar to mouse
estrogen-responsive
finger protein (efp) M<F (3.4) - 0.3 - 0.5
X17184 Glutamate receptor,
ionotropic, AMPA subtype,
GluR1 M<F@3.1) - 0.3 - 0.5
AJ006295 Mpyeloid/tlymphoid or
mixed-lineage leukemia
(trithorax (Drosophila)
homolog); translocated to,
3 (mllt3); AF-9 - - 04 - 0.5
Al231257 Cyclin D1 - - 04 - 0.5
AA799791 Serine/threonine kinase 25
, (STE20 homolog, yeast) (stk25) - - 0.4 - 0.4
U16845 Neurotrimin - - 0.5 - 0.5
AlI639097 EST - - 22 - 0.5
Al176456 Metallothionein (MT1a) M>F (2.8) - 2.9 23 -

MPOA, medial preoptic area; EB, estradiol benzoate; FA, flutamide; M, males; F, females; EST, expressed sequence tag.

Figure 1. In the hypothalamus at PND 2, nuclear
immunoreactivity of PARP, the protein product of
the adprt gene (Skaper, 2003), was observed in the
ventricular ependymal and subependymal cells
around the third ventricle. On quantitative measure-
ment of nuclear immunoreactivity at the SDN region,
cases with higher grades of distribution were more
frequent in fernale controls when compared with the
males [Figs. 6(A,B) and 7]. EB-treatment increased
and decreased the positive cell distribution in males
and females, respectively [Figs. 6(C) and 7]. GluR1
immunoreactivity was observed in the cytoplasm and
dendritic processes of neuronal cells, its staining in-
tensity being mostly weak in the MPOAs, even in the

positive cases, when compared with the other brain
areas, such as the hippocampus, cerebral cortex, and
striatum [Fig. 6(D)]. In the MPOAs of male controls,
two out of four cases showed only minimal intensity
of GluR1-immunoreactivity, and the other two
showed negative results [Fig. 6(D), Table 6].
Although the intensity was minimal to slight, all con-
trol females showed positive immunoreactivity in
their MPOAs [Fig. 6(E)]. EB-treatment did not alter
the intensity in either sex [female: Fig. 6(F)]. With
regard to GIuR5, very faint immunoreactivity was
observed in the dendritic processes in the striatum
and bed nucleus, but staining was lacking in the
MPOAs of both sexes, even with the EB treatment

Developmental Neurobiology. DOI 10.1002/dneu
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Figure 5 Confirmation of microarray data by real-time
RT-PCR in the neonatal MPOA. Sex differences in the
mRNA expression of thymosin £4 and Gai2 were analyzed.
Significantly different from the male value in each detec-
tion system (¥p < 0.05, ¥*p < 0.01).

(Table 6). GluR6/7-immunoreactivity was observed
in the cytoplasm of both neuronal and glial cells of
the whole brain area, but there was no obvious
change in terms of the distribution and intensity in
the MPOA:s, irrespective of the sex or EB treatment
(Table 6). MAP2 immunoreactivity was observed in
the whole dendritic processes with a fibrillary expres-
sion pattern, but there was no obvious change in
terms of the distribution and intensity in the MPOAs,
irrespective of the sex or EB treatment (Table 6).
Strong cytoplasmic immunoreactivity of MT-1/2 was
observed in the astrocytes located in the deep cortex
and white matter of the cerebrum, hippocampal white
matter, and striatum [Fig. 6(G)]. In other brain areas,
MT-1/2-immunoreactivity was rather weak and

sparse, and both nuclear and cytoplasmic. In the
MPOASs, nuclear immunoreactivity predominated
over cytoplasmic staining. On quantitative measure-
ment of the nuclear immunoreactivity, the positive
cell ratio was higher in males than in females, with
increase in the latter on EB treatment [Figs. 6(G-I)
and 7].

DISCUSSION

In the present validation study to establish a region-
specific microarray analysis method using PET sam-
ples in combination with methacarn fixation, we
found that gene expression profiles were very similar
between 2x-amplified aRNAs from UFT and metha-
camn-fixed PET, and the deviation in expression data
with the second-round amplification from the 1x-
amplified aRNAs of UFT was mostly due to the pref-
erential amplification of the 3'-terminal portion, irre-
spective of the tissue status. These results strongly
indicate that methacamn fixation and subsequent par-
affin embedding do not affect the expression fidelity
in microarray analyses. Although it is still necessary
to improve expression fidelity with second-round
amplification, the results suggest an advantage of
methacarn in combination with paraffin embedding
for global gene expression analysis of microdissected
cellular regions. It should be stressed that paraffin
embedding is essential for preparation of serial sec-
tions necessary for microdissection of anatomically
defined tissue areas.

Although the sex difference in the incidence of ap-
optosis in the SDN region that is believed to be re-

Figure 6 Immunoexpression patterns for PARP (panels A-C), GluR1 (panels D-F), and MT-1/2
(panels G-I), in the neonatal rat MPOA at PND 2. A. Note scattered PARP-immunoreactive nuclei
(arrowheads) in paraventricular cells of a control male. The inset shows a high-power view of the
nuclear weak immunoreactivity in the same area. B. Distribution of PARP-weakly immunoreactive
cell nuclei in a control female. Note accumulation of positive cells in the SDN region (arrow). C.
Lack of PARP-immunoreactive cells in most paraventricular and SDN regions in an EB-treated
female. D. Very weak, mostly negative GluR1-immunoreactivity in the cytoplasmic processes of
neurons in a control male. The inset shows strong immunoreactivity in the cytoplasm and dendritic
processes of neuronal cells of the cerebral cortex of the same brain section. E. Slight intensity of
GluR1-immunoreactivity in cytoplasmic processes of neurons in a control female. The inset shows
a high-power view of the immunoreactivity in cytoplasmic processes of the same area. F. Minimal
degree of GluR1-immunoreactivity in an EB-treated female. G. Diffuse immunoexpression of MT-
1/2 in a control male. The expression pattern is mostly nuclear, and both astrocytic (arrowheads)
and neuronal (arrows) populations as well as ependymal cells (*) show apparent immunoreactivity.
The inset shows strong expression in cytoplasmic processes of astrocytes in the deep cerebral cor-
tex of the same brain section. H. Scattered weak nuclear immunoreactivity of MT-1/2 in a control
female. L. Diffuse nuclear and scattered cytoplasmic distribution of immunoreactive cells in an EB-
treated female. The inset shows a high power view of both nuclear and cytoplasmic immunoreactiv-
ity in the same area. Bar = 50 um, including insets.
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Figure 7 Nuclear immunoreactive cell percentages for PARP and MT-1/2 in neonatal rat
MPOAs at PND 2. Significantly different from the corresponding controls (¥p < 0.05, **p < 0.01).
Significantly different from the male controls (*p < 0.05).

