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Abstract

Both estrogen and mechanical loading regulate bone maintenance. However, mechanical overload 

appears less effective in enhancing bone mineral density (BMD) in estrogen-deficient women.

Objective: To determine whether estradiol (E2) influences the early-phase bone adaptations to 

re-ambulation (REAMB) and/or rehabilitation exercise following hindlimb unloading (HLU) of 

ovariectomized (OVX) rats.

Methods: Eighty-one 5 month old female Sprague-Dawley rats were randomized into the 

following groups: 1) Intact controls, 2) OVX, 3) OVX+E2, 4) OVX+ 4 weeks HLU, 5) 

OVX+E2+HLU, 6) OVX+HLU+ two weeks quadrupedal REAMB, 7) OVX+E2+HLU+REAMB, 

8) OVX+HLU+REAMB+ supplemental climbing jumping, and balance exercises (EX), or 9) 

OVX+E2+HLU+REAMB+EX. Serial DXA scans were performed to track total body bone 

characteristics throughout the study and pQCT was utilized to determine distal femoral 

metaphyseal bone mineral characteristics.

Results: Total body BMD increased 4-8% in all animals receiving supplemental E2, while BMD 

did not change in animals without E2. OVX reduced trabecular (t)BMD at the femoral metaphysis 
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and HLU exacerbated this loss, while also reducing cortical (c)BMD. E2 protected against the 

OVX+HLU induced bone loss at the femoral metaphysis. Conversely, REAMB did not alter 

BMD, regardless of estrogen status. In the absence of E2, REAMB+EX resulted in severe bone 

loss following OVX+HLU, with tBMD and cBMD measurements that were 91% and 7% below 

controls (p≤0.001). However, in the presence of E2, REAMB+EX did not negatively influence 

bone mineral characteristics.

Conclusion: E2 protects against bone loss resulting from combined OVX+HLU of rodents 

and in the absence of estrogen, exercise induces disadvantageous early-phase bone adaptations 

following extended disuse.

TABLE OF CONTENTS SUMMARY

We demonstrate that in the absence of estrogen, short-duration re-ambulation in combination 

with moderate-intensity rehabilitation exercise was detrimental to bone mineral density (BMD) 

at the distal femoral metaphysis in a rodent model of severe bone loss that resulted from 

combined estrogen deficiency and hindlimb unloading. Conversely, in the presence of estradiol, 

neither re-ambulation alone nor re-ambulation plus moderate-intensity rehabilitation exercise were 

detrimental to BMD.
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INTRODUCTION

Estrogen plays an integral role in the maintenance of bone 1. For example, the loss of 

estrogen that occurs at menopause 2 or with various clinical conditions in younger women 
3 induces a rapid increase in bone turnover that reduces bone mineral density (BMD). 

Hormone therapy (HT) fully prevents the loss of BMD resulting from estrogen deficiency 

in humans 4; however, concerns remain regarding the safety of HT 5. Similarly, rodents 

experience a heightened bone resorption and increased bone turnover following ovariectomy 

(OVX) 6, which results in bone loss 7; while, estradiol (E2) administration prevents bone loss 

within this model 8.

Mechanical loading is also essential for bone maintenance 9. For example, musculoskeletal 

disuse resulting from space flight or neurologic insult results in a dramatic loss of BMD 

in humans 10. Similarly, both cast immobilization and extended bed rest also induce rapid 

reductions in BMD that is of clinical concern 11. Conversely, mechanical re-loading reverses 

this loss and when performed at a sufficient intensity, may further augment BMD 9. Several 

models exist to study the effects of musculoskeletal disuse on bone 12. Hindlimb unloading 

(HLU) of rodents represents one such model, which completely eliminates external load 

on the hindlimbs without eliminating voluntary contractility of the involved musculature 13. 

Bone loss occurs during HLU in a rapid and rather dramatic manner 14, 15 and may even 

persist for some time following the cessation of HLU, depending on the skeletal site 14. 

Re-ambulation is capable of reversing the bone loss that occurs within this model; although, 

full restoration of bone architecture can take a number of months to occur 14. As such, 
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disparity exists between the time-frame in which re-ambulation fully restores BMD and 

with which it fully restores skeletal muscle mass, with muscle experiencing a much quicker 

restoration 14. This is of clinical concern, given that the duration of physical rehabilitation 

following extended hospitalization is typically rather short and the success of which is 

generally measured by the restoration of neuromuscular strength and physical function 16, 

not BMD.

