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Table 2. Uterine Gland Genesis before Puberty in Control and PNDs 1~5 or PNDs 1-15 OP-treated Rats*

No. of uterine gland / section (Mean + SD)

Control PNDs 1-5 PNDs 1-15
PND 10 - 0 0 0
PND 14 394+05 405+£1.5 0.1 £0.13#=
PND 21 4.58+0.6 557+1.7 255+ 1.5
PND 28 642+15 7.83+13 3.14 £2.2%=

*: Yoshida et al., Carcinogenesis 2002; 23: 1745-1750.

**; Significantly different from the control value (P<0.05).

Table 3. Sequential Changes in Incidences of Persistent Estrus in Control and PNDs 1-5 or PNDs 1-15 OP-treated Rats*

Incidence of persistent estrus (%)

Group 1.5 2 3 4 5 6 8 10 11 (Months of age)
Control 0 0 0 2.6 17.9 30.8 64.1 85.7 100
OP-treated (PNDs 1-5) 49 12.2 537=  70.1% 87.8+ 100* 100~ 100 100
OP-treated (PNDs 1-15) 100 100 100 100 100 100 100 100 100

*: Yoshida ez al., Carcinogenesis 2002; 23: 1745-1750.
**: Significantly different from the control value (P<0.05).

to EDCs including estrogens or androgens, but information
on such delayed effects is limited. In our recent study,
exposure after birth to 100 mg/kg t-OP for the first 5 days
(PNDs 1-5) caused a “delayed” influence which was
characterized by accelerated appearance of atrophic ovary,
manifested by early-occurring and long-term continuing
persistent estrus, whereas no abnormalities could be found
with regard to growth and development of the reproductive
organs and the hypothalamo-pituitary-gonadal control
system up to maturation®’, thus differing from the case of
exposure for PNDs 1-15 to the same dose of t-OP3* (Tables
2 and 3). Previously, we confirmed neonatal OP-treatment
of 50 mg/kg/day every other day for PNDs 115 did not
affect estrous cyclicity®*, the total administration-dose (400
mg/kg) being higher than that (300 mg/kg) in the PNDs 1-5
study. This result indicates that the differences were due to
the treatment period, rather than the total dosing volume.

Postnatal Exposure

Chronic administration of OP to adult male rats causes
alteration in hormonal secretions?®, and also induces
atrophies of the testis and other genital organs®*. We
therefore tested estrogenic effects of t-OP using adult OVX
Donryu rats given daily subcutaneous injections of 6.25,
12.5, 25, 50 or 100 mg/kg for 2 or 14 days. t-OP was
detected in serum at doses of 25 mg/kg and above for 2 days
and of 12.5 mg/kg and above for 14 days, and uterine
weights and luminal epithelial heights were increased dose-
dependently. OP-treatment for 2 days caused a dose-related
increase in proliferation of uterine luminal, glandular and
stromal cells and vaginal epithelial cells, and the effects were
fundamentally related to the serum OP levels?.

Effects of t-OP on the female reproductive tract of

normal cycling rats were also investigated. F344 and
Donryu rats were used, and t-OP was subcutaneously
injected for 28 days at similar concentrations to those
applied to OVX rats. The most notable changes were
disappearance of normal cyclicity in 50 mg/kg or more OP-
treated rats and appearance of persistent estrus in the 100
mg/kg group. Inrats showing abnormal cyclicity, the uterine
morphology deviated from the normal at each estrous stage
of cycling rats, and cell proliferation in the endometrium was
slightly increased. However, the data for uterine weights,
luminal epithelial cell heights and/or numbers of epithelial
cells in the endometrium demonstrated only equivocal
alteration. In treated rats, the serum E2 levels were
decreased with 50.mg/kg of OP or more. Donryu and F344
rats showed similar sensitivity to estrogenic effects of OP, no
strain difference being evident. The results indicate that
vaginal cytology may be the most sensitive endpoint for the
detection of estrogenic activity of potential EDCs in studies
using adult female rats*!. It was also demonstrated that
vaginal cytology or its morphological features might be very
useful in animal toxicity studies for assessment of the
individual hormonal milieu including dysfunction of the
hypothalamo-pituitary-gonadal control system?2,

The suitability of the 28-day repeated oral-dosing study
for risk assessment of EDCs or strain differences was
investigated in adult SD, F344 and Donryu female rats given
60 or 250 (150) mg/kg/day of NP, or 5 or 50 mg/kg/day of
atrazine by stomach tube for 28 days. No morphological
changes were noted in any reproductive organs of the treated
animals, although abnormal estrous cycles were detected in
high-dose groups of all strains, without any strain
differences*’. The results also indicate that vaginal smear is
the most sensitive parameter for detection of effects of
estrogenic or anti-estrogenic chemicals, when normal
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cycling animals are used. Although atrazine is an
agrochemical having weak estrogen-antagonistic activity, an
anti-estrogenic property was not clear in the study.
However, effects were detected in the immature rat
uterotropic assay, in which atrazine alone was not associated
with any changes in uterine weight, but co-treatment with
atrazine and E2 reduced E2-induced increase of uterine
weight*,

Effects on Uterine Carcinogenesis

While the etiology of uterine adenocarcinomas in
women is still inconclusive, hormones such as estrogens are
considered to be of essential importance?®. The
carcinogenic effects on the female genital tract in mammals,
including humans, are considered to be one of the most
important adverse consequences of EDCs with estrogenic
activity. However, there have been only a few reports of
unequivocal induction of carcinomas in experimental

_animals by EDCs, except with diethylstilbestrol (DES), as
reviewed previously‘. In humans, the causation of vaginal
and uterine cancers by prenatal exposure to DES is a striking
example of environmental carcinogenesis®. In experimental
animals also, the effects of prenatal DES exposure have been
studied in rats and mice, as reviewed by Marselos and
Tomatis?*6. Vaginal and uterine adenocarcinomas were
induced in mice exposed prenatally to DES*7#%. In rats
following in utero DES exposure, however, mammary and
vaginal tumors, rather than uterine tumors, were observed*.
Thereafter, uterine carcinomas were also induced in Donryu
rats by transplacental administration of DES*. In the study,
interestingly, data for persistent estrus incidence indicate a
“delayed” influence in offspring exposed prenatally, similar
to our recent report®’.

Tamoxifen (TAM) is a non-steroidal anti-estrogen
which competes with estrogen for binding to ER. However,
its pharmacology is very complex, and both estrogen
agonistic and antagonistic properties have been found,
depending on the species, age, exposure duration, dose, route
and organs in experimental studies®. It has been pointed out
that the risk of endometrial cancer may be increased in
postmenopausal women exposed to TAM for mammary
cancer therapy, the agent acting on the uterus as a weak
estrogen agonist’’2, In experimental studies using adult rats
and mice, however, it has been impossible to cause
endometrial cancers by TAM treatment, although
endometrial carcinomas were induced in mice treated
neonatally®®. Also the incidences of uterine and cervical/
vaginal cancers increased in rats, in the absence of any
estrogen agonistic effect, when tamoxifen was administered
orally on days 2-5 after birth®. Previously we reported that
TAM showed potent anti-estrogenic effects on the adult rat
uterus and inhibited the development of endometrial
adenocarcinomas in our two-stage uterine carcinogenesis
model®. In that study, however, the dose levels used might
have been high. Quite recently, we also reported that TAM
showed promotion, but not progression, effects on mouse

uterine carcinogenesis, so that the influence in the
progression stage appears to be different from the estrogen
agonism reported for human beings, although TAM did
show estrogen agonistic effects in the promotion stage®.

In one study, atrazine slightly increased the incidence
of endometrial adenocarcinomas in female F344 rats, when
given in the diet”. Quite recently, however, it was reported
that atrazine administered in diet has no modifying effects on
uterine carcinogenesis in ICR mice initiated with N-ethyl-N-
nitrosourea’®. Vinclozoline, a pesticide also showing an
anti-estrogenic effect, induced uterine adenocarcinomas in
female Wistar rats, as well as ovarian sex cord-stromal
tumors, when given orally®®. The carcinogenic mechanisms
of these chemicals with anti-estrogenic activity are not clear
and further studies are needed to elucidate them.

