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Other isotype-selective estrogen receptor (ER) agonists, the selec-
tive ER� agonist 3,17-dihydroxy-19-nor-17�-pregna-1,3,5 (10)-
triene-21,16�-lactone and the selective ER� agonist 8-vinylestra-
1,3,5 (10)-triene-3,17�-diol, were used in hypophysectomized rats,
gonadotropin-releasing hormone antagonist-treated mice, as well
as intact rats to elucidate the effects of isotype-selective estrogens
on the physiology of folliculogenesis and ovulation. In hypophy-
sectomized rats and gonadotropin-releasing hormone antagonist-
treated mice, the ER� agonist caused stimulation of early follicu-
logenesis, a decrease in follicular atresia, induction of ovarian gene
expression, and stimulation of late follicular growth, accompanied
by an increase in the number of ovulated oocytes similar to
17�-estradiol (E2). In contrast, the ER� agonist had little or no
effect on these parameters, implying that direct estrogen effects
on ovarian follicular development are mediated by ER�. In intact
rats, E2 and the ER� agonist dose-dependently inhibited ovulation,
in contrast to the ER� agonist. On the other hand, the ER� agonist
did not stimulate uterine weight in intact rats, in contrast to E2 and
the ER� agonist. This finding is in line with the assumption that
estrogen mediated ovulation inhibition and stimulation of uterine
growth are mediated by ER� but not by ER�.

pharmacology � folliculogenesis � endocrinology

Estrogens play a central role in the development and main-
tenance of female reproductive organs, mammary glands,

and sexual behavior. In addition, estrogen’s involvement in the
function of a number of other tissues such as the bone, the
cardiovascular, and the CNS has also been recognized (1, 2).

Estrogens exhibit most of their physiological effects through
nuclear receptor proteins, the estrogen receptors (ERs). Until
recently, it had been assumed that there is only one ER. In 1996,
a second ER was detected (3–5), which shares a high degree of
homology with the ‘‘classic’’ counterpart, specifically in the
DNA- and ligand-binding domains. The newly detected receptor
is called ER�, the classic counterpart being renamed as ER�.
The expression pattern of the two ER isotypes is different: ER�
is predominantly expressed in the ovary and prostate but also
other organs not subserving reproduction-related functions. In
contrast, its expression is low in the pituitary, the thymus, the
uterus, and the liver; these organs express ER� at high levels (6,
7). A distinct tissue distribution of ER� and ER� suggests
specific biological functions of ER� and ER�.

ER� is the predominant ER in ovarian follicles in rodents and
nonrodents (8–10). The hypothesis that ER� plays an important
role in the control of ovarian function is supported by data from
various lines of ER� knockout mice showing different degrees
of female subfertility due to reduced follicular maturation and
ovulation rate (11).

The stimulatory activity of estrogens on ovarian cell growth,
especially folliculogenesis, has been demonstrated in rodent
models (12, 13). It is suggested that estrogens enhance the effects
of follicle-stimulating hormone on gene expression in granulosa
cells (14). Follicle-stimulating hormone causes induction of

insulin-like growth factor I, which was shown to regulate the level
of ER�.

Recently, highly selective ER isotype selective agonists were
identified (15–17). The studies shown in the present paper have
been performed with the novel highly selective steroidal ER�
agonist 8�-VE2 (18), and the highly selective ER� agonist
16�-LE2 (Fig. 1), which belong to the most potent and isotype-
selective estrogens identified so far. In vitro, the ER� agonist
8�-VE2 is characterized by 190-fold higher relative potency in
ER� compared with ER�-dependent transactivation assays. The
selectivity is also documented by receptor-binding studies show-
ing 93 (rat)- and 180-fold (human) preference for ER�. The ER�
agonist 16�-LE2 is characterized by 265-fold higher relative
potency in ER� compared with ER�-dependent transactivation
assays. The selectivity is also documented by receptor binding
studies showing 70-fold (rat and human) preference for ER�.

