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ABSTRACT 
Estrogens have important effects on bone turnover in both humans 

and experimental animal models. Moreover, the decreased level of 
estrogens after menopause appears to be one of the key factors in 
determining postmenopausal osteoporosis. The presence of estrogen 
receptor in both osteoblasts and osteoclasts has suggested a direct role 
of these steroid hormones on bone tissue. Thus, this tissue is now 
regarded as a specific estrogen target tissue. Exposure to estrogens 
during various stages of development has been shown to irreversibly 
influence responsive target organs. We have recently shown that 
transient developmental neonatal exposure (days l-5 of life) of female 
mice to estrogen resulted in an augmented bone density in the adult 
animals. The aim of the present study was to evaluate whether short- 
term modification of maternal estrogen levels during pregnancy 
would induce changes in the skeleton of the developing fetuses and to 
identify any long-term alterations that may occur. Pregnant mice 
were injected with varying doses (0.1-100 pg/kg maternal BW) of the 
synthetic estrogen diethylstilbestrol (DES) from day 9-16 of preg- 
nancy. Offspring were weaned at 21 days of age, and effects on bone 
tissue of the female mice were evaluated in adulthood (6-9 months 
of age). Prenatal DES treatment(s) did not significantly affect BW. 
However, a dose-dependent increase in bone mass, both in the tra- 
becular and cortical compartments, was observed in the prenatal 
DES-exposed female offspring. Furthermore, long bones of DES-ex- 
posed females were shorter than controls. Normal skeletal mineral- 
ization accompanied these changes in the bone tissue, as shown by a 
parallel increase in skeletal calcium content. Double tetracycline la- 
beling performed in 6-month-old DES-exposed animals showed an 

increase in mineral apposition rate in adult DES-exposed mice as 
compared with untreated control animals, although no significant 
difference in the circulating estrogen levels was found in animals of 
this age. Experiments were then performed to evaluate whether per- 
turbation of the estrogen surge at puberty in these diethylstilbestrol 
(DES)-exposed mice could reverse the observed changes. Femur 
length was chosen as a marker of potential estrogenic effect. Prepu- 
bertal ovariectomy of the prenatally DES-treated animals could only 
partially reverse the effects observed in the skeleton of the DES- 
treated animals. Further experiments were performed to evaluate 
whether these changes could have occurred in utero. CD-l pregnant 
female mice were injected with DES (100 pg/kg maternal BW) from 
days 9-15 of gestation. On day 16 of gestation, fetuses were examined 
and stained by a standard Alizarin Red S and Alcian Blue procedure 
to visualize calcified and uncalcified skeletal tissue. Estrogen treat- 
ment induced an increase in the amount of calcified skeleton as com- 
pared with untreated controls and also a decrease in the length oflong 
bones, strongly suggesting a change in both endochondral ossification 
and endosteal and periosteal bone formation. In summary, these data 
show, for the first time, that alterations in the maternal estrogenic 
levels during pregnancy can influence early phases of fetal bone tissue 
development and subsequently result in permanent changes in the 
skeleton. Finally, the effect of this short-term estrogen treatment can 
be seen in the fetal skeleton, suggesting an estrogen-imprinting effect 
on bone cell-programming in fetal life because treatment effects on 
bone cell turnover can be observed later in adult life. (Endocrinology 
137: 2118-2125, 1996) 

E STROGENS exert their biological actions on target or- 
gans through binding by a specific estrogen receptor 

(ER), a member of the steroid receptor superfamily (l-3). The 
equilibrium of the circulating levels of these steroid hor- 
mones and a normal expression of ER in target organs is of 
primary importance for the normal homeostasis of target 
tissues, i.e. uterus (4-6). Furthermore, an imbalance and/or 
an increase of the circulating levels of these steroids is also 
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believed to be crucial for the development of hyperplasia/ 
hypertrophy of the target organs such as the uterus (7). 
Specifically, it has been postulated that estrogens may have 
different effects on estrogen target tissues depending on the 
age and the length of exposure (S-10). Several experimental 
animal models have been developed (8,9,11,12) on the basis 
of potential human exposure to estrogenic compound(s) (7, 
10,13) at different periods of organogenesis to further eval- 
uate the mechanism of action of estrogens in target organs 
during critical periods of body maturation. 