Dioxin (2,3,7,8-TCDD) is known to exert its
modulatory actions through the Ah receptor, and there is
experimental evidence suggesting that it can also act in both
estrogenic and anti-estrogenic manners, depending on the
dose, species, and organ system involved. In rodents, TCDD
induces mainly hepatocellular tumors. In addition, in an
initiation-promotion study, morphological changes were
also noted in both the uterus and the ovary. Although there
is no evidence that TCDD can induce tumors in the female
genital tract of rodents, it was reported to cause
endometriosis in monkeys®.

Another interesting example is ethylenethiourea (ETU),
a metabolic product of ethylenebisthiocarbamate fungicides
such as maneb and zineb, which are also listed as EDCs.
ETU itself is a well established carcinogen, inducing thyroid
tumors in rats and hepatic and lymphoid tumors in mice. In
addition, it reacts with nitrite under acidic conditions in vitro
and in vivo to form a mutagenic and carcinogenic
compound, N-nitroso ETUS!. Concurrent oral
administration of ETU and sodium nitrite is reported to
induce uterine endometrial adenocarcinomas in mice®. In
our two-stage uterine carcinogenesis model using Donryu
rats, concurrent oral administration of ETU (80 mg/kg) and
sodium nitrite (56 mg/kg) resulted in uterine endometrial
carcinomas without initiation by intrauterine administration
of ENNG, and also promoted development of the tumors in
animals initiated by ENNG, presumably by influencing the
hormonal balance®. Both ETU and nitrite are known
environmental chemicals which are included in foods. Our
confirmation that endometrial adenocarcinomas can be
induced in this way in rats as well as mice, thus points to an
importance of the oral route of exposure to these chemicals,
although the doses used in the study were much higher than
those in the diet.

The effects of high-dose t-OP on uterine carcinogenesis
were investigated using adult Donryu rats initiated with a
single intrauterine treatment of ENNG at 11 weeks of age
and exposed thereafter to 100 mg/kg/day t-OP by s.c.
injections until 15 months of age. Adult OVX rats were also
treated in the same way. t-OP had no effect on the
occurrence of persistent estrus in non-OVX rats, although
uterotropic effects were obvious in the OVX case. At the
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Table 4. Uterine Adenocarcinomas in ENNG—initiated Rats with Exposure to High-dose OP*

Incidence of endometrial lesions

Group No. of rats
examined Hyperplasia Adenocarcinoma
+ ++ +++ total differentiation**
Gl G2 G3

1. Control 23 2 8 7 4 4 0 0

2. OP-treated (Adulthood) 26 1 8 5 12#%x 9 (G1 and/or G2) 3

3. Control 23 3 7 5 6 6 0 0

4. OP-treated (PNDs 1-5) 28 1 3 5 18%%x 17 1 0

5. OP-treated (PNDs 1-15) 22 2 2 1 8 1+ 3 Yoerox

*: Groups 1-2: Katsuda et al., Jpn J Cancer Res 2002; 93: 117-124.
Groups 3-5: Yoshida et al., Carcinogenesis 2002; 23: 1745-1750.

*#: Histological grades of uterine adenocarcinomas by tumor differentiation.
G1: well differentiated; G2: moderately differentiated; G3: poorly differentiated,

*=+; Significantly different from the control value (p<0.05).

end of the experiment, however, development of uterine
adenocarcinomas was significantly increased in animals
- exposed to t-OP during adulthood, but no tumors developed
in OVX rats. This finding suggests that high-dose t-OP has
tumor-promoting effects on the ENNG-treated endometrium
of rats, possibly due to direct action on the uterus, as
indicated by the uterotropic effect of OP% (Table 4).
Uterine carcinogenesis in Donryu rats treated
neonatally with a high-dose of t-OP has also been
investigated. Female pups were subcutaneously
administered 100 mg/kg/day t-OP every other day for the
first 5 days after birth (PNDs 1--5), or the first 2 weeks
‘(PNDs 1-15). Thereafter, they received a single intra-
uterine injection of 20 mg/kg ENNG at 11 weeks of age and
were observed until 15 months of age. PNDs 1-5 OP-treated
animals showed normal development of the female
reproductive system, including uterine gland genesis before
weaning and normal estrous cycling immediately after
vaginal opening. However, the treatment accelerated the
occurrence of persistent estrus after 6 weeks of age, and
increased the number of well-differentiated uterine
adenocarcinomas at the end of the experiment (15 months of
age), as compared with controls. This indicates that PNDs
1-5 OP-treatment resulted in delayed modulation of the
hypothalamus-pituitary-ovarian hormonal control system,
and thus increased the serum E2:P ratio, leading to
promotion of uterine carcinoma development. On the other
hand, PNDs 1-15 OP-treatment demonstrated immediate
and irreversible influences on the control system, called
“androgenization”, and induced suppression of uterine gland
genesis as well as abnormal uterine development manifested
by prolonged persistent estrus immediately after vaginal
opening, similar to our previous report®. In addition, at the
end of the experiment, uterine tumor malignancy as assessed
by morphological and biological properties was clearly
increased, although there was no significant alteration in the
total incidence of adenocarcinomas. The total incidence of
hyperplasias was significantly lowered, probably related to
suppression of uterine gland genesis (Table 4). That study

provided evidence that neonatal exposure during PNDs 1-5
or 1-15 to high-dose t-OP enhances uterine carcinogenesis
in ENNG—initiated‘ rats, and that the type of uterine tumor is
changed by the period of neonatal treatment®’.

Concerning the histogenesis of endometrial
adenocarcinomas in Donryu rats, the tumors are considered
to arise from hyperplasias of the luminal or glandular
epithelium, especially the latter?®. In humans, it has been
pointed out that the presence or absence of hyperplasia as the
background is important for the biological behavior of
endometrial adenocarcinomas. High-dose OP treatment at
PNDs 1-15 induced luminal epithelial hyperplasia in the
uteri of rats at 8 weeks of age®*, and finally increased
development of undifferentiated adenocarcinomas, although
the incidence of hyperplasias was decreased®, Carthew et
al. also reported that tamoxifen induced uterine
adenocarcinomas, including biologically malignant
examples, in rats in the absence of endometrial hyperplasia,
when given on days 2-5 after birth’¢, These results are very
interesting in consideration of the histogenesis of uterine
adenocarcinomas.

As mentioned above, estrogen and related compounds
are reported to increase the risk of endometrial
adenocarcinoma development in women. Estrogens occur
naturally within the normal body, and are mainly
metabolized in the liver by two separate pathways,
producing either catechol estrogens (2- or 4-hydroxylated
products) or 160~ or 16-hydroxylated products. 2-
Hydroxylation of estradiol or estrone to a catechol is a major
metabolic pathway, and the catechol estrogens 2-OHE2 and
2-OHE1 have much weaker hormonal potency than their
parent hormones, and lack carcinogenic potency when given
to adult animals. On the other hand, 4-hydroxyestradiol (4-
OHE2) and the two 16o-hydroxylated forms, 16-OHE1
and 160-OHE2, retain potent hormonal activity by acting on
classical estrogen receptor and also are tumorigenic®. In
fact, induction of preneoplastic and neoplastic lesions by
estrogen and its steroid metabolites (16 steroids) were
studied with our two-stage mouse uterine carcinogenesis
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model, and 2-OHE1 or 2-OHE2 exerted promoting, but not
progressing, effects, while 160~ and 163-OHE] caused both
promotion and progression®.

It is known that indole-3-carbinol binds to the Ah
receptor, similar to TCDD, and induces cytochrome p450
metabolic enzymes mainly in the liver. It has been reported
that this chemical shows a chemopreventive effect on
spontaneous endometrial adenocarcinoma development in
Donryu rats when given orally, the effect being speculated to
be due to enhanced 2-hydroxylation®”. We also assessed the
effect of indole-3-carbinol on uterine carcinogenesis using
our two-stage rat uterine carcinogenesis model. Contrary to
expectation, however, the incidences of endometrial
carcinomas were increased. In rats given indole-3-carbinol,
elevated liver weights and centrilobular enlargement of
hepatocytes were also observed, the results indicating an
effect on estrogen metabolism in the liver, and further
studies are now under way, to clarify the discrepancy
(Yoshida et al. unpublished data).

