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Damage to the hypethalamus-pituiary-gonadsl axis is the
most worrying issue with perinatal exposure to chemicals that
have estrogenic activity, bocause changes caused during the
developmental period can lag troughout life. Effects of expo-
sure may be qualitatively different from fhose experienced i
adultped in rodons as well as human beings (Takasugi
etal 1983; Newbold et al. 1999). Although spocies differences
in noonatal effects are known—such as ovary-independent
response 1o the vaginag in mice but not rats (Katsuds et 2l
HW2; Takasugi et al. 1976) or sdenonmyosis induction by
tamygecifen in mice (Parrott et 2], 2001) but uterine cancerin rats
(Carthlew ot al. 2000)—many experimental data on perinatal
exposure o estrogens using rodents are considered lkely o
be relevant to human beings (Herbst and Bemn 19813,

Perinatal exposwe (0 cdrogms o estrogenic compounds
during critical peried disrupis hypothalamus function, which
results in lowsr gonadotropin (FSH and LH) preduction
{Katsuds et al. 2000; Yoshida et al. 20d2s). The dismuption
leads to many complicated shnommalities in fhe hypothals-
effects of estrogens on the genital gystem are alse added
Abhough the abnomaslities are dopendent on oxposure
period, time, and dose, they are called androgenization and are
commonly rreversible, Typical changes i affocted females
include lower gonadotroping, anovulstion, persistent cstrus,

Address commspesdevae tor Mideri Yoskida, Division of Padabogy,
Masiceal Batitete of Hedldh S 1450 Hamiyog: gaya-ka, Tokye
1555300, Jopas; eanadl: mided yEnda go .

zbnormal organogenasis of de reproductive tract, abnormal
expression of estrogen recoptors in fhe wterus, or male-type
savual behavior, Testostorone is Imown to be converied to E2
by momatase in the beain, and it has effocts that are similar
to those of estrogens. These sbnormalifies are usually detost-
able inmediately after treatment or before pubenty. Recently,
effocts of perinatal exposure that mamifest after matwration
have attracted attention [Adewale of al 2004; Yoshids et al
20023, Such delayed effocts of estrogenic chemicals ware pra~
vieudy termed the “ddayed anowlatory syndrome™ (DAS)
MarLusky and Maftolin 1981}, characterized by carly onset
of pordstent estis = dbtermined by vaginal oytelogy
(Ninomiya et al, 2007y Enhancement of tumor development
miay ala msult 25 well, a5 has been documented for uterine and
vaginal nooplasms after parinatal exposure to disthylstilbostrol
{DES) in mice (Mewhald ot al. 1990) & well a5 young women
{Horbst and Bern 1981} Our prvious study alse showed
increased wierine cancor development in rats with noonatal
high-dose p-tert eotylphenod {OF) (¥ oshida ot al. 200263, Such
effocts are hypothesized @ be cansed by some disruption in fhe
hypothalamus (MacLusky and Maftolin 1981}, but precise
mechanions and associated characteristics ofher than persistent
estrus (PE) remsin to be doermined. For risk assssmant of
chemicals, delayed adverse offocts e of pesticular concem
becanse they might be overdooked by short-torm bicessays or
was parformed to clanify characterigtics of delayed effocts of
nopnatal exposure to DES a1 various doses on the fomale repro.
ductive tract I rats using multiple retospective indicators,
indluding morphological parameters estrous cyclicity, and
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utering caminogenesiz, In the present study, we used Donryu
rats, which characteristically show a regular four-day estrous
eycle az youngaduls and 2 high rmte of endometrisl adenocarci-
nomas caused by ovarian hymone imbslanee (Maskawa ot 4.
1900; Magandes etal. 19900, Magaoka et al. 1994}, To aveid accu-
mulation of DES inthe rat body with repeated treatment, single-
dose administration was seloced in fe present sudy.

Muvermar s 0w MeTRons
Aninale and Housing Comditions

Monpregnant ajult and pregnant female Cri:Donrye mats
wene purchased from Cherles River lapan (Kanagaws, Japan),
maintained in an gir-condiioned snimal ropm under constant
conditions of 24°C & 2°C and 55% + 105 humidity with a
twelve-hour light/dark eycle (light, 3:00 am ~5:00 pm.; dark,
£:00 pon.—E00 am.), and housed thwe or four per cage. Com-
marcial pellat diet (CRF-1, Orental Yesst, Kanagswa) and
drinking water were availsble ad libitum throughout the sud-
ias. Animal care and use folowed the guidelines of laboratory
animal welfare and we according o te Sasski Institue Ethical
Committoe,

Chewleals

Disthylstilbestrol (CAS number 56-53-1, Sigma, St Louds,
MO} was dissolved in dimethy] sulfioside (DMS0, Wako Pure
Chemical, Osaks, Japan).

Experiment 1

Nonpregnant females underwent uterotrophic assays ©
examing estrogenic activity of the gingle doss spplied o
experimant 2 in vive. Thiy-sevan animals at three or four
months of age were ovaniectomized, and afier complete castra-
tign was confirmod by vagnal smears, they were aliscated o
six groups Three to cight animak per group were suboute-
neously treatod with 2 sngle dos of DES at § (control),
0.15, 1.5, 15, 150, or 1,500 pghg body weight in 0.1 mLAGH
g body weight of DMS0. Twenty-four haurs after treatment, all
aninals were euhanized under doep amesthesia and uierine
weights were measured.

