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Bone mass is tuned by various factors, including aging, menopause, low body weight, and genetic variations. Here, we 
showed an independent association between a genotype on the fat mass- and obesity-associated FTO gene (#610966 on 
OMIM) and bone loss after adjusting for age and body mass index (BMI). A cross-sectional study was nested in a prospective 
observational study of 1,828 participants (median age: 69 [62-76] years in men and 68 [61-75] years in women) residing in a 
rural city in western Japan (Goto Island study). Participants were recruited during medical checkups in 2014 and 2016 from 
the community-dwelling population. The bone mass of the calcaneus was evaluated using quantitative ultrasound. The single 
nucleotide polymorphism (SNP) rs1421085 was genotyped using a hydrolysis probe. The chi-squared test was used to deter-
mine whether the variants were in equilibrium in this population. There were differences in medians of BMI among the geno-
types (24.3 in CC, 23.0 in CT, and 22.6 in TT, P = 0.01), but not in those of bone mass. There was a significant association 
between the minor allele (C) and being overweight in a gene dosage-dependent manner (BMI > 25, OR per allele =1.52, 95% 
CI = 1.07-2.14, P = 0.02 in men, OR = 1.48, 95% CI = 1.16-1.95, P = 0.01 in women). Logistic regression analysis showed a 
significant protective association in male carriers of the minor allele against low bone mass (QUS T-score less than -2.0) after 
adjusting for age and BMI in men aged 65-75 years (OR = 0.50, 95% CI = 0.27-0.96, P = 0.036), with no significant association 
in women.
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Introduction

　One of the components of bone is mineralized bone tissue 
with a rigid honeycomb internal structure. Osteoporosis occurs 
due to an imbalance between bone resorption and bone 
formation[1]. Osteoporosis has become a serious public health 
problem in the aging population. The occurrence of osteopo-
rosis is related to genetic factors and the external environment 
and is an important cause of mortality and morbidity in the 
elderly.  In a report of a simulation projection model over a 
20-year period from 2020 to 2040 in Japan, estimated total 
number of fractures summed to 21.6 million at a total cost of 
US $410.2 billion[2]. The clinical consequences and economic 
burden of the disease call for measures to assess high risk 
groups for appropriate interventions[3].
　Quantitative ultrasound (QUS) technology has emerged as 
a convenient tool for screening of fracture risk. Although 
QUS cannot be used to diagnose osteoporosis or osteopenia in 
terms of the WHO definition and of the Japanese Society of 
Bone Metabolism and the Japanese Society of Osteoporosis 
jointly published the diagnostic criteria for primary osteopo-
rosis (2012 revision)[4], several studies have also indicated 
that it can predict fractures in men[5], in women[6, 7], and in 
both genders[8, 9]. A meta-analysis including 21 studies, which 
included 55,164 women and 13,742 men, revealed significant 
association between QUS parameters and risk of various frac-
ture outcomes[10]. Among QUS parameters, stiffness index (SI) 
was considered to be reliable indicators of bone health [11, 12, 13].
　Bone mass is tuned by various factors, including aging, 
menopause, low body weight, and genetic variations. Most 
of the basic characteristics (age, gender, BMI) are variable 
and have interrelated effects; therefore, it might be difficult 
to analyze the independent relevance of bone health with the 
variable basic characteristics. Genotype is the collection of 
genes responsible for the various genetic traits of a given 
organism. Genotype refers specifically to the genes, not the 
traits; that is, the raw information in an organism's DNA, 
which is an unchangeable characteristic against diseases. 
The genetic factors associated with osteoporosis are those 
genes that determine bone quality, size, structure, micro-
structure, and intrinsic bone properties. There have been a 
few candidate genes that that have been reported to regulate 
bone mass[14].

