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ABSTRACT
Sclerostin, a product of the SOST gene produced mainly by osteocytes, is a potent negative regulator of bone formation that appears to

be responsive to mechanical loading, with SOST expression increasing following mechanical unloading. We tested the ability of a murine

sclerostin antibody (SclAbII) to prevent bone loss in adult mice subjected to hindlimb unloading (HLU) via tail suspension for 21 days.

Mice (n¼ 11–17/group) were assigned to control (CON, normal weight bearing) or HLU and injected with either SclAbII (subcutaneously,

25mg/kg) or vehicle (VEH) twice weekly. SclAbII completely inhibited the bone deterioration due to disuse, and induced bone formation

such that bone properties in HLU-SclAbII were at or above values of CON-VEH mice. For example, hindlimb bone mineral density (BMD)

decreased –9.2%� 1.0% in HLU-VEH, whereas it increased 4.2%� 0.7%, 13.1%� 1.0%, and 30.6%� 3.0% in CON-VEH, HLU-SclAbII, and

CON-SclAbII, respectively (p< 0.0001). Trabecular bone volume, assessed by micro–computed tomography (mCT) imaging of the distal

femur, was lower in HLU-VEH versus CON-VEH (p< 0.05), and was 2- to 3-fold higher in SclAbII groups versus VEH (p< 0.001). Midshaft

femoral strength, assessed by three-point bending, and distal femoral strength, assessed by micro–finite element analysis (mFEA), were

significantly higher in SclAbII versus VEH-groups in both loading conditions. Serum sclerostin was higher in HLU-VEH (134� 5 pg/mL)

compared to CON-VEH (116� 6 pg/mL, p< 0.05). Serum osteocalcin was decreased by hindlimb suspension and increased by SclAbII

treatment. Interestingly, the anabolic effects of sclerostin inhibition on some bone outcomes appeared to be enhanced by normal

mechanical loading. Altogether, these results confirm the ability of SclAbII to abrogate disuse-induced bone loss and demonstrate that

sclerostin antibody treatment increases bone mass by increasing bone formation in both normally loaded and underloaded

environments. � 2013 American Society for Bone and Mineral Research.
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Introduction

Mechanical loading is required for the development and

maintenance of skeletal integrity, whereas weightlessness

and immobility, as experienced by bedridden, immobilized

patients or astronauts, leads to reduced bone mass and

strength.(1) Although the exact nature of mechanosensing in

bone is incompletely understood, osteocytes appear to be

a prominent cellular orchestrator of mechanotransduction in

bone.(2–5) The osteocyte secreted protein sclerostin, a product of

the SOST gene, is a major negative regulator of bone formation

and appears to be responsive to mechanical loading, as its

expression increases with mechanical unloading and decreases

with loading.(6,7) Further, SOST knockout mice are resistant to

bone loss in the hindlimb unloading model.(8)

Pharmacologic inhibition of sclerostin induces bone

formation in normal and ovariectomized animals that are fully

weight-bearing(9–13) and also following unilateral limb immobili-

zation in rats.(14) Also, there is only a short-term (7 days)

study that has examined sclerostin antibody treatment in the
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well-characterized hindlimb unloading (HLU) model.(15) Howev-

er, because of the limited duration of unloading, this study did

not demonstrate bone microarchitectural changes due to HLU,

nor report effects on bone mechanical properties of unloading

or sclerostin antibody treatment. Further, there are conflicting

reports in the literature as to whether the optimal anabolic effect

of sclerostin antibody treatment requires normal mechanical

loading.(9,14,15) Finally, although there is evidence that SOST is

increased by mechanical unloading,(6,16) there is limited data on

serum levels of sclerostin following reduced mechanical loading

in animal models.

Thus, in this study we sought to demonstrate the anabolic

effects of pharmacologic inhibition of sclerostin in the HLU

model. We hypothesized that sclerostin antibody treatment

would not only inhibit bone loss and the deterioration of

mechanical properties associated with disuse-induced bone loss,

but would also induce bone formation. We also determined

whether the skeletal effects of sclerostin antibody treatment

depend on mechanical loading by comparing the response to

pharmacologic inhibition in normally loaded animals to those

exposed to HLU, and by comparing the responses in the

forelimbs and hindlimbs of HLU mice. Finally, we determined

whether serum sclerostin increased following HLU to elucidate

whether in addition to SOST, the sclerostin protein is

mechanically regulated by disuse.

Materials and Methods

Overview of study design

Female adult mice (C57Bl/6J, 12 weeks of age; Jackson

Laboratory, Bar Harbor, ME, USA) were subjected to either

HLU via tail suspension,(17) or normal loading (CON) and injected

twice weekly with sclerostin antibody (SclAbII, 25mg/kg,

subcutaneously; Amgen, Thousand Oaks, CA, USA) or vehicle

(VEH) for the 21-day experiment. Thus, mice were assigned to

one of four groups: HLU-VEH (n¼ 13), HLU-SclAbII (n¼ 11), CON-

VEH (n¼ 17), or CON-SclAbII (n¼ 11). Animals were assigned to

groups by total body bonemineral density (BMD) and bodymass

in a manner to minimize differences between groups at baseline.

