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Abstract
Background

Bone mineral density (BMD) is determined by bone remodeling processes regulated by
endocrine, autocrine and genetic mechanisms. Thus, some studies have reported that BMD
is associated with single nucleotide polymorphisms (SNPs) associated with vitamin D recep-
tor (VDR), serum 25(OH)D levels and estrogen receptor 1 (ESRT), but without consensus.
Therefore, we aimed to map and compare the risk genotypes for forearm and total hip low
BMD.

Methods and findings

Data were derived from a population-based study in northern Norway; the Tromsg Study.
Distal forearm BMD was measured with a single x-ray absorptiometric device, while total
hip BMD was measured with a dual-energy x-ray absorptiometric device. There were 7,317
and 4,082 successful analyses of distal forearm and total hip BMD, respectively, and at
least one SNP of interest. We evaluated plausible BMD modulating factors and associa-
tions of BMD and SNPs related to vitamin D metabolism (Fokl, Cdx2, Bsml, rs2298850,
rs10741657, rs3794060, rs6013897), Apal-Bsml-Taql haplotypes and ESR1 SNP
rs4870044.

Results

Age, BMI, physical activity and smoking were significantly associated with BMD. In a linear
regression model with adjustment for age and gender and with the major homozygote as ref-
erence, rs6013897 had a standardized beta coefficient (8) of —0.031 (P = 0.024) for total hip
BMD. B for ESR1 SNP rs4870044 was —0.016 (P = 0.036) for forearm BMD and —0.034 (P =
0.015) for total hip BMD. The other SNPs nor serum 25(OH)D were significantly associated
with BMD.
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procedure is described in detail https://en.uit.no/
forskning/forskningsgrupper/sub?p_document_
id=453582&sub_id=71247. The Tromsg Study
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international researchers to apply. Though we are
not permitted to make the data file publicly
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interested researchers.
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Conclusions

Both forearm and total hip BMD were associated with ESR1 SNP rs4870044. Of the vitamin
D-related genes, only CYP24A1 gene rs6013897 was associated with total hip BMD, but
the association was weak and needs confirmation in other studies. Serum 25(OH)D was not
associated with BMD in our population, probably due to the generally sufficient vitamin D
levels in the population.

Introduction

Osteoporosis, characterized by low bone mineral density (BMD), is a global health problem
[1]. BMD is a multifactorial trait and in 50-90% of cases is possibly determined by genetic fac-
tors [2,3]. Every new identified factor may improve the prevention and treatment of bone loss,
with future individual-tailored approaches.

Vitamin D action in bone homeostasis is explained by the modulation of gene expression
and the activation of second-messenger systems when 1,25-dihydroxyvitamin D (1,25(OH)D)
binds to and activates the vitamin D receptor (VDR) [4,5]. VDR is found in all tissues involved
in vitamin D-related calcium homeostasis [4] and bone maintenance [6]: the parathyroid
gland, small intestine, kidney and bone [4]. Consequently, vitamin D levels [7] and defects or
changes in VDR function [8] are associated with bone mineralization alterations.

Recently, BMD associations with VDR-related single nucleotide polymorphisms (SNPs)
have been reported [2]. The risk of osteoporosis and the response to vitamin D may vary due
to these genetic variations, although the genetic effects may be small. Nevertheless, the VDR
SNP Cdx2 genotype (rs11568820, g.47908762C>G (chr12, GRCh38.p7) seems to be associated
with risk of fracture [9] as are some VDR SNP haplotypes (BsmI-Apal-Taql) [10]. However,
Uitterlinden et al.’s meta-analysis reported no clear association between VDR SNPs and BMD
[9].

Though the genetically determined heritability of serum 25(OH)D is reported to be ~43%
[3], VDR SNPs do not seem to determine serum 25(OH)D levels [11,12]. The associations
between other vitamin D related SNPs and serum 25(OH)D levels are inconsistent and with
potentially limited influence under the physiological conditions [12,13].

Another active substance, estrogen, is known to be bone-protective by acting via the estro-
gen receptor 1 (ESR1) expressed in osteoblasts and osteoclasts [14,15]. Several SNPs in the
6925 locus related to ESRI1 are reported to be associated with total hip BMD [16], but no stud-
ies regarding forearm BMD and ESRI-associated SNP rs4870044 (g.151580274C>T (chrs,
GRCh38.p7)) have been published.

