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A B S T R A C T   

Introduction: Type 2 diabetes (T2D) is related to an increased fracture risk and low bone turnover. However, the 
mechanisms are not elucidated. In the present study we investigate the association between glycemic variability 
and bone turnover markers. 
Methods: 100 participants with T2D and 100 age and gender matched controls were included in this cross- 
sectional study. All participants with T2D were equipped with a continuous glucose monitoring (CGM) sensor 
for 3 days (CGMS iPro Continuous Glucose Recorder; Medtronic MiniMed). The dawn glucose levels were defined 
as a morning period starting 1 h before breakfast ending 1 h post ingestion. On all participants serum (s)-C- 
terminal cross-linked telopeptide of type-I collagen (CTX), s-procollagen type 1 amino terminal propeptide 
(P1NP), and s-sclerostin were measured. 
Results: Participants with T2D displayed significantly lower levels of the bone resorption marker s-CTX and the 
bone formation marker s-P1NP compared to controls. S-CTX was significantly negatively associated with the 
mean amplitude of glycemic excursions (MAGE) and the dawn glucose levels whereas s-P1NP only was signif-
icantly negatively associated with the dawn glucose levels while it was borderline significantly associated with 
MAGE (p = 0.05). S-CTX and s-P1NP were significantly lower among the 50% with the highest dawn glucose 
levels compared to the 50% lowest dawn glucose levels also after adjustment for age, gender, glycated hemo-
globin A1c (HbA1c), and body mass index (BMI). 
Conclusion: We observed that the amplitude of glycemic excursions and rise in dawn glucose was negatively 
associated with bone turnover markers. Future research is needed to determine whether reduction of the 
amplitude of glycemic excursions increase bone turnover markers.   

1. Introduction 

Type 2 diabetes (T2D) is associated with an increased risk of fracture 
[1]. This may seem paradoxical as bone mineral density is increased in 
people with T2D compared to controls [2]. However, hyperglycemia is 
associated with decreased circulating bone turnover markers [3–5] and 
histomorphometry [4] show decreased bone formation in people with 
T2D compared to controls. Thus, it has been hypothesized that the 

increased risk of fracture is due to accumulation of microfractures 
caused by low bone turnover. Sclerostin, a Wnt pathway inhibitor that 
inhibits bone formation, is reported to be increased in T2D patients 
compared to controls [3]. In vitro studies report that hyperglycemia 
increases the osteocytes production and release of sclerostin and thereby 
this mechanism may inhibit bone formation and indirectly bone 
resorption [6,7]. In mice with T2D evidence of a decreased bone for-
mation is found by histomorphometry and in these bone samples the 
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osteocytes displayed pro-inflammatory changes compared to non- 
diabetic mice [8]. Changes in glucose levels may directly or indirectly 
affect bone turnover. In vitro studies report that hyperglycemia in-
creases the osteocytes production and release of sclerostin and thereby 
this mechanism may inhibit bone formation and indirectly bone 
resorption [6,7]. In patients with diabetes, plasma glucose levels are 
negatively associated with the levels of bone turnover markers [9]. In 
diabetes, the plasma glucose level may vary during the day and this 
phenomenon of glycemic variability [10] may influence the level of 
bone turnover markers; however, the relationship between glycemic 
variability and bone turnover has not been examined. Glycemic vari-
ability and bone turnover marker levels may be influenced by physical 
activity [11,12], thus we examined both glycemic variability and 
physical activity in the present study. 

In the present cross-sectional study we aimed to investigate bone 
turnover marker levels in people with T2D compared to controls, and 
investigate effects of glycemic variability and physical activity on bone 
turnover markers. The participants with type 2 diabetes had a relatively 
short diabetes duration, however it has previously been shown that bone 
turnover marker levels are decreased in newly diagnosed T2D and in the 
prediabetes state compared to controls [13,14]. We hypothesized that 
levels of C-terminal cross-linked telopeptide of type-I collagen (CTX) and 
procollagen type 1 amino terminal propeptide (P1NP) would be 
decreased whereas sclerostin would be increased in T2D compared to 
controls. We also investigated that glycemic variability would be related 
with bone turnover regardless of physical activity. 