Estrogen and mechanical loading also appear to exert synergistic effects on bone 

maintenance 17, 18. For example, disuse exacerbates the loss of BMD resulting from 

OVX 17, 19, which presents clinical concern to estrogen-deficient women experiencing 

extended bouts of disuse. In rodents, E2 replacement is able to protect against bone loss 

resulting from combined OVX and sciatic neurotomy induced disuse 17. However, in the 

absence of estrogen, short-duration quadrupedal re-ambulation does not appear capable 

of restoring BMD following HLU 19; suggesting that estrogen may influence the ability 

of mechanical loading to restore BMD following disuse. Clinical evidence supports this 

contention, as several meta-analyses indicate that postmenopausal women obtain only very 

limited improvements in BMD with exercise 20-23. Conversely, exercise combined with E2 

replacement results in greater improvements in BMD than either treatment alone 24, 25. 

Despite the aforementioned evidence, few studies have directly evaluated the influence 

of E2 on the early-phase bone responses to re-ambulation plus rehabilitation exercise 

following combined OVX+HLU, a model that induces severe bone loss 15, 19 and which 

mimics a clinical condition in which estrogen-deficient women undergo extended disuse and 

subsequent physical rehabilitation.

The primary purposes of this study were to determine the independent and combined 

effects of E2 and short-duration moderate-intensity rehabilitation exercise on the early-phase 

bone adaptations in mature OVX+HLU rats. Specifically, we determined 1) whether E2 

administration was capable of preserving BMD following OVX+HLU and 2) the influence 

of E2 on the early-phase bone adaptations to short-duration quadrupedal re-ambulation of 

OVX+HLU animals either with or without supplemental moderate-intensity rehabilitation 

exercise. We hypothesized that E2 administration would fully preserve bone mineral 

characteristics in OVX+HLU animals and that in the absence of estrogen, neither short

duration re-ambulation nor re-ambulation plus supplemental rehabilitation exercise would 

sufficiently restore bone mineral characteristics following disuse.

MATERIAL AND METHODS

Animal Care.

For this experiment, a subset of bones (n = 81) were analyzed from our companion paper 

which evaluated the effects of E2 replacement on the quadrupedal re-ambulation induced 

restoration of skeletal muscle mass following HLU of mature OVX rats 26. Briefly, five 

month old virgin female Sprague-Dawley rats were obtained from Harlan Laboratories 

(Indianapolis, IN). Animals were individually housed in a temperature- and light-controlled 

room on a 12h light, 12h dark cycle. Rats consumed a diet of phytoestrogen-free chow 

(AIN 76A, Harlan Laboratories, Indianapolis, IN) and tap water ad libitum. All experimental 

procedures were performed according to protocols approved by the Institutional Animal 
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Care and Use Committee at the University of Missouri-Columbia and in accordance with 

the Institute for Laboratory Animal Research Guide to the Care and Use of Experimental 
Animals.

Experimental Design.

Rats were randomized according to body weight into the following groups (n = 6-12/group): 

1) Intact control, 2) ovariectomy (OVX) control, 3) OVX + E2 replacement control, 4) 

OVX + 4 weeks hindlimb unloading (HLU), 5) OVX+E2+HLU, 6) OVX+HLU + 2 weeks 

re-ambulation (REAMB), 7) OVX+E2+HLU+REAMB, 8) OVX+HLU+REAMB + 2 weeks 

exercise (EX), and 9) OVX+E2+HLU+REAMB+EX. Mature animals that were estrogen 

deficient as a result of OVX were used in order to evaluate the individual and combined 

effects of estrogen and mechanical loading on bone, without potential old age-related 

changes influencing our musculoskeletal outcomes 27. All animals underwent a whole 

body DEXA scan using a Hologic 1000 (Bedford MA) at the initiation of the study 

and subsequent DEXA scans following hindlimb unloading (if applicable) and/or prior 

to sacrifice (Figure 1). One control group was scanned twice to determine machine error 

which was found to be less than 1%. Animals were sacrificed by decapitation while under 

deep anesthesia and femurs were removed, stripped of soft tissue, wrapped in saline soaked 

gauze, and stored at −20° C in order to maintain the mechanical characteristics of the bone 
28.

Surgery, Drug Administration, and Tail Ring Insertion.

All animals, with the exception of intact controls, received aseptic bilateral OVX under 

isoflurane anesthesia, according to our previously published protocol 19, 26. Following OVX, 

silastic catheters were implanted into the abdomen of each rat which contained at total 

of 12 mg E2 (Sigma, St. Louis, MO) or which remained empty. Results published in our 

companion paper 26 verified that at sacrifice, serum E2 concentrations were below the 

sensitivity of the assay (< 2 pg/ml) in OVX animals and that serum E2 was similar between 

intact control animals and E2 treated groups. The success of OVX and E2 replacement was 

further verified by uterine weights which were 577 ± 162 mg in intact controls, reduced 

70-75% in all OVX groups, and restored to the level of intact controls in all E2 treated 

groups 26. Animals were subsequently prepped for HLU by placing two stainless steel wires 

(Small Parts, Inc., SWX-4029) through the tail and a 1.5 inch plaster bandage around the 

thorax in order to provide spinal support during HLU, as has previously been described 
19, 26. After surgery, rats were allowed to freely ambulate and recover to pre-surgical weights 

for two weeks prior to beginning the experiment.