sponsible for subsequent sexually dimorphic develop-
ment of this nucleus first occurs between PNDs seven
and 10 (Davis et al.,, 1996), the number of genes
exhibiting male-biased constitutive expression was
much higher than in females at time points as early as
PND 2 in the present study. This sex difference is
presumably the reflection of growth and/or antiapop-
totic effects for male-type large SDN under the influ-
ence of estradiol generated by aromatase from testos-
terone perinatally secreted from the developing testis
(Matsumoto et al., 2000). Regarding responses to

Table 6 Immunoreactivity of Protein Signals in the
MPOA of Neonatal Rats Treated with EB®

Males Females
Antigen Control EB Control EB
Number of animals 4 4 4 4
GluR1 (=/4)° 2°2/00%  3(3/0)  4(3/1)  3(3/0)
GluRS5 (present) 0 0 0 0

GluR6/7 (/+/++)° 4(2/2/0) 4(0/4/0) 4(0/3/1) 4(2/2/0)
MAP2 (/+/+)°  4(0/3/1) 4(0/3/1) 4(2/2/0) 4(2/2/0)

Protein signals with immunoexpression patterns for which mor-
phometric analysis could not be applied were analyzed by visual
estimation of the grade of intensity of immunoreactivity in the
MPOA. MPOA, medial preoptic area; EB, estradiol benzoate;
GluR1, glutamate receptor 1; GluRS, glutamate receptor 5; GluR6/
7; glutamate receptor 6/7; MAP2, microtubule-associated protein 2.

#Rat neonates treated with EB at 10 ug/pup or vehicle on
PND1 and sacrificed 24 h later were examined.

®Grades of intensity of immunoreactivity: =, minimal; +,
slight; ++, moderate; and +++, prominent.

©Total number of animals showing positive immunoreactivity.

9Number of animals with each grade.
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chemicals, the number of genes showing altered
expression by EB or FA was far greater in females
than in males, suggesting an effect on normal female
sexual differentiation. Moreover, approximately 60%
of genes showing male or female-biased expression
demonstrated altered levels with EB in females,
pointing to an involvement of genes necessary for
normal processes of male- or female-type brain sex-
ual differentiation in its disruptive effects. It is well
known that the perinatal/neonatal treatment of ani-
mals with estrogenic compounds can affect sexual de-
velopment of both sexes, resulting in reproductive
dysfunction (Nagao et al., 1999; Odum et al., 2002;
Tsukahara et al., 2003; Shibutani et al., 2005). With
regard to the effects of antiandrogens, disruption of
sexual development has generally been apparent in
males, but the situation is largely unclear for females
(Gray and Kelce, 1996; Wolf et al., 2004). With FA,
however, prenatal exposure affects the volume of the
anteroventral periventricular nucleus (AVPVN) in
female rats (Lund et al., 2000) and the female sexual
behavior in guinea pigs (Thornton et al., 1991). In
addition, FA exerts antiprogestin activity (Chandra-
sekhar and Armstrong, 1989; Dukes et al., 2000).

Our search for genes showing altered expression
by EB or FA revealed a total of four female-predomi-
nant genes with change by EB in both sexes, all up-
regulated in males and down-regulated in females.
Two of them are long interspersed repetitive DNAs,
L1, or LINE, a class of mobile genetic elements
named retrotransposons which can be amplified by
retroposition, i.e. by a mechanism similar to that
observed with retroviruses (Servomaa and Rytoamaa,




1990). This group of retrotransposons includes regu-
latory signals and encodes two proteins, a RNA-bind-
ing protein and an integrase-replicase (Han and Boeke,
2005). The human genome contains about 500,000
LINES, accounting for roughly 17% of the total
(Haoudi et al., 2004). Various environmental factors,
such as steroid hormone-like agents and stressors can
facilitate L1 transcription to alter cellular functions
(Servomaa and Rytoamaa, 1990; Morales et al., 2002,
2003). Moreover, a regulatory role of L1 repeats at the
promoter region has been reported with estrogen-
related gene transcription (Hardy et al., 2001). During
neuronal differentiation, retrotransposition events can
alter the expression of neuronal genes, which, in turn,
can influence neuronal cell fate (Muotri et al., 2005).
Thus, the sex differences in the retrotransposon expres-
sion in the developing MPOA apparent here suggest
roles in sex-dependent gene expression control, and
alteration in their expression status due to EB may
indicate roles as upstream regulators of genes neces-
sary for brain sexual differentiation.

Two other genes showing up-regulation in males
and down-regulation in females with EB, as well as
female-biased expression, were adprtl! and NonQO/
pS4nrb. Adprtl encodes PARP-1, an abundant nu-
clear enzyme that is activated primarily by DNA
damage; however, its excessive activation can lead to
cell death (Skaper, 2003; Koh et al., 2005). Interest-
ingly, sex differences exist regarding PARP-1 activa-
tion as well as nitric oxide toxicity in a mouse ische-
mic neurotoxicity model (McCullough et al., 2005).
In the periventricular cell populations, poly(ADP-
ribosyl)ation is basally activated by DNA strand
breaks reflecting glutamate-nitric oxide neurotrans-
mission (Pieper et al., 2000). In the present study, the
measured level of PARP-immunoexpression at the
SDN region was in line with the microarray data, sug-
gesting an induction of subsequent programmed cell
death in the female SDN-POA (Davis et al., 1996).
Similarly, increased expression of PARP in males
and its decrease in females with EB here may be
linked to the decreased SDN volume in males in later
life (Shibutani et al., 2005) and the decreased apopto-
sis in the female SDN after EB injection (Arai et al.,
1996), respectively. NonO/p54mub has been impli-
cated in a variety of nuclear processes (Proteau et al.,
2005). Indeed, this protein is known to act as a fran-
scription factor necessary for adrenocortical steroido-
genesis (Sewer et al., 2002), and as a transcriptional
co-activator of the human androgen receptor (AR;
Ishitani et al., 2003).