The identification of isotype-selective ER ligands provides an
alternative approach to studying the biological role of ER� and
ER� to those of ER knockout animals. ER� specific agonists are
expected to exhibit estrogen-like effects in tissues expressing
predominantly ER�, like the granulosa cells of the ovary, but to
cause little or no estrogen-like effects in tissues expressing
predominantly ER�, like the uterus. In the present study, the
effects of isotype-selective ER ligands on ovarian and uterine
biology as well as ovarian gene expression were investigated. By
controlling the dose of selective stimulation of one ER isotype,
we were aiming to add more insights into the complicate
interpretation of studies with ER knockout animals.

Materials and Methods
Animals and Drugs. All animal procedures were run according to
German animal welfare law with the permission of the District
Government of Berlin. Mice (NMRI, Schönwalde, Germany)
and rats (Wistar Hannover, Schering AG, Berlin, Germany)
were maintained on a 14-h light�10-h dark cycle and were
provided with food and water ad libitum.

All animal studies were performed with E2, the selective ER�
agonist 3,17-dihydroxy-19-nor-17�-pregna-1,3,5 (10)-triene-
21,16�-lactone (16�-LE2), and the selective ER� agonist 8-
vinylestra-1,3,5 (10)-triene-3,17�-diol (8�-VE2). All compounds
were provided by the Schering Group.

Experimental protocols. Effects on early folliculogenesis in hypophysec-
tomized (hx) juvenile rats. Twenty-four-day-old female rats (body
weight, 50 g) were hx on day 0 and were treated s.c. for 4
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consecutive days (days 6–9) daily with E2, 16�-LE2, and 8�-VE2
at doses of 0.01, 0.1, and 1 mg per animal, respectively. Control
animals were treated with the respective vehicle. On day 10,
ovaries and uteri were removed and weighed (relative wet weight
in mg per 100 g of body weight). Each group consisted of six
animals.
Effects on early folliculogenesis in gonadotropin-releasing hormone
(GnRH) antagonist-treated juvenile mice. Twenty-day-old mice (body
weight: 10 g) were i.p. injected daily for 8 days with the GnRH
antagonist cetrorelix (50 �g per animal) to suppress secretion
and release of gonadotropines. The day of first injection was
designated as day 0. E2, 16�-LE2, 8�-VE2 were injected s.c. at a
dose of 0.3 mg per animal, respectively, on days 4, 5, 6, and 7.
Control animals received the respective vehicle. On day 8,
ovaries and uteri were removed and weighed (relative wet weight
in mg per 10 g of body weight). Each group consisted of five
animals.
Effects on late follicular development and ovulation rate in hx juvenile rats.
As described above, hx juvenile rats were treated s.c. for 4 days
daily with vehicle, E2, 16�-LE2, or 8�-VE2 at doses of 0 (vehicle),
0.01, 0.1, and 1 mg per animal, respectively. One day later (day
10), pregnant mare serum gonadotropin (PMSG) at a dose of 20
units was s.c. injected to stimulate late follicular development.
Ovulation was induced 2 days later (day 12) by an i.p. injection
of 10 units of human chorionic gonadotropin (hCG). One day
after hCG injection, the ovaries and the fallopian tubes were
isolated. Ovarian weight was determined (relative wet weight in
mg per 100 g of body weight). Ovulation rate, defined by the
number of oocytes in the oviduct, was determined after flushing
the fallopian tubes with saline. Each group consisted of five to
seven animals.
Effects on ovulation rate in adult, intact rats. Adult female rats (9–11
weeks old; body weight, 200 g) showing regular 4-day cycles in
the previous 8 days were used in this study. Starting in metestrus
they were s.c. treated daily for 4 days with vehicle, E2, 16�-LE2,
or 8�-VE2 at doses of 0.1, 1, 10, 100 and 1,000 �g per rat,
respectively. On the next day, the uteri and the fallopian tubes
were isolated. Uterus weight was determined after drying for 5 h
at 50°C (relative dry weight in mg per 100 g of body weight).
Ovulation rate, defined by the number of oocytes in the oviduct,
was determined after flushing the fallopian tubes with saline.
Each group consisted of eight animals.

