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Objectives: We aimed to explore how healthy lifestyles and genetic factors influence the
risk of Osteoporosis (OP).

Methods: In this prospective cohort study, we first performed a genome-wide association
study (GWAS) of estimated bone mineral density (eBMD) and constructed the genetic risk
score (GRS) based on the effect of single nucleotide polymorphism (SNP) on eBMD. We
then assessed the effect of three-level GRS and adherence to healthy lifestyles on the risk
of OP and fracture, respectively. Finally, we assessed the joint effects of GRS and lifestyle
on the OP and fracture risk.

Results: People with higher GRS have a lower risk of OP and fracture. Negative
associations were detected between healthy lifestyle factors and the risk of OP and
fracture. Compare with the group with high GRS and favorable lifestyles, the group with
low GRS and unfavorable lifestyles had a high Hazard Ratio (HR).

Conclusion: The findings suggest that adherence to healthy lifestyles can reduce the risk
of OP and fracture in people with different genetic risks.
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INTRODUCTION

Osteoporosis (OP), known as the invisible killer, is one of the major public health problems,
especially in the elderly population. OP is a common systemic skeletal disease characterized by
reduced bone mass and altered bone microarchitecture, ultimately leading to skeletal fragility and
fractures in different skeletal sites [1, 2]. Bone mineral density (BMD) is an important diagnosis
index for OP and a strongly relevant risk factor for fracture as well [3]. BMD is highly heritable, with
a heritability of 50%–80% [4–8]. Genome-wide association studies (GWAS) have identified a large
number of genetic loci significantly associated with BMD [9, 10]. Besides genetic factors,
environmental factors are also important in determining OP risk. The environmental factors
include the basic and unchangeable factors (e.g., gender, age, and race) and the changeable
lifestyle factors. Lifestyle factors can be divided into two categories: the first category is
nutritional factors, such as calcium, protein, cereals, dairy products, fresh fruit and vegetable
intake, and the second category is behavioral factors, such as smoking, alcohol consumption,
sunshine, and physical activity [11].

Genetic risk score (GRS) is a useful tool in assessing complex genetic diseases by combining
multiple genetic loci with small effects and has been widely used in disease risk prediction [12–14].
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Recent studies have demonstrated that GRS can predict disease
risk more accurately than the rare single gene prediction of
disease risk, which offers a wide range of clinical applications in
disease control [15–17]. Some previous studies have been
conducted to predict the OP risk by calculating the GRS. For
example, GRS constructed by using 63 BMD-associated loci was
associated with the changes in BMD, while OP is diagnosed on
basis of BMD, therefore GRS could be used as a predictor of OP
[18]. GRS constructed by multiple genetic loci could improve
the predictive accuracy of non-vertebral fracture risk over and
above that of clinical risk factors alone, and help stratify
individuals by fracture status [19]. However, these studies
are limited to genetic factors of disease, environmental
factors also play an important role in the development of
disease, and the extent to which the incident risk of OP and
fracture in individuals with high genetic risk can be offset by a
favorable lifestyle remained unclear.

Therefore, based on a large sample of data from UK Biobank,
we analyzed the independent and joint effects of genetic and
environmental factors on the incidence of OP and fracture risk.
First, we performed a new GWAS for eBMD in a subset of the UK
Biobank sample. Second, we constructed GRS for eBMD and
further analyzed the combined effects of the identified genetic loci
from GWAS on OP and fracture risk. Third, we then assessed the
relationship between lifestyles and OP risk and classified the
individuals according to their lifestyles. Finally, we aimed to
assess the joint effect of lifestyle and genetic factors and
estimate the extent to which having a favorable lifestyle might
reduce the risk of incident OP and fracture in the same cohort,
particularly in individuals with high risk scores, as determined by
the GRS.

