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Abstract Although sclerostin (SOST) and Dickkopf-re-
lated protein 1 (DKKI1) are major regulators in bone
metabolism, their associations with osteoporotic fracture
(OF) in Asians are inconclusive. Furthermore, there have
been no clinical studies separately considering non-ver-
tebral and vertebral fractures in terms of the blood levels
of SOST and DKKI. Among 513 consecutive post-
menopausal Korean women, we identified 103 cases
defined as subjects with OF (i.e., non-vertebral and/or
vertebral fractures). The controls were randomly selected
from the remaining 410 subjects and matched 1:1 to
cases according to both age and body mass index. Non-
vertebral and morphological vertebral fractures were
identified by an interviewer-assisted questionnaire and
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lateral thoracolumbar radiographs, respectively. Bone
mineral density (BMD) and plasma levels of SOST and
DKKI1 were measured. Plasma SOST levels were lower
in subjects with OF than in the control group. Each
standard deviation decrement of plasma SOST concen-
tration was associated with a multivariable-adjusted odds
ratio of 1.77 for any prevalent OF type. The odds for OF
was 2.97-fold higher in subjects in the lowest SOST
tertile compared with subjects in the highest SOST ter-
tile. These associations remained significant when the
non-vertebral and vertebral fractures were analyzed sep-
arately. However, prevalent OF was not associated with
plasma DKKI1 levels, regardless of the type of fracture
and the adjustment model employed. Consistently,
plasma SOST levels were positively related with BMD
values at all measured skeletal sites, although this was
not observed for DKKI1. Circulating SOST but not
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DKK1 may be a potential biomarker for predicting bone
health in Asians.

Keywords Sclerostin - Dickkopf-1 - Osteoporotic
fracture - Bone mineral density - Asian

Introduction

Osteoporotic fractures (OFs) have become a worldwide
public health issue causing significant morbidity and dis-
ability in older people [1]. Particularly, Korea is one of the
most rapidly aging countries, and recent epidemiologic
study reported that the incidence of hip fractures increased
in Korean populations over age 50 between 2008 and 2012
[2]. Therefore, the socioeconomic burden is expected to
increase in Korea along with the increased estimated
number of OFs [3]. While low bone mineral density
(BMD) estimated using dual-energy X-ray absorptiometry
(DXA) has remained an important determinant of OF risk,
it does not reveal all the risk factors for OF [4]. Prospective
cohort studies reported that up to half of incident fractures
occurred in individuals with baseline spine or hip BMD 7-
score > —2.5 assessed by a DXA which is the diagnostic
cutoff for osteoporosis defined by the World Health
Organization (WHO) [5, 6]. To enhance the ability of
predicting OF risk in individuals, fracture risk assessment
tool (FRAX) was developed based on relevant clinical risk
factors (CRFs) identified by the WHO working group [7].
However, the overall predictability of OF risk in individ-
uals remains suboptimal despite the availability of FRAX
[8, 9]. Therefore, additional biomarkers that may predict
the risk of OFs independently of or in combination with
BMD and CRFs are required.

The Wnt/B-catenin signaling pathway is critically
involved in bone remodeling and healing, and has emerged
as an important player in skeletal homeostasis [10, 11].
Activation of this pathway expands osteoprogenitor cells
while reducing osteoblast apoptosis, resulting in bone
anabolism [12, 13]. Binding of the Wnt ligands to a co-
receptor complex, composed of a 7-transmembrane
domain-spanning frizzled receptor and low-density
lipoprotein receptor-related protein (LRP) 5 or 6, stabilizes
cytoplasmic B-catenin protein, which translocates into the
nucleus and activates the transcription of target genes such
as Runx-2 and osteoprotegerin [14, 15]. The major regu-
lators of the canonical Wnt pathway in the bone are scle-
rostin (SOST) and Dickkopf-related protein 1 (DKKI).
SOST and DKKI1 are Wnt antagonists that act on bone
metabolism by competitive binding to LRP-5 and LRP-6
[16, 17]. As SOST and DKKI1 have a secretory feature,
several epidemiological studies were performed to assess
their role as a predictor for osteoporosis-related

phenotypes. However, almost all of these studies only
focused on SOST and not DKK1 in Western or Arab
populations, and their results were inconsistent [18-21].
Therefore, the associations between these soluble Wnt
antagonists and bone health in the Asian population, who
may have distinct biological characteristics [22, 23], are
rather inconclusive. As yet, there have been no clinical
studies separately considering non-vertebral and vertebral
fractures in terms of the blood levels of SOST and DKK1.
To provide further clarification of these unsolved points,
we performed a case—control study in postmenopausal
Korean women.