Interestingly, estradiol (E,, has been described to modulate 
bone cell activity in vitro (14). Beside these in vitro effects of 
E,, it is well known that changes in estrogen levels can 
dramatically modify bone tissue turnover in both postmeno- 
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pausal women (15, 16) and adult experimentally induced 
postmenopausal animals (17, 18). In addition, long-term ex- 
posure of adult animals to E, or DES induces hyperplasia of 
bone tissue (18-19). There is little doubt that estrogens are 
considered the most effective treatment for postmenopausal 
osteoporosis (15, 16, 21). Lately, biologically active ER has 
been recently described in bone cells (22,231, leading to the 
hypothesis that estrogens modulate bone cell homeostasis 
through specific receptor-mediated mechanism(s) (22-25). 
Thus, these data strongly suggest that bone tissue directly 
responds to estrogens as other estrogen target tissues do, 
and, therefore, bone tissue is now regarded as an estrogen 
target organ. However, there are no definitive data on the 
biological role that estrogens play in bone tissue physiolog- 
ical regulation during the period preceding maturity. In fact, 
few studies have investigated how disruption of estrogen 
levels before puberty can influence bone turnover and bone 
mass in girls (26,27). Other studies have dealt with estrogen 
effects on growing postpubertal rats (28). 

In previous studies, we have developed an animal model 
to elucidate the role that estrogens play in early phases of life 
on the skeletal formation and on the final adult peak bone 
density (29). The results of these earlier studies have shown 
that transient neonatal exposure of female mice to estrogens 
increased bone mass in the animals during adulthood (29). 
Furthermore, a similar animal model has been reported by 
Iguchi and colleagues (30), who showed that sex steroids can 
influence the development of the dimorphism in the mouse 
innominate bone. Thus, these data strongly suggest that al- 
terations of estrogen levels before puberty, in early phases of 
development, can dramatically influence skeletal matura- 
tion, including final peak bone density (29). 

The aim of the present study was to determine whether 
perturbations in the maternal estrogen levels during pregnancy 
can induce modifications to the developing fetal skeleton in a 
permanent manner and to evaluate if these effects could also be 
observed in both prenatal and postnatal periods. 

Materials and Methods 

Animals 

Outbred CD-l mice were purchased from Charles River Breeding 
Laboratories (Wilmington, MA), or bred to male mice of the same strain 
at our animals quarters at the NIEHS breeding colony (Research Triangle 
Park, NC). Detection of vaginal plug was considered day 0 of pregnancy. 
Animals were housed in groups of four (pregnant mice were housed 
individually) in a temperature-controlled room (21-22 C) with 14-h light 
and 10-h dark periods and were provided with synthetic bedding, fresh 
water, and NIH 31 laboratory mouse chow ad libitum. 

Chemicals and materials 

DES, demeclocycline, and oxytetracycline were purchased from 
Sigma Chemical Co. (St. Louis, MO). Purity of DES was checked by 
HPLC chromatography and mass spectrometry. Decalcifying solution 
was purchased from Baxter Scientific (Charlotte, NC). 