Hindlimb Unloading, Re-ambulation, and Exercise.

Following the two-week period of recovery from surgery, the six experimental groups 

underwent HLU for four weeks, according to our previously published protocol 19, while 

the control groups did not undergo HLU. Following HLU, two groups (OVX+HLU and 

OVX+E2+HLU) were sacrificed and the remaining four experimental groups were returned 

to unrestricted quadrupedal weight bearing for the remainder of the experiment.
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In addition to quadrupedal weight bearing, two groups performed daily moderate-intensity 

rehabilitation exercise for a total of 13 consecutive days, including1) walking up and down 

a 4ft long, 20 degree ramp 3 times in each direction, 2) jumping out of a 4 inch high box 

a total of 10 times, 3) climbing a 15 step ladder with progressively overloaded weights 

(commencing with 0 g and progressing in 10 g increments until a maximum of 100 g 

was achieved) attached to the body, and 4) balancing on a mesh screen that was tilted up, 

down, and sideways twice during each exercise session for a duration of 1 minute each time 
26.These exercises were chosen because they 1) mimicked the recommended duration and 

type of rehabilitation exercises performed following extended bed rest in hospital settings 
16, 2) have previously been shown to improve muscle force in older animals 29, 3) are 

well tolerated by rats recovering from HLU 26, and 4) involved daily hindlimb exercises 

performed in a manner similar to what has been recommended to improve bone architecture 

in rodent models 30.

Peripheral Quantitative Computerized Tomography (pQCT)

Prior to peripheral quantitative computerized tomography (pQCT), the femurs were thawed 

to room temperature and were kept in saline-soaked gauze except during measurement. 

The left distal femoral metaphyses were scanned by pQCT with a Stratec XCT Research 

M Instrument (Norland Medical Systems, Fort Atkinson, WI). Scans were performed 

at a distance of 5 mm proximal to the distal end of the femur for measurements 

of cortical and cancellous bone structure. The structural variables that were measured 

include total, trabecular, and cortical bone area (mm2), content (mg/mm), and density (mg/

cm3). Additionally, the contra-lateral femur from one group (OVX+HLU+REAMB+EX) 

was scanned in order to verify our findings and no bone mineral differences were 

observed between left and right bones (See Table, Supplemental Digital Content 1, http://

links.lww.com/MENO/A34).

Statistical Analysis

Results are reported as means ± SEM, and p ≤ 0.05 was defined as the threshold of 

significance. One-way ANOVAs (for normally distributed data) were used to separately 

analyze dependent variables and the Tukey’s posthoc test was performed for multiple 

comparisons among groups when appropriate. The Kruskal-Wallis test was performed when 

data were not normally distributed and when indicated pair wise comparisons were further 

evaluated with the Mann-Whitney U test. Change scores representing the change from 

baseline to post-HLU and from baseline to sacrifice were computed for all DXA bone 

characteristics via non-parametric tests in order to determine whether treatments altered 

the magnitude of change across time points. Data were analyzed with the SPSS v15.0.0 

statistical software package.

RESULTS

Body Mass

At baseline, mean body mass in intact control animals was 270 ± 15 g. As reported in our 

companion paper 26, body mass was similar across all groups at baseline and at sacrifice; 

however, several groups experienced a significant within groups increase in body mass 
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from baseline to sacrifice (See Table, Supplemental Digital Content 2, http://links.lww.com/

MENO/A35).

Dual X-Ray Absorptiometry (DXA)

Total body bone mineral characteristics at baseline, following HLU, and at sacrifice are 

presented in Tables 1-3. Baseline total body bone area was similar among all groups, while 

total body BMC and total body BMD started approximately 7-12% lower in OVX+E2 

animals (p ≤ 0.05). No other differences in baseline bone characteristics were present among 

groups.

All groups experienced a similar 2-5% increase in total body BMC following HLU (Table 

1). At sacrifice, total body BMC had increased 11% in intact control animals and all 

other groups experienced a similar 5-10% increase, with the exception that OVX+E2+HLU 

animals experienced only a 3% increase in total body BMC that was less than controls (p ≤ 

0.05).