Materials and Methods
Study Subjects and Protocol

All consecutive postmenopausal Korean women who
attended the osteoporosis clinic of the Asan Medical Center
(AMC; Seoul, Korea) between June 2011 and December
2012 were included in this case—control study. These
women were attending the osteoporosis clinic due to con-
cerns regarding osteoporosis, or the subjects had been
referred following a diagnosis of osteoporosis during a
routine examination. Menopause was defined as the
absence of menstruation for at least 1 year and was con-
firmed by the measurement of serum follicle-stimulating
hormone levels. Women who exhibited premature meno-
pause (<40 years of age) and women who had taken drugs
that may affect bone metabolism, such as bisphosphonate,
systemic glucocorticoids, or hormone-replacement therapy,
for more than 6 months or within the previous 12 months
were excluded. Subjects with diseases that may affect bone
metabolism, such as diabetes, neoplastic diseases, hyper-
parathyroidism, rheumatoid arthritis, asthma/chronic
obstructive pulmonary disease, and major cardiovascular
diseases, and subjects who exhibited osteophyte formation
that exceeded grade 4 of the Nathan classification and/or
severe facet joint osteoarthritis in the lumbar spine, as
determined by conventional spine radiographs, were also
excluded from the study. Other exclusion criteria included
the following: the presence of fever (oral temperature,
>38.0 °C); low or high leukocyte (<4.0 or >10.0 x 109/L)
or platelet (<150 or >350 x 10°/L) blood count; and
abnormal liver, kidney, or thyroid function. These criteria
were imposed to exclude subjects with a systemic illness.

The prevalence of morphological vertebral fracture was
determined by obtaining lateral thoracolumbar (T4-L4)
radiographs, which were analyzed at the AMC, according
to the recommendations of the Working Group on Verte-
bral Fractures [24], by expert radiologists who were blin-
ded to this study. A vertebral fracture was quantitatively
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defined as >20 % reduction in any measured vertebral
height (anterior, middle, or posterior) [25]. Non-vertebral
fractures, namely, those at the forearm, humerus, and hip,
which are regarded as major osteoporosis-related fracture
sites [7, 26], were assessed by applying an interviewer-
assisted questionnaire. Fractures that were considered to be
non-osteoporotic, such as fractures arising from major
trauma such as motor vehicle accidents or a fall from a
height higher than standing, and all fractures of the fingers,
face, skull, and toes, were excluded. In this study, the
remaining fractures, all of which were at osteoporosis-re-
lated sites and had clearly been caused by low trauma at
over 50 years of age or after menopause, were regarded as
OFs.

The following patient information was obtained by
using a self-administered questionnaire: smoking habits
(current smoker), alcohol intake (>3 units/day), regular
outdoor exercise (>30 min/day), history of medication use,
previous medical or surgical procedures, and reproductive
status (including menstruation). An interviewer-assisted
questionnaire was used to assess whether each subject had
a parental history of OF.

After adopting the aforementioned exclusion criteria,
513 women were deemed eligible for participation. Among
these women, 103 cases were identified as subjects with an
OF of any type, such as non-vertebral and/or vertebral
fractures. From the remaining 410 subjects, controls were
randomly selected and matched (1:1) to cases according to
both age (within 2.5 years) and body mass index (BMI;
within 1.0 kg/m?).

BMD Measurement

Areal BMD (g/cm®) was measured at the lumbar spine
(L1-L4) and proximal femur (total hip, femoral neck, and
trochanter) by DXA using Lunar equipment (Prodigy;
Madison, WI, USA). In terms of the coefficient of variation
(CV), the precision values of the equipment were 0.67 %
for the lumbar spine and 1.25 % for the femoral neck, and
were determined by measuring 17 volunteers who were not
enrolled in this study. The volunteers were required to
individually undergo five scans on the same day and to
climb on and off the table between examinations.

