
metabolites

H

OH

OH

Article

Osteocalcin Is Independently Associated with C-Reactive
Protein during Lifestyle-Induced Weight Loss in
Metabolic Syndrome

Silke Zimmermann 1, Maria Beatriz Walter Costa 1 , Akash Mathew 1 , Shruthi Krishnan 1,
Jochen G. Schneider 2,3,4, Kirsten Roomp 2, Berend Isermann 1 and Ronald Biemann 1,*

����������
�������

Citation: Zimmermann, S.; Costa,

M.B.W.; Mathew, A.; Krishnan, S.;

Schneider, J.G.; Roomp, K.;

Isermann, B.; Biemann, R. Osteocalcin

Is Independently Associated with

C-Reactive Protein during

Lifestyle-Induced Weight Loss in

Metabolic Syndrome. Metabolites 2021,

11, 526. https://doi.org/10.3390/

metabo11080526

Academic Editors: Cholsoon Jang,

Isabel Moreno-Indias and

Carolina GUtiérrez-Repiso

Received: 4 June 2021

Accepted: 4 August 2021

Published: 9 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Laboratory Medicine, Clinical Chemistry and Molecular Diagnostics, University of Leipzig,
04103 Leipzig, Germany; silke.zimmermann@medizin.uni-leipzig.de (S.Z.);
Maria.WalterCosta@medizin.uni-leipzig.de (M.B.W.C.); akash.mathew@medizin.uni-leipzig.de (A.M.);
shruthi.krishnan@medizin.uni-leipzig.de (S.K.); berend.isermann@medizin.uni-leipzig.de (B.I.)

2 Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Esch-sur-Alzette,
4362 Luxembourg, Luxembourg; josc012@outlook.com (J.G.S.); kirsten.rump@uni.lu (K.R.)

3 Department of Internal Medicine II, Saarland University Medical Center at Homburg/Saar,
66421 Homburg, Germany

4 Centre Hospitalier Emile Mayrisch, Esch sur Alzette, 4240 Luxembourg, Luxembourg
* Correspondence: ronald.biemann@medizin.uni-leipzig.de

Abstract: Bone-derived osteocalcin has been suggested to be a metabolic regulator. To scrutinize
the relation between osteocalcin and peripheral insulin sensitivity, we analyzed changes in serum
osteocalcin relative to changes in insulin sensitivity, low-grade inflammation, and bone mineral
density following lifestyle-induced weight loss in individuals with metabolic syndrome (MetS).
Participants with MetS were randomized to a weight loss program or to a control group. Before and
after the 6-month intervention period, clinical and laboratory parameters and serum osteocalcin levels
were determined. Changes in body composition were analyzed by dual-energy X-ray absorptiometry
(DXA). In participants of the intervention group, weight loss resulted in improved insulin sensitivity
and amelioration of inflammation. Increased serum levels of osteocalcin correlated inversely with
BMI (r = −0.63; p < 0.001), total fat mass (r = −0.58, p < 0.001), total lean mass (r = −0.45, p < 0.001),
C-reactive protein (CRP) (r = −0.37; p < 0.01), insulin (r = −0.4; p < 0.001), leptin (r = −0.53;
p < 0.001), triglycerides (r = −0.42; p < 0.001), and alanine aminotransferase (ALAT) (r = −0.52;
p < 0.001). Regression analysis revealed that osteocalcin was independently associated with changes
in CRP but not with changes in insulin concentration, fat mass, or bone mineral density, suggesting
that weight loss-induced higher serum osteocalcin is primarily associated with reduced inflammation.

Keywords: metabolic syndrome; osteocalcin; lifestyle-induced weight loss

1. Introduction

The cluster of raised fasting plasma glucose, abdominal obesity, high triglycerides,
and high blood pressure—all well-established cardiovascular risk factors—is commonly
referred to as metabolic syndrome (MetS). Its increasing prevalence represents a major
public health burden, as individuals with MetS have twice the risk of developing cardiovas-
cular disease (CVD) and a five times elevated risk for type 2 diabetes mellitus (T2DM) [1].
In MetS, lifestyle-induced weight loss is regarded an effective therapy to reverse insulin
resistance, to prevent T2DM, and to reduce low-grade inflammation and CVD [2,3].

A link between (I) bone and (II) energy metabolism and glucose homeostasis has
been proposed [4–6]. Of the different bone turnover markers, reduced osteocalcin lev-
els are associated with overweight and MetS parameters that include higher waist cir-
cumference, higher triglyceride and glucose levels, increased blood pressure, and lower
HDL-cholesterol [7–9]. Of note, in one study, osteocalcin levels were increased following
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12 weeks of exercise training and correlations between changes in BMI, HOMA, adipose
tissue-derived adiponectin, and osteocalcin were observed [10].

Osteocalcin is a noncollagenous protein secreted by osteoblasts, reflecting osteoblast
activity [11]. Interestingly, osteocalcin knockout mice are characterized by an increase in vis-
ceral fat mass, as well as hyperglycemia, hypoinsulinemia, and reduced β-cell mass [12], in-
dicating that osteocalcin regulates glucose metabolism and insulin secretion in mice [13–15].
Furthermore, administration of osteocalcin was shown to improve insulin sensitivity and
to decrease the severity of obesity and T2DM in mice fed with a high-fat diet [14]. A rela-
tionship between reduced osteocalcin levels and obesity was also identified in apparently
healthy children, independent of their pubertal development [16]. In addition to its effects
on insulin, osteocalcin has also been shown to suppress proinflammatory cytokine secre-
tion, while stimulating the anti-inflammatory interleukin 10 in whole organ adipose tissue
culture [17]. However, the relationship between changes in osteocalcin, body composition,
metabolic parameters, and systemic low-grade inflammation following lifestyle-induced
weight loss in MetS remains unknown. To address this question, we determined the
changes and interrelations of osteocalcin with clinical, metabolic, and inflammatory param-
eters following lifestyle-induced weight loss in 74 well-defined individuals with MetS in a
prospective study.