Experimant 2

Expeoriment 2 was conducied to charscenize delayed offocts
of noonatal exposnre to DES on the female reproductive ract
and their dose dopendence. Dams wore sssigned to one of sbx
groups (six © eight per group) before delivery. Female off-
spring were treated with a single subcutaneous mjection of
DES at 0, 015, 15, 15, 150, or 1,500 pgikg body weight in
DMEO at 0.04 mL/10 g body weight in their back skin within
twenty-four hows after binth, At postnats] days (FND) 14 and
21 {at woaning) and five wooks of age, thres or four rak per
group at each time point were examined to detect early effocts
on the female reproductive organs. The animals examined at
five woeks of age were st estrous stage by vaginal smear,

VOSHIA ET AL

Toeccenme Pamoeocy

Remsining snimak were checked for clinics] signs and body
weights throughout their life, Afier vaging opening (VO),
which iz a time point during puberty, all animals were checked
foresrouscyclicityby vaginal smearevery ofer woek frough-
out the experimont. Additipnally, to examine the effects of fhe
neonatal exposure to DES on wierine cacinogeneds, fifieen to
twenty-four ks por group were treated with s single injection
of 20 mgkg Meethyl-N-nito-N-nittosoguanidine (Macalal
Tesque, Kyato, Japan) into the uterine homs via the vagina
using a stainless steel catheter atseven woeks ofage. This freat-
ment is known 0 cause wterine endometrial adenocarinoma
development in the uterine compaus of rats without carcinogenic
effacts i other sies, with no disruption of estrous cyclicity
{Ando-La et sl 1904), All survivors were euthanized at &n
months of age in the control and 15 pgig and higher reaied
groups, and st eight monthe of agein the 0,15 and 1.5 pg'kg
s

Pathology

After complate nocropsy of all rate in expariment 2, the
ovaris, wemns, vaging, afrenals, liver, pituitary, thymus,
brain, and sites with macroscopic abnormalities were fived
in 4% newrsl buffered formaldehyde. All organs were routi-
nely processod and stained with hemawsylin and oosin for
higopathaogical examinaion Number of uiering glands in
the utgrine horn were countod using four or five cross
sections (Katsuda ot al. 2004}, For the uterus at Emmination
of eight or ten monthe of age, he mai target organs of car-
cindgenic effocts of DES—the upper, middle, and lower pans
of each werine hom and the cervix—were cut ini twee
pieces each in cmss-saction. Prencophstic or neoplastic
lesions detecied m each utenus were clasified into three
degrees of atypical hyperplasia (slight, moderake, or severs)
and adenoearcinomas, according to the criteria doseribed in
our previpus studes (Ande-Lu et al. 1994) Ledons com-
posad of glandular-structured epithelial cells with atypia
showing ivasive proliforation o the muscle hyer or serom
were disgnosed = endpmetrial adenocarcinomas.

Brmumolistockemisoy

Serial sections of the utems, vagina, and ovary at
PRDI4, PND21, amd five weeks of age were stainod inonme-
nphistochemically with the antbody of estrogen recepior
{ERya (SCT027, S8sntm Cruz, CA, USA) The organs of
three or four rats por goup were snalyzed, and immunor.
eactive complexes were detected by the avidin-biotin com-
plex methed (LEAB kit Dako Japan, Kyote, Japan) and
visuslized with 3-3-diaminobenziding tetrahydrochlodds
(Wako Pure Chemicak, Osaka, Japan) = the dwomogen.
Immunohistochemical intensity of ERe gxpression in these
organs was classified into four categories: 0, negative; 0.5,
several posifive colls in higher magnification field (40x);
and 1.0, 20, or 3.0 represents sbout 10-30%, 30-505%, or
50% and higher positive cells in the high magnification,
respoctively.
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mRNA Expression of Estrogen Receptors o and [ and
Pragesterone Recaptor (PR} in the ovary and ulerus

At five weeks of age, total RNA samples obtained from
samples of nterine tisues (zhbout WK mg) and unilateral ovary

ing each e ¢ sage por group. ¥, dgnificently different from ge

of three females ot estrous phase in esch group except he
highest dose were isolated using RNessy Midi Extraction Kit
(QUIAGEN, Germany) and stored at —80FC until reverse tran-

scriptase polymerase chain meaction analysic Estrogen recep-
tmsttaid B and glycersldehyds 3-phophate dehvdrogamas
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{GAPDH) mENA fanscription were examined using 400-ng
aliquots of total RMA. The primers were synthesized and pur-
ificd by Takara Bio Ine. (Shiga, Tapan) basod on previeus
ropors (Azabo et al. 2000, Pillai etal, 2002} Expresed levels
of ERe, ER[ and PR mBMA seltive to GAPDH mBNA
yprssion were compered among the control and the treatod
Troups.
Sratisieal Analysis

Values for incidenocs wore datistically analyzod using the
Fisher exact probability test. Other data were assessod using
analysis of variance {thiee groups) and £ tost (fwo groups), and
post hec congarnizons between the treated and control groups
were made with the Dunnett § test. Statistical zipnificance was
considered as g < H5.

ResnTs
Egragenie Activity in Experimens 1

The sesulis of wemtrophic assays are summarized in
Table 1. Bofs the absolute and relative uterine weights were
significantly increased at 1.5 pohe and above with dose
depundence, eueept at fhe highest doce. The wiering weighis
at the lowest dose wore comparablk 1o those in the contral
group.

Clinizal Observation in Life and Extrous Cyelicity in
Experiment 2

Neo trestment-related elinical signs were observed at any
time peint. Body weight changes were comparsble in all
mroups, including the controls (data not shown) The timing
of Vi was not different betwoen the weated groups and contral.
Theape st VO was 2880 4 1.0,28.0 & 0.0, 283 & 04,255 =
0.5 289 + 12 288 4+ L3inthe §, 015, 1.5, 15, 150, and
1,500 pp/kg groups, respetively.

Dratan for the catrous cycle amre shown in Piguw [ At
L300 peke, most as aleady showed PE at the start of

checking estrous oyeles, and all were affeced by seven wedks
of age. At 150 pokp, a fow fomales demonstrated PE af five
woeks of age, and mest by seventoon wocks of age. A1 15 or
15 ppikp, PE rates bogan to nerease at dhiveen or fiflocn
wieks of age, and most of them reached FE by nineteen or
twenty-one waeks of age, respoctively. In all these groups, fhe
numbors of rats exhibiting PE were significandly increased
opmgared to that of controls at fifteen to thirty-one wecks and
sevenrien & twenty-one woeks of age, respoctively. At twenhe
thres woeks of age, PE began to increase in the contrel groug,
and st animals were affocted by thirty-nine weeks of age. In
the .15 po'bke group, the lowest dose grougs, fe onset of PE
was similar to that in controls.

