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Abstract 

Purpose: It is clinically important to determine the efficacy of estrogen replacement for post-
menopausal women combined with mobility difficulties, due to the potential risks of estradiol. The 
objective of the current study was to investigate the effect of estradiol replacement on osteo-
porosis induced by the ovariectomy (OVX) combined with unilateral sciatic neurectomy (SN) in a 
rat model. Method: Female Sprague-Dawley rats were subjected to OVX and unilateral SN on 
the right hindlimb (OVX+SN) or sham surgery (CTRL). 17β-estradiol (E2) or vehicle was admin-
istrated to the rats immediately, and followed by every other day. Bone mass and trabecular mi-
croarchitecture were analyzed using micro-Computed Tomography (micro-CT) and histology at 
days 3, 7, 14, and 28 post-surgery. The local expressions of sclerostin/SOST, secreted exclusively 
by osteocytes, and tartrate-resistant acid phosphatase 5b (TRAP 5b), produced mostly by oste-
oclasts, were examined by immunohistochemistry and TRAP staining, respectively. Serum markers 
of bone resorption, including C-terminal telopeptides of type I collagen (CTx), receptor activator 
for nuclear factor κB ligand (RANKL), and TRAP 5b, were quantified by enzyme linked im-
munosorbent assay (ELISA). Result: Based on micro-CT analysis, E2 treatment of OVX+SN rats 
improved the preservation of the bone volume fraction (BV/TV) and trabecular number (Tb.N) in 
the tibias at day 14 post-surgery, which were 43% and 46% higher in OVX+SN+E2 rats than those 
in OVX+SN rats, respectively. However, the impact of E2 was transient and disappeared at day 28. 
Expression of sclerostin in the tibias of OVX+SN rats was significantly elevated at day 7 
post-surgery compared with the CTRL, but was suppressed until day 14 with E2 replacement. 
Conclusion: Our results showed that estrogen replacement could transiently protect against 
bone loss in OVX rats combined with mechanical unloading. The up-regulation of sclerostin ex-
pression appears to be transiently delayed by E2 treatment in our models. 
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Introduction 
Osteoporosis is a disease characterized by low 

bone mass and deterioration of bone tissue that can be 
caused by reduced estrogen levels and mechanical 
unloading [1, 2]. Both estrogen and mechanical load-
ing play essential roles in the maintenance of bone. It 

is widely recognized that estrogen loss at menopause 
or under various clinical conditions in younger 
women induces changes in bone turnover [3]. Simi-
larly, musculoskeletal disuse caused by long-term 
immobilization and extended bed rest also results in a 
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clinically significant bone loss. 
Estrogen and mechanical loading also seem to 

exert synergistic effects on bone maintenance [4]. 
Disuse exacerbates the bone loss resulting from es-
trogen-deficiency [5], which presents a clinical con-
cern to estrogen-deficient women experiencing ex-
tended bouts of disuse by stroke or other accidents. 
However, several meta-analyses reported that post-
menopausal women experience very little, if any, el-
evation in bone volume after exercise intervention 
[6-10]. In contrast, exercise combined with estrogen 
replacement results in greater improvements in bone 
volume of postmenopausal women than either treat-
ment alone [11, 12]. These observations suggest that 
the estrogen status significantly influences mechanical 
loading-induced bone proliferation. But it is still un-
clear whether the estrogen status has any effect on the 
bone turnover in the postmenopausal women com-
bined with mechanical unloading.  

 Bone architecture is adjusted to be functionally 
appropriate for mechanical stimulation that initiates 
cascades of responses in resident bone cells which, in 
turn, influence the activity of bone turnover factors 
responsible for bone metabolism [13]. The activity of 
these cells and factors is also influenced by estrogens 
[14]. The combination of estrogen-deficiency and 
unilateral disuse with/without estrogen replacement 
might also aid to trigger bone remodeling and secre-
tion of bone turnover markers. Some of the most po-
tent markers for bone turnover include C-terminal 
telopeptides of type I collagen (CTx), receptor activa-
tor for nuclear factor κB ligand (RANKL), scle-
rostin/SOST, and the tartrate-resistant acid phospha-
tase 5b (TRAP 5b).  