METHODS

Study Design and Participates
This study included two parts: 1) Constructing a GRS for
estimated bone mineral density (eBMD); 2) Evaluating the
separate and joint effects of healthy lifestyles and genetic
effects on OP and fracture (Figure 1). To avoid overfitting, we
randomly divided whole subjects into training set (70%, N =
234,576), selection set (5%, N = 16,757) and test set (25%, N =
83,788). We first performed a GWAS analysis in the training set
and developed five eBMD-based GRSs in both training and test
sets under different significance levels. We assessed the strength
of the relationship between different GRSs and OP and fracture in
the selection set and determined the optimal GRS for further
analysis. Finally, in the test set, we evaluated the association
between eBMD and various life factors, defined as a healthy
lifestyle, and then we explored the separate and combined effects
of genetic factors and healthy lifestyles on later OP and fracture
risk in the large prospective cohort study.

UK Biobank Data Sets
As a large-scale biomedical database, UK Biobank contains in-
depth genetic and health information from half a million UK
participants (http://www.ukbiobank.ac.uk/) [20]. UK Biobank
recruited over 500,000 participants aged 40–69 years from
2006 to 2010. The study has collected and continues to collect
detailed genotypic and phenotypic information from
participants, including questionnaires, physical measurements,
multimodal imaging, and for a wide range of health-related
longitudinal follow-up investigations [21]. We could obtain
detailed health-related information from this project such as

FIGURE 1 | Study design and workflow of our research (Osteoporosis and Fracture, China, 2022).
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biological measurements, lifestyle indicators, biomarkers in blood
and urine, etc. This project gives researchers an incredible
opportunity to explore the gene-environment joint effects on
complex diseases, providing a novel approach to unraveling the
process of disease development.

OP and fracture are defined by individual medical records
obtained from the International Classification of Diseases
Tenth Revision (ICD10) in the UK biobank, which have
been widely accepted by previous studies [9, 22, 23] (All the
ICD10 codes used are presented in Supplementary Table S1).
For the UKB cohort outcomes were defined by the occurrence
of OP or fracture, with survival time from baseline to
diagnosis, lost to follow-up, death, or by 31 December 2020,
whichever came first. All patients who had OP and fractures
before entering the cohort were excluded from this study. For
individual data, this study retained White British ancestry with
detailed and accurate genotype data. We excluded non-
European participants (Field ID: 21000) and individuals
with unusual large or small eBMD value (eBMD < mean −
4.5SD or eBMD > mean + 4.5SD). The Sahara Clinical Bone
Sonometer, which estimates BMD by measuring the speed of
sound (SOS) and broadband ultrasound attenuation (BUA)
and combining the two to produce a quantitative ultrasound
index (QUI). To reduce the impact of outlying measurements,
we limit the range of SOS and BUA for the purpose of quality
control. The quality control process for the data is detailed in
Figure 1.

Genome-Wide Association Study
We followed a similar quality control by Yu et al. [24] in their
osteoporosis study. A total of ~92 million variants were generated
by imputation, which was performed based on Haplotype
Reference Consortium (HRC), UK10K and 1,000 Genomes
reference panels. We removed SNPs with MAF < 0.01, INFO
score < 0.8, Hardy-Weinberg equilibrium p < 1 × 10–7 and
proportion of missingness >0.05. Finally, ~9,400,000 high-
quality SNPs remained for further analysis. We performed a
linear mixed model analysis to test the association between
autosomal genetic variation and eBMD by using GCTA
fastGWA software, assuming an additive allelic effect [25].
The fastGWA is a GWAS analysis tool based on a mixed
linear model (MLM) in GCTA software. To explain the
genetic structure in the cohort, the sparse genome
relationship matrix (GRM) was calculated by individuals of
independent European descent from the UK Biobank. This
method greatly improves the efficiency of analyzing large data
set resources such as the UK Biobank. Similar analyses were
also conducted in different gender groups. The following
covariates were included as fixed effects: age, gender (Gender
covariates were excluded in the gender subgroup analysis),
genotyping array, assessment center, and the first
20 principal components. p < 5 × 10–9 was considered
significant in our GWAS analysis. The independence of
SNPs was determined with r2 < 0.001, which was calculated
by using the 1000 Genome Projects reference panel. We
identified 1,573 lead SNP signals at genome-wide
significance (p < 5 × 10–9) mapping to 207 loci.