Animal experiments 

Pregnant mice were treated from days 9-16 of gestation in accordance 
with ethical guidelines and an approved NIEHS animal protocol. The 
daily doses of DES used were 0.1,2.5,5,10,50, and 100 pg/kg maternal 

BW. DES was dissolved in corn oil (DES groups) or corn oil alone as 
control (CTL groups) as previously described (8). Treatments were ad- 
ministered SC in the pregnant female. At birth, litter sizes were stan- 
dardized to eight offspring. At 25 days of age, mice were weaned and 
housed four per cage for 7-9 months. On the day of sacrifice, animals 
were weighed and killed by decapitation. Blood was collected to eval- 
uate steroid hormones levels. Blood samples were centrifuged for serum 
isolation (800 X g, 4 C, 30 min) and serum samples were kept at -20 C 
until the RIA was performed. After gross anatomical observation, sam- 
ples from different skeletal sites were collected and stored in 10% for- 
malin or saline for later evaluation. Additionally, experiments were 
performed to evaluate whether this effect was solely related to this 
prenatal short-term exposure with DES or whether was related to the 
endogenous onset of estrogen at puberty. To address this point, a group 
of prenatally DES-treated mice and vehicle-treated mice were ovariec- 
tomized at 17 days of age to prevent the physiological onset of estrogens 
at puberty, which, in thse animals, occurs approximaly at 21 days of age. 
The total number of female mice used in each experimental group in the 
different experiments is reported in the tables or figure legends. 

Physical and biochemical measurements 

After removal of soft tissue, left femurs were collected by dissection, 
defatted, and processed (28). Bones were extracted for 8-12 h with 
absolute ethanol and then with ether. At the end of this procedure, 
femurs were weighed and their length measured from the great tro- 
chanter to the external condyle. Dried femurs were then ashed at 600 C 
for 24 h and weighed. The ashes were dissolved in 5 M HCl, then diluted 
in distilled water, to perform total calcium (Cal measurements (28). Total 
Ca was measured by using a Calcette analyzer system. 

Histological evaluations 

Right femurs and lumbar vertebrae were fixed in 10% neutral buff- 
ered formalin, decalcified, embedded in paraffin, and sectioned at 6 pm. 
Tissue sections were stained with hematoxylin and eosin (H&E) and 
evaluated using a light microscope. 

Computer-assisted analysis and histomorphometric 
measurements 

The same tissue sections prepared for histological analysis were eval- 
uated for histomorphometric measurements using a SMI-Microcomp 
image-analysis system (Southern Micro Instruments, Inc., Atlanta, GA) 
interfaced with an IBM computer and an Olympus BH-2 microscope. 
Areas of interest were selectively traced; areas bounded by tracing were 
automatically calculated by the computer as previously described (28). 
Corresponding lumbar vertebrae sections were chosen from control and 
DES-treated animals. Triplicate sections were measured and the mean 
determined for each mouse analyzed in the present study. 

Double tetracycline labeling 

Six month old female CD-1 mice, who were exposed to DES 100 
Kg/kg maternal BW during the prenatal period, and unexposed control 
mice were injected intraperitoneally with demeclocycline and oxytet- 
racycline (20 mg/kg BW) 14 and 7 days before sacrifice. Twenty four h 
after the last administration, animals were killed. On day of sacrifice, 
femurs from control and prenatally DES-treated animals were fixed in 
70% ethanol. Samples were then embedded in hard plastic and sections 
obtained using a heavy-duty microtome. Double tetracycline staining 
was then evaluated using a SMI Microcomp image system interfaced 
with an IBM computer connected with an Olympus BH-2 microscope 
under epifluorescent light. Measurements were performed at the level 
of distal epiphysis of the femurs, at least 2-mm distal from the epiphyseal 
plate as previously described (18). Mineral apposition rate was obtained 
by dividing the distance between the two labeled surfaces by the days 
of the labeling period. 
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Alizarin red S and alcian blue staining for fetal skeletal 
alterations 

Fetuses were collected on the morning of the 16th day of pregnancy 
by Caesarian section. They were examined to determine their gender 
and then were placed in 95% ethanol (EtOH) for 24 h. EtOH was then 
discarded and fetuses were placed in Alcian Blue stain overnight. The 
following morning Alcian blue stain was discarded and replaced by 95% 
EtOH for the after 24 h. At the end of this period, fetuses were placed 
in Alizarin Red S for an additional 8 h, after which they were transferred 
to 0.5% potassium hydroxide (KOH) overnight. Fetuses were then an- 
alyzed by an using an Olympus Microscope interfaced with an Image 
Analysis system software. 

