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Abstract
Objective: Osteoporosis, the most prevalent bone disorder in humans, is a global public health issue and its

relationship with menopause is well-established. The interaction between menopause and genes on osteoporosis risk
is, however, yet to be fully elucidated. We assessed the association between menopause and osteoporosis in relation
to the SOX6 rs297325 variant in Taiwanese women.

Methods: There were 7,581 female participants, aged 30 to 70 years old. Information on SOX6 rs297325 and
menopause were obtained from the Taiwan Biobank Database while that on osteoporosis was obtained from the
National Health Insurance Research Database.

Results: Menopause but not SOX6 rs297325 was significantly associated with a higher risk of osteoporosis (odds
ratio [OR]¼ 1.48; 95% confidence interval [CI]¼ 1.04-2.10). The interaction between menopause and rs297325 on
osteoporosis was significant (P¼ 0.0216). After stratification by rs297325 genotypes, the risk of osteoporosis was
significantly higher in menopausal women having the TTþCC genotype (OR¼ 2.02; 95% CI¼ 1.21-3.38). After
stratification by menopausal status and rs297325 genotypes, the OR; 95% CI was 0.62; 0.38 to 0.99 in
premenopausal women with the TCþCC genotype and 1.24; 0.82 to 1.88 in menopausal women with the TCþCC
CC genotype.

Conclusion: SOX6 rs297325 was not significantly associated with osteoporosis but might have modulated the
association between menopause and osteoporosis. The risk of osteoporosis was higher in menopausal women with
the TCþCC genotype but lower in premenopausal women with the TCþCC genotype.
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O
steoporosis is a progressive skeletal disorder whereby
the bone strength (bone density and quality) is com-
promised thereby predisposing an individual to an

increased risk of fractures which could occur spontaneously or
after minor injuries.1,2 It is associated with low bone mineral
D) and loss of structural and biomechanical proper-
vital for the maintenance of bone homeostasis.1

is the most prevalent bone disorder in humans and
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is a major global public health issue.3 Osteoporotic fractures are
associated with increased mortality.3-5 In addition, fractures are
associated with increased disability, reduced physical functions,
and poor quality of life besides an increased financial burden.3-5

Globally, approximately 9 million new and 56 million prevalent

cases of osteoporotic fractures were estimated in the year 2000.5

In Taiwan, the prevalence of osteoporosis between 2001 and
2011 increased by about 7.6%.6
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BMD is a valuable clinical diagnostic index for osteoporo-
sis and the best tool for osteoporotic fracture prediction.7-10

Osteoporosis is associated with several genetic and nonge-
netic factors,1,3 some of which include age,1,11-14 sex,1-3

menopausal status,1-3,15 educational level,11,12,14,16 coffee
drinking,11 smoking,1,2,12 exercise,1,2,12 alcohol consump-
tion,1,2,12 diet,1,2,17 and body mass index (BMI).1,11,13,14,18

Sex is a well-established nonmodifiable factor for osteo-
porosis.19 The risk of osteoporosis is greater in women than in
men.1-3 For instance, using data from the National Nutrition
and Health Survey in Taiwan (2005-2008), the estimated
prevalence of osteoporosis was 23.9% and 38.3% in men
and women, respectively.20 One major reason for sex differ-
ences in osteoporosis prevalence is menopause.19 Menopausal
women are estrogen deficient and more likely to have
bone loss, osteoporosis, and fractures than premenopausal
women.1-3,15,19

Like sex, genetic traits are nonmodifiable factors for
osteoporosis19 and approximately 75% of osteoporosis is
heritable.21 Moreover, BMD, an essential biomarker for
osteoporosis and osteoporotic fracture prediction is a highly
heritable quantitative trait.7,10,22 It is evident that approxi-
mately 50% to 82% of variations in BMD are of genetic
origin.23,24 These genetic variations are also believed to
be associated with menopausal status.25,26 For instance, the
total genetic percentage of spine BMD variance in premeno-
pausal and postmenopausal women was 88% and 77%,
respectively.25

