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Abstract

loading from FM is positive in direction.

Objectives: To explore complex correlations between obesity (OB) and osteoporosis (OP) after adjustment of static
mechanical loading from weight and fat free mass (FFM). Methods: A total of 3749 Chinese aged =65 years were
selected from our ongoing cohort study. OB indices and bone mineral density (BMD) were measured for each subject.
Linear regression analyses were performed to explore the correlations between OB indices and OP under three adjustment
models (unadjusted, adjusted with weight and adjusted with FFM). Results: Under no adjustment, three general obesity
indices (body mass index: BMI, fat mass: FM, and percentage FM: PFM) were positively associated with BMD at three
skeletal sites (P<0.001) in the regression analyses. However, after the adjustment with weight, these associations were
mostly significant but reverse i.e., negatively in direction. After adjustment with FFM, the three indices were still positively
and significantly (P<0.001) associated with BMD but regression coefficients were smaller compared to the unadjusted
associations. Similar associations were observed for central adiposity and lower limb adiposity indices. Conclusions: The
combined relation of OB to OP due to the physiological factors secreted from adipose tissues and the static mechanical
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Introduction

Osteoporosis (OP) is a serious systemic bone disease
especially in the elderly, whose main characteristics are
low bone mineral density (BMD) and microarchitectural
deterioration of bone tissue, which lead to increased risk
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of osteoporotic fractures'. The estimated prevalence of OP
will increase double from 6.6% in 1997 to 13.6% in 2050
in China2. OP in China has affected more than one-third of
people aged 50 years and older. Obesity (OB) is caused by
abnormal or excessive fat accumulation and could lead to an
increasing risk on health. China has the largest number of
obese people in the world and the prevalence of overweight
and OB are 38.7% in men and 33.1% in women in 20144,
OB has complex effects on OP. Excessive fat accumulation
imposes a greater static mechanical stress on bone, and it
represents a straightforward and important positive effect
of fat mass (FM) on bone®¢. Bone can sense the mechanical
forces brought by external loading and generates adaptive
response in quality and structure. Osteocytes, osteoblasts
and osteoclasts constitute complex cell network (bone

351



H. Tang et al.: The correlations between obesity and osteoporosis

multicellular unit, BMU) in response to mechanical stimuli.
BMU can transform physical stimuli to biochemical signals
by boosting or inhibiting the mechanosensors on cell
surface, mainly including integrins and focal adhesions™'.
Then, intracellular Ca** increases to respond mechanical
loading'®. From physiological point, adipose tissues affect
bone metabolism by expressing and secreting a variety of
biologically active factors. For example, leptin promotes
the proliferation of osteoblasts through activation of leptin
receptor'®, but its effects through sympathetic nervous
system favor bone resorption's. Similarly, adiponectin
increases osteoblastogenesis and inhibit osteoclastogenesis
through the RANK/RANKL/OPG axis. On the contrary,
adiponectin promotes RANKL and inhibit the expression of
OPG in osteoblasts'®. In summary, the effects of OB on bone
include two parts (staticmechanical loading, and physiological
function). Since the two diseases tend to concurrently be
observed in the elderly, it is important and urgent to detect
their relation clearly especially in the elderly'.

Previous epidemiological analyses have extensively
investigated their correlations, but the results are still
inconsistent or controversial. Previous studies reported
their positive correlations'®24, negative correlations?-3°, and
sometimes the reversible correlations after adjustment3'-34,
Therefore, it is necessary to further clarify the relationship
between OB and OP. These studies have used different
covariates (e.g., BMI, weight) as adjustment of static
mechanical loading effect in the regression model when
studying the associations between OB and OP. Some studies
have demonstrated that the positive correlations between
FM and bone mass under no adjustment were reversed
(negative) when the static mechanical loading effects due to
body weight on bone mass were adjusted®'4, Since weight
include FM, lean mass (LM) and bone mass, such adjustment
with weight or BMI could exclude the loading effects not only
from fat-free mass (FFM: including LM and bone mass) but
also from fat mass when studying OB and OP.