2. Results
2.1. Clinical and Laboratory Parameters

We analyzed serum osteocalcin levels before and after lifestyle-induced weight loss in
individuals with metabolic syndrome (MetS). Seventy-four nonsmoking men (45–55 years old)
with MetS were randomized to a lifestyle-induced weight loss program (supervised via
telemonitoring) or to a control group. Clinical and laboratory parameters and osteocalcin
concentrations were determined in fasting blood samples before and after the six-month
weight loss intervention (Figure 1, Supplementary Table S1). Thirty participants in the
control and 33 participants in the intervention group completed the study and were
included in the data analysis. Two participants of the intervention group and four of the
control group did not follow the study protocol, and three participants of the control group
left the study because they were not selected for the intervention group. The remaining
two dropouts of the intervention group declined to continue for undisclosed reasons.
The study populations did not differ in regard to the distribution of age, sex, or MetS
parameters. Participants of the intervention arm reduced their individual body weight by
at least 5%. Notably, 76% reduced their body weight by at least 10%, and 40% reduced
their body weight by at least 15%, similar to previous reports [18] (Figure 2). To address
the question of whether weight loss affects osteocalcin levels in individuals with MetS,
and whether osteocalcin is associated with metabolic parameters, body composition, or
inflammation, we determined the changes and interrelations of predefined parameters
before and after lifestyle-induced weight loss (Figure 3, Supplementary Table S1). In
participants of the intervention group, lifestyle-induced weight loss resulted in reduced
levels of insulin, leptin, LDL cholesterol, triglycerides, C-reactive protein (CRP), and alanine
aminotransferase (ALAT) (Figure 3a).

Reduction in body weight was mainly attributable to a significant reduction in individ-
ual body fat mass, as measured by DXA (−23,57%, p < 0.001; Figure 3a). In controls, BMI
and other parameters of body composition remained unchanged, and trunk fat mass even
increased by 4.78% [18] (Figure 3b). In both groups, no progression to overt type 2 diabetes
was observed. We observed an increase (p = 0.01) in bone-derived osteocalcin levels in
participants of the intervention group following the 6-month weight loss trial (Figure 3a).
Meanwhile, in participants of the control group (Figure 3b), we observed a slight decrease
in osteocalcin after the 6-month trial period. DXA was performed at baseline and after the
6-month trial period in order to evaluate lifestyle-induced changes in body composition.
Participants in the intervention group showed an increased t-score and increased total
bone mass, mainly due to an increase in bone mass in the legs (Figure 3a). In addition,
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we observed a reduction in body fat mass in all analyzed regions (total, trunk, both arms,
both legs) in the intervention group. Similarly, lean mass was reduced in all measured
body regions after weight loss. In the control group, a slight increase in trunk fat mass,
increased creatinine levels (Figure 3b), and decreased GFR levels (Supplementary Table S1)
were observed in addition to the decreased osteocalcin, while other parameters remained
unchanged (Figure 3b).
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participants of the control group left the study due to not being included in the weight loss program 
(intervention group). The remaining two dropouts of the intervention group declined to continue 
for undisclosed reasons. 

 

Figure 2. Line graph of total weight loss in both groups. Data is presented as total body weight in 
kg. The Wilcoxon signed-rank test was used to analyze differences between paired samples with n  
=  33 intervention, n  =  30 control, *** p  <  0.001. 

Figure 1. Schematic of study design. The study was embedded within a two-armed, controlled,
monocentric, randomized, 6-month intervention period. Paired blood samples were collected before
and after the 6-month intervention period. Thirty participants in the control group and 33 in the
intervention group completed the study and were included in the data analysis. Two participants of
the intervention group and four of the control group did not follow the study protocol, and three
participants of the control group left the study due to not being included in the weight loss program
(intervention group). The remaining two dropouts of the intervention group declined to continue for
undisclosed reasons.
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Figure 3. (a) Changes in body composition and clinical and laboratory parameters in participants of
the intervention group. Violin plots of log ratios of given parameters before and after the 6-month
intervention period. The Wilcoxon signed-rank test was used to analyze differences between paired
samples; * p < 0.05; ** p < 0.01; *** p < 0.001. The grey line denotes baseline levels. The red color
indicates a significant reduction while the blue color reflects a significant increase in the indicated
parameter after the intervention period. (b) Changes in body composition and clinical and laboratory
parameters in participants of the control group. Violin plots of log ratios of given parameters before
and after the 6-month study period. The Wilcoxon signed-rank test was used to analyze differences
between paired samples; * p < 0.05; ** p < 0.01. The grey line denotes baseline levels. The red color
indicates a significant reduction while the blue color reflects a significant increase in the indicated
parameter after the study period.
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2.2. Correlation Analysis of Osteocalcin and Parameters of the Metabolic Syndrome