Several genes are associated with BMD and osteoporo-
sis,7,27-30 one of which is SOX6.27-30 SOX6 is a chondrogenic
transcription factor that influences BMD and is differentially
expressed during osteoblast development.31-34 It affects
osteoporosis by regulating endochondral bone formation32,34

and enhances fracture healing by activating and maintaining
chondrogenesis.35

SOX6 has been suggested as a new potential determinant
gene for osteoporosis estimation,27,29 owing to its significant
genome-wide association with BMD in addition to its essen-
tial role in cartilage formation.28 More studies to confirm the
association between the SOX6 rs297325 variant and osteo-
porosis are, however, warranted. Available literature shows
inconsistent associations between SOX6 rs297325 and BMD.
For instance, in a genome-wide association study (G-WAS)
on a White population with a subsequent replication in a
Chinese population, the SOX6 rs297325 variant was
not significantly associated with wrist BMD.28 In another
G-WAS, significant bivariate associations of BMD and BMI
with SOX6 rs297325 were, however, observed in white
men.30

Despite the well-established relationship between meno-
pause and osteoporosis,1-3,15 more is yet to be known about
the interaction between menopause and genes on the risk of
osteoporosis.25 We, therefore, conducted this study to assess

HSU
the association between menopause and osteoporosis in rela-
tion to SOX6 rs297325 single nucleotide polymorphism
(SNP) in Taiwanese women.
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MATERIALS AND METHODS

Data sources
Data were retrieved from the Taiwan Biobank Database

and the National Health Insurance Research Database. These
data sources were linked using personal identification num-
bers of participants which were encrypted for privacy reasons.
Data on SOX6 rs297325 genotypes, menopausal status, edu-
cational level, cigarette smoking, alcohol drinking, exercise,
height, weight, and age were obtained from the Taiwan
Biobank Database (2008-2015) while information on osteo-
porosis was obtained from the National Health Insurance
Research Database (1998-2015).

Definition of variables
Cases of osteoporosis were identified using the Interna-

tional Classification of Diseases, Ninth Revision, Clinical
Modification code 733.0 and were included in the study if
they had at least two outpatient visits or one inpatient visit
before enrolling into the biobank project. Menopausal status,
educational level, cigarette smoking, alcohol drinking, exer-
cise, and age were self-reported. The SOX6 rs297325 geno-
types were determined using biochemical examinations while
the BMI was derived from height and weight which were
determined by physical examination.

Natural menopause was defined as the complete absence of
menstrual periods for 12 consecutive months in women
without a history of hysterectomy. Participants were catego-
rized as alcohol drinkers or nondrinkers. Drinkers were those
who reported having or have ever had a habit of drinking at
least 150 cm3 of alcohol per week for 6 months continuously.
Nondrinkers were those who did not drink at all or occasion-
ally drank alcohol (<150 cm3/wk for 6 months continuously).
Regular exercise was defined as taking exercise (not including
manual labor, agriculture, and housework) that lasted for 30
minutes or more at least three times per week. Activities like
hiking, swimming, gymnastics, strolling, rope jumping, hula
hoop, ‘‘Taijiquan,’’ aerobic dance, biking, ‘‘Qigong,’’ jog-
ging, weight training, Chinese martial arts, yoga, badminton,
tennis, table tennis, soccer, golf, basketball, and other ball
games, among others were considered as exercise. Smokers
were those who continuously smoked cigarettes for more than
6 months. BMI (in kg/m2) was calculated as weight (in kg)
divided by height (in m2). Genotypes were determined using
the custom Taiwan Biobank chips and run on the Axiom
Genome-Wide Array Plate System (Affymetrix, Santa Clara,
CA). Quality control measures for SNPs in the Taiwan Biobank
include the exclusion of SNPs whose Hardy-Weinberg equi-
librium P values were less than 1.0� 10�3, call rate was low
(<95%), and whose minor allele frequency was less than 0.05.

A total of 10,089 women (30-70 years old), enrolled in the
Taiwan Biobank were initially recruited for the current study.
Those with incomplete data (n¼ 1,150) and those on hormone
therapy or who underwent hysterectomy (n¼ 1,358) were,

AL
however, excluded. The final study participants included
7,581 women comprising 726 osteoporosis patients and
6,855 controls.
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CI¼ 0.66-1.00). Obesity was significantly associated with a
lower risk of osteoporosis (OR at 95% CI¼ 0.61; 0.46-0.80;
Table 2).

