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The obesity paradox in osteoporosis risk R

among older adults is mostly driven by women:
a population-based prospective study
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Abstract

Objectives The obesity paradox is common among older adults at risk for various diseases. Although this paradox
has also been observed in the association between obesity and osteoporosis, the available evidence remains contro-
versial. This study aimed to investigate the association between obesity and OP risk in an older population.

Methods A cross-sectional and prospective study was conducted using data from 177,734 participants in the UK
Biobank. The association of body mass index (BMI), waist circumference (WC), and fat percentage with BMD

was examined using Spearman correlation analysis with baseline BMD data. Cox proportional hazards regression
analysis was used to investigate the association between obesity and OP risk. Restricted cubic spline (RCS) were used
to assess the nonlinear associations of BMI, WC, and fat percentage with OP.

Results Baseline cross-sectional analyses revealed a significant positive association between BMI, WC, and fat
percentage with BMD in women, whereas this association was very weak in men. A total of 8,998 OP patients were
identified during a median follow-up period of 13.7 years. Cox analyses showed that obesity as defined by BMI, WC,
and fat percentage was associated with a 33%, 23%, and 31% reduction in the risk of OP in older women but not in
men, respectively. Conjoint analysis showed that lower BMI was associated with increased risk of OP in older adults,
whereas the lowest risk was observed in women with higher BMI and higher body fat. RCS revealed an inverse
J-shaped nonlinear association between obesity metrics and OP risk in women.

Conclusion Lower BMI is an independent risk factor for OP in older adults, and the obesity paradox for OP risk exists
only in women.
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Introduction

Osteoporosis (OP) is a systemic skeletal disease charac-
terized by bone loss and fragility, leading to an increased
risk of fracture [1]. According to the report published by
the International Osteoporosis Foundation (IOF) in 2019,
more than 30 million people were living with OP in the
European Union plus Switzerland and the United King-
dom (UK), as well as over 200,000 related deaths [2]. Due
to population aging, the number of osteoporotic frac-
tures is estimated to increase by 25% per year by 2034 [3].
Age-related OP can be induced by environmental fac-
tors, unhealthy lifestyles, and other systemic interactions
affecting the skeleton [4—6] . Endocrine disruption relat-
ing to aging and obesity and reduced exercise can cause
imbalances in bone metabolism and bone loss, increasing
the risk of OP [7]. However, the findings of recent studies
have shown that obesity has a positive association with
bone mineral density (BMD) and a negative association
with the risk of OP, leading to an ‘obesity paradox’ in dis-
cussions around bone health [8].

Growing evidence suggests that the ‘obesity paradox’
is prevalent among the elderly, whereby individual obe-
sity is paradoxically associated with health benefits. A
recent cohort study has identified a causal association
of higher body mass index (BMI) and waist circumfer-
ence (WC) with reduced mortality in a longevity popu-
lation (aged >80 years), whereas obesity has consistently
been proven to increase cardiovascular risk [9] . Previous
evidence has confirmed that obesity, as defined by BMI,
is positively associated with BMD levels in older adults
and exhibits a protective association with OP [10, 11].
In addition, two surveys utilizing data from the National
Health and Nutrition Examination Survey (NHANES)
have shown that obesity, defined by WC, also serves as
a protective factor for OP in individuals over 60 years of
age and that WC is nonlinearly associated with BMD [12,
13] . Regarding body fat, although WC can partially rep-
resent the fat accumulation in an individual’s body, the
association between obesity (defined by fat percentage
alone) and OP remains controversial. Several studies
have indicated that muscle-reducing obesity or normal-
weight obesity (high body fat levels) is associated with
an increased risk of OP [14, 15]. Therefore, the complex
association between obesity and OP in older adults may
be influenced by differences in the definition of obesity.
Moreover, because the prevalence of OP is significantly
higher in women, men have not received sufficient atten-
tion in related studies [16] . Given the significant health
differences between women and men, sex may be a
potential confounder in the relationship between obesity
and bone health [17].