" Effects of Low-doses of EDCs

The concentrations of EDCs including OP in the
environment are very low, and the main exposure route is
oral, rather than cutaneous, in humans. In general, the
toxicokinetics of chemicals including EDCs in animals is
known to be influenced by the method of administration. It
has been reported that low doses of estrogens and EDCs such
as OP might be removed from the blood during the first
passage through the liver, when given orally®®®. For risk
assessment of EDCs, it is very important to investigate oral
dose effects at human exposure levels and thus we have also
focused on relatively low doses of OP (t-OP or n-OP) by oral
administration. Female Donryu rats initiated by intrauterine
administration of ENNG were given diets containing 100 or
1000 ppm t-OP (about 5 or 50 mg/kg/day) or 100 ppm n-OP
(about 5 mg/kg/day) from 11 weeks of age to 15 months of
age. Although the concentrations are higher than those in the
environment, no significant increase in the incidences of
uterine adenocarcinomas was observed in any treated group
at the end of the experiment, and also there was no difference
in tumor malignancy among the groups (Yoshida et al.
unpublished data).

As detailed above, exposure to high doses of estrogens
or EDCs in the fetal or new born period exerts irreversible
androgenization of the female reproductive organs, because
of heightened sensitivity. In addition, “delayed” influences
on these organs may occur after puberty or sexual
maturation, Therefore, relatively long-term comprehensive
studies on the endocrinological and morphological aspects
may be necessary for determination of prenatal and/or
neonatal effects of low doses of EDCs regarding toxicity/
carcinogenicity in the female genital organs. Low doses of
EDCs such as NP or bisphenol A (BPA) were given orally to
pregnant rats, and offspring were observed until 15 months
of age, to investigate the prenatal and neonatal effects on
growth and development of the female reproductive system
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and uterine carcinogenesis. In the reproductive toxicity
studies reported by others, high doses of NP caused
estrogenic effects on pubertal development in male and
female rats’®7’!, However, maternal or neonatal exposure to
relatively low doses demonstrated no adverse influence on
the reproductive tract’2. In our study with NP, dams were
administered 0.1, 10 and 100 mg/kg daily by gavage from
gestation day 2 up to the day before weaning of their
offspring. Then, all female pups at 11 weeks of age were -
administered a single dose of 20 mg/kg ENNG into a uterine
horn, and observed until 15 months of age. The low level,
0.1 mg/kg, was selected as a dose relevant to human daily
intake (1 mg/kg) of isoflavones, uterotropic activity of NP
being reported to be 10 times stronger that that of daidzein,
one of the major isoflavones, and the middle-dose, 10 mg/kg,
was selected as near the no observed effect level in a multi-
generation reproductive study using rats’!. None of the
treated groups demonstrated any alteration in reproductive
ability. In their offspring also, uterine growth and
development, vaginal opening and hormonal secretion until
puberty were not changed and there were no effects on
estrous cyclicity and morphology of the reproductive organs
after maturation, or on uterine carcinogenesis in animals
initiated with ENNG™.

BPA, a volume chemical used in the manufacture of
polycarbonate plastics and found in canned foods, lacquered
containers and composite dental sealant, is one of the most
representative EDCs with weak estrogenic activity, and
uterotropic potential has been demonstrated in the immature
rat assay’*. A study conducted by the National Toxicity
Program (NTP) in the USA demonstrated that maternal
exposure to high doses of BPA at 0.5 or 1.0% in the diet
(approximately daily intakes of 875 and 1750 mg/kg/day)
reduced the number of live pups per litter and litters per pair
in first generation mice™, although pre- and/or postnatal
high-dose BPA exposure did not have any apparent adverse
effects on pubertal development in female rats or
reproductive functions in rats and mice’78. Recently,
however, perinatal treatment with BPA at much lower doses
has been described to influence male reproductive organ
parameters such as weight of the testis, prostate, preputial
gland and epididymis, and the efficiency of sperm
production in rodents”-3!, and neonatal treatment advanced
puberty in mice®?, although there are also some reports of no
treatment-related effects at low dose levels when given to
pregnant mice and rats®>®, and to rats in a three-generation
reproductive toxicity study®. To further assess the risk, we
also investigated effects of maternal exposure to low-doses
of BPA, including a human exposure-level, on growth and
development of the female reproductive system, and also
uterine carcinogenesis in Donryu rats. Dams were
administered BPA (0, 0.006 and 6 mg/kg/day) daily by
gavage from gestation day 2 up to the day before weaning
(PND 21). The concentration of 0.006 mg/kg was selected
as consistent with the 63 ppb defined as the average daily
intake from canned food in human beings, and 6 mg/kg was
selected as appropriate to simulate the maximum dose level
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Table 5. Proliferative Uterine Endometrial Lesions in Rats Given
Low-doses of BPA*

Incidence of lesions (%)

Dose Hyperplasia Adenocarcinoma**
+ ++ +++

0 mg/kg/day 21 21 13 33

0.006 mg/kg/day 20 20 17 33

6 mg/kg/day 13 47 17 20

#: Yoshida et al., J Reprod Dev 2004; 50: 349-360.
**: All adenocarcinomas in the three groups were well differentiated and
limited to the uterus.

(80 ppm) detected in plastic plates®’. The treatment did not
exert any influences on the reproductive system of female
offspring in either treated group, in terms of prepubertal
uterine growth and gland-genesis, vaginal opening and
gonadotropin secretion. After maturation also, no effects
were evident with regard to estrous cyclicity, age-matched

- sequential changes of the reproductive organs, and uterine
carcinogenesis until 15 months of age (Table 5). The results
demonstrated that maternal exposure to BPA at human
exposure-levels did not have any adverse effects on the
female reproductive organs of offspring in rats®s,

For determination of effects of EDCs on offspring by
maternal treatment, biotransfer of the chemicals from dam to
offspring is crucial, because the impact is fundamentally
related to the serum EDC level®®, However, data for transfer
of the test chemical via the placenta or milk to offspring, or
toxicokinetics of low-dose EDCs are very limited®®, In one
of our studies, NP at 10 and 100 mg/kg doses was transferred
from dams to their offspring via the milk, but the compound
could not be detected in their serum or liver’. Furthermore,
BPA levels in the milk of dams, and those in the serum and
liver in offspring were comparable between control and
treated groups, although the serum level of BPA in dams
receiving 6 mg/kg was significantly elevated®.

Quite recently, it was reported that cadmium has potent
estrogen-like activity in vivo®®. Thus, exposure to low-dose
cadmium (a single ip injection at a dose of 5 ug/kg)
increased uterine net weight accompanied by proliferation of
the endometrium, promoted growth and development of the
mammary glands, and induced hormone-regulated genes in
ovariectomized rats. In utero exposure to the metal (i.p.
injections of 0.5 or 5 ug/kg on days 12 and 17 gestation)
mimicked also the effects of estrogens, and female offspring
experienced an earlier onset of puberty and an increase in the
epithelial area and the number of terminal end buds in the
mammary gland. The amounts of cadmium used in the study
were environmentally relevant, because the WHO-
recommended Provisional Tolerable Weekly Intake Level is
7 uglkg/week. Although the administration route was
intraperitoneal, not oral, the ability of environmentally

relevant amounts of cadmium to mimic the effects of

estradiol is very important and the metal may represent a
new class of EDC.