This study evaluated the systemic correlations between
three types of OB indices (general, central and lower limb)
and OP under three adjustment models (unadjusted, adjusted
with weight and adjusted with FFM. The results would
improve our understanding on their relation, and provide
helpful directions on the adjustment of mechanical loading
on association study between OB and OP.

Materials and Methods
Study Subjects

A total of 4689 Chinese aged =65 years were enrolled
in our ongoing Osteoporosis Preventive Project (OPP). All
participants were recruited from community health centersin
Suzhou, Jiangsu province in the Southeastern China. A total
of 940 subjects were excluded from analyses by adopting
the following exclusion factors: 1) The history of endocrine
diseases, including parathyroidism, hypothyroidism,
hyperthyroidism; major gastrointestinal operations; renal
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inadequacy; anemia; depression and malignant tumors etc.
and 2) Use of corticosteroids. The project was approved by
the Institutional Research Ethic Board, and all participants
provided written informed consents.

Anthropometric Measurements and Questionnaire Survey

Each participant received a face-to-face interview to obtain
basic information, including demographics, lifestyle, family
history of disease, current medication. Standing height and
weight were measured using standard procedures. Waist
circumference (WC) was assessed at the level of umbilicus
and hipline was determined at the level of the maximum
extension of the buttocks posteriorly in a horizontal plane.
BMI and waist-to-hip ratio (WHR) were calculated derived
using the formulas: body weight/height squared (kg/m?) and
WC/hipline, respectively.

Measurements of BMD and Body Composition

BMD (g/cm?) at total hip (TH), femur neck (FN) and lumbar
spine (LS, L1-L4) were measured using dual-energy X-ray
absorptiometry (DXA) bone densitometer (Hologic Inc.,
Waltham, MA, USA). The precision of BMD measurement
was based on repeated measurements of thirty volunteers
for three times, expressed as the root-mean-square percent
coefficient of variation (RMS-CV). The RMS-CVs were 2.50%,
2.05% and 2.47% for BMD measurement at TH, FN and LS,
respectively.

The body composition was measuredusing the bioelectrical
impedance analyzer (MC 780A, TANITA, Tokyo, Japan). All
participants were required to wear lighting clothing and take
off shoes and socks. The following indices were obtained: FM
(kg), FFM (kg), body weight (kg), percentage fat mass (PFM,
%), trunk-PFM (T-PFM, %), trunk-FM (T-FM, kq), visceral fat
rating (VFR), and trunk-weight (T-weight, kg). In addition,
lower limp adiposity indices including lower limp FM (L-
FM, kg), lower limp FFM (L-FFM, kg) and lower limp weight
(L-weight, kg) were respectively the sum of right lower limp
(RL) and left lower limp (LL) adiposity indices. Lower limp
PFM (L-PFM, %) was calculated as follows: (RL-FM + LL-FM) +
(RL-weight + LL-weight) x 100.