　FTO is located in the 16q12.2 chromosomal region and 
contains nine exons. The FTO protein has a molecular mass 
of 58 kDa, is widely expressed in fetal and adult tissues, and 
is mostly distributed in the brain, especially in the hypothal-
amus; however, its specific function and mechanism have 
not been fully elucidated. In 2007, Frayling et al. showed a 
relationship between FTO and BMI[15]. This gene has been 
reported to be involved in various conditions, including 
colorectal cancer[16], pancreatic cancer[17, 18], breast cancer[19], 
and depression[20]. 
　A recent study found that mice with systemic FTO knockout 
showed significant postnatal growth retardation compared to 
the control group. They were shorter in length, lighter in 
weight, and had a lower bone density[21]. Another study by 
Claussnitzer using endogenous CRISPR-Cas9 genome editing 
showed a critical role for the rs1421085 variant in the adipo-
cyte thermogenesis regulation pathway through interaction 
with the ARID5B, IRX3, and IRX5 genes, thus affecting 
adipocyte differentiation. Their results indicated that the 
rs1421085 T- to-C single-nucleotide alteration underlies the 
association between FTO and obesity[22].
　From the results of these studies, FTO may be a multipotent 
genetic factor that not only affects the obesity phenotype, 
but also affects the osteoporotic phenotype in conditional 
knockout mice[21]. Given the evidence of pleiotropic effects, 
we hypothesized that variants in FTO are associated with 
osteoporosis risk. We assessed the associations of the FTO 
genotype with obesity and bone health among community-
dwelling adults, which would lead to improved quality of 
bone health evaluation.

Materials and Methods

Study design

　A cross-sectional study of 1,828 participants (median age: 
69 [62-76] years in men and 68 [61-75] years in women) was 
nested in a prospective cohort in a rural city in western Japan[23]. 
The participants volunteered to partake in this cross-sectional 
study. Written consent forms were available in Japanese to 
ensure a comprehensive understanding, and informed consent 
was obtained from all participants. This study was approved by 
the Ethics Committee for Human Use of Nagasaki University 

Our study indicated an association between the genetic polymorphism of FTO and bone mass among community-dwelling 
men aged 65-75 years. The polymorphism may play a role in bone health with higher BMI and other beneficial functions.
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(project registration number 14051404). The survey was 
targeted at population residing in rural communities in Goto 
city in western Japan who underwent a general medical 
check-up in 2014 and 2016, as recommended by the Japanese 
government. Participants who had inadequate cognitive 
functioning to answer the questionnaire were included neither 
in this study nor in this analysis.

Measurements

　The BMI (kg/m2) was calculated by measuring the body 
weight and height of patients wearing lightweight clothing 
using an automatic body composition analyzer (BF-220; 
Tanita, Tokyo, Japan).
　Broadband ultrasound attenuation (BUA; dB/MHz) and 
the speed of sound (SOS; m/s) through the right calcaneal 
bone were measured using QUS (Achilles InSight, GE Lunar 
Corp., Madison, WI, USA). The calcaneal stiffness index 
(SI), a function of BUA and SOS, was automatically calcu-
lated by using the scanner software according to the following 
formula: SI = (0.67 × BUA) + (0.28 × SOS) - 420. The 
validations for the same model of QUS were reported (a 
coefficient of variation (CV) of 0.4% for SOS, 3.0% for 
BUA stiffness obtained with Achilles InSight)[24]. We obtained 
similar values as the validations (a CV of 0.4% for SOS, 
1.9% for BUA, and 3.3% for stiffness as intra-assay coeffi-
cients, a CV of 0.3% for SOS, 0.7% for BUA, and 1.7% for 
stiffness as inter-assay coefficients). Groups of low bone 
mass were defined as a subject with a figure of < -1.0, < -2.0, 
< -3.0, because of previous longitudinal studies which 
reported fracture risks for one decrement in QUS T-score[6-10, 

12]. Additionally, one was defined as a subject with a figure of 
< -2.5 in QUS T-score of SI, because of the definition for 
osteoporosis by WHO, which includes a figure of < -2.5 in 
BMD T-score.
　Genomic DNA was obtained from peripheral blood samples 
using Gene Prep Star NA-480 (Kurabo Industries Ltd., Osaka, 
Japan). The SNP rs1421085 was genotyped using the TaqMan 
SNP Genotyping Assay kit (C___8917103, Thermo Fisher 
Scientific, Tokyo, Japan) on a LightCycler 480 instrument 
(Roche Diagnostics, Basel, Switzerland). Briefly, genomic 
DNA was amplified by PCR (95 ℃ for 30 s, 40 cycles between 
95 ℃ for 5 s and 60 ℃ for 30 s, and 50 ℃ for 30 s) combined 
with both types of quenched fluorogenic hydrolysis probes 
(VIC/FAM). No increase in fluorescence intensity was observed 
in each PCR cycle compared with the negative control 
containing no template DNA.

