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The effect of body composition and serum inflammatory
markers on the functional muscle–bone unit in
premenopausal women
SM Mueller1, I Herter-Aeberli2, AC Cepeda-Lopez3,4, M Flück5, HH Jung1 and M Toigo5,6

BACKGROUND/OBJECTIVES: A number of recent studies dealing with the relationship between the effects of high body mass (BM)
and fat mass (FM) on bone mass and strength exhibit a range of contrasting variations in their findings. These diverse findings have
led to an ongoing controversy as to whether high BM and FM positively or negatively affect bone mass and strength. Excessive FM
and the associated low-grade inflammation might overturn the higher mechanical stimulus arising from a higher BM. Therefore, we
aimed at quantifying the functional muscle–bone unit in premenopausal women with markedly diverging body composition.
SUBJECTS/METHODS: Sixty-four young women with BMs ranging from 50 to 113 kg and body fat percentages between 20.7% and
51.8% underwent jumping mechanography and peripheral quantitative computed tomography measurements. Maximum
voluntary ground reaction force during multiple one-legged hopping (Fm1LH), as well as bone characteristics at 4, 14 and 38% of
tibia length, were determined. Body composition was assessed by dual-energy X-ray absorptiometry, and serum inflammatory
markers were analyzed from blood samples.
RESULTS: Fm1LH predicted volumetric bone mineral content at the 14% site by 48.7%. Women with high body fat percentage had
significantly higher Fm1LH, significantly lower relative bone mass, relative bone strength and relative bone area, as well as higher
serum inflammatory markers in comparison to women with lower body fat percentage.
CONCLUSIONS: In conclusion, high body fat percentage was associated with lower relative bone mass and strength despite normal
habitual muscle force in premenopausal women, indicating that high body fat percentage compromised the functional muscle–
bone unit in these individuals.
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INTRODUCTION
According to the mechanostat theory, mechanical usage affects
bone mass and geometry by way of a negative feedback system.1

The proposed effect of bone homeostasis may represent an
adaptive process to keep bone strain close to a set point.2

Although it remains to be demonstrated empirically that muscle
forces represent the primary stimulus driving bone adaptation,
convincing evidence posits that maximal habitual muscle forces
are capable of accounting for most of the bone’s adaptive
responses.3–5 These research findings indicate that a strong
correlation between bone mass and geometry and maximal
habitual muscle force exists and posit that muscle and bone build
a functional unit. This idea has been corroborated in a series of
previous studies in which jumping mechanography was used in
conjunction with peripheral quantitative computed tomography
(pQCT) to estimate maximal habitual force and bone strength,
respectively. For instance, we showed in a large cross-sectional
study comprising 323 male and female participants between 8
and 88 years of age that maximum voluntary ground reaction
force during multiple one-legged hopping (Fm1LH) predicted
volumetric bone mineral content (vBMC) at 14% of tibia length
by 84.0%.6 This finding was confirmed in schoolchildren,7

adolescent soccer players,8 formerly anorexic women in long-term
remission9 and in female children and adolescents with Turner
syndrome.10

Taken together, these results indicate that the functional
muscle–bone unit is independent of gender and age and that it
proves true throughout a large range of loading conditions.
However, within the feedback system, several mechanical and
non-mechanical modulators (for example, body composition,
systemic inflammation) might influence the mechanostat’s effects
on bone strength3 and might affect the relationship between
bone and muscle force. In particular, it is postulated that an
increased body mass (BM) leads to a higher mechanical loading,
which in turn causes a higher areal bone mineral density11,12 and a
higher total body BMC.13 However, people with a higher body fat
percentage exhibit a lower total body BMC.13 Collectively, these
results suggest that, overall, increased BM is associated with
increased bone mass but that, at the same time, increases in fat
mass (FM) may blunt this effect. Several insights into the biological
functions of adipose tissue may lend further credence to the
notion that a higher body fat percentage can negatively affect
bone mass. On the one hand, adipocytes and osteoblasts are
derived from the same mesenchymal stem cells.14 Based on the
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observation that mesenchymal stem cells might be directed to
undergo adipogenic instead of osteogenic differentiation, a
distinctive increase in adipocytes might impair osteoblastic
differentiation.15 On the other hand, adipose tissue acts as an
endocrine organ,16 whereby the upregulation of several pro-
inflammatory cytokines increases bone resorption and might lead
to a reduced areal bone mineral density.17

The knowledge of the status of the functional muscle–bone unit
is an important prerequisite for implementing adequate interven-
tions to restore muscle–bone function.18 Based on existing data,
the effect of an excessive increase in FM on the functional muscle–
bone unit is largely unknown. On the backdrop of the existing
data, our study aimed at investigating whether the bone of
premenopausal women with widely differing body composition is
adapted to the acting maximum muscle force. Based on the
underlying mechanisms of bone adaptation, we hypothesized that
bone mass and bone strength are negatively affected by a high
body fat percentage and/or elevated values for serum inflamma-
tory markers.