All mice were weighed daily for the first 5 days and biweekly

thereafter, with adjustments made to ensure the hindlimb paws

could not touch the ground. The average weight-bearing on the

forelimbs of HLU groups was 43%� 1.4% of total body mass.

Mice were maintained on a 12/12 hour light/dark cycle and had

ad libitum access to standard laboratory rodent chow and water.

Control animals were singly housed tomimic the increased stress

environment of singly housed HLU animals. Mice were

euthanized by CO2 inhalation at the end of the experiment.

All animal procedures were approved by and performed in

accordance with the guidelines of the Institutional Animal Care

and Use Committee (IACUC) at the Beth Israel Deaconess Medical

Center.

Bone mineral density and body composition

In vivo assessment of total body (exclusive of the head region),

hindlimb, and forelimb BMD (g/cm2) was performed at baseline

and end of the study using peripheral dual-energy X-ray

absorptiometry (pDXA PIXImusII; GE Lunar Corp., Madison, WI,

USA), as described.(18)

Specimen harvesting and preparation

Femurs, tibias, and humeri were harvested and cleaned of soft

tissue. The right femurs and humeri and were prepared for

imaging and biomechanical testing by wrapping in saline-

soaked gauze and freezing at –208C. The left femur was prepared

for histology in 10% neutral buffered formalin at 48C for 48 to

72 hours, and then transferred to 70% ethanol at 48C. Wet weight

of the gastrocnemius and soleus muscles were obtained at the

end of the study, and normalized to body weight.

Bone turnover markers

Mice were fasted for 2 hours before blood was collected at the

time of euthanasia. Serum was used to measure sclerostin (in

VEH-treated mice only) and bone turnover markers. Osteocalcin

and sclerostin (in VEH-treated mice only) were assessed

using the species-specific single-plex Luminex assays (Millipore,

Billerica, MA, USA). Serum concentrations of amino-

terminal propeptide of type I procollagen (P1NP), tartrate-

resistant acid phosphatase 5b (TRACP5b), and type I collagen

C-telopeptide (sCTX) were measured by using mouse ELISA kits

(IDS, Fountain Hills, AZ, USA). All assays were run according to the

manufacturers’ protocols.

Histology and quantitative histomorphometry

Qualitative histologic analysis and quantitative static and

dynamic histomorphometry were performed as described.(18)

To examine bone formation rates, calcein (15mg/kg) was

injected intraperitoneally at 8 days and alizarin red or

demeclocycline 2 days prior to euthanasia. Histomorphometric

measurements were performed on the secondary spongiosa

of the distal femoral metaphysis using an OsteoMeasure

morphometry system (Osteometrics, Atlanta, GA, USA). For

dynamic histomorphometry, mineralizing surface per bone

surface (MS/BS, %) and mineral apposition rate (MAR, mm/d)

were measured in unstained sections under ultraviolet light, and

used to calculate bone formation rate with a surface referent

(BFR, mm3/mm2/d). Eroded surface per bone surface (ES/BS, %),

number of osteoblasts, osteoclasts per bone surface, number of

osteocytes per bone area (identified as filled lacunae), and

number of adipocytes per marrow area were also measured, as

described.(18) Terminology and units follow the recommenda-

tions of the Histomorphometry Nomenclature Committee of the

American Society for Bone and Mineral Research.(19)

Mechanical testing

Femurs were mechanically tested at a constant displacement

rate of 0.03mm/s to failure in three-point bending (Bose

ElectroForce 3200 with 150N load cell; Bose Corporation, Eden

Prairie, MN, USA). Fresh-frozen femurs were thawed to room

temperature then centered longitudinally, with the anterior

surface on the two lower support points spaced 10mm apart.(20)

Force-displacement data were acquired at 30Hz and used to

determine maximum force (N) and stiffness (N/mm).
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Microarchitecture and finite element analysis

Assessment of bone morphology and microarchitecture was

performed with high-resolution micro–computed tomography

(mCT40; Scanco Medical, Brüttisellen, Switzerland). In brief, the

distal femoral and humeral metaphysis were scanned using

70 KvP, 50mAs, and 12-mm isotropic voxel size. The femoral

metaphysis region began 240mm distal to the growth plate and

extended 1.8mm distally. Similarly, the humeri region began

240mm distal to the growth plate and extended 1.2mm distally.

