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Background: Bone and skeletal muscle represent a single functional unit. We cross-
sectionally investigated body composition, risk of fall and circulating osteocalcin (OC)
isoforms in osteoporotic postmenopausal women to test the hypothesis of an involvement
of OC in the bone-muscle crosstalk.

Materials and Methods: Twenty-nine non-diabetic, non-obese, postmenopausal
osteoporotic women (age 72.4 ± 6.8 years; BMI 23.0 ± 3.3 kg/m2) underwent to: 1)
fasting blood sampling for biochemical and hormone assays, including carboxylated
(cOC) and uncarboxylated (uOC) osteocalcin; 2) whole-body dual energy X-ray
absorptiometry (DXA) to assess total and regional body composition; 3) magnetic
resonance imaging to determine cross-sectional muscle area (CSA) and intermuscular
adipose tissue (IMAT) of thigh muscles; 4) risk of fall assessment through the OAK system.

Results: Appendicular skeletal muscle index (ASMMI) was low in 45% of patients. Forty
percent got a low OAK score, consistent with moderate-severe risk of fall, which was
predicted by low legs lean mass and increased total fat mass. Circulating cOC levels
showed significantly correlated with bCTx-I, lean mass parameters including IMAT, and
OAK score. Fractured and unfractured women did not differ for any of the analyzed
parameters, though cOC and uOC positively correlated with legs lean mass, OAK score
and bone markers only in fractured women.
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Conclusions: Data supported the relationship between OC and skeletal muscle mass and
function in postmenopausal osteoporotic women. Serum cOC, but not uOC, emerges as
mediator in the bone-muscle crosstalk. Circulating cOC and uOC levels may be differentially
regulated in fractured and unfractured osteoporotic women, suggesting underlying differences
in bone metabolism.
Keywords: osteocalcin, skeletal muscle mass, risk of fall, osteoporosis, fragility fractures
INTRODUCTION

Aging results in the progressive and parallel loss of bone, known
as osteopenia, and in skeletal muscles, known as sarcopenia.
Sarcopenia is defined as the loss of skeletal muscle mass and
quality, which accelerates with aging and is associated with
functional decline. Osteopenia and sarcopenia are two main
determinants of aging-related fragility (1), and sarcopenia
represents one of the main causes of increased risk of falls and,
directly or indirectly, fractures (2). Sarcopenia in elderly women
associated with an increased risk of all-cause mortality (3, 4).
Moreover, in older adults, the coexistence of osteopenia and
sarcopenia, namely osteosarcopenia, has to be regarded as the
major risk factor for fractures and further functional decline due
to low physical performance (5–7). Among the lean tissues,
skeletal muscles exert a strong positive effect on bone mass (8–
10), while the impact of fat is weaker and likely indirect (11, 12).

Bone and muscle are functionally related, not only
biomechanically since the direct connection, but also based on
the emerging intense endocrine crosstalk (13–16).

Osteocalcin (OC) is mainly secreted by osteoblasts during
bone formation, in part also by osteocytes, and it binds to the
mineralized matrix (17). Its role in skeletal remodeling is debated
as OC knockout mice showed normal bone mineral density
though they display a crystals misalignment along the collagen
fibrils consistent with a low degree of crystal maturation and
increased brittleness (18, 19). OC overexpression in mice does
not affect bone mineralization, but it promotes recruitment and
differentiation of circulating monocytes and osteoclast
precursors, suggesting a role in the osteoblast-osteoclast
interaction (20).

Among other metabolic abnormalities and the substantially
unmodified bony phenotype, mice in which Gprc6a, the putative
receptor for OC, has been knocked out experienced decreased
muscle mass, while the knockout mice of Esp, a phosphatase that
inhibits the function of OC, has increased muscle mass. Further
evidence that OC may solve a relevant role in muscle mass gain
and muscle function is that supplementation with OC restores
reduced exercise capacity in aged mice and increases muscle
strength. Aerobic exercise increases circulating bioactive OC
levels (i.e., uncarboxylated OC) and induces OC signaling in
muscle leading to the expression of the myokine IL-6 (21, 22).

OC regulates muscle mass independently of its effects on
energy expenditure, acting by direct activation of the receptor
GPRC6A (21–23). Uncarboxylated OC (uOC) seems to directly
promote protein synthesis in mice myotubes, explaining why this
ntiersin.org 2
hormone is responsible for muscle maintenance during aging
(21, 22). Moreover, uOC induces myoblast proliferation via
sequential activation of the PI3K/Akt and p38 MAPK
pathways in C2C12 murine myoblasts, while it enhances
myogenic differentiation via a mechanism involving GPRC6A-
ERK1/2 signaling (23).

However, many studies were published using animal models,
and they need to be confirmed in humans. Some differences
between murine and human OC should be considered. OC is
carboxylated on glutamic acid residues (Glu!Gla) 13, 17, and 20
in the mouse protein and on Glu 17, 21, and 24 in humans.
Moreover, regarding the circadian rhythm, in mice OC levels
peak during the daytime and are at lowest during nighttime,
whereas in humans, the levels fall in the early morning, rise in the
afternoon and peak at night (14, 24).

The primary aim of the present study was to investigate the
associations between circulating carboxylated (cOC) and uOC,
body composition (i.e., bone, fat and muscle mass) and risk of fall
in a series of postmenopausal osteoporotic elderly women.
Secondly, we aimed to examine the pairwise differences in
body composition, risk of fall and circulating cOC and uOC
levels between fractured and unfractured osteoporotic women.
We tested the hypothesis that cOC and/or uOC are involved in
the bone-muscle crosstalk in osteoporotic elderly women.
MATERIALS AND METHODS

Study Design
This is an observational cross-sectional study conducted in
accordance with the STROBE guidelines for cross-sectional
studies (25) and was approved by the Ethical Committee of Vita-
Salute San Raffaele University (ref.no.17/INT/2017). Before the
beginning of the study, all the participants signed their written
informed consent to participate. All study procedures were
performed in compliance with the laws and regulations governing
the use of human subjects (Declaration of Helsinki) and the study
protocol was registered at clinicaltrials.gov (ref.no. NCT03382366).
All patients enrolled were investigated by: a) clinical and
anthropometric evaluation; b) risk of fall evaluation by the OAK
system (Khymeia, Noventa Padovana, Italy); c) fasting blood sample
for biochemical and hormonal assays, and d) total body dual energy
x-ray absorptiometry scan (DXA) for body composition assessment.
Moreover, magnetic resonance imaging (MRI) was performed to
measure the cross-sectional muscle area (CSA) and the
intermuscular adipose tissue (IMAT) of thigh muscles.
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Study Population
The final series was represented by 29 postmenopausal non-obese
women (mean age 72.4±6.8, range 60-85 years; BMI 23.0±3.3 kg/m2,
range 18.1-29.3) from the outpatients referred to the Endocrinology
Frontiers in Endocrinology | www.frontiersin.org 3
Service of IRCCS Istituto Ortopedico Galeazzi in Milan. Women
were consecutively enrolled between May 2017 and September
2019 as illustrated in Figure 1. Inclusion criteria were: Caucasian
ethnicity, age ≥ 60 years, a DXA-based diagnosis of osteoporosis at
FIGURE 1 | Diagram representing process of patients enrollment.
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proximal hip (neck or total femur bone mineral density (BMD) T-
score ≤ -2.5), and ability to walk without aids. Exclusion criteria
included: age< 60 years, BMI> 30 kg/m2, estimated GFR> 60 ml/
min, active or previous smoke, alcohol abuse, diabetes mellitus,
heart failure with NYHA class> 2, active neoplastic diseases, liver
diseases, ascertained endocrine and rheumatologic diseases,
immunosuppressive treatment including corticosteroids,
treatment with aromatase inhibitors, anticonvulsants, drugs
known to alter cognitive function, occurrence of fragility
fractures or orthopedic surgery in the last 6 months before the
enrollment. All women, included those with previous fragility
fractures, were free from anti-osteoporotic drugs, calcium and
vitamin D supplementation since at least 6 months.

