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Overwhelming evidence indicates that estrogens are neces-
sary for maintenance of normal bone homeostasis. In many 
species, including humans and rats, depletion of estrogen—ei-
ther spontaneously after menopause or surgically induced by 
ovariectomy—often results in severe osteoporosis, which largely 
can be prevented by estrogen replacement.18,30 These effects of 
estrogens are receptor-mediated. Two estrogen receptors (ERα 
and ERβ) have been cloned.5,18 The 2 most important cell types 
for bone homeostasis are the bone-resorbing osteoclasts and the 
bone-forming osteoblasts. Both cell types express both ER, with 
a higher degree of ERα expression.1-3,22 Studies with ERα and 
ERβ knockout (ERKO and BERKO) mice and with specific ERα 
and ERβ ligands suggest that the predominant ER mediating the 
antiosteoporotic effects of estrogens in bone cells is ERα.8,12,16,24,31 
Treatment of ovariectomized rats with an ERβ agonist has little 
effect on various characteristics of bone, indicating a relatively 
unimportant role of ERβ in this tissue.8,9,12 BERKO mice show mi-
nor changes in bone characteristics,18 including trabecular bone 
structures, and the growth of the cortex of long bones and their 
mineralization are increased.33 These effects begin to be apparent 
at the peak of bone mass development, which occurs at 2 to 3 mo 
of age in mice.14,15 Development of bone in BERKO and wildtype 
mice has been studied, and decreased trabecular bone mineral 
density is present in BERKO mice at 60 d of age.18 At 140 d of 

age, trabecular density was greater in BERKO than wildtype ani-
mals,18 and this age-related effect became even more marked as 
mice aged.15 Therefore, increased growth and mineralization of 
bone occurs later in BERKO than wildtype mice; the exact time 
course of these effects has not yet been studied in depth.

Deletion of ERβ does not prevent the development of osteo-
porosis after ovariectomy.20 In view of the proposed antagonistic 
effects of ERβ on ERα,19,32 ovariectomy of BERKO mice might be 
expected to prevent or retard osteoporosis. In addition, some evi-
dence suggests that bone demineralization is decreased in ova-
riectomized BERKO mice compared with intact BERKO mice.20

Estrogens also regulate adipocytes, and human and rodent adi-
pocytes express both ER.7,13,21,25 The removal of estrogenic signaling 
by ovariectomy causes obesity.4,6,21,27,28,31 This effect on obesity is ERα-
mediated because ERKO but not BERKO mice are obese,16,24 and 
obesity of ovariectomized rats can be prevented by ERα agonists but 
not ERβ agonists.9 The role of ERβ in adipocytes remains unknown.

Various bone parameters, such as cancellous and cortical bone 
densities and surface areas, can be measured by quantitative 
computer-assisted tomography (qCT);10 the proximal metaphy-
sis of the tibia often is studied because it is extremely sensitive 
to deficient estrogenic signaling.27 We noted a small fat depot in 
rats that was lateral to the metaphysis of the tibia (the paratibial 
fat depot); this fat depot increases in size after gonadectomy.27,28 
In rats, the size of the paratibial fat depot correlates very well 
with general obesity, and because it lies within the qCT plane of 
the metaphysis, its size can be determined from qCT scans of the 
metaphysis of the tibia.26,27
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the 2 metaphyseal cross-sections were calculated by acquiring 
data within the default threshold of 280 to 710 mg/cm3. Tissue 
with a density exceeding 710 mg/cm3 was considered to be corti-
cal bone, and cortical area and density were calculated from the 
slice obtained 7.5 mm distal of the reference line.

Determination of fat tissue in lower hind leg. At the level of 
the 2 qCT slices within the metaphysis of the tibia, a small fat 
depot (the paratibial fat pad) is visible. The size of this fat depot 
can be quantified perimetrically (Figure 1) and is reported as the 
percentage of the total lower-limb cross-section at the level of the 
2 metaphyseal qCT planes.

Statistical analysis. Data were evaluated by one-way ANOVA 
followed by the Dunnett post test (Graph Pad Prism, San Diego, 
CA). A P value of less than 0.05 was considered to be statistically 
significant. Data are presented as means and SEM (error bars).

Results
None of the measured parameters differed significantly be-

tween wildtype and BERKO mice before ovariectomy or sham 
surgery at 3 mo of age.

Body weights. Body weight (Figure 2 A) increased steadily in 
sham-ovariectomized wildtype and BERKO mice until they were 
10 mo of age and remained at that level for the rest of the investi-
gative period. Body weight increased significantly (P < 0.05) after 
ovariectomy in both wildtype and BERKO mice.