Marphological Changes up & Five Weeks af Age in
Experiment 2

Changes in i ovary, wlens, or vaging at PNDI4, FRD2L,
ar five weeks of ape are summarized in Table 2, and charasstor
istic lesions are shown in Figures 2, 3, and 4, resposfively.
Although no dbaormalities woene detected in the ovary at
PRDI4, fhose at L300 ppdky were cloarly small at PRD2L
{Figure 21 At five wocks of age, the ovarics of all rads at
LAG poke and some of rat at 150 ok were macroscopi-
cally snall in size and microscopically composod of cystic
atretic follicles, and they bicked corpora lutea. Mo hyperplasia
of ypertrophy of the interstitial oells was found in the ovaries
of all treated groups. In e wterus, here were no difforences
until PND21, with nomal gland penesis at FND 14 At five
wocks of age, the vl at 150 ppke and higher doses showed
intraluminal hyperplasia (Figwe 31 The uteri in the other
roups showed nommal morphology at estrus. In the vaging,
eprnification was detected in the highest dose proup at PRDI4
{Figure 4). At FWND21, this change was recoverod 1o several
layerad squamous cells similar 5 those of control aninak.
A five weeks of age, B was a featwre in all rats at 1,500 and
maat of Sose in the 150 poike group. The vagines in the 15
pekg and lowsr groupe showed morphology similar o theee

Tiowricsdas: Fom T s fegath oo w Saclety of Torksogh Pactedsgs o Wask 18 XS

152



Vol. 39, Mo. &, 2011 DELAYED NEGNATAL EFFECTS OF DES frag

Frouee 2 —Sequential mophological assessment of the ovaries. A-D and E-H llustrate changes 2t PND21 and five weeksaf age (A, E; B, F; C,
G; and D, H are fir fhe 1,500, 150, 15, and O pgikg growp, repectively). At five weeks of age, the ovaries in A and B were obtamed from amimals
demxmsirating persistent estrus and that were given 1,500 and 150 pg'kg, and the remainder festured estrus with ] cyclicity. H ylin
and eosin San. Scale bers are 1 mm and 2 mm in A-D and E-H, mspectively.

Teccsiogk: Pathology sn Merch 18, X3
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Fuiee 3—Marpholigical changes m the werus ot five weeks nflg. (A—F) The dlmgs m llm 1,504, 150, 15 1.5, .15 and O pglkg

growg, respectively. The weri of A and B were obtaimed from
150 pghg, and the mmnuhrfuinadatusw:l: mmn! cy:limly (A) A h indicate high cal epithelial c=lls in the luminal
surface at 1,50 pghkg. (B) Amowheads 1 ima] hyperplasiz in fhe | ] epithelium at 150 pg'kg. (C-F) A nunber of
apoptotic cells in the Juminal epithelium, which & a typical festure in the wWerus o estrus. Hematoxylin and emin dain Scale hars are

r-4 estrus and that were given 15 and

204 pom.

in fe control group. In the other organs, no morphoelogical
featwes were different between treated groups and controls.

Tmmunohisiochemical Intensity of ERy Expression in the
Userus, Vagina, and Owery

The immunchistochemical expression of ER# in the uterus
and vagina is summarized in Figure 5. The intensities were
slightly higher inthe wers and vagina at PND 14 and FND2|
than those at five weeks of age. Estrogen recoptor-a did not
express in the granulosa cells, thoca cells, or sromal cells of the
ovary. Treatment-related changes were not detected in any
other organs or at any examined time points.

Userine Carcinogenicity and Histopathology at
Termination

The incidences of atypical hyperplasias and endometrial
adenocarcinomas are shown in Table 3. Values for both
were lower in the highest dose group than in the controls.
On the other hand, neoplastic lesions showed an increas-
ing wend in the lower groups, and the incidence of adeno-
carcinomas and total multiplicity of atypical hyperplasias
and adenocarcinomas were significantly higher in the
150 pg'kg group than those in the controls. In the 1.5 and
15 pgkg groups, which were sacrificed after a shorter
period than other groups, few atypical hypemplasias were

deiectod, and the incidence was similar to background data
at the same age in this strain.

At termination, morphological abnommalitics such as
atrophic uterine homs, dissppearance of lumina (Figure 6), or
short and graight oviducts were detected in the highest dose
group. Such abnomalities were not observed in ofher reaied
groups. As common changes in all groups including controls,
modt of the ovarics were atrophic with several cystic atretic
follicles and few or no compora lukea (Figure 6). Several primary
follicles remained, with no obvious varistion among the
control and treated groups. The vaginal mucosa was similarly
composod of several layered squamous cells in twe control and
treatod groups Neophlistic and non-neoplastic lesions were
abundant in the treatod and control groups, but their incidence
and severity were comparabk among the groups. Treatment
relted morphological changes were not detecied in the genital
tracts.

mRNA Expression of the Ovary and Uterus at
Five Weeks of Age

Data for mRNA expressions of ER @ and [, progesterone
receptor {PR), and GAPDH in the ovary are shown in Figure 7.
Glyceraldehyde 3-phosphate dehydrogenase mRNA was con-
stitutive in all animals. Although no differencesin ERzor ERB
could be detected in the ovary or uierus, PR in the uterus
demonstrated incressed expression at the 150 pg/kg dose.

Downinades fom Y mgapub cor & Saclety of Teskcoogic Parholags o Marck 15, XriT
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Fucaime 4 —Sexp

ofthe vagma A-D, E-H, and I-L ilustrate changes 2t PNDI 4, PND21, or five weeks of age

(A,E, I;B,F! C,0G, K,mdD H, L are for the 1,500, 150, li-ﬂﬂﬁlxmmvdy}&ﬁuwﬂ:of:g.ﬂ:wnofA-ﬂB
were obt d from at 1,500 and 150 pgiky, and the athers were from ratsat estrs with nonmal cyclicity. Hematoxylin and easin

stain Scale h;-: 20} o and 400 pmin A-D and E-L, respectively.