Statistical Analysis

Descriptive statistics were used to characterize the
distribution of all indices. The continuous variables such as
age, height and other adiposity indices were expressed as the
mean and standard deviation (SD). T-tests or Wilcoxon Rank-
Sum tests were used to compare the differences between
males and females (two-sided P<0.05). The associations of
BMD at the three regions and sex, age, as well as adiposity
indices were investigated using linear regression analyses
and bivariate Spearman’s correlation analyses. The variables
were statistically significant if the level of P values were
less than 0.05 and those significant factors were admitted
into multiple regression models. Multiple linear regression
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Table 1. Basic characteristics of the studied subjects.
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Means SD Means SD Means SD
Age (year) 72.37 5.61 72.59 5.60 72.21 5.60 0.04
TH-BMD (g/cm?) 0.80 0.16 0.88 0.13 0.73 0.14 <0.001
FN-BMD (g/cm?) 0.67 0.14 0.74 0.12 0.61 0.13 <0.001
LS-BMD (g/cm?) 0.90 0.19 1.02 0.18 0.81 0.14 <0.001
WC (cm) 85.55 9.22 86.99 8.86 84.39 9.35 <0.001
WHR 0.91 0.65 0.91 0.08 0.92 0.87 0.79
Weight (kg) 60.31 10.34 65.37 9.60 56.27 9.06 <0.001
Height (m) 159.96 8.41 166.62 6.11 154.65 5.82 <0.001
BMI (kg/m?) 23.51 3.27 23.52 3.03 23.51 3.46 0.92
PFM (%) 27.61 8.39 21.77 5.83 32.28 7.1 <0.001
FM (kg) 16.84 6.42 14.56 5.36 18.65 6.61 <0.001
LM (kg) 41.03 772 48.05 5.49 35.43 3.52 <0.001
FFM (kg) 43.38 8.10 50.70 577 37.55 3.83 <0.001
VFR 10.62 3.98 13.52 3.21 8.33 2.89 <0.001
T-PFM (%) 28.08 8.76 23.41 6.80 31.78 8.36 <0.001
T-FM (kg) 9.80 3.90 8.75 3.31 10.64 4.12 <0.001
T-LM (kg) 23.14 3.75 26.42 2.79 20.53 1.93 <0.001
T-FFM (kg) 24.40 3.88 27.71 2.92 21.77 2.13 <0.001
T-weight (kg) 34.20 5.44 36.46 493 32.41 5.15 <0.001
L-PFM (%) 30.20 8.08 23.02 477 3591 5.05 <0.001
L-FM (kg) 6.10 1.95 5.27 1.75 6.76 1.84 <0.001
L-LM (kg) 13.78 3.29 16.69 2.48 11.47 1.57 <0.001
L-FFM (kg) 14.18 3.40 17.16 2.58 11.82 1.67 <0.001
L-weight (kg) 20.28 4.00 22.43 3.94 18.57 3.13 <0.001
Notes: T- represents trunk-. L- represents lower limb-. TH: total hip; FN: femoral neck; LS: lumbar spine; BMD: bone mineral density; BMI:
body mass index; WC: waist circumference; WHR: waist-to-hip ratio; PFM: percentage fat mass; FM: fat mass; VFR: visceral fat rating; FFM:
fat-free mass.

analyses were used to examine the independent associations
of adiposity indices with LS-BMD, TH-BMD and FN-BMD after
adjustment for significant confounding factors (age and/or
sex) and loading-related indices (weight or FFM). A two-sided
P<0.05 was considered as significance. Variance inflation
factors (VIF) >10 represented the existence of collinearity
between obesity-related phenotypes and covariates. All
statistical analyses were performed using SAS version 9.4.

Results

As shown in Table 1, significant differences for the studied
indices were observed between different sexes (P<0.05)
except for WHR and BMI. Sex and age were two confounding
factors that were significantly associated with TH-BMD and
FN-BMD (P<0.05). As we expected, compared to females,
males have higher BMD and VFR, heaver weight and lean
mass than females, but have lower FM and PFM of the
whole body, trunk and lower limbs. Thus, sex and age were
used as two covariates to adjust the confounding effects
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in the following multiple linear regression analyses. To
systematically investigate the relations between OB indices
and OP, we divided these indices into three types (general,
central and lower limb OB indices), and we performed the
analyses under three conditions (unadjusted, adjusted with
corresponding weight and adjusted with corresponding FFM).

General Adiposity Indices and BMD

The results of multiple linear regression analyses between
general,centralandlowerlimp adiposityindicesandBMD were
shown in Table 2. Under no adjustment, the three general OB
indices (BMI, FM, and PFM) were significantly (P<0.001) and
positively associated with BMD at three skeletal sites (TH, FN,
and LS), which were consistent with the observations from
previous studies. However, after the adjustment with weight,
these associations at three skeletal sites were still significant
but reverse i.e., negatively in direction (e.g., PFM, p=-0.185,
P<0.001 for FN-BMD), except for the association between BMI
and TH-BMD (Table 2). After the adjustment with FFM, the
three indices were still positively and significantly (P<0.001)
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Table 2. Standardized regression coefficients between OB indices and BMD under three adjustment conditions.

Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted
Unadjusted | corresponding | corresponding | Unadjusted | corresponding | corresponding | Unadjusted | corresponding | corresponding
weight FFM weight FFM weight FFM
General adiposity indices in all subjects
PFM (%) | 0.212*** -0.137*** 0.138*** 0.181*** -0.185*** 0.104*** 0.225*** -0.118*** 0.157***
FM(kg) | 0.234*** -0.182*** 0.127*** 0.215*** -0.232*** 0.100*** 0.249*** -0.167*** 0.140***
BMI (kg/m?) | 0.265*** 0.056* 0.159*** 0.219*** -0.100*** 0.093*** 0.253*** -0.035 0.140***
Central adiposity indices in all subjects
T-PFM (%) | 0.192*** -0.086*** 0.180*** 0.170*** -0.127*** 0.157*** 0.197*** -0.078*** 0.192***
T-FM(kg) | 0.219*** -0.132*** 0.168*** 0.203*** -0.185*** 0.147*** 0.228*** -0.125%** 0.177***
VFR| 0.345*** 0.144*** 0.270*** 0.306*** 0.022 0.217*** 0.321*** 0.053 0.249***
WC(cm) | 0.185*** -0.013 0.113*** 0.187*** 0.003 0.113*** 0.222*** 0.043*** 0.154***
WHR 0.017 0.012 0.014 0.008 0.003 0.005 0.021 0.016 0.018
Lower limp adiposity indices in all subjects
L-PFM (%) | 0.208*** -0.067* 0.131*** 0.199*** -0.071* 0.123*** 0.301*** 0.052* 0.234***
L-FM (kg) | 0.239*** -0.092** 0.106*** 0.232*** -0.092** 0.101*** 0.286*** 0.025 0.178***
General adiposity indices in males
PFM (%) | 0.223*** -0.075* 0.144*** 0.177*** -0.113*** O.1*** 0.181*** -0.073* 0.124***
FM(kg) | 0.295*** -0.132** 0.152*** 0.248*** -0.194*** 0.101*** 0.258*** -0.124** 0.132***
BMI (kg/m?) | 0.372*** 0.172*** 0.234*** 0.282*** -0.058 0.106*** 0.309*** 0.071 0.172***
Central adiposity indices in males
T-PFM (%) | 0.209*** -0.075* 0.197*** 0.168*** -0.112** 0.156*** 0.171*** -0.052 0.176***
T-FM(kg) | 0.274*** -0.124** 0.197*** 0.232*** -0.179*** 0.153*** 0.234*** -0.089* 0.176***
VFR| 0.359*** 0.146** 0.266*** 0.291*** -0.013 0.184*** 0.312*** 0.149*** 0.244***
WC(cm) | 0.255*** -0.032 0.127*** 0.232*** -0.032 0.099*** 0.265*** 0.055 0.165***
WHR| 0.091*** -0.023 0.020 0.075** -0.032 0.002 0.099*** -0.007 0.031
Lower limp adiposity indices in males
L-PFM (%) | 0.182*** -0.049 0.088*** 0.142*** -0.075* 0.053* 0.205*** 0.019 0.132***
L-FM(kg) | 0.291*** -0.13** 0.089** 0.247*** ~0.17*** 0.047 0.296*** -0.008 0.148***
General adiposity indices in females
PFM (%) | 0.168*** -0.173*** O.1%** 0.147*** -0.221*** 0.075*** 0.245*** -0.158*** 0.166***
FM(kg) | 0.227*** -0.315*** O.111*** 0.217*** -0.364*** 0.091*** 0.316*** -0.311*** 0.178***
BMI (kg/m?) | 0.262*** 0.003 0.149*** 0.226*** -0.153*** 0.097*** 0.308*** -0.159*** 0.169***
Central adiposity indices in females
T-PFM (%) | 0.181*** -0.097** 0.166*** 0.166*** -0.142%** 0.150*** 0.247*** -0.108** 0.230***
T-FM (kg) | 0.222*** -0.176** 0.173*** 0.215*** -0.239*** 0.158*** 0.301*** -0.210*** 0.236***
VFR| 0.255*** 0.089* 0.206*** 0.238*** 0.021 0.182*** 0.273*** -0.077* 0.212***
WC(cm) | 0.183*** 0.001 0.130*** 0.197*** 0.034 0.146*** 0.268*** 0.047 0.204***
WHR 0.019 0.018 0.019 0.007 0.006 0.008 0.029 0.028 0.030
Lower limp adiposity indices in females
L-PFM (%) | 0O.121*** -0.048 0.095*** 0.133*** -0.035 0.108*** 0.239*** 0.054* 0.213***
L-FM(kg) | 0.225*** -0.113* 0.112*** 0.237*** -0.076 0.132*** 0.343*** 0.055 0.243***
Note: * P<0.05, ** P<0.01, *** P<0.001. T- represents trunk-. L- represents lower limb-. TH: total hip; FN: femoral neck; LS: lumbar spine; BMD: bone mineral
density; BMI: body mass index; WC: waist circumference; WHR: waist-to-hip ratio; PFM: percentage fat mass; FM: fat mass; VFR: visceral fat rating; FFM: fat-
free mass.