Histology and Immunohistochemistry. Histology and immunohis-
tochemistry were performed on ovaries taken from juvenile hx
rats and juvenile GnRH antagonist-treated mice treated with
vehicle, E2, 8�-VE2, and 16�-LE2, as described above. On days
10 (rats) and 8 (mice), 1 day after the last treatment, ovaries were
fixed in 3.7% neutral buffered formalin and were embedded in
paraffin. Sections (5 �m) were stained with hematoxylin�eosin.

Immunohistochemical analysis was performed on ovarian
paraffin sections by using the labeled streptavidin–biotin com-
plex immunoperoxidase method (19) with primary antibodies
specific for proliferating cell nuclear antigen (mAb: PC-10,
DakoCytomation, Glostrup, Denmark; ready for use), ER�
(mAb: 1D5, DakoCytomation; ready for use), ER� (polyclonal
rabbit antibody: 310B, Dianova, Hamburg, Germany; dilution:
1:300), Inhibin � (mAb: R1, Oxford Bio-Innovation, Ltd., Ox-

fordshire, U.K.; dilution: 1:100), and anti-Mullerian hormone
(AMH) (polyclonal goat antibody: C-20, Santa Cruz Biotech-
nology; dilution: 1:1,000). The omission of the first antibody was
used as the negative control. Slides were evaluated in areas with
well preserved tissue morphology independently by two observ-
ers. Immunoreactivity was graded from ‘‘negative,’’ ‘‘weakly
positive,’’ ‘‘moderately positive,’’ to ‘‘strongly positive.’’ Every
stained cell was considered as positive, irrespective of intensity.

Detection of Apoptosis. Investigations were performed on ovaries
taken from animals treated for early folliculogenesis experi-
ments. The investigations were performed 1 day after the last
treatment with the respective compounds. Apoptotic cells and
bodies were detected on formaldehyde fixed and paraffin em-
bedded sections by the terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) assay as described
(20). Positive TUNEL controls were run by incubating sections
with DNase (Stratagene) after the permeabilization step. Neg-
ative controls for the TUNEL staining were made by omitting
terminal deoxynucleotidyltransferase from the labeling mixture.

Follicle Staging and Ovarian Gene Regulation. Follicle staging. Serial
hematoxylin�eosin stained sections (5 �m) of both ovaries from
juvenile GnRH antagonist-treated mice were used for follicle
counting and staging in early folliculogenesis experiments. Every
fifth section was analyzed on a photomicroscope and follicles
were counted when the nucleus of the oocyte was visible. Follicle
staging was performed according to Pederson and Peters (21).
Briefly, ovarian follicles were divided into primary follicles
containing one layer of flattened (type 3a) or cuboidal (type 3b)
granulosa cells, secondary follicles containing two layers (type
4), preantral follicles containing more than two layers (types 5a
and 5b) and antral follicles containing several layers of granulosa
cells and fluid filled spaces (types 6, 7, and 8). Nonatretic and
atretic follicles were counted separately. The criteria for atresia
were the presence of pyknotic nuclei in the granulosa cells
and�or degeneration of the nucleus of the oocyte.
Affymetrix microarray. To identify genes regulated by 8�-VE2 and
16�-LE2, a high-density oligonucleotide Affymetrix microarray,
Rat Genome U34A (22), was used for expression analysis. The
fluorescence intensities for the individual oligonucleotide probes
on the arrays were determined with a confocal scanner. The
expression ratio for an individual gene between two arrays
(‘‘pairwise comparison’’) was derived from the distribution of
the apparent perfect-match (PM) and mismatch (MM) expres-
sion ratios [R � (PMI � MI)�(PMII � MMII)] calculated
individually from the perfect-match-mismatch differences for
each oligonucleotide detector, taking into account only those
probe pairs for which the perfect-match signal exceeded the
mismatch signal on both arrays compared. Genes were then
ranked according to most coherent behavior over multiple
pairwise comparisons, by using a proprietary software tool.
Comparisons were made between vehicle-treated and E2-, 8�-
VE2-, or 16�-LE2-treated tissue, with vehicle representing the
baseline measurement. A gene in the treated animals was
considered induced or repressed whether (i) the normalized
average difference value was above the background value of the
GeneChip and (ii) the fold change exceeded 2.5 in either
direction (i.e., induced or repressed).
Northern blot analysis�RT-PCR. The expression level of selected
genes known to be expressed in the ovary was analyzed by
Northern blot analysis or by real-time quantitative PCR (Table
2, which is published as supporting information on the PNAS
web site) using SYBR green and an ABI PRISM 7700 sequence
detection system. Relative quantification was performed by
using the comparative method with GAPDH as an endogenous
control.