Most previous studies focused on single inter-
vening factor after the long-term menopause or dis-
use, and single time point. It is important to under-
stand the developing process of bone turnover by 
estrogen deficiency or disuse in the early phase for 
effective clinical intervention. The current study 
aimed to investigate the effect of estrogen replace-
ment on preventing osteoporosis by ovariectomy 
(OVX) with concomitant unilateral sciatic neurectomy 
(SN), and to elucidate the alterations of relevant bone 
turnover markers over a time course of 3, 7, 14, and 28 
days in the early phase in a rat model. We hypothe-
sized that estrogen treatment prevents, at least partly, 
the loss of bone in the OVX+SN bone.  

Materials and methods 
Animals and experimental design 

Ninety-six 12-week-old female Sprague-Dawley 
rats were divided randomly into three groups (n = 
32/group): OVX combined with unilateral SN, treated 

with or without 17β-estradiol (E2) (OVX+SN+E2, 
OVX+SN, respectively), and sham operation as con-
trol (CTRL). The rats underwent trans-abdominal 
OVX or a sham operation under anesthesia with in-
traperitoneal ketamine hydrochloride (100 mg/kg 
body weight). Unilateral SN was performed on the 
right hindlimb by resecting 4 to 5-mm segment. After 
the operation, OVX+SN+E2 rats were injected with E2 
at 10 µg/kg body weight (Sigma, St Louis, MO, USA) 
immediately and followed by every other day 
throughout the study. OVX+SN rats and CTRL rats 
were injected with vehicle. All experiments were 
conducted with the approval of the Shandong Uni-
versity Animal Care and Use Committee (Jinan, Chi-
na). 

Eight rats from each group were euthanized at 
days 3, 7, 14, and 28 post-surgery, blood samples and 
the right tibias were collected. The tibias were fixed 
with 4% paraformaldehyde overnight. The serum was 
collected and kept in - 80 ℃. 

Micro-CT analysis 
The proximal tibia was scanned using micro-CT 

(Skyscan 1172; Skyscan, Belgium) with an isotropic 
voxel size of 8 µm at energy settings of 80 kV and 80 
µA, using aluminum filter of 0.5 mm. The images 
were reconstructed using NRecon software (Skyscan 
v. 1.6.8.0). Analyses of trabecular bone volume frac-
tion (BV/TV, bone volume/tissue volume), bone 
surface density (BS/TV, bone surface/tissue volume), 
bone surface/volume ratio (BS/BV, bone sur-
face/bone volume), and trabecular thickness, number, 
and separation (Tb.Th, Tb.N, and Tb.Sp, respectively) 
were performed in cancellous bone using CTAn 
(Skyscan v. 1.12.0.0). BV/TV was considered as a 
primary variable. Three-Dimension (3D) reconstruc-
tions were performed. 

Histological analysis 
After the micro-CT scanning, the proximal tibias 

were placed in 10% ethylene diamine tetraacetic acid 
(EDTA) for decalcification at 4 ºC for about one 
month, followed by embedding and series section. 
Four-µm slices were sectioned on the coronal plane 
and stained with hematoxylin-eosin (H&E). Images 
(10×) were taken using LEICA microscope (LEICA 
DM 4000 B) and imported into the analysis software 
(Image-Pro Plus 6.0) to calculate BV/TV in trabecula.  

ELISA analysis of serum markers  
Serum markers were quantified using commer-

cial ELISA kits, RatTRAP for TRAP 5b and RatLaps 
for CTx (Immunodiagnostic Systems, Gaithersburg, 
MD, USA), and RANKL ELISA Kit for RANKL (R&D 
Systems, Minneapolis, MN, USA), following the 
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manufacturer's instructions. All samples were as-
sayed in duplicate.  

Immunohistochemistry 
Decalcified sections of the proximal tibia were 

probed with primary antibody against sclerostin (10 
µg/ml; R&D Systems) overnight at 4 ºC. Detection 
was achieved by using DAB kit (ZSGB-BIO, Beijing, 
China) followed by counterstaining with hematoxy-
lin. The sections were photographed using 20× objec-
tive within cortical bone. The numbers of scle-
rostin-positive (sclerostin+) (stained brown) and 
-negative (sclerostin-) (stained blue) osteocytes were 
counted. The percentage of sclerostin-positive osteo-
cytes out of the total number of osteocytes (sclerostin+ 
plus sclerostin-) was calculated. 