Fall Risk Assessment by OAK Device
The OAK device is a safe and validated device used for the
assessment of fall risk [26]; it provides an automated version of
the Brief-BESTest, a clinical tool examining balance performance
in six specific context of postural control (26). The risk of fall
reflects bone frailty, chronic, and/or degenerative conditions
associated with physical, sensory, and cognitive changes in
advancing age (27). The OAK system works semi-
automatically and an experienced investigator assisted every
session. The OAK system comprises two stabilometric
platforms, three sensorized bars, four antennas and a Human
Machine Interface providing audio and video instructions to the
subjects. Before the beginning of the test, all subjects wore a
portable device connected to a set of four inertial-magnetic
sensors, located on the wrists and the thighs through gloves
and rip-ties, to interact with the OAK system. Data from sensors,
platforms and bars were then collected and integrated to
calculate balance scores for each task. The global score ranges
between 0 and 24 points: a score between 17 and 24 classifies a
subject as low risk of fall, while a score between 0 and 16
identifies a subject as medium/high risk of fall (28). A
familiarization session was performed before the text
execution; the time range needed to complete the whole test
was 9-15 minutes.

Body Composition Analysis
A whole-body DXA scan was performed to measure total and
regional body composition (Hologic QDR-Discovery 139 W
densitometer; Hologic Inc., Bedford, MA, USA). Regions of
interest were automatically defined by the software including
six different body districts: total body, trunk, upper limbs (left
and right arms), lower limbs (left and right legs). For each region,
the exam provided the weight of total mass, fat mass, and lean
mass, all expressed in grams (g), as well as regional BMD values,
expressed in g/cm2. The precision of the BMD measurement by
DXA has coefficients of variation (CV) at different sites between
0.4% (lumbar spine) to 1.3% (femoral neck) and 2% to 6% for
body composition, in line with previous report (29).

The total amount of lean mass was also investigated by using
the Appendicular Skeletal Muscle Mass Index (ASMMI), which
is the amount of muscle in the upper and lower limbs, corrected
by the individuals’ square of the height (appendicular lean
mass/height2). The most valid and widely accepted cut-off
Frontiers in Endocrinology | www.frontiersin.org 4
value for ASMMI with the whole-body DXA in women is
reported to be 5.7 kg/m2, with subjects under this threshold
being diagnosed with low muscle mass (30, 31). Diagnosis of
osteoporosis was established in presence of BMD of −2.5
standard deviation or more below the mean of a young healthy
adult (T-score) (32). DXA-measured femoral neck BMD (33)
and ASMMI (31, 33) are considered the gold standard values for
the diagnosis of osteoporosis and low muscle mass, respectively
(34, 35).

Magnetic Resonance Imaging (MRI)
MRI was performed in twenty-four women; the remaining
patients refused to undergo this additional procedure due to
claustrophobia. All scans were performed with a 1.5T MR
system (Avanto, Siemens Medical Solution, Erlangen, Germany)
and 15 slices with a thickness of 5 mm were acquired covering a
total length of 7.5 cm at the middle third of the right thigh. MRI
protocol included a transverse T1-weighted sequence (for
anatomic reference) and a transverse Dixon sequence (for
quantitative analysis), for a total examination time of about 10
minutes. More in detail, intermuscular adipose tissue (IMAT)
quantification was performed by using Dixon MRI sequences,
which produce four sets of MRI images providing information on
water and fat content separately, therefore offering the possibility
for precise fat quantification (36, 37). The segmentation of the
thigh muscles was performed for each slice of that in which the
muscle-tendon junction of the gluteus maximus muscle was visible
with the use of ImageJ, an open-source software (38), by a single
expert operator (C.M.). The whole muscle area was selected as a
single unit. Two quantitative parameters were finally calculated
using Image J15: the thigh cross-sectional muscle area (CSA),
expressed in mm2, and the thigh IMAT, representing the IMAT
absolute value of the total muscle CSA and expressed in mm2.
Subcutaneous fat, major blood vessels and the bony femur were
excluded from the segmentation.

Laboratory Examination
Fasting blood samples were collected from each patient
by standard venipuncture. Total calcium, phosphate, total
alkaline phosphatase activity (ALP), creatinine, and the bone
resorption marker type I collagen C-terminal cross-linked
telopeptide (bCTx-I) were measured by routine assays in
serum tubes with clot activator (SSTII Advance Vacutainer,
Becton Dickson, Franklin Lakes, NJ, USA). Dipotassium
ethylendiaminotetraacetate (K2EDTA)-anticoagulated plasma
PTH (K2EDTA Vacutainer, Becton Dickinson) and serum 25-
hydroxyvitamin D [25-(OH)D)] were assayed by Roche. Plasma
cOC and uOC were measured by the means of two specific
monoclonal antibody-based sandwich immunoassays
(Undercarboxylated OC EIA kit and Gla-Type OC EIA kit,
Takara Bio Inc., Otsu-Shi, SHG, Japan). The lower limit of
detection (LLD) was 0.25 ng/mL for both assays. As reported
by the manufacturer, intra-assay (CVw) and interassay (CVb)
coefficients of variation were 4.58% and 5.67% for uOC and 3.3%
and 1.0% for cOC, respectively (39). All samples were tested in
duplicate and according to the most up-to-date pre-analytical
warnings (40, 41).
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Statistical Analysis
Sample size was calculated by G*power3.1, considering as
significant a correlation with a slope of at least 0.48, an
a-error of 0.05 and a power of 0.80 in a model of linear
bivariate regression. Continuous variables were given as
mean ± standard error media (SEM). Numeration data were
described as percentages (%). The normality of the distribution
of clinical, radiological and laboratory variables for the fractured
(n=13) and unfractured group (n=16) were checked using
graphical methods and the Shapiro-Wilk test. Data
homogeneity between groups was tested through un-paired
Student t-tests or with the Mann-Whitney rank test for non-
normally distributed variables. Significance was set at p<0.05. In
addition, the normality of the distribution of clinical, radiological
and laboratory variables were checked using graphical methods
and the Shapiro-Wilk test for the entire group of subjects. The
existence of a correlation between outcomes was tested by the
Pearson’s correlation index. The same approach was adopted to
test the existence of possible correlations between cOC or uOC
and the other outcomes for the group of fractured and
unfractured women separately. Correlations were considered
significant when r>0.25 and P<0.05. Multivariate analysis
considering OAK score and cOC as dependent variables have
been performed to test the hypothesis they could be predictive of
muscle parameters. Statistical analysis was performed using
GraphPad Prism version 6.00 (GraphPad Software, San Diego,
CA, USA) and by Past3.14 (42).
RESULTS