We calculated the correlation between changes in osteocalcin, metabolic markers,
body composition, and inflammation. We found correlations of the relative (log ratios)
changes in osteocalcin with BMI (r = −0.63; p < 0.001), leptin (r = −0.53; p < 0.001),
ALAT (r = −0.52; p < 0.001), CRP (r = −0.37; p < 0.01), insulin (r = −0.4; p < 0.001),
and triglycerides (r = −0.42; p < 0.001) (Figure 4). Hence, an increase in osteocalcin was
found to be associated with lifestyle-induced weight loss and the associated metabolic
and inflammatory improvements. Interestingly, while a correlation was found between
osteocalcin and total fat mass (r = −0.58; p < 0.001) and between osteocalcin and total lean
mass (r = −0.45; p < 0.001), we found no correlation between osteocalcin and total bone
mass (r = 0.08).
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Figure 4. Correlation between OC, metabolic markers, body composition, and inflammation during
the 6-month study in both groups. The heatmap (left) represents Spearman correlations between
relative changes in variables. Colors indicate the correlation coefficient, ranging from blue (−1,0) to
white (0,0) to red (1,0). Stars represent significant p-values: * p < 0.05; ** p < 0.01; *** p < 0.001. The
dendrogram (right) indicates the hierarchical relationship between variables. Variables with similar
patterns of correlation are clustered together. Numbers indicate chunks, Greek letters indicate clades.

The dendrogram (Figure 4, Supplementary Figure S1) shows that osteocalcin connects
closely to bone mass changes (clade ι). GFR and osteocalcin (chunk 11 and 12) join together
first in the branching diagram and are closely connected to changes in bone mass (chunk
10). Of note, this clade (clade ι) is clearly separated from the others. Body composition
parameters BMI, total fat mass, leptin, and total lean mass are linked (clades α, β) and more
distinctly related to changes in inflammatory and liver-injury markers CRP and ALAT,
respectively (clade δ). Insulin level changes and triglyceride level changes were strongly
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similar (clade ζ), and on a higher level connected to all previously mentioned parameter
changes in inflammation and body composition (clade ε) (Figure 4).

2.3. Multiple Regression Analysis between Osteocalcin and Parameters of the Metabolic Syndrome

Considering all variables that were significantly correlated with osteocalcin (Figure 4:
BMI, total fat mass, leptin, total lean mass, ALAT, CRP, insulin, GFR, and triglycerides)
as potential independent determinant variables, we performed a Bayesian multiple linear
regression analysis to identify which of these variables are predictive for changes in
osteocalcin (Figure 5). To avoid multicollinearity in the regression, we excluded leptin
from the independent variables, since it was highly associated with insulin and glucose
(not shown), as well as ‘total fat mass’, due to it being highly associated with BMI (not
shown). The regression analysis was performed with data of both groups. In summary,
we fit the regression model to the data and obtained a posterior distribution that describes
the relation between the independent and dependent variables. The regression showed
that CRP level change is the most promising variable to predict osteocalcin level change in
lifestyle-induced weight loss. At a confidence interval (CI) of 90%, the probability mass
of beta-CRP does not contain zero, while the other variables do (mean beta-CRP = −0.09,
with a standard deviation of 0.05, ranging from −0.18 to −0.01 with a 90% CI, Figure 5).
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Figure 5. Multiple linear regression analysis between osteocalcin (dependent) and metabolic, inflam-
matory, and body composition variables (independent). X-axis, confidence intervals (CIs) of the
strength of correlation to osteocalcin change; y-axis, parameters of the regression: slope coefficients
of each variable (beta), intercept (alpha), and standard deviation (sigma). Considering all slope
coefficients, beta-CRP is the only parameter with a completely negative CI, indicating that CRP level
change is associated with OC level change in lifestyle-induced weight loss. All other slope CIs range
from negative to positive values, indicating that their variables alone cannot predict OC level change.
TG, triglycerides; CRP, C-reactive protein; ALAT, alanine aminotransferase; BMI, body mass index;
GFR, glomerular filtration rate.

3. Discussion

To examine the effect of weight loss-induced changes in body composition and
metabolic parameters on osteocalcin levels, we determined osteocalcin serum levels, body
composition, and metabolic parameters in a prospective, blinded, randomized weight loss
study. Multiple linear regression analysis revealed that changes in insulin, leptin, bone
mass, and adipose tissue did not show relevant associations with increased serum osteo-
calcin levels following weight loss. The only association we found to be independently
related to osteocalcin was that of C-reactive protein (CRP). This raises the question as to
whether the previously reported associations of osteocalcin with metabolic parameters are,
in fact, indirect, instead reflecting the subchronic inflammatory state associated with MetS.



Metabolites 2021, 11, 526 7 of 12

The correlation between osteocalcin and inflammation in our study is in agreement
with observations in nontraumatic fractures in which osteocalcin was inversely associated
with CRP, independently of metabolic, cardiovascular, or chronic diseases [19,20]. Congru-
ently, Riquelme-Gallego et al. identified an association between reduced osteocalcin levels
and increased cardiovascular risk in MetS patients without diabetes mellitus type 2 [21].
Furthermore, osteocalcin has been associated with IL6 and CRP in T2DM [22,23]. Likewise,
we observed a decrease in IL6; yet this association did not reach significance, possibly due
to the low number of participants that were enrolled in our study. In support of a close
interaction between osteocalcin and CRP, osteocalcin has been shown to suppress proin-
flammatory cytokine secretion (TNF-alpha and IL6), while stimulating anti-inflammatory
interleukin−10 in vitro [17]. The latter finding raises the intriguing possibility that osteo-
calcin is not associated with, but actually modulates, low-grade inflammation in the setting
of MetS. As our study was not designed to determine causality, future studies are needed
to address this possibility.

The observed increase in circulating osteocalcin levels following lifestyle-induced
weight loss is congruent with cross-sectional observations showing reduced osteocalcin in
patients with obesity or MetS [24–27].