In the present study, a total of 15 genes exhibited
altered expression due to FA in either sex, in addition
to alteration by EB. Among them, 10 genes also
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exhibited sex differences in expression including the
two genes for retrotransposons mentioned earlier.
Interestingly, many of the 15 genes exhibited similar
expression patterns with EB and FA, most being
down-regulated in females, suggesting a common
mechanism of action of the two chemicals. The fol-
lowing seven genes showed this particular expression
pattern, in addition to the L1 repeat mentioned ear-
lier: PTPRF/leukocyte common antigen-related (LAR)
protein, dlk, two kinds of glutamate receptors, dys-
kerin, MAP2, and efp. In males, neonatal estrogen
treatment affects the developing testis to suppress
androgen secretion, presumably resulting in effects
similar to antiandrogenicity on postnatal development
(Atanassova et al., 1999). On the other hand, FA in the
20-day pubertal female assay using rats has been
shown to exert ER-agonist activity on female sexual
development, attributed to an imbalance between en-
dogenous estrogenic and androgenic stimuli in the tar-
get organs (Kim et al., 2002).

Regarding glutamate receptors, mRNA expres-
sion of GluR1, the AMPA subtype found here with
altered expression, is up-regulated in the AVPVN
by estrogen in ovariectomized juvenile female rats
(Gu et al., 1999). Hypothalamic GluR1 protein level
was also increased in gonadectomized and estro-
gen-treated adult rats irrespective of the sex (Diano
et al., 1997). Different from our female neonates,
these results suggest that estrogen could up-regulate
GluR1 levels in the juvenile/adult rat hypothalamus,
probably through a different mechanism from that
during sexual differentiation. In the female MPOA,
we here could detect a slight, but nonsignificant
increase in GluR1l-immunoreactive cases when
compared with those in males. Although we could
not examine immunohistochemical localization of
KA1 subunit here, other kainate receptor subtypes
(GIuRS, 6, and 7) have shown, in a study using adult
rats, to be expressed in tanycytes, astrocytes, and
neurons of the arcuate nucleus, with co-expression
of AR or ER found in neurons in males and females,
respectively (Diano et al., 1998). However, we
could not detect any sex difference or EB-induced
effect on the immunoreactivity of GluRS or GluR6/
7 in the neonatal MPOA.

PTPRF/LAR is a widely expressed tyrosine phos-
phatase that has been implicated in the regulation of a
diverse range of signaling pathways, such as in the de-
velopment and maintenance of excitatory synapses,
and interestingly, disruption of its function results in
reduction of surface AMPA receptors (Mooney and
LeVea, 2003; Dunah et al., 2005). In the present study,
AMPA subtype GluR1, as mentioned earlier, showed
similar responses to EB and FA as well as a sex differ-
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ence in mRNA expression, suggesting a coordinated
action of PTPRF/LAR and AMPA receptors during
brain sexual differentiation and its disruption.

MAP2 contributes to regulation of cytoskeletal or-
ganization and dynamics, and is expressed mainly in
dendritic processes of neurons (Maccioni and Cam-
biazo, 1995). Posttranscriptional control of MAP2
expression has been reported in the female rat hippo-
campus in response to estrogen treatment or during
the estrous cycle (Reyna-Neyra et al., 2002, 2004).
Interestingly, estrogen can induce dendrite spines in
the developing rat POA through activation of AMPA-
kainate receptors by glutamate that may originate
from astrocytes (Amateau and McCarthy, 2002).
Inconsistent with the microarray data, MAP2-immu-
noreactivity in the neonatal MPOA here lacked any
sex difference or change in expression on chemical
treatment as in the case with above-mentioned GluR5
and GluR6/7.

Efp, a target gene product of ERq, is a RING-fin-
ger-dependent ubiquitin ligase that targets proteolysis
of 14-3-3¢, a negative cell cycle regulator that causes
G2 arrest (Urano et al., 2002), and is considered
essential for estrogen-dependent tumor cell prolifera-
tion (Horie et al., 2003). This gene product is distrib-
uted mainly in estrogen-sensitive organs/tissues asso-
ciated with ER co-expression (Orimo et al., 1995;
Shimada et al., 2004). DIk is a nuclear serine/threo-
nine-specific kinase that has been implicated in the
regulation of apoptosis by relocation to the cyto-
plasm, but its nuclear location has been suggestive of
the roles for mitosis and cytokinesis (Preuss et al.,
2003). Dyskerin, a nucleolar protein that modifies
specific uridine residues of rRNA, also acting as a
component of the telomerase complex, is a target
molecule for skin and bone marrow failure syndrome
called dyskeratosis congenita in human (Marrone
et al., 2005). Dyskerin transcripts distribute ubiqui-
tously in embryo-fetal tissues with notably high lev-
els in epithelial and neural tissues (Heiss et al., 2000).