Healthy Lifestyle Factors
After reviewing extensive literature, we included five healthy
lifestyle factors in this research, which are no current smoking
[26–28], non-excessive alcohol consumption (moderate drink)
[29, 30], physical activity [31–33], healthy diet [34–38], and
sunshine exposure [39–42]. “No current smoking” is defined
as never having smoked or having quit for at least 30 years.
Moderate drink is defined as those who drank once or twice a
week or one to three times a month or on special occasions only.
Physical activity is defined as ≥150 min of moderate-intensity
activity per week, ≥75 min of vigorous exercise per week, at least
5 days of moderate-intensity exercise per week, and one vigorous
exercise session per week. A healthy diet is defined as five of the
following seven groups, drinking milk (including all types of
milk), eating ≥4 servings of fruit per day (Count one apple, one
banana, 10 grapes, etc. as one piece; Count one prune, one dried
apricot, 10 raisins as one piece), ≥4 servings of vegetables per day
(Eating one heaped tablespoon of cooked vegetables or salad or
raw vegetables per day as one piece), ≥3 servings of whole grains
(Eating 1 bowl of cereal per week as one piece), ≥2 servings of
fish (Eating fish more than once a week), ≤1 serving of
processed meat and ≤1.5 servings of unprocessed red meat
per week. Sunshine is defined as the people who spend ≥2 h
outdoor in summer and spend ≥1 h outdoor in winter. The
Healthy Lifestyle Index ranges from 0 to 5, with higher scores
indicating healthier lifestyles (Detailed information is shown in
Supplementary Table S2).

Construction of Genetic Risk Score
PLINK software was used to combine SNPs into related regions,
with the lead SNP for each simply chosen by the highest
significance. There were 674, 208, 117, 81, and 55 eBMD-
associated SNPs selected within the 1 Mb region at five
different levels of significance from 5E-5 to 5E-8, respectively.
Then, the lead SNPs generated in the previous step were picked
up from UK Biobank individual-level GWAS data sets. The GRS
was constructed by-product of the genotypic matrix and effect
vector of SNP: GRSi×1 � Gi×k · gλ̂k×1, where λ̂ is the k vector of
estimated effect for k lead SNP generated from GWAS analysis,
and Gi×k is the matrix of genotypes (0, 1, 2) of i individuals and k
lead SNP.

Statistical Analysis
Linear regression models were used to assess the relationship
between GRS of eBMD and healthy lifestyles after adjusting for
confounders [i.e., genotyped batch, assessment center, age, sex,
Townsend deprivation index, and top 10 principal components
(PCs)]. Multivariable Cox proportional hazards regression
models to assess associations between genetic and lifestyle
factors and OP/fracture incidence, and hazard ratios (HR) and
95% confidence intervals (CI) were calculated after adjusting for
confounders (i.e., genotyped batch, assessment center, age, sex,
Townsend deprivation index, and top 10 PCs) to demonstrate the
risk of OP/fracture over time in the prospective study. For OP and
fractures, we divided them into different subgroups and
calculated the cumulative incidence of case in the different
subgroups. The proportional hazards (PH) assumption is
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checked by the cox.zph (Model: The study constructs Cox
proportional risk regression model) function in the survival
package based on the Schoenfeld residual test. Using Cox
regression analysis, we compared the different effects on the
risk of developing OP and fracture among people with favorable
(adopting four or five healthy lifestyle factors), intermediate
(adopting two or three healthy lifestyle factors), and
unfavorable (adopting none or one healthy lifestyle factor;
Figure 1) lifestyle. A series of sensitivity analyses were
conducted to examine the robustness of the results. Trend
analysis was performed by the Cochran-Armitage trend test
with the “DescTools” package [43]. The fit of the restricted
cubic spline (RCS) model is based on the “rms” package and
the non-linearity test is based on Wald statistics [44–46]. All
statistical analysis for this study was based on R software (version
3.6.1) and PLINK software (version v1.90 b3.38) [47].