Species Differences in Toxicologic/carcinogenic
Effects of EDCs, Effects of EDCs based on the
Molecular Biology and Extrapolation of the
Effects to Humans

It is well known that the toxicokinetics of chemicals in
animals are influenced by many factors, including species,
strain, sex, age, dosage and/or administration method, as
mentioned above. In particular, species differences are very

important for the risk assessment in humans. Species

differences in occurrence of toxicologic/carcinogenic effects
of EDCs may be an indication of variation in endogenous
hormonal factors, in addition to susceptibility to exogenous
agents. Mice are generally more sensitive to estrogens than
rats, and uterine adenocarcinomas can be induced in mice by
estrogen alone, but not in rats. In mice, perinatal exposure to
estrogens was found to induce ovary-independent
proliferation of the vaginal epithelium, which could not be
abolished by ovariectomy®!. On the other hand, the vagina in
rats neonatally exposed to high-dose t-OP became atrophic
immediately after ovariectomy®*. Adenocarcinoma
development in the ENNG-initiated endometrium of Donryu
rats exposed to high-dose t-OP was also ovary-dependent®,
In mice, however, E2 promoted uterine adenocarcinoma
development ovary-independently®S. Differences in the
reaction to estrogens or EDCs with estrogenic activity may
help to explain species differences in toxicity/
carcinogenicity, though further studies on this point,
focusing on metabolism of estrogens or EDCs and
localization of ER expression, are needed.

The prenatal and/or neonatal periods are more sensitive
to estrogens, and also EDCs, than the adult period. As
mentioned above, it has been pointed out that tamoxifen
increases the risk of endometrial cancer in women. In
rodents, TAM can induce uterine carcinomas when given to
newborn animals, but not adults. Similarly, 2-OHE2 has

- weak estrogenic, but not carcinogenic effects, although 4-

OHE?2 is a potent estrogenic catechol causing uterine tumors
in adult mice. However, both catechols induced tumors
when given on days 1-5 of neonatal life, although
carcinogenic activity of 4-OHE2 is stronger than that of 2-
OHE2%. Further studies on age-dependent differences in the
mechanism of EDCs’ effects on the female genital organs
are also needed.

Various methods such as DNA micro-array techniques
based on gene expression levels have recently been used for
the evaluation of hazardous effects of various chemicals,
because they should reveal very early changes. Up till now,
however, there have only been a few reports concerning
EDCs. The fact that changes in ontogenic expression of ER
alpha and not of ER beta occur in the fetal female rat
reproductive tract, provides fundamental information critical
for clarifying species-specific physiological roles of ER
subtypes during fetal development and for investigating the
tissue-specific mechanisms underlying prenatal responses to
estrogen and E2 agonists®. Genome-wide analysis of early
gene expression has furthermore suggested a basis for the
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Fig. 3. Hypothesis of the scheme for “androgenization effects” or “‘delayed modulation
effects” on the hypothalamo-pituitary-gonadal system in rats exposed neonatally to

high-dose OP.

drastic uterotropic effects following estrogen
administration®. Although DNA micro-array techniques
presently demonstrate problems with reliability and
reproducibility, future precise analysis should facilitate
understanding of the mechanisms underlying effects of
estrogenic EDCs®.

Almost all EDCs exist at only very low concentrations
in the environment, but humans may be exposed for long
periods. In many animal studies, various toxicologic effects
of EDCs on the female genital organs were demonstrated
when very high doses were given, but no obvious effects
were detected with low-doses. In humans also, low doses
may show no adverse effects, because of homeostasis,
although there are notable exceptions in animal and human
_ studies. In fish, the ova-testis is known to be a good

indicator of estrogenic effects of EDCs in females, but in
female rodents, we are still lacking a consensus regarding
equivalent reliable endpoint markers. Thus, more
comprehensive studies of the endocrinological,
morphological and also biomolecular aspects are necessary
in animal studies using rodents for extrapolation of EDCs’
effects to humans.

Conclusion

It is well known that the prenatal and/or neonatal period
is particularly sensitive to various chemicals, including
EDCs, in humans and rodents. Inappropriate exposure may
exert irreversible influence, resulting in androgenization of
the female genital system. In addition, it has also been
reported that a delayed influence may be exerted. Neonatal
exposure to a high dose of t-OP (100 mg/kg s.c. injection

every other day from PND 1 to PND 15) induced various
long-term persistent irreversible effects on the female
reproductive system of Donryu rats, such as lower
gonadotropin levels at prepuberty, inhibition of uterine gland
genesis, persistent estrus shown by vaginal cytology and
polycystic ovaries. Neonatal treatment of high-dose EDCs
having estrogenic activity can thus affect gonadotropin
secretion during the developmental period of sexual
maturation with direct masculinization of the hypothalamic
function. Abnormal differentiation in the developing rat
uteri may be induced via abnormal ER expression and
subsequent alteration of cell proliferating activity. However,
exposure limited to the first 5 days after birth to 100 mg/kg
t-OP caused “delayed” influence which was characterized by
accerelated appearance of atrophic ovary, manifested by an
early-occurring and long-term continuing persistent estrus
status after puberty, whereas no abnormalities could be
found with regard to growth and development of the
reproductive organs and the hypothalamo-pituitary-gonadal
control system up to maturation. The hypothetic scheme for
“androgenization effects” or “delayed modulation effects”

" on the hypothalamo-pituitary-gonadal system in rats

exposed neonatally to high-dose OP is shown in Fig. 3.

On the other hand, the most notable effect on the female
reproductive system when normal cycling rats were exposed
to a high-dose of t-OP for a short time (28 days), was
disappearance of the estrous cycle, and no clear changes
were detected in other parameters such as uterine weight and
morphology. These results indicate that the vaginal smear is
the most sensitive parameter for the detection of effects of
EDCs in normal cycling rats.

Well or moderately differentiated adenocarcinomas
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were increased in Donryu rats initiated by ENNG, when high
dose t-OP was given subcutaneously during adulthood.
Neonatal exposure to a high dose of t-OP also showed
promoting effects on uterine adenocarcinoma development
in a two-stage rat uterine carcinogenesis model using
Donryu rats, with slight to higher malignancy with more
prolonged treatment.

For the risk assessment of EDCs to human health, it is
very important to investigate the effects of low doses at
actual human exposure levels, because the concentrations of
agents, including alkylphenols and BPA, in the environment
are very low. In addition, the main exposure route to EDCs
is oral, not subcutaneous, in humans. Thus, we have focused
‘on effects of maternal exposure to low doses of EDCs, such
as NP and BPA, by the oral route, which have shown no
effects on growth and development of the female
reproductive system or uterine carcinogenesis. Transfer of
low doses of BPA from dams to offspring via the placenta
and/or milk was not unequivocal, although NP was
transferred when relatively high doses were given.

These results indicate that dietary exposure to low
doses of EDCs might not induce any adverse effects on the
female genital system in mammals, including humans,
because of the effects of homeostasis and clearance from the
blood stream on first passage through the liver.
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Abstract Tea-catechin derivatives are shown to inhibit activi-
ties of caspases-3, 2 and 7 in vitro, and prevented experimental
apoptosis at the cell and animal levels. Epigallo-catechin-gal-
late showed the strongest inhibition at 1x 107" M to these
caspases, but cysteine cathepsins and caspase-8 wére not inhib-
ited, Caspase-3 inhibition showed a 2nd-order allosteric-type,
but the inhibition of caspases-2 and 7 showed a non-competi-
tive-type. The apoptosis-test using cultured HeLa cells was
inhibited by these catechins. In rat hepatocytes, apoptosis
was induced by p-galactosamine in vivo. In this case, cas-
pase-3 activity in the cytoplasm, the serum aminotransferases
and dUTP nick formation detected by TUNNEL-staining were
effects, and these elevations were suppressed by administration
of catechin.

© 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.

Keywords: Catechin; Caspase-3; Apoptosis; b-Galactosamirie;
Serum aminotransferase ’

1. Introduction

Various pharmacological functions of tea-catechin deriva-
tives have been extensively studied in recent years. Their
anti-oxidant effects are well established; in addition, the possi-
bility for prevention of oncogenesis by tea-catechins from the
aspect of epidemiological statistics has been advocated. How-
ever, no reasonable explanation exists for the prevention of
oncogenesis at the molecular level-(see Section 4). The direct
effect of tea-catechins on "§p§ciﬁc" caspases with respect to
apoptosis has not yet been reported. The synthetic inhibitors
of substrate analogues for caspases have been reported; how-
ever, natural inhibitors have-hot been identified. Allosteric
inhibition of caspase-3 by synthetic inhibitors was reported

’Corresponding author, Fax: +81 88 622 2503.
E-mail address: katunuma@tokushima.bunri-u.ac.jp (N. Katunuma).