METHODS
Participants
Sixty-four women were recruited for this study by placard. Eligibility criteria
were female gender, aged between 18 and 45 years, non-smoker, non-
pregnant and no known metabolic or other chronic diseases. Recruited
participants were (mean± s.d.) aged 26.8 ± 5.4 years, had a BM of
75.7 ± 14.5 kg and were 167.3 ± 6.5 cm tall. After completing a routine
health questionnaire, the participants were informed about the applied
procedures and about the associated risks. The participants provided
written informed consent for participation in this study. All experiments

were approved by the local ethics committee and the study was
performed in accordance with the ethical standards laid down in the
Declaration of Helsinki for human experimentation. To analyze the effect of
body fat percentage on distinct bone variables, the participants were
retrospectively assigned to one of the three body fat percentage groups
(Table 1): o30% body fat (n=19, age: 24.5 ± 3.9 years, height: 166 ± 5 cm),
30–40% body fat (n= 21, age: 25.5 ± 3.3 years, height: 169 ± 6 cm), and
440% body fat (n= 24, 29.8 ± 6.6 years, 167 ± 8 cm). As a reference for the
healthy, non-deconditioned status of the functional muscle–bone unit, we
included reference data from previously studied cohorts.6,7,18

Peripheral quantitative computed tomography
An XCT 3000 Scanner (Stratec, Pforzheim, Germany) was used for pQCT
measurements. Section images were obtained from the calf scout view of
the right tibio-talar joint. Scans were obtained at 4% (epiphysis), 14% and
38% (diaphysis) of tibia length. The length of the tibia of the non-dominant
leg was measured based on anatomical landmarks (from knee joint line to
medial malleolus) using a ruler. For all pQCT measurements, the angle
between the foot and tibia was adjusted to 120°. Images were analyzed
with the integrated XCT software in its version 6.00. vBMC was assessed
with the detection threshold set to 180 and 710 mg cm− 3 for epiphyseal
and diaphyseal scans, respectively.

Jumping mechanography
The participants were instructed to remove their shoes, stand with feet
shoulder width apart and arms hanging loosely at their sides. Fm1LH was
determined by multiple one-legged hopping on the non-dominant leg as
previously described6,18 on a strain gauge ground reaction force platform
(Leonardo Mechanograph, Novotec, Pforzheim, Germany) linked to a
desktop computer using an integrated analog digital board and software
system (Leonardo Mechanography GRFP version 4.2, Novotec, Pforzheim,
Germany). Briefly, approximately 15 repeated jumps on the forefoot with a

Table 1. Body mass (BM), absolute (Fm1LH) and relative (Frelm1LH) maximal voluntary ground reaction force, serum inflammatory markers and pQCT-
derived values adjusted for BM of women with different body fat percentage

o30% body fat (n=19) 30–40% body fat (n= 21) 440% body fat (n= 24)

Mechanical factors
BM (kg) 61.6± 7.6 73.9± 8.7*** 88.4± 11.4***,###

Fm1LH (N) 1999± 298 2199± 360 2274± 318*
Frelm1LH 3.33± 0.28 3.05± 0.30* 2.63± 0.31*,###

Non-mechanical factors
CRP (mg dl− 1) 1.38± 1.27 3.11± 3.37 5.82± 5.94**
AGP (g l− 1) 0.74± 0.18 0.84± 0.19 1.05± 0.26***,##

IL-6 (pg ml− 1) 0.86± 0.68 0.81± 0.55 1.30± 0.68#

pQCT-derived variables
vBMC4% (g cm− 1 kg− 1 BM) 0.0559± 0.0062 0.0455± 0.0041*** 0.0388± 0.0054***,###

vBMD.tb4% (mg cm− 3 kg− 1 BM) 4.12± 0.64 3.36± 0.47*** 2.85± 0.63***,#

vBMD.tot4% (mg cm− 3 kg− 1 BM) 5.14± 0.75 4.16± 0.51*** 3.59± 0.71***,#

Ar.bone.tb4% (mm2 kg− 1 BM) 8.07± 0.81 6.76± 0.75*** 5.64± 0.58***,###

Ar.bone.tot4% (mm2 kg− 1 BM) 17.9± 1.8 15.0± 1.7*** 12.5± 1.3***.###

vBMC14% (g cm− 1 kg− 1 BM) 0.0408± 0.0039 0.0344± 0.0035*** 0.0291± 0.0032***,###