Fig. 1. Structure of highly selective steroidal ER isotype-selective agonists.

5130 � www.pnas.org�cgi�doi�10.1073�pnas.0306720101 Hegele-Hartung et al.



Statistical Analysis. One-way ANOVA was used to demonstrate
statistical differences between groups. A P value of �0.05 (5%
significance level) was considered statistically significant. Win-
dows statistical software SIGMASTAT V2.0 (Jandel Scientific) was
used.

Results
Effects on Early Folliculogenesis in hx Juvenile Rats and GnRH Antag-
onist-Treated Mice. Ovarian and uterine wet weights. In hx rats, a
dose-dependent increase in ovarian weights was observed after
E2 and 8�-VE2 treatment, reaching significance at 0.1 and 1 mg
per animal. In contrast, 16�-LE2 did not stimulate ovarian
weights (Fig. 2). At all doses tested, E2 and 16�-LE2 caused full
stimulation of uterine growth. Stimulation of uterine growth was
less pronounced in the 8�-VE2-treated animals and started at 0.1
mg per animal.
Ovarian histology, TUNEL, and immunohistochemistry. To determine the
reason for the increase in ovarian weight caused by E2 and
8�-VE2, ovaries were removed and were prepared for histology.
Compared with the vehicle group, no difference was observed
regarding follicle size and atresia in all 16�-LE2-treated animals.
Most of the preantral follicles were small and atretic. In E2- and
8�-VE2-treated animals, the ovaries showed only few atretic
preantral follicles. As an indication for stimulation of early
folliculogenesis, there was a clear increase in the size of preantral
follicles, starting at 0.01 mg per animal in E2 and at 0.1 mg per
animal in 8�-VE2-treated animals (data not shown). By using
proliferating cell nuclear antigen immunohistochemistry and
TUNEL staining, it was found that E2 and 8�-VE2 treatment
caused a reduction of apoptosis and an increase in proliferation
of granulosa cells of preantral follicles (Figs. 3 and 4, and Fig. 8,
which is published as supporting information on the PNAS web
site). The opposite was observed for vehicle and 16�-LE2-treated
animals, showing only few preantral proliferating follicles and
several apoptotic follicles.

Ovarian protein expression of ER�, ER�, inhibin �, and
AMH was investigated after treatment with vehicle, E2, and the
isotype selective estrogens. In general, most of ER� protein