As a unique gene showing male-biased expression
and increase with EB in females and decrease with
FA in males, MT]a is of interest. MTs are considered
to be important metal-binding proteins active in
defense against heavy metal toxicity (Sogawa et al.,
2001), and four major MT isoforms have so far been
identified. In the present study, judging from the
sequence information (accession no. AlI176456) for
the MT probes, either MT1 or 2 was suggested to be
responsible for the particular expression pattern. Sex
steroid-related expression changes in MT1 and/or 2
have been reported in the liver or brain of mice
(Sogawa et al., 2001; Beltramini et al., 2004). In the
brain, MT1 and 2 are expressed mainly in nonneuro-
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nal cells (Suzuki et al.,, 1994; Hidalgo et al., 2001),
but certain levels are also found in neurons (Xie
et al., 2004); as well as cytoplasmic expression, nu-
clear localization of MT has been reported in devel-
oping brain (Suzuki et al., 1994). Interestingly, kainic
acid treatment can selectively induce MT1 in neurons
and MT2 in glial cells in rats (Kim et al., 2003).
Although the immunoreactivity of MT-1/2 was rather
weak when compared with other brain areas and a nu-
clear expression was predominant in the neonatal
MPOA here, male predominance may reflect a neuro-
protective function, and expression changes due to
EB and FA could indicate alteration in the regional
hormonal environment in response to treatment.

In summary, we here established the basis for a
global gene expression profiling method using paraf-
fin-embedded, histologically defined small tissue
areas with methacarn as a fixative. A male predomi-
nance in the number of genes showing constitutively
higher expression suggestive of sex steroidal effects
on the neonatal male MPOA was detected. Upon
treatment with EB, many genes showing sex differen-
ces in expression demonstrated altered levels in
females, in line with involvement of genes necessary
for brain sexual differentiation in its disruption.
Moreover, many genes commonly affected by EB
and FA showed down-regulation in females with
these drugs, suggesting common mechanisms shared
between estrogenic and anti-androgenic chemicals in
induction of endocrine center disruption in females,
at least in early stages.
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In Vivo Mutational Analysis of Liver DNA

in gpt Delta Transgenic Rats Treated With the
Hepatocarcinogens N-Nitrosopyrrolidine,
2-Amino-3-Methylimidazo[4,5-f]Quinoline,
and Di(2-Ethylhexyl)Phthalate
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In order to cast light on carcinogen-specific molecular mechanisms underlying experimental hepatocarcinogenesis in
rats, in vivo mutagenicity and mutation spectra of known genotoxic rat hepatocarcinogens N-nitrosopyrrolidine
(NPYR), and 2-amino-3-methylimidazo[4,5-flquinoline (IQ), as well as the nongenotoxic hepatocarcinogen di(2-ethyl-
hexyl)phthalate (DEHP) and the noncarcinogen acetaminophen (AAP), were investigated in guanine phosphoribosyl-
transferase (gpt) delta transgenic rats, a recently developed animal model for genotoxicity analysis. After 13-wk
treatment, glutathione S-transferase placental form (GST-P)-positive liver cell foci were significantly increased in NPYR-
treated and IQ-treated rats. In the DEHP-treated rats, marked hepatomegaly with centrilobular hypertrophy of
hepatocytes occurred, although GST-P staining was consistently negative. Positive mutagenicity was detected in IQ-
and NPYR-treated rats. Mutant frequencies (MFs) in the liver DNA were 188.0 x 1075 and 56.5 x 107°, approximately
35-fold and 10-fold higher, respectively, than that of nontreatment control rats (5.5 x 107°). There were no increases
in MFs in the DEHP- or AAP-treated rats as compared to the nontreatment control value. IQ induced mainly base
substitutions leading to G:C to T:A transversions (56.9%) and deletions of G:C base pairs. In contrast, NPYR primarily
caused specific A:T to G:C transitions (49.3%), which are very rare in the other groups. These data provided support
for the conclusion that IQ and NPYR hepatocarcinogenesis depends on genotoxic processes and specific DNA adduct
formation while DEHP exerts its influence via a nongenotoxic promotional pathway. Our data also indicate that
analysis of specific in vivo mutational responses with transgenic animal models can provide crucial information for
understanding the molecular mechanisms underlying chemical carcinogenesis. @ 2004 Wiley-Liss, Inc.

Key words: hepatocarcinogens; in vivo mutation assay; gpt delta rats

INTRODUCTION

Environmental carcinogens are classified into
genotoxic and nongenotoxic types based on
in vitro bacterial mutagenicity. Howevey, it is well-
documented that in vitro mutagenicity does not
always reflect in vivo mutagenicity and carcinogeni-
city in rodents [1-4]. The discrepancy between
in vivo and in vitro models may result from organ-
specific pathways of xenobiotic metabolism and
DNA repair in vivo. To accomplish in vivo detection

studied in transgenic mice because of their avail-
ability. Recently, a novel transgenic rodent for
genotoxicity analysis, named the gpt delta rat, has
been developed [6]. Advantageous features allow
positive detection of different types of mutations,
including point mutations and deletions, as also
shown with gpf delta mice [7]. Point mutations are

of gene mutations in multiple organs, transgenic
rodents carrying reporter genes such as lacl, lacZ,
and guanine phosphoribosyltransferase (gpf) have
been developed [5]. These model animals can
provide crucial information for understanding the
in vivo mechanism of organ-specific mutagenesis
induced by various carcinogens present in the
human environment.

In spite of the toxicological importance of rat
species, in vivo mutagenicity has been extensively

© 2004 WILEY-LISS, INC.
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detected by 6-thioguanine (6-TG) selection with the
gpt gene of E. coli and deletion mutations are
identified by Spi™ selection with the red/gam
genes of lambda phage [5]. In the present study,
aimed at elucidating carcinogen-specific mutagenic
mechanisms underlying experimental hepato-
carcinogenesis, in vivo mutation spectrum of N-
nitrosopyrrolidine (NPYR), a carcinogenic cyclic
nitrosamine present in processed food and tobacco
smoke in the human environment [8,9], was inves-
tigated in gpt delta rats. NPYR is metabolically
activated by microsomal P450, and its metabolites
have been shown to form guanine adducts mainly,
due to simple alkylation in the in vitro system [10].
The in vitro mutagenicity is detected only in the
presence of an activating system such as rat liver
homogenate [11]. Although the bacterial systems
with lacl gene and M13mp2 phage DNA have shown
the predominant base substitutions at G:C base pair
[12,13], the in vivo mutation spectrum of NPYR has
not yet been determined. Therefore, with gpt delta
rats, the present study aimed to elucidate the in vivo
mechanism of mutagenesis induced by NPYR in
comparison with the mutation spectra of other
hepatocarcinogens. For this purpose, well-studied
rodent hepatocarcinogens 2-amino-3-methylimida-
z0[4,5-flquinoline (IQ) and di(2-ethylhexyl)phtha-
late (DEHP) were also subjected to the in vivo
mutation assay. In addition, a nonmutagenic hepa-
totoxic compound, acetaminophen (AAP), was used
as a negative control chemical for the mutagenicity
assay.