Cancellous bone was separated from cortical bone with a

semiautomated contouring program. For the cancellous bone

region we assessed bone volume fraction (BV/TV, %), trabecular

thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm),

trabecular number (Tb.N, 1/mm), connectivity density (ConnD,

1/mm3), and structure model index (SMI). Transverse CT slices

were also acquired at the femoral midshaft to assess total cross-

sectional area, cortical bone area, and medullary area (TA, BA,

and MA, respectively, all mm2); bone area fraction (Ct.BA/TA, %),

cortical thickness (Ct.Th, mm), porosity (Ct.Po, %) and minimum

(Imin, mm4), maximum (Imax, mm4), and polar (pMOI, mm4)

moments of inertia. Cortical bone was analyzed from the

metaphysis (surrounding the trabecular volume of interest) and

from a 0.6-mm-long mid-diaphyseal region. Bone was segment-

ed from soft tissue using the same threshold, 247mg HA/cm3 for

trabecular and 672mg HA/cm3 for cortical bone. Scanning and

analyses adhered to recently published guidelines.(21)

To assess the effect of unloading and sclerostin antibody

treatment on mechanical properties of metaphyseal bone, mCT-

derived data was used to perform linear micro–finite element

analysis (mFEA) of the distal femur using the manufacturer’s

software (Scanco Medical AG, Bassersdorf, Switzerland), which

implements a voxel-based mFEA method.(22) The mFE model of

the metaphyseal region, including both cortical and trabecular

bone, was subjected to applied uniaxial compression, with an

elastic modulus of 10 GPa and Poisson’s ratio of 0.3 for each

element. Outcomes included axial stiffness (N/mm) as well as

the percentage of load carried by the cortical and trabecular

compartments.

Statistical analysis

All data were checked for normality, and standard descriptive

statistics computed. Treatment effects were evaluated using

analysis of variance (ANOVA) or repeatedmeasures ANOVA for all

continuous variables. We used two-factor ANOVA to determine

whether the effect of sclerostin antibody treatment depended

on the loading condition. Main ANOVA effects and post hoc

testing were considered significant at p< 0.05, whereas the

interaction between treatment and loading was considered

significant at p< 0.1. Data are reported as mean� SEM, unless

noted.

Results

Body mass

Body mass increased slightly in the CON-VEH and CON-SclAbII

groups and declined transiently in the HLU groups in the first

3 days by –8% to –9% but then stabilized at –5% below baseline

for remainder of study (p< 0.05 versus baseline). As a result, the

HLU-SclAbII and HLU-VEH weighed less than their respective

CON groups at the end of the study (–9.1% and –11.5%,

respectively, p< 0.05).

Muscle mass

Soleus wet weight was 51% and 38% lower than CON in

HLU-SclAbII and HLU-VEH, respectively (p< 0.0001, Fig. 1A).

Gastrocnemius wet weight was 27% and 19% lower than CON in

HLU-SclAbII and HLU-VEH, respectively (p< 0.0001, Fig. 1B).

There were no differences in muscle mass between VEH-treated

and SclAbII-treated groups in either loading condition.

BMD

BMD increased slightly in CON-VEH at all sites, whereas HLU

caused significant bone loss at the hindlimb and total body, but

not the forelimb (Fig. 2). Treatment with sclerostin antibody

not only prevented the bone loss due to HLU, but led to

marked increases in BMD in CON and HLU groups, both versus

baseline and versus VEH-treated groups. For example, hindlimb

BMD declined –9.3%� 1.1% in HLU-VEH, whereas it increased

4.3%� 0.7%, 13.2%� 1.0%, and 30.6%� 3.0% versus baseline in

CON-VEH, HLU-SclAbII, and CON-SclAbII, respectively (p< 0.001

for all). The pattern was similar for total body BMD (Fig. 2A).

Forelimb BMD was unchanged in HLU-VEH (–1.1%� 2.6%) and

tended to increase in CON-VEH (4.1%� 3.0%, p¼ 0.2 versus

baseline). Forelimb BMD increased in SclAbII-treated HLU

(15.1%� 2.9%, p< 0.001 versus baseline) and CON groups

(28.6%� 2.4%, p< 0.001, Fig. 2C); and these increases were

significantly greater than the BMD changes in VEH-treated

animals (p< 0.0001 for both).

Bone microarchitecture

Consistent with hindlimb BMD measurements, HLU resulted in

significant bone deterioration, particularly in the trabecular

compartment (Fig. 3, Table 1). Compared to CON-VEH, HLU-VEH

Fig. 1. Effects of unloading and sclerostin antibody treatment on nor-

malized wet weight of (A) soleus and (B) gastrocnemius muscles.

yp< 0.01 for CON versus HLU within treatment group. Error bars repre-

sent 1 SEM.
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mice had lower Tb.BV/TV, Tb.N, and Tb.Th in the distal femur.