TRAP staining  
Four-µm slices of the proximal tibia were stained 

for TRAP 5b using Acid Phosphatase, Leukocyte 
(TRAP) Kit (Sigma) following the manufacturer’s 
instruction. Within a distance of 0.2 mm from the 
curvature of the growth plate, 20 images were ran-
domly collected using 40× objective under LEICA 
microscope (LEICA DM 4000 B). TRAP-positive cells 

with more than three nuclei were counted as osteo-
clasts in the primary spongiosa of the proximal tibia 
[15, 16].  

Statistical analysis 
All data were expressed as the mean values ± 

SEM. Differences between the experimental groups 
and control group were tested using one-way 
ANOVA and repeated separately for each time point 
examined. Analyses were performed using the 
GraphPad Prism 6.0 software program (GraphPad 
Software Inc., La Jolla, CA, USA). P-value less than 
0.05 was considered statistically significant. 

Results 
Transient effect of E2 on osteoporosis induced 
by ovariectomy combined with sciatic 
neurectomy  

The representative cross-sectional images and 
3-Dimension reconstruction of cancellous bone from 
micro-CT analysis in the proximal tibias were shown 
in Fig. 1A and 1B, respectively. There was no change 
in the microstructure of trabecula over time in sham 
rats (Fig. 1A, B; CTRL). OVX+SN caused visible bone 

loss at day 7 and signif-
icant loss at days 14 and 
28 (Fig. 1A, B; 
OVX+SN). E2 treatment 
inhibited the bone loss 
until day 14; the bone 
loss was very minor at 
day 14, but became sig-
nificant at day 28 (Fig. 
1A, B; OVX+SN+E2).  

 
Fig. 1 Representative mi-
cro-CT images of the proximal 
tibia in rats undergoing 
OVX+SN with/without E2 
replacement and control. (A) 
Representative cross-sectional 
images show the ongoing changes of 
trabecular microarchitecture. At 
day 14 post-surgery, the cancellous 
bone in OVX+SN rats show more 
serious bone destruction than that 
in OVX+SN+E2 rats. At day 28 
post-surgery, the cancellous bone in 
both OVX+SN and OVX+SN+E2 
rats were seriously deteriorated. 
(B) The representative 
three-dimensional images of the 
proximal tibia. The trabecular bone 
in OVX+SN+E2 rats is significantly 
more than that in OVX+SN rats at 
day 14. OVX: ovariectomy; SN: 
sciatic neurectomy; E2: 
17β-estradiol; CTRL: control. 
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Fig. 2 Time-dependent changes in trabecular structural parameters assessed by micro-CT in the proximal tibia of OVX+SN rats treated with 
or without E2, and CTRL rats. (A) BV/TV, bone volume fraction; (B) BS/TV, bone surface density; (C) BS/BV, bone surface/volume ratio; (D) Tb.Th, trabecular 
thickness; (E) Tb.N, trabecular number; and (F) Tb.Sp, trabecular separation. OVX: ovariectomy; SN: sciatic neurectomy; E2: 17β-estradiol; CTRL: control. # 
OVX+SN vs. time-matched CTRL, * OVX+SN+E2 vs. time-matched CTRL. # or * P < 0.05, ## or ** P < 0.01, ### or *** P < 0.001. 

 
 
Fig. 2 shows the quantitative micro-CT analyses 

of BV/TV (Fig. 2A), BS/TV (Fig. 2B), BS/BV (Fig. 2C), 
Tb.Th (Fig. 2D), Tb.N (Fig. 2E), and Tb.Sp (Fig. 2F). 
There were no significant changes over time in these 
parameters in the CTRL rats. But dual surgeries of 
OVX and SN caused either significant decline in some 
parameters (BV/TV, BS/TV, Tb.Th, and Tb.N) or el-
evation in other (BS/BV and Tb.Sp), most starting at 
day 14 (day 7 for Tb.N). However, in all cases, E2 
treatment delayed the significant changes until day 28 
after surgery.  

The OVX+SN tibia receiving supplemental E2 
had less bone loss at day 14 post-surgery, as indicated 
by increased preservation of BV/TV and Tb.N, 43% 
and 46% higher in OVX+SN+E2 rats than those in 
OVX+SN rats, respectively (Fig. 2A, E). At day 28 after 
operation, however, these parameters almost reached 
similar levels in the OVX+SN bone and OVX+SN+E2 
bone. 