Heterocyclic aromatic amines are the major class
of genotoxic hepatocarcinogensin rodents, as well as
N-nitroso compounds, which may be active in
humans {14,185]. IQ is one of the most carcinogenic
and mutagenic heterocyclic aromatic amine present
in cooked-foods and cigarette smoke [14,16]. In ro-
dents, it exerts multipotential carcinogenicity in
various organs [17], including the liver of nonhuman
primates [18]. Potent mutagenicity with DNA adduct
formation has been shown both in vitro and in vivo
[19] and mutational analysis conducted in BigBlue
rats hasrevealed characteristic G:C transversions and
1 bp G:C deletions in the liver, colon, and kidney
[20]. Thus, because of abundant background data of
carcinogenicity and mutagenicity, IQ can be used as
an appropriate standard mutagen for the mutational
analysis.

DEHP is a widely used plasticizer for vinylchloride
products, which has been found to cause liver tumors
in rats and mice in long-term feeding assays [21].
Because no mutagenicity has been detected in
in vitro mutagenicity tests [22,23], DEHP has been
categorized as a nongenotoxic carcinogen. However,
several studies have suggested possible mutagenicity
of mono(2-ethylhexyl)phthalate (MEHP), a princi-
pal hydrolysis metabolite of DEHP, in the reverse
mutation assay (E. coli) and the Rec™ assay (B. subtilis)

[24,25]. Moreover, significant increases of 8-hydro-
xydeoxyguanosine (8-OHdG), a premutagenic DNA
adduct formed by oxidative stress, have been
observed in hepatic DNA of rats treated with DEHP,
suggesting the involvement of oxidative DNA
damage in its hepatocarcinogenesis [26,27]. Thus,
in the present study DEHP was included in order to
clarify its in vivo mutagenicity in the gpt delta
system, which can widely and efficiently detect both
point mutations and deletions with two different
types of selection.

Accumulated studies have suggested that the
transgenic animals are useful models for evaluating
carcinogenic risk and chemopreventive potential of
environmental materials to which humans are
exposed [28-30]. Moreover, analyses of mutation
spectra provide important information for under-
standing the molecular mechanisms underlying
chemical carcinogenesis [31]. In the present study,
in vivo mutagenicity analyses of major classes of
rodent hepatocarcinogens were, therefore, per-
formed in gpt delta rats and their possible mechan-
isms of hepatocarcinogenesis are discussed.

MATERIALS AND METHODS

Animals and Treatments

Twenty-five female Sprague-Dawley gpt delta rats
carrying about ten tandem copies of the transgene
lambda EG10 per haploid genome obtained from
Japan SLC (Shizuoka, Japan) were randomized by
weight into five groups. They were housed in a room
with a barrier system, and maintained under the
following constant conditions: temperature of 24 +
1°C, relative humidity of 55+ 5%, ventilation fre-
quency of 18 times/h, and a 12 h light-dark cycle
with free access to Oriental MF basal diet (Oriental
Yeast Co., Ltd., Tokyo, Japan) and tap water.

Starting at 11-wk of age the rats were treated with
test chemicals or maintained as controls for 13 wk.
Groups of five animals were fed IQ (Toronto Re-
search Chemical, Inc., Ont., Canada), DEHP (Wako
Pure Chemical, Osaka, Japan), and AAP (Sigma
Chemical Co., St. Louis, MO) at doses of 300,
12000, and 10000 ppm in MF basal diet, respec-
tively. Another five rats were given NPYR (Aldrich
Chemical Co., Milwaukee, WI) dissolved in a small
quantity of ethanol and diluted in their drinking
water at a dose of 200 ppm. The five nontreatment
control rats received MF basal diet alone and tap
water. At the end of the experiment, all animals were
killed, and a part of the left lateral lobe of the liver was
preserved at —80°C for subsequent in vivo mutation
assays. The rest of the lobes were fixed in 10%
buffered formalin for histopathological examina-
tion. Immunostaining of glutathione S-transferase
placental form (GST-P) was performed by using
polyclonal anti-GST-P (MBL, Nagoya, Japan) as the
primary antibody, and goat IgG raised against rabbit
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IgG as the secondary antibody. The signals were
amplified with ABC KIT (DAKO, Kyoto, Japan), and
detected with 3,3/-diaminobenzidine (DAB). The
numbers and areas of GST-P positive liver cell foci
comprising ten or more cells were measured by using
an Image Processor for Analytical Pathology (IPAP,
Sumika Technos, Osaka, Japan).

In Vivo Mutation Assays

The 6-TG and Spi~ selections were performed as
previously described [5]. Briefly, genomic DNA was
extracted from the liver, and lambda EG10 DNA
(48 kb) was rescued as the lambda phage by in vitro
packaging. For 6-TG selection, the packaged phage
was incubated with E. coli YG6020, which expresses
Cre recombinase, and converted to a plasmid carry-
ing gpt and chloramphenicol acetyltransferase.
Infected cells were mixed with molten soft agar and
poured onto agar plates containing chlorampheni-
col and 6-TG. In order to determine the total number
of rescued plasmids, 3000-fold diluted phages were
used to infect YG6020, and were poured on the plates
containing chloramphenicol without 6-TG. The
plates were incubated at 37°C for the selection of 6-
TG-resistant colonies. Positively selected colonies
were counted on d 3 and collected onnd 4. The MFwas
calculated by dividing the number of gpt mutants
after clonal correction by the number of rescued
phages.

