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Abstract

Summary The aim of this study was to examine the gender-
specific association between sarcopenia and bone geometry/
metabolic parameters. Low muscle mass was associated with
greater deterioration of bone than in deterioration of glucose
or lipid profiles. This bone-muscle relationship was more
prominent in men than in women.

Introduction There are few studies that report on gender dif-
ferences in the effects of low muscle mass on bone and
metabolic parameters in elderly subjects. This study aimed
to assess the gender-specific influence of muscle mass on
bone and metabolic parameters.

Methods A total of 2,264 participants (940 men and 1,324
women) whose age ranged from 65 to 92 years were analyzed
using data from The Fourth Korea National Health and Nutri-
tion Examination Surveys (2008-2009). We measured bone
mineral density (BMD) and appendicular muscle mass using
the dual-energy X-ray absorptiometry and also measured met-
abolic profiles.

Results The age-related trend in bone and muscle coincided in
men but not in women. Femoral neck (FN) and total hip (TH)
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BMD were highly correlated with muscle mass in both genders.
However, in women, this correlation was not significant in the
lumbar spine (LS). In addition, this positive correlation was
stronger in the FN or TH than in the LS and was stronger in
men than in women. Subjects with sarcopenia were at a higher
risk for osteoporosis in the FN, TH, and LS in men, and in the
TH and FN in women. The degree of association between
muscle mass and metabolic profiles was relatively very weak.

Conclusion Bone—muscle relationship was more prominent
in men than in women. The gender differences in bone-
muscle relationship may be helpful for the development of
gender-specific preventive strategies in the elderly, especially
in men.

Keywords Bone-muscle relationship - Gender specificity -
Osteoporosis - Sarcopenia

Introduction

Sarcopenia is a syndrome characterized by the progressive
loss of skeletal muscle mass and strength during the aging
process. It is an emerging health problem, especially in the
elderly population, as sarcopenia can lead to disability, in-
creased risk of fracture, restriction of activity, gait and balance
problem, and substantial healthcare costs [1-3]. Osteoporosis
is also the most important health problem among the elderly,
leading to a variety of morbidities and mortalities [4]. These
two different diseases have the aging process as a commonal-
ity. Accordingly, there is now a considerable amount of evi-
dence suggesting that the muscle and the bone have common
genetic, nutritional, lifestyle, and hormonal determinants.
Along with the cross-talk between bones and muscles, there
are also complex pleiotropic bone—muscle relationships [5].
Skeletal structure adapts to the long-term loads exerted on the
skeleton as a result of physical activity, and the most powerful
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loading forces are conferred by muscles, which must exert
enough force to move the bones [6]. Thus, it is widely be-
lieved that the decline in function and muscle mass with age is
concurrent with a decline in bone mineral density (BMD),
followed by increased fragility fractures. Recently, Monaco
et al. reported a high prevalence of sarcopenia and a signifi-
cant association between sarcopenia and osteoporosis in a
large sample of women with hip fractures [7]. However,
Sylvia et al. found a significant relationship between muscle
mass and bone density only in elderly men, not in elderly
women [8]. Taken together, there are still many questions and
discordant results regarding gender differences in the bone—
muscle relationship, especially in elderly subjects.

Recent studies have shown that both muscles and bones are
endocrine organs. Interleukin-6 and a host of other muscle-
derived factors with systemic effects have been identified as
factors that regulate glucose metabolism and have become
potential targets for the treatment of obesity-induced metabol-
ic disease [9]. Osteocalcin (OCN) is produced by osteoblasts
and is released into the circulation during bone resorption
[10]. Karsenty et al. have demonstrated that OCN exerts
endocrine regulation on the islets, fat, and male fertility [11].
Therefore, we speculated that the bone and the muscle may
influence each other to coordinate the regulation of glucose
and lipid metabolism. We further supposed that these endo-
crine factors may also contribute direct gender-specific inter-
actions with the muscle tissues, altering muscle mass and
strength, and affecting the loads placed on the bone. Taken
together, we hypothesized that gender differences might exist
in bone-muscle relationship. In a previous study analyzing
data from the Nationwide Survey in Korea (KNHANES V),
we reported that a relatively later onset with a greater acceler-
ation with aging was observed in women [12]. With this in
mind, we speculated that this dissimilarity of femoral bone
loss can be explained by the dissimilar change of muscle mass
in men and women during the aging process.