vBMD.ct14% (mg cm− 3 kg− 1 BM) 18.1± 2.1 15.0± 1.9*** 12.8± 1.7***,##

vBMD.tot14% (mg cm− 3 kg− 1 BM) 8.97± 1.49 7.47± 1.36** 6.22± 1.13***,##

Ar.bone.ct14% (mm2 kg− 1 BM) 2.71± 0.29 2.24± 0.24*** 1.90± 0.23***,###

Ar.bone.tot14% (mm2 kg− 1 BM) 7.54± 0.81 6.39± 0.78*** 5.43± 0.63***,###

SSIPOL14% (mm3 kg− 1 BM) 24.0± 2.4 19.9± 3.4*** 17.4± 2.4***,#

vBMC38% (g cm− 1 kg− 1 BM) 0.0546± 0.0049 0.0468± 0.0048*** 0.0405± 0.0039***,###

vBMD.ct38% (mg cm− 3 kg− 1 BM) 19.1± 2.3 15.7± 2.0*** 13.3± 1.7***,###

vBMD.tot38% (mg cm− 3 kg− 1 BM) 14.6± 1.8 12.1± 1.7*** 10.3± 1.5***,##

Ar.bone.ct38% (mm2 kg− 1 BM) 4.35± 0.40 3.76± 0.41*** 3.22± 0.31***,###

Ar.bone.tot38% (mm2 kg− 1 BM) 6.14± 0.43 5.34± 0.57*** 4.53± 0.42***,###

SSIPOL38% (mm3 kg− 1 BM) 23.5± 2.5 20.6± 2.8** 17.4± 2.5***,###

Abbreviations: AGP, alpha-1-acid glycoprotein; Ar.bone, bone area; CRP, C-reactive protein; ct, cortical; IL-6, interleukin-6; pQCT, peripheral quantitative
computed tomography; SSIPOL, strength-strain-index; tb, trabecular; vBMC, volumetric bone mineral content; vBMD, volumetric bone mineral density. Values
are means± s.d. *Po0.05, **Po0.01, ***Po0.001 relative to women with body fat o30%. #Po0.05, ##Po0.01, ###Po0.001 relative to women with body fat
between 30% and 40%.
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stiff knee were performed. Any jumps with heel contact were excluded
from the analysis. Heel contact was controlled visually during the jumping
maneuver and was additionally detected by the software. Fm1LH

corresponded to maximum voluntary ground reaction force during
multiple one-legged hopping.

Dual-energy X-ray absorptiometry
A densitometer (Lunar iDXA, GE Healthcare, Madison, WI, USA) was used
for the determination of body composition according to the manufac-
turer’s specifications. Scan analysis was performed using the GE encore
software version 11.40.004. Body fat percentage was determined from
tissue mass (FM+lean mass).

Blood analysis
Venous blood samples were drawn into EDTA-coated and trace element-
free Vacutainer tubes. Enzyme-linked immunosorbent assay technique19

was used to assess high-sensitive C-reactive protein (CRP) and alpha-1-acid
glycoprotein (AGP). Interleukin-6 (IL-6) was measured by a Quantikine
ELISA Kit (R&D systems, Minneapolis, MN, USA).

Statistical analysis
Data are presented as mean± s.d. Normality of data was visually analyzed
by Q-Q-Plots. To detect differences between fat percentage groups, a one-
way analysis of variance with Bonferroni correction was applied. Pearson
correlations were performed to test for associations between different
variables and the adjusted R2 is provided. Analysis of covariance was used
to detect significant differences between slopes and intercepts of
regression lines. For statistical analysis, SPSS 23.0 statistical software (SPSS,
Chicago, IL, USA) was used. A Po0.05 was set as statistical significance.

RESULTS
Overall, Fm1LH predicted the variability in vBMC at the 14% site by
48.7% (Figure 1a). The slope of the regression line between vBMC
at the 14% site and Fm1LH was significantly different from the slope
of the regression line of the reference population, consisting of
young and healthy children and adolescents (F(1, 207) = 23.7,
Po0.001). There was a significant negative correlation between
Frelm1LH and BM (Figure 1b) as well as between Frelm1LH and FM
(y=− 0.0272x+ 3.751, R2 = 0.536, Po0.001). There was a signifi-
cant difference in Fm1LH between women with 440% body fat
compared with women with o30% body fat (Table 1). Frelm1LH

was significantly higher in women with o30% body fat as
compared with women with 30–40% body fat and women with
440% body fat. In addition, Frelm1LH was significantly higher in
women with 30–40% body fat as compared with women with
440% body fat.
CRP and AGP values were significantly higher in women with

440% body fat as compared with women with o30% body fat.