Statistical analysis 

Means of each independent exposed group were statistically evalu- 
ated by Student’s t test or by one-way ANOVA followed by nonpara- 
metric Dunnett’s test (26). Significant differences were considered when 
a P < 0.05 was found. 

Results 

Because our previous studies showed that developmental 
exposure to estrogens could significantly augment bone mass 
at the level of both trabecular and cortical compartments in 
adult mice, similar analysis was performed to examine bone 
features of these prenatally DESexposed animals at 6-9 
months of age. Cross-sections of lumbar vertebrae of control 
and prenatally DES-exposed animals were evaluated by histo- 
logical analysis. Figure 1 shows histological samples from con- 

trol mice and mice prenatally exposed to different doses of DES. 
These data show that maternal modifications of estrogens dur- 
ing pregnancy, a period in which major fetal organogenesis is 
occurring in mice, resulted in an increase in the bone mass of 
these adult female mice. Nevertheless, the body weight of DES- 
exposed mice was not significantly different from unexposed 
mice (Table 1). Additionally, no major macroscopic modifica- 
tions of the reproductive tract, except at the high DES dose, 
were observed at the age at which the animals were analyzed. 

Vertebral bone samples were also evaluated by a comput- 
erized image-analysis system to accurately quantify the bone 
mass. Figure 2 depicts the dose-dependent increase in the 
bone mass of DES-exposed mice as compared with control 
animals. Maximal effects were observed at doses of 5 and 10 
Fg/kg/maternal BW of DES. Higher doses did not induce 
further increase in bone mass. 

In addition, femurs were evaluated for other physical 
skeletal characteristics of these mice and for skeletal min- 
eralization. Prenatally DES exposed mice had shorter fe- 
murs than age-matched control animals. As described for 
the increase in bone mass, this event occurs in a dose- 
dependent manner (Table 1). Evaluation of the dry weight 
and the ash content of the femurs of control and DES- 
exposed animals was also performed as shown in Table 1. 
A minimal dose-dependent increase of these parameters 
can be observed with maximal effect reached at doses 
between 2.5 and 10 pg/kg maternal BW, in accordance 

FIG. 1. Histological bone sections of 
P,, .;,.:,. ” 

.I s, ,’ *,,$.” .: ‘_ r . 
DES-exposed and control mice. Cross- 
sections of lumbar vertebrae from (A) : \ 
control and animals exposed to (B) DES 
2.5 @kg/maternal BW, (C) 10 DES pg/ 
kg/maternal BW and (D) DES 50 p&kg/ 
maternal BW from days 9-16 of fetal c 
life. H&E x40. Cb, compact bone; tb, 
trabecular bone; SC: spinal cord. 
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TABLE 1. Physical characteristics and skeletal biochemical parameters of 7- to g-month-old female mice exposed to different doses of 
DES during gestation 

GlYlLlp Body weight (g) Femur Irn@h (mm 1 Dry weight (mg/mm) Ash (mg/mm~ 

Control ( 15) 49.13 2 1.07 15.64 2 0.15 3.77 i- 0.07 2.27 5 0.04 
0.1(5) 55.94 -c 4.11 15.79 -t 0.27 4.04 5 0.11 2.48 k 0.01 
2.5 (5) 49.54 k 1.87 15.77 2 0.42 3.67 2 0.14 2.09 -c 0.13 
5 (9) 55.91 5 3.29 15.72 + 0.23 4.25 + 0.15 2.59 k 0.10 