The present study using the UK Biobank data, focusing
on individuals aged 60 years and older, to investigate the
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association between obesity and OP risk in older adults.
We examined cross-sectional associations between
measures of obesity (BMI, WC, and fat percentage) and
ultrasound-measured BMD of the heel bone at baseline,
and estimated the association between obesity and OP
risk in a longitudinal cohort. Our aim was to identify the
optimal range of BMI in the older adults and to elucidate
the ‘obesity paradox’ in bone health.

Methods

Study population

The UK Biobank is a large-scale prospective cohort of
over 500,000 participants aged 37-73 years who were
enrolled between 2006 and 2010 [18]. All participants
completed baseline data collection via touchscreen ques-
tionnaires and face-to-face interviews at assessment
centers in England, Scotland, and Wales [19, 20]. Addi-
tionally, a subset of participants underwent further tests,
including fat measurement and heel ultrasound bone
density [19]. For the purposes of this study, we included
only participants who were 60 years of age and older
and had baseline physical measurements available. After
excluding participants with missing covariates, lost to
follow-up, or diagnosed with cancer, a total of 177,734
participants were included. Of these, 97,735 participants
had available heel ultrasound BMD values. (Fig. 1).

Exposures

Participants underwent face-to-face body measurements
at multiple assessment centers. Standing height was
measured using a Seca 202 device, and weight was meas-
ured using various methods during the initial assessment
center visit. BMI was calculated as weight (kg) divided by
the square of height (m). Waist circumference was meas-
ured by trained staff using a tape measure. Body fat was
measured by bioelectrical impedance (BI), and fat per-
centage was calculated. Obesity was defined according
to different body metrics, including: obesity classified by
BMI (>30, with no distinction between genders); obe-
sity classified by waist circumference (>94 cm in men
or >80 cm in women); and obesity classified by fat per-
centage (>30% in men or >40% in women) [21, 22].

Outcomes

Participants (n=278,764) initially underwent heel
ultrasound bone densitometry ( Sahara Clinical Bone
Sonometer) at baseline. This non-invasive bone density
assessment protocol does not directly measure bone min-
eral density but instead measures speed of sound (SOS in
meters per second) and broadband ultrasound attenua-
tion (BUA in decibels per megahertz). These results are
combined to produce a quantitative ultrasound index
(QUI) or ’hardness! From these measurements, bone
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Fig. 1 Flow diagram and study design

mineral density (BMD in g/cm?), which compares a
person’s bone density to the average peak bone density
of a healthy young adult of the same sex, are estimated.
Additionally, during follow-up, participants’ status was
determined as either OP diagnosis, death, or follow-up
cutoff (December 31, 2022). According to the Interna-
tional Classification of Diseases (ICD, 10th Revision),
the definition of OP includes M80 (osteoporosis with
pathological fracture), M81 (osteoporosis without patho-
logical fracture), and M82 (osteoporosis in diseases clas-
sified elsewhere). The diagnostic information primarily
comes from primary care, hospital admission data, and
self-reports. Some participants had multiple instances of
diagnostic information, but we used the first diagnosis as
the outcome event.

Confounders

Potential confounders are described in detail elsewhere
[5]. These included age; deprivation (the Index of Multi-
ple Deprivation, IMD); smoking status (never, previous,
current); alcohol consumption (daily or almost daily, 1-4
times a week, 1-3 times a month, and special occasions
only/never); physical activity (metabolic equivalent of
task (MET), with MET <600 min defining low levels and
MET > 600 min defining high levels); vegetable and fruit
intake (>5 portions per day or none); vitamin intake (yes
or no, including vitamin D); and mineral intake (yes or
no, including calcium).

Statistical analysis

Baseline characteristics based on OP diagnosis were
summarized. The normality distribution of continuous
variables was assessed using the Jarque—Bera test. Cat-
egorical variables were expressed using percentages and
frequencies, while continuous variables were presented
as mean (standard deviation, SD) for normally distrib-
uted variables and median (interquartile range, IQR) for
skewed variables.

For cross-sectional analyses, Spearman rank corre-
lation analyses were used to examine the correlation
of BMI, WC, and fat percentage with BMD. To more
accurately assess these relationships, partial Spearman
correlations were also used, adjusting for potential con-
founders including age, sex, smoking status, alcohol con-
sumption, diet (fruit, vegetable, vitamin, and mineral
intake), and physical activity.