Abbreviations: AST, aspartate aminotransferase; ALT, alanine ami-
notransferase; EGCG, epigallo-catechin gallate; ECG, epi-catechin g-
allate; CG, catechin gallate; EC, epi-catechin; EGC, epigallo-catechin;
C, catechin; GC, gallo-catechin; G, gallate; LPS, lipopolysaccharide;
TdT, terminal transferase; MCA, methyl coumaryl amide

by Hardy et al., therefore:the tertiary structures of caspases
are flexible (see Section'4) {11]. We have previously shown that
some tea-catechin derivatives strongly inhibited caspases-3, 2
and 7, in vitro and in-vivo [1,2,5-9).

The inhibition of cultured HeLa cell apoptosis test, which is
reported by Wells et al., was studied {4]. Liver injury induced
by p-galactosamine with lipopolysaccharide (LPS) in vivo is
well charasterized to induce hepatocyte apoptosis within the
patholggica] field, assessed by TUNNEL-staining and DNA
»fragmeiita_ﬁon [1-4]. The activity of caspase-3 in the liver cyto-

“plasm was significantly elevated, and aspartate (AST) and ala-

‘tii‘n_g,u:(ALT) aminotransferases in the serum were also
significantly elevated in the p-galactosamine induced apoptotic

" fiver. These increases were suppressed by epigallo-catechin-gal-

late (EGCG) in vivo. EGCG is the main component of green
tea. The specific inhibition of activities of caspases-3, 2 and 7
by tea-catechin derivatives in vitro and the prevention of liver
cell apoptosis in vivo are reported in this paper.

2. Materials and methods

2.1. Materials

Recombinant human caspases-3, 7, 8 and 2 were purchased from
Bio-Vision Co. Catechin derivatives were purchased from Wako Co.
Cathepsin B and L were purchased from Sigma.

2.2. Methods

2.2.1. Inhibition assays of caspases-3, 7, 2 and 8 activities by catechin
derivatives. An established method for the assay of activities of cas-
pase-3 and caspase-7 was used [9], using the recombinant pure caspases
and DEVD-AFC as the substrate. Ac-IETD-MCA was used for cas-
pase-8 and AC-VDVAD-MCA was used for caspase-2. Enzyme activ-
ity was expressed as the released AFC (or MCA) formed nM/h/mg
protein.

2.2.2. Cell-free apoptosis test using cultured HeLa cell S-100. The
apoptosis assay system reported by Wells et al. is composed of cultured
HeLa cell cytoplasm S-100 (4 mg protein/ml), cytochrome ¢ (80 uM)
and Ac-DEVD-MCA (40 uM) as the substrate for formed caspase-3
[12]. Preparation of S-100 from cultured HeLa cells was followed using
the method described by Wells and Nguyen [12]. Following incubation
at 37 °C for 40 min, the released fluorescent MCA in the S-100 fraction
was assayed as formed caspase-3 from procaspase-3 in the S-100. Cas-
pase-3 activity without addition of cytochrome ¢ was used as the neg-
ative control.

2.2.3. Administration method of p-galactosamine and tea-catechin
derivatives in rats. Liver apoptosis was induced according to Mun-
tane’s method, by intraperitoneal injection of p-galactosamine [3,4].
A single dose of p-galactosamine was administered intraperitoneally

0014-5793/$32.00 © 2006 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.

doi:10.1016/j.febslet.2005.12.087
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90 (0.5 g/kg), and rats were sacrificed 12 b after the injection. Two doses TdT. After the TdT reaction, sections were soaked in TdT blocking 108

91 of BGCG with 50 pg/kg of LPS were administered intraperitoneally at buffer (300 nM/L NaCl and 30 mM/L tri-sodium citrate-2-hydrate), 109

92 1h before and after the D-galactosamine administration. EGCG was incubated with HRP-conjugated streptavidin for 30 min at room tem- 110

93  further administered twice at 3-h intervals, perature, and developed for 10 min in phosphate-buffered citrate (pH 111

2.2.4. Preparation of liver cytoplasm for assay of caspase-3 activ- 5.8) containing 0.6 mg/ml DAB. Nuclei were counterstained with 112

95 ity. Liver cytoplasm fraction for caspase-3 activity assay was pre- hematoxylin, 113
96 pared by sequential centrifugation method for cell organelle
separation according to a method described by Fleisher and Kervina

98 el 3. Result 114

99 225 TdT-mediated dUTP nick end labeling (TUNNEL) - Results

00 assay. Apoptotic cells were detected in sections using the in situ

101 Apoptosis Kit (Takara Kyoto, Japan). Frozen sections of liver tissues 3.1. Inhibition of caspase-3 activity by various catechin 115

102 were fixed in 3% paraformaldehyde, incubated with protease K (20 pg/ derivatives in vitro oo 116

103 ml) for 10 min, and then presoaked in terminal transferase (TdT) buf-
104 fer (0.5 uM/L cacodylate, 1uM/L CoCl, 0.5 uM/L dithiothreitol,

Caspase-3 plays a central role- as an executive enzyme of 117

103 0.05% bovine serum albumin, and 0.15 M/L NaCl) for 10min. Sec. ~ aPoptosis in the final step-of vaciotis apoplotic cascades [5- 118

106  tions were incubated for 1 h at 37 °C in 25 ml of TdT solution, contain- 9]. Caspase-3 activity was-completely inhibited by EGCG at 119

107  ing 1x terminal transferase buffer, 0.5 nM of biotin-dUTP, and 10 U of 1% 1077 M and was inhibited t0:50% at 1x 10 M in vitro. 120
Table 1

Comparison of inhibition of caspase-3 activity in vitro and the apoptosis test using cultured HeLa cells by téa-catechin derivatives

in vitro ;]’"‘Hg}‘.’é ell apoptosis test

Catechin Derivatives 50% Inhibition of caspase-3 SQ%;iﬁhibition of apoptosis test

Epigallo-Catechin Gallate
OH

OH 0. .mIQ—OH 6
" by OH 1x10°% M e 1x10° M

Epi-Catechin Gallate .
H A I
OH O. nmdoﬂ - -
@[) OH 1x107 M+ 1x10* M
OH Q
€, OH :
(o]

OH
Catechin Gallate

OH_._o '""dm‘ R }
;P(& on L 1x10° M 5x10°* M
H QOH | .

e
N
o

oe,
° OH
Epigallo-Catechin |-~
OH '
OH 0 .....Qon o 1x10° M 5x10* M
OH OH :
Epi-Catéchin ~
£ -OH
OH_~ € "“'G"“ 1x10° M 5x10°% M
ToH om
Catechin Gallate Gallo-Catechin Gallic Acid
OH OH OH
oH OH o Q No Inhibitions
O OH i OH OH 4
: o3} by 1x10° M
OH OH
OH OH OH OH

The left-hand column shows the concentrations of catechin derivatives. inducing 50% inhibition of caspase-3 activity in vitro. The right-hand column
shows the 50% inhibition of the apoptosis test units of cultured HeLa cells. The assay methods are described in the text [10,11]. The 50% inhibition
concentrations of various catechin derivatives are illustrated (n =13, the mean + S.E.M, with " P < 0.01).
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Epi-catechin gallate (ECG) showed 50% inhibition at
1% 107"M, and catechin gallate (CG), epi-catechin (EC) and
epigallo-catechin (EGC) had induced inhibition at
1% 107®M. Catechin (C), gallo-catechin (GC) and gallate
(G) showed no inhibition as Table | shows. The stereo-binding
form of ~OH to the catechin-ring should be an epi-structure to
display inhibitory activity. The presence of either component,
catechin gallate (CG) and/or epi-form catechin (EC), is essen-
tial. ’

Relationship of velocity and substrate concentration of cas-

pase-3 in the presence of EGCG showed a typical sigmoidal
curve and the Lineweaver—Burk relationship did not give a
straight line, but showed a logarithmic curve. When the abscis-
sa was taken as 1/[S], the logarithmic curve changed to a
straight line (Fig. 1A). The inhibition kinetics of these catechin
derivatives appear to be a 2nd-order sigmoidal allosteric inhi-
bition as follows:
1/v=Km/V(1/[S]) +1/V.
The other four effective catechin derivatives, such as ECG,
CG, EC and EGC, also showed the same type of allosteric
inhibition to caspase-3 as that by EGCG (figures are abbrevi-
ated).