Biochemical Measurements

Serum calcium concentrations were measured using the
cresolphthalein complexone method on a Toshiba 200FR
Autoanalyzer (Toshiba Medical Systems Co., Ltd, Tokyo,
Japan). The intra- and interassay CVs were 1.24 and
2.06 %, respectively, and the reference interval was
2.07-2.50 mmol/L. Serum phosphorus concentrations were
measured using the phosphomolybdate ultraviolet method
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(Toshiba 200FR instrument). The intra- and inter-assay
CVs were 1.28 and 2.54 %, respectively, and the reference
interval was 0.81-1.45 mmol/L. To measure biochemical
bone turnover markers (BTMs), fasting blood samples
were obtained in the morning. Serum bone-specific alkaline
phosphatase (BSALP) levels were determined using the
MetraTM BAP immunoassay kit (Quidel Corp., San Diego,
CA, USA), with inter- and intra-assay CVs of 4.4 and
3.6 %, respectively. The reference interval for post-
menopausal women was 14.2-427 U/L. The serum
C-terminal telopeptide of the type I collagen (CTX) levels
were measured using an electrochemical-luminescence
immunoassay (Roche Diagnostics GmbH, Mannheim,
Germany), with intra- and inter-assay CVs of 1.0-4.6 and
1.6-4.7 %, respectively. The reference mean + SD value
for postmenopausal women was 0.556 + 0.226 ng/mL.

Measurement of Plasma SOST and DKK1
Concentrations

Fasting venous blood samples were obtained. After cen-
trifugation, the supernatants were carefully collected to
exclude cellular components. All samples demonstrating
hemolysis or clotting were discarded. The plasma samples
were stored at —80 °C prior to determining the concentra-
tions of SOST and DKKI1. Plasma levels of SOST were
measured using a SOST competitive enzyme-linked
immunosorbent assay (ELISA) kit (BIOMEDICA, Vienna,
Austria) according to the manufacturer’s instructions. The
lower limit of detection for the SOST competitive ELISA kit
was 72.7 pg/mL, and the intra- and inter-assay CVs were 7
and 5 %, respectively. Plasma levels of DKK1 were mea-
sured using the DKK1 competitive ELISA kit (R&D Sys-
tems Inc., Minneapolis, MN, USA) according to the
manufacturer’s instructions. The lower limit of detection for
the DKK1 competitive ELISA kit was 4.2 pg/mL, and the
intra- and inter-assay CVs were 4.2 and 7.6 %, respectively.

Statistical Analysis

All data are presented as mean =+ standard deviation (SD)
or numbers and percentages, unless otherwise specified.
The cases and controls were compared in terms of baseline
characteristics by using Student’s #-tests for continuous
variables and Chi squared tests for categorical variables.
The multivariable-adjusted least-squares means levels
(95 % confidence intervals [CIs]) of potential biomarkers,
in terms of OF status, were estimated using analysis of
covariance (ANCOVA) after adjusting for well-known
demographic and behavioral factors that may affect bone
metabolism. These factors were age, years since meno-
pause (YSM), BMI, current smoking status, alcohol intake,
regular outdoor exercise, and parental history of OF. Age
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Table 1 Baseline characteristics of the study subjects with and without osteoporotic fracture
Variables Subjects with OF (n = 103) Subjects without OF (n = 103) P value
Age (years) 62.8 + 6.1 62.8 + 6.1 0.945
YSM (years) 12.5 +£ 6.9 12.0 + 6.8 0.647
Weight (kg) 573+ 73 56.7 + 7.4 0.556
Height (cm) 1547 £ 5.1 1551 £53 0.534
Body mass index (kg/m?) 240 £ 29 23.6 £3.0 0.369
Current smoker, no. (%) 0 (0.0) 2(1.9) 0.082
Alcohol intake >3 Units/day, no. (%) 13 (12.6) 18 (17.5) 0.330
Exercise >30 min/day, no. (%) 37 (35.9) 35 (34.0) 0.770
Parental history of osteoporotic Fx 27 (26.2) 11 (10.7) 0.004
Bone mineral density (g/cm?)
Lumbar spine 0.873 £ 0.099 0.879 £ 0.118 0.719
Total hip 0.791 £ 0.098 0.812 £ 0.095 0.112
Femoral neck 0.741 + 0.094 0.750 £ 0.085 0.484
Trochanter 0.619 £ 0.095 0.639 £ 0.091 0.125
CTX (ng/mL) 0.525 £+ 0.232 0.529 £ 0.200 0.891
BSALP (U/L) 30.7 + 12.6 30.7 £ 9.7 0.967
dCorrected calcium level (mg/dL) 891 £ 0.36 8.96 £+ 0.35 0.378
Phosphorus (mg/dL) 3.76 + 0.46 3.89 + 0.50 0.135

