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Abstract

Type 1 diabetes mellitus (T1DM) is associated with an increased risk of incident fractures in chil-
dren, which suggests a relationship between bone health and glucose metabolism. The Wnt sig-
naling pathway plays a role in controlling osteoblastogenesis and bone formation, and is modulated
by various endogenous inhibitors, including sclerostin, a Wnt signaling pathway inhibitor. A
recent study demonstrated that glucose levels directly regulate osteocyte function through
sclerostin expression, suggesting a potential mechanism for the negative effects of diabetes on
bone quality. Thus, this study was conducted to assess the relationship between sclerostin lev-
els and physical, metabolic, and endocrinological factors of bone metabolism in Japanese children
and adolescents with TIDM. Twenty-two patients with T1DM (14.2+4.2 ys), and 16 age-, sex-
and sex hormone-matched controls without diabetes mellitus (12.3+4.1 ys) were enrolled in this
study. Serum sclerostin levels were significantly higher in patients with T1DM than in controls (p
=0.013), without significant differences between sexes. Spearman’s rho correlation revealed a
significant positive association between serum sclerostin levels and height-standard deviation
score (SDS) (p=0.011), Body mass index-SDS (p=0.014), and bone- specific alkaline phosphatase
(»p=0.003) in all participants. These results suggest that sclerostin plays a role in T1DM-related
bone fragility in Japanese children and adolescents.
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of both bone formation and resorption become abnormal

Introduction . : oy . . .
in patients with diabetes, suggesting that diabetes melli-

Type 1 diabetes mellitus (T1DM) increases the risk of
bone fractures in adults"®. In a large UK cohort, T1IDM
was also demonstrated to be associated with an increased
risk of incident fractures that begin in childhood and con-

tinue throughout one’s life span®.

The mechanisms re-
lated to diabetic bone fragility have not been fully

elucidated ; however, studies have shown that markers
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tus is a condition of low bone turnover, which may con-
secutively lead to a more fragile bone®.

In adult T1DM, low bone formation is confirmed using
biomarkers of bone turnover, such as serum osteocal-
cin®. In T1DM children and adolescents, markers of
bone formation, including osteocalcin and procollagen
type-1 amino-terminal pro-peptide, and resorption, in-
cluding C-terminal cross-linked telopeptide of type-1
collagen, were decreased, suggesting disturbed bone
turnover in T1DM children and adolescents®®. In addi-
tion, bone growth is especially pronounced during puber-
ty, with 25-50% of the peak bone mass accumulat-

ed”. Bone maturation and the attainment of peak bone
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mass during puberty are important for fracture resistance
in adulthood”.

cient mineralization during puberty due to T1DM may

Decreased bone formation and insuffi-

account for the lower peak bone mass acquisition ob-
served in patients with TIDM®*?. T1DM has been re-
ported to change or delay pubertal development, espe-
cially in the T1DM patients with poor glycemic control,
which may lead to an increased fracture risk owing to
lower bone mineral density, lower trabecular volume, and
higher bone turnover than in healthy children'*'".

The Wnt signaling pathway plays a role in the control of
Wnt ligands bind
to low-density lipoprotein receptor proteins 5 and 6
(LRP5/6), which stimulate osteoblast differentia-

tion'?.

osteoblastogenesis and bone formation.

Wnt signaling is modulated by various endoge-
nous inhibitors, including sclerostin and dick-
kopf-1'2.  Sclerostin is a secreted glycoprotein primarily
produced by osteocytes and has anti-anabolic effects on
bone formation. Sclerostin binds to LRP5/6 receptors and
The inhibition of

the Wnt pathway leads to decreased bone formation. In

inhibits the Wnt signaling pathway?.

contrast, mutations in the SOST gene, which encodes the
sclerostin protein, are associated with high bone mass,
sclerosteosis, and van Buchem disease, an autosomal re-
cessive skeletal disease characterized by uninhibited bone
growth, especially in the mandible, skull, and ribs". Re-
cently, anti-sclerostin antibodies has been shown to be a
therapeutic agent for bone mass recovery and fragility
fracture prevention in low bone mass phenotypes such as
osteoporosis™.

