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Context: Sclerostin, a Wnt signaling antagonist on the osteoblasts produced by osteocytes, is
regulated by mechanical strain and is implicated in the pathogenesis of disuse bone loss. There are
no data on sclerostin in humans.

Objective: The aim of the study was to evaluate sclerostin in patients immobilized after stroke,
compared with control subjects, and to analyze its relationship with markers of bone formation
and resorption.

Design: This was a cross-sectional study.

Setting and patients: We studied 40 postmenopausal women immobilized after a single episode
of stroke 6 months or longer after onset, and 40 postmenopausal women from the general com-
munity. Bone status was assessed by quantitative ultrasound measurements at the calcaneus. Bone
alkaline phosphatase (b-AP), carboxy-terminal telopeptide of type I collagen (CrossLaps), and
sclerostin were evaluated by ELISA. We also used ELISA to measure serum levels of Dickkopf-1,
another soluble inhibitor of Wnt/�-catenin signaling, highly expressed by osteocytes.

Results: Immobilized patients had higher sclerostin serum levels (median 0.975 ng/ml; 25th to 75th
percentiles 0.662–1.490) than controls (median 0.300 ng/ml; 25th to 75th percentiles 0.165–0.400: P �

0.0001)andan increasedboneturnoverwithamoresignificant rise inboneresorption(CrossLaps) than
formation (b-AP) markers. Sclerostin correlated negatively with b-AP (r � �0.911; P � 0.0001) and
positively with CrossLaps (r � 0.391; P � 0.012). Dickkopf-1 did not significantly differ between the
groups.Patientsalsohadquantitativeultrasoundmeasurements index lower thancontrols (P�0.001).

Conclusions: This study shows for the first time that long-term immobilized patients present hy-
persclerostinemia associated with reduced bone formation, and suggests that sclerostin could be
a link between mechanical unloading and disuse osteoporosis in humans. (J Clin Endocrinol Metab
95: 2248–2253, 2010)

Bone loss associated with skeleton unloading is a crit-
ical issue for bed-ridden patients (1–5). Histomor-

phometric studies have shown an increase in the number
of osteoclasts and an enlargement of resorption cavities in

patients immobilized for more or less prolonged periods
(6). The results on biochemical parameters show that
markers of bone resorption are dramatically increased in
these patients, whereas bone formation markers are only
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slightly elevated or within the reference range, regard-
less of the length of immobilization, suggesting an un-
coupling between bone resorption and formation (2, 3).
On the other hand, pharmacological intervention with
bisphosphonates (which dramatically reduce bone re-
sorption) shows limited efficacy in restoring bone mass
(7). The discovery of the Wnt signaling pathway and
its relevance to bone homeostasis has allowed rapid
progress in the understanding of the cellular and mo-
lecular mechanisms responsible for the adaptation of
bone to unloading (8, 9). According to a fairly well-
established model of action for the Wnt pathway in
bone cell function, the binding of the appropriate Wnt
to a coreceptor complex involving Frizzled receptor
and low-density lipoprotein receptor-related protein
(LRP)-5 or -6 on the osteoblast stabilizes cytoplasmic
�-catenin protein, which translocates into the nucleus
and activates the transcription of target genes important
for the differentiation, proliferation, and functionality
of osteoblastic cells.

Wnt signaling can be antagonized by secreted or intra-
cellular inhibitors. Secreted Wnt signaling inhibitors are
secreted frizzled-related proteins, the Wnt inhibitor fac-
tor, and Cerberus, which block Wnt function by binding
and sequestering the molecule; Dickkopfs (DKK-1) and
sclerostin, the protein product of the sclerostin gene
(SOST) expressed mainly by osteocytes, which prevent the
formation of the Wnt-Frizzled-LRP5 complex by inter-
nalization of the LRP5/6 coreceptor and competitive bind-
ing to LRP5, respectively (10, 11).

The role of the Wnt signaling antagonists seems to
be crucial in the pathogenesis of disuse osteopenia.
Robling et al. (12) have shown that production of
sclerostin by osteocytes is dramatically reduced by me-
chanical loading in rats and mice. DKK-1 transcripts
were also significantly reduced, although to a lesser de-
gree than sclerostin. A similar experimental model was
used by Lin et al. (13) to demonstrate that mechanical
unloading of wild-type mice caused up-regulation of
sclerostin and decreased Wnt/�-catenin signaling activ-
ity. These observations provide an attractive explana-
tion for the regulatory mechanism that permits en-
hanced or reduced Wnt signaling upon mechanical
stimulation and unloading, respectively.