2. Methods 

The details of the study have been described elsewhere [15]. In brief 
100 participants with T2D and 100 age and gender matched controls 
were included. Participants were recruited from outpatient clinics at 
Aarhus University Hospital and advertising in the local press. Inclusion 
criteria for T2D patients were diabetes duration less than 5 years and a 
diabetes diagnosis accordingly to WHO criteria, age ≥ 18 years. Controls 
were excluded if fasting plasma glucose (FPG) or oral glucose tolerance 
test (OGTT) revealed undiagnosed diabetes. Participants were excluded 
if there were acute or chronic infections, prior or current malignancy, 
end-stage renal disease, pregnancy or lactation, and body weight > 120 
kg. In total 196 participants were included, four participants were 
excluded; For two participants there were not enough material for 
analysis of bone turnover markers and these and their two matched 
controls were excluded. 

2.1. Assessments 

All participants with T2D were equipped with a continuous glucose 
monitoring (CGM) sensor for 3 days (CGMS iPro Continuous Glucose 
Recorder; Medtronic MiniMed). CGM data from 12 patients were 
excluded from this study because of use of missing CGM data (less than 
24 h of successful CGM recording). The participants were instructed to 
maintain their usual diet and treatment and were instructed not to 
change their meal patterns during the period of CGM. The mean 
amplitude of glycemic excursions (MAGE) was calculated from glycemic 
data days 2 and 3 to assess individual glycemic variation. MAGE was 
defined as the average of absolute values of differences between adja-
cent peaks and nadirs for all differences greater than 1 SD [10]. MAGE is 
sensitive to large excursions in blood glucose and has previous been 
proposed as a component to assess glycemic control along with HbA1c, 
and fasting blood sugar [16]. The dawn glucose levels were defined as a 
morning period starting 1 h before breakfast ending 1 h post ingestion, 
that may play a role in glycemic regulation in T2D [17]. 

An Actiheart accelerometer (Cambridge Neurotechnology Ltd., 
Cambridge, UK) was worn by both the T2D and participants in the 
control group for up to 6 days. Acceleration was measured using a 
piezoelectric element. When a force is applied upon a crystal during 

acceleration, stress in the crystal generates an electrical charge that is 
relative to the applied force; this change in charge is then measured. The 
amount of force is relative to applied acceleration as described by 
Newton’s law of motion. The Actiheart accelerometer has a dynamic 
range of _25 m/s2 (_2.5 g) and its sensitivity per bit is 0.2 m/s2 (0.02 g). 
The activity output was measured in counts per min (cpm) and an 
average was calculated for daytime (08.00–24.00) and night time 
(24.00–08.00). Data on activity is available for 169 participants. 

Clinical data including fasting blood samples taken in the morning 
were obtained before recording of CGM and Actiheart. The blood sam-
ples were separated and the resulting plasma and serum-aliquots were 
stored at − 80 ◦C until measurements were performed on freshly thawed 
aliquots by a single analyst, blinded to clinical status. Serum levels of 
CTX and P1NP were measured on an automated analyzer according to 
manufacturer instructions. Serum sclerostin was measured in duplets by 
a sclerostin ELISA assay from Biomedica (Vienna, Austria) according to 
kit-manufacturer instructions. The inter-assay analytical variation co-
efficients according to the manufacturers were serum (s)-CTX (<6%), s- 
P1NP (<4%), and s-sclerostin (<10%). 

The Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) 
was determined from FPG and fasting plasma insulin (FPI) using the 
model: (FPG x FPI)

22.5.