Dscnssion

The present sudy demonswated clear, dosc-dependent,
delayed effects of a single noonatal treatment with DES at
various doses on morphology in the fomalke reproductive ract
and estrous cyclicity in Donryu rats. In particular, earlier onset
of PE was evident in all but the lowest dose group. Although
timing of VO, which represents puberty, and uterine gland gen-
esis was not affected, the ovarian momphology at five wocks of
age at the highest dose indicated an shnormal gatus with ano-
vulation and cxooss cstrogen levels relative i progestcrone
(E:P ratio).

Inaddition, the comification of vaginal mucosa and vierine
intraluminal hyperplasa were consistent with those in rats
(Katsuda ot al. 2000) or mice (Bem ct al. 1987, Yoshida
ct al. 1999) nconatally cxposed w DES or high-dose p-tert
octylphenol. The vaginal changes in the present sudy are con-
sidered to be ovary dependent events in rats (Katsuda et al.
2000, but not mice (Forsherg 1979; Takasugi ot al. 1962). The
present resuls clearly indicated that the animals at the highest
dose were already affectod before puberty. Perinatal exposures
to high doses of estropens are known to irreversibly disrupt
steroid hormone receptor or related gene cxpression in the
uterus {Nakamura et al. 2008; Yoshida et al. 2000; Yoshida
etal 2002a). The studics on ERx or ER} mRNA as end points
of neonatl exposure to estrogens were limited, whereas PR

and AR as well as IGF| have been shown to be important (Wei-
hua et al. 2002). The present study did not provide proof of the
involvement of ERx in both mRNA and protein kevels in the
uterus. The increased expression in PR in the uterus at 150
pg/kg might be relaed to fower corpora futea, although
meochanisms of the increase have not been determined.
Several animals at 150 po'kg revealed similar PE status and
morphology in the female reproductive tract to those in e
highest group, indicating that fese animals at 150 pg/kg were
also affectod before puberty. Besides, clear abnomalitics
including morphological or gene expressions were not detecied
in the remainder of the 150 pg'kg group and inall rats inthe 15
and |5 pgkg groups until five wocks of age. Therefore, the
carlier onect of PE in these animak was considered to be a
delayed effect. In addition, twe onset showed clear dose
dependency. The carly onset of PE has already been reporicd
as an indicator of DAS (Mobbs et al. [985), but there are lim-
ited data on dose depondency (Bem et al. 1987). Recently,
Ninomiya et al {2007) reporied carly onsct PE with dose
dependency in Sprague-Dawley rats exposod to DES at doses
of |-100 pg/rat (approximately equivalent to 17-1,700 po/kg
if the body weights are expected to be 56 g at PNDO), but
not 0.1 pg/rat (spproximately equivalent to 1.7 po/ke) until
150 days of age. Although diversity exists at lower doses, fheir
results showing delayed effoct ame in line with our data The
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declined af five weeks of age

estrous cydlicity follows 2 similar tendency until eight months
of age in the 0. 15 pg/kg and control groups. Although the lower
two groups were terminated two months eardier than the other
groups, most of the control rats (80%) reached persistent estrus
at thinty-three weeks of age. Thus, the lowest dose would not be
likely to affect the estrous cycle after eight months of age.
The resulss of the uterotrophic assmy demonsiraied that the
single treatments with DES at 1.5 pg/kg and higher were indu-
cible doses of estrogenic activity in vivo with dose dependency.
Interestingly, our results demonstrated that the doses showing

estrogenic activity in vivo comesponded o the inducible doses
of early onset of PE. These resuls suggest that st substances
with estrogenic activity in vivo may induce delayed effects A
concern that twenty-four hours after s single reament is too
s00n to detect any edrogenic activity in uterotrophic asmy
might exigt, becanse uterine weights are umally measured
twenty-four hours afier a three-day treatment with a test sub-
stance in a uterotrophic assay (OECD 2007). However, a pre-
vious sidy that demonstraied, using radicauingraphy, that
DES di [**S] sulfate injected intraperitoneally st 1 mg/rat

et 18, X3
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Tasie 3—Incidence (%) and muliplicity of uterine proliferative ksions in rats neomstally expassd to disthylstilbesinol.
Atypical byperplasiss
Total incidence of

Gromp No ofmss  MNolesiom  SHght  Modemte  Sevee  Ademocurcmomas  profifmsing lesioms®  Muliplian”
Contral 16 387 =13 438 11 143 43 144 + 053
DES 15 pghs 15 [ 467 33 1] no 1000 180+ 083
DES 150 pghy 24 24 125 M52 2 o 918 353 & 0&T*
1500 pghg 17 ns 174 ns ns £5 411 1.9+ 0%

Atbi s DES, fashybsbnml

e i el i, < .
1.,.‘. iar o ke s o s (%)

‘mwmip&ﬂ&-pmhﬁt&n

Fiaree 6—Morphological changess af the termmation. A—-C, D-F, and G- are the ovaries, uteri, and vagines, repectively. (A, D, G) 1,500 pghky
(B, E, H) 15pg'kg; and (C, F, [}0 pg'kg. Hematoxylin and exsin stain. Scale bars are 1 mm, 2 mm, 400 jm, and 200 pm in A-C, D-F, G, snd H-1,
respectively.

distributed in the whole body within twenty- four hours (Bar- It iz well known that neonatal exposure to DES can induce
ford et al. 1977) could be support that the concem could be  malformations in the female reproductive tract not only rodents
excluded. (Newbold et al. 1983; Rothschild ot al. 1987-88), but also in
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1.5 pgky and contral groups st five weeks of age. The ovaries and uteri a1 1 50 py/kg were chtained from animals in persisient estrus, and others

are from rais o estrus with normal cyclicity.