Therefore, the aim of our study was to assess the associa-
tions between sarcopenia and BMD, femoral geometric pa-
rameters, and glucose/lipid metabolic profiles with special
reference to gender specificity. In addition, we further ana-
lyzed gender difference in terms of age-related trends in
muscle mass and compared these with age-related trends in
bone density in elderly populations. Based on the results, we
have attempted to clarify the nature of bone-muscle interac-
tions and their relationship with sarcopenia and osteoporosis.

Methods
Subjects

We recruited participants from the second (2008) and third
(2009) years of the Fourth Korea National Health and
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Nutrition Examination Surveys (KNHANES IV). The
KNHANES has been performed periodically since 1998 by
the Division of Chronic Disease Surveillance of the Korean
Centers for Disease Control and Prevention in order to assess
the health and nutritional status of the civilian, non-
institutionalized population of Korea. The KNHANES IV
was a cross-sectional and nationally representative survey
conducted from 2007 to 2008. The survey was composed of
a health interview survey, a nutrition survey, and a health
examination survey. The data were collected by household
interviews and by direct, standardized physical examinations
conducted in mobile examination centers. Nutritional status
and medical history were evaluated using a 24-h recall meth-
od. Exercise was indicated as “yes” when the subject
exercised for more than 20 min at a time and more than three
times per week. Subjects with any pathological disorders
(such as cancer, hyperthyroidism, malabsorption, renal failure,
or hepatic failure) or subjects using medications (such as
corticosteroids, heparin, or anticonvulsants) known to alter
calcium and bone metabolism were excluded from the analy-
sis. Subjects who used testosterone, anabolic steroids, and
anti-resorptive agents, such as raloxifene and bisphosphonate,
were also excluded. Among those who participated in the
survey and met the inclusion criteria, 2,264 subjects were
65 years or older (940 men and 1,324 women).