Body Composition in the Series of
Postmenopausal Osteoporotic Women
Mean ASMMI was 5.69±0.13 kg/m2. Considering a cut-off of
5.7 kg/m2 for the diagnosis of low muscle mass in elderly women
according the Consensus Report produced by European
Working Group on Sarcopenia in Older People 2 (EWGSOP2)
(30), low muscle mass was detected in 13 (45%) out of the 29
osteoporotic women, with ASMMI ranging between 4.20 and
5.62 kg/m2. In the present series of osteoporotic postmenopausal
women, ASMMI did not correlate with age, while it positively
correlated with BMI value (r=0.599, p=0.006); therefore, the
muscle mass index was normalized by BMI, and appendicular
skeletal muscle (ASM)/BMI was considered. ASM/BMI
negatively correlated with total fat mass (r=-0.644, p=0.0002)
(Figure 2A) and in particular with the trunk fat mass (r=-0.724,
p=0.0001) (Figure 2B). Despite ASM/BMI did not show any
significant correlation with segmental bone mineral density,
considering the lean mass of each leg, a significant positive
correlation with the corresponding segmental bone mineral
density (BMD) emerged (Figures 2C, D).

We further gained insight about skeletal muscle mass features in
elderly osteoporotic women investigating the muscle and fat
components of thigh by MRI. The thigh CSA ranged 5323- 10759
mm2, and positively correlated with ASM/BMI (r=0.415, p=0.044)
(Figure 3A) and with leg BMD (r=0.554, p=0.014) (Figure 3B).
Frontiers in Endocrinology | www.frontiersin.org 5
The extracellular adipose tissue found beneath the fascia and
in-between muscle groups, evaluated as IMAT, ranged between
741 mm2 and 1881 mm2, representing 10-25% of the thigh CSA.
IMAT positively correlated with CSA (r=0.471, p=0.020)
(Figure 3C), and with the leg fat mass measured by DXA
(r=0.564, p=0.012) (Figure 3D).

Fall risk was evaluated using the OAK score derived by the
OAK system. Mean OAK score was 17.8 ± 4.7 point-score out of
24.0; 12 women (41%) showed an OAK score between 0-16
consistent with moderate-high risk of fall. OAK scores negatively
correlated with age (Figure 3E). Interestingly, OAK scores
positively correlated with ASM/BMI (r=0.645, p=0.0002)
(Figure 3F), with CSA (r=0.436, p=0.033) (Figure 3G), and
negatively with total fat mass (r=0.527, P=0.003) (Figure 3H). A
multivariate model considering OAK score as the dependent
variable, and age, ASM/BMI, CSA, and total fat mass as the
independent variables, indicated that OAK score is significantly
related to age (r2 = 0.334, p=0.004) as well as to ASM/BMI
(r2 = 0.416, p=0.005).

Circulating Osteocalcin Levels in
Osteoporotic Postmenopausal Women
OC is released by activated osteoblasts (17). Though both plasma
cOC and uOC did not show any significant correlation with
segmental BMDs nor with total or segmental fat masses (data not
shown), in the series of osteoporotic women, both serum cOC
and uOC levels positively correlated with serum bCTx-I levels,
while any significant correlation could be detected with the
mineral metabolic markers (Table 1). It is note of worth that
plasma cOC, but not uOC, levels positively correlated with the
ASM/BMI (Table 1). Considering the different skeletal muscle
segments, plasma cOC, but not uOC, levels positively correlated
with trunk lean mass as well as with legs lean mass (Table 1). In
line with finding in DXA-derived lean mass parameters, plasma
cOC levels positively correlated with CSA and with IMAT
measured by MRI (Table 1). Interestingly, plasma cOC levels
also positively correlated with muscle function assessed as OAK
score (Table 1). In a multivariate model considering plasma cOC
levels as the dependent variable, and serum bCTx-I levels, legs
lean mass, IMAT, and OAK score, as the independent variables,
cOC levels were significantly related to serum bCTx-I levels (r2 =
0.147, p=0.011) and to legs lean mass (r2 = 0.319, p=0.017).

Differences Between Fractured and
Unfractured Osteoporotic Women
Thirteen women (45%) experienced previous fragility fractures: at
least one vertebral fracture (clinical and morphometric vertebral
fractures, detected by dorsal and lumbar conventional x-ray
imaging) was diagnosed in 10 women, femur neck fracture in 1
woman, and distal radius fractures in 2 women. Fractured
osteoporotic women did not show evident differences in their body
composition when compared with unfractured women (Table 2).

We further investigated about differences in cOC and uOC
correlations between fractured and unfractured osteoporotic
women (Table 3). The most striking difference between the
two groups consists in the strong positive relationship between
May 2021 | Volume 12 | Article 669704
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serum cOC and uOC levels in fractured women (r=0.852,
p=0.0002), which was definitely abolished in unfractured women.
In unfractured women, circulating cOC was confirmed to correlate
with muscle mass parameters, such as legs lean mass, thigh CSA
and IMAT. In fractured women, both cOC and uOC correlated
with lean mass parameters, namely ASM/BMI and legs lean mass,
with the OAK score-related risk of fall, and with bone markers,
suggesting that the intense crosstalk among bone, and muscle mass
and function mediated by cOC is more active in fractured
osteoporotic women with respect to unfractured women.
DISCUSSION

Osteoporosis and sarcopenia are serious health problems in
postmenopausal women. In the present study, the interaction
between bone and skeletal muscle was investigated in non-obese,
non-diabetic, vitamin D-sufficient, older than 60 years
postmenopausal osteoporotic women, free from anti-osteoporotic
drugs and from any other treatment known to affect bone
metabolism. The hypothesis that circulating carboxylated and/or
uncarboxylated osteocalcin levels may mediate the bone-muscle
interaction has been tested. Lowmuscle mass affected about a half of
Frontiers in Endocrinology | www.frontiersin.org 6
osteoporotic women, and data obtained by MRI suggested that
elderly osteoporotic women with conserved lean mass may have,
indeed, increased intramuscular fat infiltration, measured as IMAT.
This finding is relevant because as IMAT increases, muscle quality,
and possibly muscle function, decreases (43). Moreover, the
frequently occurring low muscle mass at legs level and reduced
thigh cross-sectional muscle area are known to be associated with
reduced bone mineral densities, in line with a previous report (44),
underscoring the relationship between bone and skeletal muscle in
elderly osteoporotic women.

A consistent subset (40%) of osteoporotic postmenopausal
women had a moderate-high increased risk of fall as evaluated by
the automated system OAK. Interestingly, OAK score well
correlated with muscle parameters, namely ASM/BMI and thigh
CSA, supporting the hypothesis that a reduced muscle mass
increases the risk of fall in osteoporotic women. Increased fat
mass also emerged as a negative factor determining the risk of
fall, though the role seems minor than that of age and ASM/BMI.
Therefore, impaired muscle mass and function frequently occur in
osteoporotic postmenopausal women and are related with BMD.