Given the predominant production and secretion of osteocalcin by osteoblasts, we
initially expected that an increase in osteocalcin would be related to changes in bone mass.
Contrary to our assumption, however, osteocalcin was not correlated with changes in bone
mass. Instead, it was correlated with reduced adipose tissue mass, reduced lean mass,
and changes in metabolic and inflammatory parameters that include fasting insulin levels,
leptin, triglycerides, CRP, and ALAT. However, regression analysis revealed that the only
parameter independently associated with osteocalcin was CRP. Of note, vitamin D and
glomerular filtration rate did not change following lifestyle-induced weight loss, excluding
the hypothesis that observed changes in osteocalcin and bone mass were influenced by
kidney function or vitamin D deficiency in our study [28,29]. Taken together, these findings
imply that increased osteocalcin levels following lifestyle-induced weight loss are primarily
associated with reduced low-grade inflammation, while improved peripheral insulin
sensitivity and liver parameters may be secondary to these changes.

Strengths of the current study include a well-characterized study population with no
differences at baseline, a prospective study design, and a high compliance of participants
as a result of daily telemonitoring and weekly letters commenting on individual weight
progress. All laboratory measurements were performed following standard operating pro-
tocols and laboratory technicians were blinded. We used dual-energy x-ray absorptiometry,
which is the standard method of measuring bone mineral density in clinical and research
settings, to analyze body composition before and after lifestyle-induced weight loss. In
order to generate a homogenous study group, only middle-aged Caucasian males with
MetS were included in this study. While this increased homogeneity among participants,
the results therefore cannot be generalized to other ethnical groups, genders, or individuals
without MetS. An additional limitation is the relatively small sample size. The observa-
tional period was 6 months, precluding conclusions on the long-term effects of weight loss
on osteocalcin. In the controls, we observed decreased osteocalcin levels following the
6-month study period. As the study started in May and ended in November, a possible
reason for reduced osteocalcin levels in the control group are seasonal effects. Assuming a
comparable seasonal effect in the intervention group, correction of serum osteocalcin levels
for a potential seasonal effect in the weight loss group would potentially result in even
higher serum osteocalcin levels. As we did not observe changes in vitamin D levels, vitamin
D-driven seasonal effects on bone metabolism and osteocalcin can be excluded. In addition,
our study does not allow us to deduce any causal relationship between osteocalcin and
CRP. Further research is necessary to study the mechanistic interaction between osteocalcin
and CRP and, potentially, other inflammatory markers.

In summary, 6 months of controlled lifestyle-induced weight loss led to an increase
in bone-derived osteocalcin levels, which are associated with reduced inflammation, rep-
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resented by CRP measurements, in MetS. Interestingly, the increased osteocalcin serum
levels were not correlated to changes in bone mineral density. Since inflammation and
insulin sensitivity are linked, our study suggests that osteocalcin reflects changes in insulin
sensitivity only indirectly, presumably due to concomitantly improved inflammation.

4. Materials and Methods
4.1. Research Design

The study was embedded in a prospective, two-armed, controlled, monocentric,
randomized, 6-month intervention trial to identify changes in clinical and laboratory
parameters in individuals with MetS following lifestyle-induced weight loss. For this
purpose, paired blood samples and subcutaneous adipose tissue biopsies were collected
at the Institute of Clinical Chemistry and Pathobiochemistry, Otto von Guericke Uni-
versity, Magdeburg, Germany. The trial was registered at the German Clinical Trials
Register (ICTRP Trial Number: U1111-1158-3672) in July 2014. The trial included non-
smoking, nondiabetic men aged between 45 and 55 years with MetS, as defined by the
consensus definition in 2009 [1]. Three out of five criteria needed to be met: abdominal
obesity (waist circumference > 102 cm or BMI > 30 kg/m2); fasting triglyceride concen-
tration ≥ 1.7 mmol/L (or pharmaceutical intervention); high-density lipoprotein (HDL)
cholesterol < 1.00 mmol/L; fasting glucose ≥ 5.6 mmol/L (or pharmaceutical intervention);
and blood pressure ≥ 130/85 mmHg or treatment for hypertension. Exclusion criteria were
smoking, diabetes mellitus type 2, surgical procedure for weight loss within the previ-
ous 6 months, severe renal dysfunction (creatinine concentration > 2.0 mg/dl), active
liver disease, obesity of known endocrine origin, or inability to walk at least 30 min per
day. Participants were recruited by an advertisement in a regional newspaper. Out of
133 individuals screened for inclusion or exclusion criteria from May 2012 to August 2012,
74 individuals were selected for the trial. All participants of the study were instructed to re-
duce calorie intake and maintain a low-carbohydrate diet with preference for low-glycemic
index carbohydrates via structured education. The subjects were advised to increase their
usual daily physical activity, such as walking or cycling, rather than to engage in particu-
lar sports. The recommendation was to perform these activities moderately but steadily,
slowly enough to be able to talk at the same time, and to keep the pulse below 120/min.
The key difference between the two groups was a daily telemetric report by the study
participant and weekly written feedback from a doctor in the intervention arm, while
the control group was only instructed once at the beginning of the study [30]. Beyond
these instructions, no special diet or recommendations, e.g., for physical activities, were
given. Individuals were randomly assigned to a 6-month lasting telemonitored lifestyle-
induced weight loss program or a control arm by a web-based randomization tool using
permuted block randomization with stratification on BMI (Randomization in Treatment
Arms (RITA); University of Lübeck, Lübeck, Germany). A blinded investigator, who did
not have any interaction with the participants during the screening and enrolment process,
managed group allocation assignments. Participants of both arms were linked to an identi-
fication number and samples were collected in sequentially numbered containers. Hence,
laboratory technicians were blinded regarding the origin and allocation of the samples.
Participants of the intervention arm received accelerometers measuring their daily activity
and instructions for daily data transmission of body weight, physical activity, and approxi-
mate caloric intake [30]. Participants of the intervention arm received regular feedback by
weekly letters commenting on their individual weight progress and daily exercise-related
energy expenditure. At baseline and after 6 months, subcutaneous adipose tissue biopsies
and peripheral blood samples were obtained from participants of both arms. All study
participants were examined after 3 months and screened for fasting blood glucose and
glycated hemoglobin (HbA1c) to prevent complications secondary to progression to overt
type 2 diabetes. The expression profile of microRNAs in paired blood and subcutaneous
adipose tissue will be analyzed as a primary outcome (not part of this report).
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4.2. Dual Energy X-ray Absorptiometry