Following HLU, the change in total body bone area was similar across groups (Table 

2). At sacrifice, total body bone area had increased 8% in intact control animals and 

all groups undergoing OVX (without supplemental E2) experienced a similar elevation in 

total body bone area. Conversely, this increase was suppressed in all groups receiving E2 

administration, resulting in elevations in total body bone area that were less than was 

observed in controls and in several OVX groups (p ≤ 0.05).

Following HLU, the change in total body BMD was not different among groups (Table 

3). Throughout the study, total body BMD increased approximately 2% in intact control 

animals. Groups undergoing OVX (without supplemental E2) did not experience an increase 

in total body BMD throughout the intervention; although values were not different than 

controls. Conversely, total body BMD increased 4-8% throughout the study in all groups 

receiving supplemental E2. The largest magnitude change occurred in the OVX+E2 group 

that experienced an approximate 8% increase in total body BMD, a result that was greater 

than controls and all groups receiving OVX without supplemental E2 (p ≤ 0.05).

Distal Femoral Metaphysis Total Bone Mineral Characteristics

The total bone mineral characteristics at the distal femoral metaphysis are presented in Table 

4. In OVX animals, total BMC (p ≤ 0.01) and total BMD (p ≤ 0.001) were 14-18% below 

that of intact controls, with no difference present between these groups for total bone area. 

Estradiol (E2) treatment did not prevent the OVX-induced reduction in total BMC, but did 

induce a 10-13% reduction in total bone area compared with controls and OVX animals 

(p ≤ 0.05). The OVX-induced reduction in total BMC and E2-induced reduction in total 

bone area combined to produce a total BMD measurement that was 15% higher than OVX 

animals (p ≤ 0.001) and not different from intact controls.

Hindlimb unloading (HLU) of OVX animals exacerbated the OVX-induced total bone loss 

at the distal femoral metaphysis, resulting in total BMC and total BMD measurements that 

were 29-32% less than OVX (p ≤ 0.001) and 42% less than controls (p ≤ 0.001), but did 

not alter total bone area. Estradiol treatment partially prevented the loss of BMC induced 
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by OVX+HLU resulting in a total BMC measurement that was 51% higher than OVX+HLU 

animals (p ≤ 0.001) and not different than OVX+E2 controls. Additionally, total bone area 

was 9-10% lower in OVX+E2+HLU animals compared to OVX+HLU and controls (p ≤ 

0.05). The E2-associated increase in total BMC and reduction in total bone area combined 

to produce a total BMD measurement that was 66% greater than OVX+HLU treatment (p ≤ 

0.001) and not different from intact controls.

In OVX+HLU+REAMB animals, total BMC (non-significant) and total BMD (p ≤ 0.01) 

were 14% higher than in OVX+HLU animals, with no difference in total bone area between 

groups; however, both total BMC and total BMD remained 33% below intact controls (p 

≤ 0.001). Conversely, E2-treatment of OVX+HLU+REAMB animals resulted in total BMC 

and total BMD measurements that were 53-63% higher than OVX+HLU animals (p ≤ 0.001) 

and were ultimately maintained at the level of intact controls.

In OVX+HLU+REAMB+EX animals, total BMC and total BMD remained 40-46% 

below intact controls (p ≤ 0.001) and were not different than OVX+HLU animals. In 

addition, total bone area was 11% higher in OVX+HLU+REAMB+EX animals than in 

intact controls (p ≤ 0.05). Conversely, E2-treatment of OVX+HLU+REAMB+EX animals 

resulted in a total BMC and total BMD that were 40-46% higher than OVX+HLU and 

OVX+HLU+REAMB+EX animals (p ≤ 0.001); although, total BMC and total BMD 

remained 17% below intact controls (p ≤ 0.05).

Distal Femoral Metaphysis Trabecular Bone Mineral Characteristics

The trabecular bone mineral characteristics at the distal femoral metaphysis are presented in 

Table 5. In OVX and OVX+E2 animals, trabecular (t)BMC was 32-40% lower and tBMD 

was 35% lower than intact controls (p ≤ 0.001). No differences in trabecular bone area were 

present between OVX and intact controls; however, trabecular bone area was 10-14% lower 

in OVX+E2 animals compared with both intact controls (p ≤ 0.01) and OVX animals (p ≤ 

0.05).

Hindlimb unloading exacerbated the OVX-induced loss of trabecular bone, resulting in 

tBMC and tBMD measurements that were approximately 52-54% less than OVX controls 

(p ≤ 0.001), while trabecular bone area remained unaltered. Conversely, in OVX+E2+HLU 

animals tBMC and tBMD were increased 140-168% above OVX+HLU animals (p ≤ 0.01) 

and trabecular bone area was 10% lower than both intact controls and OVX+HLU animals 

(p ≤ 0.05). Ultimately, both tBMC and tBMD in OVX+E2+HLU animals were maintained 

at the level of OVX+E2 animals, but remained 25% (p ≤ 0.05) and 17% (p ≤ 0.001) below 

intact controls, respectively.