Experimental evidence suggest an intense crosstalk between
bone and skeletal muscle through mechanic stimulation and
hormones, including myokines, adipokines, and osteokines
A

B

C

D

FIGURE 2 | Correlations between parameters of body composition detected by DXA in osteoporotic postmenopausal women. ASM/BMI negatively correlated with
total fat mass (A) and, in particular, with trunk fat mass (B). Left leg lean mass positively correlated with the corresponding segmental BMD (C); similar correlation
was detected between the right lean mass and the corresponding segmental BMD (D). Lines represent regressions, dot lines represent 95% confidence intervals.
Data were analyzed by Pearson coefficient of correlation.
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(15, 16). We focused attention on osteocalcin, whose endocrine
function is emerging, though data are controversial (45). Gender
differences in serum osteocalcin levels and their modulation have
been reported (20), so to avoid this potential confounding bias,
postmenopausal women have been analyzed in the present study.
Moreover, osteoporotic women with diabetes and obesity were
excluded, since the potential involvement of this hormone in the
regulation of energy metabolism and endocrine pancreas
function, at least in rodent models (46). Investigating both the
carboxylated and uncarboxylated forms in a series of
postmenopausal osteoporotic women, we found that both cOC
Frontiers in Endocrinology | www.frontiersin.org 7
and uOC levels positively correlated with serum bCTx-I levels, in
line with what previously reported (47, 48), suggesting that OC is
related with osteoclastic resorptive activity. We found that
circulating cOC levels correlated with body composition,
namely ASM/BMI, in particular with the trunk and legs lean
masses, and with total fat mass in osteoporotic women. Of note,
legs lean mass is mainly associated with circulating cOC levels,
supporting the narrow relationship between skeletal muscle and
bone-derived cOC in osteoporotic elder women. This finding
represents a discrepancy with reports in mice, where uOC
display endocrine action. The association we found between
A

B

C

D

E

F

G

H

FIGURE 3 | Correlations between parameters of body composition detected by MRI and with risk of fall measured by OAK automated system. Thigh cross sectional
area (CSA) positively correlated with ASM/BMI (A) and with the leg BMD (B). The intramuscular adipose tissue (IMAT) positively correlated with CSA (C) and with the
leg fat mass (D). OAK scores negatively correlated with age (E), positively with ASM/BMI (F) and with CSA (G), and negatively with total fat mass (H). Lines represent
regressions, dot lines represent 95% confidence intervals. Data were analyzed by Pearson coefficient of correlation.
TABLE 1 | Significant correlations between plasma cOC and uOC levels and parameters related to bone, muscle mass, and muscle function.

Pearson cOC uOC

r P r P

Bone parameters
bCTx-I 0.620 0.039 0.707 <0.0001
Muscle mass
ASM/BMI 0.458 0.013 0.009 0.961
Trunk lean mass 0.458 0.012 0.186 0.400
Legs lean mass 0.565 0.001 -0.134 0.542
CSA 0.519 0.009 0.153 0.475
IMAT 0.435 0.034 -0.022 0.917
Muscle function
OAK score 0.431 0.020 0.014 0.944
May 2021 | Volume 12 | Article
cOC, carboxylated osteocalcin; uOC, uncarboxylated osteocalcin; r, coefficient of correlation by Pearson test; P, statistical significance; bCTx-I, beta-crosslinked C-terminal telopeptide of
type I collagen; ASM/BMI, appendicular skeletal muscle mass corrected for BMI; CSA, Cross-sectional muscle area of the thigh; IMAT, Intermuscular fat of the thigh.
Bold values highlighted statistical significant values.
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TABLE 2 | Pairwise comparisons between fractured (n=13) and unfractured (n=16) osteoporotic women for clinical, body composition and bone metabolism variables.

Parameters Fractured women (n=13) Unfractured women (n=16) Significance

Age (years) 74.7±1.6 70.6±1.8 0.107
Bone mineral density
L1-L4 T-score -2.70±0.31 -3.00±0.26 0.448
Neck T-score -2.74±0.09 -2.60±0.13 0.410
Femur T-score -2.34±0.19 -2.51±0.15 0.487
Arm sBMD (g/cm2) 1.194±0.201 1.199±0.080 0.926
Legs BMD (g/cm2) 1.709±0.310 1.630±0.509 0.656
Fat mass
BMI (kg/m2) 24.2±0.9 22.1±0.8 0.075
Total fat mass (g) 22109.0±1817.0 19283.0±1187.0 0.190
Arms fat mass (g) 3107.0±1272.0 2567.0±1242.2 0.316
Legs fat mass (g) 7735.0±1699.0 7889.0±1507.4 0.821
Trunk fat (g) 9988.0±1307.0 8163.0±872.0 0.251
Lean mass
ASM/BMI 0.248±0.033 0.251±0.029 0.773
Arms lean mass (g) 3634.0±373.3 3258.0±404.9 0.016
Legs lean mass (g) 10487.0±1222.0 9665.0±1628.0 0.144
Trunk lean mass (g) 17260.0±522.5 16225.0±590.7 0.207
Thigh muscle CSA (mm2) 7998.8±1163.2 7637.1±1574.9 0.545
IMAT (mm2) 1265±52.6 1190±102.9 0.571
Muscle function
Physical activity (hr/week) 1.08±1.38 2.19±3.10 0.243
OAK score (0-to-24) 15.5±4.3 16.4±4.8 0.578
Circulating bone markers
cOC (ng/ml) 10.2±1.0 10.3±0.9 0.936
uOC (ng/ml) 3.7±0.6 4.5±0.9 0.509
Total ALP (U/L) 74.0±26.1 66.0±13.4 0.256
bCTx-I (ng/ml) 0.245±0.144 0.259±0.162 0.888
Total calcium (mg/dl) 9.3±0.3 9.4±0.5 0.427
PTH (pg/ml) 50.7±24.3 84.1±37.5 0.226
25-(OH)D (ng/ml) 36.4±12.8 33.7±14.3 0.900
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Data are reported as mean ± SD. BMD, Bone Mineral Density; BMI, Body-Mass Index; ASMMI, Appendicular Skeletal Muscle Mass Index; CSA, Cross-sectional muscle area of the thigh;
IMAT, Intermuscular fat of the thigh; cOC, carboxylated osteocalcin; uOC, uncarboxylated osteocalcin; ALP, alkaline phosphatase activity; PTH, Parathyroid hormone; 25-(OH)D, serum
25-hydroxyvitamin D; bCTx-I, beta-crosslinked C-terminal telopeptide of type I collagen.
Bold values highlighted statistical significant values.
TABLE 3 | Correlations between cOC or uOC with the body composition parameters and bone markers in fractured and unfractured women.