human beings as DES daughiers (Teffrics et al 1984). The pres-
ent results of uterine carcinogenesis did not show a dose depen-
dency. The reason is likely to be related to the extreme atrophy
without the endometrial epithelivm apparent in the wteri at the
highest dose at temination, becawse the epithelial cells are the
histogenesis of endomerial adenocarinomas. The increase of
endometrial adenocarcinoma development at 150 pg'kg of
DES observed here is in line with previous studics of neonatal
treatment with estrogenic compounds such as DES, tamoxifen,
or high-dose p-ert octylphenol (Carthew etal 2000, Newhold
et al. |99); Yoshida ot al. 2002h). Prolonged exposure to
excess estrogen relative to progesierone in the blood (increased
E P ratio), which is reflected as PE in a vaginal smear, is an
important cause of wierine cancer development in Donryu rats,
a high-yicld strain of uterine endometrial cancers (Ando-Lu
et al. 1994; Nagaoka ot al. 1990; Vollmer 2003; Yoshida et
al. 20{4). Excess estrogens also play a crucial role in cancer
of the wterine carpus in other strains of rats (Doerberg and
Kaspareit 1987) or mice, as well s women {World Health
Organization Classification of Tumours 2003), although andro-
gen or prolactin might influence wierine cancer development in
rodents (Nantermet et al. 2005; Yoshida et al. 2009). Our
results describod above show that carly onset of PE might be
the most sensitive indicator of delayed effects by nconatal
cxposure to estrogenic compounds rather than susceptibility

1o induction of prencoplastic and nooplastic kesions and other
morphological changes

It is still unclear what mechanism is crucial for the carly
onset of PE. MacLusky and Naftolin (1981) firat reported such
effocts as DAS, and they hypothesized that disruption of the
hypothalamus might be the trigger. There & evidence of
involvement of loss of noradrenergic neuronal responsivencss
in mats (Lookingland and Bamraclough 1982) and that DAS is
causod by agerclated neuroendocrine function rather than
ovarian impaimment (Mobbs et al. 1985). Recently, Adewalk
et al. (2009 reported gonadotropin-releasing hormone
(GnRH) rckease following nconatal estrogen exposure to be
nomal in the organum vaseulosum of the lamina Eeminals
in rats displaying early onset of irregular cycles, including
PE. One present focus i on the newly discowered neuropep-
tide in the hypothalamus, kisspeptin, a regulator of gonadtro-
pin secrefion via GnRH sccrction (Messager ot al. 2005),
bocause it plays pivotal roles in the onset of puberty (de
Roux ot al. 2003; Seminara ct al. 2003), sex differentiation
(Kauffman et al 2007), and reproductive activities such as
estrons cyeling (Adachi et al. 2007) and ovulation (Clarkson
and Herbison 2009; Uenoyama et al. 2009). It has been estab-
lished that neonsatal exposure to esrogens or estrogenic com-
pounds decressed hypothalamic Kiss | mRNA levels or
stimulation of GnRH neurons by kisspepting, resulting in

Dowrsaadas fom ya: s gepu com & Sacily of Tedcsiogh Pathology o1 Msech 18, XHI
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impairment of female reproductive functions (Bateman and
Patisaul 2008; Navarro et al. 2009). Kispeptin and it signal-
ing pathway in GoRH neurons might be anticipated as key
factors in delayed effects.

In conclusion, noonatal exposure to a single dose of DES,
which shows estrogenic activity in vivo, induces delayed
adverse effects on femalke rats in a dose-dependent manner.
Detection of carly onset of PE by vaginal smear appears to
be the most sensitive and useful parameter to detct such
effects, though a wait of over four months is nocessary for sig-
nificance to become apparent Its sppearance, however, can be
considered adverse in rats as well as human beings, because it
is imeversible and increases the risk o development of wierine
COIPUS CANCCr.
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Ethylene glyosl monomethyl ether (EGME), sulpiride, and
atrazine are | ovarian toxicants, which increase progester-
ot (Pd) ssoretion and nduce luteal cell hy pertrophy following
repealed adminitration. The aimm of this study was to define
the pathways by which thes oompounds exerted their effects on
the ovvary and by pothal smicepi tuitary -gonadal (HPG) acis. In the
ovary, changes in the deridogenic activity of new and old onrpora
Tubea (CL) wereaddresed. EGME (300 makg), sulpirideq 100 mgkg),
or alrarine (300 mglkg) were arally given daily for four times
from proestrus to diestnes in normal cycling rak. Trestment with
all chemicals significantly incressed srum Pd levels, and EGME
as well as sulpiride induced ncresses in prolactin (PRL) levels
In new CL, al both the gene and the protein levels, all three
chemicals upregulsted the following semidogenic factors scaven-
ger receplor class B type I, seroidogenic acule regulainry probein,
P450 choleseral sidechain cleavage and 3f-hydroxyseraid
dehydmpgenase (HSD) and downregulated the lutealylic gene,
200-HSD. Coadminigration of EGME and bromocr pline, a D2
agonist, completely inhibited PRL but not P4 secretion. Addi-
tionally, steroidogenic factor expression levels were upregulated,
and 2a-HSD level was dovnregulated in new CL These resulls
sugpest that EGME both directly and indirecily stimulates P4
production in lutesl cells, whereas adpiride elevates P4 through
activalion of PRL sserefion in the pituilary. Atrazine may direcly
activale new CL by simulaling deroidogenic facior expresions
The present dudy sugpess that multiple pathways mediate the
effects of EGME, sulpiride, and alrarine on the HPG axs and
luteal Pd production in female rats i v

Key Wonds progederone; newly formed corpora lutea; ethylens
glycol monomethyl ether; sulpiride; atrazioe; laser
microdisection.

Numerous drgs and chemicals have been found to interfere
with reproductive funetion in female experimental mnimals
{Yuan and Foley, 2002). The female reproductive organs

are regubaed acros the estrous cycle by e hypothalamic-
pituitary-gonadal (HPG) sysem through a complex feedback
loops. These feedback mechanisne are perturbed by ovarian
ixicants  including  ethylkne glyenl monomethyl ether
(EGME), sulpiride, and strazine. In rodents, repeated exposure
© ovarian exicants produces identifisble histopathological
changes in the reproductive ract as well as abnormal homone
mcretion and disruped estrous cycles (Sanbuisho er al,
009).