The current cross-sectional study was undertaken to
examine bone mass and bone metabolic changes in a ho-
mogeneous group of 40 postmenopausal women immo-
bilized after an episode of paralytic stroke, trying to eval-
uate: 1) the serum levels of sclerostin; 2) the serum levels
of DKK-1; and 3) their possible relationship with bone
mass and bone turnover.

Patients and Methods

A total of 40 consecutive, Caucasian, postmenopausal institu-
tionalized patients aged between 61 and 103 yr were candidates
for inclusion in the study. All subjects were recruited on a vol-
unteer basis, according to the following criteria: 1) had a single
episode of stroke onset of 6 months or longer, 2) were unable to
walk without physical assistance from other people, or 3) had no
significant cognitive deficits. Diagnosis of stroke was based on
clinical evaluation and computed tomography brain scans. At
baseline in each patient the Barthel index, a functional depen-
dence score (14), was evaluated. Exclusion criteria were: 1) neu-
rological disorders apart from stroke, 2) use in the last 12 months
of drugs affecting bone metabolism, including bisphosphonates,
3) chronic glucocorticoid use for more than 3 months, 4) known
diseases affecting bone (Paget’s disease, rheumatoid arthritis,
hyperparathyroidism, hypercortisolism, malignant tumors, re-
nal bone disease, chronic liver disease, and posttransplantation
bone disease), or 5) history of serious cardiovascular diseases
(myocardial infarction, uncontrolled hypertension). Ethical ap-
proval was obtained by the hospital ethical committee. All pa-
tients gave informed consent before entering the study, which
was conducted in accordance with the Declaration of Helsinki.
A control group of 40 free-living, age-matched postmenopausal
women was formed. The same exclusion criteria as those stated
for patients were used for controls. Both patients and controls
had a body mass index (BMI) of greater than 20 kg/m2.

Laboratory analysis
Blood samples were collected in the morning after an over-

night fast. In all patients, laboratory analyses were performed
either within the 2 h after drawing of blood or thawed serum that
had been stored at �30 C before analysis. Serum concentrations
of total calcium (corrected for albumin concentration), phos-
phorus, and creatinine were measured using standard auto-
mated laboratory techniques. Serum bone alkaline phospha-
tase (b-AP), carboxy-terminal telopeptide of type I collagen
(CrossLaps), DKK-1, and sclerostin were detected as follows.
b-AP and CrossLaps were measured using commercially avail-
able immunoenzymetric assays from Immunodiagnostic System
Ltd. (Fountain Hills, AZ). Intra- and interassay precision ranged
from 1.8 to 10.8% for both biochemical tests. DKK-1 was mea-
sured by ELISA using reagents provided by Biomedica Medizin-
produkte [Wien, Austria; intraassay coefficient of variation (CV)
7–8%, interassay CV 9–12%].

One aliquot of serum sample was sent on dry ice by courier to
the Biomedica Laboratory (Wien, Austria) for the measurement
of sclerostin by a sandwich-type ELISA. The sclerostin ELISA
uses a biotinylated antibody/horseradish peroxidase-streptovi-
din for detection of the analyte. The detection limit of the scleros-
tin ELISA was 0.18 ng/ml and the intraassay CV was between 6
and 10%. In this sclerostin ELISA, 100% of samples of healthy
subjects showed detectable values. Serum mean concentration in
female blood donors were 0.19 and 0.33 ng/ml in subjects aged
younger than or older than 50 yr, respectively (15).

Quantitative ultrasound (QUS) assessment of
calcaneus

Bone status was assessed by QUS measurements of the right
calcaneus except for the hemiplegic patients, in which the mea-
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surements were carried out at the heel of the nonaffected limb,
using the Achilles Ultrasound Express device (GE Lunar, Mad-
ison, WI), a dry system using a coupling ultrasound gel. It pro-
vides three parameters of skeletal status: broadband ultrasound
attenuation (BUA), speed of sound, and stiffness index (SI) that
derives from the combination of BUA and SOS according to the
algorithm SI � 0.67 � BUA � 0.28 � speed of sound � 240.