OSTEOCALCIN Fractured Unfractured

Parameters cOC uOC cOC uOC

Pearson r P r P r P r P

Muscle mass
ASM/BMI 0.433 0.139 0.716 0.006 0.100 0.712 -0.013 0.962
Legs lean mass (g) 0.661 0.014 0.499 0.084 0.595 0.029 -0.117 0.665
CSA (mm2) 0.378 0.282 0.050 0.891 0.569 0.034 0.190 0.515
IMAT (g) -0.355 0.315 -0.453 0.189 0.640 0.014 0.095 0.747
Muscle function
OAK score 0.645 0.017 0.591 0.034 0.170 0.530 -0.122 0.652
Fat mass
BMI (kg/m2) -0.200 0.521 -0.521 0.068 0.147 0.587 0.276 0.300
Total fat mass (g) -0.221 0.468 -0.493 0.087 0.058 0.830 0.066 0.806
Circulating bone markers
Total ALP (U/L) 0.786 0.007 0.794 0.006 0.494 0.214 0.665 0.072
bCTx-I (ng/ml) 0.855 0.0002 0.855 0.0002 0.063 0.817 0.678 0.004
25-(OH)D (ng/ml) -0.689 0.019 -0.468 0.146 0.035 0.923 -0.494 0.147
uOC (ng/ml) 0.852 0.0002 – – -0.013 0.963 – –
Article 6
OC, carboxylated osteocalcin; uOC, uncarboxylated osteocalcin; fractured, osteoporotic women experiencing previous fragility fracture; unfractured, osteoporotic women without
evidence of clinical or morphometric fractures; r, coefficient of correlation by Pearson test; P, statistical significance; ASM/BMI, appendicular skeletal muscle mass corrected for BMI; BMI,
Body-Mass Index; CSA, Cross-sectional muscle area of the thigh; IMAT, Intermuscular fat of the thigh; ALP, alkaline phosphatase activity; bCTx-I, beta-crosslinked C-terminal telopeptide
of type I collagen; 25-(OH)D, serum 25-hydroxyvitamin D.
Bold values highlighted statistical significant values.
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cOC and leg composition may be related to the muscular activity
that, in humans, included the elderly, is prominent in the lower
limbs. However, this finding should be confirmed and its
physiological meaning might be investigated. Nonetheless, it is
in line with the intervention study by Kyla Shea et al. (49)
demonstrating that uOC was not cross-sectionally associated
with appendicular lean mass or fat mass in older community-
dwelling men or women, and that reduction of uOC levels
following vitamin K supplementation affected neither lean nor
fat mass over 3 years. Moreover, a positive correlation between
circulating osteocalcin and lean mass has been reported in
trained and untrained young women (50) and in middle-aged
and elderly Chinese subjects (51). Moreover, exercise enhances
osteocalcin serum levels in adult women (22), while osteocalcin
circulating levels decrease during aging, when exercise capacity
declines. By contrast, in community-dwelling middle-aged and
elderly adults, Moriwaki et al. failed to detect any relationship
between OC and muscle parameters (52).

Further, we focused the attention on the two subgroups of
osteoporotic elder women who experienced at least one fracture
and those who never suffered fractures, including screening for
morphometric vertebral deformities. All fractures occurred at
least 6 months before the enrollment in the study, when bone
turnover markers return to baseline (53).

We failed in detecting any difference in body composition
parameters, OAK score, as well as in circulating bone markers
between the two groups. Nonetheless, fractured women were
characterized by a positive relationship between circulating cOC
and uOC, which was absent in unfractured women. Moreover,
plasma cOC and uOC levels well correlated with total ALP and
bCTx-I in fractured women, but not in unfractured women. These
findings suggest that bone remodeling differ in osteoporotic
fractured women compared with osteoporotic unfractured. In the
present series of osteoporotic elder women, serum bCTx-I emerged
as a determinant of circulating cOC, suggesting that osteoclasts-
related resorptive activity, which is known to be associated with an
increased risk of fractures (54, 55), may be involved in modulation
of cOC levels, throughout its release from the matrix. Moreover, in
fractured women, plasma cOC and uOC correlated with the lean
mass parameters and OAK score, showing that relatively low
circulating levels of cOC and uOC may be predictive of low legs
lean mass and, hence, increased risk of fall in fractured osteoporotic
women. Besides, unfractured women displayed a significant positive
correlation of plasma cOC levels with IMAT and with legs lean
mass, highlighting that relative high cOC levels may reflects
conserved muscle mass though of reduced quality. This finding
suggested that bone turnover rate may differ in fractured and
unfractured osteoporosis and that, likely, differently influenced the
release of the different forms of OC. The different correlations
between cOC and uOC and the parameters of the musculoskeletal
system, such as risk of fall and intramuscular fat infiltration, are
consistent with a complexity in the modulation of the OC effect on
skeletal muscle mass.

A limit of the present study is represented by the small sample
size, that, though adherent to the power analysis calculation, is
limited due to extensive exclusion criteria aimed to avoid a number
Frontiers in Endocrinology | www.frontiersin.org 9
of diseases and therapies known to independently affect bone mass
and metabolism, as well as skeletal muscle mass and function.
Second, study design prevents any inference about cause-effect
relationship between plasma carboxylated osteocalcin and the
different parameters analyzed. Third, vitamin K status, which is
known to affect OC carboxylation, has not been evaluated in the
present series due to unavailability of accurate tools such as high-
performance liquid chromatography–tandem mass spectrometry
for the assessment of vitamin K homologues, phylloquinone
(vitamin K1) and menaquinones (MK-4 and MK-7). However, it
is of note that measuring uncarboxylated vitamin K-dependent
protein (i.e., osteocalcin) levels is considered the most accurate
and convenient method for assessing tissue-specific vitamin K
deficiency or insufficiency (56). Indeed, here failure in detecting
association between plasma uOC levels and most of the
parameters related with body composition, may suggest that
vitamin K replenishment is not a major determinant of the
potential relationship with muscle mass and function. Lastly,
vitamin D was not routinely administered, though at the
enrollment all women were checked for circulating 25-(OH)D
levels and in all participants serum 25-(OH)D levels were above
20 ng/ml, a threshold considered consistent with a sufficient
condition of vitamin D repletion (57).

Strengths of the present study are body composition analysis by
DXA and risk of fall assessment by an automated system. DXA is
the gold-standard technique in the analysis of body composition,
providing assessment and quantification of fat mass, lean mass and
bone mineral content, both in a single body region of interest and at
whole-body level (35). The OAK system incorporates movement
and balance sensors and accelerometers for the assessment of fall
risk in a single examination. The diagnostic test accuracy of the
OAK device has been recently investigated and the results showed
good accuracy of OAK system in assessing risk of fall
(discriminative power of AUC values above 80%) and the device
also showed a sensitivity of 84% and a specificity of 67% (28).
Diagnostic accuracy of OAK system was similar to the sensitivity
levels obtained with other fall risk assessment, such as the Brief-
BESTest. Moreover, data about skeletal muscle fat infiltration
analyzed by lower leg MRI has been provided. Lastly, both
circulating cOC and uOC levels were analyzed in the same
sample, at variance with most clinical studies provided data about
total OC and/or uOC.