RESULTS

First, we performed a GWAS analysis of eBMD in 70% of the
individuals (training set) with both genotype and phenotype data
that passed SOS and BUA quality control. Then we randomly
divided the remaining 30% of participants into a selection set and
test set according to the ratio of 1:5 (Table 1). The selection set
was used to screen for the GRS and healthy lifestyle categories
that were significantly associated with eBMD, and the other
analyses were performed in the test set. In the test set, there
are 2,563 OP patients and 4,045 fracture patients accounting for
about 3.1% and 4.8% of total subjects, respectively. Table 1 shows
the basic characteristics of the studied subjects. In addition, we
plotted the frequency density of eBMD in Supplementary Figure
S1 for the OP and non-OP, fracture, and non-fracture groups.We

included patients with OP and fracture onset, after the baseline
date, with a follow-up cutoff date of December 30, 2020, and a
median follow-up of 12 years. The flowchart of this study is
shown in Figure 1.

Selection of Best Performed GRS
By using the fast GWAS results from training set, a total of four
GRSs for eBMD at different significance levels (p < 5 × 10–5, p <
5 × 10–6, p < 5 × 10–7, p < 5 × 10–8) were constructed in selection
set. We then evaluated the linear relationship between GRS and
eBMD in the selection set after adjusting for covariates, and the
best-performed GRS for eBMD would be selected to represent
genetic components of eBMD for further analysis. The GRS
derived from 1,686 SNPs (p < 5 × 10–5) was proved to have
the strongest relationship (p = 2.01 × 10–318 and beta = 0.037) in
the selection set. The associations between the selected GRS and
OP/fracture risk in the test set were also most significant
(Supplementary Table S3). Meanwhile, compared to patients
with OP and fractures, the population usually has a higher GRS
(Figures 2C,D).

The Relationship Between GRS and OP and
Fracture
We divided the GRS into low (the bottom quartiles), intermediate
(quartiles 2–3), and high (the top quartiles) three levels according
to quartiles. After adjusting for covariates, the participants with
intermediate GRS (HR = 0.71, 95% CI = 0.648–0.777) and high
GRS (HR = 0.508, 95% CI = 0.451–0.572) had a significantly
lower risk of OP compared to those with lower GRS (Figure 2A).
Gender-stratified analysis showed the same trend except for the
men in the intermediate GRS group (Supplementary Table S4).
We found similar results for fractures, with an HR of 0.744 (95%

TABLE 1 | Baseline characteristics of the study subjects in the UK Biobank cohort (Osteoporosis and Fracture, China, 2022).

Variable Osteoporosis (N = 83,788) Fracture (N = 83,788)

Control Case Control Case

81,225 (96.9%) 2,563 (3.1%) 79,743 (95.2%) 4,045 (4.8%)

Age (mean (SD)) 56.7 (8.00) 61.7 (6.02) 56.7 (8.00) 59.7 (7.39)
Sex (%)
Men 38,102 (46.9%) 459 (17.9%) 37,165 (46.6%) 1,396 (34.5%)
Women 43,123 (53.1%) 2,104 (82.1%) 42,578 (53.4%) 2,649 (65.5%)