As regional and interracial genetic differences may be present and mapped risk genes may
be useful as therapeutic targets, we aimed to investigate whether SNPs associated with VDR,
ESR1 and vitamin D levels could be risk factors for low forearm and total hip BMD in 7,317
and 4,082 Norwegians respectively.

Materials and methods
Study population

The Tromse Study initiated in 1974 is a longitudinal, population-based multipurpose Norwe-
gian study conducted every 6-7 years in the Tromse municipality. For the fourth survey
(Tromse 4) in 1994-1995, all individuals age 25 years or older were invited; 77% (or 27,158
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subjects) participated [17]. Distal forearm BMD was successfully measured in 7,828, as 120
subjects were excluded due to movement artifacts or unfulfilled informed consent [18].

Total hip BMD was successfully measured in 4,605 subjects in the fifth survey (Tromse 5)
in 2001-2002 (695 subjects were excluded due to ineligible scans) [19]. The participants of
Tromso 5 were either the individuals with BMD measurements from Tromse 4 (7,386 sub-
jects), or the randomly selected group age 30-75 years (2,967 subjects) with an attendance rate
of 79% (or 8,130 subjects).

In Tromse 4, 11,752 subjects (selected based on subsequent endpoints of interest or as con-
trols) were successfully genotyped as previously described in detail [13].

Thus, 7,317 subjects (4,197 women and 3,120 men) with both successful genetic analyses
and distal forearm BMD measurements from Tromse 4 as well as 4,082 subjects (2,440 women
and 1,642 men) with both the successful SNP analyses and total hip BMD measurements from
Tromse 5 were included in the analyses in the present study.

Questionnaires

Information on possible BMD modulating factors [1,7] was collected from self-administered
questionnaires in Tromse 4 and 5. Self-reported use of drugs and supplements was assessed
through questionnaires and also a written list of brand names of drugs used on regular basis
checked by health personnel at the study site (in Tromse 4 only in subjects aged 55-74 years,
and 5.5% of participants >74 years). The data included current or previous use of estrogen
(both systemic and local, as the use of local estrogen does not eliminate the systemic effect
[20]), systemic corticosteroids, thiazide diuretics, insulin, other antidiabetic drugs, bisphos-
phonates, vitamin D (in the form of cod liver oil or vitamin D supplement use) and calcium
supplementation. In addition, self-reported early menopause (defined as age <47 years and
>12 months of continuous amenorrhea), previous or current cancer, diabetes, osteoarthritis,
malabsorption (self-reported ulcer-related surgery), physical activity and current or previous
daily smoking were also registered. Physical activity was defined as the presence or absence of
light or hard physical activity for an average of 1 h per week during leisure time.

Body measurements

BMD measurements of the distal forearm were performed once only in Tromse 4 with a single
x-ray absorptiometric device (DTX-100; Osteometer MediTech, Inc., Hawthorne, CA, USA)
in the radius and the ulna from the 8-mm point (the point where the ulna and the radius are
separated by 8 mm) and 24 mm proximally. The non-dominant arm was measured except
when it was ineligible due to foreign bodies or wounds [21].

Total hip BMD was measured once only in Tromse 5 with a dual-energy x-ray absorptio-
metric device (GE Lunar Prodigy, LUNAR Corporation, Madison, WI, USA) [22]. The means
of the right and left hip scans were used for the analyses when available; otherwise, one-side
hip scans were used.

Due to the quality control and assessment routines described previously [23], the data on
forearm BMD were adjusted to improve precision by correcting the artifacts and long-term
drift throughout each survey and between surveys (using the European forearm phantom). All
scans were performed and reviewed by specially trained technicians in both Tromse 4 and 5
who followed standardized protocols [21,22].