The transient inhibition of bone loss by E2 
treatment was further confirmed by histological 
analysis (Fig. 3). The results showed that at day 14 
post-surgery, BV/TV in the OVX+SN group was sig-
nificantly less than that in the control group. In con-
trast, BV/TV in the OVX+SN+E2 rats was preserved 
by 58% compared with that in the OVX+SN rats 
without E2 supplement at day 14 after surgery. 
However, the values of BV/TV in both OVX+SN+E2 
group and OVX+SN group were identical at day 28 
post-surgery, which were significantly decreased 
compared with the control group. Results from his-

tological analysis were consistent with those from the 
micro-CT analysis.  

Serum changes of bone turnover markers  
Serum CTx level remained steady between days 

3 and 28 in control rats and became significantly ele-
vated between days 3 and 14 in OVX+SN rats, but 
returned to normal level at day 28 (Fig. 4A). In con-
trast, there was no significant difference in CTx level 
between OVX+SN+E2 and control rats (Fig. 4A). 

Serum RANKL level did not change over time in 
control rats and was not impacted by surgeries be-
tween days 3 and 14, but, independent of E2, rose sig-
nificantly at day 28 compared with control rats (Fig. 
4B). 

Sclerostin expression within osteocytes 
Our immunohistochemical assay for sclerostin 

demonstrated that sclerostin-positive osteocytes was 
expressed specifically in cortical bone, consistent with 
earlier observations [14]. The representative images of 
immunohistochemical staining for sclerostin showed 
that sclerostin-positive osteocytes (stained brown) 
were markedly increased over time in both OVX+SN 
and OVX+SN+E2 bones compared with the corre-
sponding control bone (Fig. 5A). A negative image 
confirmed the specificity of the sclerostin staining is 
shown as well (Fig. 5B). Quantitative analysis re-
vealed that the percentage of sclerostin-positive oste-
ocytes in OVX+SN rats was elevated significantly at 
day 7 post-surgery relative to the corresponding con-
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trol rats, and remained high during the rest of the 
study (Fig. 5C). In contrast, the OVX+SN rats with E2 
treatment showed no significant increase in the per-
centage of sclerostin-positive osteocytes until 14 days 
post-surgery (Fig. 5C).  

Changes of osteoclasts  
The number of osteoclasts in the primary spon-

giosa remained steady over time in CTRL, but pro-
gressively declined from days 3 to 14 in OVX+SN (Fig. 
6A, B). The decline in OVX+SN became significant at 
day 14, compared with CTRL, but fully recovered at 
day 28 (Fig.6A, B). With E2 treatment, although not 

significant, the number of osteoclasts trended higher 
than CTRL between days 7 and 14, back to normal at 
day 28 (Fig. 6A, B).  

Between days 3 and 14 after operation, serum 
TRAP level in the OVX+SN rats was significantly re-
duced relative to that in the corresponding control 
rats, and then trended upwardly to day 28 (Fig. 6C), 
following the same trend as the number of 
TRAP-positive cells. With E2 treatment, serum TRAP 
5b level spiked at day 7, then precipitated at day 14, 
followed by a small recovery at day 28 compared with 
the corresponding control group (Fig. 6C). 

 

 
Fig. 3 Representative images (10×) and the ongoing changes on BV/TV by the histological analysis in the proximal tibia of OVX+SN rats treated 
with or without E2, and CTRL rats. OVX: ovariectomy; SN: sciatic neurectomy; E2: 17β-estradiol; CTRL: control. Bar = 200 μm. # OVX+SN vs. time-matched 
CTRL, * OVX+SN+E2 vs. time-matched CTRL. # P < 0.05, ### or *** P < 0.001. 
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Fig. 4 The ongoing changes of serum CTx and RANKL in OVX+SN rats treated with or without E2, and CTRL rats. (A) Serum CTx and (B) Serum 
RANKL. OVX: ovariectomy; SN: sciatic neurectomy; E2: 17β-estradiol; CTRL: control. # OVX+SN vs. time-matched CTRL, * OVX+SN+E2 vs. time-matched CTRL. 
# or * P < 0.05, ## or ** P < 0.01, ### or *** P < 0.001. 