associated with BMD but the regression coefficients of these
associations had changed smaller when compared to the
unadjusted associations.

Central Adiposity Indices and BMD

Due to the complex and important effects of adipose tissue
when accumulated in the abdomen, this study investigated
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the associations between BMD and five central OB indices
(T-PFM, T-FM, VFR, WC, and WHR). Table 2 showed a higher
T-PFM, T-FM, VFR and WC tended to increase TH-BMD, FN-
BMD and LS-BMD without control of loading (P<0.001).
When adjusted with T-weight, T-PFM and T-FM were inversely
correlated with BMD in all sites, but for the other two indices
(VFR and WCQ), the level of significance for the associations
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has decreased and some associations became insignificant
(e.g., VFR and FN-BMD, WC and FN-BMD). Similar with the
results for general OB indices, after adjusted with trunk-FFM
(T-FFM), the four indices (T-PFM, T-FM, VFR, and WC) were
still positively and significantly (P<0.001) associated with
BMD but the regression coefficients of these associations
have changed smaller when compared to the unadjusted
associations. The associations between WHR and BMD were
insignificant under three conditions (unadjusted, adjusted
with T-weight and adjusted with T-FFM).

Lower Limb Adiposity Indices and BMD

We further analyzed the associations between lower
limb OB indices and BMD. Similar results were observed
under three conditions (unadjusted, adjusted with L-weight,
and adjusted with L-FFM) except for LS-BMD adjusted with
weight. As shown in Table 2, L-PFM and L-FM were positively
associated with TH-BMD, FN-BMD and LS-BMD under
no adjustment. The adjustment of L-weight reversed the
direction of associations except for the associations with LS-
BMD. L-PFM and L-FM were positively correlated with BMD at
all regions when L-FFM was as covariate (P<0.001).

Adiposity Indices and BMD Stratified by Sex

We further performed the above similar analyses in sex-
stratified groups (males and females). We found that after
adjusting for body weight and FFM, the detected results in
both males and females were generally similar to those in
the total population (Table 2). The regression coefficients of
males were slightly higher than that of females (Table 2).

Discussion

This study represents our first efforts in comprehensively
investigating the complex relation between OB indices and
OP after adjustment of static mechanical loading effects
from weight and FFM. We found that most of the studied
OB indices were positively associated with BMD at three
skeletal sites, but after the adjustment with weight, some
of their associations were still significant but reverse, and
after adjusted with FFM, their associations were still positive
and significant but their regression coefficients have been
changed smaller, compared to the unadjusted associations.