We applied the DXA method (dual-energy X-ray absorptiometry) to determination
of the bone density on the femoral neck. The relevant measurement region (ROI, region
of interest) was determined and the measured radiation absorption in grams per square
centimeter (g/cm2) was calculated according to an area measurement. When measuring
the spine, L1–L4 are used as standard. Densitometric measurement results of an individual
are compared with an age- and gender-specific control group. A normative database, as
implemented by the device manufacturers in the operating software, is indispensable for
the interpretation of patient results. The measured bone mineral density is given as a t value
(t-score). The t-score refers to the peak bone mass divided by the standard deviation of this
mean. The value is given as a unit in standard deviations. Evaluation of the bone density
should only be carried out primarily on the femoral neck. DXA requires low radiation
exposure, easy standardization, and availability of the method. The t-score is defined as
the difference between a measured bone mineral density (BMD) and the expected normal
value divided by the population standard deviation.

4.3. Clinical and Laboratory Parameters

Osteocalcin levels were measured at baseline and at the end of the study (after
6 months) in paired serum samples using a commercially available sandwich enzyme-
linked immunosorbent assay (Human osteocalcin ELISA, Cat. No. RIS002, BioVendor
Research and Diagnostic Products GmbH) at the Institute for Clinical Chemistry and
Pathobiochemistry, Otto von Guericke University, Magdeburg, Germany . The intra-assay
coefficients of variation (CVs) ranged from 3.1% to 4.7%, the interassay CVs ranged from
3.5% to 5.6%, and the lower limit of detection was 0.1 ng/mL, as according to the manufac-
turer. Body weight, height, waist circumference, and blood pressure were measured by
qualified medical personnel according to standard operating protocols at baseline and after
6 months. Body composition was analyzed by dual-energy X-ray absorptiometry [18]. All
blood samples were collected in the morning (8 a.m. to 9 a.m.) from the antecubital vein
after a 12-hour overnight fast. All laboratory measurements were performed at the Insti-
tute of Clinical Chemistry and Pathobiochemistry, OvGU, Magdeburg, Germany. Fasting
blood glucose, triglycerides, ALAT, ASAT, low-density lipoprotein (LDL) cholesterol, HDL
cholesterol, and total cholesterol were analyzed by commercial enzymatic methods using a
random-access analyzer (Modular, Roche Diagnostics, Mannheim, Germany). Lipoprotein
fractions were analyzed by ultracentrifugation. Glucose was determined in sodium fluoride
plasma. HbA1c was determined by high-performance liquid chromatography. Insulin was
determined by 125I-radioimmunoassay (RIA) according to the manufacturer’s instructions
(INSULIN-CT, CIS bio, Berlin, Germany).

4.4. Statistical Analysis

Data are given as median and interquartile range (IQR). Differences between inde-
pendent samples (intervention vs. control at baseline or 6 months) were analyzed by
Mann–Whitney U test. Paired samples were analyzed by Wilcoxon signed-rank test. Corre-
lations between relative changes in parameters before and after the trial were assessed by
Spearman’s rank correlation.

Calculations were performed using IBM SPSS Statistics, version 22.0 (IBM Corporation,
Armonk, NY, USA). Results were considered significant at p < 0.05. The data analysis was
performed using GraphPad Prism, version 8.0, R version 4.0.3., and RStudio version 1.3.959.

In order to identify which variables may influence osteocalcin metabolism, a Bayesian
multiple linear regression was performed. Based on the low sample size, we decided to use
Bayesian multiple regression analysis, which is a robust model. The posterior distribution
of the linear regression was approximated using Markov chain Monte Carlo using the
rethinking R package. The input variables were the ratio of relative changes (log ratio)
between parameters before and after the trial period. The input variables were those
that were significantly correlated to osteocalcin in the study (Figure 4, Supplementary
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Figure S1): ‘BMI-change’, ‘Leptin-change’, ‘Total Muscle Mass-change’, ‘ALAT-change’,
‘CRP-change’, ‘Insulin-change’, ‘TG-change’, ‘GFR-change’, and ‘Total fat mass-change’.
To avoid multicollinearity, ‘Leptin-change’ was removed, since it was highly associated
to insulin and glucose (not shown). Similarly, ‘Total fat mass’ was also removed, since it
is highly associated with BMI (not shown). Both control and intervention groups were
used as input. The likelihood of ‘osteocalcin-change’ follows a normal distribution, with
the mean ‘osteocalcin-change’ and a standard deviation. The linear model is: osteocalcin
~N(α + ∑βi xi,σ), with parameters being: α, the intercept of the regression, which repre-
sents the change in OC when all other parameters have changes equal to zero; βi, the
slope of each variable; xi, which represents the rate of change in the dependent variable,
“osteocalcin-change”, when the independent parameter changes by 1 unit. In addition, the
following priors were used for the calculations: α~N(0,0.5), β~N(0,0.4), and σ~Expo(1).
The hyperparameters were chosen to conform to a vague prior.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11080526/s1, Figure S1: Correlation between OC, metabolic markers, body composition,
and inflammation during the 6-month intervention in both groups, Table S1: Clinical parameters
of participants in the control and intervention groups before and after the study period. Data are
presented as median (interquartile range).