2.2. Statistical analysis 

Descriptive statistics were used to present participant characteristics 
and the relation to biochemical bone turnover markers. Normal distri-
bution was assessed visually by Q-Q plots. Mean and standard deviation 
(SD) is presented when appropriate and otherwise median and inter-
quartile range (IQR). STATA 16 was used to perform the analyses. Un-
paired t-test or Wilcoxon signed rank-sum test was performed to test for 
differences as appropriate. Bartletts test was performed to determine if 
the t-test should be performed with equal or unequal variances. Linear 
regression adjusted by diabetes status was performed to assess the 
relation between patient characteristics, glycemic control, activity, and 
biochemical markers of bone turnover. Multiple linear regression 
models were based on statistically significant variables in single linear 
regression (p < 0.05), however, only one variable was selected if vari-
ables correlated with each other. Assumptions were checked when 
performing the linear regression models; assumption of normal distri-
bution, assumption of linearity between dependent and independent 
variable, assumption of reliability, and assumption of homoscedasticity. 
The multiple linear regressions were divided by gender and diabetes 
status (yes/no). Use of glucose-lowering drugs were divided into non- 
users, metformin users, sulphonylureas users, glucagon-like receptor 
agonist 1 analogue (GLP-1 receptor analogue) users, insulin users, and 
dipeptidylpeptidase-IV inhibitors (DPP-IVi) users. In the adjusted anal-
ysis HOMA-IR was converted to logartitmic scale (log(HOMA-IR)) to 
ensure normal distribution. Bone turnover markers were compared i) in 
the 50% least active vs the 50% most active stratified by diabetes status 
and ii) in the diabetic patients with the 50% largest glycemic variability 
vs the 50% with the least variability 

3. Results 

The characteristics of the participants are displayed in Table 1. 
People with T2D had a larger body mass index (BMI) (30 kg/m2 ± 4.7 vs. 
26 kg/m2 ± 4.0), higher glycated hemoglobin A1c (HbA1c) (6.5% ± 0.6 
vs, 5.6% ± 0.3), and HOMA-IR (1.4, IQR 1.0–2.1 vs. 0.9, IQR 0.6–1.4) 
and lower activity count during both day (28 cpm ±15 vs. 41 cpm ±19) 
and night time (2.2 cpm, IQR 1.2–3.6 vs. 2.8 cpm, IQR 1.6–5.0) 
compared to the controls as previously reported [18]. Among the people 
with T2D, 36 were treated with metformin, 13 were treated with sul-
phonylureas, seven were treated with insulin, three were treated with 
DPP-IV inhibitors, and two were treated with GLP-1 receptor analogues. 
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3.1. Bone markers and association with participant characteristics and 
glycemic markers 

Participants with T2D displayed significantly lower levels of the 
bone resorption marker s-CTX and the bone formation marker s-P1NP 
compared to controls. S-sclerostin did not differ between people with 
T2D and controls. In single linear regression analysis s-CTX was asso-
ciated with BMI (− 8.9 ng/l, 95% CI: − 14; − 4.1), HbA1c (− 39 ng/l, 95% 
CI: − 73;-5.2), FPG (− 25 ng/l, 95% CI:-43;-6.0). However, when strati-
fying the analysis by diabetes status only BMI remained significantly 
associated with s-CTX among people with T2D (− 8.1 ng/l, 95% CI: 
− 15;-1.1). In single linear regression analysis, s-P1NP was associated 
with BMI (− 1.1 ng/ml, 95% CI: − 1.7;-0.48), male gender (− 8.2 ng/ml, 
95% CI: − 14;-2.1), (HbA1c (− 7.8 ng/ml, 95% CI: − 12;-3.4), and FPG 
(− 4.6 ng/ml, 95% CI: − 7.1;-2.2), but only BMI remained significantly 
associated with s-P1NP among people with T2D (− 0.84 ng/ml, 95% CI: 
− 1.7;-0.03) and only male gender was associated with s-P1NP in con-
trols (− 9.7 ng/ml, 95% CI: − 19;-0.70). Fig. 1 illustrates the association 
between CTX and P1NP and HbA1c for all participants and stratified by 
diabetes status and shows that the association is abolished when 
adjusted by diabetes status. Sclerostin was associated with age (0.41 
pmol/l, 95% CI: 0.17; 0.65) and estimated glomerular filtration rate 
(eGFR) (− 0.24 pmol/l, 95% CI: − 0.39;-0.010) in single linear regression 
analysis and also when only investigating T2D (0.39 pmol/l, 95%: 
0.079;0.70) and − 0.31 pmol/l, 95% CI: − 0.48;-0.15, respectively). In 
controls s-sclerostin was only associated with age (0.43 pmol/l, 95% CI: 
0.069; 0.79). 