The binding site of the catechins appeared to be different
from the substrate-binding site. The allosteric nature of cas-
pase-3 using synthetic inhibitors was reported by Hardy
et al. [11] (see Section 4). The molecular weight of caspase-3
did not appear to change in the presence of EGCG and/or sub-
strate using Superdex G-75. Therefore, polymerization or
depolymerization was not observed using these allosteric
inhibitors (data not shown).

3.2. Inhibitions of activities of caspases-7 and 2 activities by,
153 EGCG in vitro »
Caspases-7 and 2 are also known to participate in various
apoptosis cascades. The activities of caspases-7 and 2 were also
strongly inhibited by EGCG, and the 50% activities were
inhibited at 1x 10 M. However, the mode of inhibitions of
caspases-7 and 2 were different from that of caspase-3. The
Vmax decreased in the presence of EGCG ‘and the Linewe-
aver-Burk relationship showed a non-competitive type inhibi-
tion (Fig. 1B and C). The binding site to EGCG is the same as
the substrate-binding site or located near the active site. Cas-
pase-8, cathepsins B and L, which are the same cysteine prote-
ases, were not inhibited at 1x 107°M of EGCG. Therefore,
the inhibitions of caspases are not due to an attack to the ac-
tive site ~-SH of these enzymes-by the scavenger effect of cate-
chins. .

3.3. Inhibition of caspase-3-in HéLa cell apoptosis test induced
169 by cytochrome c by catechin derivatives

Wells et al. developed a cell-free apoptosis test using cul-
tured HeLa cells [12]. The S-100 prepared from cultured HeLa
cell cytoplasm contains sufficient amounts of procaspase-3 and
the activating enzyme system except cytochrome c. Caspase-3
activity in the S-100 increased following the addition of cyto-
chrome ¢, as shown in Fig. 2. The 70% of the apoptosis unit
was inhibited by EGCG at a concentration of 1x 107> M.
The strengths of suppression by the various catechin deriva-
tives were in the same order as the inhibitions of caspase-3
activity in vitro, as shown in Table 1, right column.

A 1600
14001
1200}

1000 with EGCG

0.0004

0.0009
1181

0.0001 0.0016 0.0025

B 3000 T
with EGCG
2500 + Y

2000 + . 7/

1500 +

> i

1000 + 7/

500 + /0/

c 200
1000 |

800 | P

> 1y

600 - 2
400 | o

200 7

R

L

0.06 0.08 0.1 0142

1] 0.02 0.04
1181

Fig. 1. Mode of inhibitions of caspase-3, 2 and 7 by EGCG in
Lineweaver—Burk relationship. (A) Caspase-3 inhibition by 1 x 10~ M
of EGCG. The 1/v values to the 1/[S] in the presence of EGCG are
expressed as open circles with a thin solid line (O — O). The /v values
to the 1/[S] in the absence of EGCG are illustrated as closed squares
with a solid line. The 1/v values to the 1/[ST illustration in the presence
of EGCG are expressed as open circles with a broken line (O — O). (B)
and (C) Caspase-2 or 7 inhibition by 1x107°M of EGCG. The
activities in the absence of EGCG are illustrated as solid line with a
solid line and the activities in the presence of EGCG are illustrated as
open circles with a broken line. (B) shows caspase-2 inhibition by
EGCG.; the Lineweaver-Burk relationship. (C) shows caspase-7
inhibition by EGCG. All symbols and lines are the same as those in

(B).

-869-



4 N. Katunuma et al. | FEBS Letters xxx (2006) xxx—xxx
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,5 8000
2 T
8
? 6000 + EGCG 10 M \ With cytochrome ¢
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t
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incubation time (min)

Fig. 2. Inhibition of caspase-3 activities in apoptotic test using cultured HeLa cells induced by cytochrome ¢ by catechin derivatives. Caspase-3
inhibition in 8-100 of cultured HeLa cells by various catechin derivatives was assayed using Nguyen and Wells’ apoptosis test as shown in Fig. 3 {12].
The inhibitory activities by various catechin derivatives are compared as 50% inhibition concentrations as shown in Fig. | in right panel. The catechin
derivatives added were expressed as the final concentrations in the S-100 fraction. All data are the means + S.EM. (n=5) with "P <0.01.

180 3.4. Liver apoptosis induced by p-galactosamine plus LPS, and (2) TUNNEL-staining method, which is the most established 202

181 its prevention by EGCG in vivo DNA nick formation in the nucleus, was examined in 203
182 Sufficient amounts of procaspase-3 are present and active ~“thesé Tivers. As shown in Fig. 3, the significant nick stain- 204
183 caspase-3 is not present in the normal hepatocyte cytoplasm. ing of nuclear DNA was observed in the livers treated 205

184 However, procaspase-3 in the cytoplasm is activated to form 7 .with'D-galactosamine, while nick formations was signifi- 206
185 active caspase-3 by the effective apoptotic signal. It is well e cafitly suppressed by cotreatment with EGCG. These 207
186 known within the pathological field that hepatocyte injury in- .=~ ._data show that p-galactosamine induced liver injury re- 208
187 duced by p-galactosamine results in hepatocyte apoptosis, as. "t sulted in caspase-3 mediated apoptosis and the apoptosis 209
188 assessed by the TUNNEL-staining and the DNA ladder for- . was significantly suppressed by EGCG administration. 210
189 mation [3,4,10]. ’ . (3) Increased activities of AST and ALT in the serum by 211
190 (1) Elevations of liver caspase-3 activity and serum amino- - D-galactosamine administration, which are the estab- 212
191 transferases in D-galactosamine induced hepatocyte. - lished marker for hepatocyte injury, were also com- 213
192 apoptosis, but were prevented by cotreatment with. pletely suppressed by cotreatment with EGCG dose- 214
193 EGCQG, as shown in Table 2. The both elevations were dependently as shown in Table 2. EGCG showed an 215
194 prevented by cotreatment with EGCG in a dose-depen- effective protecting effect for the liver injury mediated 216
195 dent manner, and treatments with 50 mg/head EGCG by caspase-3. 2347
196 suppressed the activity to the normal level. Furthermore,
197 the macroscopic liver profile was protected and resembled
198 to normal level. 4. Discussion 219
199  However, the mechanism of procaspase=3 activation cas-

00 cade induced by p-galactosamine remains unknown (see Sec- There are several papers on cancer prevention by tea-cate- 220

01 tion 4). ) o chin derivatives, which appear to contradict our own data. 221

Table 2 .
Elevation of caspase-3 activities in rat liver cytoplasm in vivo and the activities of AST and ALT in the serum following p-galactosamine
administration, and the preveg_tidris, by EGCG treatment in vivo

Caspase-3 activities in liver (AFC nM/mg/h) Aminotransferases in serum (TU/I)

il AST ALT
Control LPS <100 <37.8 <5.8
p-GalN 1000.0 450.0 300.0
D-GalN + LPS 5500.0 5229.3 1438.3
D-GalN + LPS + EGCG 10 mg 3500.0 - -
p-GalN + LPS + EGCG 30 mg 300.0 320.5 114.0
D-GalN + LPS + EGCG 50 mg 100.0 <100 <100

0.5 g/kg p-galactosamine with 50 pg/kg LPS was administered once intraperitoneally. The p-galactosamine administration method and the prepa-
rations of the liver cytoplasm for the caspase-3 assay are described in Section 2.2. The injection doses of EGCG are mg/head. Elevation of caspase-3
activities in the liver cytoplasm in p-galactosamine-induced apoptosis and the preventions by EGCG. The dose-dependent sugpressions of caspase-3
activities by EGCG administration are represented in the left columns. All data represent the means + SEM. (n = 5) with P <0.01.
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Control

D-GalN+LPS

D-GalN+LPS+Catechin
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Fig. 3. Hepatocyte apoptosis images using TUNNEL-staining induced by p-galactosamine plus LPS and its prevention by EGCG cotreatment. The
staining method is described in Section 2.2. These images are 400x magnification. Top image shows the control liver, the middle image shows liver
administrated p-galactosamine plus LPS and the suppression profile by EGCG is shown in the bottom image.