TABLE 1. Descriptive data of the study participants by rs297325 genotypes in SOX6

rs297325 (TT) rs297325 (TCþCC)
Variables (n¼ 3,683) (n¼ 3,898) P

Osteoporosis 0.600
No 3,337 (90.61%) 3,518 (90.25%)
Yes 346 (9.39%) 380 (9.75%)

Menopausal status 0.942
Premenopause 2,315 (62.86%) 2,447 (62.78%)
Menopause 1,368 (37.14%) 1,451 (37.22%)

Age, y 47.31� 10.81 47.50� 10.75 0.434
Educational level 0.168

Elementary school 256 (6.95%) 233 (5.98%)
Junior and senior high school 1,535 (41.68%) 1,675 (42.97%)
University above 1,892 (51.37%) 1,990 (51.05%)

Cigarette smoking 0.049
No 3,465 (94.08%) 3,707 (95.10%)
Yes 218 (5.92%) 191 (4.90%)

Alcohol drinking 0.852
No 3,591 (97.50%) 3,798 (97.43%)
Yes 92 (2.50%) 100 (2.57%)

Exercise 0.075
No 2,334 (63.37%) 2,393 (61.39%)
Yes 1,349 (36.63)% 1,505 (38.61%)

BMI, kg/m2 0.766
BMI <18.5 (underweight) 181 (4.91%) 184 (4.72%)
18.5 � BMI <24 (normal weight) 2,167 (58.84%) 2,324 (59.62%)
24 � BMI <27 (overweight) 792 (21.50%) 804 (20.63%)
BMI �27 (obesity) 543 (14.74%) 586 (15.03%)

Age at menarche, y 13.38� 1.55 13.40� 1.50 0.523

ean

TABLE 2. Association of rs297325 in SOX6 and menopause with
osteoporosis

Variables OR 95% CI

Menopausal status (ref: premenopause)
Menopause 1.48 1.04-2.10

rs297325 (ref: TT)
TCþCC 1.04 0.87-1.24

Age 1.17 1.15-1.19
Educational level (ref: elementary school)

Junior and Senior high school 0.87 0.67-1.12
University above 0.79 0.60-1.05

Cigarette smoking (ref: no)
Yes 0.87 0.51-1.49

Alcohol drinking (ref: no)
Yes 0.68 0.31-1.48

Exercise (ref: no)
Yes 1.08 0.90-1.30

BMI (ref: 18.5 � BMI < 24)
BMI <18.5 1.12 0.69-1.80
24 � BMI <27 0.81 0.66-1.00
BMI �27 0.61 0.46-0.80

MENOPAUSE, OSTEOPOROSIS, AND SOX6 RS297325
Statistical analysis
Categorical variables included rs297325 genotypes, meno-

pausal status, educational level, cigarette smoking, alcohol
drinking, exercise, and BMI, whereas continuous variables
included age and age at menarche. Chi-square test and t test
were used to compare the differences between categorical and
continuous variables, respectively. Results of chi-square tests
were presented as percentages (%) and those of t tests were
presented as mean� standard deviation. Logistic regression
was used to determine the association of menopause and
SOX6 rs297325 variant with osteoporosis and the results
were presented as odds ratios (ORs) at 95% confidence
intervals (CIs). Moreover, logistic regression was used to test
the interaction (�) between menopause and SOX6 rs297325.
Statistical analyses were performed using the Statistical
Analysis System (SAS) software 9.4 (SAS Institute, Cary,
NC) and PLINK.

RESULTS
Table 1 shows the descriptive characteristics of the study

participants stratified by rs297325 genotypes. Overall, there
were 7,581 participants comprising 726 osteoporosis cases
and 6,855 controls. Among these participants, 4,762 were in
the premenopausal stage, whereas 2,819 were in the meno-
pausal stage (Table 1).