10 (12) 48.42 2 1.71 15.39 + 0.12 4.00 2 0.10 2.34 2 0.06 
50 (5) 54.59 -t 2.52 15.08 2 0.30 4.16 t 0.13 2.50 t 0.09 

100 (15) 49.27 2 1.68 14.93 + 0.22” 3.86 -+ 0.12 2.33 i 0.07 

Doses of DES shown are considered as kg/kg maternal BW (days 9916 of gestation). Length was measured from the great trochanter to the 
external condile of right femurs. Dry weight of same femurs were assessed after 9-12 h EtOH and 9-12 h ofether soxlet extractions, as described 
in Materials al& Methods. Ashes were estimated after femurs were placed for 24 h at 600 C. Both weight and ash values were normalized per 
femur length. Results are expressed as mean f SF:. Numbers in parentheses represent animals evaluated in each group. 

n P i 0.05 US. control group by Kruskal-Wallis followed by nonparametric Dunnett’s test. 

' ' ' ' ' 0 0.1 2.5 5 10 50 100 

Diethylstilbestrol 
@g/kg/maternal body weight) 

FIG. 2. Dose-dependent increase of trabecular bone mass. Value ob- 
tained from the computer image analysis of vertebral sections were 
transformed in percentage of bone tissue in the total area of bone 
considered. Data are represented as mean 5 SE. Opera bar, Control, 
crosshatch bars, prenatally DES-treated groups. ‘/‘, P < 0.05 US. con- 
trol. Doses of prenatally DES-exposed mice are expressed as pg of 
DES/kg maternal BW (days 9-16 of uterine life). 

with femur length and bone tissue mass. However, these 
differences do not appear statistical different. 

Calcium content in the femurs was also evaluated as an 
useful and valuable marker of total skeletal mineralization 
(32). Calcium content of the femur showed a dose-dependent 
increase in the femurs of the DES-exposed animals (Fig. 3) 
with a maximal effect as already shown for bone mass. The 
increase in the calcium content shows a similar profile to the 
increase in bone mass (Figs. 2 and 3), strongly suggesting a 
normal mineralization in the skeleton of the DES-exposed 
animals. Double-tetracycline labeling was performed in 
adult prenatally DES-exposed and control mice to evaluate 
potential alteration in the rate of mineral apposition rate 
(MAR), which could explain the increase in the bone mass 
observed. This analysis showed a significant difference in the 

1 

E 
3 h 0.6 
‘0 E 
rnE 
O-5 
3E 
5 - 0.7 
I- 

0.6 

0.5 
’ ’ ' ' ' 0 0.1 2.5 5 10 50 100 

Diethylstilbestrol 
@g/kg/maternal body weight) 

FIG. 3. Calcium content in femurs of prenatal DES-exposed animals. 
Values are reported after normalization to length of bone. Open bar, 
control; crosshatch bar, prenatally exposed group. Data are expressed 
as mean 2 SIS. Number of animals considered in each group is reported 
in Table 1. ‘(‘, P < 0.05 us. control group. 

TABLE 2. Histomorphometric measurements in 6-month-old 
control and prenatally DES-exposed female mice 

ChlUP Double-labeling width (pm) Mineral Apposition Rate f&day) 

Control (3) 164.72 -t 10.70 23.53 5 1.52 
DES (3) 324.89 t 20.50” 46.41 2 2.92” 

Measurements were performed on the endosteal surface of a stan- 
dardized area at least 2 mm from the metaphyseal cancellous bone of 
the distal femur. Data are considered mean % SE. 