All values are represented as mean £ SD, unless otherwise specified. Values in bold indicate statistically significant values

OF osteoporotic fracture, Fx fracture, no. number, YSM years since menopause, CTX C-terminal telopeptide of type I collagen, BSALP bone-
specific alkaline phosphatase, SI conversion factors: to convert mg/dL to mmol/L of calcium, multiply by 0.2495; to convert mg/dL to mmol/L

for phosphorus, multiply by 0.3229

4 Corrected calcium concentration (mg/dL) = total calcium concentration (mg/dL) + 0.8 x [4.0 g/dL. — serum albumin concentration (g/dL)]

(mg/dL)

and BMI were included in the multivariable-adjusted
model because although this is an age- and BMI-matched
case—control study, age and BMI are very strong determi-
nants of OF and/or bone mass, and we were concerned
about the possible residual effects of these factors on bone
metabolism, even after matching. We also adjusted for
BMD to determine whether SOST or DKK1 has an asso-
ciation with prevalent fracture, independent or not of
BMD. To generate the odds ratios (ORs) (95 % ClIs) per
SD decrement in the plasma biomarker concentration for
prevalent OFs, multiple logistic regression analyses were
performed before and after adjustment for confounders.
Next, all subjects were categorized into three groups
according to plasma biomarker concentrations. Multiple
logistic regression analyses were then performed to gen-
erate ORs (95 % Cls) to demonstrate the association of OF
in the subjects in the lower two tertiles relative to the
subjects in the highest tertile, both before and after
adjusting for confounders. The association of plasma bio-
marker concentrations with BMD values at various skeletal
sites and BTMs was investigated by multiple linear
regression analyses before and after adjustment for con-
founders. Finally, differences in BMD values according to
plasma SOST tertiles after adjustment for potential

confounders were compared by ANCOVA. All statistical
analyses were performed using SPSS statistical software
(SPSS Inc., Chicago, IL, USA). A P value less than 0.05
was considered as statistically significant.

Results

Clinical Characteristics of Subjects With
and Without OF

The baseline characteristics of the study subjects are shown
in Table 1. Of the 103 postmenopausal women with OF, 62
had non-vertebral fractures and 50 had vertebral fractures.
In the 62 subjects with non-vertebral fractures, there were
44 forearm fractures, 8 humerus fractures, and 10 hip
fractures. The mean age of the 103 OF cases was
62.8 £ 6.1 (range 51-79) years, and the mean age of the
103 controls was 62.8 &+ 6.1 (range 50-79) years. The two
groups did not differ in terms of YSM, weight, height,
BMI, smoking, drinking, exercise habits, BMD values at all
measured sites, and the levels of calcium, phosphorus and
BTMs. However, the subjects with OF were significantly
more likely to have a parental history of OF.
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Plasma SOST and DKKI1 Levels in OF Cases
and Controls

Prior to the adjustment for age, YSM, BMI, current
smoking status, alcohol intake, regular outdoor exercise,
and parental history of OF, subjects with OF of any type
(i.e., non-vertebral and/or vertebral fractures) (mean
1.21 ng/mL, 95 % CI 1.15-1.27) had 11.0 % lower plasma
SOST levels compared with subjects without OF (mean
1.36 ng/mL, 95 % CI 1.30-1.42, P = 0.001). Following
adjustment for these factors, subjects with OF (mean
1.20 ng/mL, 95 % CI 1.14-1.26) had 11.9 % lower plasma
SOST levels compared with subjects without OF (mean
1.37 ng/mL, 95 % CI 1.31-1.43, P <0.001) (Fig. la).
When the total hip BMD value was added as a confounding
variable in this model, the statistical significance persisted
(P = 0.001). When non-vertebral and vertebral fractures
were separately analyzed in the multivariable adjustment
models, subjects with non-vertebral (mean 1.21 ng/mL,
95 % CI 1.13-1.28) and vertebral fractures (mean 1.19 ng/
mL, 95 % CI 1.10-1.28) had 11.6 and 11.9 % lower
plasma SOST levels than their matched controls, respec-
tively (mean 1.36 ng/mL, 95 % CI 1.30-1.42, P = 0.002
and mean 1.35 ng/mL, 95 % CI 1.29-1.41, P = 0.002,
respectively) (Fig. 1b, ¢ respectively). Following the
additional adjustment for total hip and lumbar spine BMD,
respectively, the differences of plasma SOST levels,
according to non-vertebral and vertebral fracture status,
remained significant (P = 0.003 and 0.004, respectively).
When we only considered hip fracture status among sub-
types of non-vertebral fractures, subjects with hip fracture
(mean 1.15 ng/mL, 95 % CI 0.98-1.32) had significantly
lower plasma SOST levels compared with their age- and
BMI-matched controls (mean 1.37 ng/mL, 95 % CI
1.31-1.43, P = 0.017) after adjustment for all potential
confounders including BMD values. However, subjects