The association of rs297325 and menopause with osteopo-
rosis is illustrated in Table 2. With TT as the reference

Categorical and continuous variables are presented as percentages (%) and m
BMI, body mass index; SD, standard deviation.
genotype, TCþCC was not significantly associated with
the risk of osteoporosis. Menopause was, however, signi-
ficantly associated with a higher risk of osteoporosis
(OR¼ 1.48; 95% CI¼ 1.04-2.10). Age was also significantly
associated with a higher risk of osteoporosis (OR¼ 1.17; 95%
CI¼ 1.15-1.19). That is, each yearly increase in age was
associated with a 17% increase in the odds of osteoporosis.
A borderline significant association was observed between
overweight and lower risk of osteoporosis (OR¼ 0.81; 95%

�SD, respectively.
Age at menarche 1.04 0.98-1.10

BMI, body mass index; CI, confidence interval; OR, odds ratio; Ref,
reference.
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TABLE 3. Association between osteoporosis and menopause stratified by rs297325 genotypes in SOX6

rs297325 (TT) rs297325 (TCþCC)

n¼ 3,683 n¼ 3,898

OR 95% CI OR 95% CI

Menopausal status (ref: premenopause)
Menopause 1.10 0.67-1.79 2.02 1.21-3.38

Age 1.17 1.14-1.20 1.17 1.14-1.20
Educational level (ref: elementary school)

Junior and senior high school 0.85 0.60-1.22 0.87 0.60-1.26
University above 0.88 0.60-1.30 0.70 0.46-1.05

Smoke (ref: no)
Yes 0.73 0.33-1.62 1.03 0.50-2.12

Alcohol drink (ref: no)
Yes 0.77 0.26-2.31 0.60 0.20-1.81

Physical activity (ref: no)
Yes 1.16 0.90-1.50 1.01 0.78-1.31

BMI (ref: 18.5 � BMI <24)
BMI <18.5 1.75 0.93-3.28 0.66 0.31-1.40
24 � BMI <27 0.97 0.72-1.31 0.68 0.50-0.92
BMI �27 0.71 0.48-1.05 0.52 0.36-0.76

Age at menarche 1.05 0.97-1.14 1.02 0.94-1.11

ce.

HSU ET AL
Despite the absence of a relationship between rs297325
and osteoporosis, the interaction between menopause and
rs297325 on osteoporosis was significant (P¼ 0.0216;
Table 3). After stratification by rs297325 genotypes, meno-
pause remained associated with a higher risk of osteoporosis.
Significant results were, however, observed only in meno-
pausal women having the TTþCC genotype (OR¼ 2.02;
95% CI¼ 1.21-3.38). Age remained significantly associated
with a higher risk of osteoporosis. The OR; 95% CI was 1.17;
1.14 to 1.20 for both the TT and TCþCC genotypes. None-
theless, overweight and obesity were associated with a lower
risk of osteoporosis only in those with the TCþCC genotype.
The ORs; 95% CIs were 0.68; 0.50 to 0.92 and 0.52; 0.36 to

Menopause�rs297325

BMI, body mass index; CI, confidence interval; OR, odds ratio; Ref, referen
0.76 for overweight and obesity, respectively (Table 3).
After further stratification by menopausal status and

rs297325 genotypes using premenopause and TT as the

TABLE 4. Odds ratios (95% confidence interval) for osteoporosis
after combining menopausal status and rs297325 genotypes in SOX6

OR 95% CI

Menopausal status and rs297325 (ref: premenopause and TT)
Premenopause and TCþCC 0.62 0.38-0.99
Menopause and TT 1.10 0.72-1.67
Menopause and TCþCC 1.24 0.82-1.88

Age 1.17 1.15-1.19
Educational level (ref: elementary school)

Junior and senior high school 0.86 0.67-1.12
University above 0.79 0.59-1.04

Smoke (ref: no)
Yes 0.87 0.51-1.49

Alcohol drink (ref: no)
Yes 0.68 0.31-1.49

Physical activity (ref: no)
Yes 1.08 0.90-1.30

BMI (ref: 18.5 � BMI <24)
BMI <18.5 1.12 0.69-1.81
24 � BMI <27 0.81 0.66-1.00
BMI �27 0.61 0.46-0.80

Age at menarche 1.04 0.98-1.10

BMI, body mass index; CI, confidence interval; OR, odds ratio; Ref,
reference.
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reference (Table 4), the risk of osteoporosis was significantly
lower in premenopausal women with the TCþCC genotype
(OR; 95% CI¼ 0.62; 0.38-0.99). Age remained significantly
associated with a higher risk of osteoporosis (1.17; 95%
CI¼ 1.15-1.19). A borderline significant association was
observed between overweight and lower risk of osteoporosis
(OR¼ 0.81; 95% CI¼ 0.66-1.00). Obesity was significantly
associated with a lower risk of osteoporosis (OR at 95%
CI¼ 0.61; 0.46-0.80; Table 4).