In conclusion, data here presented supported the relationship
between OC and skeletal muscle mass and function detected in
mice, though in osteoporotic postmenopausal women cOC, but not
uOC, emerges as mediator in the bone-muscle crosstalk. Though
the release of cOC and uOC was similar, circulating levels may be
differentially regulated in fractured and unfractured women,
suggesting that bone metabolism differs in the two groups.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories.
The names of the repository and accession number can be found
below: ZENODO http://doi.org/10.5281/zenodo.4558652.
May 2021 | Volume 12 | Article 669704

http://doi.org/10.5281/zenodo.4558652
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Vitale et al. Osteocalcin and Skeletal Muscle Mass
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ospedale San Raffaele in Milan (ref.no.17/INT/
2017). The patients/participants provided their written informed
consent to participate in this study. All participants gave their
signed informed consent to participation.
AUTHOR CONTRIBUTIONS

SC, GL, and JV designed the study and prepared the first draft of
the paper. SC is guarantor. JV, CM, and SC enrolled and
clinically evaluated the patients. VS, MF, and CV contributed
to the experimental work performing the assays. MF and SC were
Frontiers in Endocrinology | www.frontiersin.org 10
responsible for statistical analysis of the data. All authors agree to
be accountable for the work and to ensure that any questions
relating to the accuracy and integrity of the paper are
investigated and properly resolved. All authors gave their
approval and consent to publication; there is any restriction by
government authorities. All authors contributed to the article
and approved the submitted version.
FUNDING

The study has been funded by the “Bando CARIPLO sulla ricerca
biomedica legata alle malattie dell’invecchiamento 2018” for the
projectOSTMARK(no.2018-0458) andby ItalianMinistry ofHealth.
REFERENCES
1. Curtis E, Litwic A, Cooper C, Dennison E. Determinants of Muscle and Bone

Aging. J Cell Physiol (2015) 230:2618–25. doi: 10.1002/jcp.25001
2. Scott D, Seibel M, Cumming R, Naganathan V, Blyth F, Le Couteur DG, et al.

Sarcopenic Obesity and its Temporal Associations With Changes in Bone
Mineral Density, Incident Falls, and Fractures in Older Men: The Concord
Health and Ageing in Men Project. J Bone Miner Res (2017) 32:575–83.
doi: 10.1002/jbmr.3016

3. Batsis JA, Mackenzie TA, Barre LK, Lopez-Jimenez F, Bartels SJ. Sarcopenia,
Sarcopenic Obesity and Mortality in Older Adults: Results From the National
Health and Nutrition Examination Survey Iii. Eur J Clin Nutr (2014) 68:1001–
7. doi: 10.1038/ejcn.2014.117

4. Vitale JA, Bonato M, La Torre A, Banfi G. The Role of the Molecular Clock in
Promoting Skeletal Muscle Growth and Protecting Against Sarcopenia. Int J
Mol Sci (2019) 20:4318. doi: 10.3390/ijms20174318

5. Drey M, Sieber CC, Bertsch T, Bauer JM, Schmidmaier RFiAT intervention
group. Osteosarcopenia is More Than Sarcopenia and Osteopenia Alone.
Aging Clin Exp Res (2016) 28:895–9. doi: 10.1007/s40520-015-0494-1

6. Messina C, Vitale JA, Pedone L, Chianca V, Vicentin I, Albano D, et al.
Critical Appraisal of Papers Reporting Recommendation on Sarcopenia Using
the AGREE II Tool: A EuroAIM Initiative. Eur J Clin Nutr (2020) 74:1164–72.
doi: 10.1038/s41430-020-0638-z

7. Vitale JA, Bonato M, Borghi S, Messina C, Albano D, Corbetta S, et al. Home-
Based Resistance Training for Older Subjects During the COVID-19
Outbreak in Italy: Preliminary Results of a Six-Months RCT. Int J Environ
Res Public Health (2020) 17:9533. doi: 10.3390/ijerph17249533

8. Lee I, Ha C, Kang H. Association of Sarcopenia and Physical Activity With
Femur Bone Mineral Density in Elderly Women. J Exerc Nutr Biochem (2016)
20:23–8. doi: 10.20463/jenb.2016.03.20.1.8

9. Santos VR, Christofaro DG, Gomes IC, Júnior IF, Gobbo LA. Relationship
Between Obesity, Sarcopenia, Sarcopenic Obesity, and Bone Mineral Density
in Elderly Subjects Aged 80 Years and Over. Rev Bras Ortop (2017) 53:300–5.
doi: 10.1016/j.rboe.2017.09.002

10. Papageorgiou M, Sathyapalan T, Schutte R. Muscle Mass Measures and
Incident Osteoporosis in a Large Cohort of Postmenopausal Women.
J Cachexia Sarcopenia Muscle (2019) 1:131–9. doi: 10.1002/jcsm.12359

11. Ho-Pham LT, Nguyen UD, Nguyen TV. Association Between Lean Mass, Fat
Mass, and Bone Mineral Density: A Meta-Analysis. J Clin Endocrinol Metab
(2014) 99:30–8. doi: 10.1210/jc.2014-v99i12-30A

12. Liu PY, Ilich JZ, Brummel-Smith K, Ghosh S. New Insight Into Fat, Muscle
and Bone Relationship in Women: Determining the Threshold At Which
Body Fat Assumes Negative Relationship With Bone Mineral Density. Int J
Prev Med (2014) 5:1452–63.

13. Bonewald L. Use it or Lose it to Age: A Review of Bone and Muscle
Communication. Bone (2019) 120:212–8. doi: 10.1016/j.bone.2018.11.002
14. Battafarano G, Rossi M, Marampon F, Minisola S, Del Fattore A. Bone Control of
Muscle Function. Int J Mol Sci (2020) 21:1178. doi: 10.3390/ijms21041178

15. Gomarasca M, Banfi G, Lombardi G. Myokines: The Endocrine Coupling of
Skeletal Muscle and Bone. Adv Clin Chem (2020) 94:155–218. doi: 10.1016/
bs.acc.2019.07.010

16. Kirk B, Feehan J, Lombardi G, Duque G. Muscle, Bone and Fat Crosstalk: The
Biological Role of Myokines, Osteokines and Adipokines. Curr Osteoporos Rep
(2020) 18:388–400. doi: 10.1007/s11914-020-00599-y

17. Hauschka PV, Lian JB, Cole DE, Gundberg CM. Osteocalcin and Matrix Gla
Protein: Vitamin K-dependent Proteins in Bone. Physiol Rev (1989) 69:990–
1047. doi: 10.1152/physrev.1989.69.3.990

18. Ducy P, Desbois C, Boyce B, Pinero G, Story B, Dunstan C, et al. Increased
Bone Formation in Osteocalcin-Deficient Mice. Nature (1996) 382:448–52.
doi: 10.1038/382448a0

19. Boskey AL, Gadaleta S, Gundberg C, Doty SB, Ducy P, Karsenty G. Fourier
Transform Infrared Microspectroscopic Analysis of Bones of Osteocalcin-
Deficient Mice Provides Insight Into the Function of Osteocalcin. Bone (1998)
23:187–96. doi: 10.1016/s8756-3282(98)00092-1

20. Li J, Zhang H, Yang C, Li Y, Dai Z. An Overview of Osteocalcin Progress.
J Bone Miner Metab (2016) 34:367–79. doi: 10.1007/s00774-015-0734-7

21. Mera P, Laue K, Wei J, Berger JM, Karsenty G. Osteocalcin is Necessary and
Sufficient toMaintain Muscle Mass in Older Mice.MolMetab (2016) 5:1042–7.
doi: 10.1016/j.molmet.2016.07.002

22. Mera P, Laue K, FerronM, Confavreux C,Wei J, Galan-DiezM, et al. Osteocalcin
Signaling in Myofibers is Necessary and Sufficient for Optimum Adaptation to
Exercise. Cell Metab (2017) 23:1078–92. doi: 10.1016/j.cmet.2016.12.003

23. Liu S, Gao F, Wen L, Ouyang M, Wang Y, Wang Q, et al. Osteocalcin Induces
Proliferation Via Positive Activation of the PI3K/Akt, P38 MAPK Pathways
and Promotes Differentiation Through Activation of the GPRC6A-ERK1/2
Pathway in C2C12 Myoblast Cells. Cell Physiol Biochem (2017) 43:1100–12.
doi: 10.1159/000481752