At 7 and 9 mo after surgery (that is, at 10 and 12 mo of age), 
the body weight of ovariectomized BERKO mice was greater (P 
< 0.05) than that of ovariectomized wildtype animals. In sham-
ovariectomized wildtype and BERKO mice, the paratibial fat de-
pot showed only small increases in its size, which were significant 
(P < 0.05) only at 12 mo of age (Figure 2 B). In contrast, the size of 
the fat depot increased dramatically (P < 0.05) in ovariectomized 
wildtype mice within 2 mo after surgery and continued at 3 mo. 
Interestingly, the paratibial fat had not increased at 2 and 3 mo 
after ovariectomy of the BERKO mice, but at ages 8, 10, and 12 mo 
(that is, 5, 7, and 9 mo after ovariectomy), the size of the fat depot 
in ovariectomized BERKO mice was similar to that in the ovariec-
tomized wildtype mice (Figure 2 B). Therefore, fat accumulation 
after ovariectomy occurred at a later time point but at a higher 
magnitude in BERKO mice than in wildtype animals, such that 
no difference existed at 8, 10, and 12 mo of age (that is, 5, 7, and 9 
mo after surgery).

Density and surface area of cancellous bone. The highest densi-
ties in cancellous bone were measured in intact mice at the age of 
3 to 6 mo, with no differences between BERKO and wildtype mice 
(Figure 3 A). Cancellous densities in both groups of sham-ovariec-
tomized mice fell later in life to reach slightly but significantly (P 
< 0.05) lower levels at 10 mo of age. In ovariectomized wildtype 
and BERKO mice, cancellous densities were significantly (P < 
0.05) reduced within 2 mo after ovariectomy. At 2, 3, and 5 mo 
after surgery, however, the reduction in density was significantly 
(P < 0.05) smaller in ovariectomized BERKO than ovariectomized 
wildtype mice, but these differences were no longer significant at 
7 and 9 mo after ovariectomy (Figure 3 A). The areas of endosteal 
(cancellous) bone in the metaphyses of the tibiae were identical 
between sham-ovariectomized BERKO and wildtype mice (Fig-
ure 3 B) at all investigated time points; the area of cancellous bone 
increased in both ovariectomized wildtype and BERKO mice, 
becoming significant (P < 0.05) at 7 and 9 mo after ovariectomy 
(Figure 3 B).

Because little is known about the bone phenotype of BERKO 
mice and the development of osteoporosis in these mice after ova-
riectomy, we determined the densities and areas of the trabecular 
and cortical structures of the metaphysis of the tibia. In addition, 
we monitored the size of the paratibial fat depot as a measure of 
obesity. Intact and ovariectomized wildtype and BERKO mice un-
derwent qCT of the metaphysis of the tibia at various ages from 
before puberty until they were 1 y old.

Materials and Methods
Animals. All experiments were performed after consent by the 

governmental authorities was obtained (LAVES; AZ: 33.11.42502-
04-01 to 30.05).

Male heterozygous ERβ+/− mice were mated with female 
heterozygous ERβ+/− mice, resulting in ERβ−/−, ERβ+/−, and ERβ+/+ 
(wildtype) offspring on a mixed C57BL/6J × 129 background.17 
These mice were raised and genotyped from DNA (NucleoSpin 
Tissue kit, Macherey-Nagel, Düren, Germany) at our institution. 
After weaning, mice were kept on soy-free food (V1354 R-Z,  
Ssniff, Soest, Germany) containing an equicaloric amount of po-
tato proteins. This food was chosen because most animal chows 
include soy proteins, which contain estrogenic isoflavones that 
might have confounded the results. Subgroups (n = 10 to 12) of 
isoflurane-anesthetized wildtype and BERKO mice underwent 
qCT of the left proximal metaphysis of the tibia at 3 mo of age. 
Isoflurane anesthesia was provided through an inhalation appa-
ratus (Penlon Sigma Delta, Penlon Abingdon, Oxon, UK) at a flow 
rate of 0.45 L/min with oxygen at the same flow rate. Isoflurane-
anesthetized mice were ovariectomized or sham-ovariectomized, 
resulting in 4 groups: wildtype, sham-ovariectomized; wildtype 
ovariectomized; BERKO sham-ovariectomized; and BERKO ova-
riectomized.

All mice underwent quantitative qCT at 2, 3, 5, 7, and 9 mo 
after surgery (5, 6, 8, 10, and 12 mo of age); sham-operated mice 
served as controls. No animal died during the course of the ex-
periments. Mice were weighed at each imaging session. At the 
end of the investigative period, all mice were euthanized, and 
blood and other organs were collected for analysis.