expression was found predominantly in the nuclei of theca cells,
whereas most of ER� protein expression was found in the nuclei
of granulosa cells. The use of E2 and 8�-VE2 treatment, due to
their stimulating effect on early follicular development, exhib-
ited an increase in the immunostaining of ER�, whereas vehicle-
and 16�-LE2-treated animals showed follicles with weak ER�
immunostaining in granulosa cells. In theca cells, immunostain-
ing of ER� decreased after treatment with E2 (data not shown)
and 8�-VE2, but was not influenced by the treatment with
16�-LE2 (data not shown). Regarding inhibin � expression, it
was generally observed that small follicles (types 3a�b and 4)
showed weak immunostaining in the cytoplasma of granulosa
cells, whereas strong immunostaining was found in the cyto-
plasma of growing follicles (types 5a�b and 6). In line with that
hypothesis, E2 (data not shown)- and 8�-VE2-treated animals
showed strong immunostaining of inhibin � in the follicles,
whereas follicles of vehicle (data not shown)- and 16�-LE2-
treated animals expressed only weak immunostaining. AMH
showed reverse immunostaining behavior compared to inhibin
�. In general, the highest AMH expression was found in the
cytoplasma of granulosa cells from small follicles (types 3a�b, 4,
and 5a), whereas staining intensity decreased during follicular
growth. Ovarian follicles from E2 (data not shown)- and 8�-
VE2-treated animals expressed decreased follicular staining
intensity, whereas ovaries from vehicle (data not shown) and
16�-LE2-treated animals showed strongly stained follicles.
Ovarian gene expression. The effects of 16�-LE2 and 8�-VE2 (1 mg
per animal per day each) on gene expression in the ovaries of hx
juvenile rats were investigated by using Affymetrix microarray,
Northern, and RT-PCR technologies. Cellular retinoic acid
binding protein II (CRABP-II), �-L-fucosidase (ALFUC), and
inhibin � were found to be significantly up-regulated by E2 and
8�-VE2, whereas the expression of calcium-binding protein was
stimulated by 16�-LE2. For prostacyclin synthase (PGIS), a
marked down-regulation was seen after treatment with 8�-VE2.
A modest down-regulation of ER�, AMH, and luteinizing
hormone (LH) receptor was seen after treatment with 8�-VE2
and E2. Interestingly, ER� expression was found not to be
regulated by treatment with the estrogens (Table 1).
Follicle staging. The total number of primary, secondary, prean-
tral, and antral follicles were counted in GnRH antagonist-
treated mice in combination with 0.3 mg per animal of E2,
8�-VE2 and 16�-LE2 or vehicle, respectively. The number of
preantral follicles increased by more than five times, and the

Fig. 2. Effect of vehicle, E2, 8�-VE2, and 16�-LE2 on ovarian wet weight (A)
and uterine wet weight (B) in hx juvenile rats. Vehicle and compounds were
s.c. administered daily for 4 days (n � 6 animals per group). *, P � 0.05 vs.
vehicle group. Values are given as mean � SD.

Fig. 3. Photomicrographs of ovaries from hx juvenile rats treated for 4 days
s.c. with vehicle (A), 16�-LE2 (B), E2 (C), and 8�-VE2 (D). *, atretic follicles;
arrows, preantral follicles.
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number of antral follicles was doubled after treatment with E2
and the 8�-VE2 (Fig. 5). In addition, the number of atretic
follicles was significantly decreased in both the E2 and the
8�-VE2 groups. The use of 16�-LE2 did not exert an effect on
follicular growth and�or follicular atresia.

Effects on Late Follicular Development and Ovulation Rate in hx
Juvenile Rats. When follicles of hx juvenile animals treated with
E2 or the isotype-selective estrogens were stimulated with
PMSG�hCG, it was found that E2 and 8�-VE2 caused a dose-
dependent increase in ovarian wet weight (Fig. 6). In contrast,
16�-LE2 did not significantly stimulate ovarian wet weights.

The number of oocytes that ovulated after PMSG�hCG
administration was increased in E2- and 8�-VE2-treated ani-
mals. A significant increase was found with 1 mg per animal of
E2 and 0.1 and 1 mg per animal of 8�-VE2. The use of 16�-LE2
caused a slight increase in the number of ovulated oocytes, which
was not significant at any of the doses tested.