24. Lombardi G, Perego S, Luzi L, Banfi G. A Four-Season Molecule: Osteocalcin.
Updates in its Physiological Roles. Endocrine (2015) 48:394–404. doi: 10.1007/
s12020-014-0401-0

25. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP.
The Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) Statement: Guidelines for Reporting Observational Studies. Lancet
(2007) 370:1453–7. doi: 10.1016/S0140-6736(07)61602-X

26. Padgett PK, Jacobs JV, Kasser SL. Is the BESTest At its Best? A Suggested Brief
Version Based on Interrater Reliability, Validity, Internal Consistency, and
Theoretical Construct. Phys Ther (2012) 92:1197–207. doi: 10.2522/
ptj.20120056

27. Sutter T, Duboeuf F, Chapurlat R, Cortet B, Lespessailles E, Roux JP. DXA
Body Composition Corrective Factors Between Hologic Discovery Models to
Conduct Multicenter Studies. Bone (2021) 142:115683. doi: 10.1016/
j.bone.2020.115683
May 2021 | Volume 12 | Article 669704

https://doi.org/10.1002/jcp.25001
https://doi.org/10.1002/jbmr.3016
https://doi.org/10.1038/ejcn.2014.117
https://doi.org/10.3390/ijms20174318
https://doi.org/10.1007/s40520-015-0494-1
https://doi.org/10.1038/s41430-020-0638-z
https://doi.org/10.3390/ijerph17249533
https://doi.org/10.20463/jenb.2016.03.20.1.8
https://doi.org/10.1016/j.rboe.2017.09.002
https://doi.org/10.1002/jcsm.12359
https://doi.org/10.1210/jc.2014-v99i12-30A
https://doi.org/10.1016/j.bone.2018.11.002
https://doi.org/10.3390/ijms21041178
https://doi.org/10.1016/bs.acc.2019.07.010
https://doi.org/10.1016/bs.acc.2019.07.010
https://doi.org/10.1007/s11914-020-00599-y
https://doi.org/10.1152/physrev.1989.69.3.990
https://doi.org/10.1038/382448a0
https://doi.org/10.1016/s8756-3282(98)00092-1
https://doi.org/10.1007/s00774-015-0734-7
https://doi.org/10.1016/j.molmet.2016.07.002
https://doi.org/10.1016/j.cmet.2016.12.003
https://doi.org/10.1159/000481752
https://doi.org/10.1007/s12020-014-0401-0
https://doi.org/10.1007/s12020-014-0401-0
https://doi.org/10.1016/S0140-6736(07)61602-X
https://doi.org/10.2522/ptj.20120056
https://doi.org/10.2522/ptj.20120056
https://doi.org/10.1016/j.bone.2020.115683
https://doi.org/10.1016/j.bone.2020.115683
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Vitale et al. Osteocalcin and Skeletal Muscle Mass
28. Castellini G, Gianola S, Stucovitz E, Tramacere I, Banfi G, Moja L. Diagnostic
Test Accuracy of an Automated Device as a Screening Tool for Fall Risk
Assessment in Community-Residing Elderly: A STARD Compliant Study.
Med (United States) (2019) 98:e17105. doi: 10.1097/MD.0000000000017105

29. Houry D, Florence C, Baldwin G, Stevens J, McClure R. The CDC Injury
Center’s Response to the Growing Public Health Problem of Falls Among
Older Adults. Am J Lifestyle Med (2016) 10:74–7. doi: 10.1177/
1559827615600137

30. Albano D, Messina C, Vitale J, Sconfienza LM. Imaging of Sarcopenia: Old
Evidence and New Insights. Eur Radiol (2020) 30:64:2199–208. doi: 10.1007/
s00330-019-06573-2

31. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al.
Sarcopenia: Revised European Consensus on Definition and Diagnosis. Age
Ageing (2019) 48:16–31. doi: 10.1093/ageing/afz046

32. Kanis JA, Adachi JD, Cooper C, Clark P, Cummings SR, Diaz-Curiel M, et al.
Standardising the Descriptive Epidemiology of Osteoporosis: Recommendations
From the Epidemiology and Quality of Life Working Group of IOF. Osteoporos
Int (2013) 24:2763–4. doi: 10.1007/s00198-013-2413-7

33. Kanis JA, McCloskey EV, Johansson H, Oden A, Melton ,L, Khaltaev N. A
Reference Standard for the Description of Osteoporosis. Bone (2008) 42:467–
75. doi: 10.1016/j.bone.2007.11.001

34. Messina C, Maffi G, Vitale JA, Ulivieri FM, Guglielmi G, Sconfienza LM.
Diagnostic Imaging of Osteoporosis and Sarcopenia: A Narrative Review.
Quant Imaging Med Surg (2018) 8:86–99. doi: 10.21037/qims.2018.01.01

35. Guglielmi G, Ponti F, Agostini M, Amadori M, Battista G, Bazzocchi A. The
Role of DXA in Sarcopenia. Aging Clin Exp Res (2016) 28:1047–60.
doi: 10.1007/s40520-016-0589-3

36. Grimm A, Meyer H, Nickel MD, Nittka M, Raithel E, Chaudry O, et al.
Evaluation of 2-Point, 3-Point, and 6-Point Dixon Magnetic Resonance
Imaging With Flexible Echo Timing for Muscle Fat Quantification. Eur J
Radiol (2018) 103:57–64. doi: 10.1016/j.ejrad.2018.04.011

37. Grimm A, Meyer H, Nickel MD, Nittka M, Raithel E, Chaudry O, et al.
Repeatability of DixonMagnetic Resonance Imaging andMagnetic Resonance
Spectroscopy for Quantitative Muscle Fat Assessments in the Thigh.
J Cachexia Sarcopenia Muscle (2018) 9:1093–100. doi: 10.1002/jcsm.12343

38. Schneider CA, Rasband WS, Eliceiri KW. Nih Image to ImageJ: 25 Years of
Image Analysis. Nat Methods (2012) 9:671–5. doi: 10.1038/nmeth.2089

39. Sansoni V, Vernillo G, Perego S, Barbuti A, Merati G, Schena F, et al. Bone
Turnover Response is Linked to Both Acute and Established Metabolic
Changes in Ultra-Marathon Runners. Endocrine (2017) 56:196–204.
doi: 10.1007/s12020-016-1012-8

40. Lombardi G, Lanteri P, Colombini A, Banfi G. Blood Biochemical Markers of
Bone Turnover: Pre-Analytical and Technical Aspects of Sample Collection and
Handling. Clin Chem Lab Med (2012) 50:771–89. doi: 10.1515/cclm-2011-0614

41. Lombardi G, Barbaro M, Locatelli M, Banfi G. Novel Bone Metabolism-
Associated Hormones: The Importance of the Pre-Analytical Phase for
Understanding Their Physiological Roles. Endocrine (2017) 56:460–84.
doi: 10.1007/s12020-017-1239-z

42. Hammer Ø, Harper DAT, Ryan PD. Past: Paleontological Statistics Software
Package for Education and Data Analysis. Palaeontol Electron (2001) 4(1):9.