Cortical bone was also negatively affected by unloading, because

HLU-VEH had lower cortical bone area, cortical bone area fraction,

cortical thickness, and polar moment inertia than fully loaded

animals at both the distal femoral and mid-diaphyseal sites

(Table 1). In addition, HLU-VEH had higher cortical porosity than

CON-VEH at the distal femoral cortex. At the humerus, trabecular

bone parameters were unaffected by HLU; however, cortical bone

area, bone area fraction, thickness, and polar moment of inertia

were slightly lower in HLU-VEH versus CON-VEH (Table 2).

Fig. 2. Effect of unloading and sclerostin antibody treatment on (A) total body BMD, (B) hindlimb BMD, and (C) forelimb BMD. �Significantly different from
baseline (p< 0.001). Horizontal bars denote significant differences (p< 0.01) between VEH and SclAbII within loading groups; yp< 0.05 for CON versus

HLU within a treatment group. Error bars represent 1 SEM. (One CON-SclAbII and three CON-VEH and animals were excluded from forelimb BMD

measurements due to poor positioning on either baseline or follow-up scan.)

Fig. 3. Effect of unloading and sclerostin antibody treatment at the distal femur. (A) trabecular BV/TV (%); (B) 3D rendering of mCT image from

representative animals from each group. Horizontal bars designate significant differences between VEH and SclAbII within loading group (p< 0.001);

yp< 0.01 for CON versus HLU within a treatment group; and #significantly greater effect of SclAbII in CON versus HLU. Error bars represent 1 SEM.
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Treatment with SclAbII improved bone properties in normally

loaded animals and fully inhibited disuse-induced bone loss,

improving cortical and trabecular bone parameters to levels at or

above the fully-loaded VEH-treated group. Specifically, SclAbII-

treated animals, both loaded and unloaded, had significantly

higher Tb.BV/TV, Tb.Th, and Tb.N, along with lower Tb.Sp, better

connectivity density, and more plate-like architecture (SMI) than

VEH-treated animals at both the femur and humerus (Tables 1

and 2). Treatment with SclAbII also improved cortical bone

properties in both loaded and unloaded animals, increasing

cortical bone area, thickness, and bone area fraction at both the

femur and humerus, and prevented the increase in cortical

porosity seen in the HLU group. SclAbII treatment led to lower

midshaft medullary area in both HLU and CON, consistent with

endocortical bone apposition. Mid-femoral cross-sectional area

was increased in CON-SclAbII, but not HLU-SclAbII, suggesting

that normal loading may augment SclAbII treatment’s ability

to induce periosteal bone apposition. Consistent with this,

SclAbII treatment led to increased mid-diaphyseal cross-

sectional area in the humeri of both the loaded and unloaded

animals (Table 2).

The positive effect of SclAbII treatment was significantly

greater in loaded than unloaded animals for femur Tb.BV/

TV, Tb.Th, and SMI, and midshaft cortical bone area (Fig. 3,

Table 1, pinteraction< 0.001), and for Tb.BV/TV and Tb.Th in the

proximal humerus.

Mid-femoral biomechanics and mFEA of the distal
femoral metaphysis

Femoral bending stiffness and maximum load were 19% lower

in HLU-VEH compared to CON-VEH (p< 0.05, Fig. 4). Mice

treated with SclAbII had better mechanical properties compared

to VEH-treated groups in both loading conditions, with maximum

load and bending stiffness 40% to 50% higher than VEH (Fig. 4).

mFEA showed that compressive stiffness of the combined

cortical and trabecular regions was 18% lower in HLU-VEH than

CON-VEH (p< 0.05) and 50% higher in SclAbII versus VEH-

treated mice in both loading conditions (Fig. 5A). Interestingly

these changes in stiffness were nearly twofold greater than the

respective changes in bone volume (–10% for HLU-VEH

andþ25% for SclAbII-treated animals), suggesting that changes

in bone mass underestimate changes in mechanical properties.

HLU did not change the distribution of load sharing between

the trabecular and cortical compartments. In contrast, the

proportion of load carried by trabecular and cortical bone

compartments were increased and decreased, respectively,

in SclAbII-treated mice compared to VEH groups, consistent

Table 1. Effect of HLU and SclAb-II Treatment on Femoral Trabecular and Cortical Bone Microarchitecture, Assessed by mCT

Site

Controls HLU ANOVA results

Vehicle SclAbII Vehicle SclAbII pload ptreatment pinteraction

Distal trabecular

BV/TV (%) 10.3� 0.4b 32.0� 1.5a,b 8.0� 0.3 21.7� 1.2a <0.0001 <0.0001 <0.0001

Tb.N (mm�1) 3.86� 0.04b 4.32� 0.05a,b 3.72� 0.05 4.05� 0.05a 0.0006 <0.0001 0.1

Tb.Th (mm) 0.054� 0.001b 0.097� 0.002a,b 0.048� 0.001 0.075� 0.003a <0.0001 <0.0001 <0.0001