Statistical Analysis

　A total of 1,828 participants (650 men and 1,178 women) 
aged 27–97 years were included in our analysis. The normality 
of variables was assessed using the Kolmogorov-Smirnov 
test. The Mann-Whitney U test was used to compare differ-
ences in the medians of numerical variables, and the chi-
square (χ²) test was used to compare the distribution of 
categorical variables between the two groups. The Kruskal-
Wallis test was used to compare medians among the three 
genotype groups. Multiple linear regression analysis was used 
to explore the estimated effect size by the risk allele on the 
calcaneal SI, adjusting for age and BMI. Logistic regression 
analysis was applied to explore the independent association 
of FTO genotype on being overweight and having low bone 
mass with adjustment for age and BMI.
　Statistical significance was set at P < 0.05. All statistical 
analyses were performed using the SPSS software version 
23 (SPSS Inc., Chicago, IL, USA).

Result

　Table 1 shows the characteristics of the 1,828 participants. 
The median (interquartile range [IQR]) ages of the men and 
women were 69 (62-76) and 68 (61-75) years, respectively. 
The medians of weight, height, BMI, and QUS parameters 
were greater in men than in women (P < 0.001 for all).
　The characteristics of each FTO genotype group are 
shown in Table 2. The Kruskal-Wallis test revealed significant 
differences in the medians of weight (59.8 [49.2-68.7] of the 
CC group, 55.5 [48.8-63.9] in the CT group, and 53.9 [48.3-
61.9] of the TT group, P = 0.004) and BMI (24.4 [21.3-27.0] 
in the CC group, 22.8 [20.6-25.2] of the CT group, 22.4 
[20.3-24.6] of the TT group, P < 0.001), but there was no 
significant difference in QUS parameters among the three 
groups. Additionally, a linear regression analysis showed an 
estimated effect size of one risk allele in this genotype towards 
the values of BMI (unstandardized B: 0.69, 95% CI: 0.25-
1.14, P = 0.002 in men and B: 0.45, 95% CI: 0.07-0.82, P = 
0.019 in women), although the variables were not normally 
distributed. There were significant associations between the 
minor allele and being overweight (BMI of > 25, OR=1.52, 
95% CI = 1.07-2.14, P = 0.02 in men; OR = 1.48, 95% CI = 
1.16-1.95, P = 0.01 in women).
　Out of the 1,828 participants, 1,374 (75.2%) had bone 
mass of QUS T-score less than -1.0, 968 (53.0%) participants 
had a bone mass of QUS T-score less than -2.0 and 449 
(24.6%) participants had a bone mass of QUS T-score less 
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than -3.0. Logistic regression was applied to evaluate the 
association between genotype and groups with low bone 
mass. There was a significant independent association between 
the genotype and group with QUS T-score less than -2.0 
among participants of all ages in men after an adjustment for 
age and BMI (OR: 0.67, 95% CI: 0.47-0.97, P = 0.031), but 
not in women (Table 3).
　After stratifying by age and gender, using univariate analysis, 
χ² tests showed significant differences in the distribution of 
the genotype in men aged 40-64 years against QUS T-score 
less than -1.0 (27/60 vs. 86/138, χ² = 5.12, P = 0.029) and 
in men aged 65-75 years against QUS T-score less than -2.0 
(16/73 vs. 65/174, χ² = 5.56, P = 0.018), but not in women 
(Table 4). 

　Using multivariate analysis with adjustments, logistic 
regression analysis showed a significant protective association 
with carriers of the risk allele against the group with QUS 
T-score less than -2.0 after adjusting for age and BMI in men 
aged 65-75 years (OR = 0.50, 95% CI = 0.27-0.96, P = 0.036) 
and one against the group with QUS T-score less than -1.0 in 
men aged 40-64 years (OR = 0.52, 95% CI = 0.28-0.98, P = 
0.043 in supplemental table 1), but no significant association 
was found in women (Table 5). Additionally, there was no 
significant association against the group with QUS T-score 
less than -2.5 or -3.0 in both genders (supplemental table 2, 3).

Table 1. Characteristics of the study participants by gender.