AGP and IL-6 values were significantly higher in women with
440% body fat than in women with 30–40% body fat. There were
significant correlations between fat percentage and AGP values
(y= 0.153x+ 0.227, adj. R2 = 0.191, Po0.001), CRP values
(y= 0.008x+ 0.033, adj. R2 = 0.213, Po0.001) and IL-6 values
(y= 0.031x+ 0.332, adj. R2 = 0.049, P= 0.044), respectively. We also
found significantly negative correlations between all relative bone
variables and both CRP and AGP, but not IL-6, plasma concentra-
tions (data not shown). For instance, relative vBMC at the 14% site
correlated with CRP (y=− 0.0006x+ 0.0365, adj. R2 = 0.194,
Po0.001) and AGP (y=− 0.0110x+ 0.0441, adj. R2 = 0.204,
Po0.001) plasma concentration.
At all measured positions, relative vBMC, relative volumetric

bone mineral density, relative bone area and relative strain-
strength-index were lower in women with 30–40% body fat as
compared with women with o30% body fat (Table 1). Women
with 440% body fat had significantly lower values for all the
assessed relative bone variables as compared with women with
o30% body fat as well as compared with women with 30–40%
body fat (Table 1).

DISCUSSION
Several new findings could be obtained through this cross-
sectional study in premenopausal women. First, Fm1LH predicted
vBMC at the 14% site by 48.7% in women with markedly divergent
body compositions. Second, bone variables adjusted for BM were
significantly lower in women with 430% body fat as compared
with women with o30% body fat. Third, negative correlations
between all relative bone variables and CRP as well as AGP were
present.
Overall, Fm1LH predicted the variability in vBMC at 14% of tibia

length by almost 50%. This correlation between Fm1LH and vBMC
at 14% of tibia length was present, albeit the BMs of the
participants ranged from 50 to 113 kg, and body fat percentages
were between 20% and 52%. More importantly, the data points
for most women were located within the 95% prediction bands of
young and healthy children and adolescents. Therefore, bone
mass was generally adapted to the acting muscle forces in most of
our participants. However, we found that women with a higher
body fat percentage had significantly lower values for all bone
variables adjusted for BM. This finding challenges the intact
muscle–bone relationship in women with high body fat percen-
tage, because their Fm1LH was significantly higher than their
counterparts with lower body fat percentage. It might be argued
that relative bone variables were already lower in women with
high body fat percentage at the end of puberty. However, the
significant correlations between Frelm1LH and BM as well as FM

Figure 1. (a) Relationship between volumetric bone mineral content at 14% of tibia length (vBMC14%) and maximum voluntary ground
reaction force (Fm1LH) in 64 women. The dashed line represents the mean value and the dotted lines the 95% prediction bands for healthy
children and adolescents.18 (b) Relationship between maximum voluntary ground reaction force normalized to body weight (Frelm1LH) and BM
in 64 women. The dashed line and dotted lines shows the mean value and s.d. for healthy children and adolescents, respectively.18
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disprove this argument. Moreover, a higher Fm1LH in conjunction
with lower bone mass and strength would contradict the
theoretical mechanisms of bone accretion during childhood and
adolescence,2,20,21 which posit that during childhood and
adolescence, joint size adapts to maximum voluntary muscle
force and gravitational force.22–24 After closure of growth plates,
joint size and hyaline cartilage material properties cannot, under
normal conditions, be further increased.21,25,26 Therefore, the
higher Fm1LH in women with higher body fat percentage as
compared with women with lower body fat percentage might be
indicative of a larger joint size and, consequently, higher absolute
bone mass and strength would be expected.
In women with a high body fat percentage, two modulators

might be taken into account for the lower bone mass and bone
strength. First, an extensive increase in FM might per se lead to a
decrease in bone mass. A postadolescent, excessive increase in FM
might direct a large part of the mesenchymal stem cells into
adipocytes and only a smaller amount into osteoblasts. In contrast
to osteoblasts, osteoclasts have origin in the self-fusion of
macrophages27 and are not dependent upon alterations in fat
tissue. Consequently, a disproportional increase in FM might result
in a net degradation of bone mass. The negative correlation
between Frelm1LH and FM in this study indicated that a large part
of the FM increase occurred after the end of puberty. Moreover,
the significant negative correlation between Frelm1LH and BM was
only present in women with 430% body fat. Second, chronic
inflammation might account for a raise in bone resorptive
mechanisms. In this regard, we found significant correlations
between body fat percentage and all measured serum inflamma-
tory markers. In addition, women with 440% body fat had higher
values for all serum inflammatory markers, as compared with
women with lower body fat percentage. Our result that CRP
plasma concentration was negatively correlated with relative bone
mass and strength values is in contrast to a previous report28 but
is supported by the outcomes of a multitude of studies.17,29–31

Hence, negative correlations between CRP and relative bone
variables, as found in this study, may represent an early indicator
for the negative effect of chronic inflammation, which after
prolonged exposure might result in decreased absolute bone
mass and strength, as reported in other studies.17,29–31 In
summary, we conclude that high body fat percentage was
associated with lower relative bone mass and strength despite
normal habitual muscle force in premenopausal women, indicat-
ing that high body fat percentage compromised the functional
muscle–bone unit in these individuals.
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