Tb.Sp (mm) 0.252� 0.003b 0.198� 0.003a,b 0.261� 0.003 0.217� 0.005a 0.008 <0.0001 0.2

ConnD (mm�3) 74� 3b 107� 3a 55� 5 108� 3a 0.3 <0.0001 0.06

SMI 2.99� 0.06 1.4� 0.12a,b 3.05� 0.05 1.98� 0.08a 0.01 <0.0001 0.002

Distal cortical

Tt.CSA (mm2) 2.49� 0.03 2.68� 0.05a,b 2.48� 0.05 2.54� 0.05 0.3 0.008 0.9

Ct.BA (mm2) 0.71� 0.01b 0.96� 0.01a,b 0.57� 0.01 0.80� 0.02a <0.0001 <0.0001 0.7

Ct.BA/TA (%) 28.5� 0.4b 35.5� 0.7a,b 22.8� 0.4 31.5� 0.2a <0.0001 <0.0001 0.06

Ct.Por (%) 5.9� 0.2b 5.3� 0.2 7.9� 0.4 5.3� 0.4a 0.0006 <0.0001 0.003

Ct.Th (mm) 0.12� 0.002b 0.15� 0.002a,b 0.10� 0.001 0.13� 0.001a <0.0001 <0.0001 0.08

pMOI (mm4) 0.50� 0.01b 0.71� 0.02a,b 0.39� 0.01 0.57� 0.02a <0.0001 <0.0001 0.3

Midshaft cortical

Tt.CSA (mm2) 1.56� 0.018 1.69� 0.024a,b 1.54� 0.030 1.58� 0.026 0.03 0.001 0.05

Ct.BA (mm2) 0.66� 0.010b 0.86� 0.015a,b 0.55� 0.010 0.70� 0.012a <0.0001 <0.0001 0.02

Ct.MA (mm2) 0.90� 0.014b 0.83� 0.013a 0.99� 0.023 0.88� 0.016a 0.0004 <0.0001 0.2

Ct.BA/TA (%) 42.1� 0.5b 50.8� 0.4a,b 35.8� 0.5 44.2� 0.3a <0.0001 <0.0001 0.04

Ct.Th (mm) 0.16� 0.002b 0.21� 0.003a,b 0.13� 0.002 0.17� 0.002a <0.0001 <0.0001 0.03

TMD (mgHA/cm3) 1148� 5 1161� 8 1135� 4 1147� 7 0.09 0.1 0.7

pMOI (mm4) 0.28� 0.01b 0.37� 0.01a,b 0.24� 0.01 0.29� 0.01a <0.0001 <0.0001 0.04

Values are mean� SEM.

BV/TV¼ bone volume fraction; CON¼ control; ConnD¼ connectivity density; Ct.BA¼ cortical bone area; Ct.BA/TA¼ cortical bone area fraction;
Ct.MA¼medullary area; Ct.Por¼ cortical porosity; Ct.Th¼ cortical thickness; HLU¼hindlimb unloaded; pMOI¼ polar moment of inertia; SclAbII¼
sclerostin antibody; SMI¼ structure model index; Tb.N¼ trabecular number; Tb.Th¼ trabecular thickness; Tb.Sp¼ trabecular separation; TMD¼ tissue

mineral density; Tt.CSA¼ total cross-sectional area; VEH¼ vehicle.
ap< 0.05 SclAbII versus VEH within loading condition.
bp< 0.05 CON versus HLU within treatment condition.
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with a shift toward more uniform load sharing following

SclAbII treatment in both loading conditions (Fig. 5). Notably,

differences in mFEA-estimated stiffness (–18% in HLU-VEH versus

CON-VEH, andþ50% in SclAbII-treated mice) were larger

than the differences in total bone volume (–10% in HLU-VEH

versus CON-VEH, andþ 25% in SclAbII-treated mice), suggesting

that changes in bone mass alone underestimate the effects

of unloading and sclerostin antibody treatment on bone

biomechanical properties.

Serum sclerostin and bone turnover markers

HLU-VEH mice had higher serum sclerostin (134� 5 versus

116� 6 pg/mL, p< 0.05), lower osteocalcin, and lower CTX1

than CON-VEH, but similar TRACP5b (Fig. 6). Compared to VEH-

treated mice, those treated with SclAbII had higher osteocalcin

and lower TRACP5b (in HLU only), but had similar CTX1 levels

(Fig. 6).

Histomorphometry

Static and dynamic histomorphometry results are summarized

in Table 3. Due to technical issues with fluorescent label

incorporation in some animals, sample sizes in some groups

were limited to 3 animals for dynamic outcomes. In VEH-treated

animals, HLU led to reduced MAR and greater marrow adiposity.