EGME, mlpiride, and atrazine indoce luteal hypentrophy
following repeated administation (Davis e al, 1997; Dudo
er al., 2009 Shibayama er al., 2009; Yuan and Foley, 2002).
HGME, which is widely used in various industrial products such
as detergents, adversely affects both the mak and the ferualke
reproductive syseme  (Johanson, 2000; Welsch, 2005). In
femaks EGME and its active metabolite, 2-medoxy acetic
acid, induce the hypersecretion of progesterone (P4) from lueal
cells bath in vive and in vitro (Almekinder er al, 1997, Davis
er al, 1997). Sulpiride, a dopamine D2 antagonist is used
clinically as an atypical antipsychatic drug (Lacruz er al., 2000),
In rats, D2 antagonigs block the inhibitory effect of dopamine
m prolactin (PRL) release, which results in the preservation of
functional compora Jutea (CL) and produces a psendopregreant
aate (Rehm or al, 2007). Arazine, a chlororiazine herbicide, is
a potent endocrine disraptor, which promotes mammary tumar
growth in female rats (Eldridge er o, 1994) and alers e
central nervous system regulation of the reproductive system in
mammals { Ebridge er al., 1999). Recendy, arazine has been
dwown to inhibit the release of gonadotropin-releasing homone
and diminigh the estrogen-induced surge of lueinizing hormone
(LH) and PRL in rats { Cooper er al., 2000, 2007). Other smdies
indicate that apazine ako simuolaes seroidogenesis and
incresses smm cocentrations of P4 and conmicosterone in
female rats (Fraies er al, 2009). Effects of srazine on the HPG
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axis have been previously reporied however, its direct effects on
the ovary ame not completely understond.

In nomal rat ovaries, L are formed and regress over
several estrous cycles. Consequently, at any one time, the rat
ovary will contain CL at various stages of development and
regression. The CL are classified iniy two main types: those
which are newly formed by the cument ovulation (new CL) and
(L remaining from prior estrous cycles (dd CL) (Bowen and
Keyes, 2000). Each type is morphalogically distinguishable at
each egrous stage (Yoshida o al, 2009). A number of key
faciors within the HPG axis are related i P4 biosynthesis in the
(1. Scavenger recepior class B type I (SR-BI), seroidogenic
acute regulatory protein (StAR), P50 cholestero]l side-chain
cleavage (P450scc), and 3f-hydroxyseroid dehydrogenase
{HSD) are critical for the uptake, synthesis and transpont of
cholesterol and the processing of cholesterol to P4 in luieal cells
{Stocco, 2001 Stocco ef al., 2007). P4 secretion from the CL in
rodents is regulied by the balance hetween synthesis and
catabolism Briefly, it depends not only on the amount of P4
synthesized but also on the expression of the enzyme 204-HSD
that caabolizes P4 into the inactive progestin, 20x-dihydropro-
gesterone { 202-DHP). Once 20u-HSD is expresedin the CL, P4
secretion declines and 200-DHP becomes the major sermoid
secreted by luieal cells (Stocco er al, 2000). This process is
equivalent to the functional regression of he CL. Thus, changes
in 202-HSD activity and the level of i inducible prostaglandin
Fa (PGF24) are considered © be the important factors of
Iuteolysis (Swocco e al., 2007). This pathway may also be the
target of agents, which block luteal regression, including the
previously mentioned ovarian toxicanis.

EGME, sulpiride, and atrazine all trget lnteal cells with
a resuliing increase in serum P4, because their chemical
spucture and properties are compleely different, it is
speculated that thelr toxicological mechanisms in CL were
different among them, but their mechanisms in viw have not
been elucidated. The present study was performed to clarify
how these agents target fhe luteal cells and affect e HPG axis
in vivo. This sudy focused on changes in the gene expression
kvels of semidogenic factors (SR-BI, StAR, P450sce, and
3P-HSD) and lutedytic facwrs (202-H 5D and PGF2a recepior
[PGF22-R]) in new and old CL, which were isolaied with laser
microdissection (LMD). In addition, serum hormone assays
and a morphometric analysis of immunohizochemical gaining
intensities of seroidogenic factors were also performed. For
EGME, its direct luteal effect was examined under a PRL
inhibitory state by coadminigraton of EGME and the D2
agonist bromocriptine (BRC).

Amimals. Female foweekold Spmges-Dawley (OfECDY ms wer por-
chased from (harles River Labomtones Japan, Inc. (Yokohama, fapan). They
were mamtained & Z3-25°C and 2 reative hamidity of 30-60% wika 12 h
highe cycle Commerdal mdent chow (R E-1; Onental Yaa Co, Lad, Tokya,

Japan) and drinking waer were awilahle ad Ghinew. Exrom cyde stage was
daemined asch moming by vaginal smewr. Only mimaks displymg 4-day
ot cycles ware incheded @ the experimenis. The animal projoools wes
mviewed and approved by Se Animal Cane and Le Committee of g Masonal
It of Heald Scimces, Japan,

Cluemicals ond resgesss. BGME wa porchased fom Wako Pes
(hemical Indesries, Lad f0sska, fopas} and was dissolved | water for
mjection. Selpiride md Erwime wee pochesd fom Wako Pare (hemical
Indesries, Lid and Tokyo Chemical Industry | Takyo, fapan), respecively, and
were sespnded in 0.5% wifval medyl cellalose 400 soletion {Wako Pem
Chemical Indesrias, Lid) BRC was perchased from Sipma-Addn oh (S Lowts,
MO} and was dissohved m 7% sbanol dileed with saline Comenl animalks

ived vebiche sol etions at ench experim e

&prﬁu- l‘. To comfimm the hivopadological chamges of heeal cell

i r wih BECME, solpiride, ond smzme, dhe
M*“pmmpqhzwwmyﬁgl.k}m
doses woad for the smady were as follows: EGME (300 mglkg), salpinds
(100 mghs), od ammane 300 mgikg) Bffecave dosss om e ovary and
dosimg pariod were sdecesd hasad om the relevans | nanmeres{ Davis er el 1997;
Dodo er al, J009; Ishil or al, 2009, Shihayama & al , 509} After reasmend
the animaks wes sodanied in g g fu = 5% par geowp). The ovary
and ot ber mpmductive and endoorine oggans folenes, vaging, pii ary, adreal,
ijnd.-dmrghﬂmﬂw-41-plimm-dlﬂivd
menueral beafieaed f i