High levels of sclerostin have been found in adult pa-
tients with type 2 diabetes mellitus, whereas adult pa-
tients with T1DM had either higher or comparable values
of sclerostin levels with respect to controls”. A recent
study using a mouse model and cultured osteocyte-like
cells demonstrated that glucose levels directly regulate
osteocyte function through sclerostin expression, sug-
gesting a potential mechanism underlying the negative

impact of diabetes on bone quality?.

However, the me-
chanical involvement of sclerostin in low bone turnover
in T1DM children and adolescents is still controversial
since there is limited clinical data on these factors.

This study was designed to evaluate the serum levels

of sclerostin and their correlation with some physical,
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metabolic, and endocrinological factors of bone metabo-
lism as well as the influence of glycemic control on bone
health in Japanese children and adolescents with T1DM
on intensive insulin therapy.

Methods

Study population

Twenty-two children and adolescents with T1DM on
intensive insulin therapy (9 boys and 13 girls) and sex-
matched 16 non-diabetes mellitus (non-DM) control pa-
tients (8 boys and 8 girls) who visited Akita University
Hospital were included in this study. The study partici-
pants were enrolled between October 2021 and March
2022.

with compensated hypothyroidism and 2 patients with

The non-DM controls consisted of 14 patients

non-DM obesity. Ethical approval was obtained from the
Ethics Committee of Akita University’s Graduate School
of Medicine, Akita, Japan. Written informed consent
was obtained from the parents or guardians of the pa-
tients, and the study was conducted in accordance with
the Declaration of Helsinki.

All patients with T1IDM were treated with intensive
insulin therapy. Insulin analogs were administered to 22
patients, including 5 patients who were treated with an
insulin pump. Rapid-onset and long-acting analog insulin
were administered to 17 patients. The mean daily insu-
lin dose of the entire group of patients reached 1.1+0.27
1U/kg body weight.
6.7+4.2 years. The mean level of HbAlc in the group of
patients with T1DM was 7.9+0.8%.

lected from among non-DM patients whose disease was

The mean duration of diabetes was

Controls were se-

compensated with appropriate treatment in our outpa-
tient clinic. All 14 patients with hypothyroidism were
treated with levothyroxine, and euthyroidism was con-
firmed by laboratory tests. The mean daily levothyrox-
ine dose of the entire group of patients reached 1.6+1.1
1g/kg body weight.

was 8.8+4.4 years.

The mean duration of treatment
The mean levels of free triiodothy-
ronine (fT3), free thyroxine (fT4), and thyroid stimulating
hormone (TSH) were 3.94+0.47 pg/mL (reference
range ; 3.10-4.50), 1.54+0.15 ng/dL (reference
range ; 1.22-1.72), and 3.44+1.74 uIU/mL (reference
range ; 0.75-5.95), respectively.
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The height and weight of each patient were measured
using a rigid stadiometer and calibrated balance scale, re-
spectively. The height standard deviation score (height-
SDS) was calculated from national normative data'™. The
body mass index (BMI) was calculated as weight in kilo-
grams (kg) divided by the square of the height in meters
(m?). The BMI standard deviation score (BMI-SDS) was
calculated from reference data for Japanese children'®.

Two groups of patients with T1DM and non-DM con-
trols were enrolled in the study, with laboratory analysis
of the patients’ blood. Blood was collected in the state
of fasting as outpatients and serum was stored frozen at
<—20°C. Medical records were assessed for age, sex,
height, weight, starting day of insulin therapy, starting
day of other treatments, and laboratory data, including lu-
teinizing hormone (LH), follicular stimulating hormone
(FSH), estradiol (E2), testosterone, HbAlc, glucoalbumin
(GA), C-peptide, bone-specific alkaline phosphatase

(bone-ALP), 25-OH vitamin D, osteocalcin, adiponectin,
IGF-1
standard deviation score (IGF-I-SDS) was calculated

and insulin-like growth factor-1 (IGF-I) levels.

from the reference data for the normal Japanese popula-
tion'”.

