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Abstract

Endometrial adenocarcinomas of the uterine
corpus have been increasing in incidence in many
developed countries and are a leading cause of cancer
death. In the Donryu rat strain, cancers of the
endometrium develop spontaneously or can be
induced which possess many -morphological,
endocrinological and molecular similarities to those
of human lesions, especially of endometrioid type.
The goal of this chapter is to propose 3 different
pathways of endometrial carcinogenesis based on
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136 Midori Yoshida & Akihiko Maekawa

estradiol(E2) status; the second by excess estrogens or estrogenic compounds;
and the third by estrogen metabolites or catechol estrogens. In addition,
examples of agents exhibiting promotion or inhibition effects on uterine
carcinogenesis with each pathway are also presented. The data covered in this
chapter provide compelling evidence that the Donryu rat model is a powerful
tool for elucidation of mechanisms which can be extrapolated to human
 uterine cancer.

Introduction

Endometrial adenocarcinomas in the uterine corpus have been increasing
in women of many developed countries and are now a leading cause of cancer
death. With sub-classification based on epidemiological, clinico-pathological
and molecular findings, endometrial adenocarcinomas are divided into
endometrioid adenocarcinomas and serous carcinomas, the former, most
common type, being considered to be estrogen driven [1]. In rodents also,
estrogens are considered to play a crucial role in uterine carcinogenesis [2-7].
While naturally occurring endometrial adenocarcinomas are generally very
rare in rats, Maekawa and co-workers [8,9] have described a high-incidence of
spontaneous uterine endometrial adenocarcinomas in aged Donryu rats and
established a rat model with particular morphological and endocrinological
similarities to the human case, in particular regarding endometriod
adenocarcinomas [1]. This chapter focuses on the analysis of uterine
endometrial carcinogenesis based on estrogen or estrogen metabolite driven
pathways using the Donryu rat model, with discussion of its implications for
human cancer prediction and/or prevention.

Spontaneous occurring endometrial adenocarcinomas
in Donryu rats, and their morphological and

endocrinological features )

Maekawa and co-workers [8] first found a high-occurrence of spontaneous
uterine endometrial adenocarcinomas in aged Donryu rats (Table 1), and their
subsequent analyses with this strain have established many morphological and
endocrinological similarities to the human case, as described in detail below.

In middle-aged Donryu female rats (approximately 10 months of age, and
equivalent to the menopausal phase in women) ovarian dysfunction,
characterized by anovulation and consequently abnormal estrous cyclicity,
starts to increase with time and most rats eventually show a persistent estrus
(PE) status on examination of vaginal cytology (Table 2). Simultaneously,
focal atypical hyperplasias of the glandular epithelium begin to develop in the
uteri which exhibit morphological similarities to endometrial adenocarcinomas
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Uterine carcinogenesis in rat 137

Table 1. Incidence data (%) for histological findings in the uterine, ovarian and vaginal
epithelium of Donryu and F344 rats [modified from ref. 5].

Strain

Donryu (94)# F344 (146)#
Uterus
Adenocarcinoma 35.1 4.1
Ovary
Cyst 23.4% 8.2
Absence of corpus futeum 57.4% 7.5
Absence of follicles 2.1 8.2
Atrophy 24.5 158
Vagina .
Cornification 23.4% 7.5
Mucification 27.7% 79.5

# No. of rats *, Significantly different from F344 rats (P<0.01, x2-test)

Table 2. Sequential change in the incidence of persistent estrus in female Donryu and
F344 rats [3].