Measurements of dual-energy X-ray absorptiometry
and definitions of sarcopenia

A total of 5,003 men and 6,500 women aged 10 and
older who completed the body composition examination
using dual-energy X-ray absorptiometry (DXA) were
included. The total body fat mass and appendicular
skeletal muscle mass (ASM) as well as BMD at the
lumbar spine (LS; L1-4) and hip region were measured
using DXA (QDR 4500A; Hologic Inc., Waltham, MA).
We analyzed the results from DXA using industry stan-
dard techniques at the Korean Society of Osteoporosis
and performed the analyses using Hologic Discovery
software (version 13.1) in its default configuration. We
further analyzed geometric bone structure properties
using the Hip Structure Analysis program included in the
APEX software (Hologic Inc.), as previously described [13].
In addition to the hip axis length (millimeters), the Hip
Structure Analysis program yielded data for mean cor-
tical thickness (centimeters) and the cross-sectional area
(CSA, square centimeters) in each of the narrow neck
regions. Relative appendicular skeletal muscle mass
(RASM) was calculated as the sum of the mass of
skeletal muscle in the arms and legs, divided by the
square of height (ASM/ht* in kilograms per square
meter). A subject was classified as having sarcopenia when
he or she had a R less than one standard deviation (SD) below
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Table 1 Clinical characteristics of the subjects
Variable (unit) Men Women
Sarcopenia Non-sarcopenia P value Sarcopenia Non-sarcopenia P value
(n=440) (n=500) (n=100) (n=1,224)
Age (years) 73.50+5.54 70.86+4.80 <0.001 74.23+£6.26 72.27+5.35 0.003
Anthropometry
Height (cm) 163.51£6.15 165.38+5.56 <0.001 149.08+5.44 150.57+5.82 0.014
Weight (kg) 56.56+8.11 67.30+8.35 <0.001 45.58+591 55.09+8.63 <0.001
BMI (kg/m?) 21.11+£2.47 24.57+£2.42 <0.001 20.51+2.54 24254322 <0.001
Waist (cm) 79.61+£9.25 88.09+7.67 <0.001 74.45+8.64 83.56+9.61 <0.001
RASM? (kg/m?) 6.41+£0.48 7.73+£0.53 <0.001 4.79+0.17 6.04+0.59 <0.001
Relative total fat mass (kg/m?) 4.65+1.68 5.46+1.68 <0.001 6.77+2.08 8.15+2.24 <0.001
Whole body fat mass (%) 21.74+5.78 22.10+£5.03 0.308 32.56+6.40 33.36+5.67 0.228
BMD (T-score)
Total hip —0.79+0.87 —0.13+0.86 <0.001 —1.69+0.94 —1.17+0.90 <0.001
Femoral neck —1.53+0.88 —0.94+0.87 <0.001 —2.70+0.84 —2.28+0.82 <0.001
Lumbar spine -1.25+1.35 —0.54+1.38 <0.001 —2.68+1.04 —2.30+1.11 0.001
Bone geometry
Femoral neck cortical thickness (cm) 0.15+0.02 0.16+0.02 0.004 0.12+0.02 0.13+0.02 0.019
Femur neck CSA (cm?) 2.76+0.40 2.97+0.44 <0.001 1.93+0.32 2.1740.32 <0.001
Intertrochanter cortical thickness (cm) 0.35+0.07 0.38+0.08 0.006 0.25+0.07 0.28+0.05 0.019
Intertrochanter CSA (cm?) 4.48+0.80 4.89+0.93 <0.001 3.00£0.71 3.42+0.63 <0.001
Femur shaft cortical thickness (cm) 0.62+0.11 0.66+0.11 0.001 0.43+0.11 0.49+0.09 0.001
Femur shaft CSA (cm?) 4.62+0.59 5.04+0.59 <0.001 3.12+0.52 3.66+0.51 <0.001
Hip axis length (cm) 112.16+6.50 113.36+5.90 0.112 97.47+5.92 100.53+8.04 0.039
Hormone and biochemistry
25(OH)D (ng/ml) 22.64+7.66 23.03+7.44 0.441 18.80+6.86 19.78+7.65 0.245
PTH (ng/liter) 66.86+30.29 66.77+24.68 0.962 71.94+35.40 67.28+36.36 0.238
HbAlc (%) 7.26+£1.57 7.05+1.31 0312 6.90+1.17 7.30+1.36 0.205
Fasting glucose (mg/dl) 105.79+35.79 104.82+£24.54 0.647 104.61+£34.36 103.35+£25.30 0.738
HOMA-IR 221+1.64 2.51+1.53 0.004 3.64+12.17 2.72+2.00 0.487
Total cholesterol (mg/dl) 178.84+35.90 182.03+£35.39 0.186 197.54+36.67 200.21+£35.78 0.503
Triglyceride (mg/dl) 133.03+88.19 146.33+91.86 0.030 146.26+88.83 149.86+87.55 0.712
HDL (mg/dl) 50.22+13.14 46.89+12.21 <0.001 50.41+12.51 49.57+11.49 0.512
Regular exercise® (%) 48 (11.01) 74 (14.89) 0.079 4 (4.00) 118 (9.74) 0.058
Vitamin—mineral user (%) 59 (14.39) 73 (16.01) 0.508 27 (30.34) 216 (19.06) 0.010
Current smoker (%) 128 (29.36) 123 (24.75) 0.113 8 (8.00) 65 (5.37) 0.270
Estrogen replacement therapy (%) - - — 6 (6.59) 73 (6.41) 0.945

Data presented as n (percentage) or mean-=standard deviation

BMI body mass index, RASM relative appendicular skeletal muscle mass, PTH parathyroid hormone, HOMA-IR homeostasis model assessment of
insulin resistance, /DL high-density lipoprotein

* Appendicular skeletal muscle mass divided by height squared

®Regular exercise indicated as “yes” when subject performed vigorous exercise for more than 20 min at a time and more than three times per week

the sex-specific normal mean for the young reference
group (healthy men and women aged 20-39 years) [1].
Relative total fat mass was calculated by dividing total
body fat mass into the square of the height (kilograms per
square meter).

Biochemical analysis
Collected blood samples were immediately refrigerated,

transported to the Central Testing Institute in Seoul, Korea,
and analyzed within 24 h. Fasting plasma glucose, total
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Fig. 1 Age-related changes of RASM (a, b) and BMD in total hip (¢, d) of men and women

cholesterol, triglycerides, and high-density lipoprotein
(HDL)-cholesterol levels were measured with a Hitachi
700—-110 chemistry analyzer (Hitachi, Tokyo, Japan).
Serum 25(OH)D concentrations were measured by ra-
dioimmunoassay (DiaSorin Inc., Stillwater, MN, USA)
using a y-counter (1470 Wizard; PerkinElmer, Turku,
Finland). The homeostasis model assessment of insulin
resistance (HOMA-IR) was calculated using the follow-
ing formula: fasting (plasma glucose (milligrams per
deciliter) x fasting insulin (milliinternational units per
milliliter))/22.5 [14].