3.2. Bone markers and glycemic variability in T2D 

Table 2 presents the single linear regression analysis of bone markers 
and parameters of glycemic variability. S-CTX was significantly nega-
tively associated with MAGE and the dawn glucose levels whereas s- 
P1NP only was significantly negatively associated with the dawn 
glucose levels while it was borderline significantly associated with 
MAGE (p = 0.05). These associations remained when adjusting by log 
(HOMA-IR). When adjusting for activity count, s-CTX was still signifi-
cantly associated with dawn glucose levels and borderline associated 
with MAGE (p = 0.08) and s- P1NP was borderline significantly asso-
ciated with dawn glucose levels (p = 0.06) and not associated with 
MAGE (p = 0.14). In multiple adjusted analyses S-CTX was still associ-
ated with the dawn glucose levels (− 53 ng/l, 95% CI: − 98;-7.4) and 
borderline significantly associated with MAGE (− 18 ng/l, 95% CI: − 38; 
2.7) after adjusting for age, gender, BMI, use of glucose-lowering drugs, 
and HbA1c and also when additionally adjusting by activity count. S- 
P1NP was not significantly associated with the dawn glucose levels 
(− 4.5 ng/ml, 95% CI: − 9.4;0.3) or MAGE (− 1.7 ng/ml, 95% CI: − 4.0; 
0.66) after adjusting for age, gender, BMI, use of glucose-lowering drugs, 
and HbA1c in multiple linear regression or when additionally adjusted 
by activity count. When adjusting for age, gender, log(HOMA-IR), use of 
glucose-lowering drugs, and HbA1c, s-P1NP and s-CTX were signifi-
cantly associated with dawn glucose levels (− 5.5 ng/ml 95% CI -10;- 
0.55 and − 61 ng/l 95% CI -107;-16), respectively). A dichotomized 
model was used to illustrate whether larger differences in MAGE and 
dawn glucose levels influence the bone turnover marker levels. Fig. 2 
displays s-CTX and s-P1NP levels by the 50% with lowest and highest 
dawn glucose levels and by the 50% with lowest and highest MAGE. 
Both s-CTX and s-P1NP were significantly lower among the 50% with 
the highest dawn glucose levels compared to the 50% lowest dawn 
glucose levels also after adjustment for age, gender, use of glucose- 
lowering drugs, HbA1c, and BMI. We observed no difference in any 
bone marker between the 50% with lowest and highest CGM mean and 
CGM SD. S-sclerostin was not significantly associated with any param-
eter of glycemic variability. 

3.3. Bone markers and activity count 

Table 2 presents the single linear regression analysis of bone markers 
and the activity count in day time. Sclerostin was significantly nega-
tively associated with the activity count, however in analyses stratified 
by diabetes status this was only present in controls. S-CTX and s-P1NP 
were significantly positively associated with the activity count in the 
entire population also when adjusted by diabetes status. Fig. 3 display 
the levels of s-sclerostin stratified the 50% with lowest (sedentary) and 
highest (active) activity count during the day and by diabetes status. 
Among the 50% most active, only 29 were diagnosed with T2D whereas 
55 were controls. S-sclerostin levels were not different in patients with 
diabetes by activity level, however controls displayed lower s-sclerostin 
levels in those active compared to the more sedentary controls (38 
pmol/l, 95% CI: 34;42 vs. 46 pmol/l, 95% CI 38;53). 

4. Discussion 

To our knowledge, this is the first study to report on bone turnover 
markers and glycemic variability in people with T2D. As we hypothe-
sized, we found lower levels of s-CTX and s-P1NP in people with T2D 
compared to controls. Unlike previous studies, s-sclerostin levels did not 
differ between people with T2D and controls. We observed a negative 
association between glycemic variability and CTX and P1NP. 