A Any fracture

Multivariable adjustment

B Non-vertebral fracture

Multivariable adjustment

with and without OF did not differ in terms of plasma
DKK1 levels, regardless of the adjustment model used
(Supplementary Fig. 1).

ORs for OF According to Plasma SOST and DKK1
Concentrations

The ORs per 1 SD decrement in plasma SOST concen-
tration for any prevalent OF type were 1.68 before and 1.77
after multivariable adjustment (Table 2a). Performance of
a further adjustment for total hip BMD revealed that the SD
decrement of plasma SOST concentration was still asso-
ciated with a multivariable-adjusted OR of 1.72 for any
prevalent OF type. The non-vertebral and vertebral frac-
tures were separately analyzed. Each SD decrement of
plasma SOST concentration was significantly associated
with 1.81-fold higher ORs for the non-vertebral fractures
and 1.95-fold higher ORs for the vertebral fractures, after
considering all potential confounders including BMD val-
ues (Table 2b, c). By contrast, the ORs for prevalent OF
did not differ according to plasma DKK1 concentrations in
any of the adjustment models (Supplementary Table 1).
Meanwhile, the OR values of all covariates included in the
multivariable adjustment model for any prevalent OF type
were presented as Supplementary Table 2. A parental
history of OF was significantly associated with 3.16-fold
higher ORs, whereas the statistical significance for the
association between total hip BMD and any prevalent OF
was only marginal (P = 0.094).

ORs for OF According to Plasma SOST Tertiles

As plasma SOST was associated with prevalent OF and not
DKK1, we performed further analyses after categorizing
subjects into three tertiles on the basis of plasma SOST
levels. The prevalence of any type of OF in Q1, Q2, and Q3

C Vertebral fracture

Multivariable adjustment

P <0.001 P =0.002 P =0.002
16 1. 16
E’ 1 g 16 1 g 1
jo)] (o)) (o))
£ 14 £ 14 £ 14
= = =
3 3 3
.l ol .l
© ®© ®©
5 10 5 10 5 10
© © ©
o ol NN | | a ol NN | | o ol NN | |
OF (+) OF (-) OF (+) OF (-) OF (+) OF (-)

Fig. 1 Differences in plasma sclerostin levels following adjustment
for confounders according to the osteoporotic fracture (OF) status.
Estimated means with 95 % confidence intervals were generated and
compared using analysis of covariance (ANCOVA). The
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multivariable adjustment factors were age, YSM, body mass index,
current smoking, alcohol intake (>3 Units/day), regular outdoor
exercise (>30 min/day), and parental history of OF
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Table 2 Multiple logistic regression analyses to determine the ability of plasma sclerostin levels to predict osteoporotic fracture
ORs (95 % ClIs) per SD decrement in P value
plasma sclerostin concentration
(a) Any fracture
Unadjusted 1.68 (1.24-2.28) 0.001
Multivariable adjustment 1.77 (1.29-2.43) <0.001
Additional adjustment for TH BMD 1.72 (1.24-2.40) 0.001
(b) Non-vertebral fracture
Unadjusted 1.67 (1.17-2.39) 0.005
Multivariable adjustment 1.76 (1.20-2.58) 0.004
Additional adjustment for TH BMD 1.81 (1.21-2.70) 0.004
(c) Vertebral fracture
Unadjusted 1.73 (1.17-2.54) 0.006
Multivariable adjustment 1.85 (1.23-2.78) 0.003
Additional adjustment for LS BMD 1.95 (1.23-3.11) 0.005