d widh b

yh-ﬂmﬂ-l!}l-g,

E U 2 Be dhe d ad of BCGME, sipinide, or
mmﬂﬁqﬂ&mq&kwﬂnlu&.h—uﬂm
was mouimd for cearly disimguidving the loeal effeces of dese chemicals on
mew (1 from those om ald CL s monmal cycling simals. The animaks wes
oexed with dese chemicabs by gavage for far times from prossms o
iz, once per day m the moming | Sepplementary fig. 18] The doses wes
the same 35 for expesimen: 1. Bawesn 1000 and 1100 b of de fousk day of
nn‘.'hndlmhm-dt-n.thym-nmdhy
decapitation after 4 b {BGME and selpiride) or 1 b Haollowing de s
H-ul(n-4—1permLTheu:quyumepu-uumhnedm
peviously reporied pharmacodines ic daty. for thess agenss {Trakes cral | 56F;
Hays ef al, X00; Laws o ol 2008; McMallin o of | 30507, Yomads er ol
1990}, The sesom was sioed @ ~30°C wnall e in the bomone seays. For
LMD, the left ovaries were mpidly mmoved, smbedded in optimal cxting

¥ (OCT} compoend, and frozen with ligod mivogen. The right
ovaries were fixed n 4% pamformaldebyde and serially secfioned. Secsions
were tew samed with HE or wesd for imemmesobisne been cal stadies

Experimens 1. To evaloge dhe heed effacts of BEGME i dhe shaence of
a PRL effex, dhe animals were sreased with HEME (300 mgfs) by gavage,
Mam)byznjxm.ummlnd-epdqu

2o chiestres a5 e e 2 (Say yiig.
|qm=:mamdmc-.ghum_&-de_m—
(Bndges and Romsheim, 1990 Om the ot day of oestmene, when all
mimals were i diestes, ey were cudhanizad by decopiiation hetwesn 1000
md 1100 b afeer 4 b follvwing de a2 semmens (2 = 45 per gromp) The
mmm#wmda-tmu
i gom of C1. were performed m g same manmes
-hwzmqﬂmdm’- 10 vol nestmlbuflesd
formalin insiead of 4% parafoemaldsbyds

Hormone mesays. The szzam of P4, dial1TH (B,
FRL, IH, a=d follicl-simuleing bomose (FSH) wer dsommed wsimg
double-meibody ndicmmenoassay ad S labelsd radioligmds. P and B,
were menswed a5 desoribed by Taya o0 of (1985, Nasiosal Testowe of
Dighetes md Digestive and Kidney Disease mdicimmemosssy b wer
employed for mt PRL, LH, and PSH (Naoosal betiose of Arthotis,
Mexabolism and Digesive Disssess [NIAMDIY, Nagonal Instsses of Heaaldh
INTH], Babesda, MD) (Taya ezl 19&3)
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BGME, SULPIRIDE, AND ATRAZINE ACTIVATE NEW CL

LMD of mew amd odd CL The OCT-smbedded fooem ovanes were
d omin i hed LMD shides (Leica Microsystems, Wazlar,
Gemnany} mnd fived in 75% afamol The scions wem then suimed wih
1% wleidine hioe soketion, debydraad, and air-drisd New CL (CL formed
hy&manhnnﬂ-dnﬂCLﬂ_Lmﬁmpnum
cycla} were coptused wamg a2 Leica LMDEON0 LMD sysem (Lsica
Microwysems |
Extraction of tedel RNA awd reverse iraveseription.  Laser-capesed tiemes
mpnd:dnlynsus,ﬂdmA“emudnh&kNqunﬁ

((Qragen, Valencia, CA} ding 10 the mansf, ‘5 Resideal
gemDNAuzmdﬂnan&eDN&SalQﬁgn).
conceneration and parky of RNA were checked wsing a opk

(NamoDeop NI 1000, Thermo Fischer Sm-nﬁc Inc, Wdhn. MA} and
stooed ar ~80PC wmeil analysis For DNA syndh Everse

269

d1 1 howsek gene, HPRT,

|

RN A levels for sach geme wem it
ming the amndand corve medhod.

1 moeaen odiint sch ol niry.  The ovarian sactions wese depam ffinizad, meuned
with 0% metunal ceaining 3% HO, fr 10 min 4 oom e=mparawe,
bexed in o O0IM crc acid baffer @H = 70) @ 95°C for & mm, and
imowhased with antibodies of SR-B1{NB400-104; Noves Biokogicals, Lisleon,
m;.mcx,:sm&. Samea Cmez, CA), and PAS0oe (ABI244; Millipos

Ti la, CA} ight = 4°C. For 3-HSD fac-30821; Samea
leq&zmmmmﬁm“em
2 buong = a cec acd beffer ar 95°C for lam-:pnfo-ndu
experiment 3. The sactions were then mcohaed with the d eudy
HIETOFINE SIMPLESTAIN MAX-PO, Nmm Buucxn:e. 'Inkyn.hp-}
.d e lized with 33 dummoh g wih

e

‘mqmimmnmmmwnm}

l-d-d-u, witagive PFCR.  Mewionger RNA mRNA} levels of SR-EI,
StAR, PaSOsce, SR-HSD, Xa HSD, PGF2e-R, PRL recepuor (FRLE) Long
and Shorr forms), swoldogemtc facsw | (SFJ), mwlow recepow SA2
(NRSAZ), aceryl yme A lran § {ACAT-1), and hypemn-
Thutre. puc hucnslaonr by ,“_',‘ HPET) (Table 1) wex malysed
u-g-km Prism 7900 Sequence Deecrion Sysem (Applied Biosystems,
Fomer Oy, CAL The pmbes ond primers of SF./ (ReO0SR429% mil) and
ACAT) (ReOOSTH0S ml) were peepaed wih TagMan gens ey

o4

.
Moarp
S +. 1

dysis of dmomunoi ioe hem ol intensity.
des of SR-BI, &AJLN&M and 3fi
mbnmduuﬂ.mp-&dqlqdﬂ'um bapff
mbweh nih govfi)f) Piosres obumed fom diffesm wess ifive weas pr
i) of sew and old CL (& = 4-5) wes taken womg a }40 ohjectve and
adigital camen sysem. Digital images wes poocessad by soberacting e light
tckgromnd, spliging the bloe channel to remove the bemasaylin saming,
followed by adjesmen of the density thrasbold (SR-BI, SiAR, and P4Slso
a*:mspmmm;mml ity was d md d by

assays (Applisd Bicsysmems). To compare mRNA levels among samples,

d demsity, which was the prodec d‘k-u-dhe
mpqrnh:.