Variable Men (n=650) Women (n=1, 178) p-value

Age (year) 69 [62 -76] 68 [61 -75] 0.29

Weight (kg) 63.5 [57.0 - 69.6] 51.0 [45.5 - 56.2] ＜ 0.001

Height (cm) 164.0 [160.0 - 168.6] 152.4 [148.3 - 156.2] ＜ 0.001

BMI (kg/㎡ ) 23.6 [21.6 - 25.5] 21.9 [19.9 - 24.3] ＜ 0.001

QUS SI 85.4 [75.2 - 97.3] 67.8 [59.6 - 77.9] ＜ 0.001

QUS T-score -1.6 [-2,4 - -0.6] -2.4 [-3.2 - -1.4] ＜ 0.001

QUS T<-1.0, n (%) 412 (63.4) 962 (81.7) ＜ 0.001

QUS T<-2.0, n (%) 247 (38.0) 721 (61.2) ＜ 0.001

QUS T<-3.0, n (%) 83 (12.8) 388 (31.1) ＜ 0.001

Data are shown as medians [interquartile range] or n (%). BMI: body mass index, QUS: quantitative ultrasound, 
SI: stiffness index, Mann-Whitney U test or χ² test for medians between genders.

Table 2. Characteristics of the study participants by genotype.

CC (n=44) CT (n=507) TT (n=1, 277) p-value

Age (year) 66 [60-75] 68 [62-76] 68 [62-76] 0.77

Weight (kg) 59.8 [49.2-68.7] 55.5 [48.8-63.9] 53.9 [48.3-61.9] 0.004

Height (cm) 155.0 [150.7-162.6] 156.0 [151.1-162.0] 155.7 [150.4-161.9] 0.88

BMI (kg/㎡） 24.4 [21.3-27.0] 22.8 [20.6-25.2] 22.4 [20.3-24.6] ＜ 0.001

QUS SI 75.4 [62.7 - 88.4] 73.7 [63.3 - 88.4] 73.4 [63.0 - 86.3] 0.55

QUS T-score -2.0 [-3.0 - -1.0] -2.0 [-2,9 - -0.9] -2.1 [-3.0 - -1.1] 0.62

QUS T<-1.0, n (%) 33 (75.0) 369 (72.8) 972 (76.1) 0.34

QUS T<-2.0, n (%) 22 (50.0) 258 (50.9) 688 (53.9) 0.48

QUS T<-3.0, n (%) 11 (25.0) 120 (23.7) 318 (24.9) 0.86

Data are shown as medians [interquartile range] or n (%). BMI: body mass index, QUS: quantitative ultrasound, SI: stiffness 
index, Kruskal-Wallis test for medians among genotype groups.
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Table 3. Odds ratio of risk factors for low bone mass on the QUS T-score.

Gender QUS T-score Variables Unit OR 95%CI p-value

Men QUS T<-1.0 Age (year) 1 1.04 (1.02-1.05) ＜ 0.001
BMI (kg/㎡） 1 0.95 (0.90-1.00) 0.051

FTO (CC&CT） TT (reference) 0.81 (0.57-1.15) 0.23
QUS T<-2.0 Age (year) 1 1.05 (1.03-1.06) ＜ 0.001

BMI (kg/㎡） 1 0.94 (0.89-1.00) 0.039
FTO (CC&CT） TT (reference) 0.67 (0.47-0.97) 0.031*

QUS T<-3.0 Age (year) 1 1.09 (1.06-1.12) ＜ 0.001
BMI (kg/㎡） 1 0.90 (0.83-0.98) 0.019

FTO (CC&CT） TT (reference) 0.78 (0.45-1.35) 0.38
Women QUS T<-1.0 Age (year) 1 1.12 (1.10-1.14) ＜ 0.001

BMI (kg/㎡） 1 0.94 (0.90-0.98) 0.009
FTO (CC&CT） TT (reference) 0.93 (0.64-1.34) 0.68

QUS T<-2.0 Age (year) 1 1.10 (1.09-1.12) ＜ 0.001
BMI (kg/㎡） 1 0.90 (0.87-0.94) ＜ 0.001

FTO (CC&CT） TT (reference) 1.11 (0.83-1.49) 0.47
QUS T<-3.0 Age (year) 1 1.11 (1.09-1.13) ＜ 0.001

BMI (kg/㎡） 1 0.93 (0.89-0.97) 0.001
FTO (CC&CT） TT (reference) 1.04 (0.77-1.40) 0.80

QUS: quantitative ultrasound, BMI: body mass index, OR: odds ratio, CI: confidence interval. *p < 0.05

Table 4. Univariate analysis of genotype for bone health in age groups in both genders.