” P < 0.05 versus control by Student’s t test. Data refer to 6-month- 
old control (CTL) and prenatally DES-exposed mice (100 wg/maternal 
BW). Treatment and double-tetracycline labeling was performed as 
described in Materials and Methods section. 

double labeled width (pm) and the MAR (pm/day) between 
control and prenatally DES-treated female mice (Table 2). 
Because higher levels of circulating estrogens have been 
linked to change in bone turnover and increased bone for- 
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mation, estrogen circulating levels were evaluated in the 
adult animals. Levels of estrogens in 6- to 9-month-old mice, 
prenatally DES-exposed, did not show any modifications in 
comparison with age-matched control mice (CTL, 26.65 t 
3.85 pg/ml; P-DES: 19.85 + 1.71 pg/ml). Because estrogen 
levels in the adult animals appeared unmodified, our interest 
was to evaluate whether these bone cell effects developed 
earlier in life and whether the estrogen surge at puberty 
played a role in such changes. 

To address this issue, mice exposed to DES before birth 
and corresponding control animals were ovariectomized on 
day 17 of age, to prevent the onset of puberty. Animals were 
then evaluated at 6-9 months of age. Differences in femur 
length were used as a marker of the estrogenic effect. As 
expected, length of the femurs of control ovariectomized 
mice were longer than control intact animals. A similar dif- 
ference was detected in ovariectomized prenatally DES- 
treated mice VS. intact prenatally DEStreated mice (Fig. 41, 
although the difference was much smaller. Thus, ovariec- 
tomy of prenatally DES-treated animals partially reversed 
the shorter femur length compared with intact control ani- 
mals. A significant difference in femur length, however, per- 
sisted between ovariectomized control animals and prena- 
tally DEStreated animals (Fig. 4). Because these results 
suggested that the absence of the pubertial estrogen surge 
did not abrogate the effect induced by prenatal DES-treat- 
ment, a set of experiments were performed to evaluate 
whether some of the changes observed in adulthood could 
already appear during fetal life. 

Pregnant CD-1 mice were treated with DES (100 pg/kg 

I Intact 
l 

I  

Ovariectomized 

CONTROL PRENATAL 

DIETHYLSTILBESTROL 

FIG. 4. Femur length in g-month-old control and prenatally DES- 
exposed female mice ovariectomized or sham-operated on day 17 to 
prevent pubertial estrogen surge. open bar, intact female; crosshatch 

bar, ovariectomy. Length was measured from the great trochanter to 
the external condile of right femurs. Analysis was performed as de- 
scribed inMaterials and Methods section. Data are expressed as mean 
2 SE. 

maternal BW) from days 9-15 of gestation. Sixteen-day-old 
fetuses were obtained by Caesarian section and were stained 
with Alizarin Red S and Alcian Blue. The differential staining 
allowed distinction between mineralized tissue and unmin- 
eralized cartilage in the skeleton of the embryos. Red staining 
delineates calcified cartilage as compared with the blue 
stained cartilage. The staining of these 16-day-old DES-ex- 
posed fetuses suggested a qualitative increase in the amount 
of mineralized skeletal tissue, as compared with unexposed 
fetuses (Fig. 5). Flat bones of the skull showed an increased 
calcification pattern as compared with control unexposed 
mice. Control fetuses showed also an abundance of blue 
staining cartilagineous skeletal tissue (Fig. 5). 

Moreover, femurs and tibiae of these embryos were mea- 
sured using the calcified part of the diaphysis as reference 
points (Fig. 5). The measurements showed a shorter length of 
both tibiae and femurs in DES-treated fetuses as compared with 
the control fetuses (Table 3). It is also interesting to note that this 
early alteration in the maternal hormonal levels did not induce 
any major abnormal development of bone tissue or any terat- 
ogenic effect on the skeleton of the offsprings (Fig. 5). 