SclAbII treatment led to significantly higher bone formation

indices (MAR, MS/BS, and BFR/BS) compared to VEH-treated

mice in both loading conditions, but had no effect on marrow

adiposity.

Discussion

The primary objective of this study was to determine the

musculoskeletal effects of pharmacologic inhibition of sclerostin

in mice exposed to hindlimb unloading. We hypothesized that

sclerostin antibody treatment would prevent bone loss and the

deterioration of mechanical properties associated with disuse by

promoting bone formation. Treatment with sclerostin antibody

led to skeletal anabolic activity in the setting of unloading,

Table 2. Effect of HLU and SclAbII Treatment on Bone Microarchitecture at the Humerus

Controls HLU ANOVA results

Vehicle SclAbII Vehicle SclAbII pload ptreatment pinteraction

Proximal trabecular

BV/TV (%) 9.2� 0.4 23.0� 1.3a,b 8.5� 0.4 18.0� 1.0a 0.004 0.0001 0.01

Tb.N (mm�1) 3.85� 0.07 4.55� 0.10a 3.99� 0.07 4.30� 0.11a 0.7 <0.0001 0.03

Tb.Th (mm) 0.049� 0.001 0.076� 0.001a,b 0.047� 0.001 0.066� 0.001a <0.0001 <0.0001 0.008

Tb.Sp (mm) 0.26� 0.005 0.20� 0.006a 0.25� 0.005 0.22� 0.007a 1 <0.0001 0.04

ConnD (mm�3) 41� 4 87� 4a 37� 5 83� 7a 0.5 <0.0001 1

SMI 2.8� 0.05 2.0� 0.1a,b 3.0� 0.06 2.2� 0.08a 0.009 <0.0001 0.2

Midshaft cortical

Tt.CSA (mm2) 0.73� 0.01 0.80� 0.01a,b 0.71� 0.01 0.75� 0.01a 0.03 0.0001 0.2

Ct.BA (mm2) 0.41� 0.006b 0.54� 0.005a,b 0.37� 0.009 0.48� 0.007a <0.0001 <0.0001 0.2

Ct.MA(mm2) 0.32� 0.006b 0.26� 0.006a 0.35� 0.006 0.27� 0.006a 0.009 <0.0001 0.3

Ct.BA/TA (%) 56.3� 0.3b 67.7� 0.5a,b 51.5� 0.5 64.0� 0.3a <0.0001 <0.0001 0.2

Ct.Por (%) 0.24� 0.02 0.20� 0.02 0.21� 0.005 0.20� 0.01 0.3 0.1 0.6

Ct.Th (mm) 0.16� 0.001b 0.21� 0.002a,b 0.14� 0.002 0.19� 0.001a <0.0001 <0.0001 0.2

TMD (mgHA/cm3) 1174� 6 1167� 6 1153� 9 1171� 8 0.18 0.6 0.1

pMOI (mm4) 0.072� 0.002b 0.093� 0.002a,b 0.065� 0.003 0.081� 0.003a 0.0008 <0.0001 0.3

Values are mean� SEM.
BV/TV¼ bone volume fraction; CON¼ control; ConnD¼ connectivity density; Ct.BA¼ cortical bone area; Ct.BA/TA¼ cortical bone area fraction;

Ct.MA¼medullary area; Ct.Por¼ cortical porosity; Ct.Th¼ cortical thickness; HLU¼ hindlimb unloaded; pMOI¼ polar moment of inertia; SclAbII¼
sclerostin antibody; SMI¼ structure model index; Tb.N¼ trabecular number; Tb.Sp¼ trabecular separation; Tb.Th¼ trabecular thickness; TMD¼ tissue

mineral density; Tt.CSA¼ total cross-sectional area; VEH¼ vehicle.
ap< 0.05 SclAbII versus VEH within loading condition.
bp< 0.05 HLU versus CON within treatment condition.

Fig. 4. Effect of unloading and sclerostin treatment on femoral strength

as assessed by three-point bending, (A) maximum force, and (B) bending

stiffness. Horizontal bars designate significant differences between VEH

and SclAbII within loading group (p< 0.01); yp< 0.01 CON versus HLU

within a treatment group.
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as evidenced by increases in BMD, trabecular and cortical

microarchitecture, and femoral strength values in the HLU-

SclAbII group that were at or above values in the CON-VEH

group. Furthermore, treatment with sclerostin antibody

resulted in an increase in serum bone formation markers and

histologic evidence of enhanced trabecular bone formation.