 

 
Fig. 5 The effect of OVX+SN with/without E2 replacement on sclerostin expression in the proximal tibia. (A) Immunohistochemical images of 
sclerostin (20×, 3 days not shown). (B) A negative image confirming the specificity of the sclerostin staining is shown. (C) The ongoing changes of sclerostin-positive 
osteocytes in the proximal tibia of OVX+SN rats treated with or without E2, and CTRL rats. OVX: ovariectomy; SN: sciatic neurectomy; E2: 17β-estradiol; CTRL: 
control. Bar = 100 μm. #OVX+SN vs. time-matched CTRL, * OVX+SN+E2 vs. time-matched CTRL. # or * P < 0.05, ## or ** P < 0.01, ### or *** P < 0.001. 
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Fig. 6 Representative images and ongoing changes of TRAP 5b in OVX+SN rats treated with or without E2, and CTRL rats. (A) Representative 
images of TRAP 5b staining in the primary spongiosa (40×; 3 and 28 days not shown). (B) The ongoing changes of the number of TRAP 5b-positive cells in the primary 
spongiosa. (C) Serum TRAP 5b changes over a time course of 3, 7, 14 and 28 days. OVX: ovariectomy; SN: sciatic neurectomy; E2: 17β-estradiol; CTRL: control. Bar 
= 50 μm. # OVX+SN vs. time-matched CTRL; * OVX+SN+E2 vs. time-matched CTRL. # or * P < 0.05; ## or ** P < 0.01; ### or *** P < 0.001. 

 

Discussion 
Estrogen influences bone development and 

maintenance, and estrogen replacement prevents 
bone loss resulting from estrogen deficiency in human 
[3]. However, the safety of estrogen treatment still 
remains a concern. There have been few studies 
evaluating the effect of estrogen replacement on bone 
loss in the postmenopausal women with mobility dif-
ficulties. Clinically, it is necessary to determine 
whether the benefits of bone preservation by estrogen 
treatment overweigh the potential risks of side effect. 
The current study using a rat model showed that E2 
replacement reduced bone loss on the OVX+SN tibia 
at 14 days post-surgery. However, quantitative mi-
cro-CT and histological data indicated that there was 
no significant difference in BV/TV and other param-
eters at day 28 post-surgery between the OVX+SN 
tibia and the OVX+SN+E2 tibia. This was kind of 
surprising considering the ability of E2 administration 

to prevent OVX-induced osteoporosis. One possible 
explanation is that either mechanical unloading or 
OVX or both impaired the estrogen receptor α ex-
pression within bone [3, 17], thereby diminishing the 
response of the bone to E2. 

In our study, the selected markers, CTx and 
RANKL, showed an interesting time-dependent be-
havior under the conditions of estrogen-deficiency 
combined with unilateral sciatic neurectomy 
with/without E2 therapy. The time-dependent 
changes in bone markers outlined their potential con-
tributions to the phenotypic changes in the bone tis-
sue, which provided us a deeper understanding on 
bone destruction. CTx, a degradation product of bone 
collagen, is a reliable marker of the resorption activity 
of osteoclasts [18]. RANKL is a vital factor of osteo-
clastogenesis and bone resorption [19]. In the current 
study, serum CTx levels increased gradually between 
days 3 and 14 in OVX+SN group, which was in 
agreement with the rapid bone destruction charac-
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terized by a steep slope of BV/TV. This might suggest 
that serum CTx level reflected either the extent of 
bone loss or the rate of bone destruction. However, 
serum CTx value reduced to normal level when the 
rate of bone deterioration became evidently slowed 
but bone volume remained little between days 14 and 
28 days. This further implies that serum CTx levels 
reflect the rate of on-going bone deterioration rather 
than the volume of bone loss. In other word, when 
osteoporosis was very severe but the rate of bone loss 
was very slow, serum CTx level might not be elevated 
in patients with osteoporosis. Additionally, estrogen 
replacement inhibited CTx elevation to some extent. 
Serum RANKL levels increased significantly in the 
OVX+SN rats and OVX+SN+E2 rats at 28 days after 
surgery but, not between days 3 and 14. The amplifi-
cation of RANKL at 28 days post-surgery might par-
tially explain the bone destruction in OVX+SN bone 
and OVX+SN+E2 bone. However, we cannot explain 
the lack of increase of RANKL at day 14 in OVX+SN 
group while micro-CT data showed decreased bone 
mass at this time, although we realize that RANKL is 
a critical factor of bone resorption. 