In OVX+HLU+REAMB animals, trabecular bone mineral characteristics were similar to 

those of OVX+HLU animals, with tBMC and tBMD remaining 62-64% below intact 

controls (p ≤ 0.001). Conversely, E2-treatment of OVX+HLU+REAMB animals resulted 

in tBMC and tBMD measurements that were 120-125% higher than OVX+HLU+REAMB 

animals (p ≤ 0.01), and ultimately maintained trabecular bone mineral characteristics at the 

level of intact controls.
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In OVX+HLU+REAMB+EX animals, tBMC and tBMD were 70-76% below OVX+HLU 

animals (p ≤ 0.001) and approximately 90% below intact controls (p ≤ 0.001). In addition, 

trabecular bone area was elevated 11% in OVX+HLU+REAMB+EX animals, compared 

with intact controls (p ≤ 0.05). Conversely, E2-treatment of OVX+HLU+REAMB+EX 

animals resulted in tBMC and tBMD measurements that were 6-7 fold higher than 

OVX+HLU+REAMB+EX animals (p ≤ 0.001), 90-95% higher than OVX+HLU animals 

(p ≤ 0.05), and not different than OVX+E2 controls; although, tBMC and tBMD remained 

lower than intact controls (p ≤ 0.01).

Distal Femoral Metaphysis Cortical Bone Mineral Characteristics

The cortical bone mineral characteristics at the distal femoral metaphysis are presented in 

Table 6. In OVX animals, cortical (c)BMC and cortical bone area were 32-34% lower than 

intact controls (p ≤ 0.001), with no difference in cBMD present between these groups. 

Estradiol treatment of OVX animals prevented the loss of cortical bone at this skeletal site 

resulting in a cBMC measurement that was 30% higher than OVX controls (p ≤ 0.05) and 

not different than intact controls; while, cortical bone area remained 18% below controls 

(p ≤ 0.05). The preservation of cBMC and concomitant reduction in cortical bone area in 

OVX+E2 animals resulted in a cBMD measurement that was 7-11% higher than both OVX 

and intact controls (p ≤ 0.001).

Hindlimb unloading exacerbated the loss of cortical bone induced by OVX, resulting 

in cBMC, cortical bone area, and cBMD were 51%, 46%, and 8% lower than OVX 

controls, respectively (p ≤ 0.01). Conversely, in OVX+E2+HLU animals, cortical bone area 

and cBMC were not different than intact controls, while cBMD was 18% greater than 

OVX+HLU animals (p ≤ 0.001) and elevated 5% above controls (p ≤ 0.001).

In OVX+HLU+REAMB animals, cBMC and cortical bone area were 39% and 32% greater 

than OVX+HLU animals, respectively (p ≤ 0.05), with no difference in cBMD between 

groups; however, cBMC and cortical bone area remained 52-54% below intact controls (p 

≤ 0.001) and cBMD remained 6% below controls (p ≤ 0.001). Conversely, E2-treatment of 

OVX+HLU+REAMB animals resulted in cBMC, cortical bone area, and cBMD that were 

each higher than both OVX+HLU (p ≤ 0.01) and OVX+HLU+REAMB animals (p ≤ 0.05), 

and which were ultimately maintained at the level of intact controls.

In OVX+HLU+REAMB+EX animals, cortical cBMC was 32% higher and cortical bone 

area was 24% higher than in OVX+HLU animals, respectively (p ≤ 0.01); however, cBMD 

was not different between groups. Despite these improvements, cBMC and cortical bone 

area remained 55-58% below intact controls, and cBMD was 6% below intact controls 

(p ≤ 0.001), with no differences in cortical bone mineral characteristics present between 

OVX+HLU+REAMB and OVX+HLU+REAMB+EX animals. Conversely, E2-treatment of 

OVX+HLU+REAMB+EX animals resulted in cBMC and cortical bone area measurements 

that were higher than OVX+HLU (p ≤ 0.001) and OVX+HLU+REAMB+EX animals (p ≤ 

0.01), and ultimately maintained cBMD at the level of intact controls.
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DISCUSSION

Both estrogen 1 and mechanical loading 9 influence the maintenance of BMD. However, 

few studies have evaluated the individual and combined influences of E2 and exercise 

on the early-phase skeletal adaptations following OVX combined with HLU, a model 

which mimics the clinically relevant bone loss that occurs in estrogen-deficient women 

after extended disuse and the subsequent effects of musculoskeletal rehabilitation following 

severe bone loss. Our primary finding is that in the absence of estrogen, two weeks of 

moderate-intensity rehabilitation exercise produced severe trabecular and cortical bone loss 

at the distal femoral metaphysis when performed following a period of extended HLU. 