A quality-control procedure using the standard phantom
was performed daily before the measurements in the present
study. In vivo short-term precision, calculated from three re-
peated measurements by the same operator, with reposition-
ing, on 10 healthy subjects and expressed as the mean square
root of the coefficients of variation, was 2.05% for SI. A single
ultrasonometer was used throughout the study, and all mea-
surements were carried out by the same specially trained tech-
nician. QUS of calcaneus is a radiation-free, low-cost, rapid,
and easily used technique for evaluating bone mineral density
(BMD) and correlates highly with dual-energy x-ray absorp-
tiometry (16). Moreover, because QUS provides information
on not only BMD but also bone quality, a large number of
cross-sectional and prospective studies have established it as
predictive of osteoporosis-related fractures independently of
dual-energy x-ray absorptiometry-BMD (17, 18). In our
hands, this procedure has been proven to be a relevant tool for
the assessment of bone involvement in patients with multi-
systemic diseases (19, 20).

Statistical analysis
Descriptive statistics and significance levels were determined

using the GraphPad InStat version 4.0 for Windows (GraphPad,
San Diego, CA). Results are expressed as means� SD. The normal
distribution of values for different parameters was verified with
the Kolmogorov-Smirnov test. Pearson standard linear regres-
sion analysis (normal distribution) or Spearman test (nonnormal
distribution) was used for correlation studies. For the compar-
ison of two independent data sets, Student’s t test or Wilcoxon
test was performed as appropriate. Multiple regression analysis
was used to determine the influence of one independent variable
after correcting for others. P � 0.05 was considered as statisti-
cally significant.

Results

Baseline characteristics of patients and controls
Subject characteristics and biochemical data are de-

scribed in Table 1. There were no statistically significant
differences between patients and controls for age, BMI,
calcium, phosphorus and creatinine. Patients spent an av-
erage of 22.4 � 0.6 h/d resting in the bed or sitting in the
wheelchair. They did (n � 14) or did not (n � 26) regularly
perform passive standing with the aid of a standing device.
The mean reported standing time was less than 30 min/d.
Patients did not consume alcohol nor did they smoke. Two
patients reported a fall from the wheelchair, with no sub-
sequent fracture. Estimated mean calcium intake was
870.2 � 80.5 mg/d and was considered adequate.

QUS results
Patients had a mean stiffness of 57.89 � 19.35 (range

42–97), significantly lower than controls (79.40 � 17.37;
P � 0.001). We did not find any significant association
between SI and time after stroke.

Biochemical parameters
In patients, b-AP serum levels were 38.33 � 25.21 �g/

liter, significantly higher than in controls (14.68 � 8.75
�g/liter, P � 0.001). CrossLaps serum concentrations in
patients were higher than in controls (1.05 � 0.57 vs.
0.46 � 0.18 ng/ml; P � 0.001). DKK-1 serum concentra-
tions did not significantly differ between immobilized and
free-living subjects (26.51 � 15.22 vs. 30.32 � 12.40
pmol/liter). Sclerostin serum levels in patients were
1.164 � 0.654 ng/ml (median 0.975; 25th to 75th per-
centiles 0.662–1.490). Sclerostin serum levels in controls
were 0.298 � 0.135 ng/ml (median 0.300; 25th to 75th
percentiles 0.165–0.400). The difference was significant,
with P � 0.0001 (Fig. 1).

TABLE 1. Characteristics and biochemical data of study population

Patients Controls Normal values
n 40 40
Age (yr) 81.4 � 8.2 79.8 � 7.7
BMI (kg/m2) 24.3 � 1.3 23.8 � 1.4 18.5–24.9
Poststroke duration (months) 10.4 � 3.6
Paretic side (left/right) 30/10
Type of stroke (ischemic/hemorrhagic) 28/12
Barthel index 51.3 � 11.4 100
Hypertension (n) 15 10
Coronary artery disease (n) 8 2
Diabetes (n) 18 8
Depression (n) 12 4
Corrected calcium (mg/dl) 9.4 � 0.8 9.2 � 0.7 8.6–10.6
Phosphorus (mg/dl) 3.4 � 0.7 3.6 � 0.8 2.5–4.5
Creatinine (mg/dl) 0.9 � 0.3 0.8 � 0.4 �1.2