Author Contributions: B.I. and J.G.S. designed the research. S.Z. and R.B. conducted the research
and wrote the main manuscript. S.Z. and M.B.W.C. analyzed data and performed the statistical
analysis. A.M., S.K., and K.R. contributed valuable advice and to the editing of the manuscript. All
authors were involved in writing the article and approved the submitted version. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by grants of the ‘Deutsche Forschungsgemeinschaft’ (DFG, German
Research Foundation: BI 2051/1-1, IS-67/8-1, IS-67/11-1, IS-67/16-1, SFB854/B26, RTG2408/P7&P9,
and Projektnummer 236360313—SFB 1118 to BI) and of the ‘Stiftung Pathobiochemie und Molekulare
Diagnostik’ (SPMD).

Institutional Review Board Statement: This study was approved by the ethics committee at Otto
von Guericke University, Magdeburg, Germany (No. 78/11) and was registered at the German
Clinical Trials Register (ICTRP Trial Number: U1111-1158-3672, retrospectively registered 7 July 2014).
All human investigations were conducted according to the principles expressed in the Declaration
of Helsinki.

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the participants for volunteering for these studies.

Conflicts of Interest: The authors declare no competing interests.

References
1. Alberti, K.G.M.M.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, J.I.; Donato, K.A.; Fruchart, J.-C.; James, W.P.T.; Loria, C.M.;

Smith, S.C., Jr.; et al. Harmonizing the metabolic syndrome: A joint interim statement of the International Diabetes Federation
Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World
Heart Federation; International Atherosclerosis Society; and International Association for the Study of Obesity. Circulation
2009, 120, 1640–1645. [PubMed]

2. Goldberg, R.B.; Mather, K. Targeting the Consequences of the Metabolic Syndrome in the Diabetes Prevention Program. Arter.
Thromb. Vasc. Biol. 2012, 32, 2077–2090. [CrossRef] [PubMed]

3. Grundy, S.M.; Cleeman, J.I.; Daniels, S.R.; Donato, K.A.; Eckel, R.H.; Franklin, B.A.; Gordon, D.J.; Krauss, R.M.; Savage, P.J.;
Smith, S.C., Jr.; et al. Diagnosis and management of the metabolic syndrome: An American Heart Association/National Heart,
Lung, and Blood Institute Scientific Statement. Circulation 2005, 112, 2735–2752. [CrossRef]

4. Ma, X.-Y.; Chen, F.-Q.; Hong, H.; Lv, X.-J.; Dong, M.; Wang, Q.-Y. The Relationship between Serum Osteocalcin Concentration
and Glucose and Lipid Metabolism in Patients with Type 2 Diabetes Mellitus—The Role of Osteocalcin in Energy Metabolism.
Ann. Nutr. Metab. 2015, 66, 110–116. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/metabo11080526/s1
https://www.mdpi.com/article/10.3390/metabo11080526/s1
http://www.ncbi.nlm.nih.gov/pubmed/19805654
http://doi.org/10.1161/ATVBAHA.111.241893
http://www.ncbi.nlm.nih.gov/pubmed/22895669
http://doi.org/10.1161/CIRCULATIONAHA.105.169404
http://doi.org/10.1159/000370198
http://www.ncbi.nlm.nih.gov/pubmed/25721846


Metabolites 2021, 11, 526 11 of 12

5. Lee, N.K.; Sowa, H.; Hinoi, E.; Ferron, M.; Ahn, J.D.; Confavreux, C.; Dacquin, R.; Mee, P.J.; McKee, M.D.; Jung, D.Y.; et al.
Endocrine Regulation of Energy Metabolism by the Skeleton. Cell 2007, 130, 456–469. [CrossRef]

6. Iglesias, P.; Arrieta, F.; Piñera, M.; Botella-Carretero, J.I.; Balsa, J.A.; Zamarrón, I.; Menacho, M.; Díez, J.J.; Muñoz, T.; Vázquez,
C. Serum concentrations of osteocalcin, procollagen type 1 N-terminal propeptide and beta-CrossLaps in obese subjects with
varying degrees of glucose tolerance. Clin. Endocrinol. 2011, 75, 184–188. [CrossRef] [PubMed]

7. Tubic, B.; Magnusson, P.; Mårild, S.; Leu, M.; Schwetz, V.; Sioen, I.; Herrmann, D.; Obermayer-Pietsch, B.; Lissner, L.; Swolin-Eide,
D. Different osteocalcin forms, markers of metabolic syndrome and anthropometric measures in children within the IDEFICS
cohort. Bone 2016, 84, 230–236. [CrossRef]

8. Laurent, M.; EMAS Group; Cook, M.; Gielen, E.; Ward, K.; Antonio, L.; Adams, J.E.; Decallonne, B.; Bartfai, G.; Casanueva, F.F.;
et al. Lower bone turnover and relative bone deficits in men with metabolic syndrome: A matter of insulin sensitivity? The
European Male Ageing Study. Osteoporos. Int. 2016, 27, 3227–3237. [CrossRef]