For the Spi~ selection, the packaged phage was
incubated with E. coli XL-1 Blue MRA for survival
titration and E. coli XL-1 Blue MRA P2 for mutant
selection. Infected cells were mixed with molten
lambda-trypticase soft agar and poured ontolambda-
trypticase agar plates. Next day, plaques (Spi~
candidates) were punched out with sterilized glass
pipettes and the agar plugs were suspended in SM
buffer. In order to confirm the Spi~ phenotype of
candidates, the suspensions were spotted on three
types of plates where XL-1 Blue MRA, XL-1 Blue MRA
P2, or WL9S P2 strains were spread with soft agar. The

real Spi~ mutants, which made clear plaques on
every plate, were collected and stored as phage
lysates at 4°C. Approximate deletion sizes of the
Spi~ mutants were determined by agarose gel electro-
phoresis of the PCR-amplified target sequence.

For characterizing the mutation spectra of gpt
mutants, a 739 bp DNA fragment containing the
456 bp coding region of the gpt gene was amplified
by PCR as described previously [5]. DNA sequencing
was performed with Big Dye ™ Terminater Cycle
Sequencing Ready Reaction (Applied Biosystems,
Foster Gity, CA) on an ABI PRISM™ 310 Genetic
Analyzer (Applied Biosystems).

Statistical Evaluation

For statistical analysis, the Student’s t-test was used
to compare liver and body weights, and quantitative
data for GST-P positive liver cell foci and MFs be-
tween groups.

RESULTS

Growth of Animals, Liver Weights, and Chemical intake

Data for final body and organ weights, and intake
of test chemicals are shown in Table 1. The final body
weight was not affected by any treatment during the
experiment. Daily intakes of IQ, NPYR, and DEHP
calculated from the consumption of diet or water
were comparable to those in previous studies which
showed significant carcinogenicity in rats [8,17,21].
Liver/body weight ratios were significantly (P < 0.01)
increased in all rats that received chemicals, suggest-
ing sufficient dosing. Especially, marked hepatome-
galy was observed in the DEHP-treated rats (P < 0.01)
with an increase to 183% of the nontreatment
control value.

Histopathology and Immunohistochemical
Analysis of GST-P

Histopathologically altered, mostly clear, hepato-
cellular foci were frequently observed in the IQ-
treated and NPYR-treated rats (Figure 1A and C).

Table 1. Body and Liver Weights, and Food, Water, and Chemical Intake Data

Chemical intake

Water

Number Body Liver/body weight Food intake intake Total Daily
Treatment of rats weight (g)® ratio (%)? (gfrat/d) (ml/rat/d)  (mgfrat)  (mg/rat/d)
1Q 5 264.6:+:22.7 3.32+£0.11* 14.3 —_ 362 4.0
NPYR 5 257.8+10.9 3.25+0.16* 13.6 171 310 3.4
DEHP 5 279.3+36.6 4.984-0.28** 14.0 17010 187.0
AAP 5 2665+11.4 3.40+0.29* 15.6 R 12740 140.0
Contro} 5 269.6 £27.0 2.72+0.21 133 23.2 —_ —

1Q, 2-amino-3-methylimidazo[4,5-flquinaline; NPYR, N-nitrosopyrrolidine; DEHP, di(2-ethylhexyl)phthalate; AAP, acetaminophen.

®Data are mean + SD values.
*P < 0.01 (vs. control).
**P<0.01 (vs. IQ, NPYR, AAP, and control).
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GST-P-positive liver cell foci (Figure 1B and D)
corresponding to such altered foci were significantly
(P <0.01 and P<0.05) increased in the IQ-treated
and NPYR-treated groups in terms of number as well

as area, but few were observed in the DEHP-treated,
AAP-treated, and untreated control rats (Table 2).
NPYR at a dose of 200 ppm was much more effective
at inducing GST-P-positive foci than IQ at a dose of

Figure 1. Histopathological findings (A, C, E, G) and immunohi
tochemistry for glutathione S-transferase placental form (GST-P) (B,
D, B). Clear cell foci in the liver of rats given 2-amino-3-
methylimidazol4,5-flquinoline (1Q) (A) and N-nitrosopyrrolidine
(NPYR) (C). GST-P stainability corresponding to the foci A and C is
evident (B and D). Marked centrilobular hypertrophy of liver cells is

observed in a rat treated with di(2-ethylhexyl)phthalate (DEHP) (E).
Faint and insignificant stainability of GST-P is found around the
central veins of the liver of a rat treated with acetaminophen (AAP)
(F). Appearance of the intact liver of a nontreated rat (G). Original
magnification: x 180, Bar: 100 pm
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Table 2. Numbers and Areas of GST-P Positive Liver Cell Foci

Treatment Number of rats  Dose (ppm)  Number of foci/lem?®  Area of foci (mm?/cm?y®
1Q 5 300 5.06 £ 1.52** 0.15+0.06**
NPYR 5 200 24.05 4 18.95%*%* 1.09 4+ 1.14*%
DEHP 5 12000 0.2540.17 <0.01

AAP S 10000 0.624+0.44 <0.01

Control 5 — 0.484-0.46 <0.01

®Data are mean = SD values.
*P<0.05 (vs. control).
**P < 0.01 (vs. control),
*¥**P < 0,05 (vs. 1Q).

300 ppm. Moreover, it was noteworthy that GST-P-
positive single hepatocytes, which were not counted
as the foci, were frequently observed in livers of the
NPYR-treated rats. In the DEHP-treated rats, marked
centrilobular hypertrophy of hepatocytes was ob-
served throughout the whole liver (Figure 1E),
although GST-P was consistently negative. In the
AAP-treated rats, faint stainability for GST-P was
detected in liver cells around the central veins,
but these were not regarded as foci because of
differences in staining intensity and diffuse location
(Figure 1F).