Strain Incidence(%) in rats

4 5 6 8 10 12 15 (months of age)
Dontyu 0 17% 30¥F 4%k BTARE BR¥E BE¥#
F344 ¢ 0 2 0 6 11 4

*;x%, Significantly different from the F344 case (p<0.05 and 0,01, respectively)

and increase in both number and size with time, finally giving rise to a 30 to
50% incidence of adenocarcinomas at 24 months of age [8, 9]. Therefore, the
atypical hyperplasias are recognized as precursors of endometrial
adenocarcinomas and have been classified into 3 stages, slight, moderate and
severe (Figure 1). Slight hyperplasias are characterized by localized
proliferation of glandular epithelial cells with no or slight cellular atypia in the
endometrium, while moderate examples have moderately atypical cells and
severe hyperplasias feature irregular groupings of atypical glandular epithelial
cells, often morphologically indistinguishable from those in well-differentiated
adenocarcinomas. The adenocarcinomas themselves are diagnosed on the basis
of invasion of atypical glandular epithelial cells and are characterized by
tubular/glandular growth, with twist or cribiform patterns, into the muscularis
and/or the serosa. They are subdivided into well, moderately and poorly
differentiated types with reference to the degree of morphological atypia
and depth of invasion: limited to the uterus, invading into the serosa and/or the
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138 Midori Yoshida & Akihiko Maekawa

Figure 1. Uterine proliferative lesions. a, Atypical hyperplasia, slight. b, Atypical
hyperplasia, severe. ¢, Endometrial adnocarcinoma, well-differentiated. d, Endometrial
adenocarcinoma, poorly-differentiated.

surrounding adnexae, and with distant metastasis, in accordance with the
simplified FIGO histopathological grades for human uterine cancers [10].

Another characteristic feature related to uterine cancer in this strain is an
early occurrence of ovarian hormonal imbalance leading to elevation of serum
E2 levels relative to progesterone (P), for example as compared to F344 strain
rats [5, 8] (Table 3). This imbalance is morphologically detectable as atrophic
ovaries with small polycystic atretic follicles and loss of corpora lutea
manifested as PE status in vaginal cytology. PE appears from 4 months of age
in Donryu rats and is prevalent in most animals at 11 months of age when
other rat strains are still capable of reproduction. Long term exposure to a high
E2:P ratio is also known to increase the risk of endometrial adenocarcinoma
development in women.

In Donryu rats, ERa. is consistently expressed in aged normal epithelia as
well as the various degrees of atypical hyperplasia and well- and moderately
differentiated adenocarcinomas, and the intensity is similar in all these cases.

Table 3. Changes in mean plasma estrogen: progesterone (E2:P) ratios in F344 and
Donryu rats [5].

Strain  No of rats/months 10" xB2/P for rats aged (months)

' 15 6 8 0 .12
Donryu 59 3.83 331 257 320 492
F344 4-11 252 399 154 210 09
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In addition, expression homogeneous in proliferative lesions. In clear contrast,
no antibody binding is detected in any of the poorly-differentiated
adenocarcinomas. Thus, the ERo expression in normal endometrial epithelium
in the aged uteri, uterine atypical hyperplasias and well-differentiated
adenocarcinomas suggests that up-regulation is not necessary for stimulation
by estrogens. The loss of ERa in poorly-differentiated adenocarcinomas is
linked with estrogen-independent growth of implanted tumors, as has been
established for human endometrial adenocarcinomas, with no effects of
hormone therapy on advanced malignancies [12, 13].

Establishment of a uterine endometrial adenocarcinoma

model using Donryu rats

Based on the morphological and endocrinological similarities of uterine
cancers in Donryu rats to those in women, a 2-stage uterine carcinogenesis
model was established by Makeawa and his co-workers to detect promoting or
preventive effects of test-chemicals [14]. As the first step of this model (Figure
2), female Donryu rats at 10 or 11 weeks of age are treated with N-ethyl-N -
nitro-N-nistroguanidine (ENNG) at the concentration of 20mg/kg dissolved in
polyethylene glycol, introduced into a unilateral uterine horn via vagina using
a stainless steel catheter for initiation. Then the rats are exposed to test
materials for 12 months. At 15 months of age, the animals are sacrificed to
determine incidences or multiplicities of uterine neoplastic lesions for
comparison with control (ENNG initiation only) data. The intrauterine
treatment with a single dose of ENNG results in earlier development and
higher yields of endometrial adenocarcinomas, as well as precursor lesions,
compared with intact Donryu females not receiving carcinogen (Table 4) [14].
The tumorigenesis is specific to the uterus and no other organs are affected and
this 2-stage uterine carcinogenesis model has proven to be useful for detection
of promotive or preventive effects of test materials [2, 15-17]. In an attempt to
enhance uterine carcinogenesis in this model, ENNG at 10mg/kg body weight