Data are expressed as mean � SD when appropriate.
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Correlations between sclerostin, DKK-1, and bone
turnover markers

A significant negative correlation between sclerostin
and b-AP serum levels was observed in immobilized pa-
tients (Fig. 2; P � 0.0001; r � �0.911; 95% confidence
interval �0.953 to �0.835). Moreover, we found a sig-
nificant positive correlation between sclerostin and Cross-
Laps serum levels (Fig. 2; P � 0.0126; r � 0.391; 95% CI
0.081–0.632). No significant correlation was found be-
tween DKK-1 and sclerostin, DKK-1 and b-AP, and
DKK-1 and CrossLaps (Fig. 3).

Multiple regression analysis
A subsequent multiple regression analysis was per-

formed to check correlations among the potential deter-
minant variables. Sclerostin was designated as the depen-
dent variable, whereas b-AP, CrossLaps, and DKK-1 were
included as independent variables. In this analysis, scleros-
tin was independently negatively associated with b-AP (�
�0.01702; SE 0.002821; 95% CI �0.2275 to �0.01130)
and independently positively associated with CrossLaps
(� 0.3086; SE 0.1235; 95% CI 0.05798–0.5592). Analysis
shows a variance inflation factor, calculated from r2, not
greater than 1, excluding multicollinearity problems in
this model.

Discussion

This cross-sectional study confirms that sclerostin is de-
tectable in human serum, as observed very recently by
Appel et al. (21) in patients with ankylosing spondylitis,
and documents that patients with immobilization-associ-
ated bone loss have sclerostin serum levels higher than
controls. We also observed a significant inverse correla-
tion between sclerostin and b-AP, a valuable marker of
osteoblast activity. Our findings from QUS measurements
were consistent with those reported by Chow et al. (22),
who used an Achilles device at the calcaneus, and with the
data by Zehnder et al. (3), who showed that in immobi-
lized patients calcaneal stiffness decreases following a
curve that leveled off 6–12 months after the beginning of
immobilization. Results obtained with quantitative ultra-
sound are consistent with BMD results because QUS is
partly determined by bone mass (3). The results of bio-
chemical markers of bone turnover show that bone
turnover is increased (as indicated by the high levels of
CrossLaps and b-AP), although the lack of a significant
correlation between CrossLaps and b-AP values suggests
an imbalance between resorption and formation, which
leads to an uncoupling of the two processes. This appears
in line with previous results by Zehnder et al. (3) and our
own research (2).

The lack of compensatory increase in the bone forma-
tion rate contributes to explaining why the severity of
bone loss with immobilization is greater than in post-
menopausal osteoporosis, accounting for substantially
higher fracture rates in these patients (3, 23, 24). The cause
of immobilization seems to influence distribution of bone
loss: in spinal cord injury, in fact, bone loss is confined to
the sublesional areas of the skeleton (25, 26); in stroke
patients, bone is rapidly lost on the paretic side, although
a loss on the nonparetic side (up to 4% over 1 yr) was also
observed at the hip level (27–29). In both stroke and spinal
cord injury, the pathogenesis of bone loss is mainly related
to loss of mechanical stimulation of the bones. Bones con-

tinuously adapt to their mechanical re-
quirements by two distinct mecha-
nisms: modeling and remodeling (30,
31). Whereas the modeling process
tends to reshape bone to meet its func-
tional needs during skeletal growth,
maintenance of bone tissue once skele-
tal maturity is achieved depends on the
remodeling process. Disuse or lack of
loading promotes an acceleration of
bone remodeling, with bone resorption
exceeding formation. Animal models of
disuse have consistently showed that in
mature bone, disuse causes bone loss

A B

FIG. 2. Univariate correlations between serum sclerostin levels and serum b-AP (A) and
serum CrossLaps (B) in 40 immobilized patients. There was a significant negative association
between sclerostin and b-AP (r � �0.911, P � 0.0001) and a significant positive association
between sclerostin and CrossLaps (r � 0.391; P � 0.012).