Serum sclerostin levels were determined using a Hu-
man Sclerostin ELISA Kit (Invitrogen). Briefly, 50 uL
diluent solution was additionally poured to a conjugated
96-well plate containing 50 uL standards and samples in
duplicate and incubated at 37°C for 3 hours. 100 uL of
Mouse SOST conjugate was additionally poured to each
well and incubated at 37°C for 1 h. 100 xL of substrate
solution was added to each well and incubated in the dark
at 37°C for 30 min. The reaction was stopped with the
addition of 100 pL of stop solution and absorbance mea-
sured at 450 nm, with readings at 540 nm obtained for
wavelength correction. Standards were used to interpo-
late the sclerostin concentration.

Table 1. Demographic and laboratory parameters of type 1 diabetes mellitus patients and non-type 1 diabetes mellitus
controls
T1DM (n=22) non-T1DM (2=16) b

Age (ys) 14.2+4.2 (6.5-20.2) 12.2+4.1 (6.7-18.3) 0.145
Male/Female 9/13 8/8 0.651
Height SDS 0.52+1.2 (-1.5-3.5) —-0.37x1.28 (-3.1-1.4) 0.018*
BMI SDS 0.69=0.86 (-0.7-2.5) 0.49+1.19 (-1.4-2.6) 0.281
LH (mIU/mL) 3.6+4.2 (<0.1-17.2) 2.2+2.6 (<0.1-8.8) 0.312

(male/female) 1.8+1.2 (0.1-4.26)/4.9+5.1 (0.1-9.6) 2.2+1.8 (0.1-4.89)/2.2+3.3 (0.1-8.79) (0.297/ 0.238)
FSH (mIU/mL) 3.8+2.1 (1.0-7.9) 5.0%6.7 (1.3-28.8) 0.715

(male/female) 2.9+1.3 (1.48-5.81)/4.4%2.3 (0.96-7.85) 6.7+9.3 (1.88-28.77)/3.3+1.9 (1.33-6.3) (0.606/ 0.122)
E2 (pg/mL) 44.9+51.2 (<10-186) 24.1+22.4 (<10-96) 0.129

(male/female) 19.8+8.7 (<10-39)/62.3+61.1 (<10-186) 21.0£13.1 (<10-40.0)/27.3+29.7 (<10-96) (0.815/0.140)
Testosterone (ng/mL) 1.7£1.9 (<0.04-5.73) 1.8+2.6 (0.04-7.59) 0.51

(male/female)
Duration of insulin therapy (y)
HbA1 (%)
GA (%)
C-peptide (ng/mL)
Sclerostin (pmol/L)
Bone-ALP (ug/L)
25-OH vitamin D (ng/mL)
Osteocalcin (ng/mL)
Adiponectin (ug/mL)
IGF-I (ng/mL)
IGF-1SDS

3.5+1.8 (0.04-5.73)/0.4+0.2 (0.17-0.7)
6.7+4.2 (1.8-19.8)
7.9%+0.8 (6.5-10.4)
24.2+4.1(17.1-33.8)
0.15%0.21 (0.1-0.2)
19.5+8.0 (8.1-36.1)
54.5+43.1 (9.8-136)
17.8+5.5 (7.8-28.6)
38.5+29.6 (3.8-114)
11.6+5.6 (3.0-20.4)
217.6+105.7 (41-503)
-1.2+1.6 (=5.3-1.3)

3.5%3.2 (0.05-7.59)/0.2+0.3 (0.05-0.83)

(0.479/0.161)