Gender Age QUS T-score FTO genotype p-value
CC&CT TT

Men 40-64 n=60 n=138
QUS T<-1.0, n (%) 27 (45.0) 86 (62.3) χ²=5.12, p=0.029*
QUS T<-2.0, n (%) 13 (21.7) 48 (34.8) χ²=3.38, p=0.093
QUS T<-3.0, n (%) 1 (1.7) 12 (8.7) χ²=3.37, p=0.11

65-75 n=73 n=174
QUS T<-1.0, n (%) 44 (60.3) 108 (62.1) χ²=0.07, p=0.89
QUS T<-2.0, n (%) 16 (21.9) 65 (37.4) χ²=5.56, p=0.018*
QUS T<-3.0, n (%) 5 (6.8) 16 (9.2) χ²=0.36, p=0.63

75< n=63 n=126
QUS T<-1.0, n (%) 49 (77.8) 93 (73.8) χ²=0.35, p=0.60
QUS T<-2.0, n (%) 35 (55.6) 68 (54.0) χ²=0.04, p=0.88
QUS T<-3.0, n (%) 16 (25.4) 32 (25.4) χ²=0.00, p=1.00

Women 40-64 n=114 n=269
QUS T<-1.0, n (%) 70 (61.4) 176 (65.4) χ²=0.56, p=0.49
QUS T<-2.0, n (%) 48 (42.1) 104 (38.7) χ²=0.40, p=0.57
QUS T<-3.0, n (%) 13 (11.4) 32 (11.9) χ²=0.02, p=1.00

65-75 n=129 n=306
QUS T<-1.0, n (%) 116 (89.9) 277 (90.5) χ²=0.04, p=0.86
QUS T<-2.0, n (%) 87 (67.4) 203 (66.3) χ²=0.05, p=0.91
QUS T<-3.0, n (%) 45 (34.9) 90 (29.4) χ²=1.27, p=0.26

75< n=95 n=235
QUS T<-1.0, n (%) 90 (94.7) 223 (94.9) χ²=0.01, p=1.00
QUS T<-2.0, n (%) 80 (84.2) 196 (83.4) χ²=0.03, p=1.00
QUS T<-3.0, n (%) 51 (53.7) 135 (57.4) χ²=0.39, p=0.54

QUS: quantitative ultrasound. *p < 0.05
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Table 5. Multivariate analysis of genotype for low bone mass in participants separated into age groups 
for both genders.

Gender Age Variable Unit Univariate multivariate

OR (95%CI) OR (95%CI)
Men 40-64 Age 1 increase 1.03 (0.99-1.08)

BMI 1 increase 0.89 (0.80-0.99)
FTO(CC&CT) /TT 0.52 (0.26-1.05) 0.57 (0.28-1.18)

65-75 Age 1 1.12 (1.02-1.23)
BMI 1 1.01 (0.92-1.11)

FTO(CC&CT) /TT 0.47 (0.25-0.89)* 0.50 (0.27-0.96)*
75< Age 1 1.15 (1.06-1.25)

BMI 1 0.96 (0.87-1.06)
FTO(CC&CT) /TT 1.07 (0.58-1.96) 1.08 (0.57-2.03)

Women 40-64 Age 1 1.15 (1.10-1.19)
BMI 1 0.87 (0.81-0.94)

FTO(CC&CT) /TT 1.15 (0.74-1.80) 1.13 (0.69-1.83)
65-75 Age 1 1.03 (0.96-1.11)

BMI 1 0.89 (0.84-0.95)
FTO(CC&CT) /TT 1.05 (0.68-1.63) 1.15 (0.74-1.81)

75< Age 1 1.07 (0.98-1.16)
BMI 1 0.96 (0.87-1.05)

FTO(CC&CT) /TT 1.06 (0.55-2.03) 1.02 (0.53-1.97)

Low bone mass: QUS T<-2.0, BMI: body mass index, OR: odds ratio, CI: confidence interval. Logistic regression 
analysis *P < 0.05

Table S1. Multivariate analysis of genotype for QUS T<-1.0 in participants separated into age groups 
for both genders.