As we mentioned earlier, previous studies have showed
both positive and negative effects of OB on bone. One
straightforward and important positive effect is that greater
FM imposes a greater mechanical stress on bone, and in
response, bone mass increases to accommodate the greater
loading>®. From physiological point, the biologically active
factors which expressed and secreted by adipose tissues (e.qg.,
estrogen, resistin, leptin, adiponectin, and interleukin-6),
have two-way effects (positive and negative) on bone'4'6:35-
37, When we analyzed the relation between OB parameters
and OP with body weight as a covariate to adjust, the effects
of mechanical loading due to fat mass tissue have been
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eliminated at the meanwhile, and the effects of the above-
mentioned physiological factors secreted by adipose tissues
were left. Previous study*4 and this study have consistently
shown that after adjustment of weight the associations
between OB and OP were negative. It seems that the
physiological factors secreted by adipose tissues have both
positive and negative effects on bone, but taken together the
integrative physiological effects are negative in direction.

Since the adjustment of weight would eliminate the static
mechanical loading effect due to FM, this study first proposed
the correction of FFM to evaluate the combined relation of
OB to OP. Weight includes FM, LM and bone mass, i.e., FFM=
LM + bone mass. The adjustment of FFM has evaluated the
combined effects of OB due to the physiological factors
secreted from adipose tissues and the static mechanical
loading from FM. The results from our study showed that
the combined relation of OB to OP is positive in direction.
The physiological factors secreted by adipose tissues have
integrative negative effects on bone, but their relation has
been changed into positive effects after combined with the
effect of static mechanical loading due to FM. Of course, the
mechanical loading effects are not only from the gravity
of body mass (static) but also from muscle contraction
(dynamic). Since there are no available muscle contraction
data in evaluating the mechanical loading effects, the
mechanical loading effect in this study refers to the static
loading effect.

An important advantage of this study is that it includes
comprehensive OB indices. A variety of OB related indices
have been developed and applied in clinical diagnosis and
evaluation, but no extremely perfect index was detected. Each
index has its own advantage and disadvantage. For example,
BMI is widely used as an index of the degree of obesity,
primarily because it is easy to measure, but it is not a perfect
parameter to evaluate the distribution of adipose tissue in the
body*®. WC can evaluate the distribution of adipose tissue,
but cannot distinguish between subcutaneous and visceral
adipose tissues. In addition, few studies have reported the
correlations between central OB distribution indices (e.q.,
WC, WHR and trunk-PFM) and OP'®3'*2 and no study on the
lower limb OB indices. As we expected these indices have
generally similar association patterns with OP under three
adjustment conditions. An additional advantage was that
we adopted corresponding indices in trunk and lower limb
(T-weight, L-weight, T-FFM and L-FFM) to adjust the loading
when we analyzed the associations of central and lower limb
adiposity and OP to eliminate excessive correction, instead of
the whole body indices®2.

Gender difference is a very important observation in this
study. Except for WHR and BMI, the studied parameters,
including BMD and three types of OB indices, were different
between males and females. Specifically, males have higher
BMD, as well as heaver weight and lean mass than females,
but females have higher PFM and heaver FM. Although the
detected associations in sex-stratified groups were similar
to those in sex-stratified groups, the regression coefficients
in males was slightly higher than that of females. More
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interestingly, although FM and PFM of the whole body, trunk
and lower limbs were lower in males than in females, VFR
was higher in males than in females. This suggests that
the fat mass was more probably accumulated in viscera in
males than in females. Such accumulation is linked to many
cardiovascular health problems.

Apparently, individuals cannot be guided to strengthen
bones by increasing body adipose in clinical guidance.
Excessive fat accumulation in OB patients imposes a greater
mechanical stress on bone, and in response, bone mass
increasestoaccommodate the greaterloading. However, OBis
linked to many cardiovascular health problems and increased
production of adipokines which affects many functions, such
as energy intake and expenditure, inflammation, immunity,
insulin sensitivity, vascular homeostasis, blood pressure as
well as hemostasis343,

In conclusion, this study is the first effort in evaluating the
mediation effect of FFM on the relation of OB to OP. These
findings suggested that the adjustment of mechanical effects
due to body weight or the components (e.g., FM and FFM) is
an important issue that should be carefully considered when
investigating the relation of OB to OP. Based on previous
results and current evidence, the choice of adjustment is
depended on the study purpose.
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