N.D.
N.D.
12.4+1.0 (10.9-14.0) <0.001*
2.30+1.10 (0.70-4.00) <0.001*
14.9+4.0 (7.9-20.9) 0.013*
62.5+39.1 (6.8-123) 0.51
15.1+4.1 (8.9-24.7) 0.088
50.4+40.0 (7.8-142) 0.404
10.9+5.2 (3.2-21.4) 0.336
251.3+110.6 (99-481) 0.352
-0.3+1.0 (-2.2-1.8) 0.017*

T1DM : patients with type 1 diabetes mellitus, non-T1DM : patients without type 1 diabetes mellitus, *<0.05
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Figure 1. Serum sclerostin levels of children and ado-
lescents with T1DM and non-DM controls
Serum sclerostin levels were significantly
higher in patients with T1IDM (T1DM) than
in those without DM controls (non-T1DM)
(*=0.013).
Statistical Analysis

Data were analyzed using the IBM SPSS statistics 28.0
software package, and the results are presented as the
mean=+standard deviation. Skewness estimation of the
data was performed using the Shapiro-Wilk test. An in-
dependent ¢-test was performed for normally distributed
parameters. Mann-Whitney U tests were used for pa-
rameters without a normal distribution. Depending on
the skewness of the data, Spearman’s rho correlation or
Pearson’s correlation test was used to examine the cor-
relation between parameters.

was set at p<0.05.

Statistical significance

Results

Characteristics of the patients with T1DM and non-

DM controls are summarized in Table 1. Patients with
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T1DM had significantly higher levels of GA and lower
levels of C-peptide than non-DM controls (P<0.001, re-
spectively). There were no differences in age, sex, or
BMI-SDS between patients with T1DM and non-DM
controls. There was also no difference in the levels of
LH, FSH, E2, and testosterone between patients with
T1DM and non-DM controls. The non-DM controls
were comparable to the patients with T1DM in terms of
age, sex, BMI-SDS, and sex hormones. Significant dif-
ferences in height SDS scores were observed between
the two groups. There was also a significant difference
in the IGF-I-SDS between the two groups.
no differences in bone-ALP, 25-OH vitamin D, osteocal-

There were

cin, adiponectin, or IGF-I levels between the two groups.
However, there was a significant difference in the IGF-I-
SDS between the two groups.

Serum sclerostin levels were significantly higher in
patients with T1DM than in non-DM controls (p=0.013)
(Table 1).
presented in Figure 1.

Distribution of serum sclerostin levels were
There were no differences in se-
rum sclerostin levels between the sexes in any of the
participants, patients with T1DM, or non-DM controls
(data not shown).

Spearman’s rho correlation revealed a significant posi-
tive association between serum sclerostin level and
height-SDS (p=0.407, P=0.011), BMI-SDS (p=0.394,
P=0.014), and bone-ALP (p=0.463, P=0.003) in all par-
ticipants (Table 2, Figure 2, Figure 3, and Figure 4). The
Pearson correlation test revealed a significant positive
association between serum sclerostin level and height-
SDS (r=0.470, P=0.027) and bone-ALP level (r=0.575,
$=0.005) in patients with T1DM (data not shown). The
Pearson correlation test revealed a significant positive
association between height SDS and IGF-I SDS
(r=0.743, p<0.001) in patients with T1DM (Figure 5).
The Pearson correlation test revealed no significant posi-
tive association between serum sclerostin levels and any
factors in non-DM controls (data not shown).

Discussion

In our cross-sectional study comparing T1DM with
non-DM patients, significant differences in SDS-height

were observed between the two groups. In addition,
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Table 2. Spearman’s rho correlation between serum sclerostin and clinical data in all of the subjects