Gender Age Variable Unit Univariate multivariate

OR (95%CI) OR (95%CI)
Men 40-64 Age 1 increase 1.03 (0.99-1.08)

BMI 1 increase 0.92 (0.84-1.01)
FTO(CC&CT) /TT 0.50 (0.27-0.91)* 0.52 (0.28-0.98)*

65-75 Age 1 1.10 (1.01-1.21)
BMI 1 0.98 (0.89-1.07)

FTO(CC&CT) /TT 0.93 (0.53-1.62) 1.00 (0.57-1.77)
75< Age 1 1.17 (1.05-1.31)

BMI 1 0.98 (0.87-1.10)
FTO(CC&CT) /TT 1.24 (0.61-2.54) 1.25 (0.60-2.60)

Women 40-64 Age 1 1.18 (1.14-1.23)
BMI 1 0.93 (0.87-1.00)

FTO(CC&CT) /TT 0.84 (0.53-1.32) 0.74 (0.44-1.24)
65-75 Age 1 1.02 (0.91-1.14)

BMI 1 0.93 (0.86-1.02)
FTO(CC&CT) /TT 0.93 (0.47-1.86) 0.99 (0.49-1.98)

75< Age 1 0.91 (0.81-1.03)
BMI 1 0.88 (0.75-1.02)

FTO(CC&CT) /TT 0.97 (0.33-2.83) 1.10 (0.37-3.26)

BMI: body mass index, OR: odds ratio, CI: confidence interval. Logistic regression analysis *P < 0.05
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Table S2. Multivariate analysis of genotype for QUS T<-3.0 in participants separated into age groups for 
both genders.

Gender Age Variable Unit Univariate multivariate

OR (95%CI) OR (95%CI)
Men 40-64 Age 1 increase 1.07 (0.97-1.18)

BMI 1 increase 0.93 (0.77-1.12)

FTO(CC&CT) /TT 0.18 (0.02-1.40) 0.19 (0.02-1.52)

65-75 Age 1 1.19 (1.01-1.41)

BMI 1 1.01 (0.86-1.18)

FTO(CC&CT) /TT 0.73 (0.26-2.06) 0.82 (0.28-2.36)

75< Age 1 1.19 (1.09-1.31)

BMI 1 0.87 (0.77-0.98)

FTO(CC&CT) /TT 1.00 (0.50-2.00) 1.08 (0.51-2.30)

Women 40-64 Age 1 1.16 (1.08-1.25)

BMI 1 0.85 (0.76-0.96)

FTO(CC&CT) /TT 0.95 (0.48-1.89) 0.90 (0.44-1.84)

65-75 Age 1 1.02 (0.95-1.10)

BMI 1 0.94 (0.88-1.00)

FTO(CC&CT) /TT 1.29 (0.83-1.99) 1.35 (0.87-2.10)

75< Age 1 1.09 (1.02-1.16)

BMI 1 0.93 (0.87-1.00)
FTO(CC&CT) /TT 0.86 (0.53-1.39) 0.82 (0.50-1.34)

BMI: body mass index, OR: odds ratio, CI: confidence interval. Logistic regression analysis *P < 0.05

Table S3. Univariate analysis of genotype for QUS T<-2.5 in age groups in both genders.

Gender Age QUS T-score FTO genotype p-value
CC&CT TT

Men 40-64 n=60 n=138
QUS T<-2.5, n (%) 6 (10.0) 26 (18.8) χ²=2.41, p=0.14

65-75 n=73 n=174
QUS T<-2.5, n (%) 9 (12.3) 28 (16.1) χ²=0.57, p=0.56

75< n=63 n=126
QUS T<-2.5, n (%) 24 (38.1) 48 (38.1) χ²=0.00, p=1.00

Women 40-64 n=114 n=269
QUS T<-2.5, n (%) 30 (26.3) 59 (21.9) χ²=0.86, p=0.36

65-75 n=129 n=306
QUS T<-2.5, n (%) 66 (51.2) 142 (46.4) χ²=0.82, p=0.40

75< n=95 n=235
QUS T<-2.5, n (%) 69 (72.6) 173 (73.6) χ²=0.34, p=0.89

QUS: quantitative ultrasound. *p < 0.05
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Discussion 

　We analyzed the associations of the SNP rs1421085 with 
obesity and bone health among 1,828 adults from Goto city 
in western Japan. Carriers of FTO rs1421085 CC and CT 
variant genotypes at all age ranges had higher BMIs, consistent 
with previous reports. Participants with CC and CC/CT gen-
otypes were associated with a reduced risk of having low 
bone mass. Interestingly, this association was only observed 
in middle-aged and older men.
　The biological mechanism underlying the association 
between FTO and bone mass is unknown. In humans, 
expression of FTO has been found in various tissues such as 
adipose tissue and beta cells[25], but there is no evidence for 
its expression in bone. The present finding was based on an 
association analysis, which does not necessarily mean that 
FTO is causally linked to bone mass; however, it is likely 
that these polymorphisms would influence several protective 
factors that are associated with bone mass liability, such as 
obesity, muscle, lifestyle, and hormones.