FIG. 1. Sclerostin serum levels (nanograms per milliliter) are higher in
immobilized patients vs. healthy free-living subjects (P � 0.0001). Data
are presented as median.
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mainly at the endosteal surface of long bones, with rapid
trabecular bone loss and increase in cortical porosity (32–
34). This pattern is similar in both patients and human
volunteers and can be counteracted by appropriate exer-
cise (1, 5).

The molecular mechanism responsible for the de-
creased bone formation and bone mass during skeletal
unloading has been recently addressed by Lin et al. (13).
According to this author, sclerostin expression is increased
in wild-type mouse osteocytes in response to unloading.
On the other hand, SOST�/� mice were resistant to un-
loading-induced bone loss, strongly implying that scleros-
tin mediates the bone response to unloading through an-
tagonizing Wnt/�-catenin signaling. This supports a
previous study by Robling et al. (12), who reported that
mechanical stimulation of bone reduces the number of
SOST� osteocytes, particularly in high-strain regions of
the bone. These changes were transcriptionally regulated,
as shown by a reduction of sclerostin mRNA levels by
73% in loaded rat ulnar diaphyses. These results indicate
that sclerostin levels are tightly regulated by mechanical
strain, implying also that sclerostin is a mechanically sup-
pressed signal.

Our finding of increased serum sclerostin levels in im-
mobilized patients suggests that this mechanism also may

operate in human beings, at least when unloading of bone
is associated with stroke. We found no changes in DKK-1
serum levels in these patients. This was an unexpected
finding because DKK-1 is a Wnt signaling inhibitor with
direct binding affinity to LRP5/6, whose expression is also
decreased by loading, albeit to a lesser degree than scleros-
tin (12). Reduction in mechanical loading (disuse) has,
however, no clear effect on DKK-1 transcript levels, which
increased slightly at d 3 of tail suspension, without reach-
ing significance (12). Animal models, like the osteopenic
DKK-1 overexpressor mouse (35) and the high bone mass
DKK-1 haploinsufficient mouse (36), indicate that DKK-1
is a potent inhibitor of bone formation, although immu-
nohistochemical techniques failed to detect significant
amounts of DKK-1 protein in the same sections used for
sclerostin immunolocalization (12). This would suggest
that SOST/sclerostin regulation represents a more po-
tent mechanism for controlling strain-induced bone
modifications.

Our results show that sclerostin plays a role in mediating
the bone response to disuse, possibly, as demonstrated in
mice, through antagonizing Wnt/�-catenin signaling. This
observation may be of some relevance in the long-term ther-
apy of patients immobilized as a consequence of stroke and,
possibly, spinal cord injury. In these patients, in fact, the
bone-resorption rate is increased, but there is no compensa-
tory increase in the bone-formation rate. Given the exclusive
expression of sclerostin in osteoblast/osteocytes in bone, in-
hibition of sclerostin, which is considered a valid therapeutic
target in the treating of patients with low bone mass (13, 37,
38), may prove particularly useful in disuse osteoporosis.
The immobilized patients of our study were, however, a
small group of subjects, possibly resulting in reduced statis-
tical power. This, together with the cross-sectional nature of
our investigation, and the fact that patients were not sub-
jected to any therapeutical intervention may represent a lim-
itation of our study.

Finally, our observation that sclerostin circulates in
substantial amounts in healthy subjects and in signifi-
cantly higher amounts in immobilized patients may lend
support to the hypothesis that sclerostin action is not lim-
ited to a local bone formation regulator because it might
reach LRP5 receptors in tissues other than bone (39).
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CrossLaps (C; r � 0.55).
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17. Bauer DC, Glüer CC, Cauley JA, Vogt TM, Ensrud KE, Genant HK,
Black DM 1997 Broadband ultrasound attenuation predicts frac-
tures strongly and independently of densitometry in older women.
A prospective study. Arch Intern Med 157:629–634

18. Hans D, Dargent-Molina P, Schott AM, Sebert JL, Cormier C,
Kotzki PO, Delmas PD, Pouilles JM, Breart G, Meunier PJ 1996
Ultrasonographic heel measurements to predict hip fracture in el-
derly women: the EPIDOS prospective study. Lancet 348:511–514

19. Pennisi P, Signorelli SS, Riccobene S, Celotta G, Di Pino L, La Malfa
T, Fiore CE 2004 Low bone density and abnormal bone turnover in
patients with atherosclerosis of peripheral vessels. Osteoporos Int
15:389–395