100rt1 11or12 wks of age 16 months
[ | |
A

Control group [ ] |

A Intrauterine treatment with ENNG

] Basal diet
B Treatment with test material

Figure 2. Protocol for the 2-stage uterine carcinogenesis model using Donryu rat.
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was administered to Donryu rats once a week 4 times. The repeated treatment
with  ENNG succeeded in increasing the incidence of endometrial
adenocarcinomas, but concurrently induced serious bleeding into the lumina of
the uteri or abdominal cavity from hematomas or angiosarcomas (Table 5). In
addition, associated exfoliation of endometrial epithelium resulted in difficulty
of detailed histopathological analysis.

Table 4. Sequential changes in the uterine endometrium of Donryu rats after ENNG
treatment [Modified ref. 14].

3 6 -9 12 15(months of age)
Control group .
Number of rats examined 4 4 4 8 30
Hyperplasia
Slight 0 0 0 1 7
Moderate 0 0 0 0 .6
Severe 0 0 0 1 0
Adenocarcinoma 0 0 0 0 0
ENNG-treated group
Number of rats examined 6 6 6 8 49
Hyperplasia
Slight 0 1 2 1 7
Moderate 0 0 L 1 7
Severe . 0 0 1 2 6
Adenocarcinoma 0 0 1 4 24

Table 5. Comparison of data for uterine adenocarcinomas and hematomas, and cause of
death, with repeated ENNG treatment.

Repeated ENNG treatment
Number of rats examined : 29
Incidence of uterine lesions l
Uterine hematoma 9
Endometrial adenocarcinoma 16
Angiosarcoma 5
Cause of death
Uterine hematoma 8
Endometrial adenccarcinoma ' 10
Uterine stromal sarcoma 3
Uterine angiosarcoma 4
Uterine choriocarcinoma 1
Mammary tumor 1
Leiomyosarcoma in small intestine 1
Pneumonia 1
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Relatively high E2 status driven uterine carcinogenesis

The simplest pathway for uterine carcinogenesis in the Donryu rat model
is relatively high estrogen status (elevated E2:P ratio)-mediated (Figure 3).
The early occurrence of ovarian hormonal imbalance leading to elevation of
serum E2 levels relative to P as compared to other rat strains, a characteristic
of Donryu rats, was described above. This imbalance is morphologically
reflected in atrophic ovaries with small polycystic atretic follicles and lack of
corpora lutea showing vaginal cornification or a PE status of vaginal cytology.
In contrast, other rat strains such as Sprague-Dawley or Fisher 344 rats
demonstrate corpus luteum predominant ovaries with increasing age, with
vaginal mucification and only low incidences of endometrial adenocarcinomas
[5]. This ovarian hormonal imbalance and the associated changes in ovarian
morphology with cystic follicles and lack of corpus lutea are crucial for rat
uterine carcinogenesis. '

One example of promoting effects is provided by concurrent oral
administration of ethylenethiourea (ETU) and sodium nitrate, which was found
to cause an early occurrence of PE (Table 6) and enhance endometrial
adenocarcinoma development at the termination (Table 7) [16]. In this study,
the rats were initiated by N-ethyl-N-nitrosourea (ENU) and its profile of
uterine endometrial adenocarcinoma development was very similar to that
initiated with ENNG [16]. As an example of inhibitory effects, long-term
dietary treatment with hydroxymatairesinol (HMR), a lignan derived from
spruce trees, delayed the occurrence of PE (Table 8) and also exerted
an inhibitory effect on uterine carcinogenesis in this rat model (Table 9) [15].
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Figure 3. Relatively high E2 driven pathway of uterine carcinogenesis using the rat
model. CL, Corpus luteum; PE, persistent estrus; E2, 17B-estradiol; P, progesterone;
ER, estrogen receptor.
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Table 6. Sequential changes in the incidence of persistent estrus [Modified ref.16].