Measurement of bone parameters. The mineral content of the 
trabeculae in the proximal metaphysis of the tibia, total endos-
teal area, cortical mineral density, and cortical area were deter-
mined by using qCT (XCT 5.40, Stratec, Pforzheim, Germany) at 
a resolution of 100 µm. The coefficient of variance as a measure 
of repeatability of 10 measurements of the same animal was 0.43. 
The scanner was positioned at the upper end of the left epiphysis 
of the tibia, and a coronal computer radiograph (scout view) in 
distal direction was obtained. The scout view was used to posi-
tion the scanner at the sites of measurement needed to obtain qCT 
slices 1.86 and 2.11 mm distal of the scout view (Figure 1). Due to 
the large variations of the cortical thickness at the level of the me-
taphysis of the tibia, cortical parameters were determined 7.5 mm 
distal of the reference line, that is, in the diaphyseal part of the 
tibia. Each mouse was placed in a plastic funnel-like object, such 
that the left hindleg was inside the funnel with the foot extend-
ing from the opening. The foot was clamped to the funnel outlet, 
an action that ensured consistently repeatable positioning of the 
investigated structure.

Image acquisition, data processing, and calculation of the re-
sults were performed by using the software package supplied 
with the scanner (Strat. Trabecular density and endosteal area in 
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previously,23 withdrawal of estrogens in ovariectomized wild-
type mice resulted in rapid accumulation of body weight and fat 
depots, but similar increases in body weight and fat accumula-
tion did not occur 1 to 2 mo after ovariectomy in ovariectomized 
BERKO mice, again confirming previous results.33 However, 
5 mo after ovariectomy, body weight and fat accumulation no 
longer differed between ovariectomized mice, and at 7 and 9 mo 
after surgery, ovariectomized BERKO mice were significantly 
heavier than were ovariectomized wildtype mice, and at 7 mo the 
paratibial fat depot was larger. This late increase in body weight 
in sham-ovariectomized and ovariectomized BERKO animals 
had not been described earlier and suggests that ERβ plays an 
important lipolytic or antilipotrophic role in mice. If this finding 
is applicable to humans, ERβ agonists may prevent or reduce fat 
accumulation in women, particularly when administered post-
menopausally.

In rodents, the proximal metaphysis of the tibia is known to re-
act most sensitively34 to withdrawal of metabotrophic hormones 
such as estradiol. In agreement with an earlier study in which 
bone mineral densities of the proximal tibia were followed for 4 
wk after ovariectomy,20 BERKO mice were not protected against 
ovariectomy-induced loss of bone mineral density, because min-
eral densities of the trabecular apparatus in the metaphysis and 
of the cortical areas in the diaphysis of the tibia were affected 
similarly to those in wildtype mice. Estrogen replacement of 
ovariectomized BERKO mice prevented development of osteo-
porosis,20 and the authors concluded that ERα mediates most of 
the response to estradiol in wildtype mice but that a positive co-
operation may exist between the 2 receptors. The overall conclu-

Cortical densities in sham-ovariectomized wildtype and 
BERKO mice increased significantly throughout the investigation 
period and were slightly but significantly higher in sham-ovari-
ectomized BERKO mice than in sham-ovariectomized wildtype 
mice at the ages of 8 mo and later. Wildtype and BERKO mice 
both had significantly (P < 0.05) lower cortical densities within 
4 wk after ovariectomy than did age-matched sham-ovariecto-
mized mice; these differences were retained at all time points 
thereafter (Figure 4 A). Cortical area increased steadily in both 
sham-ovariectomized groups and did not differ between wild-
type and BERKO mice (Figure 4 B). At all time points after sur-
gery, cortical area was consistently lower in ovariectomized 
wildtype and BERKO mice than in sham-surgery controls. When 
mice were 12 mo old (that is, 9 mo after surgery), cortical areas of 
BERKO mice were at values between ovariectomized intact and 
ovariectomized wildtype animals. The cortical surface area of 
ovariectomized BERKO mice was significantly (P < 0.05) greater 
than that in ovariectomized wildtype mice.

Discussion
In the present study, we confirm previous results indicating 

that disruption of ERβ does not result in deregulation of body 
weight or fat tissue19 in sham-ovariectomized mice until month 
10 of life. At this and the 12-mo time point, average body weights 
and paratibial fat depots were significantly (P < 0.05) larger in 
sham-ovariectomized BERKO mice than in sham-ovariectomized 
wildtype mice. In addition, ERβ plays a role in the regulation of 
body weight and fat accumulation after ovariectomy. As reported 

Figure 1. Scout view and location of the 2 qCT pla nes for quantification of bone parameters (left; slices 1 and 2; 1.875 and 2.125 mm from the reference 
line, respectively) and of the paratibial fat depot at the level of the metaphysis of the tibia (right; slice 3; a plane through the diaphysis). Tissue densities 
are color-coded (bar), with a representative qCT image at the right.
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sham-ovariectomized mice. This decrease in cortical area was 
less pronounced in ovariectomized BERKO than wildtype mice 
and was significant 2, 7, and 9 mo after ovariectomy. The basic 
mechanisms underlying this phenomenon need to be explored 
in the future.