Specifically, we observed that 1) at the distal femoral metaphysis, HLU worsened the OVX 

induced bone loss, 2) E2 treatment prevented most of the bone mineral deficit induced by 

OVX and HLU, 3) in the absence of estrogen, two weeks of quadrupedal re-ambulation 

induced neither positive nor negative effects on bone mineral characteristics following HLU, 

and 4) in the presence of E2, two weeks of quadrupedal re-ambulation (either with or 

without adjunct moderate-intensity rehabilitation exercise) provided no benefit nor detriment 

to bone following OVX+HLU.

Estradiol is known to influence bone development and maintenance 1, 2. For example, OVX 

induces in a rapid increase in bone resorption and concomitant reflex increase in bone 

formation 6, which results in the net loss of BMD 6, 31, similar to the effects we observed 

in OVX animals. Conversely, E2 replacement reduces bone turnover and the associated 

loss of BMD resulting from estrogen deficiency in both humans 4 and animal models 8. 

In the present study, E2 replacement induced a marked elevation in BMD, as evidenced 

by the 4-8% net improvement in total body BMD experienced in all groups receiving E2 

replacement; while a net loss or only a small change in total body BMD occurred in the 

OVX groups without E2 replacement. Thus, it is somewhat surprising that the trabecular 

bone mineral characteristics at the distal femoral metaphysis were not different between 

OVX and OVX+E2 groups, considering the well-established ability of E2 administration 

to prevent the OVX induced reductions in tBMD at this 32 and other skeletal sites 7, 8. 

The most likely explanation of these results stems from our DXA data which demonstrates 

that the total body BMD of OVX+E2 animals was significantly lower than several other 

groups at baseline; suggesting that any E2-induced improvement in tBMD may have been 

obscured by the differences in baseline values. In fact, in all E2 treated groups (including 

OVX+E2 animals) serum E2 concentrations were similar to that of intact controls, uterine 

weights were restored to the level of intact controls, and a robust improvement in total body 

BMD was observed, demonstrating the effectiveness of this treatment. It is also possible 

that the weight gain experienced following ad libitum feeding of OVX animals limited the 

loss of BMD within estrogen-deficient animals 33. Regardless, our results demonstrate that 

E2 administration induced a net improvement in total body BMD and that E2 successfully 

prevented the deleterious alterations in total and cortical BMD that occur at the distal 

femoral metaphysis, regardless of treatment.

Mechanical load also influences the maintenance of BMD 9. As evidence, the reduced 

musculoskeletal loads following disuse result in a rapid and dramatic reduction in BMD 
10, 11. Conversely, physical activity reduces osteoporotic fracture risk in older adults 34 and 
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load bearing exercise improves BMD in young individuals 9 and older women receiving 

HT 24, 25, 35. However, several meta-analyses have reported that both pre- 36, 37 and 

postmenopausal 20-23 women experience very little, if any, elevation in BMD following 

exercise interventions; suggesting that estrogen status influences mechanical loading 

induced bone proliferation, as has been demonstrated in vitro 38 and in vivo in various 

animal models 17, 39, 40. In the present study, HLU worsened the OVX-induced loss of BMD 

at the femoral metaphysis, similar to what others have reported 15, 19. We expand upon 

these findings by demonstrating that E2 replacement fully prevents the reduction in BMD 

resulting from OVX+HLU, ultimately maintaining bone mineral characteristics at the level 

of intact controls. Conversely, we report that two weeks of re-ambulation neither enhanced 

nor produced negative effects on BMD in the early phase of rehabilitation, irrespective of 

estrogen status; which supports the findings of others who have reported that short-duration 

quadrupedal re-ambulation is an insufficient stimulus to restore BMD following disuse 
14, 19 and that the mechanical loading induced restoration of BMD following disuse takes 

significantly longer than the restoration of skeletal muscle mass 14.