For longitudinal cohort analyses, Cox proportional
hazards regression analyses were used to calculate haz-
ard ratios (HR) and 95% confidence intervals (CI) for the
association between various definitions of obesity and
OP risk. The proportional hazards assumption was tested
using the Schoenfeld residual method. Two types of Cox
models were used: the basic model (adjusted for gender
and age only) and the full model (adjusted for gender, age,
IMD, smoking, alcohol consumption, fruit and vegetable
intake, vitamin intake, mineral intake, and physical activ-
ity). Restricted cubic spline (RCS) analysis was employed
within the Cox models to explore potential nonlinear
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relationships between BMI, WC, and fat percentage
and OP risk. A three-part model at the 10th, 50th, and
90th percentiles was used to flexibly model these asso-
ciations. Furthermore, to investigate the combined effect
of the indicators, combinations of the two modalities
(BMI+WC, BMI+fat percentage) were included in the
analysis to model different body types. We used quar-
tiles to categorize BMI into ’higher; 'medium, and lower’
groups, representing the highest 25%, the middle 50%,
and the lowest 25%, respectively. WC and fat percent-
age were categorized into ’higher’ and ’lower’ groups
using the median as the threshold. The Cox model used
the medium BMI+lower WC/fat percentage group as
the reference group to explore this joint effect. Finally,
we conducted replication analyses in multiple subgroups
to test the robustness of these associations across differ-
ent populations, including subgroups based on gender,
chronic disease status (yes, primarily including diabetes
and hypertension, or no), alcohol consumption, smoking
status, and physical activity.

All analyses were performed using R software (Win-
dows, version 4.4.0). Statistical tests were two-sided, and
P values less than 0.05 were considered statistically sig-
nificant differences.

Results

A total of 177,734 participants, with a mean age of
64.5 years, were enrolled in this study, including 82,734
men and 95,000 women. Over a median follow-up time
of 13.7 years, 8998 osteoporotic participants were iden-
tified. At baseline, there were no significant differences
between osteoporotic and non-osteoporotic participants
in alcohol and smoking habits; osteoporotic participants
consumed more fruits, vegetables, vitamins, and min-
erals, though. Concerning obesity, non-osteoporotic
participants had significantly higher obesity rates than
osteoporotic participants, with higher BMI and WC.
However, although non-osteoporotic participants also
had higher obesity rates based on fat percentage com-
pared to osteoporotic participants, their overall fat per-
centage was lower. (Table 1).

Correlation between obesity indicators and BMD

In the present study, baseline heel ultrasound BMD data
were available for 97,735 participants, with their base-
line characteristics shown in eTable 1. All obesity indi-
cators did not conform to a normal distribution, and
the trends in their distribution and correlations with
BMD are shown in Fig. 2. In the overall population, BMI
(r=0.12, p<0.01) and WC (r=0.19, p<0.01) showed
weak positive correlations with BMD, whereas fat per-
centage (r=—0.14, p<0.01) showed a weak negative cor-
relation with BMD. However, significant differences were
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observed in gender subgroups. In men, BMI (r=0.07,
p<0.05), WC (r=0.02, p<0.05), and fat percentage
(r=0.03, p<0.05) showed very weak positive correlations
with BMD. In women, these correlations were signifi-
cantly stronger for BMI (r=0.13, p<0.01), WC (r=0.10,
p<0.01), and fat percentage (r=0.13, p<0.01) compared
to men. The partial Spearman correlation, adjusted for
confounders, maintained the same trend as the Spear-
man rank correlation (eTable 2).

Association between obesity and OP risk

Cox regression modeling indicated that obesity was asso-
ciated with a reduced risk of OP in older adults. When
compared to nonobese participants, individuals classified
as obese based on BM]I, fat percentage, and WC demon-
strated a 29% (HR: 0.71, 95% CIL: 0.67-0.75), 20% (HR:
0.80, 95% CI: 0.77-0.84), and 29% (HR: 0.71, 95% CL
0.68-0.74) lower risk of OP, respectively (Table 2). This
trend remained robust even after multivariate adjust-
ment. The association between obesity and reduced risk
of OP was observed across all subgroups, except for the
gender subgroup (etable 2). Notably, the association was
more pronounced in women, with a 33% (HR: 0.67, 95%
CIL: 0.64-0.72), 23% (HR: 0.77, 95% CI: 0.73-0.81), and
31% (HR: 0.69, 95% CI: 0.66—0.72) reduction in risk of
OP across the three definitions of obesity, respectively.
However, these associations were not significant in men.
None of them reached statistical significance in the base
model (p>0.05), and only WC-defined obesity was asso-
ciated with a reduced risk of OP in the fully adjusted
model (HR: 0.82, 95% CI: 0.73-0.92) (Table 2).