Effects on Ovulation Rate and Uterine Weight in Adult, Intact Rats.
When adult rats were treated for 4 days with E2 or the
isotype-selective ER agonists, ovarian weights were not modified
by the different treatment groups (Fig. 7 and data not shown).

The use of E2 and 16�-LE2 caused a dose-dependent inhibi-

tion of the ovulation rate (ED50 � 0.001 mg per animal for E2
and 16�-LE2) that was associated with a decrease in serum levels
of LH (data not shown). In contrast, 8�-VE2 caused no detect-
able inhibition of ovulation and no influence on LH levels (data
not shown) up to a dose of 0.1 mg per animal. A slight, but
statistically significant inhibitory effect was observed at a dose of
1 mg.

The use of E2 and 16�-LE2 caused a dose-dependent increase
in uterine dry weight in intact adult female rats. In contrast,
8�-VE2 did not cause an effect on uterine weight at any of the
doses tested.

Discussion
With isotype-selective ER ligands, it is for the first time, possible
to unravel the biological role of ER� and ER� on ovarian
function in GnRH antagonist-treated mice and hx and intact
rats.

Studies in hx rats and GnRH antagonist-treated mice dem-
onstrate that 8�-VE2 causes (i) stimulation of early follicular
growth, (ii) reduction in follicular atresia (apoptosis), (iii) spe-
cific regulation of ovarian gene expression, and (iv) stimulation
of late follicular growth accompanied by an increase in the
number of ovulated oocytes. Histological evaluation of the
ovaries suggests that stimulation of follicular growth induced by

Fig. 4. Photomicrographs of proliferating cell nuclear antigen (A–D)- and TUNEL (E–H)-stained ovaries from hx juvenile rats treated for 4 days s.c. with vehicle
(A and E), 16�-LE2 (B and F), E2 (C and G), and 8�-VE2 (D and H).

Table 1. Effects of a 4-day treatment with E2 and isotype-selective estrogens on ovarian gene expression in hx juvenile rats by using
Affymetrix microarray, Northern, and RT-PCR technology

Gene product

E2 16�-LE2 8�-VE2

Affymetrix RT-PCR
Northern

blot Affymetrix RT-PCR
Northern

blot Affymetrix RT-PCR
Northern

blot

CRABP-II �8.8 32 ND �1.7 3.2 ND �14 15.9 ND
ALFUC 6.6 5.4 ND 2 2.2 ND 6.1 5.7 ND
CaBP �58 72 ND �4.9 9.3 ND �1.7 1.8 ND
Inhibin � ND ND 4.9 ND ND 1.8 ND ND 5.3
PGIS �2.3 �3.7 ND �2.3 �3.6 ND ��3.2 �11.1 ND
ER� ND 1.5 ND ND �2 ND ND �4.2 ND
AMH �1.5 �2.5 ND 1.1 �1.7 ND �1.4 �3.3 ND
LH-R ND ND �3.1 ND ND �1.5 ND ND �2.4
ER� ND 2 ND ND 1.4 ND ND 1.1 ND
Aromatase ND 0.8 ND ND 1 ND ND 0.9 ND

ND, not determined
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the ER� agonist is due to an increase in the number of early
preantral follicles (early folliculogenesis) and a decrease in
follicular atresia. At the same time, a decrease in ER� protein
expression in theca cells and an increase in ER� protein
expression in granulosa cells is seen in growing, preantral
follicles, suggesting that ER�, in contrast with ER�, is one of the
key players during this period of early follicular development.
Obviously, it is this specific expression pattern that governs the
specific stimulatory responsiveness of early, preantral follicles to
8�-VE2 and E2, but not to 16�-LE2.

The use of 8�-VE2 exhibits the same efficiency and a similar
high potency as E2. In contrast, 16�-LE2 has little or no effect,
implying that direct estrogen effects on ovarian follicular devel-
opment are mediated by ER�. As a consequence, more follicles
start to enter the preantral and antral follicle stage after 8�-VE2

treatment, leading to an increased number of ovulated oocytes
after superovulation with PMSG and hCG, as shown in imma-
ture hx rats. Whether the improvement of follicular development
also leads to an improvement of oocyte and embryo quality has
to be proven in rodents and nonrodents in the future.