The loss of BMD following disuse is profound and occurs rather rapidly. Conversely, in 

rodents, the mechanical loading induced restoration of bone architecture following extended 

disuse can take upwards of two to three times the duration of disuse 14. However, a clinical 

discord is present, as the duration of in-patient physical rehabilitation following extended 

hospitalization is typically only several weeks 16. In our study, we utilized a re-ambulation 

plus rehabilitation exercise protocol that involved daily functional loading cycles comprised 

of progressively overloaded climbing, jumping-type, and balance exercises which primarily 

involved use of the hindlimbs, similar to what others have recommended to improve BMD 

in rodents 30. In addition, this protocol mimicked the typical frequency, duration, and type of 

rehabilitation exercises that are recommended clinically for the restoration of neuromuscular 

and physical function following extended disuse 16 and this protocol has been previously 

demonstrated to improve skeletal muscle mass in older female rats 29. Thus, it is with 

great surprise that we report the potentially worrisome observation that in the absence 

of estrogen, re-ambulation in combination with moderate-intensity rehabilitation exercise 

produced early-phase bone loss at the femoral metaphysis following extended disuse. In 

order to verify our findings we performed pQCT analysis on the contralateral limbs of 

all OVX+HLU+REAMB+EX animals and report that the femoral metaphysis tBMC and 

tBMD measurements of both limbs were the lowest of all groups and less than 1/10th 

that of intact control animals at sacrifice. The apparently disadvantageous effect of this 

rehabilitation exercise protocol within our estrogen deficient OVX+HLU rodent model 

is further highlighted because quadrupedal re-ambulation (either with or without adjunct 

rehabilitation exercise) did not worsen BMD when animals were administered E2. Similar to 

these observations, our recently published companion paper 26 reported that in the absence 

of estrogen, short-duration re-ambulation plus exercise does not improve hindlimb muscle 

mass in estrogen-deficient OVX+HLU animals; whereas full restoration of muscle mass 

occurred in animals receiving E2 replacement while undergoing re-ambulation plus exercise.

Importantly, previous results from our laboratory 19 and the results of our current study both 

demonstrate that two weeks of quadrupedal re-ambulation (without adjunct exercise) does 

not induce bone loss in estrogen-deficient female rats following extended disuse. However, 
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others have reported that the proximal tibia of intact rats undergoes an approximate 10% 

loss of BMD over a period of 28 days following the cessation of HLU-alone, even 

when animals are allowed unrestricted quadrupedal re-ambulation 14. The severe bone loss 

that we observed in OVX+HLU animals following quadrupedal re-ambulation combined 

with exercise differs from these previous studies in three ways, 1) our animals were 

completely estrogen-deficient, as a result of OVX prior to HLU, 2) our animals performed 

moderate-intensity exercise as an adjuvant to unrestricted quadrupedal re-ambulation versus 

re-ambulation alone in previous studies 14, 19, and 3) the loss of BMD occurred to a much 

greater degree in our study (i.e., a 76-91% reduction in trabecular BMD and 20-46% 

reduction in total BMD compared with all other groups) versus previous studies (i.e., an 

approximate 10% reduction compared with age-matched controls) 14. Given the magnitude 

of bone loss that we observed in OVX+HLU rats undergoing re-ambulation plus exercise, 

we find it unlikely that the bone loss that we observed was simply an artifact of that 

which accompanies exercise-induced bone remodeling; although, this remains a possibility 

because we only evaluated BMD at a single time-point. We believe it is more likely that 

we have found a unique paradigm and time-frame in which moderate-intensity rehabilitation 

exercise appears to produce disadvantageous changes in bone architecture, especially given 

the combination of our current results and those of previous studies. Regardless, it remains 

unknown whether the loss of BMD that accompanied the moderate-intensity rehabilitation 

exercise regimen we employed would ultimately be reversed if exercise were continued 

for an extended period of time, as others have demonstrated 14. Additionally, it should 

be acknowledged that the non-parametric Mann-Whitney U statistical test utilized in this 

study for post hoc pair wise comparisons carries an inherent risk for committing Type 2 

errors when evaluating a large number of groups, as was the case in this study. In order to 

satisfy the stringent requirements for use of the non-parametric Mann-Whitney U test we 

first utilized the Kruskal-Wallis test and only when significance was observed were further 

post hoc pair wise comparisons conducted using the Mann-Whitney U. Regardless, a large 

number of pair wise comparisons were performed. As such, confirmation of our findings 

with future studies is warranted. In addition, future research examining the longitudinal 

adaptations to bone architecture and bone strength within the unique model of OVX+HLU 

followed by subsequent quadrupedal re-ambulation and exercise would assist in determining 

whether the disadvantageous early-phase adaptations that we observed persist or whether 

exercise is capable of facilitating bone remodeling within our animal model.