Values in bold indicate statistically significant values. The multivariable adjustment factors are age, YSM, body mass index, current smoking
status, alcohol intake (>3 Units/day), regular outdoor exercise (>30 min/day), and parental history of osteoporotic fracture

OR odds ratio, CI confidence interval, SD standard deviation, TH BMD total hip bone mineral density, LS BMD lumbar spine bone mineral

density

were 62.3, 51.5, and 36.2 %, respectively. Multiple logistic
regression analyses revealed that the ORs for OF increased
in a linear fashion with decreasing SOST tertile (P for
trend = 0.002 in the multivariable adjustment model):
compared to Q3, the odds for OF in the subjects in Q1 were
2.97-fold higher following adjustment for potential con-
founders (Table 3a). The OR in Q1 remained statistically
significant following addition of the adjustment for the
total hip BMD value to the multivariable model. When
non-vertebral and vertebral fractures were separately ana-
lyzed, the odds for prevalent non-vertebral fractures were
2.81-fold higher, and the odds for vertebral fractures were
3.06-fold higher, in subjects in Q1 than in subjects in Q3
following adjustment for potential confounders (Table3b,
c). Statistical significance persisted even when adjustment
for BMD values was added.

Association of Plasma SOST and DKK1
Concentrations with BMD at Various Skeletal Sites

Plasma SOST levels Positively associated with BMD val-
ues at the lumbar spine, total hip, femoral neck, and tro-
chanter before and after adjustment for age, YSM, BMI,
current smoking status, alcohol intake, regular outdoor
exercise, and parental history of OF (Table 4). Consis-
tently, BMD values at all measured sites were significantly
lower in subjects in QI than in those in Q3 after consid-
ering all potential confounders (Table 5). However, an
association of plasma DKKI1 levels with BMD values at
any site was not found, regardless of the adjustment model
applied (Supplementary Table 3). Meanwhile, neither

plasma SOST nor plasma DKK1 had no correlation with
the levels of serum CTX and BSALP (Table 4 and Sup-
plementary Table 3, respectively).

Discussion

This case—control study demonstrated that postmenopausal
women with OF had markedly lower plasma SOST levels
than their age- and BMI-matched controls. Furthermore,
each SD decrement of plasma SOST concentration was
associated with a multivariable-adjusted OR of 1.77 for any
prevalent OF type. These associations remained significant
when the non-vertebral and vertebral fractures were ana-
lyzed separately. However, prevalent OF was not associ-
ated with plasma DKKI1 levels, regardless of the type of
fracture and the adjustment model employed. Consistently,
plasma SOST levels were positively related with BMD
values, although this was not observed for DKK1. To the
best of our knowledge, this is the first clinical study to
investigate associations between both plasma SOST and
DKKI1 levels and osteoporosis-related phenotypes in the
Asian population, and to separately analyze non-vertebral
and vertebral fractures regarding these circulating Wnt
antagonists.

Although both SOST and DKKI1 are well-known as
important regulators in bone metabolism, little data exist
on their direct comparison as a biomarker for osteoporosis-
related phenotypes except one cross-sectional study [27].
In the present study, prevalent OF and BMD values were
significantly associated with plasma SOST levels but not
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Table 3 Multiple logistic regression analysis to determine whether plasma sclerostin tertiles may predict the risk of osteoporotic fracture

Sclerostin tertiles Unadjusted Multivariable adjustment Additional adjustment
for TH BMD

ORs (95 % Cls) P value ORs (95 % Cls) P value ORs (95 % Cls) P value
(a) Any fracture
Q3 (1.38-2.33 ng/mL) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Q2 (1.17-1.37 ng/mL) 1.87 (0.94-3.70) 0.073 1.75 (0.85-3.59) 0.126 1.66 (0.80-3.45) 0.171
Q1 (0.42-1.16 ng/mL) 2.91 (1.46-5.81) 0.002 2.97 (1.45-6.10) 0.003 2.71 (1.28-5.73) 0.009
(b) Non-vertebral fracture
Q3 (1.38-2.33 ng/mL) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Q2 (1.17-1.37 ng/mL) 2.04 (0.93-4.51) 0.077 1.81 (0.79-4.17) 0.162 1.82 (0.78-4.24) 0.163
Q1 (0.42-1.16 ng/mL) 2.71 (1.21-6.07) 0.016 2.81 (1.20-6.59) 0.018 2.84 (1.17-6.91) 0.021
(c) Vertebral fracture
Q3 (1.38-2.33 ng/mL) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Q2 (1.17-1.37 ng/mL) 1.39 (0.58-3.35) 0.458 1.41 (0.55-3.62) 0.475 0.96 (0.33-2.81) 0.946
Q1 (0.42-1.16 ng/mL) 2.88 (1.26-6.63) 0.013 3.06 (1.27-7.36) 0.013 3.89 (1.44-10.51) 0.007