We have confirmed previous evidence of low bone turnover markers 
levels in people with T2D [3]. In the entire cohort we observed that s- 
CTX and s-P1NP were related to FPG and HbA1c, however this associ-
ation was abolished by adjustment for diabetes status and not present in 
controls or people with T2D in stratified analyses, and thus the low bone 

Table 1 
patient characteristics. Presented as mean ± SD unless otherwise is stated.  

Characteristic Type 2 diabetes (n =
98) 

Controls (n =
98) 

Age (years) 58 ± 9.7 58 ± 9.7 
Gender (n males) 50 (51%) 50 (51%) 
Waist hip ratioa 0.98 ± 0.07 0.94 ± 0.08 
BMI (kg/m2)a 30 ± 4.7 26 ± 4.0 
Diabetes duration (years) 2.0 ± 1.4  
eGFR (ml/min) 88 ± 18 82 ± 14  

Smoking 
Current smoker (n) 20 (20%) 21 (21%) 
Former smoker (n) 36 (37%) 31 (32%) 
Never smoker (n) 41 (42%) 46 (47%) 
Glycemic markers   
HbA1c (%)a,b 6.5 ± 0.6 5.6 ± 0.3 
HbA1c (mmol/mol)a,b 48 ± 6.6 37 ± 3.3 
Plasma fasting glucose (mmol/l) a,b 6.8 ± 1.3 5.2 ± 0.6 
Median (IQR)fasting insulin levels 

(pmol/l)a 58 (43–95) 42 (27–65) 

Median (IQR) HOMA-IR (U)a 1.4 (1.0–2.1) 0.9 (0.6–1.4)  

Glycemic variability (n = 86) 
Mean (mmol/l) 7.0 ± 1.1  
SD (mmol/l) 1.4 ± 0.6  
MAGE (mmol/l) 3.6 ± 2.0  
Dawn glucose levels (mmol/l) 1.3 ± 0.87   

Activity (n = 169) 
Activity count day 08–24 (counts/min)a 28 ± 15 41 ± 19 
Median (IQR) Activity night 24–08 

(counts/min)a 2.2 (1.2–3.6) 2.8 (1.6–5.0)  

Bone markers (n = 196) 
CTX (ng/l)a 310 ± 170 360 ± 160 
P1NP (ng/ml)a 40 ± 19 53 ± 23 
Sclerostin (pmol/l) 38 ± 15 41 ± 18  

a Significantly different between people with type 2 diabetes and controls (p 
< 0.05). 

b Using unequal variances due to Bartletts test. 
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turnover is related to diabetes status. Among people with T2D, we 
observed an association with lower s-CTX and s-P1NP levels in those 
individuals with largest glucose excursions (MAGE) and those with the 
largest glucose rise during dawn. S-CTX and s-P1NP were measured 
fasting in the morning and therefore the glucose rise during dawn is 
temporally related to the bone turnover. The present study shows an 
association between the amplitude of glucose excursions and bone 
turnover markers whereas the average glucose level was not associated. 
T2D patients with poor glycemic control have previously been reported 
to have lower bone turnover markers [19,20]. In these studies glycemic 

control was estimated by HbA1c [19,20] and glycemic levels were 
higher compared to our study. The amplitude of glucose excursions may 
in the glycemically well controlled T2D in this study reveal bone alter-
ations which may not be detected by HbA1c. This may be by a direct 
effect of hyperglycemia on osteoclasts and osteoblasts. In vitro studies 
have shown indices of low bone resorption [21] and bone formation 
[22] in osteoclasts and osteoblasts, respectively. In patients with T2D, 
the fracture risk is increased despite of an increased bone mineral den-
sity (BMD) [2]. It is hypothesized that the bones in patients with type 2 
diabetes hypermineralize and due to low bone turnover accumulate 
micro fractures which cause clinical fractures [5]. Glucose fluctuations 
in patients with T2D may contribute to hypermineralization and may 
per se cause the increased fracture risk as CTX and P1NP have been 
reported to be negatively associated with BMD [23] and we report that 
associations between MAGE and dawn glucose levels and CTX and P1NP 
and hyperglycemia seem to impair bone turnover on the cellular level. 