FTO and obesity
　FTO has been well described in relation to body composition 
and obesity phenotypes[26, 27]. Epidemiological surveys have 
shown that body weight and BMI are positively correlated 
with bone density, and that weight loss may promote bone 
loss. However, several studies on Asian and Caucasian pop-
ulations have shown a negative correlation between obesity 
and BMD after adjusting for the effect of body weight, 
suggesting that body fat content may negatively regulate 
BMD, except for the positive effect of weight bearing[28, 29]. 
Combined with our results, we suggest that the complex 
relationship between obesity and osteoporosis may be related 
to different definitions or measures of obesity.

FTO and muscle
　In 2019, Taniguchi, et al. found that loss of skeletal muscle 
mass was independently associated with osteoporosis after 
adjusting for covariates[30]. In an animal model, FTO-knockout 
mice showed a significant reduction in adipose tissue and 
lean body mass[31], and reduced lean mass was associated 
with weakened femur bone strength[32]. In 2017, Wang et al. 

Table S4. Multivariate analysis of genotype for QUS T<-2.5 in participants separated into age groups for 
both genders.

Gender Age Variable Unit Univariate multivariate

OR (95%CI) OR (95%CI)
Men 40-64 Age 1 increase 1.02 (0.96-1.08)

BMI 1 increase 0.89 (0.78-1.01)
FTO(CC&CT) /TT 0.48 (0.19-1.23) 0.54 (0.21-1.40)

65-75 Age 1 1.18 (1.04-1.33)
BMI 1 0.95 (0.84-1.08)

FTO(CC&CT) /TT 0.73 (0.33-1.64) 0.83 (0.37-1.90)
75< Age 1 1.16 (1.07-1.27)

BMI 1 0.93 (0.84-1.03)
FTO(CC&CT) /TT 1.00 (0.54-1.86) 1.04 (0.54-2.00)

Women 40-64 Age 1 1.13 (1.07-1.19)
BMI 1 0.88 (0.81-0.96)

FTO(CC&CT) /TT 1.27 (0.77-2.11) 1.25 (0.73-2.13)
65-75 Age 1 1.03 (0.97-1.10)

BMI 1 0.92 (0.87-0.97)
FTO(CC&CT) /TT 1.21 (0.80-1.83) 1.29 (0.85-1.97)

75< Age 1 1.07 (1.00-1.15)
BMI 1 0.94 (0.87-1.02)

FTO(CC&CT) /TT 0.95 (0.56-1.63) 0.92 (0.53-1.58)
BMI: body mass index, OR: odds ratio, CI: confidence interval. Logistic regression analysis *P < 0.05
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found that skeletal muscle development was impaired in 
mice with FTO deficiency, and they demonstrated that FTO 
might act upstream of the mTOR-PGC-1α pathway and 
regulate myocyte differentiation[33]. The CC genotype of the 
rs1421085 variant was reported to be associated with decreased 
hand grip strength[34]. These studies laid a foundation for 
further studies on the molecular mechanism of FTO in myoblast 
differentiation.

FTO and lifestyle
　Several studies have suggested that FTO plays a role in 
controlling feeding behavior and energy expenditure. FTO 
variants leading to obesity seem to be related to energy intake[35], 
increased dietary macronutrient intake[36], and more frequent 
episodes of loss-of-control eating[37].
　In addition to nutrition, sleep habits and quality also have 
a significant impact on bone health. Short sleep is associated 
with a low bone mineral density and osteoporosis[38]. Several 
epidemiological studies support this inference; people whose 
sleep and circadian rhythms are disrupted because night shift 
work are often associated with lower bone density and a 
higher risk of fractures[39]. Sleep duration could enhance the 
effect of rs1421085 on BMI in United Kingdom[40]. Hence, 
we speculate that FTO is involved in sleep and may affect 
bone health through this pathway.