In both surveys, the subjects’ weight and height were measured while they wore light cloth-
ing without shoes. Body mass index (BMI) was calculated as weight divided by height squared
(kg/m?).
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Laboratory methods

Non-fasting blood samples were obtained for measurement of factors related to bone mass
(hyperparathyroidism, vitamin D deficiency [7,19], hyperthyroidism [24,25], chronic kid-
ney disease [26]). Serum parathyroid hormone (PTH; Tromse 4 only; reference range 1.1-
6.8 pmol/l for subjects <50 years and 1.1-7.5 pmol/l for subjects >50 years) was measured
on an Immulite analyzer (Diagnostic Products, Los Angeles, CA, USA) based on a two-site
chemiluminescent immunometric assay with a coefficient of variation (CV) of 6-8% in the
actual range. Serum 25-hydroxyvitamin D (25(OH)D) (Tromse 4 only; reference range 50—
90umol/l for women and 60-100umol/l for men) was measured. Sera were stored at -70°C,
thawed in 2008 and analyzed with an electrochemiluminescence immunoassay in an auto-
mated clinical chemistry analyzer (Modular E170, Roche). Serum 25(OH)D values were
recalibrated according to the Vitamin D Standardization Program (VDSP) protocol based
on the liquid chromatography-tandem mass spectrometry (LC-MS/MS) method [27].
Serum thyroid-stimulating hormone (TSH; Tromse 4 and 5; reference range 0.20-4.00
mlIU/]) was analyzed with an automated clinical chemistry analyzer (Immulite 2000; DPC,
Los Angeles, CA, USA). As a covariate, TSH was divided into three groups: <0.49 mIU/l,
0.49-4.56 mIU/]l and >4.56 mIU/I based on previous findings in the Tromse population
[25]. Serum creatinine (Tromse 4 and 5; reference range 55-100 umol/L for women and
70-100 pmol/L for men) and serum calcium (Tromse 4 and 5; reference range 2.20-2.60
mmol/L) were analyzed using a Hitachi Model 917 analyzer with reagents from Boehringer
Mannheim (Mannheim, Germany).

DNA was prepared with the manual isolation method from whole blood samples col-
lected during the subjects’ first visit in Tromse 4. Genotyping was performed with the
KBioScience Allele-Specific Polymorphism (KASP) SNP genotyping system as previously
described [13].

Selection of SNPs associated with BMD and vitamin D

As defects or changes in VDR function [8] are associated with BMD, we selected the SNPs
associated with VDR function and earlier reported to be associated with BMD or fracture risk
[2,9]. Therefore we considered the following eight VDR-associated SNPs: FokI (rs2228570/
rs10735810, g.47879112A>T (chr12, GRCh38.p7)), Bsml (rs1544410, g.47846052C>G (chr12,
GRCh38.p7)), Taql (rs731236, g.47844974A>T (chr12, GRCh38.p7), Apal (rs7975232,
g.47845054C>G (chr12, GRCh38.p7)), Cdx2 (rs11568820)), rs7968585 (g.47838310C>T
(chr12, GRCh38.p7)), rs3782905 (g.47872384G>C (chr12, GRCh38.p7)) and rs2239179
(g.47863983T>A (chr12, GRCh38.p7)).

Levels of 25(OH)D [7] are also associated with BMD, therefore we included the SNPs
which earlier had been reported with the highest difference in mean serum 25(OH)D between
major and minor homozygotes in the vitamin D binding protein (DBP) gene (rs2298850,
£.71748550G>C (chr4, GRCh38.p7)), the gene that encodes for 25-hydroxylase (CYP2R1)
involved in the conversion of vitamin D into 25(OH)D (rs10741657, g.14893332A>T (chrl1,
GRCh38.p7)), the 7-dehydrocholesterol reductase/NAD synthetase 1 gene (NADSYN) respon-
sible for the availability of 7-dehydrocholesterol in the skin (rs3794060, g.71476633C>T
(chrl1, GRCh38.p7)) and the gene that encodes for 24-hydroxylase (CYP24A1) involved in the
degradation of 25(OH)D and synthesis of 1,25(OH)D (rs6013897, g.54125940T > A (chr20,
GRCh38.p7)) [13].

Finally, we included the rs4870044 SNP in locus 6q25 close to the ESRI gene as this SNP
has been strongly associated with hip and lumbar spine BMD [16,28] but has not been studied
regarding forearm BMD.
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Statistical analyses

Statistical analyses were undertaken with IBM SPSS Statistics 22 (SPSS Inc., Chicago, IL, USA)
to test the following hypotheses:

 Hypothesis 1. Forearm and total hip BMD in the Tromse population is associated with mod-
ulating factors of BMD.