Mutation Assays

Data for gpt MFs analyzed by 6-TG selection are
summarized in Table 3. Identical mutations occur-
ring in the same individual were omitted to avoid
possible overlapping due to clonal proliferation. In
the IQ-treated and NPYR-treated rats, gpt MFs in the
liver DNA after clonal correction numbered 188.0 x
107% and 56.5 x 107°, approximately 35-fold and
10-fold higher, respectively, than the nontreatment
control value (5.5 x 107%). There were no increases of
gpt MFs in the liver DNA of the DEHP-treated
(3.3 x 107 % and AAP-treated rats (5.5 x 107%) as com-
pared to the nontreatment control value.

The gpt mutation spectra were analyzed by se-
quencing the gpt gene amplified from the mutants
(Table 4). Because several mutants had two muta-
tions in the gpt gene, the total number of mutations
was larger than the number of mutants. In the IQ-

treated rats, the predominant type of base substitu-
tion was the G:C to T:A transversion (62/109=
56.9%), 45.2% (28/62) of which occurred at §'-
CpG-3’ sites. Most deletions occurred at G:C base
pairs (9/10). In the NPYR-treated rats, the predomi-
nant type of base substitution was the A:T to G:C
transition (33/67 =49.3%) which was rare in the
other groups. The numbers of G:C base substitutions
were similar to the control levels. In the nontreat-
ment control, DEHP-treated and AAP-treated rats,
the most frequently observed mutation was the G:C
to A:T transition. A:T to T:A transversions were
observed in common in all the groups at a steady
rate (18.2-34.8%). Most of them occurred at the
same A:T base pair, the 299th in the gpf gene
regardless of the experimental treatment.

Spi~ selection for deletion mutations was per-
formed for the DEHP-treated and nontreatment
control cases. Spi~ MFs were 4.5 x 107% and 4.3 x
1075, respectively (Table 5). Percentages of deletions
larger than 1 kbp were 24.2 and 23.8 in the DEHP-
treated and control rats, respectively. Thus, there
were no differences in Spi~ MF and deletion size
spectrum between the DEHP-treated and control
rats.

DISCUSSION

In order to understand the molecular mechanisms
underlying chemical carcinogenesis in rats, gpt delta
transgenic rats were here exposed to three estab-
lished rodent hepatocarcinogens for 13-wk and

Table 3. Guanine Phosphoribosyltransferase (gpt) Mutant Frequencies (MFs) in the Liver

Number Total Total gpt gpt mutants
Treatment of rats population  mutants  {clonal correction) MF (x 10762
1Q 5 525000 133 89 188.0 + 44.9*
NPYR 5 1021500 57 49 56.5:£24.5%**
DEHP 5 3247500 9 9 3.3+£3.8
AAP 5 3637500 19 17 55+£5.6
Control 5 2976000 19 16 55+24

®Data are mean =+ SD values.
*P<0.01 (vs. control).
**P<0.01 {vs. iQ).
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Table 4. Mutation Spectra of gpt Mutant Colonies

Treatment
Type 1Q NPYR DEHP AAP Control
Base substitution
Transition
G:Cto AT 6 (5.5) 5(7.5) (45.5) 9(39.1) 8 (38.1)
ATto G:C 1(0.9) 33 (49.3) 0 (0) G (0) 0 (0)
Transversion
G:CtoT:A 62 (56.9) 3(4.5) 3(27.3) 5(21.7) 2 (9.5)
G:Cto C:G 1(0.9) 0(0) 0(0) 0 (0) 0 (0)
ATtoTA 26 (23.9) 20 (29.9) 2(18.2) 8 (34.8) 7 (33.3)
AT to C.G 1(0.9) 3(4.5) 0 (0) 0(0) 0(0)
Deletion 10(9.2) 2 (3.0) 1(9.1) 1(4.3) 4(19.0)
~1bp 9 0 1 1 4
>2 bp 1 2 0 0 0
Insertion 0(0) 0 (0) 0 (0) 0 (0) 0(0)
Others 2(1.8) 1(1.5) 0(0) 0 (0) 0(0)
Total number of mutation 109 (100) 67 (100) 11 (100) 23 (100) 21 (100)

Numbers in parentheses are percentages.

in vivo mutation assays were performed. GST-P
positive liver cell foci were significantly induced by
1Q and NPYR, and marked hepatomegaly character-
ized by centrilobular hypertrophy of hepatocytes
was observed in the DEHP-treated rats. Because these
alterations are known as early intermediate endpoint
lesions for rat hepatocarcinogenesis [32,33], the
findings strongly suggest that the doses of these
chemicals were sufficient to elicit carcinogenic
responses in the livers of gpt delta rats in the present
study. NPYR at a dose of 200 ppm induced more GST-
P lesions than IQ at a dose of 300 ppm, indicating
that NPYR is more carcinogenic in the present study,
which is compatible with the previous carcinogeni-
city bioassays reporting 14/15 (93%) and 18/40
(45%) of tumor incidences with NPYR and IQ under
the same condition, respectively [8,17]. However,
MFs in the gpt target gene determined by 6-TG
selection were three-times higher in the IQ-treated
rats than in the NPYR-treated rats, indicating that the
MEF itself is not directly correlated with the carcino-
genic activity of each compound. In the present
mutagenicity assay, the MFs were determined from
the mutation occurring in the reporter gene, which
has no biological function. Carcinogenesis, how-

ever, should require the crucial mutations in the
cancer-related genes for the initiation, and also pro-
motional factors for the tumor development. Thus, it
is not inconsistent that the carcinogenicity does not
necessarily correlate with the in vivo mutagenicity
simply in terms of intensity.