T1DM+nonT1DM Sclerostin
n=38 p P
Age (years) 13.38+4.22 —0.203 0.223
Sex (male/female) 17/21 —0.186 0.264
Height-SDS 0.14+1.30 0.407 0.011*
BMI-SDS 0.61+1.00 0.394 0.014*
LH (mIU/mL) 3.03+3.64 —0.059 0.723
FSH (mIU/mL) 4.28+4.58 —0.072 0.669
E2 (pg/mL) 36.16+42.42 -0.211 0.203
Testosterone (ng/mL) 1.74+2.22 0.145 0.386
GA (%) 19.23+6.67 0.139 0.404
C-peptide (ng/mL) 1.06+1.29 —0.187 0.260
Bone-ALP (ug/L) 57.86+41.15 0.463 0.003*
250H-D (ng/mL) 16.67+5.09 0.242 0.143
Osteocalcin (ng/mL) 43.51+5.41 0.246 0.137
Adiponectin (ug/mL) 11.29+5.41 -0.171 0.305
IGF-I (ng/mL) 232+107.62 0.26 0.115
IGF-1-SDS —0.82+1.42 0.261 0.114
*<0.05
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Figure 2. Association between sclerostin and height-SDS in all study participants

Spearman’s rho correlation revealed a significant positive association between serum sclerostin and
height-SDS (p=0.407, P=0.011) in all of the participants.
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Figure 3. Association between sclerostin and bone-ALP levels in all study participants
Spearman’s rho correlation revealed a significant positive association between serum sclerostin and
bone-ALP levels (p=0.463, P=0.003) in all of the participants.
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Figure 4. Association between sclerostin and BMI-SDS in all of the study participants
Spearman’s rho correlation revealed a significant positive association between serum sclerostin levels
and BMI-SDS (p=0.394, P=0.014) in all study participants.
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Figure 5. Association between height-SDS and IGF-I-SDS in patients with TIDM
The Pearson correlation test revealed a significant positive association between the height SDS and
IGF-I-SDS scores (r=0.743, p<0.001) in the patients with TIDM

there was a significant difference in the IGF-I-SDS be-
tween the two groups. The GH/IGF-I axis is recognized
as one of the most important axes that play roles in bone
growth. Several studies have reported abnormalities in
the GH/IGF-I axis in patients with TIDM'®. Some stud-
ies have shown that IGF-I levels in patients with T1DM
are significantly lower at every developmental stage com-

18, IGF-I levels in patients

pared with matched controls
with T1DM are also negatively correlated with glycemic
control, particularly during puberty’®. Thus, the differ-
ence in height-SDS and IGF-I-SDS may have originated
from the endocrinological characteristics of patients with
T1DM in our study.

In the present study, the results showed that serum
sclerostin levels were significantly higher in patients with
T1DM than in age-, sex-, and sex hormone-matched non-
DM controls. These results suggest that sclerostin is as-
sociated with glucose metabolism. In a previous study by
Tseniditis et al., there were no differences in serum
sclerostin levels between T1DM children and adolescents
and their healthy peers'®. However, serum sclerostin
levels were reported to be higher in adult patients with
T1DM, including men and premenopausal women, than in
the control group, irrespective of sex?”.  Sclerostin levels

have also been reported to be higher in prediabetic indi-

viduals than in healthy adults®”. Since then, four studies
have investigated serum sclerostin levels in T1DM chil-
dren and adolescents compared with controls, and two
studies showed significantly increased levels of serum
sclerostin in patients with T1DM than in non-DM
controls ; however, in the other two studies, the serum
sclerostin levels were not significantly higher in patients
with T1DM than in controls®#.

Serum sclerostin was first studied by Kirman in
healthy children, who showed that serum sclerostin lev-
els were higher in boys than in girls and declined in both
sexes following the onset of puberty”. Following this
report, serum sclerostin levels were studied in patients
with T1DM by adjusting for sex and pubertal stage using
Tanner stages 1-5. Three studies reported negative re-
sults regarding the significance of sclerostin in patients
with TIDM"**%_ Instead of the pubertal stages, our
study evaluated patients by directly determining sex hor-
mone levels of LH, FSH, E2, and testosterone and
showed a significant elevation of serum sclerostin levels
in children and adolescents with TIDM. In addition, our
report is the first study on serum sclerostin levels in the
Japanese population. Bone mineral density and bone
metabolism are known to be influenced by ethnicity or
genetic background, suggesting that there could be some
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influence of ethnic or genetic background on the study

results®”.