However, this is completely different phenomenon from the
following reasons; the reported effective concentration of cate-
chin for cancer prevention is very high 107°~107* M [13), these
concentrations are not physiological and appear to be toxic
concentration. On the other hand, inhibition of caspase-3 by
catechins was 107°-10 7 M in vitro and in vivo. Furthermore,
these papers do not mention on the relationship between can-
cer cell death and apoptosis mediated by caspases [13-15].
Some papers reported that catechin stimulates release of
TNF-o and enhances effect of anticancer drugs in vivo. While
there is data demonstrating the prevention of oncogenesis
in vivo, there is no research at the molecular level [14,15].
There are two possible mechanisms by which catechin sup-
presses hepatocyte apoptosis induced by b-galactosamine
administration. One is due to direct inhibition of caspase-3
activity and the other is due to elimination of O3, which is pro-

duced by p-galactosamine-protein binding through Maillard
reaction. Both mechanisms are likely.

Caspase-3 is constructed from a heterotetramer, which is
composed of two pairs of heterodimers. Each unit is composed
of a long chain and a short chain. The substrate-binding site is
located in the long chains. The interaction between the long
chain and short chain and also the unit-to-unit interactions
are susceptible to allosteric effectors. For example, it has been
reported by Hardy et al. [11] using synthetic allosteric inhibi-
tors that the inhibitor-binding site of the caspase-3 molecule
is different from the substrate binding site. They also reported
that the -SH of these inhibitors can form a disulfide bond with
the cysteine-SH at amino acid 290th of the enzyme, which is
different from the active site cysteine in the long chain. The
practical conformational change by EGCG will be made clear
using X-ray co-crystallography.
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Mutations in the gene encoding
fibroblast growth factor 10 are
associated with aplasia of lacrimal
and salivary glands

Miriam Entesarian!, Hans Matsson, Joakim Klar?,

Birgitta Bergendal?, Lena Olson’, Rieko Arakakit,

Yoshio Hayashi®, Hideyo Ohuchi®, Babak Falahat;
8

Marie Wahren-Herlenius® & Niklas Dahl!

Autosomal dominant aplasia of lacrimal and salivary glands
(ALSG; OMIM 180920 and OMIM 103420) is a rare condition
characterized by irritable eyes and dryness of the mouth. We
mapped ALSG to 5p13.2-5q13.1, which coincides with the
gene fibroblast growth factor 10 (FGF10). In two extended
pedigrees, we identified heterozygous mutations in FGF10 in
all individuals with ALSG. Fgf10*/~ mice have a phenotype
similar to ALSG, providing a model for this disorder. We
suggest that haploinsufficiency for FGF10 during a crucial
stage of development results in ALSG.

ALSG has variable expressivity, and affected individuals may have
aplasia or hypoplasia of the lacrimal, parotid, submandibular and
sublingual glands and absence of the lacrimal punctal. The disorder is
characterized by irritable eyes, recurrent eye infections, epiphora
(constant tearing) and xerostomia (dryness of the mouth), which
increases the risk of dental erosion, dental caries, periodontal disease
and oral infections?, Individuals affected with ALSG are sometimes
misdiagnosed with the more prevalent disorder Sjégren syndrome, an
autoimmune disorder characterized by keratoconjunctivitis sicca and
xerostomia®. Both sporadic and familial cases of ALSG have been
described?%5, We recently identified two extended families of Swedish
origin with ALSG (Fig. 1a). The phenotypes of the affected individuals
are summarized in Supplementary Table 1 online. In total, 16 indi-
viduals from both families were diagnosed with ALSG (Supplemen-
tary Methods online). We investigated the lacrimal and major salivary
glands by magnetic resonance imaging (Supplementary Fig. 1 online),
which showed aplasia or hypoplasia of several major salivary glands in
all affected individuals and absent or hypoplastic lacrimal glands in 13
of 14 affected individuals. We observed absence of one or several

lacrimal puncta in 13 of 14 affected individuals. We observed no other
abnormalities, and the affected individuals had normal lifespans.

Inheritance of ALSG in both families is autosomal dominant, and
the segregation pattern suggested full penetrance. A genome-wide
screen with 400 polymorphic microsatellite markers showed linkage
of ALSG to 5p13.2-5q13.1 flanked by microsatellite markers D55395
and D552046 (Fig. 1a). We obtained a maximum cumulative lod score
of 572 (8 = 0) at the marker locus D55398 for both families
(Supplementary Table 2 online). The gene fibroblast growth factor
10 (FGF10) is located in the linked region®. Mouse FGF10, which is
93% identical to human FGF10, is crucial for the development of
several organs, including lacrimal and salivary glands’-®. Fgflo~/~
mice die shortly after birth>0, No abnormalities have been described
in Fgf10*/~ mice. °

We considered FGFI0 as a candidate gene for ALSG. Sequence
analysis of the three exons of FGF10 in samples from family 1 showed
no alterations compared with sequences in the National Center for
Biotechnology Information database. To identify deletions, we geno-
typed the family members for SNPs and microsatellite markers in
FGF10. The affected members of family 1 were hemizygous with
respect to two dinucleotide repeats (TA53 and CA17) and three SNPs
(rs10060548, rs6881797 and rs2290070; Fig. 1b,c). After genotyping,
we characterized the deletion breakpoint by long-range PCR and
sequencing across the breakpoint (Supplementary Fig. 2 online).
We determined the size of the deletion to be 53 kb, including exons
2 and 3, without the involvement of any flanking genes (Fig. 1b). In
family 2, DNA sequence analysis of FGFI0 identified a heterozygous
stop mutation in exon 3 (R193X; 577C—T) resulting in a predicted
truncated protein in the four affected members (Fig. 1d).

‘We then reexamined Fgf10*/~ mice, which were previously described
as apparently normal®!0. We dissected adult mice and carried out a
macroscopical and histological examination of the lacrimal and salivary
gland apparatuses. Fgf10*'~ mice had aplasia of lacrimal glands and
hypoplasia of salivary glands (Pig. 2). These findings are consistent
with the phenotype of individuals with ALSG. Other internal organs,
including lung, liver, spleen, heart, stomach, thyroid, pancreas, intes-
tines and ovaries, were macroscopically normal in Fgfl0*/~ mice.

To clarify whether FGF10 mutations cause dry eyes and dry mouth
in sporadic cases with symptoms identical to those of individuals
with ALSG, we screened DNA samples from 74 individuals for
mutations in FGFIO. These individuals had been evaluated and
diagnosed with dry eyes and/or dry mouth, without fulfilling the
criteria for Sjdgren syndrome!'2, We found no sequence alterations
in the coding region of FGFIO in samples from these individuals,
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Figure 1 ALSG mapping. (a) Two pedigrees segregating for ALSG. Marker haplotypes on chromosome 5p13.2-5q13.1 that are linked to ALSG are indicated
by black bars. (b) Schematic overview of FGFI0 and the 53-kb deletion inherited with ALSG in family 1 (figure not drawn to scale). Black boxes denote
exons 1-3, and wavy vertical lines indicate deletion breakpoints. Genomic sequence spanning the breakpoint is shown. (c) Genotyping of the SNP
rs6881797, located in the deletion found in family 1 and 37 bp 3’ of exon 2, by digestion with Bsrl. Undigested PCR product (376 bp) corresponds

to the Tallele and digested PCR product (329 bp) corresponds to the A allele. The absence of a paternal A allele in individual 111:7 in family 1 indicates
hemizygosity with respect to rs6881797. (d) The upper sequence chromatogram illustrates the heterozygous (R193X; 577C—T) mutation found in the
affected members of family 2. The lower sequence chromatogram illustrates the corresponding normal sequence.

suggesting that mutations in FGFI0 are uncommon in individuals
with unspecific sicca syndromes.