ER� (11, 23) and ER� (10, 11) knockout mice have proven
useful in understanding the role of estrogen in the ovary and
uterus. ER� knockout mice (23, 24) have ovaries with multiple

hemorrhagic cysts and elevated LH levels. Follicular growth and
development is not compromised, but the animals are unable to
ovulate and no corpora lutea are formed. ER� knockout mice
(10, 11) also show intact follicular growth. However, their
fertility is compromised, as demonstrated by reduced number of
corpora lutea and reduced ovulatory capacity.

In agreement with observations in ER� knockout mice our
observations with isotype-selective ER agonists in hx rats and
GnRH antagonist-treated mice show that ER� is not crucial for
follicular growth and development. Up to a dose of 1,000 �g per
animal, the ER� agonist was not able to stimulate ovarian
growth and early folliculogenesis. Furthermore, an ovulation
inhibiting effect was shown by the ER� agonist. On the basis of
the generally low expression of ER� in the ovarian theca cells
and the pronounced expression of ER� in the pituitary (6, 7), it
is most likely that the ER� agonist causes its effect on ovulation
inhibition by means of an action on the hypothalamic-pituitary
axis rather than by a paracrine effect through ER� in theca cells.
This result is substantiated by the data in the classical ovulation
inhibiting assay in the adult intact rat where the observed
ovulation inhibiting effect is associated with decreasing LH
levels (data not shown). Furthermore, the findings in rats are
dose-dependent and occur at rather low doses of the ER�
agonist (� 10 �g per animal). Our findings on ovulation cannot
be compared with the ovarian phenotype in ER� knockout mice,
because those animals showed secondary hormonal imbalances
such as elevated serum concentrations of LH that hinder com-
parison to our own data.

Concordant with observations in ER� knockout mice our
findings in PMSG�hCG-treated hx rats show that ER� supports
ovulation by a direct ovarian action. However, regarding follicu-
logenesis, our findings are in contrast to those in ER� knockout
mice (undisturbed follicular development) and clearly show that
not ER� but ER� plays an important role in modulating early
folliculogenesis in GnRH antagonist-treated mice and hx rats.

E2 originates from the ovary, intraovarian concentrations
amounting to up to 5 �mol�liter during the menstrual cycle (25).
At the site of origin, E2 acts directly on folliculogenesis. High
doses of exogenous E2 (�0.1 mg per animal per day) and of the
8�-VE2 (�1 mg per animal per day) are, therefore, required to
significantly stimulate ovarian growth in the absence of pituitary
derived hormones (follicle-stimulating hormone, prolactin, and

Fig. 5. Number of follicles in GnRH antagonist-treated juvenile mice after s.c.
treatment for 4 days with vehicle, E2, 8�-VE2, and 16�-LE2 (n � 5 animals per
group). *, P � 0.05 vs. vehicle group. Values are given as mean � SD.

Fig. 6. Effect of vehicle, E2, 8�-VE2, and 16�-LE2 on ovarian wet weight (A)
and ovulation rate (B) in hx juvenile rats. Vehicle and compounds were s.c.
administered daily for 4 days (n � 6–7 animals per group). *, P � 0.05 vs. vehicle
group. Values are given as mean � SD.