Nonlinear association between obesity indicators and OP
risk
The fully adjusted RCS model showed an inverse
J-shaped association between BMI, WC, fat percent-
age, and OP risk. Compared to participants with lower
weight or body fat, the risk of OP in obese participants
decreased progressively with increasing BMI, WC, and
fat percentage, demonstrating a clear dose-dependent
relationship (Fig. 3, A). This OP-protective benefit was
also observed in subgroups other than sex, with no sig-
nificant interaction noted (efigure 1). In women, the risk
of OP showed a sharp downward trend with increasing
BMI, WC, and fat percentage, leveling off after exceeding
30 kg/m?, 100 cm, and 42%, respectively (Fig. 3, B). How-
ever, in men, although the risk of OP initially decreased
with increasing obesity indicators, it showed a significant
upward trend after reaching critical values, indicating no
significant protective effect (Fig. 3, C).

In examining the interaction between BMI and WC/fat
percentage, we found no interaction between BMI and
WC. The association between BMI and the risk of OP
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Table 1 Baseline data of OP and non-OP participants identified during a median follow-up period of 13.7 years
Characteristics Overall Non-osteoporosis Osteoporosis P
Participants, n(%) 177734 168736 (94.9) 8998 (5.1) <0.01
Age (years), mean (SD) 64.54 (2.85) 64.50 (2.84) 65.29 (2.88) <0.01
Sex
Male, n (%) 82734 (46.5) 81416 (48.3) 8(14.6) <0.01
Female, n (%) 95000 (53.5) 87382 (52.7) 7680 (85.4) <0.01
White, n (%) 172364 (97.0) 163612 (97.0) 8752 (97.3) 0.11
Education =high, n (%) 58321 (32.8) 55725 (33.0) 2596 (28.9) <0.01
Smoking status <0.01
Current, n(%) 14004 (7.9) 13220 (7.8) 784 (8.7)
Never, n(%) 90854 (51.1) 86050 (51.0) 4804 (53.4)
Previous, n(%) 72876 (41.0) 69466 (41.2) 3410 (37.9)
Drinking habits <0.01
Daily or almost daily, n(%) 41462 (23.3) 39823 (23.6) 1639 (18.2)
1-4 times a week, n(%) 82107 (46.2) 78383 (46.5) 3724 (41.4)
One to three times a month, n(%) 17781 (10.0) 16815 (10.0) 966 (10.7)
Special occasions only/Never, n(%) 36384 (20.5) 33715 (20.0) 2669 (29.7)
Fruits&Vegetables > 5portion, n(%) 75516 (42.5) 71192 (42.2) 4324 (48.1) <0.01
Vitamin intake, n(%) 29095 (16.4) 26697 (15.8) 2398 (26.7) <0.01
Mineral intake, n(%) 37069 (20.9) 35058 (20.8) 2011 (22.3) <0.01
Hypertension, n(%) 150156 (84.5) 142966 (84.8) 90 (80.0) <0.01
Diabetes, n(%) 39084 (25.1) 37188 (25.1) 1896 (24.3) 0.13
MET(minutes/week), median (IQR) 720 (480-1860) 720 (480-1920) 720 (480-1680) <0.01
WC(cm), median (IQR) 91.0(82.0-91.4) 91.0 (83.0- 100.0) 84.0 (76.0- 94.0) <0.01
Fat percentage, median (IQR) 32.0(26.1-384) 31.8 (26.0- 38.30) 35.2(29.9-40.2) <0.01
BMI, median (IQR) 26.9 (24.5-29.9) 27.0 (24.6-30.1) 255(22.9-28238) <0.01
Obesity classified by BMI, n(%) 43958 (24.7) 42283 (25.1) 1675 (18.6) <0.01
Obesity classified by WC, n(%) 116556 (65.6) 111196 (65.9) 5360 (59.6) <0.01
Obesity classified by fat percentage, n(%) 55114 (31.0) 52400 (31.1) 2714 (30.2) 0.08

remained consistent regardless of WC levels(efigure 2,
A). However, there was a significant interaction between
BMI and fat percentage in the overall population, with
the protective effect of BMI on OP being significant only
in individuals with high fat percentage. We hypothesize
that this interaction stems from the difference in body fat
between men and women, as it is supported by the con-
sistent results observed in sex stratification(efigure 2, B).