The severe rehabilitation exercise-induced bone loss that we observed in OVX+HLU 

rats also draws attention to a potential clinical concern for estrogen-deficient women 

experiencing musculoskeletal disuse, given that a similar duration of clinically-prescribed 

rehabilitation exercises are recommended to combat the rapid loss of neuromuscular and 

physical function which occurs following extended bed rest 16. In fact, we are unaware 

of any study that has evaluated the skeletal responses to rehabilitation exercise in estrogen

deficient women following extended disuse. As such, our results suggest that a significant 

gap may exist within the clinical literature regarding this unique paradigm. Future studies 

comparing the time-course changes in muscle and bone in estrogen-deficient women who 

undergo extended disuse and subsequent rehabilitation exercise would assist in the further 

development of safe and effective clinical guidelines for the restoration of musculoskeletal 
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tissue within a subset of the population that is at high-risk for both osteoporosis and 

sarcopenia.

The mechanism(s) underlying the pathophysiological bone loss that occurred following 

moderate-intensity rehabilitation exercise within our estrogen-deficient OVX+HLU rodent 

model are not intrinsically clear, especially considering well-established ability of exercise 

to restore BMD following disuse 12 and to protect against the bone loss induced solely 

by estrogen-deficiency 41-43. As such, the combined effects of estrogen deficiency and 

extended disuse would appear to either 1) induce early-phase maladaptive responses to 

mechanical loading within bone and/or 2) suppress BMD to such a degree that exercise 

produces adverse effects on bone mineralization, as others have suggested could occur 
14. One mechanism through which OVX+HLU may exert deleterious influence on bone 

is through reduced estrogen receptor (ER) expression within bone; although, we did not 

measure this in our study. Functional estrogen receptors (ERs) are required for muscle 44 

and bone maintenance 18, 45 and, in particular, ERα regulates mechanical loading induced 

bone mineral accretion 18, 45. OVX is known to reduce ERα expression within bone 46 and 

E2 treatment upregulates mRNA expression of ERα in osteocytes and osteoblast-like cells in 
vitro 47. Additionally, both estrogen48 and mechanical loading 49, 50 are known to influence 

sclerostin expression. Sclerostin is the protein encoded by the SOST gene and is a potent 

negative regulator of bone mass 51. SOST−/− knockout mice express much higher bone mass 

than wild-type littermates 52, while transgenically elevated SOST/sclerostin severely reduces 

trabecular BMD 50. Specifically, estrogen deprivation increases circulating sclerostin, a 

result that is positively associated with changes in bone resorption but not formation 48. 

Conversely, E2 replacement reduces circulating sclerostin and normalizes bone turnover 48. 

Similarly, HLU increases sclerostin protein expression in the hindlimbs, a result that ablates 

bone formation; while enhanced loading reduces sclerostin and restores bone formation 

in a strain dependent manner 49. We are unaware of any studies that have examined the 

combined influence of OVX and HLU on sclerostin expression; however, it is possible that 

in the absence of estrogen exercise is unable to reduce sclerostin expression, given that ERα 
activation is required for osteoblasts to stimulate the normal bone proliferation response to 

mechanical strain both in vitro 38 and in vivo 18. Regardless of the underlying mechanism(s), 

our results suggest that in the absence of estrogen, moderate-intensity rehabilitation exercise 

induced severe early-phase bone loss at the distal femoral metaphysis following combined 

OVX+HLU. These findings appear to be in contrast to the well-established ability of 

exercise to prevent bone loss following OVX alone 41-43 or to restore bone mineral density 

following HLU alone 12.

CONCLUSIONS

In summary, our primary finding is that in the absence of E2, short-duration re

ambulation plus moderate-intensity rehabilitation exercise worsened BMD at the distal 

femoral metaphysis in a rodent model of combined estrogen deficiency and disuse 

atrophy (OVX+HLU) that results in severe bone loss. These findings may have potential 

clinical relevance given that our rodent model mimics the clinical condition in which 

estrogen deficient women undergo disuse and subsequent neuromuscular rehabilitation. The 

apparently negative findings of exercise within this unique rodent paradigm are underscored 
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by our findings that 1) E2 replacement induced a significant prevention of the loss of bone 

resulting from OVX+HLU, 2) regardless of estrogen status, short-duration re-ambulation 

alone induced neither positive nor negative effects on bone, and 3) in the presence 

of E2, short-duration re-ambulation plus exercise did not induce negative bone mineral 

changes. However, the long-term skeletal adaptations to exercise within this animal model 

remain to be determined. In addition, future research examining the skeletal adaptations 

in estrogen deficient women undergoing physical rehabilitation following extended disuse 

would assist in determining if our findings translate clinically and whether short-duration 

E2 administration is an appropriate and safe adjuvant therapy to rehabilitation exercise 

regimens intended to restore musculoskeletal tissue in estrogen deficient women following 

extended disuse; especially considering that the safety of long-term HT continues to remain 

controversial following the findings of the Women’s Health Initiative 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental Design.
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