9. Liu, X.; Yeap, B.B.; Brock, K.E.; Levinger, I.; Golledge, J.; Flicker, L.; Brennan-Speranza, T.C. Associations of Osteocalcin Forms
With Metabolic Syndrome and Its Individual Components in Older Men: The Health In Men Study. J. Clin. Endocrinol. Metab.
2021. [CrossRef]

10. Mohammad Rahimi, G.R.; Bijeh, N.; Rashidlamir, A. Effects of exercise training on serum preptin, undercarboxylated osteocal-cin
and high molecular weight adiponectin in adults with metabolic syndrome. Exp. Physiol. 2020, 105, 449–459. [CrossRef]

11. Nakamura, A.; Dohi, Y.; Akahane, M.; Ohgushi, H.; Nakajima, H.; Funaoka, H.; Takakura, Y. Osteocalcin Secretion as an Early
Marker ofIn VitroOsteogenic Differentiation of Rat Mesenchymal Stem Cells. Tissue Eng. Part C Methods 2009, 15, 169–180.
[CrossRef] [PubMed]

12. Ducy, P.; Desbois, C.; Boyce, B.; Pinero, G.; Story, B.; Dunstan, C.; Smith, E.; Bonadio, J.; Goldstein, S.; Gundberg, C.; et al.
Increased bone formation in osteocalcin-deficient mice. Nat. Cell Biol. 1996, 382, 448–452. [CrossRef] [PubMed]

13. Al Rifai, O.; Julien, C.; Lacombe, J.; Faubert, D.; Lira-Navarrete, E.; Narimatsu, Y.; Clausen, H.; Ferron, M. The half-life of
the bone-derived hormone osteocalcin is regulated through O-glycosylation in mice, but not in humans. eLife 2020, 9, e61174.
[CrossRef] [PubMed]

14. Ferron, M.; McKee, M.D.; Levine, R.L.; Ducy, P.; Karsenty, G. Intermittent injections of osteocalcin improve glucose metabolism
and prevent type 2 diabetes in mice. Bone 2012, 50, 568–575. [CrossRef] [PubMed]

15. Pi, M.; Wu, Y.; Quarles, L.D. GPRC6A mediates responses to osteocalcin in β-cells in vitro and pancreas in vivo. J. Bone Miner. Res.
2011, 26, 1680–1683. [CrossRef] [PubMed]

16. Geserick, M.; Vogel, M.; Eckelt, F.; Schlingmann, M.; Hiemisch, A.; Baber, R.; Thiery, J.; Körner, A.; Kiess, W.; Kratzsch, J. Children
and adolescents with obesity have reduced serum bone turnover markers and 25-hydroxyvitamin D but increased parathyroid
hormone concentrations—Results derived from new pediatric reference ranges. Bone 2020, 132, 115124. [CrossRef]

17. Hill, H.S.; Gramß, J.; Walton, R.G.; Liu, J.; Moellering, D.R.; Garvey, W.T. Carboxylated and uncarboxylated forms of osteocalcin
directly modulate the glucose transport system and inflammation in adipocytes. Horm. Metab. Res. 2014, 46, 341–347. [CrossRef]

18. Biemann, R.; Penner, M.; Borucki, K.; Westphal, S.; Luley, C.; Rönicke, R.; Biemann, K.; Weikert, C.; Lux, A.; Goncharenko, N.; et al.
Serum bile acids and GLP-1 decrease following telemetric induced weight loss: Results of a randomized controlled trial. Sci. Rep.
2016, 6, 30173. [CrossRef]

19. Schett, G.; Kiechl, S.; Weger, S.; Pederiva, A.; Mayr, A.; Petrangeli, M.; Oberhollenzer, F.; Lorenzini, R.; Redlich, K.; Axmann, R.;
et al. High-sensitivity C-reactive protein and risk of non-traumatic fractures in the Bruneck study. Arch. Intern. Med. 2006, 166,
2495–2501. [CrossRef]

20. Liao, M.; Huang, L.; Mao, Y.; Jiang, Y.; Yao, Z.; Lin, X.; Lu, Z.; Wu, C.; Qin, X.; Zhang, H.; et al. Serum Osteocalcin Is Associated
with Inflammatory Factors in Meta-bolic Syndrome: A Population-Based Study in Chinese Males. Mediat. Inflamm. 2015, 2015,
683739. [CrossRef] [PubMed]

21. Riquelme-Gallego, B.; García-Molina, L.; Cano-Ibáñez, N.; Sánchez-Delgado, G.; Andújar-Vera, F.; García-Fontana, C.; González-
Salvatierra, S.; García-Recio, E.; Martínez-Ruiz, V.; Bueno-Cavanillas, A.; et al. Circulating Undercarboxylated Osteocalcin as
Estimator of Cardiovascular and Type 2 Diabetes Risk in Metabolic Syndrome Patients. Sci. Rep. 2020, 10, 1840. [CrossRef]

22. Lucey, A.J.; Paschos, G.K.; Thorsdottir, I.; Martínéz, J.A.; Cashman, K.D.; Kiely, M. Young overweight and obese women with
lower circulating osteocalcin concentrations exhibit higher insulin resistance and concentrations of C-reactive protein. Nutr. Res.
2013, 33, 67–75. [CrossRef]

23. Sarkar, P.D.; Choudhury, A.B. Relationships between serum osteocalcin levels versus blood glucose, insulin resistance and
markers of systemic inflammation in central Indian type 2 diabetic patients. Eur. Rev. Med. Pharmacol. Sci. 2013, 17, 1631–1635.