It is shown that addition of glucose does not interfere with the 
measurement of s-C-terminal cross-linked telopeptide of type-I collagen 
(CTX) or s-Procollagen type 1 amino terminal propeptide (P1NP) thus 
assay interference does not explain the low level of bone turnover 
markers in T2D [24]. Another possible cause for both low bone turnover 
and increased fracture risk in patients with T2D is the accumulation of 
advanced glycation end-products (AGEs) which have been suggested to 
increase fracture risk and reduce CTX levels due to enzymatic alterations 
of the collagen and reduce P1NP levels due to direct effects on the os-
teoblasts [25]. However, in this hypothesis the bone resorption is not 
decreased and the combination of normal to high bone resorption 
marker levels and low bone formation marker levels does not explain the 
high BMD levels observed in T2D. 

Incretin based therapies are related to a low risk of hypoglycemia as 
insulin is released during hyperglycemia and thereby reduce glycemic 
variability. Furthermore the GLP-1 RA also improves satiety which 

Fig. 1. CTX and P1NP levels scatterplot and regression-line by HbA1c. A) CTX by Hba1c in the entire population, B) P1NP by Hba1c in the entire population, C) CTX 
by Hba1c stratified by diabetes status, D) P1NP by Hba1c stratified by diabetes status. 

Table 2 
Associations between bone markers, glycemic variability and activity. Results 
presented as mean (95% CI).  

Glycemic variability N CTX ng/l P1NP ng/ml Sclerostin 
pmol/l 

Mean (mmol/l) 85 
-11 (− 46; 
24) 

− 0.75 (− 4.8; 
3.3) 

− 1.6 (− 4.7; 
1.5) 

SD (mmol/l) 85 
− 44 
(− 100; 16) 

− 1.3 (− 8.3; 
5.8) 

− 1.8 (− 7.3; 
3.7) 

MAGE (mmol/l) 85 − 21 (− 38; 
− 3.4)a 

− 2.0 (− 4.1; 
0.02) 

0.08 (− 1.5; 1.7) 

Dawn glucose levels 
(mmol/l) 

86 − 59 (− 99; 
− 19)a 

− 5.0 (− 9.4; 
− 0.63)a 

− 2.8 (− 6.6; 
0.89)  

Activity 
Activity count 08–24 

(counts/min) 169 
1.9 (0.54; 
3.2)a 

0.29 (0.13; 
0.45)a 

− 0.15 (− 0.28; 
− 0.02)a 

Activity count 08–24 
(counts/min) in T2D 90 

3.2 (1.1; 
5.4)a 

0.28 (0.038; 
0.52)a 

− 0.11 (− 0.32; 
0.11) 

Activity count 08–24 
(counts/min) in 
controls 

79 
0.03 (− 1.8; 
0.1.9) 

0.10 (− 0.13; 
0.33) 

− 0.26 (− 0.45; 
− 0.080)a  

a Significantly associated (p < 0.05). 
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reduces postprandial glycemic excursions [26,27]. In clinical trials 
incretin based therapies have shown reductions in post prandial glyce-
mia and are reported to reduce glycemic variability [27–29]. Incretin 
hormones may also impact bone turnover and seem to ameliorate 
glucose excursions. Ingestion of a meal or OGTT decreases s-CTX and s- 

P1NP acutely whereas no such effect was observed during an iso-
glycemic intravenous glucose infusion or during somatostatin infusion 
[30–32]. The gastro-intestinal hormones glucagon-like peptide 2 (GLP- 
2) and gastric inhibitory peptide (GIP) have been identified to reduce 
bone resorption. Oral intake of glucagon-like peptide 2 (GLP-2) reduce s- 
CTX levels and short-term GIP infusion reduced CTX levels in people 
with T2D [33,34]. Besides a possible direct effect of glucose on bone 
turnover, this may also be mediated by the incretin hormones. MAGE 
and dawn glucose levels are also a measure of meal-intake related 
glucose excursions [35]. Thus, the glycemic excursions measured by 
MAGE may directly inhibit bone turnover or may be a proxy of an 
altered gastro-intestinal hormone response. We observed a significant 
association between MAGE and CTX whereas MAGE and P1NP was only 
borderline significant associated in the unadjusted analysis. This may be 
a power issue, however it may also reflect that CTX is a product of bone 
resorption and P1NP is a product of bone formation and thus it is sug-
gestive that glucose excursions may impair the osteoclasts more than the 
osteoblasts. 