As reported previously,19 neither trabecular nor cortical mineral 
density nor trabecular nor cortical area differed between ova-
riectomized wildtype and BERKO mice 4 wk after ovariectomy. 
However, at 2, 3, and 5 mo after surgery, ovariectomized BERKO 
mice had lost significantly less trabecular mineral than did ova-
riectomized wildtype mice. In contrast, trabecular area began to 
increase after 5 mo but did not differ between these groups at this 
or any later time point.

At 10 and 12 mo of age (that is, 7 and 9 mo after ovariec-
tomy), both groups of ovariectomized mice had significantly 
larger endosteal area than did their respective controls. This is 
a well-known effect in mammals and is believed to compen-
sate for the loss of trabecular structures.11,29 These data indicate 
that, compared with wildtype mice, ovariectomized BERKO 
mice are less prone to develop osteoporosis during the first 
few months after ovariectomy. Therefore, the presence of ERβ 
in ovariectomized wildtype mice initially causes greater osteo-
porosis and obesity in the absence of estrogens, confirming the 
idea that ERβ initially inhibits the activity of ERα. However, 
because this effect vanishes after several months, treatment 
with specific ERβ agonists may not have favorable effects in 
bone and fat.

sion of that 4-wk experiment was that the activated ERβ is not 
efficient in reducing bone resorption.20 In the present experiments, 
ovariectomy of wildtype mice similarly led to rapid loss of both 
trabecular and cortical bone mineral density, whereas osteoporo-
sis was attenuated during the first few months after surgery in 
ovariectomized BERKO mice. However after prolonged estrogen 
withdrawal, the differences between wildtype and BERKO mice 
became negligible. These results indicate that initially after estro-
gen withdrawal, the presence of ERβ enhances the development 
of osteoporosis. For unknown reasons, the absence of ERβ in the 
face of prolonged estrogen withdrawal did not affect bone min-
eral density and metaphyseal structures compared with those in 
ovariectomized wildtype mice.

The delayed development of maximal osteoporosis in ovariec-
tomized BERKO mice parallels their delayed development of 
obesity and increase in the paratibial fat depot. In rats, this parati-
bial fat depot is a highly sensitive marker for estrogenic actions,28 
and this appears to be the case also in wildtype and BERKO mice. 
Therefore, during the first 2 to 4 mo after ovariectomy, mecha-
nisms active in the bones and fat tissue of BERKO mice delay 
the development of obesity and osteoporosis to the same degree 
as in ovariectomized wildtype mice. This mechanism, however, 
seems to disappear at later time points after estrogen withdrawal. 
Clearly more research is necessary to resolve the molecular mech-
anisms of this age dependent phenomenon.

In ovariectomized mice, trabecular area (that is, the total sur-
face of trabeculae within the endosteal area at the level of the 
metaphysis of the tibia) increased slowly in size, similar to ef-
fects seen in rats.27 However, cortical area increases in rats after 
ovariectomy, whereas cortical area in ovariectomized wild-
type and BERKO mice was significantly smaller than that in 

Figure 2. (A) Body weight and (B) size of the paratibial fat depots in in-
tact (sham) and ovariectomized (ovx) BERKO (−/−) and wildtype (wt) 
mice after surgery at 3 mo of age. *, P < 0.05 compared with value for intact 
mice of the same genotype; +, P < 0.05 compared with value for respec-
tive wild-type mice; #, P < 0.05 compared with value at 3 mo for mice of 
the same genotype. Black bars represent the mean value of WT at 3 mo 
of age (also shown as bar furthest to the left).

Figure 3. (A) Cancellous densities and (B) endosteal areas of the meta-
physes of the tibiae of wildtype (wt) and BERKO (−/−) mice after ova-
riectomy (ovx) or sham surgery. Note the rapid loss of cancellous den-
sity at 2, 3, and 5 mo after ovariectomy in wildtype mice; this loss was  
much slower in BERKO mice. However, these differences had disap-
peared by 7 and 9 mo after surgery. *, P < 0.05 compared with value for 
intact mice of the same genotype; +, P < 0.05 compared with value for 
respective wildtype mice; #, P < 0.05 compared with value at 3 mo for mice 
of the same genotype. Black bars represent the mean value of WT at  
3 mo of age (also shown as bar furthest to the left).
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