Statistical analysis

Statistical analyses were conducted using IBM’s SPSS
version 20.0 for Windows (IBM Corp., Armonk, NY,
USA). An independent, two-sample ¢ test was used to
compare differences in the mean values of baseline
parameters among the groups. For categorical variables,
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chi-square test was used to compare the frequencies
among the groups. Pearson’s correlation analyses were
used to evaluate the association between muscle mass
and bone and metabolic parameters with adjustments
made for age, relative total fat mass, current smoking,
regular exercise, vitamin—mineral supplement use, and
estrogen replacement therapy (in women). Although
the effect of body mass index (BMI) on BMD is well
known, we adopted relative total fat mass as an
adjusting variable instead of BMI because a collinearity
between relative total fat mass and BMI was observed.
Multiple linear regression analysis was then used to
determine the association between RASM and the out-
come (total hip, femoral neck, and lumbar spine BMD)
adjusted for confounding factors. Multiple logistic re-
gression analysis was used to examine the association
between sarcopenia and osteoporosis, with the results
expressed as odds ratios (OR) and 95 % confidence
intervals (CI).



Osteoporos Int (2014) 25:1053-1061

1057

Results
Clinical characteristics of the study population

The baseline characteristics of all the participants are
presented in Table 1. The mean age of the sarcopenia group
was older in both genders than the non-sarcopenia group. The
sarcopenic group also had lower body weight, BMI, waist
circumference, RASM, and relative total fat mass. BMD at the
total hip (TH), femoral neck (FN), and LS was significantly
lower in those with sarcopenia than in those without
sarcopenia in both genders. Femoral bone geometric indices,
including cortical thickness and CSA, were also significantly
lower in the sarcopenia group, but hip axis length was signif-
icantly lower in the sarcopenia group only in women. In both
genders, there were no significant difference in 25(OH)D,
HbA 1c, fasting glucose, or total cholesterol between the two
groups, except that triglycerides and HOMA-IR were lower
and HDL-C was higher in men with sarcopenia. Female
sarcopenic subjects were less likely to exercise regularly,
and male sarcopenic subjects also tended to less likely to
exercise regularly than non-sarcopenic patients (P=0.079).
The overall prevalence of sarcopenia was 46.81 % in men
and 7.6 % in women.

Gender-specific age-related changes in muscle mass and TH
BMD

Figure 1 demonstrates changes in RASM and TH BMD
according to age. Whereas peak muscle mass was achieved
by age 20 to 39 years (7.95+0.91 kg/m?) in men, it was not
achieved until age 40 to 59 years (6.05+0.72 kg/m?) in
women. Interestingly, for elderly men, age-related changes
in muscle mass showed a trend similar to that of TH BMD
(Fig. 1a, ¢). However, for elderly women, age-related changes
in muscle mass showed trends that are distinct from age-
related change in TH BMD (Fig. 1b, d): while bone loss in
TH accelerated after the sixth decade of life, near menopausal
age, the loss of muscle mass progressed slowly and gradually
after reaching peak muscle mass. Therefore, even the muscle
mass of women in their seventh decade of life was comparable
to that of women in their third decade of life.

Gender-specific differences in relationships between muscle
mass and bone density

As shown in Table 2, there was a positive correlation between
RASM and BMD at TH, FN, and LS in elderly men (R=
0.331, P<0.001 at TH; R=0.278, P<0.001 at FN; R=0.205,
P<0.001 at LS). In elderly women, there was a relatively
weak positive correlation between muscle mass and BMD at
TH and FN (R=0.177, P<0.001 at TH; R=0.139, P<
0.001 at FN), but not at LS. This positive association between