Incidence (%) of persistent estrus

Group 3 4 5 6 7 (months of age)
Control 0 0 500 875 875
ETU+sodium nitrate 0 444 666 778. 815
ETU+sodium nitrate+ENU 0 80.0 800 800 80.0

Control, Oral administration of distilled water once a week by stomach tube without
ETU+sodium nitrate, Concurrent oral administration of ETU(80mg/kg) and sodium
nitrate (56mg/kg) in distilled water once a week by stomach tube.

ETU+sodium nitrate+ENU, Concusrent oral administration of BTU(80mg/kg) and
sodium nitrate (56mg/kg) in distilled water once a week by stomach tube after ENU
initiation (15mg/kg) into the uteri instead of ENNG treatment,

Estrous cycles were checked monthly in 8-10 rats in each group by vaginal smear.

Table 7. Uterine proliferative lesions at the termination [Modified ref, 16].

Group Control ENU  ETU+ ENU+ETU
Sodium nitrate Sodium nitrate

No. of rats examined 21 21 31 37
Endometrial hyperplasia

Slight 4 1 12 2

Moderate 1 10% 6 9

Severe 1 1 7 5

0 6% 4 21#%

Endometrial adenocarcinoma

Control, Oral administration of distilfed water once a week by stomach tube.

ENU, intrauterine treatment with ENU (15mg/kg) instead of ENNG

ETU+sodium nitrate, Concurrent oral administration of ETU(80mg/kg) and sodium
nitrate (56mg/kg) in distilled water once a week by stomach tube. .
ETU+sodium nitrate+ENU, Concurrent oral administration of ETU(80mg/kg) and
sodium nitrate (56mg/kg) in distilled water once a week by stomach tube after ENU
initiation (15mg/kg) into the uteri instead of ENNG treatment.

*;+%, Significantly different from the control group (p<0.05 and p<0.01, respectively)

Table 8. Delay of persistent estrus by hydroxymatairesinol(HMR) dosing [15].

Group Mean week of age of persistent estrus start
Control-conventional diet (CRF-1) 30.3£1.2

Control-basal diet (1324 diet alone) 32.1£1.3

200 ppm HMR in basal diet 35.4+1.6*

600 ppm HMR in basal diet 35.3+1.6*

Values are meantSEM, for n=25, 27, 27, and 26 rats in the groups, respectively. Means
of 200 and 600 ppm HMR in basal diet groups are significantly different (*p<0.05)
from both contro! values. '
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Table 9. Numbers and incidences of uterine endometrial proliferative lesions at 15
months of age in the four experimental groups [Modified ref. 15].

No. of rats Atypical hyperplasia Adenocarcinoma
examined None Slight Moderate Severe

Control-conventional diet
(CRF-1) 25 0 2 8 6 9
Countrol-basal diet '
(1324 diet alone) 27 2 2 8 7 8
200 ppm HMR in basal diet

27 3 5 9 7 o3
600 ppm HMR in basal diet .

26 1 4 2 5 4%

Significantly different from both control values (*p<0.05).
None, animal bearing no atypical hyperplasia and/or adenocarcinoma

Although precise mechanisms of the promotive or inhibitory effects of these
compounds on the ovarian function have yet to be fully determined, these results
clearly demonstrate that treatment-related ovarian changes play essential roles. In
human beings, anovulatory women with the polycystic ovary syndrome are
defined as a high risk group for endometrial cancer [18]. Any factors that might
disturb the ovarian hormone balance would be expected to modulate risk of
uterine tumorigenesis in women as well as experimental animals.