TABLE 1
Primers and Probes Used for Real-Time PCR Analysis

o Primer and probe CenBask soression No.

Sk-BI Forwaxd S OCGAATOCTCACTGGAATTCTTC 3 NM_031541
Reveme S OGAACACCOCTTGATTOCTGGTA S
Pabe S NVI-AAGCCTGCAGATCTATGA-MGE-3'

StAR Forwaxd A GOGAGAGTOGAACDC AAATGT-3 NM_(2158%
Revems SCATGOGTGATGACTGTGTCTTTTC-3
Pibe SNIC-AAGGAATCAAGGTOC TGANG-MGE -3

PasOwe Formaxd S TCTOCTCTACC AACAGTOCTOGAT -3 BOORIION
Reveme S .TGGTACAGGTTTATOC AAOC ATTGS!
Pmbe S NELTTCAATGAGATOCCTTC- MGE 3

SfpHSD Forwaxd 5 GODCAACTOCTAC AAGAAGATCAT-3 Ut
Reveme & CTOGGOCATCTTTTTGCTGTATG3!
Pmbe & VE-ATGTGCTTTCATGATGC TCT- MGE-3!

e HSD Forwand L TTIC AATGAGGAGAGAATCAGAGAGA-3' 132601
Reveme S OCATGTCATCTGAAGCCAACTG Y
Pmbe AN OCTGCAGGTCTTTGAT-MGE-3¢

PGFIa R Foreaxd & CTCTGGCTTGTGOOC ACTTT- 3¢ [y 7}
Reveme A OCGATGCACCTCTCAATOG-3
Poobe N LOCTEGGCAGTACGATG- MGB3'

PRLR dong form) Forwaxd A CTGGOC AGTGOCTTTGAAG-S' METeEE
Reveme L OCAAGGCACTCAGE AGCTCT-3 NM_012630
Pobe L PAM-ATCTTTOC ACCAGTTOCTGGOUCA AA A ATA-MGE 3

PRLE (Shore form) Forwaxd S CTGGOCAGTGOUTITGAAG-S MATeEE
Reveme L AAGGGOCAGGTACAGATOC A NM_012630
Pmbe S PAMAATCTTTOC ACCAGTTOCTGGOU CAAA AATA - MGE -3

NRS2 Forwaxd L TTOGGGOC AATGTACAAGAGA-S NM_(25742
Reveme S GOCTOGAATGAGGGCTTTCT-3
Pobe S VI ACAGGGOCTTGAAAC MGR-3'

HPRT Forwaxd 4 GOOGACDGGTTCTGTCAT S ReMEA
Reveme 5 GOTCATAACCTGGTTCATCATCACS!
Paobe 3 FAM-CAGTCOCAGOGTCGTG-TAMRA-S'
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RESULTS

Experimenr |

Luteal cell hypertrophy induced by a 2-week treatment of
EGME, smupiride, or armaszine. The animals treaed with
EGME, sulpiride, or atrazine showed shnomal estous cycke
including persigent diestrie as determined by vaginal cyilogy
within 2 weeks. Luteal cell hypertrophy and an increased
number of large, atretic follicks were observed on hismlogy

in all teament groups (Figs. 1B-D). New CL were ramely
detecied. The hypemrophic CL contsined round & polygonal
lteal cellk with abundant eosnophiic and sometimes well-
vacuolated cywplasm Few apopintic cells were olserved. In
e control females, the ovaries at diestrus contained new CL
characterized by foamy basophilic lueal cells and old (L. with
some vacuolaed eosinophilic lutesl cells and numenous fibrous
cells (Fig. 1A). With respect to other reproductive and endocrine
organs, mucinous degeneration of the vagina occumed in all
reatment groups, and hyperplasia of the mammary gland was
found in all sulpinde-reated and some EGME-treated animals,
being most pronounced in the former group (data not shown).

Experiment 2

Alrerations of serwm hormore concentrations. The serum
P4 level was sgnificantly higher in all treatment groups
compared with the respective control groups at diestrus (2.1-,
42-, and 6.3-fold in EGME, sulpiride, and atrazine groups,
mspectively) (Fig. 2A). In the EGME- and sulpiride-treaied
groups, the PRL level was significantly higher (4.3- and 12.1-
fold in EGME and sulpiride groups, respectively) (Fig. 2B).
Other homone levels (Ex, LH, and FSH) were within basal
levels and not changed in all groups (data not shown).

Changes of sieroidogenic and lureolwtic gene expression
kvels in mew and old CL. New (L of the EGME and
sulpiride treatment groups showed significantly higher expres-
zion levels of SR-BI, SR, P450scr, and 38-HSD mRNA (p <
0.01 or 005) and lower levels of 202-HSD mRNA (p < 0.05)
than controk at diestrus (Figs. 3A-E). The PGF2a-R mRNA
Evel in new CL of e EGME group was also lower than in the
control (Fig. 3F). Atrazine-treated new CL showed a signifi-
candy higher kvel of SR-Bf mRNA (p < 0.05). Of e other
sieroidogenic factors, SIAR, P450sce, and 3B-HSD had higher
mRNA expression levels and the luteolytic factor, 202-HSD,
had a lower mRNA kevel (Figs. 3A-E). In the old CL, the 3§-
HSD and PGF22-R mRNA levek were sgnificantly increased
by EGME treatment (p < Q.05) (Fig. 3D).
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FIG.Z Seoam bormone levels following foer dail y seatments wigh EGME, sulpiride, or atmzine. Thata represent senam P4 (A ) and PRL (B levels (mem +
SEM). Animals were asthanized 2t 4 b {ETME and sulpiride ) or 1 b (xmzne) aftr the b dose (8 = 4-5) Dashle asends ip < 001} and asensk @ <005

ndicae sigmifiunt differences as compared with the comtmls
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