Joint effect of BMI and WC/Fat percentage on OP risk

Given that BMI focuses more on the description of over-
all weight and muscle weight, whereas fat percentage
and WC are more adept at describing whole-body fat
and visceral fat, this joint analysis is more appropriate
for describing the risk of OP in participants of different
body types. BMI was categorized into three groups based
on quartiles, whereas fat percentage and WC were cat-
egorized into two groups. Lower BMI was independently
associated with an increased risk of OP compared with
moderate BMI and lower fat percentage/WC (Fig. 4).

Additionally, within the medium BMI category, higher fat
percentage or WC was associated with an increased risk
of OP in the whole population and in the men’s group,
but this association was not statistically significant in the
women’s group. At higher BMI levels, lower fat percent-
age or WC was not significantly associated with OP risk;
however, higher fat percentage or WC was associated
with reduced OP risk in women but, conversely, with
increased OP risk in men. The number and statistical
significance of the combined effect combinations can be
seen in etable 4. Overall, lower BMI was an independent
risk factor for OP, whereas there were sex differences in
the associations of higher BMI and higher fat percentage/
WC with OP risk.

Discussion

In this prospective study based on the UK Biobank cohort
of participants aged 60 years or more, we investigated the
association between obesity and OP risk. Cox modeling
demonstrated that BMI, WC, and fat percentage were
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Fig. 2 Trends in the distribution of obesity indicators and Spearman rank correlation coefficients with BMD. A Overall; B Women; C Men

negatively correlated with the risk of OP, which seems
to reconfirm the existence of the "obesity paradox" in
older adults at OP. Subgroup analyses showed that the
association between obesity and reduced OP risk was
observed only in women, with no significant association
in men. Baseline cross-sectional analyses confirmed that
the association between obesity indicators and BMD was
stronger in women than in men. However, lower BMI
was positively associated with the risk of OP indepen-
dently of body fat and showed consistent results between
both sexes, suggesting that low body weight is a potential
risk factor for OP in older adults.

Comparison with other studies

Bone loss is prevalent in the older population due to
aging, endocrine, and dietary changes [23-26]. Previous
studies on the association between obesity and BMD in
older adults have shown a consistent trend, with slight
differences in obesity definitions and gender [27-29]. In
a retrospective study, Lavanya et al. found that the effect
of weight on BMD was age-specific [30]. Weight was neg-
atively associated with bone mass in men over 60 years
and women over 55 years, whereas this association
was not significant in the younger group. A cross-sec-
tional analysis of older participants from the NHANES
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Table 2 Association between obesity and the risk of osteoporosis
Obesity definition? Model 1 Model 2
HR (95%Cl) p HR (95%Cl) p
All participants (n=177 734)
BMI 0.71(0.67,0.75) <0.01 0.69 (0.65,0.72) <0.01
Fat percentage 0.80(0.77,0.84) <0.01 0.79(0.75,0.82) <0.01
WC 0.71(0.68,0.74) <0.01 0.70(0.67,0.73) <0.01
Women (n=95 000)
BMI 0.67 (0.64,0.72) <0.01 0.66 (0.62,0.70) <0.01
Fat percentage 0.77 (0.73,0.81) <0.01 0.76 (0.72,0.80) <0.01
WC 0.69 (0.66,0.72) <0.01 0.68 (0.65,0.71) <0.01
Men (n=82734)
BMI 0.93(0.82,1.06) 0.28 0.88(0.77,1.00) 0.05
Fat percentage 1.09 (0.96, 1.23) 0.18 1.02(0.90, 1.15) 0.79
WC 0.87(0.78,1.00) 0.08 0.82(0.73,0.92) <0.01