Long term exporsure to estrogens or estrogenic

compound driven uterine carcinogenesis

A second pathway of uterine carcinogenesis is with long-term with
estrogen or estrogenic compound treatment (Figure 4). Enhancement of uterine
carcinogenesis by estrogenic compounds involves binding to ERa and
consequent shift of E2 dependent tissues into a proliferation mode. Long term
treatment with effective doses of E2 is well known to promote endometrial
uterine carcinogenesis in rats [4, 7], whereas extremely high dose E2-exposure
does not induce uterine cancers, but rather development of squamous
metaplasia in the luminal and/or glandular epithelium in the uteri or serious
pyometra in rats, suggesting over dose treatment with estrognes can not induce
any uterine cancer in rats.

Katsuda et al. [2] reported that long-term subcutaneous injection of high
dose p-tert octylphenol (100mg/kg/day), a weak environmental xenoestrogen,
significantly promotes endometrial adenocarcinoma development in our rat
model (ovary intact females) whereas no adenocarcinomas developed in
ovarictomized (OVX) rats exposed to p-fert octylphenol as the same dose
and manner (Table 10). The dose level examined is known to be effective for
estrogenic activity in rats [19, 20]. In addition, the p-fert octhylphenol
treatment disturbed the vaginal cytology with large amounts of epithelial cells
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Figure 4. Long term exposure to estrogens or estrogenic compound driven pathway of
uterine carcinogenesis using the rat model. E, excess estrogens; EC, estrogenic
compounds; PE, persistent estrus; ER, estrogen receptor. '

Table 10. Incidence of uterine proliferative lesions [Modified ref, 2].

Age  Group n Hyperplasia Adenocarcinoma

(months) None Slight Moderate Severe

9 Control 6 1 5 0 0 0
OP-treated 6 2 4 0 0 0
Control(OVX) 3 3 0 0 0 o
OP-trea}ted(OVX)6 6 6 0 0 0

12 Control 6 1 2 3 0 (]
OP-treated 8 0 4 1 0 3
Control(OVX) 3 3 0 0 0 0
OP-treated(OVX)7 6 1 0 0 0

15 Control 23 2 2 8 7 4
OP-treated 26 0 1 8 5 12*
Control(OVX) 15 15 0 0 0 0
OP-treated(OVX)29 25 3 1 0 -0

*, Significantly different from the control value. (p<0.05)

OP, p-tert octylphenol

None, Animal bearing no atypical hyperplasia and/or adenocarcinoma
OVX, ovariectomized

at metestrus and/or diestrus stages in ovary-intact rats and uterotropic effects in
OVX rats. On the other hand, dietary treatment with p-tert octylphenol at
concentrations of 10, 100 and 1000ppm, which are neither uterotrophic nor
‘steroid hormone modulating, did not exhibit any promotive effects on uterine
carcinogenesis in the rat model. Therefore, estrogens and/or estrogenic
compounds that impact directly upon the uterus by binding to ER can promote
uterine carcinogenesis.
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Estrogen metabolite or catechol estrogen driven

uterine carcinogenesis

Recently, a hypothesis has been presented that high tissue levels of E2
could promote carcinogenesis via two mechanisms; stimulating proliferation as
described above and by producing DNA damage [1]. 4-Hydroxyestradiol
(4HE), a hydroxylation metabolite of E2, has been reported to be a stronger
carcinogen then the parent E2 due to production of DNA damage [1, 21-23].
Of the cytochrome P450 enzymes related to estrogen metabolism, CYP1B1
which is widely distributed in many human and mammalian tissue has been
nominated as important for transformation of E2 into 4-hydroxyestradiol
(4HE) [24, 25]. Concerning E2 metabolites, 2-hydroxy1 estradiol (2HE), which
is a major metabolite by 2-hydroxylation route in the liver, results in little
estrogenic activity, and therefore limited carcinogenicity effects in estrogen
dependent target organs [26]. On the other hand, 4HE, which is a minor
product of estrogen metabolism in the liver, has proven to enhance
tumorigenesis via production of DNA adducts, despite this catechol estrogen
having weak estrogenic activity compared to parent E2. There is also
experimental evidence that 4HE promotes tumor development in the hamster
kidney and mouse uteri [27, 28]. Furthermore, in the Donryu rat model long
term subcutaneous treatment with 4HE promote uterine carcinogenesis in
terms of both incidence and multiplicity (Table 11)[29].