TDI (mean (SD)) −1.60 (2.93) −1.25 (3.12) −1.60 (2.92) −1.31 (3.15)
eBMD (mean (SD)) 0.54 (0.13) 0.44 (0.11) 0.54 (0.13) 0.48 (0.12)
eBMD.T (mean (SD)) −0.33 (1.15) −1.20 (1.05) −0.33 (1.15) −0.84 (1.11)
Healthy lifestyle (%)
No current smoke 48,921 (60.2%) 1,478 (57.7%) 48,086 (60.3%) 2,313 (57.2%)
Physical activity 56,217 (69.2%) 1,605 (62.6%) 55,223 (69.3%) 2,599 (64.3%)
Moderate drink 38,639 (47.6%) 1,268 (49.5%) 37,982 (47.6%) 1,925 (47.6%)
Healthy diet 26,010 (32.0%) 956 (37.3%) 25,619 (32.1%) 1,347 (33.3%)
Sunshine 70,773 (87.1%) 2,195 (85.6%) 69,465 (87.1%) 3,503 (86.6%)

GRS
High 20,488 (25.2%) 459 (17.9%) 20,158 (25.3%) 789 (19.5%)
Intermediate 40,643 (50.0%) 1,251 (48.8%) 39,936 (50.0%) 1,958 (48.4%)
Low 20,094 (24.7%) 853 (33.3%) 19,649 (24.6%) 1,298 (32.1%)

Notes: TDI, townsend deprivation index; GRS, genetic risk score; eBMD, estimated bone mineral density; eBMD.T, estimated bone mineral density T-score (T-score is the number of
standard deviations that the bone density is above or below the standard).
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CI 0.691–0.801) in the intermediate GRS group and an HR of
0.601 (95% CI 0.548–0.66) in the high GRS group (Figure 2B).
The gender-stratified analyses also showed similar associations. A
smooth decrease in OP risk with increasing GRS from the first to

the tenth decile was found (Supplementary Figure S2A), and
similar results were found in the fracture population
(Supplementary Figure S2B). In addition, to verify whether
there was a non-linear relationship between GRS and OP, we

FIGURE 2 | (A) Standardized rates of Osteoporosis events in low (bottom quartile), intermediate (quartiles 2–3), and high (top quartile) genetic risk groups in the UK
Biobank cohort (Osteoporosis and Fracture, China, 2022); (B) Standardized rates of fracture events in low (bottom quartile), intermediate (quartiles 2–3), and high (top
quartile) genetic risk groups in the UK Biobank cohort (Osteoporosis and Fracture, China, 2022); (C) Distribution of Genetic risk score among participates with and
without Osteoporosis in all participates (Osteoporosis and Fracture, China, 2022); (D) Distribution of Genetic risk score among participates with and without
fracture in all participates (Osteoporosis and Fracture, China, 2022); (E) Restricted cubic spline models for the relationship between Genetic risk score with Osteoporosis
risk (Osteoporosis and Fracture, China, 2022); (F) Restricted cubic spline models for the relationship between Genetic risk score with fracture risk (Osteoporosis and
Fracture, China, 2022). Note: Associations were adjusted for age, sex, genotyped batch, assessment center, Townsend deprivation index, and the first 10 principal
components of ancestry. OP, osteoporosis: GRS, Genetic risk score; HR, hazard ration.
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performed trend analysis and plotted restricted cubic spline plots,
Poverall < 1e-4, Pno-linear = 0.3509 results showed that there was no
non-linear association, similar results were found in GRS and
fracture (Poverall < 1e-4, Pnon-linear = 0.9467).