2 Obesity definition: BMI: body mass index (> 30); Fat percentage (female > 40, male > 30); WC: waist circumstance (female >80 cm, male > 94 cm)

Model 1: adjusted for age and gender only

Model 2: adjusted for gender, age, IMD, smoking, alcohol consumption, fruit and vegetable intake, vitamin intake, mineral intake, and physical activity

database showed an inverted U-shaped association
between WC and femoral neck BMD [12]. Although gen-
der differences were observed after adjusting for BMI,
adults over 60 years of age with abdominal obesity were
more likely to benefit in terms of bone health. Lemoine
et al. further demonstrated that, regardless of the obesity
criteria (BMI, WC, or body fat), obese older adults had
higher BMD parameters than non-obese individuals [31].
Our cross-sectional results support a positive correlation
between obesity and BMD in older adults, with signifi-
cant gender differences. Additionally, we found that fat
percentage was negatively correlated with BMD in the
overall population but positively correlated within each
sex subgroup. We hypothesize that this typical Simpson’s
paradox [32], where associations in subgroups disappear
or reverse in pooled data, may result from the large dif-
ferences in fat percentage between genders (median:
37.6% female vs. 26.3% male).

The findings on obesity and OP risk in older adults are
somewhat controversial [8, 33]. Several population-based
studies have found that higher BMI is strongly associated
with a reduced risk of OP and can predict OP risk inde-
pendent of BMD data [34—36]. For body fat, cohort stud-
ies based on NHANES data have shown that elevated WC
is a potential protective factor for OP in older age groups
[13]. Additionally, a study on older women suggested that
adiposity has a protective effect on OP, potentially due to
estrogenic effects produced by adipose tissue [37]. How-
ever, Scott et al. noted that both OP and fracture risk
were significantly increased in obese older adults with
either sarcopenic obesity or normal BMI [38, 39]. Over-
all, while the association between BMI-defined obesity

and OP risk seems consistent, the association between
body fat-defined obesity and OP risk is controversial.
The present study supports that lower BMI is associated
with an increased risk of OP, even among obese people
with elevated WC or body fat percentage. However, with
higher BMI, the effect of body fat on OP risk differed sig-
nificantly between men and women. Men with higher
body fat did not benefit from obesity, whereas women
with higher BMI and higher body fat were significantly
associated with a reduced risk of OP. This potential bene-
fit appears to be the main source of the "obesity paradox”
in OP risk among older adults.

Potential explanations

Although the exact mechanisms remain unclear, there
may be gender differences in the effects of adiposity
on bone [40, 41]. One explanation for the association
between BMI and OP risk is that individuals with higher
BMI tend to have greater muscle mass, which generates
higher mechanical loads on bones [39]. Previous stud-
ies have shown that mechanical loading stimulates bone
formation and maintains bone metabolism homeosta-
sis [42, 43]. This explanation aligns with our observa-
tion that lower BMI is independently associated with an
increased risk of OP. Mechanistically, mechanical loading
effectively stimulates osteoblasts, enhancing their ability
to regulate local calcium levels, which in turn strength-
ens bones and helps reduce bone loss [44]. In this pro-
cess, mechanotransduction within osteocytes not only
facilitates communication between osteocytes and their
environment and neighboring cells, but also involves
mechanosensors within individual cells [45]. As a result,
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Fig. 3 Nonlinear association between obesity indicators and OP risk. The Restricted Cubic Splines (RCS) model showed a significant nonlinear
relationship between OP risk and BMI, WC, and fat percentage in the elderly population. The fitted Cox regression models were fully adjusted
for gender, age, IMD, smoking, alcohol consumption, fruit and vegetable intake, vitamin intake, mineral intake, and physical activity. Results were

presented for the overall population (A), women (B), and men (C)

varijous regulatory factors are secreted to regulate osteo-
blast and osteoclast activity. However, estrogen recep-
tors may play a key role in the osteogenic response to
mechanical stimulation [46]. Estrogen receptor a regula-
tion enhances the osteogenic response to loading in the
cortical bone of female mice but reduces it in males, sug-
gesting that sex differences exist in the regulation of bone
by mechanical stimulation [47].