Recently, a number of supplements extracted from vegetables have been
produced, some of which are known to induce CYPs related to estrogen
metabolism in the liver and estrogen dependent organs [30, 31]. Since these
products exert no direct estrogenic activity on target organs, their induction
of CYPs and consequent modulation of estrogen metabolism indirectly
impacts on estrogen dependent organ carcinogenesis. Indole-3-carbinol
(I3C), a cruciferous vegetable, is reported to induce the CYP1 family in the
liver [31, 33] and has been shown to suppress or promote carcinogenesis
depending on the animal model [33-35]. Regarding its preventive effects,
I3C acts as an anti-estrogen and can induce apoptosis [36-38], but precise
mechanisms remain to be determined. Nevertheless, I3C does not exert any
estrogenic or anti-estrogenic activity to the rat uteri using uterotropic assays
in OVX rats or any disturbance of the ovarian hormone balance [29]. When
I3C was administered to Donryu rats at dietary concentrations of 500 or
2000ppm for 12 months, incidences of uterine adenocarcinomas and/or
multiplicities of uterine neoplastic lesions were increased (Table 11). In
addition, I3C treatment caused consistent elevation of estradiol 2- and more
especially 4-hydroxylase activities in the liver, but no effects on estradiol
160.-hydroxylase activity (Figure 5). Expression of mRNAs for CYPIAL,
1A2 and 1B1 was increased in the liver by the treatment (Figure 6), with
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translation confirmed immunohistochemically. These studies provide new
evidence that modulation of estrogen metabolism to increase 4HE through
induction of CYP 1family members is a new pathway to promote uterine
carcinogenesis in rats (Figure 7).

Table 11. Incidences of uterine proliferative lesions and their multiplicities at 15
months of age [Modified ref. 29].

None  Atypical hyperplasia Adenocarcinoma Multiplicity(a)
Slight Moderate Severe

Control 4 2 5 7 6 1.04£0.62
(0=24)

13C 500ppm 1 2 3 7 17* 1.50% 0.63*
(n=30)

Control 2 2 7 3 4 1.17+0.62
(1=18) '
I3C2000ppm 1 2 5 2 8 1.78£0.73**
(0=18)

E2 Ipg/ke 0 3 2 3 8 1.50+0.52
(n=16)

4HE 5ug/kg 0 0 5 1 10* 1.6940.60**
(n=16)

(a) Multiplicities are average numbers of uterine proliferative lesions per rat, meantSD,
¥;**, Significantly different from the relevant control group (p<0.05 and 0.01,
respectively. '

13C, indole —3- carbinol
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Figure 5. Sequential changes of enzyme activity related to estrogen metabolism in the
liver. M, months of age; Control, control group given basal diet only; I3C-2000, indole-
3-carbinol at 2000ppm in basal diet; E2, subcutaneous injection of 17f-estradiol at

1pg/kg; 4HE, subcutaneous injection of 4-hydroxyestradiol at 5 ug/kg.
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Figure 6. Levels of expression of cytochrome P450s 1A1, 1A2 and 1B1 mRNA relative
to GAPDH mRNA in the liver (calculated as %). Control, control group given basal
diet only; I3C-2000, indole-3-carbinol at 2000ppm in basal diet. [Modified ref. 29]
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Figure 7. Modulation of estrogen metabolite or catechol estrogen driven pathway of
uterine carcinogenesis using rat model. CYP, cytochrome P450s; ER, estrogen receptor;
2HE, 2 hydroxyestradiol; 4HE, 4 hydroxyestradiol; 16a-E, 16a-hydroxyestradiol.
[Modified ref. 29] :

Molecular evidence for rat uterine carcinogenesis

In women, most molecular studies of endometrial carcinoma have been
performed on small series of cases from single institutions [1]. In rodents, there
have only been a few molecular based attempts to elucidate endometrial
adenocarcinoma development. Nonetheless, the studies have produced several
findings common with human cases as described below.
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