Discussion 

The present study has been performed to further extend 
our previous investigations on the effects of changes of es- 
trogen levels during early developmental stages on the skel- 
eton of mice. The present results demonstrate, for the first 
time, that, indeed, maternal alterations of estrogen levels 
during gestation can dramatically influence the skeletal tis- 
sue of developing female fetuses. In fact, a significant in- 
crease in the bone mass of these animals is observed in 
adulthood. The increase in bone mass after this transient 
prenatal exposure to estrogens is analogous to the increase 
of bone mass previously observed in female mice postnatally 
exposed to DES from days l-5 after birth (29). Shorter femur 
length was also noted. Both types of changes occur in a 
dose-dependent manner, suggesting the possibility of a spe- 
cific direct effect of these sex steroids by a direct ER-mediated 
mechanism. The presence of ER in osteoblast-like cells (22- 
25) further supports the hypotheses that the observed events 
may occur by a direct ER-mediated mechanism. It is well 
known that changes in estrogen levels during adulthood can 
influence bone mass and the decrease in estrogen levels in 
postmenopausal women and ovariectomized animals result 
in severe osteopenia (15-17). Estrogen replacement therapy 
(ERT) prevents such a condition (15-17). The mechanism by 
which estrogen exerts these effects is not fully understood. In 
fact, estrogen has been shown to increase bone formation, to 
reduce bone resorption, to affect both, or to actually reduce 
and down-regulate all markers of bone turnover in post- 
pubertal animals (16-18,33-34). Although all these data may 
appear contradictory, they apparently all occur. Different 
doses of the hormone, route of administration, age of sub- 
jects, periods after either menopause or ovariectomy prob- 
ably influence the different outcomes reported. In the model 
described in this paper, MAR is increased in the adult ani- 
mals after the short-term prenatal exposure to estrogen as 
shown by the results presented by other authors (18,33-34). 
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FIG. 5. Control and prenatally DES-treated mice were examined on day 16 of gestation. A and C. Control (CTL); B and D, dlethylstllbestrol 
(DES) exposed mice. CTL and DES mice shown in the pictures are one representative of three different htters for each treatment. Alcian Blue 
stams for cartilagneous unmmeralized skeleton; Alizann Red stains for calcified skeleton. Higher magmfication of the skull of 16-old-day CTL 
tC) and DES-exposed CD) mice. The picture shows the different calcrfication pattern of the flat bone of the skull in CTL ~CJ and DES (D) fetuses. 
Mice shown in the pictures are representative of three different litters analyzed for each treatment. Staining was obtalned as previously 
described in Matcri& and Methods. 

TABLE 3. Femurs and tibiae length of 16 day old embryos mice 
from control and DES-treat.ed pregnant female 

GPXlp Femur length (mm I Tibia Length t mm) 

Control (4) 1.46 + 0.03 2.21 z 0.08 
DES (41 1.26 + 0.07” 1.85 i- 0.1” 

Pregnant CD-1 female mice have been treated with 100 wg/kg 
maternal BW of DES from days 9-15 of pregnancy. Embryos were 
collected on day 16. Bone length has been measured considering the 
mineralized part of the diaphysis of long bones of the animals i see red 
stuining in Fig. 5). Fetuses have been taken from different litters to 
reflect litter variation in size and number. Data are considered as 
mean i SE. 

” P ~1: 0.05 ~1s. control by Student’s t test. 

It is also interesting to note that in our neonatal model, 
Fostpubertal female mice show both an increase in MAR and 
a decrease in osteoclast number and in the tartrate resistant 
acid phosphatase activity, which is strongly suggestive of a 
role of estrogen in both increasing bone formation but also 
decreasing bone resorption (Migliaccio, S., and K. S. Korach, 
manuscript in preparation). Experiments are ongoing to 

evaluate a similar effect on the osteoclastic cells in the pre- 
natal estrogen model. 