 Hypothesis 2. Serum 25(OH)D-related SNPs are associated with forearm and total hip BMD.
 Hypothesis 3. The ESRI SNP rs4870044 is associated with forearm and total hip BMD.

Distribution of the continuous variables, including BMD and serum 25(OH)D, was evalu-
ated with skewness, kurtosis and visual inspection of histogram and Q-Q plots and found to be
normal. As a covariate, serum PTH was divided into quartiles [19].

To test hypothesis 1, we used forearm or total hip BMD as a dependent variable, and the
plausible modulating factors of BMDs as covariates in the linear regression model. Height was
included to adjust for the forearm BMD measurement. Missing values for self-reported param-
eters such as use of drugs and diseases/conditions were interpreted as negative values. Early
menopause and use of estrogen were included as covariates; therefore, men and women were
analyzed separately.

To test hypotheses 2 and 3, the genotype frequencies were evaluated with a chi-square test
for Hardy-Weinberg equilibrium [29]. Linkage disequilibrium (LD) was calculated using SNP
Annotation and Proxy Search [30] based on International HapMap Project data.

Trends for categorical variables across the selected SNPs were evaluated with the chi-square
test with linear-by-linear association and for the continuous variables with linear regression
adjusted for age and gender. When serum 25(OH)D was included, additional adjustments for
season (months, using dummy variables) were performed.

For significant linear trends for BMD across the SNP, the regression model was adjusted
for other variables significantly associated with BMD. Contrasts between genotypes were cal-
culated with univariate linear model, adjusted for age and gender.

For the VDR SNP haplotypes BsmI-Apal-Taql, we tested the interactions between the Bsml,
Apal and Taql genotypes with a linear regression.

The data are shown as mean + standard deviation (SD). All tests are presented two-sided,
with the standardized beta coefficient in the regression analyses. A P value of less than 0.05
was considered statistically significant. The data are presented without Bonferroni correction
for multiple testing unless specified otherwise.

Ethics

The study was approved by the Regional Committee for Medical and Health Research Ethics
(REK Nord) (reference 2010/2913-4). Only participants with valid written consent were included.

Results

The baseline characteristics of the entire Tromsg 4 and Tromse 5 populations and the groups
of subjects with valid BMD measurements of the forearm and hip and at least one successful
genotyping are shown in Table 1 and S1 Table.

Variables associated with forearm BMD

In 1,674 women, BMI, height, serum creatinine, serum calcium, use of vitamin D and estrogen
had a significant positive association with forearm BMD. Age, serum PTH, self-reported
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Table 1. The baseline characteristics of the
hip in Tromsg 5, and at least one successful

Entire Tromsg 4
population* *

N 26,956
Age (years)? 46.9+15.1
Sex (% female) 52.5

Distal forearm BMD ° 0.47 +0.09
Total hip BMD NA

BMI (kg/m?) 25.2+3.9
Height (cm) 168.7+9.3
Serum PTH (pmol/l) ° 2.79+1.43
Standardized serum 25 545+11.6
(OH)D (nmol/L) ®

Serum creatinine (umol/L) ® | 67.3+16.2
Serum calcium (mmol/L) 2.38+0.10

@Age by the end of 1994 for Tromsg@ 4, and age

entire study population and subjects with valid BMD measurements of the forearm in Tromsg 4 and
SNP analysis*. The Tromsg Study.

Genotyped and BMD measured | Entire Tromsg 5 Genotyped and BMD measured
subjects in Tromsg 4 population* * subjects in Tromsg 5
7,317 8,039 4,082

58.9+10.4 59.7+14.1 64.6 +9.6

57.4 56.8 59.8

0.46 £ 0.09 NA NA

NA 0.95+0.15 0.95+0.15

259+4.0 26.7+4.3 26.8+4.1

167.6£9.2 168.0+9.4 167.1£9.1

28+14 NA NA

54.5+11.6 NA NA

67.4+16.5 70.6+17.2 70.7+16.8
2.39+0.10 2.36 £0.09 2.36 £0.09

by the end of 2001 for Tromsg@ 5.

®In Tromsg 4, information attained only in those who attended the second visit in 1994—1995, N from 2,903 to 7,872.