43. Correa-de-Araujo R, Addison O, Miljkovic I, Goodpaster BH, Bergman BC,
Clark RV, et al. Myosteatosis in the Context of Skeletal Muscle Function
Deficit: An Interdisciplinary Workshop At the National Institute on Aging.
Front Physiol (2020) 11:963. doi: 10.3389/fphys.2020.00963

44. Yin L, Xu Z, Wang L, Li W, Zhao Y, Su Y, et al. Associations of Muscle
Size and Density With Proximal Femur Bone in a Community Dwelling
Older Population. Front Endocrinol (Lausanne) (2020) 11:503. doi: 10.3389/
fendo.2020.00503
Frontiers in Endocrinology | www.frontiersin.org 11
45. Manolagas SC. Osteocalcin Promotes Bone Mineralization But is Not a
Hormone. PLoS Genet (2020) 16:e1008714. doi: 10.1371/journal.pgen.1008714

46. Ferron M, Hinoi E, Karsenty G, Ducy P. Osteocalcin Differentially Regulates
Beta Cell and Adipocyte Gene Expression and Affects the Development of
Metabolic Diseases in Wild-Type Mice. Proc Natl Acad Sci USA (2008)
105:5266–70. doi: 10.1073/pnas.0711119105

47. Levinger I, Scott D, Nicholson GC, Stuart AL, Duque G, McCorquodale T,
et al. Undercarboxylated Osteocalcin, Muscle Strength and Indices of Bone
Health in Older Women. Bone (2014) 64:8–12. doi : 10.1016/
j.bone.2014.03.008

48. Kerschan-Schindl K, Boschitsch E, Marculescu R, Gruber R, Pietschmann P.
Bone Turnover Markers in Serum But Not in Saliva Correlate With Bone
Mineral Density. Sci Rep (2020) 10:11550. doi: 10.1038/s41598-020-68442-z

49. Shea MK, Dawson-Hughes B, Gundberg CM, Booth SL. Reducing
Undercarboxylated Osteocalcin With Vitamin K Supplementation Does
Not Promote Lean Tissue Loss or Fat Gain Over 3 Years in Older Women
and Men: A Randomized Controlled Trial. J Bone Miner Res (2017) 32:243–9.
doi: 10.1002/jbmr.2989

50. Jackman SR, Scott S, Randers MB, Orntoft C, Blackwell J, Zar A, et al.
Musculoskeletal Health Profile for Elite Female Footballers Versus Untrained
Young Women Before and After 16 Weeks of Football Training. J Sports Sci
(2013) 31:1468–74. doi: 10.1080/02640414.2013.796066

51. Xu Y, Ma X, Shen Y, Gu C, Tang J, Bao Y. Role of Hyperglycaemia in the
Relationship Between Serum Osteocalcin Levels and Relative Skeletal Muscle
Index. Clin Nutr (2019) 38:2704–11. doi: 10.1016/j.clnu.2018.11.025

52. Moriwaki K, Matsumoto H, Tanishima S, Tanimura C, Osaki M, Nagashima
H, et al. Association of Serum Bone- and Muscle-Derived Factors With Age,
Sex, Body Composition, and Physical Function in Community-Dwelling
Middle-Aged and Elderly Adults: A Cross-Sectional Study. BMC
Musculoskelet Disord (2019) 20:276. doi: 10.1186/s12891-019-2650-9

53. Højsager FD, Rand MS, Pedersen SB, Nissen N, Jørgensen NR. Fracture-
Induced Changes in Biomarkers CTX, Pinp, OC, and BAP-a Systematic
Review. Osteoporos Int (2019) 30:2381–9. doi: 10.1007/s00198-019-05132-1

54. Dai Z, Wang R, Ang LW, Yuan JM, Koh WP. Bone Turnover Biomarkers and
Risk of Osteoporotic Hip Fracture in an Asian Population. Bone (2016)
83:171–7. doi: 10.1016/j.bone.2015.11.005

55. Garnero P, Mulleman D, Munoz F, Sornay-Rendu E, Delmas PD. Long-Term
Variability of Markers of Bone Turnover in Postmenopausal Women and
Implications for Their Clinical Use: The OFELY Study. J Bone Miner Res
(2003) 18:1789–94. doi: 10.1359/jbmr.2003.18.10.1789

56. Tsugawa N, Shiraki M. Vitamin K Nutrition and Bone Health. Nutrients
(2020) 12:1909. doi: 10.3390/nu12071909

57. Sempos CT, Heijboer AC, Bikle DD, Bollerslev J, Bouillon R, Brannon PM,
et al. Vitamin D Assays and the Definition of Hypovitaminosis D: Results
From the First International Conference on Controversies in Vitamin D. Br J
Clin Pharmacol (2018) 84:2194–207. doi: 10.1111/bcp.13652

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Vitale, Sansoni, Faraldi, Messina, Verdelli, Lombardi and Corbetta.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
May 2021 | Volume 12 | Article 669704

https://doi.org/10.1097/MD.0000000000017105
https://doi.org/10.1177/1559827615600137
https://doi.org/10.1177/1559827615600137
https://doi.org/10.1007/s00330-019-06573-2
https://doi.org/10.1007/s00330-019-06573-2
https://doi.org/10.1093/ageing/afz046
https://doi.org/10.1007/s00198-013-2413-7
https://doi.org/10.1016/j.bone.2007.11.001
https://doi.org/10.21037/qims.2018.01.01
https://doi.org/10.1007/s40520-016-0589-3
https://doi.org/10.1016/j.ejrad.2018.04.011
https://doi.org/10.1002/jcsm.12343
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/s12020-016-1012-8
https://doi.org/10.1515/cclm-2011-0614
https://doi.org/10.1007/s12020-017-1239-z
https://doi.org/10.3389/fphys.2020.00963
https://doi.org/10.3389/fendo.2020.00503
https://doi.org/10.3389/fendo.2020.00503
https://doi.org/10.1371/journal.pgen.1008714
https://doi.org/10.1073/pnas.0711119105
https://doi.org/10.1016/j.bone.2014.03.008
https://doi.org/10.1016/j.bone.2014.03.008
https://doi.org/10.1038/s41598-020-68442-z
https://doi.org/10.1002/jbmr.2989
https://doi.org/10.1080/02640414.2013.796066
https://doi.org/10.1016/j.clnu.2018.11.025
https://doi.org/10.1186/s12891-019-2650-9
https://doi.org/10.1007/s00198-019-05132-1
https://doi.org/10.1016/j.bone.2015.11.005
https://doi.org/10.1359/jbmr.2003.18.10.1789
https://doi.org/10.3390/nu12071909
https://doi.org/10.1111/bcp.13652
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Circulating Carboxylated Osteocalcin Correlates With Skeletal Muscle Mass and Risk of Fall in Postmenopausal Osteoporotic Women
	Introduction
	Materials and Methods
	Study Design
	Study Population
	Fall Risk Assessment by OAK Device
	Body Composition Analysis
	Magnetic Resonance Imaging (MRI)
	Laboratory Examination
	Statistical Analysis

	Results
	Body Composition in the Series of Postmenopausal Osteoporotic Women
	Circulating Osteocalcin Levels in Osteoporotic Postmenopausal Women
	Differences Between Fractured and Unfractured Osteoporotic Women

	Discussion
	Data Availability Statement 
	Ethics Statement
	Author Contributions 
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