Changes in bone turnover induced by estrogens reported 
by other authors were obtained by modulating the levels of 
estrogens, either by ovariectomizing the animals or treating 
them with estrogens during adulthood (17, 18). The un- 
changed levels of estrogens in the adult prenatally DES- 
exposed mice and the partial failure by prepubertal ovari- 
ectomy in blunting the described changes tn the skeleton, 
suggest that the skeletal alterations in adults may be related 
to an estrogen programming of bone cells as a consequence 
of the altered estrogen levels during the period in which 
major organogenesis of estrogen target organs occur. The 
effect on the decreased length of long bones and the accel- 
eration in the calcification process observed in the DES-ex- 
posed fetuses support this hypothesis. These events are prob- 
ably due to a differential action of estrogens on both 
endochondral and endosteal/periosteal bone formation. 
These data also suggest an effect of estrogen on both cartilage 
and bone cells, supported by the differential effect on bone 
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length and on bone mass. The specific direct biological effect 
of estrogen on both bone and cartilage cells has been already 
described in studies both irl vitro (14, 22-25, 33) and in viva 
(17,18,29,34-41). Our data are in accordance with previous 
reports that described an enhancement of bone formation 
and calcification in long bone of fetal mice exposed to es- 
trogens in zlifro (33). However, our report is the first to show 
this specific effect of estrogen on the skeleton of mice in utcro. 

Likewise, our data and the previous reports suggest that 
alterations of estrogenic levels during these developmental 
periods may be of dramatic importance for the skeleton ho- 
meostasis. Our data also suggest that this early estrogen 
exposure could be one of the key factors for the final devel- 
opment of peak bone mass. 

Although accumulating data show an action of estrogen 
on bone cells and bone turnover, the biological mechanism(s) 
of action of these hormones in bone cell homeostasis is not 
fully elucidated. The lack of a pure antagonistic compound 
active in the bone (42) has made it difficult to prove a de- 
finitive direct involvement of ER in the experiments ilz vizlo. 
Moreover, the use of high concentrations of an estrogen 
antagonist during pregnancy would increase the rate of mis- 
carriages in the animals (7-10). However, recent clinical stud- 
ies have indicated that the lack of functional ER has a dra- 
matic effect on bone density in an adult patient (43). Thus, 
these data strongly suggest a direct role of the ER in bone cell 
homeostasis. 

Thus, it is not clear as yet whether estrogens are the actual 
modulator or whether they trigger the production of growth 
factors (GF) that may induce the observed effects on bone 
tissue. In fact, whereas GFs and cytokines are present in bone 
and modulate this tissue homeostasis (44-471, new evi- 
dences have also shown an interaction of multiple intracel- 
lular pathways in estrogen target cells including bone cells 
(48, 49). Growth factors can mimic biological estrogenic re- 
sponses by coupling the ER (50), so intracellular kinases can 
also modulate the responsiveness of target cells. These in- 
teractions appear important, but further studies are needed 
to elucidate their role in the biological regulation of specific 
estrogen target tissues. 

Regardless of the intracellular mechanism(s) of action in- 
volved in these events, it is important to point out that this 
early modification in estrogen levels leads to a gain in the 
final peak bone mass of the DES-exposed mice as compared 
with controls. Thus, early modifications of estrogens levels 
may be one of the key factors in determining the final bone 
mass in adulthood. It is believed that humans usually accu- 
mulate bone mass during the early years of life through the 
second decade of life (51-53). Recent studies have demon- 
strated, for example, how differential concentrations of cal- 
cium intake during early development can lead to a differ- 
ence in the bone mass later in life (54). Additionally, it is well 
known that several maternal factors occurring during preg- 
nancy influence the offspring’s development (55,56). Nutri- 
tion, smoking, drinking have all been demonstrated to in- 
fluence fetal development (55, 56). 

Our data add some useful information describing estro- 
gens as a factor that plays a role in the early stages of skeleton 
development. Furthermore, our present results show that 
maternal hormone levels during pregnancy influence, and 

even determine, the peak bone mass in the offspring later 
after maturity. 

In conclusion, our data support the hypothesis that estro- 
gen during early phases of life, among other factors, plays a 
leading role in the determination of the final peak bone mass 
reached in adult life. Our results suggest that these events 
may be related to an estrogen programming of bone cell 
activity in female mice. 
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