RASM and BMD at each site was more prominent in men
than in women. There was also a weak negative correlation
between RASM and fasting glucose (R=—0.096, P=0.007)
and HDL (R=-0.096, P=0.007) in men, and total cholesterol
(R=-0.101, P=0.001) and HDL (R=-0.060, P=0.044) in
women. Figure 2a—c and Supplement Table 1 present the
independent contribution of RASM to BMD at each site using
multiple linear regression analysis. The increase in RASM
significantly contributed to the increase of BMD at TH, FN,
and LS in men and also to the increase of BMD at TH and FN
in women. However, RASM did not correlate with BMD at
LS in women (P=0.358). To investigate the influence of
RASM on femoral bone geometry, we also analyzed the
association between RASM and cortical thickness at
FN and at the intertrochanteric and femoral shafts (Fig. 2d—f,
and Supplemental Table 2). Cortical thickness at the
intertrochanteric and femoral shafts increased with increasing
RASM in both genders. But gender differences in the associ-
ation between muscle mass and cortical thickness at the femur
were not observed.

Gender-specific prevalence of osteoporosis according
to muscle mass

After adjusting for confounding factors, including age,
sarcopenic men (RASM at <7.04 kg/m?) had a significantly
elevated OR for the development of osteoporosis at FN (OR=
3.44, 95 % CI=1.73—-6.83) and at LS (OR=1.83, 95 % CI=
1.04—-3.21; Table 3). Similarly, women with sarcopenia
(RASM at <5.04 kg/m?) were at significantly increased risk
for development of osteoporosis at TH (OR=2.46, 95 %

Table 2 Correlations between RASM, BMD, and metabolic parameters

Variables RASM (kg/m?)
Men Women
Bone density (g/cm?)
Total hip BMD 0.331* 0.177*
Femoral neck BMD 0.278* 0.139*
Lumbar spine BMD 0.205* 0.029
Metabolic parameters
HbAlc (%) -0.109 —0.028
Fasting glucose (mg/dl) —0.096** 0.021
HOMA-IR 0.010 —0.022
Total cholesterol (mg/dl) -0.024 —0.101**
Triglyceride (mg/dl) —0.046 0.021
HDL (mg/dl) —0.096** —0.060***

Values are Pearson correlation coefficients (R value) between parameters
and RASM after adjustment for age, fat mass, current smoking status,
regular exercise, vitamin—mineral supplement, and estrogen replacement
treatment (in women)

*P<0.001, **P<0.01, ***P<0.05
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Fig. 2 Scatter plot analysis of RASM with the predicted value of BMD
(a—c) and cortical thickness (d—f) using multiple linear regression. Data
was adjusted for age, relative total fat mass, HOMA-IR, current smoking

CI=1.20-5.04) and at FN (OR=1.76; 95 % CI=1.02—
3.04). Each SD increase in RASM was associated with
a 59.9 % reduction in the likelihood of osteoporosis at

status, regular exercise, total cholesterol, triglyceride, vitamin—mineral
supplement use, and estrogen replacement therapy (in women)

TH, a 54 % reduction at FN, and a 35.9 % reduction at
LS (OR=0.411, 95 % CI=0.188—0.900 at TH; OR=
0.460, 95 % CI=0.327-0.648 at FN; OR=0.651, 95 %

Table 3 Odds ratio (OR) and 95 % confidence interval (CI) of sarcopenia in development of osteoporosis in men and women

Total hip Femoral neck Lumbar spine
OR (95 % CI) P value OR (95 % CI) P value OR (95 % CI) P value
Men
Non-sarcopenia Reference reference reference
Sarcopenia® 3.34(0.65, 17.19) 0.149 3.44 (1.73, 6.83) <0.001 1.83 (1.04, 3.21) 0.035
‘Women
Non-sarcopenia Reference Reference Reference
Sarcopenia® 2.46 (1.20, 5.04) 0.014 1.76 (1.02, 3.04) 0.042 1.46 (0.85, 2.50) 0.173

Osteoporosis: T-score<—2.5

# Data adjusted for age, relative total fat mass, HOMA-IR, current smoking status, regular exercise, total cholesterol, triglyceride, and vitamin—mineral

supplement use

°Data adjusted for age, relative total fat mass, HOMA-IR, current smoking status, regular exercise, total cholesterol, triglyceride, vitamin—mineral

supplement use, and estrogen replacement therapy
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CI=0.483—-0.877 at LS). Each SD increase in RASM was
associated with a 39.3 % reduction in the likelihood of
osteoporosis at TH and a 19.1 % reduction at FN (OR=
0.607, 95 % CI=0.452—-0.816 at TH, OR=0.809, 95 % CI=
0.693—-0.943 at FN) in women (Fig. 3). However, sarcopenia
was not associated with development of osteoporosis at the LS
in women.