Physical activity is reported to reduce glycemic variability [11] and 
our findings also indicate that the physical activity count modulate the 
association between MAGE, dawn glucose levels and bone turnover 
marker levels as only dawn glucose levels were significantly associated 
with CTX after adjustment. However, the borderline significant associ-
ations observed after adjustment for physical activity may also be due to 
power issues. Glycemic variability may be a surrogate of insulin resis-
tance and the observed associations may be due to insulin resistance. 
Furthermore insulin resistance has previously been associated with low 
bone turnover levels [36], but adjustment by HOMA-IR did not change 
our results. 

Fig. 2. Levels of CTX and P1NP by 50% highest and lowest dawn glucose levels and 50% highest and lowest MAGE. A) Glucose change by dawn glucose levels, B) 
P1NP by dawn glucose levels, C) CTX by dawn glucose levels, D) Glucose excursion by MAGE, E) P1NP by MAGE, F) CTX by MAGE. 

Fig. 3. Levels by activity count and diabetes status. The 50% with the lowest 
activity count during the day were grouped as sedentary, whereas the 50% with 
the highest activity count were grouped as active. 
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In contrast to four previous studies assessing sclerostin levels in T2D 
and controls, we observed similar sclerostin levels in T2D and controls 
[37–40]. In the present study, participants with T2D had well-regulated 
HbA1c of 48 mmol/mol (6.5%) compared to the previous studies in 
which mean HbA1c were between 53 and 71 mmol/mol (7.0–8.7%) 
[37–40]. Furthermore, participants with T2D were relatively newly 
diagnosed with a mean diabetes duration of 2 years whereas it was 
10–14 years in three of the previous studies [37,39,40] and 4–5 years in 
the remaining study [38]. These findings indicate that sclerostin is 
affected in more severe and long term T2D. Sclerostin is negatively 
associated with physical activity in postmenopausal women with T2D 
[41] and sclerostin inhibit bone formation by inhibiting the Wnt 
pathway [3]. In the present study, sclerostin levels were not related to 
glucose variability but were associated with physical activity in the 
controls. In vitro osteocytes cultured from diabetic rats display 
increasing levels of sclerostin due to hyperglycemia [7] and we specu-
late glucose levels in the T2D patients were too well-controlled to detect 
an effect on sclerostin. Still, we observed that sclerostin levels were 
positively associated with physical activity in controls, whereas in 
people with T2D the sclerostin response seems blunted. This blunted 
sclerostin response may be due to a general low physical activity or a 
hyperglycemic impairment of osteocyte function. In a type 1 diabetes 
mouse model the response to mechanical loading was reduced in the 
diabetic mice [42]. Whether this would apply to a T2D model is un-
known. Thus the response to mechanical loading may be impaired in 
diabetes and our findings indicate that the response of the osteocyte is 
impaired in short term T2D. 

The study is limited by its cross-sectional nature and therefore cau-
sality cannot be concluded. Our population with T2D was in good gly-
cemic control and effects may be more pronounced in patients with 
poorer glycemic control. Strengths of the study include the sample size, 
that CGM was used to capture glycemic variability, that activity was 
measured objectively. 

In conclusion, we observed that the amplitude of glycemic excur-
sions and rise in dawn glucose were negatively associated with bone 
turnover markers. This finding extends current evidence of glucotoxicity 
as a mechanism of low bone turnover in T2D. Future research is needed 
to determine whether reduction of the amplitude of glycemic excursions 
increase bone turnover markers. 
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