In vivo mutagenicity and mutation spectrum of IQ
have been investigated in commercially available
transgenic rodent models such as MutaMouse and
BigBlue [20,34,35]. Because IQ is widely known tobe
a potent mutagen for the liver and induces mainly
G:Cto T:A transversion, it was used as an appropriate
positive mutagen for validating the mutagenicity
assay system. As expected, IQ proved positive, caus-
ing G:C to T:A transversions and deletions at G:C
base pairs, confirming the reliability of gpt delta rats
for in vivo mutagenicity assays. In view of the
molecular mechanisms, two types of direct DNA
adducts, the major N-(deoxyguanosin-8-y1)-1IQ and
the minor 5-(deoxyguanosin-N2-yh)-1Q, are thought
to be responsible for 1Q-mutagenesis [19,36]. It has
also been suggested that oxidative DNA damage with
8-OHdG formation as a result of nonenzymatic
reduction of nitro-1Q may play a role in carcinogen-
esis [37]. Although, we could not determine which

Table 5. Spi™ MFs in the Liver

Deletion size
Number Total Total Spi~ MF
Treatment  ofrats  population mutants (1078 <1kb (%) >1kb(%)
DEHP 5 7354500 33 4.5+25 25 (75.8) 8(24.2)
Control 5 9340500 42 43+£25 32 (76.2) 10 (23.8)

®Data are mean = SD values.
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type of DNA lesion was responsible for the 1Q-
induced hepatocarcinogenesis, recent work with a
panel of biomarkers for detecting oxidative stress,
DNA damage, and expression of DNA repair enzymes
in IQ-treated BigBlue rats pointed to specific DNA
adducts rather than oxidative DNA damage as respo-
nsible for IQ initiation of hepatocarcinogenesis [38].

DEHP is categorized as a nongenotoxic carcinogen
because it induces liver tumors in both sexes of rats
and mice in a dose-dependent manner [21], with
Salmonella in vitro mutagenicity assay being uni-
formly negative [22,23]. To the best of our knowl-
edge, however, thereis only one report testing in vivo
mutagenicity of several nongenotoxic carcinogens,
including DEHP, in lac] transgenic mice, which failed
to detect mutagenicity [39]. In the present study,
point mutations and deletion mutations were widely
screened by 6-TG selection and Spi~ selection,
respectively, in order to analyze the possible involve-
ment of genotoxicity caused by reactive metabolites
or peroxisomal oxidative stress. However, no muta-
genic activity of DEHP was detected in the liver of gpt
delta rats after 13-wk of treatment. In the DEHP-
treated rats, 27.3% of the total mutations were G:Cto
T:A transversions, known to be caused by 8-OHdG
[40], while this was the case for 9.5% in the control
rats. Because the gpt deltarat has relatively few copies
of the transgene lambda EG10, the total number of
mutants obtained was too small to allow accurate
evaluation of the specificmutation spectrum, but the
results do suggest that hepatocarcinogenesis by
DEHP in rodents mainly depends on nongenotoxic
or promotional mechanisms rather than direct DNA
damage.

Despite extensive studies on the metabolism of
NPYR or DNA modification by its metabolites, the
in vivo mutation spectrum of NPYR in the mam-
malian species has not yet been determined. In the
present study, NPYR predominantly induced A:T to
G:C transitions in the liver of the gpt delta rats,
accounting for 49.3% of all mutationsin the gpt gene.
This was unexpected because there have been a
sufficient number of studies for providing specific
adduct formations by NPYR with deoxyguanosine.
NPYR is metabolically activated via alpha-hydroxy-
lation by cytochrome P450 enzymes to yield reactive
intermediates, 4-hydroxybutylaldehyde, and croto-
naldehyde [41]. These metabolites can alkylate
deoxyguanosine, and mainly result in exocyclic
adducts such as N’,C-8 guanine adducts and 1,N*
propanodeoxyguanosine [42]. Because these adducts
have also been found in DNA from tissues of NPYR-
or crotonaldehyde-treated animals, they might be
expected to be the major adducts formed in vivo
[43,44] NPYR-induced mutational spectra have been
investigated in bacterial systems with the lacl gene
and M13mp2 phage DNA as targets [12,13] and base
substitutions at G:C base pairs appeared to predo-
minate. In the present study, however, the predo-

minant type of base substitution in the liver of
NPYR-treated rats was evidently A:T to G:C, followed
by A:T to T:A. The difference between in vitro and in
vivo mutagenesis by NPYR may be partly explained
by means of specific etheno-adduct formation due to
reactions of crotonaldehyde with deoxyadenosine as
well as deoxyguanosine, known to yield 1,N°®
ethenoadenosine [45]. This latter adduct is formed
during lipid peroxidation [46], and has also been
detected in tissues from rats treated with vinyl
chloride, a hepatocarcinogen in humans and rodents
[47]. In the present study, the livers of NPYR-treated
rats contained anumber of GST-P positive single liver
cells which may be indicative of lipid peroxidation
and its end products, unsaturated aldehydes such as
4-hydroxynonenal, acrolein, and crotonaldehyde
[48]. 1,N®-Fthenoadenosine has shown to be highly
mutagenic in mammalian cells such as simian
kidney cells, exclusively inducing A:T to G:C base
substitutions, while the mutation efficiency in E. coli
is relatively low [49]. Moreover, Barbin et al. have
suggested that concomitant formation of the
ethenc-adducts may play a role in the hepatocarci-
nogenesis by vinyl chloride, due to A:T base muta-
tion occurring in the p53 tumor suppressor gene [50].
In addition to a possible metabolite, crotonaldehyde,
from NPYR, these data thus provide a possible
mutational mechanism mediated by lipid peroxida-
tion, interpreting our present findings in NPYR-
treated rats. For understanding the molecular
mechanism of NPYR-induced hepatocarcinogenesis,
the levels of mutagenic adenine or thymine adducts
and the possible specific mutations in the cancer-
related genes need to be further analyzed in the liver
of NPYR-treated rats.

In conclusion, based on the characteristic muta-
tion spectra here observed in IQ-treated and NPYR-
treated gpt delta transgenic rats, the predominant
occurrence of A:T to G:C transitions in the NPYR-
case suggests a possible contribution of the minor
adenine adduct 1,N%-ethenoadenosine to its in vivo
mutagenesis in mammals, even though this carcino-
gen has been reported to form mainly guanine
adducts in vitro. No mutagenic activity was detected
in DEHP-treated rats, supporting the promotion
pathway of DEHP-induced hepatocarcinogenesis
rather than direct DNA damage. Our data also
indicate that analysis of the specific in vivo muta-
tional spectrum can provide crucial information for
understanding the molecular mechanisms under-
lying chemical carcinogenesis.
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