Values in bold indicate statistically significant values. The multivariable adjustment factors are age, YSM, body mass index, current smoking
status, alcohol intake (>3 Units/day), regular outdoor exercise (>30 min/day), and parental history of osteoporotic fracture

TH BMD total hip bone mineral density, OR odds ratio, CI confidence interval. LS BMD lumbar spine bone mineral density, Ref. reference

Table 4 Multiple linear

. . Dependent variables Unadjusted Multivariable adjustment

regression analyses to determine

the association of plasma ap P value bR2 B P value R?

sclerostin concentrations with

BMD values at different skeletal Lumbar spine BMD 0.286 <0.001 0.082 0.271 <0.001 0.175

sites and bone turnover markers  Toga] hip BMD 0.304 <0.001 0.092 0.287 <0.001 0.288
Femoral neck BMD 0.278 <0.001 0.077 0.251 <0.001 0.229
Trochanter BMD 0.268 <0.001 0.072 0.259 <0.001 0.252
CTX —0.082 0.289 0.007 —0.108 0.165 0.060
BSALP —0.059 0.477 0.003 —0.086 0.306 0.064

The enter method was applied to this model with the BMD value at each skeletal site serving as the
dependent variable, and the plasma sclerostin concentration serving as the independent variable. Values in
bold indicate statistically significant values. The multivariable adjustment factors are age, YSM, body mass
index, current smoking status, alcohol intake (>3 U/day), regular outdoor exercise (>30 min/day), and
parental history of osteoporotic fracture

BMD bone mineral density, CTX C-terminal telopeptide of type I collagen BSALP bone-specific alkaline

phosphatase

2 Standardized coefficient. ® R? means the proportion of the response variable variation that is explained

by a linear model

with plasma DKKI levels. These results may be partially
explained by the widespread expression of DKK1 com-
pared with that of SOST. Both SOST and DKKI1 are syn-
thesized by osteocytes. However, SOST is almost
exclusively expressed in osteocytes and late osteoblasts in
adults [28], whereas DKKI1 is expressed in several tissues,
such as endothelial cells, neural cells, and platelets, with
the latter considered as a major contributor of circulating
DKK1 levels [29, 30]. The report by Drake et al. [31]
showed strong correlations of SOST between peripheral
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blood and bone marrow fluid, whereas DKK1 did not have
any associations. Collectively, blood SOST levels are
presumed to superiorly reflect the status in the bone
microenvironment than blood DKK1 levels, and thus cir-
culating SOST may be of clinical relevance and an
appropriate biomarker for bone health in humans.

In spite of substantial efforts from researchers, the
relationship between blood SOST levels and the risk of
fracture are still controversial [18-21]. Importantly,
although the risk of fracture is strongly affected by
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Table 5 Differences in BMD
values at various skeletal sites
according to plasma sclerostin

Variables

Q1 (0.42-1.16 ng/mL) Q2 (1.17-1.37 ng/mL) Q3 (1.38-2.33 ng/mL) P value
Estimated mean (g/cmz) (95 % Cls)

tertiles after adjustment for

B Lumbar spine BMD
potential confounders

Total hip BMD
Femoral neck BMD
Trochanter BMD

0.850 (0.824-0.875)"
0.772 (0.751-0.792)"
0.722 (0.702-0.742)"
0.602 (0.582-0.622)"

0.861 (0.836-0.886) 0.902 (0.877-0.926) 0.010
0.800 (0.779-0.820) 0.834 (0.814-0.854) <0.001
0.744 (0.724-0.765) 0.770 (0.750-0.790) 0.005
0.631 (0.611-0.652) 0.653 (0.633-0.673) 0.002