Sclerostin, the product of the SOST gene, is a 
negative regulator of bone formation and is secreted 
specially by the osteocytes [20]. Osteocytes have 
mechanosensory properties and can be triggered by 
mechanical loading to modulate bone homeostasis 
[21, 22]. Modulation of sclerostin is influenced by the 
status of mechanical loading and/or estrogen [23, 24]. 
Mechanical loading down-regulates sclerostin ex-
pression within osteocytes [23, 25]. However, the ef-
fect of mechanical unloading on sclerostin/SOST ex-
pression varies. Robling et al.[23] found that hindlimb 
unloading yielded a significant increase in sclerostin 
expression in the tibia. Brandon et al. [20] showed the 
SOST mRNA expression in the cancellous metaph-
yseal bone was down-regulated at 3 days and 10 days 
after unloading and a similar trend was observed in 
the cortical bone at 10 days but, not at 3 days, after 
unloading. In the absence of estrogen, immunohisto-
chemical results of sclerostin also vary: 
down-regulation [14], no significant change [26], and 
up-regulation [27]. However, it is the first study, to 
our knowledge, to explore the ongoing changes of 
sclerostin protein in ovariectomy model combined 
with sciatic neurectomy with/without estrogen re-
placement in the early phase. Our data showed that 
the combination of estrogen deficiency and disuse 
rapidly up-regulated the percentage of scle-
rostin-positive osteocytes at 7 days post-surgery and 
then maintained high levels to the end of experiment. 
However, with E2 replacement, the up-regulated 
tendency of sclerostin expression was delayed, and 
until 14 days post-surgery, showed a significant in-

crease. Estrogen treatment not only delayed sclerostin 
expression by osteocytes, but also transiently pro-
tected against trabecular bone loss. In agreement with 
the previous study, our immunohistochemical assay 
for sclerostin demonstrated that sclerostin-positive 
osteocytes was expressed specifically in cortical bone 
[14]. Sclerostin functions as a negative factor of bone 
formation, but it is still unclear how sclerostin is de-
livered by osteocytes, regulates the bone turnover, 
and its expression is inhibited by estrogen treatment.  

TRAP 5b is mainly produced by osteoclasts and 
is rich in osteoclast cytoplasm [28]. Serum TRAP 5b 
level reflects the number of osteoclasts rather than 
their activity [18, 29-33]. Previously, serum TRAP 5b 
values decreased at 2 weeks after OVX, because the 
histomorphometrically determined total number of 
osteoclasts in bone tissue is deceased due to substan-
tial bone loss caused by the osteoporosis [18]. In our 
present study, serum TRAP 5b levels were signifi-
cantly lower in the OVX+SN group without E2 ther-
apy at 14 days post-surgery than the control group, 
consistent with the number of TRAP-positive cells in 
the primary spongiosa. Additionally, both the number 
of TRAP-positive cells and the values of serum TRAP 
5b in the OVX+SN group trended back to normal at 
day 28, which may be correlated with the 
non-persistent bone loss as suggested by BV/TV val-
ues between days 14 and 28 and normal CTx levels at 
28 days post-surgery. Although the number of 
TRAP-positive cells and serum TRAP 5b in OVX+SN 
group showed a similar pattern of changes in this 
study, it should be noted that the number of 
TRAP-positive cells was measured from specific site, 
while the serum TRAP 5b values describe the situa-
tion in the whole skeleton. This probably explains 
why the serum TRAP 5b levels were not exactly con-
sistent with the number of TRAP-positive cells in the 
primary spongiosa in the OVX+SN+E2 group. Espe-
cially considering that the relationship between the 
levels of bone loss and TRAP 5b, the results of serum 
TRAP levels and the number of TRAP-positive cells in 
the primary spongiosa supported the previous view 
that TRAP 5b indicated the number of osteoclasts in-
stead of their activity. In addition, E2 administration 
impacted dramatically the changes of serum TRAP 5b 
in the OVX rats combined with mechanical unloading 
in the early phase. However, the long-term effects on 
the TRAP 5b remain to be determined.  

To our knowledge, the present study is the first 
to explore the ongoing changes of the combination of 
estrogen-deficiency and disuse with/without estro-
gen replacement in the early phase. However, it has a 
few limitations. The long-term and higher-dose E2 
treatments in this model remain to be determined, 
which must also be interpreted with caution due to 
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the risk of estradiol. In addition, the expression of ERα 
is of great interest for future investigation which may 
help understand the underlying mechanism.  

In summary, our results demonstrate that estro-
gen replacement can transiently protect against the 
bone loss in the estrogen deficiency combined with 
disuse. This finding may have potential clinical rele-
vance given that our rodent model mimics the clinical 
condition under which estrogen-deficient women 
undergo disuse.  
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