Discussion

We have found that skeletal muscle mass is significantly
associated with bone density and femoral bone geometry in
the elderly, regardless of age, fat mass, behaviors, or metabolic
parameters. This association was more prominent in men than
women. This discovery adds to the growing body of evidence
supporting the highly integrated nature of the skeletal muscle
and the bone. The gender specificity in the bone—muscle
relationship may aid in developing a better understanding of
gender differences in age-related bone loss and fracture risk in
the elderly men.

In our study, there were significant gender differences in
age-related change in muscle mass and the prevalence of
sarcopenia. The extent and the speed of muscle loss differed
depending on the gender. In men, peak muscle mass was
obtained at 20 to 39 years of age (7.95+0.91 kg/m?). Howev-
er, in women, peak muscle mass was reached at 40 to 59 years
of age (6.05+0.72 kg/m?). These findings are consistent with
the earlier report from Austrian populations, which found a
significant decline in lean body mass with increasing age only
among men [8]. However, this differed from the results of a
New Mexico report, which stated that mean RASM in the
elderly female was approximately 80 % of the mean in the
young women [1]. The lack of physical activity and the
changing body image among young Korean women have

1.20 4
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Fig. 3 Adjusted odds ratios with 95 % confidence interval for the
development of osteoporosis for each standard deviation (SD) increase
in RASM. Data was adjusted for age, relative total fat mass, HOMA-IR,
current smoking status, regular exercise, total cholesterol, triglyceride,
vitamin—mineral supplement use, and estrogen replacement therapy (in
women)

been posed as reasons for why peak muscle mass is obtained
at middle age. The prevalence of sarcopenia was 46.81 % in
men and 7.6 % in women. This difference in prevalence of
sarcopenia between genders was still evident even after the
peak muscle mass at age 40 to 59 years of age was applied in
women (46.81 % in men and 17.6 % in women). In a French
study, the prevalence of sarcopenia was 23.6 % in men and
18.6 % in women [15]. These findings suggest that the prev-
alence of sarcopenia and the age in which peak muscle mass is
achieved differ between countries. Including ethnic factor,
lack of consensus of sacopenia definition, nutritional factors,
and environmental factors such as lifestyle also might be
cause of this difference [16].

Our study demonstrated a strong association between mus-
cle mass and bone density, especially in men. Furthermore,
compared with our control group, cortical thickness was sig-
nificantly lower in the subjects with low muscle mass. This
bone-muscle relationship was more prominent in femurs than
in LS in our study. This positive association between BMD
and muscle mass can be explained by the fact that muscle size
is associated with bone size [17], and the result in our study
showing that an increase in muscle mass contributed to an
increase in cortical thickness at the femur. These results were
consistent with previous studies showing that appendicular
skeletal muscle mass is relatively associated with parameters
of cortical bone geometry and microstructure [18, 19]. How-
ever, a gender-specific difference in the association between
muscle mass and cortical thickness was not clearly demon-
strated in our study. The low sensitivity of the DXA in
measuring cortical thickness may have contributed to this
result. Moreover, the site-specific associations between
RASM and femur BMD may be further explained by the
mechanical loading on the bone [20], where the femur, rather
than the spine, is the main region where the mechanical
loading and weight bearing is exerted. This site-specific
bone-muscle relationship could support a potential osteogenic
role for muscle forces through muscle contraction. In contrast,
the associations between sarcopenia and metabolic parame-
ters, including HOMA-IR, glucose, and lipid profiles, were
not remarkable in either gender, except for a weak negative
correlation between RASM and HDL in both genders, fasting
glucose in men, and total cholesterol in women. The negative
correlation between muscle mass and HDL might be
explained by the fact that lipoprotein lipase in muscle plays
arole in HDL catabolism [21]. All of the above data strongly
suggest that the loss of muscle mass exerts greater influence
on bone loss than on the deterioration of metabolic parameters
in Korea’s elderly population.