Values are generated and compared from analysis of covariance (ANCOVA). *Statistically significantly
different from the highest tertile (Q3) by ANCOVA. Values in bold indicate statistically significant values.
The multivariable adjustment factors are age, YSM, body mass index, current smoking status, alcohol
intake (>3 Units/day), regular outdoor exercise (>30 min/day), and parental history of osteoporotic

fracture

CI confidence interval, BMD bone mineral density

ethnicity [22], no study so far has examined the association
between blood SOST levels and OF in an Asian population,
with the exception of a cross-sectional study performed in
Japan that comprised diabetic patients [32]. However, the
Japanese results can be biased by diabetes having the
potential impact on the association between fracture and
SOST [33], and thus our present study is meaningful in this
regard because it is the first to demonstrate a significant
association in the Asian population, particularly in the
absence of a disease that may affect bone metabolism.
The fact that low SOST levels were associated with a
high prevalence of OF and low BMD values appears ini-
tially inconsistent with the known functions of this protein:
SOST is a secreted Wnt antagonist that plays a funda-
mental role as a detrimental factor in bone tissue. Although
the reasons for this counterintuitive finding are unclear, our
results were validated by those from a recent study by
Szulc et al [21], who also hypothesized that blood SOST
may be a marker of bone strength. Specifically, mechanical
loading was associated with higher strains and lower SOST
secretion in a dose-dependent manner [34, 35]. Conversely,
mechanical unloading was associated with higher SOST
secretion [34, 36, 37]. Thus, circulating SOST may reflect
the adaptation of the metabolic activity of osteocytes to
existing bone strains. Subjects with a higher BMD and
better bone microarchitecture may have greater bone
strength, lower mechanical strains, and higher SOST
levels. Conversely, subjects with a lower BMD and poor
bone microarchitecture may have higher mechanical strains
in the remaining bone, resulting in the decrease of SOST
expression to compensate bone fragility. Meanwhile, in our
present study, among the 103 cases we evaluated, the
average time between a fracture event and plasma SOST
assessment was 1.39 £ 1.28 years and the time elapsed
since fracture were positively associated with circulating
SOST (f = 0.279, P = 0.021), meaning that subjects with
more recent fractures had lower SOST levels. This obser-
vation can be explained by quantitative polymerase chain
reaction analyses in human bones showing that SOST

expression was down-regulated during fracture repair [38].
Taken together, all these results suggest the presence of a
compensatory mechanism where SOST expression is
decreased to overcome poor bone health.

In the present study, plasma SOST levels had no cor-
relation with the levels of serum CTX and BSALP and had
modest associations with BMD values. These results indi-
cate that a potential role of SOST in human bone meta-
bolism could be mediated by various other components
consisting of bone strength, such as bone microarchitecture
[39, 40], besides bone mass or independently of bone
turnover rate.

Some potential limitations should be considered when
interpreting our results. First, as this study is a case—control
study, we were unable to determine whether a causal
relationship exists between plasma SOST concentrations
and osteoporosis-related phenotypes. Second, the study
population comprised women who attended a referral
hospital, and this may have imposed selection bias as this
cohort may not be representative of the general population.
Third, there is no standardized method for measuring blood
Whnt antagonists at present, and thus the results showing the
absence of relationship between DKKI1 level and fracture
and the discrepancies in the literature regarding the asso-
ciation between SOST level and fracture could be caused
by technical issues, such as the efficiency of the kit used.
Lastly, although we attempted to consider as many con-
founding factors as possible, we cannot exclude the pos-
sibility that the observed association was the result of
uncontrolled factors that affect SOST and/or bone vari-
ables, such as 25-hydroxyvitamin D levels.

In summary, decreased circulating SOST levels were
significantly associated with an increased prevalence of
OF, even following division into non-vertebral and verte-
bral fractures and low BMD values in postmenopausal
women. Given the in vitro and animal studies that
demonstrated the harmful effects of SOST on bone meta-
bolism, we speculated that subjects with high bone fragility
and resultant fractures would have low SOST levels, as this

@ Springer
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may counteract the deterioration in bone strength and
facilitate fracture healing. Importantly, plasma DKK1 was
not associated with prevalent fracture and BMD. These
observations suggest that blood SOST but not DKK1 may
be a potential biomarker for predicting bone health in the
Asian population. Further interventional studies are
required to confirm this possibility.
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