Protective Effects of Healthy Lifestyles on
OP and Fracture
In the UK Biobank cohort, most participants adopted more than
one of the five healthy lifestyle factors: two (19,256 [23.0%] of
83,788 participants), three (28,115 [33.6%] participants) four
(19,988 [23.9%] participants) or five (6,092 [7.3%]
participants). Based on previous studies (details are shown in
the Methods section), we finally included five lifestyles in this
study that were associated with the occurrence of OP, fracture, or
bone mineral density. We demonstrated the significant
relationships between these five healthy lifestyles and eBMD
by using linear regression after adjusting for covariates
(Supplementary Figure S3). For OP, physical exercise was
indicated to have a significant effect on the risk reduction with
HR estimated to be 0.840 (95% CI = 0.802–0.879, p = 4.16E-14);
no current smokers had a lower risk of OP compared to smokers
(HR = 0.844, 95% CI = 0.807–0.882, p = 7.35E-14); and sunshine
also showed a protective effect on OP risk (HR = 0.843, 95% CI =
0.782–0.889, p = 2.90E-8). However, no significant association
was found between moderate alcohol consumption and a healthy

diet and the development of OP. For fractures, we only identified
protective effects on fracture occurrence of physical activity
(HR = 0.871, 95% CI = 0.813–0.932, p = 7.43E-5) and no-
current smoking (HR = 0.888, 95% CI = 0.831–0.949, p =
4.53E-4), while alcohol consumption, diet and Sun exposure
have no significant effect. We defined three levels of healthy
lifestyle groups based on the eBMD: Favorable group has
4–5 healthy lifestyles (33.8% of OP patients; 32.8% of fracture
patients), Intermediate group has 2–3 healthy lifestyles (61.0% of
OP patients; 59.4% of fracture patients), Unfavorable has
0–1 healthy lifestyles (5.2% of OP patients; 7.8% of fracture
patients). Participants in the unfavorable lifestyle group had a
higher relative incidence of OP and fractures than those in the
favorable lifestyle group (HROP = 1.397, 95% CI = 1.204–1.62;
HRfracture = 1.385, 95% CI = 1.23–1.56) (Supplementary
Table S5).

Joint Effects of GRS and Healthy Lifestyles
on OP and Fracture Risk
Linear regression and Cox analysis were performed to explore the
joint effect of GRS and a healthy lifestyle on OP and fracture.
First, the linear regression analyses between GRS and lifestyle in
the test set indicated no correlation between GRS and lifestyle
either overall or single lifestyle (p > 0.05), indicating that GRS and
lifestyle factors have independent effects in determining OP risk

FIGURE 3 | (A) Risk of incident osteoporosis in different subgroups defined by Genetic risk score and lifestyle in the UK Biobank cohort (control group was
participants with favorable lifestyles in High Genetic risk score group) (Osteoporosis and Fracture, China, 2022). (B) Risk of incident fracture in different subgroups
defined by Genetic risk score and lifestyle in the UK Biobank cohort (control group was participants with favorable lifestyles in High Genetic risk score group)
(Osteoporosis and Fracture, China, 2022). Note: HR, hazard ratio; ref, reference.
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(Supplementary Table S6). Then, Cox regression analyses
showed a joint effect of GRS and lifestyle factors on the dose-
response manner of the risk of incident OP and fracture, with the
risk of disease increasing as GRS decreases and healthy lifestyle
factors reduce (Figures 3A,B; Supplementary Figure S4). Trend
tests were conducted and all p-values were less than 0.05 as
detailed in Figure 3.

DISCUSSION

Genetic factors and a healthy lifestyle act in concert to influence
the incidence of OP and fracture risk. In this study, we conducted
a GWAS analysis of eBMD based on the UK Biobank cohort and
constructed a series of GRSs to assess the effect of genetic risk on
overall incident OP and fracture risk in this cohort. The results of
this study suggest that a low genetic risk (High GRS) is associated
with a reduced risk of OP and fracture independently of lifestyle
factors in the large community-based population. Participants
with low GRS and an unfavorable lifestyle had the greatest
incidence of OP and fracture risk compared to those with high
GRS and a favorable healthy lifestyle. Within and across genetic
risk groups, adherence to favorable lifestyle behaviors was
associated with a reduced incidence of OP and fracture. To
our knowledge, this study is the first to systematically assess the
risk of OP and fracture by combining genetic risk and lifestyle
factors.