Fig. 7. Effect of vehicle, E2, 8�-VE2, and 16�-LE2 on ovulation rate (A) and
uterine dry weight (B) in adult rats. Vehicle and compounds were s.c. admin-
istered daily for one ovarian cycle (n � 8 animals per group). *, P � 0.05 vs.
vehicle group. Values are given as mean � SD.
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growth hormone) in hx rats and GnRH antagonist-treated mice.
Such quantities may saturate and activate any cognate receptors,
ER� being expressed at high levels in the granulosa cells of
growing follicles. Slight increases observed in ER� mRNA and
protein levels after treatment with E2 and 8�-VE2 could be
referable to the increase in size of the growing follicles. The
up-regulation of ER� expression is accompanied by a slight
decrease in ER� mRNA and protein as well as an up-regulation
of inhibin � and down-regulation of AMH mRNA and protein
expression, two classical granulosa cell proteins known to play an
important role in follicle growth, differentiation, and�or follicle
recruitment (26, 27).

Affymetrix analysis reveals the expression of a considerable
number of genes to be strongly modulated in the ovary by
treatment of juvenile hx rats with E2 and 8�-VE2, among these
CRABP-II, ALFUC, and PGIS. In contrast, the expression of
calcium-binding protein-9k is stimulated by E2 and 16�-LE2,
whereas 8�-VE2 only slightly affects the mRNA level of calcium-
binding protein-9k.

CRABP-II is a binding protein of the vitamin A-derivative
retinoic acid, a key modulator controlling differentiation and
proliferation of epithelial cells. It could be assumed that estrogen
induced induction of CRABP-II leads to a restriction of avail-
able retinoic acid action during granulosa cell proliferation. The
expression of CRABP-II in rat ovarian granulosa cells has been
described (28).

ALFUC is an hydrolytic enzyme catalyzing the hydrolysis of
terminal �-L-fucosidase linkages in glycosphingolipids and gly-
coproteins (29). Considering that cell-cell recognition involved
in tissue differentiation and development is modulated by
changes in the sugar chains of surface glycoproteins, and that
deletion of �-fucosyl residues is one of such modulations,
ALFUC can be assumed to play a role in tissue differentiation
and development taking place during the process of cyclic
recruitment, proliferation, and maturation of ovarian follicles.

Prostacyclin, the product of PGIS, is a potent endothelial
vasodilator, the level of which is modulated by steroid hormones

in the pregnant uterus and the ovarian cycle (30, 31). Estrogen
modulation of PGIS in the ovary has not been described so far.
Taking into account that angiogenesis is strictly controlled
during the follicular phase of the ovarian cycle, to avoid; e.g.,
penetration of serum factors into the follicular fluid, one could
speculate that down-regulation of PGIS through activation of the
ER could be essential to protect proliferating ovarian follicles.

In contrast to the ovary, the ER� is the dominant ER expressed
in the uterus, whereas ER� is expressed in the uterus at very low
levels (6, 7). Consequently, estrogen does not induce DNA synthesis
and uterine growth in ER� knockout mice (24), in contrast to ER�
knockout mice that respond fully to E2 (10). The observations in
knockout mice are in line with our findings with isotype-selective
ER ligands in hx and adult rat. It is shown that 8�-VE2, in contrast
with E2 and 16�-LE2, does not exhibit a detectable effect on uterine
weight in intact rats. Only in immature rats was 8�-VE2, at doses of
�0.1 mg per animal, able to stimulate uterine growth, which may
be attributable to the low but detectable affinity of 8�-VE2 to ER�.
Recent rat studies with a synthetic isotype selective ER� ligand (15)
further illustrates that the uterine stimulating potential of estrogens
is mediated by ER�.

Based on the presented data documenting direct stimulatory
effects on the rodent ovary, we suggest that ER� agonists might be
useful as a new therapeutic approach to improve ovarian function
in sub- or infertile women. Ovarian infertility is seen as a health
problem of increasing importance, specifically in Western societies,
mainly due to an increase in the average age of women who decide
to get pregnant for the first time (32), and to pathological conditions
like the polycystic ovary syndrome (33). Whether substitution with
an ER�-selective agonist could be suitable to improve follicular
quality and, as a consequence oocyte and embryo development in
humans, without interfering with the endogenous menstrual cycle
and the secretion of pituitary hormones, is a matter of future
preclinical and clinical research.
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