Existing evidence suggests that body fat contributes to
bone health in women but not in men [48]. The potential
mechanism is that adipocytes may promote the secretion
of bone-active hormones such as estrogen and prolactin
[49, 50]. Estrogen has been found to induce the expres-
sion of osteoprotegerin and estrogen receptor proteins in
human osteoblasts, which in turn exerts an antiresorptive
effect on bone [51]. Jia et al. suggested that estrogen may
stimulate the expression of osteoprotegerin by inhibiting

the expression of miR-145 in human osteoblast-like
MG63 cells [52]. Studies have shown that estrogen can
regulate gene expression in osteoclasts through estro-
gen receptor a, thereby inducing apoptosis and prevent-
ing bone loss [53]. However, Wang et al. found that the
effects of 17p-estradiol and testosterone on osteoclast
gene expression are gender-specific [54]. Of the 18 genes
responsive to 17fB-estradiol, 15 exhibited differential
expression between male and female osteoclasts, with
two genes being regulated in opposite directions in the
two sexes. This suggests that the conversion of testoster-
one into 17fB-estradiol has a limited effect on osteoclast
inhibition in males. These findings suggest that women
may indirectly benefit from obesity due to their hormonal
levels, which could help explain the obesity paradox in
OP. For men, it has been reported that visceral fat accu-
mulation is often associated with androgen deficiency,
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Hazard ratio (95%CI) by joint effect
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Fig. 4 Joint effect of BMI and WC/Fat percentage on OP risk. BMI was stratified according to quartiles, with the lowest 25% categorized as lower,
the middle 50% as moderate, and the highest 25% as higher. WC and fat percentage were stratified into higher and lower tiers according

to the median. The Cox regression model was adjusted for gender, age, IMD, smoking, alcohol consumption, fruit and vegetable intake, vitamin
intake, mineral intake, and physical activity. The results are presented for the overall population on the left, women in the center, and men

on the right

which may have negative effects on bone [55]. Addition-
ally, some studies have explored the roles of resistin, lep-
tin, lipocalin, and interleukin-6 (IL-6) in the association
between obesity and OP, but these do not fully explain
the observed gender differences [56].

Strengths and limitations
The study has several strengths. First, it is based on a
large cohort from the UK Biobank database with avail-
able BMD data and diagnostic text messages. Second,
data on obesity indicators were collected using a stand-
ardized process at multiple UK Biobank centers, mini-
mizing data errors due to differences in facilities. Finally,
this study employed both cross-sectional and prospective
approaches. It first explored the association between obe-
sity metrics and BMD at baseline, and then examined the
relationship with OP risk over time. Consistency between
the two analyses increased the confidence in the results.
The study also has some limitations. First, due to the
nature of the health cohort, "volunteer bias" is difficult

to avoid completely. Second, the BMD measured by
heel ultrasound was only a reference value, not the
actual BMD of the participants, which may influence
the judgment of the actual situation. Third, partici-
pants’ obesity indicators were all collected at baseline,
making it difficult to consistently reflect obesity status
during follow-up, which may affect the observation of
OP risk associations. Fourth, The effect of chronic dis-
ease on bone metabolism was significant. Although we
adjusted for chronic disease at baseline, any chronic
diseases that developed during follow-up were not
included in this analysis. Fifth, the inherent limitations
of observational studies, such as the lack of randomi-
zation and the potential influence of confounding vari-
ables, make it difficult to establish causal relationships,
despite allowing for the observation of associations.
Sixth, this study was based primarily on a white popu-
lation of European ancestry, and the results may not be
extrapolated to other populations, such as those in Asia
and Africa.
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Conclusion

In cross-sectional analyses, significant sex differences
were observed in the correlations of BMI, WC, and fat
percentage with BMD. Prospective analyses further
confirmed that obesity was associated with a reduced
risk of OP in older women, whereas this association
was absent in older men. The joint analysis suggested
that lower BMI is an independent risk factor for OP in
older adults, whereas high BMI and high body fat may
be protective factors for OP in women. In conclusion,
the obesity paradox in OP risk among older adults is
only applicable to women and not relevant for men.
Optimal body weight and body composition should be
considered separately based on sex when developing
OP risk management strategies.
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