Smoking has been identified as one of the explicit risk factors
for OP [48], and the results of this study also support this view. A
recent study has shown that carcinogens in cigarettes can bind to
the aryl hydrocarbon receptors (AHRS) in human cells,
stimulating osteoclast abnormalities and increasing bone
resorption by activating the cytochrome P450 enzyme [49].
Early tobacco consumption was associated with low bone
mineral density in late adolescence [50, 51]. In young women,
a dose-response decrease in BMD was associated with increased
tobacco consumption [52]. In an older population, meta-analysis
has shown that cigarette smoking is associated with reduced bone
mass, increased bone loss [53], and a higher risk of fracture [54].
Meanwhile, quitting smoking has been clearly shown to improve
BMD and reduce the risk of fracture [55].

Our findings suggest that moderate physical activity is
inversely associated with the occurrence of OP and fractures.
The commonly accepted view is that a mechanical loading above
the daily activity is required to provide BMD. Therefore,
appropriate physical activity or exercise has a positive effect
on bone mass throughout life. Physical activity or exercise
plays a positive role in the development of healthy bones, both
during childhood and adolescence [56]. High impact loading
improves bone health in premenopausal women, according to an
18-month RCT [57]. Another RCT study also assessed the effects
of high-intensity progressive resistance training (HiPRT) on bone
health. Their results showed improvements in BMD in both the
lumbar spine and femoral neck compared to the control
group [58].

The principal route of the effect of sunshine exposure on
bone health may be to influence the endogenous synthesis of

vitamin D in the body. Elevated serum 25-hydroxyvitamin D
(25[OH]D) increases intestinal absorption of calcium and
phosphorus by reducing parathyroid hormone secretion
(PTH), ultimately increasing BMD [59, 60]. On the other
hand, a rat experiment showed that sunshine exposure was
positively associated with an improved bone structure [41]. In
another study, the authors stratified the cumulative sunshine
exposure of the survey population, decreasing the prevalence of
fractures in women as the levels increased [40]. Although there
is growing evidence that sunshine exposure has a positive effect
on bone health, clear mechanisms of action still need to be
explored further.

The main strengths of our study are the large sample size and
the cohort design with long-term follow-up. The large sample
size enables us to find risk factors with relatedly small effects,
while the results of our study confirm a direction of further
research, and provide strong evidence to support an association
between adherence to a favorable lifestyle and a reduced
incidence of OP and fracture risk. People with a high genetic
risk (Low GRS) have a higher risk of OP and fracture, and this
finding helps us to identify individuals at high risk. At the same
time, our study shows that adherence to a healthy lifestyle can
reduce the risk of OP and fracture both within and across
genetic risk groups.

There are several limitations to our study. First, to avoid the
interference of race, participants in this study are all of the
European ancestry and therefore the findings are limited in
their generalization to other ancestries. Second, lifestyle is a
dynamic process, but the lifestyle factors covered in this study
were obtained from baseline data, and changes in behaviors
during follow-up might have affected risk estimates. Third,
only lead SNPs were used to de-construct the GRS and
therefore may lead to a lack of polygenic effects, and further
studies are needed to compare the predictive power of polygenic
risk scores with GRS. Fourth, previous studies have shown that
the use of ICD10 in UK Biobank to diagnose disease may be
affected by bias (e.g., pre-existing disease, drug use). Fortunately,
this adverse effect may be offset by large sample sizes in cohort
studies. And ICD10 has higher accuracy than identifying disease
through patient self-reporting.

Conclusion
In conclusion, our study shows that both genetic and lifestyle
factors have a significant effect on the risk of OP and fracture
incidence. Among individuals at high genetic risk, those with a
favorable life have a lower risk of OP or fracture compared to
those with an unfavorable life. These findings suggest that
people who are genetically susceptible to OP or fracture can
reduce their risk of OP or fracture by adhering to healthier
lifestyles.
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