FTO and other factors
　Studies have shown that there is a relationship between 
bone mass and fat metabolism, and that a variety of bioactive 
molecules secreted by fat, such as estrogen, resistin, leptin, 
adiponectin, and IL-6, all participate in the process of bone 
metabolism. Among them, insulin-like growth factor-1 (IGF-
I) has been reported to promote bone formation[41]. FTO risk 
alleles were associated with lower IGF-I levels independent 
of age and sex[42]. Leptin has been reported to have a direct 
anabolic effect on osteoblasts and chondrocytes[43]. In a 
cross-sectional study of 985 older adults, Benedict et al. 
found that the FTO risk allele was associated with lower serum 
levels of the satiety-enhancing adipokine leptin and with higher 
plasma levels of the hunger hormone ghrelin. Importantly, 
the observed association was independent of obesity[44].
　In 2009, Cizza et al. concluded that depression causes 
bone loss and osteoporotic fractures primarily through specific 
immune and endocrine mechanisms[45]. Rivera et al. analyzed 
the interaction between depression, FTO, and BMI in a 
meta-study of 13,701 individuals. They suggested that the 
association between high BMI and major depression may be 
mediated by FTO[46]. In 2019, Sun et al. published an animal 
study reporting that FTO deficiency reduced behaviors such 

as anxiety and depression by altering the gut microbiome in 
mice[47]. It might be possible to speculate that depression, 
along with other psychological factors, may also play a role 
in how FTO affects bone health.

No association between FTO genotype and osteoporosis 
was found in other age groups
　We observed an association between FTO polymorphisms 
and group with QUS T-score less than -2.0 in the 65-75 age 
men, and the group with QUS T-score less than -1.0 in the 
40-64 age men. One possible reason is that osteoporosis is a 
disease affecting the aging population and rarely occurs in 
young people, but the effects of genetic factors can accumulate 
in the bone tissue. The age-dependent decline in FTO tran-
scription expression in muscle was reported[48], opposing 
this finding, and another study showed that FTO expression 
in subcutaneous and visceral fat increased with age[25]. These 
might modify our results.

No association between FTO genotype and osteoporosis 
was found in women
　We observed an association between FTO polymorphism 
and osteoporosis in men, but not in women, although there 
was a relatively large number of participants. There are several 
possible reasons for this. First is the comprehensive influence 
of multiple endocrine factors. The hormone levels in post-
menopausal women change more compared to premenopausal 
women, which is a confounding factor that could not be 
ignored in this study. Estrogen withdrawal during menopause 
also increases the production of inflammatory cytokines, 
which affect osteoblasts[49, 50].
　In addition to the impact of dramatic changes in sex hormones 
on bone, population studies have shown that reference 
changes in thyroid status in postmenopausal women are also 
associated with changes in bone mineral density and fracture 
risk[51]. A second possibility could be the different types of 
obesity in men and women. Obesity protects against bone 
loss, but more recently, it has been recognized that the 
relationship between obesity and osteoporosis depends on 
the definition of obesity[52]. Postmenopausal women had five 
times the chance of having central adiposity than premeno-
pausal women[53]. These may be the reasons why the CC and 
CT/CC variants of rs1421085 were not found to be associated 
with a reduced risk of low bone mass in elderly women.

Strengths
　There are studies on the association between FTO and 
obesity, diabetes, tumors, among others. However, few studies 
have focused on the effect of the FTO genotype on bone 
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health. Our results might be a clue for the promotion of 
precision medicine in bone health.

Limitations
　Our study was a cross-sectional design of genetic epide-
miology, which cannot reflect the molecular pathogenesis of 
the causal variant. We could not assess whether rs1421085 
may be a causal variation or not. Second, there were few CC 
variants in the population, which interfered with assessing 
the associations of genotype with phenomena in a gene dos-
age-dependent manner. Third, it is necessary to apply our 
results to a different ethnic population because genomic 
variations are greater when compared between ethnicities. 
Fourth, we did not have results of bone mineral density 
obtained from DXA, which is a gold standard for diagnosis 
of osteoporosis. We could not assess the any association between 
QUS parameters and diagnosis of osteoporosis or osteopenia. 
Lastly, we could not eliminate the influence of potential 
confounding factors such as smoking, nutrition, other diseases, 
and the medications taken by the participants. This might 
result in an underestimation of the association between 
genotype and bone health.

Conclusion
　We showed that the obesity-related FTO genotype had an 
independent protective association against low bone mass 
among community-dwelling men aged 65-75 years, after 
adjusting for BMI. We conclude that the polymorphism may 
play a role in bone health with higher BMI and other beneficial 
functions.
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