The contribution of sarcopenia on the risk for development
of osteoporosis was assessed in order to study the clinical
impact of low muscle mass on bone density. Compared to
the non-sarcopenic group, the risk for osteoporosis was sig-
nificantly higher in sarcopenic men and women. One SD
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increase in muscle mass was associated with a significant
reduction in occurrence of osteoporosis at TH (59 and
39.3 %) and FN (54 and 19.1 %) in men and women, respec-
tively; however, the reduction effect at LS was only observed
in men. Furthermore, the reduction effect was also more
prominent at TH and FN than at LS in both genders. These
results were valid even after adjusting for confounding fac-
tors. Our observation may support the previous notion that
osteoporosis and sarcopenia are simply two different mani-
festations of the same process dictated by common gene/
protein modifications [22]. Intriguing new data on the effects
of factors secreted from osteocytes on muscle cells and vice
versa have been reported [23]. Osteocytes secrete several
factors that promote myogenic differentiation, while muscle
factors may stimulate the Akt-signaling pathway in the neigh-
boring cortical bone for protecting osteocytes from apoptosis
[24].

The major interests of this study are gender differences in
the age at which peak muscle mass is reached, the prevalence
of sarcopenia, the extent and the speed of muscle loss, the
degree of contribution of low muscle mass to BMD, and the
sites prone to the consequences of low muscle mass. The
strong association between RASM and BMD in men might
be explained by gender-specific effects of sex hormones on
muscle and bone. Testosterone increases both skeletal muscle
and bone mass, especially cortical bone, while estrogen only
affects the bone by inhibiting endocortical and trabecular bone
resorption by binding to its estrogen receptor (ER) [25].
Moreover, mechanical strain and estrogen share a common
transduction pathway involving activation of ER-« in in vivo
study [26] and a decline in ER-o number reduce the ability of
mechanical loading to induce an osteogenic response [25].
This resetting of the “mechanostat” due to estrogen deficiency
may explain the decoupling of RASM and BMD in elderly
women. Furthermore, since the absolute level and degree of
decline in testosterone with age are much lower in women
than in men, muscle mass can be relatively preserved with age
in women. Additionally, IGF-1, a shared signal between bone
and muscle and a proven anabolic factor in both organs, is
known to be regulated by testosterone [27]. Therefore, age-
related decreases in IGF-1 levels may lead to a decrease in
both muscle mass and bone mass especially in elderly men.
Fat mass might alter the bone—muscle relationship in women.
Conversion of androgens to estrogens in adipose tissue may
have a positive effect on the bone in post-menopausal women
[28]. However, adipose tissue is not an important sex hormone
source in men [29]. Gender differences in free radical homeo-
stasis during aging may contribute to the gender differences in
the prevalence of sarcopenia [30]. There is evidence
supporting mitochondrial dysfunction as one of the causes of
sarcopenia, and mitochondrial superoxide production is low in
female mice [31]. All these emerging new studies promise to
advance our knowledge regarding gender specificity in bone—
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muscle interaction. In addition, this study suggests that assess-
ment of sarcopenia, identification of preventable contributors,
and development of preventive strategies and treatment op-
tions for sarcopenia could be more emphasized in men.

The major strength of this study lies in that the data were
collected from a nationwide survey that included 2,264 par-
ticipants from ages 65 to 92 years throughout Korea. This is
the first observational study that extensively investigated the
gender-specific effects of low muscle mass on bone and
metabolic profiles, while at the same time focusing on Korea’s
elderly population. However, this study also has some limita-
tions. First, the muscle mass was only measured for the
evaluation of sarcopenia. Additional muscle strength and walk
speed were not evaluated. Second, as the present study was a
cross-sectional study and not a longitudinal study, our aging
trends in body composition are only estimates, not observed
changes. Furthermore, a causal relationship could not be
definitely established. Third, bone geometry and body fat
mass was measured by DXA, which cannot distinguish corti-
cal bone from trabecular bone and cannot measure intramus-
cular fat mass. Finally, we could not measure hormones, such
as estradiol, testosterone, growth hormone, or IGF-1.

In conclusion, our study is the largest population-based
study to examine the gender-specific association between
sarcopenia and bone geometry. Low muscle mass resulted in
greater deterioration of bone, especially cortical bone-rich FN
and TH, than in deterioration of glucose or lipid metabolic
parameters in both genders. This bone-muscle relationship
was stronger in men than in women. Evaluation of gender
differences in acquisition and age-related loss in bone and
muscle may be helpful to the development of gender-
specific strategies for the treatment and prevention of
sarcopenia and osteoporosis in elderly populations.
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