In family 1, the affected individuals are hemizygous with respect to
exons 2 and 3 of FGFIO. In family 2, the premature stop codon
(R193X; 577C—T) in exon 3 predicts a truncated protein with a loss
of 16 amino acids. The truncation abolishes one predicted cAMP- and
cGMP-dependent protein kinase phosphorylation site (residues 194—

Figure 2 Salivary and lacrimal gland apparatuses
of wild-type and Fgf10*~ mice. (a) Macroscopic
examination of wild-type (left) and Fgfl10*~
(right) adult mice. Ventral view of the mandibular
region. 1, lacrimal; 2, parotid; 3, sublingual;

4, submandibular glands. The asterisk indicates
the expected site for the lacrimal gland, which
was absent in the heterozygote. Other glands
were hypoplastic in the heterozygote.

(b,c) Dissected salivary and lacrimal glands from
the wild-type (b) and Fgf10%~ (c) mice. The
salivary glands from the Fgf10*= mouse were
hypoplastic and the lacrimal gland was absent.

197) and one predicted N-linked glycosylation site (residues 196—
198)'3, Furthermore, the truncation eliminates one of the sites for the
interaction between FGF10 and fibroblast growth factor receptor 2b
(FGER2b) at residues 202 and 204 (ref. 14). If produced, the truncated
FGF10 is probably unstable or nonfunctional. Both mutations in
FGF10 that we identified are consistent with the idea that haplo-
insufficiency with respect to FGF10 underlies ALSG.

(d-i) Histology of wild-type (d,f,h) and Fgf10"- (e,g,i) glands (d) Wild-type lacrimal (LG) and parotid (PG) glands. (e) The lacrimal gland was replaced
by adipose tissue (asterisk) in the Fgf10*~ mouse. (f) Wild-type parotid gland. (g) Parotid gland from Fgf10*~ mouse, which appears atrophic.
(h,i) Submandibular glands have similar histology in the wild type and heterozygote, as did sublingual glands (not shown). Scale bars: d (for panels d and e),

0.5 mm; i (for panels f-i), 0.1 mm.
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The clinical examinations and medical histories of the affected
family members illustrate that one intact copy of FGFI0 is sufficient
for development of essential organs in humans. The restricted phe-
notype associated with heterozygosity with respect to FGFI0 in both
humans and mice suggests that the response to FGF10 is dosage-
sensitive, This is probably related to a specific embryonic stage and
occurs at the site of lacrimal and salivary gland formation. A possible
explanation for the absence of generalized effects in FGFI0 hemi-
zygotes is a functional overlap with other FGFR2b ligands, such as
FGF1, FGF3 and FGF7 (ref. 15).

The identification of mutations in FGFI0 as causing ALSG will
hopefully result in increased diagnostic accuracy. In a larger context,
this report clarifies the phenotypic effects of mutations in FGF10 and
may lead to a better understanding of the mechanisms involved in
lacrimal and salivary gland formation.

We obtained informed consent from all participants in the study
under a protocol approved by the Ethical Committee at Uppsala
University or by the collaborating Universities.

URLSs. Primer 3 is available at http://www-genome.wi.mit.edu/cgi-bin/primer/
primer3_www.cgi/. The National Center for Biotechnology Information Entrez
Genome Map Viewer is available at http://www.ncbi.nim.nih.gov/mapview.
The Ensembl Human Genome Server database is available at http://www.
ensembl.org/. The Genome Database is available at http://www.gdb.org/.

Accession numbers. GenBank: human FGF10, NM_004465; human chromo-
some 5 clones containing FGF10, AC093537.2 and AC093289.2. GenBank
Protein: human FGF10, NP_004456.1.
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Development of Autoimmunity against Transcriptionally
Unrepressed Target Antigen in the Thymus of
Aire-Deficient Mice'

Noriyuki Kuroda,* Tasuku Mitani,* Naoki Takeda,” Naozumi Ishimaru,* Rieko Arakaki,*
Yoshio Hayashi,* Yoshimi Bando,® Keisuke Izumi,® Takeshi Takahashi,’ Takashi Nomura,”
Shimon Sakaguchi,™ Tomoo Ueno,” Yousuke Takahama,” Daisuke Uchida,* Shijie Sun,*
Fumiko Kajiura,* Yasuhiro Mouri,* Hongwei Han,* Akemi Matsushima,* Gen Yamada,” and
Mitsuru Matsumoto®*

Autoimmune regulator (AIRE) gene mutation is responsible for the development of organ-specific autoimmune disease with
monogenic autosomal recessive inheritance. Although Aire has been considered to regulate the elimination of autoreactive T cells
through transcriptional control of tissue-specific Ags in thymic epithelial cells, other mechanisms of AIRE-dependent tolerance
remain to be investigated. We have established Aire-deficient mice and examined the mechanisms underlying the breakdown of
self-tolerance. The production and/or function of immunoregulatory T cells were retained in the Aire-deficient mice. The mice
developed Sjogren’s syndrome-like pathologic changes in the exocrine organs, and this was associated with autoimmunity against
a ubiquitous protein, a-fodrin. Remarkably, transcriptional expression of a-fodrin was retained in the Aire-deficient thymus.
These results suggest that Aire regulates the survival of autoreactive T cells beyond transcriptional control of self-protein ex-
pression in the thymus, at least against this ubiquitous protein. Rather, Aire may regulate the processing and/or presentation of
self-proteins so that the maturing T cells can recognize the self-Ags in a form capable of efficiently triggering autoreactive T cells.
With the use of inbred Aire-deficient mouse strains, we also demonstrate the presence of some additional factor(s) that determine the
target-organ specificity of the autoimmune disease caused by Aire deficiency. The Journal of Immunology, 2005, 174: 1862-1870.

utoimmune diseases are mediated by sustained adaptive

immune responses specific for self-Ags through un-

known mechanisms. Although breakdown of self-toler-
ance is considered to be the key event in the disease process, the
mechanisms that allow the production of auto-Abs and/or autore-
active lymphocytes are largely enigmatic (1). The situation seems
to have become more complicated due to the existence of multiple
factors that influence the disease process, such as environmental
factors, immune dysregulation, and genetic predisposition. In this
regard, although only a small number of genes genetically relevant
to the pathogenetic processes for the development of autoimmune
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diseases have been found so far (2), genetic engineering of such
genes in mice should enable us to establish disease models and
facilitate an understanding of the disease mechanisms to a large
extent. One of these genes is the autoimmune regulator (AIRE)®
mutation, which is responsible for the development of autoim-
mune-polyendocrinopathy-candidiasis ~ ectodermal  dystrophy
(APECED; Online Mendelian Inheritance in Man 240300) with
autosomal recessive inheritance (3-6).

The AIRE gene encodes a predicted 58-kDa protein carrying a
conserved nuclear localization signal, two plant homeodomain
(PHD)-type zinc fingers, four LXXLL motifs or nuclear receptor
interaction domains, and the recently described homogeneously
staining region (HSR) and SAND domains (3, 4); the HSR and
SAND domains have been suggested to function in homodimer-
ization and DNA binding, respectively (7, 8). Based on the fact
that PHD resembles the RING finger, which can function as an E3
ubiquitin ligase, in both sequence and structure (9), we have re-
cently found that AIRE acts as an E3 ubiquitin ligase through the
N-terminal PHD domain (PHD1) (10). Because the ubiquitin-pro-
teasome pathway plays an essential role in diverse cell functions
such as cell cycle progression, signal transduction, cell differenti-
ation, DNA repair and apoptosis (11, 12), we speculate that AIRE
should play a fundamental role by facilitating polyubiquitinylation
of the substrate(s) in yet undetermined processes. The significance

3 Abbreviations used in this paper: AIRE, autoimmune regulator; APECED, autoim-
mune-polyendocrinopathy-candidiasis ectodermal dystrophy; TEC, thymic epithelial
cell; mTEC, medullary TEC; PHD, plant homeodomain; HEL, hen egg lysozyme;
3d-Tx mice, mice thymectomized 3 days after birth; SS, Sjogren’s syndrome; Treg,
immunoregulatory T cell; BM, bone marrow.
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