These observations of skeletal anabolic activity following

treatment with sclerostin antibody in disuse are consistent with

other studies of sclerostin antibody treatment during immobili-

zation in rodents.(7,8) Further, the increases in total body and

hindlimb BMD observed in our normally loaded control animals

induced by sclerostin antibody treatment were similar to prior

observations in normally loaded animals.(11,14,23) In addition,

serum bone turnover markers and dynamic histomorphometry

outcomes were consistent with sclerostin antibody treatment

increasing bone mass in rodents mainly by enhancing bone

formation.(14,15)

Sclerostin antibody treatment had inconsistent effects on

indices of bone resorption, with decreased serum TRACP5b

levels, but no differences in serum CTX. Serum was collected

only at a single time point (eg, end of study) and thus the serum

measures cannot reflect the changes over the entire experiment

in osteoclast number versus their net activity that are

theoretically reflected in the TRACP5b and CTX measures,

respectively. Other studies in rodents have also reported declines

in TRACP5b following sclerostin antibody treatment.(15,24)

The current study also explored whether the skeletal effects of

sclerostin antibody treatment are sensitive to mechanical

loading by examining effects in hindlimb-unloaded versus

Fig. 5. Effect of unloading and sclerostin antibody treatment on bone strength, as assessed bymicro–finite element analysis (mFEA) of the distal femur: (A)

stiffness, (B) % cortical load, (C) representative mFEA Von Mises Stress color map images. Horizontal bars designate significant differences between VEH

and SclAbII within loading group (p< 0.05); yp< 0.01 for CON versus HLU within a treatment group; #significantly greater effect of SclAbII in CON versus

HLU (p< 0.02); Error bars represent 1 SEM.

Fig. 6. Effect of unloading and sclerostin antibody treatment on serum

sclerostin and markers of bone turnover. (A) Sclerostin (vehicle groups

only); (B) Osteocalcin; (C) TRACP5b, and (D) CTX1. Horizontal bars desig-

nate significant differences between VEH and SclAbII within loading

group (p< 0.05). yp< 0.01 CON versus HLU within a treatment group.

Error bars represent 1 SEM.
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fully-loaded controls, and effects in the unloaded hindlimb

versus loaded forelimb. In the femur, the skeletal response to

sclerostin inhibition tended to be enhanced in the normally

loaded mice compared to those exposed to hindlimb suspen-

sion, with significantly greater response in trabecular bone

volume and microarchitecture, cortical bone area and thickness,

and distal femur mFEA-estimated stiffness, as well as a trend for

greater gain in leg BMD (p¼ 0.20 for load-treatment interaction).

Furthermore, femoral midshaft cross-sectional area was greater

than VEH-treated mice only in the fully loaded SclAbII-treated

animals, suggesting that periosteal apposition induced by

sclerostin inhibition requires mechanical loading. At the

humerus, whereas the effects of sclerostin antibody on BMD

and cortical bone morphology were similar in HLU and fully-

loaded groups, the increases in trabecular bone volume, number,

and thickness were greater in CON than HLU. Although

speculative, the finding that the response to sclerostin inhibition

is altered in the ‘‘loaded’’ humerus of the HLU group suggests

that systemic effects of HLU (ie, stress) that are unrelated

to mechanical loading influence the response to sclerostin

inhibition. In a study of rats exposed to unilateral hindlimb

immobilization via bandages, Tian and colleagues(14) also found

that the trabecular bone response to sclerostin inhibition tended

to be enhanced in the loaded versus unloaded limbs, whereas

responses in cortical bone were similar in both groups. In

contrast, in rats injected unilaterally with botulinum toxin A

(botox) to induce hindlimb paralysis, the response to sclerostin

inhibition was similar in the loaded and unloaded proximal tibia

primary spongiosa.(9)

Although far from conclusive, taken together these observa-

tions suggest that the anabolic effects of sclerostin inhibition are

enhanced with normal mechanical loading. As proposed by Tian

and colleagues,(14) the relative excess of sclerostin in unloaded

bone could reduce the anabolic effects of sclerostin inhibition

relative to those seen in fully loaded bone. Alternatively,

although sclerostin appears to be a central mediator of the

bone’s response to mechanical loading,(6,25) it may not be the

only mechanism by which the osteocytic network responds

to mechanical unloading. For example, another mechanism by

which osteocytes may orchestrate a response to altered

mechanical loading is suggested by the observation that

osteocytes are a major source of the osteoclastogenic cytokine

receptor activator of NF-kB ligand (RANKL),(26) and further, that

mice lacking RANKL in osteocytes are protected from bone loss

induced by hindlimb unloading.(4) Thus, sclerostin-independent

effects, notably RANKL-mediated effects or, for example, the

detrimental effects of increased marrow adiposity on osteo-

blasts, could also be responsible for a differential response to

sclerostin antibody treatment in unloaded versus loaded bone.

Clearly, further studies are needed to further investigate the

interaction betweenmechanical loading and the anabolic effects

of sclerostin antibody treatment.

Hindlimb unloading caused an increase in marrow adiposity,

as reported.(27) Interestingly, sclerostin antibody treatment did

not prevent the increased marrow adiposity with HLU and had

no effect on marrow adiposity in normally loaded animals.