DISCUSSION
In the current study, we aimed to broaden our knowledge of

the relationship between osteoporosis and menopause with
regard to SOX6 rs297325 SNP. The SOX6 rs297325 variant
was not directly associated with osteoporosis. It, however,
appeared to modulate the association between menopause and
osteoporosis. That is, the risk of osteoporosis was higher in
menopausal women with the TCþCC genotype but lower in
premenopausal women with the TCþCC genotype. As far as
we know, this is the first study to show a relationship between
osteoporosis and menopause in relation to the SOX6 rs297325
variant. Nonetheless, determining the potential mechanistic
link underlying the relationship between SOX6, menopausal
status, and osteoporosis was beyond the scope of the current
study.

Low BMD and subsequent bone loss, osteoporosis, and
fractures are more common in postmenopausal women1-3,15,

19,36-38 due to higher osteoclastic activities and gonadal
deficiency.15,39 Bone mass is maintained by the balance
between osteoclasts (bone resorbing cells) and osteoblasts
(bone-forming cells).39 Increases in both bone formation and
resorption could, however, still result in bone loss because
bone formation takes longer than bone resorption.39 From an

P value¼ 0.0216
epidemiological viewpoint, estrogen is the main reason for
the differences in the prevalence of osteoporosis between
postmenopausal and premenopausal women.38-41 During

� 2020 The Author(s)
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menopause, estrogen levels fall sharply leading to increased
bone resorption.42,43

In line with our findings, the SOX6 rs297325 variant was
not significantly associated with wrist BMD28 in a G-WAS on
a White population (both men and women) with a subsequent
replication in a Chinese population (both men and women).
In another G-WAS on White men and women, rs297325 was
not univariately associated with BMD but was bivariately
associated with BMD and BMI in men.30

Age is an evident nonmodifiable primary risk factor for
osteoporosis.1,11-14 This was proven in this study as it
remained significantly associated with an increased risk of
osteoporosis regardless of the genotype. The capacity of the
bone tissue to synthesize bone decreases as age increases.14

Several combined factors including hormonal, biochemical,
genetic, and environmental factors trigger bone loss attributed
to age.44

Overweight and obesity were associated with a lower risk
of osteoporosis in several studies.1,11,13,45-48 Similar results
were observed in our study. After stratification by the SOX6
rs297325 genotypes, these factors, however, remained signif-
icantly associated with osteoporosis only among those with
the TCþCC genotype. Therefore, the association between
BMI and osteoporosis might be prominent only in women
having the TCþCC genotype. Higher mechanical loading on
the skeleton, in addition to the capability of fat cells, to
convert androgens to 17b-estradiol are some of the reasons
behind the decreased risk of osteoporosis in overweight and
obese individuals.45-47

The limitation of the current study is that the findings were
not compatible with any prior hypotheses and could be due to
chance. Appropriate interpretations of apparent interactions
require replication of findings in other studies. Our findings
were, however, not replicated and should be interpreted cau-
tiously until further research is conducted to replicate the results.

CONCLUSIONS
SOX6 rs297325 was not significantly associated with

osteoporosis. It, however, might have modulated the associa-
tion between menopause and osteoporosis. The risk of osteo-
porosis was higher in menopausal women with the TCþCC
genotype but lower in premenopausal women with the
TCþCC genotype. In the stratified analysis, age was signifi-
cantly associated with a higher risk of osteoporosis regardless
of the genotype, whereas overweight and obesity were asso-
ciated with osteoporosis only among individuals with the
TCþTT genotype. Our findings could provide molecular
insights into preventing, predicting, diagnosing, and develop-
ing personalized treatments for osteoporosis in menopausal
women. Further studies with regard to SOX6 rs297325,
menopause, and osteoporosis are, however, recommended.
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