20. Fiore CE, Barone R, Pennisi P, Pavone V, Riccobene S 2002 Bone
ultrasonometry, bone density, and turnover markers in type 1 Gau-
cher disease. J Bone Miner Metab 20:34–38

21. Appel H, Ruiz-Heiland G, Listing J, Zwerina J, Herrmann M, Mueller
R, Haibel H, Baraliakos X, Hempfing A, Rudwaleit M, Sieper J, Schett
G 2009 Altered skeletal expression of sclerostin and its link to ra-
diographic progression in ankylosing spondylitis. Arthritis Rheum
60:3257–3262

22. Chow YW, Inman C, Pollintine P, Sharp CA, Haddaway MJ,
el Masry W, Davie MW 1996 Ultrasound bone densitometry and
dual energy x-ray absorptiometry in patients with spinal cord injury:
a cross-sectional study. Spinal Cord 34:736–741

23. Frisbie JH 1997 Fractures after myelopathy: the risk quantified.
J Spinal Cord Med 20:66–69

24. Vestergaard P, Krogh K, Rejnmark L, Mosekilde L 1998 Fracture
rates and risk factors for fractures in patients with spinal cord injury.
Spinal Cord 36:790–796

25. Szollar SM, Martin EM, Sartoris DJ, Parthemore JD, Deftos LJ 1998
Bone mineral density and indexes of bone metabolism in spinal cord
injury. Am J Phys Med Rehabil 77:28–35

26. Mussolino ME, Madans JH, Gillum RF 2003 Bone mineral density
and stroke. Stroke 34:e20–e22

27. Beaupre GS, Lew HL 2006 Bone density changes after stroke. Am J
Phys Med Rehabil 85:464–472

28. Runge M, Rehfeld G, Schiessl H 2004 Skeletal adaptations in hemi-
plegic patients. J Musculoskelet Neuronal Interact 4:191–196

29. Ramnemark A, Nyberg L, Lorentzon R, Englund U, Gustafson Y
1999 Progressive hemiosteoporosis on the paretic side and increased
bone mineral density in the nonparetic arm the first year after severe
stroke. Osteoporos Int 9:269–275

30. Huiskes R, Ruimerman R, van Lenthe GH, Janssen JD 2000 Effects
of mechanical forces on maintenance and adaptation of form in
trabecular bone. Nature 405:704–706

31. Turner CH 2007 Skeletal adaptation to mechanical loading. Clin
Rev Bone Miner Metab 5:181–194

32. Jaworski ZF, Liskowa-Kiar M, Uhthoff HK 1980 Effect of long-
term immobilization on the pattern of bone loss in older dogs. J Bone
Joint Surg Br 62-B:104–110

33. Uhthoff HK, Jaworski ZF 1978 Bone loss in response to long-term
immobilization. J Bone Joint Surg Br 60-B:420–429

34. Jaworski ZF, Uhthoff HK 1986 Reversibility of nontraumatic disuse
osteoporosis during its active phase. Bone 7:431–439

35. Li J, Sarosi I, Cattley RC, Pretorius J, Asuncion F, Grisanti M,
Morony S, Adamu S, Geng Z, Qiu W, Kostenuik P, Lacey DI,
Simonet WS, Bolon B, Qian X, Shalhoub V, Ominsky MS, Zhu Ke
H, Li X, Richards WG 2006 DKK-1-mediated inhibition of Wnt
signalling in bone results in osteopenia. Bone 39:754–766

36. Morvan F, Boulukos K, Clément-Lacroix P, Roman Roman S, Suc-
Royer I, Vayssière B, Ammann P, Martin P, Pinho S, Pognonec P,
Mollat P, Niehrs C, Baron R, Rawadi G 2006 Deletion of single
allele of DKK-1 gene leads to an increase in bone formation and bone
mass. J Bone Miner Res 21:934–945

37. Suva LJ 2009 Sclerostin and the unloading of bone. J Bone Miner Res
24:1649–1650

38. Jilka RL 2009 Inhibiting the inhibitor: a new route to bone anab-
olism. J Bone Miner Res 24:575–577

39. Yadav VK, Ryu JH, Suda N, Tanaka KF, Gingrich JA, Schütz G,
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