Canonical Wnt signaling inhibits adipogenesis and promotes

survival of committed preadipocytes.(28,29) Patients with activat-

Table 3. Effect of Unloading and SclAbII Treatment on Static and Dynamic Quantitative Histomorphometry of the Distal Femur

Controls HLU

Vehicle SclAbII Vehicle SclAbII

Static indicesa

N.Ob/BS (#/mm2) 24� 4 23� 2 26� 4 32� 2

N.Oc/BS (#/mm2) 3.9� 1.1 4.4� 1.0 6.5� 1.3 5.1� 1.3

N.Ot/BA (#/mm2) 740� 44 591� 34 653� 93 647� 38

N.Ad/MA (#/mm2) 16� 4�� 17� 4�� 34� 7 35� 6

Ad.Diam (mm) 44.0� 2.5��� 36.0� 1.1�� 51� 4 50.5� 2.4

OS/BS (%) 24.0� 2.0 25.7� 2.0 25.2� 5.0 33.7� 2.0

ES/BS (%) 6.3� 1.5 6.3� 0.7 8.7� 1.9 10.1� 2.4

Dynamic indicesb

MS/BS (%) 13.6� 3.3 24.9� 2.2� 11.6� 5.5 21.1� 5.0�

MAR (mm/d) 1.2� 0.2�� 1.6� 0.2� 0.5� 0.2 2.0� 1.1�

BFR/BS (mm3/mm2/d) 0.2� 0.1 0.4� 0.1� 0.09� 0.1 0.9� 0.6�

Values are mean� SEM.

Ad.Diam¼ adipocyte diameter; BFR/BS¼ bone formation rate per bone surface; CON¼ controls; ES/BS¼ eroded surface per bone surface;

HLU¼ hindlimb unloaded; MAR¼mineral apposition rate; MS/BS¼mineralizing surface; N.Ad/MA¼ adipocyte number per marrow area; N.Ob/
BS¼ osteoblast number per bone surface; N.Oc/BS¼osteoclast number per bone surface; N.Ot/BA¼ osteocyte number per bone area; OS/BS¼osteoid

osteoid surface per bone surface; SclAbII¼ sclerostin antibody; VEH¼ vehicle.
aSample size for static indices: n¼ 6/group.
bSample size for dynamic indices: CON-VEH, n¼ 6; CON-SclAbII, n¼ 5; HLU-VEH, n¼ 3; HLU-SclAbII, n¼ 3.
�p< 0.05 SclAbII versus VEH treatment within the CON or HLU groups.
��p< 0.05 HLU versus CON within the SclAbII and VEH treatment groups.
���p¼ 0.08 HLU versus CON within VEH-treated group.
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ingmutations in low-density lipoprotein receptor-related protein

5 (LRP5) leading to increased Wnt signaling are associated with

increased trabecular bone volume and reduced bone marrow fat

in iliac crest biopsies, as well as increased osteogenesis and

reduced adipogenesis of mesenchymal stem cells.(30) However,

specific Wnt targets and the role of noncanonical Wnt signaling

in adipogenesis remain incompletely understood.(31) Because

sclerostin binds to the LRP4/5/6 receptor to inhibit Wnt signaling,

our observation that sclerostin antibody treatment had no

influence on bone marrow adiposity suggests that other

mechanisms besides sclerostin-mediated Wnt signaling must

be involved in the increased marrow adiposity seen with

unloading.

Several limitations of this study merit mention. We studied

only female mice at one time point, with a single-dosing regimen

for sclerostin inhibition. Thus it is not clear whether the anabolic

effects of sclerostin antibody would continue with longer

treatment, or whether a higher dose or more frequent dosing

would promote even greater anabolic effects in the skeleton or

eliminate the load-treatment interactions we observed.

These limitations notwithstanding, this study provides novel

information about the ability of sclerostin antibody to induce

bone formation in the situation of reduced mechanical loading.

We showed that changes in bone volume underestimate both

the loss of bone strength with disuse and the gain of bone

strength with sclerostin inhibition, and we also explored

the question whether the anabolic actions of sclerostin inhibition

are influenced by mechanical loading by comparing the skeletal

responses of HLU and CON mice at both the forelimbs and

hindlimbs.

In summary, treatment with sclerostin antibody induces an

anabolic skeletal response in an established rodent model of

disuse-induced bone loss, such that unloaded animals treated

with sclerostin antibody had BMD, microarchitecture, and

mechanical strength values at or above the normally loaded

control mice. These results provide strong rationale for testing

the ability of sclerostin antibody treatment to improve skeletal

fragility in patients with spinal cord injuries, stroke, muscular

dystrophy, cerebral palsy, and other diseases and conditions

associated with short-term or chronic disuse.
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