Therefore, our study suggests that ethnicity
may not influence the relationship between serum
sclerostin levels and T1DM on bone health in children.

In our study, no significant correlation was observed
between serum sclerostin levels and HbAlc in children
and adolescents with TIDM. The five studies described
above showed controversial results regarding the corre-
lation between serum sclerostin levels and glycemic con-
trol in children with T1DM and adolescents'**?. One
of the studies showed a negative association between se-
rum sclerostin levels and HbA1c?. Another highlighted
high serum levels of sclerostin in children with T1IDM
and its relationship with altered glycemic control as well
as the effect of continuous subcutaneous insulin infusion
(CSII) on the improvement of glycemic control and bone
health in children with T1DM?*?,
three studies and our study did not show a significant

However, the other

correlation between serum sclerostin levels and glycemic
control.

Spearman’s rho correlation revealed a significant posi-
tive association between serum sclerostin level and
height-SDS, BMI-SDS (p=0.394, P=0.014), and bone-
ALP level in all of the participants. Bone ALP levels have
been investigated in studies on bone health in T1IDM
children, adolescents, and adults. In a study of biochemi-
cal markers of bone turnover in older adults with T1DM
including 245 patients and 104 controls, there was no dif-
ference in bone-ALP between the two groups ; however,
a lower estimated glomerular filtration rate (eGFR) was
reported to be significantly associated with higher bone-
ALP levels®. In two studies on child bone health in pa-
tients with T1DM, bone ALP was measured, and there
were no significant differences in bone ALP between
children with T1DM and controls??>,
shown in Table 1, there was no difference in bone-ALP

In our study, as
levels between the two groups. Bone-ALP levels is one
of the markers of bone formation, whereas osteocalcin is
another marker of bone formation. A study of sclerostin
and bone health in children showed a strong positive as-
sociation between serum sclerostin levels and osteocal-
cin levels in a group of children with T1DM before and
after adjusting for age, BMI-SDS, and Tanner stage, sug-
gesting that osteocalcin seems to modulate the participa-
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tion of sclerostin in metabolic regulation in T1DM?®,
Our study suggests that bone-ALP might be another pos-
sible modulator of the metabolic regulation of sclerostin
in TIDM. Further studies are needed to clarify the sig-
nificance of sclerostin as a regulator of bone metabolism
in TIDM.

Based on studies of sclerostin in bone health in T1DM,
serum sclerostin levels could be a biomarker of low bone
turnover as a complication of glucose metabolism disor-
ders, such as TIDM. Some bone biomarkers are known
to display diurnal variation in humans. However, the
rhythmicity of serum sclerostin over a 24-hour interval
demonstrates that sclerostin levels do not appear to be

rhythmic in men®.

Therefore, serum sclerostin levels
could be a useful biomarker for screening for low bone
turnover in children and adolescents with TIDM.

In summary, sclerostin and bone ALP levels may play
important roles in the relationship between bone and glu-
cose metabolism in children and adolescents. We sug-
gest that serum sclerostin levels could be a possible bio-
marker of a state of low bone turnover in children and
adolescents with T1IDM.

The limitations of our study include its small sample
size. Therefore, the conclusions of our study must be
applied cautiously to other populations. Another limita-
tion is the lack of data on bone mineral density among the
participants of the study. Therefore, our suggestions
about the potential role of sclerostin in bone formation
are only speculations. We should plan more eligible de-
sign of the study including larger sample size, a study of
bone mineral density, and even normal controls without
underlying health conditions, different from our study us-
ing the controls with compensated hypothyroidism and

non-DM obesity.

Conclusion

Our results suggest a relationship between sclerostin
levels and bone health in children and adolescents with
T1DM. Further investigation is required to determine
whether an increase in sclerostin levels could be a poten-
tial cause of the regulation of bone formation in T1DM.
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