24. Chin, K.-Y.; Ima-Nirwana, S.; Mohamed, I.N.; Ahmad, F.; Ramli, E.S.M.; Aminuddin, A.; Ngah, W.Z.W. Serum Osteocalcin Is
Signifi-cantly Related to Indices of Obesity and Lipid Profile in Malaysian Men. Int. J. Med. Sci. 2014, 11, 151–157. [CrossRef]
[PubMed]

25. Polgreen, L.E.; Jacobs, D.R., Jr.; Nathan, B.M.; Steinberger, J.; Moran, A.; Sinaiko, A.R. Association of Osteocalcin With Obesity,
Insulin Resistance, and Cardiovascular Risk Factors in Young Adults. Obesity 2012, 20, 2194–2201. [CrossRef] [PubMed]

26. Confavreux, C.B.; Szulc, P.; Casey, R.; Varennes, A.; Goudable, J.; Chapurlat, R.D. Lower serum osteocalcin is associated with
more severe metabolic syndrome in elderly men from the MINOS cohort. Eur. J. Endocrinol. 2014, 171, 275–283. [CrossRef]

http://doi.org/10.1016/j.cell.2007.05.047
http://doi.org/10.1111/j.1365-2265.2011.04035.x
http://www.ncbi.nlm.nih.gov/pubmed/21521304
http://doi.org/10.1016/j.bone.2016.01.008
http://doi.org/10.1007/s00198-016-3656-x
http://doi.org/10.1210/clinem/dgab358
http://doi.org/10.1113/EP088036
http://doi.org/10.1089/ten.tec.2007.0334
http://www.ncbi.nlm.nih.gov/pubmed/19191495
http://doi.org/10.1038/382448a0
http://www.ncbi.nlm.nih.gov/pubmed/8684484
http://doi.org/10.7554/eLife.61174
http://www.ncbi.nlm.nih.gov/pubmed/33284103
http://doi.org/10.1016/j.bone.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21550430
http://doi.org/10.1002/jbmr.390
http://www.ncbi.nlm.nih.gov/pubmed/21425331
http://doi.org/10.1016/j.bone.2019.115124
http://doi.org/10.1055/s-0034-1368709
http://doi.org/10.1038/srep30173
http://doi.org/10.1001/archinte.166.22.2495
http://doi.org/10.1155/2015/683739
http://www.ncbi.nlm.nih.gov/pubmed/26578821
http://doi.org/10.1038/s41598-020-58760-7
http://doi.org/10.1016/j.nutres.2012.11.011
http://doi.org/10.7150/ijms.7152
http://www.ncbi.nlm.nih.gov/pubmed/24465160
http://doi.org/10.1038/oby.2012.108
http://www.ncbi.nlm.nih.gov/pubmed/22573135
http://doi.org/10.1530/EJE-13-0567


Metabolites 2021, 11, 526 12 of 12

27. Movahed, A.; Larijani, B.; Nabipour, I.; Kalantarhormozi, M.; Asadipooya, K.; Vahdat, K.; Akbarzadeh, S.; Farrokhnia, M.;
Assadi, M.; Amirinejad, R.; et al. Reduced serum osteocalcin concen-trations are associated with type 2 diabetes mellitus and the
metabolic syndrome components in postmenopausal women: The crosstalk between bone and energy metabolism. J. Bone Miner.
Metab. 2012, 30, 683–691. [CrossRef]

28. Mezquita-Raya, P.; Muñoz-Torres, M.; Luna, J.D.D.; Luna, V.; Lopez-Rodriguez, F.; Torres-Vela, E.; Escobar-Jiménez, F. Relation
Between Vitamin D Insufficiency, Bone Density, and Bone Metabolism in Healthy Postmenopausal Women. J. Bone Miner. Res.
2001, 16, 1408–1415. [CrossRef] [PubMed]

29. Kanazawa, I.; Yamaguchi, T.; Yamamoto, M.; Yamauchi, M.; Kurioka, S.; Yano, S.; Sugimoto, T. Serum Osteocalcin Level Is
Associated with Glucose Metabolism and Atherosclerosis Parameters in Type 2 Diabetes Mellitus. J. Clin. Endocrinol. Metab.
2009, 94, 45–49. [CrossRef]

30. Luley, C.; Blaik, A.; Götz, A.; Kicherer, F.; Kropf, S.; Isermann, B.; Stumm, G.; Westphal, S. Weight Loss by Telemonitoring of
Nutrition and Physical Activity in Patients with Metabolic Syndrome for 1 Year. J. Am. Coll. Nutr. 2014, 33, 363–374. [CrossRef]
[PubMed]

http://doi.org/10.1007/s00774-012-0367-z
http://doi.org/10.1359/jbmr.2001.16.8.1408
http://www.ncbi.nlm.nih.gov/pubmed/11499863
http://doi.org/10.1210/jc.2008-1455
http://doi.org/10.1080/07315724.2013.875437
http://www.ncbi.nlm.nih.gov/pubmed/25105874

	Introduction 
	Results 
	Clinical and Laboratory Parameters 
	Correlation Analysis of Osteocalcin and Parameters of the Metabolic Syndrome 
	Multiple Regression Analysis between Osteocalcin and Parameters of the Metabolic Syndrome 

	Discussion 
	Materials and Methods 
	Research Design 
	Dual Energy X-ray Absorptiometry 
	Clinical and Laboratory Parameters 
	Statistical Analysis 

	References