* SNPs of interest include the SNPs presented

in Table 2 (Fokl, Cdx2, Bsml, rs2298850, rs10741657, rs3794060, rs6013897 and rs4870044).

**The number of subjects differs from the original number in description as the data in the table are presented based on the data available to the author.

NA: not available.

doi:10.1371/journal.pone.0173045.t001

cancer, early menopause and use of calcium were negatively associated with forearm BMD in
the same group (S2 Table).

In 1,276 men, BMI and height were positively associated with forearm BMD, while age,
smoking, self-reported ulcus surgery, use of insulin and systemic cortisone had a negative asso-
ciation (S2 Table).

Serum 25(OH)D was not significantly associated with forearm BMD in either men or
women. Bisphosphonates were not included as a covariate, as there were only two users in
Tromso 4.

Variables associated with total hip BMD

In 875 women, BMI and physical activity were positively associated with total hip BMD, while
age, serum PTH, smoking and use of bisphosphonates were negatively associated with total
hip BMD (S3 Table).

In 626 men, BMI and physical activity had a positive association with total hip BMD, while
age, smoking and self-reported ulcus surgery were negatively associated with total hip BMD
(S3 Table).

Serum 25(OH)D was not significantly associated with total hip BMD in either men or
women.

Associations between VDR SNPs and BMD

The VDR SNP Bsml was chosen for analyses as it is the most consistently associated with BMD
[2]. The VDR SNPs with high or moderate LD (r* > 0.4) with BsmI were excluded (Tagql, =
1.0; rs2239179 and 157968585, r* = 0.65; Apal, r* = 0.57; and rs3782905, r* = 0.47). FokI and
Cdx2 were in low LD (r* < 0.4) with other VDR SNPs and were included in the analyses.
However, in the linear regression model adjusted for age and gender, none of the three
selected VDR SNPs (FokI, Cdx2, BsmI) were significantly associated with BMD (Table 2).

PLOS ONE | DOI:10.1371/journal.pone.017304
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Table 2. BMD trends across the SNPs analyzed with linear regression, adjusted for age and gender in Tromsg 4 and Tromsg 5.

SNP

Rs2228570/rs10735810 (Fokl, VDR SNP)
Rs11568820 (Cdx2, VDR SNP)
Rs1544410 (Bsml, VDR SNP)
Rs2298850 (DBP SNP)

Rs10741657 (CYP2R1SNP)

Rs3794060 (NAD-SYN SNP)

Rs6013897 (CYP24A1 SNP)

Rs4870044 (ESR1SNP)

Forearm BMD, Tromsg 4 Total hip BMD, Tromsg 5

N Standardized beta coefficient N Standardized beta coefficient
7260 -0.014 4051 —-0.021

7257 —0.006 4049 0.001

7213 —0.009 4027 -0.014

7255 0.003 4047 -0.018

7257 —-0.010 4050 —0.003

4897 -0.015 2510 0.002

7233 —0.006 4039 —0.031*

7281 —-0.016* 4064 —0.034*

* P=0.024 for rs6013897 and total hip BMD; P =0.036 and P = 0.015 for rs4870044 and forearm or total hip BMD respectively in the linear regression
model, adjusted for age and gender, not corrected for multiple testing.
Unmarked coefficients had P> 0.05. None of the SNPs had P < 0.05 after Bonferroni correction (7 x 2 x P).

doi:10.1371/journal.pone.0173045.t002

As the haplotypes (BsmI-Apal-Taql) were associated with BMD in the Rotterdam Study
[10], interactions between these SNPs regarding BMD were analyzed. However, in the present
study, the interactions were not found to be statistically significant.

Associations between serum 25(OH)D SNPs and total hip BMD

As expected [13], the four selected serum 25(OH)D SNPs were significantly associated with
the serum 25(OH)D levels with the difference in the means between major and minor homo-
zygotes ranging from (-)1.0 to 5.0 nmol/L (54 Table).

In the linear regression model with adjustments for age and gender, a significant associa-
tion with BMD was found only for the CYP24A1 SNP rs6013897 for total hip (stand. beta
coeff. —0.031, P = 0.024) (Table 2). The difference between the major and minor homozygote
was 0.02 g/cm? with P = 0.026 (Table 3).

Inclusion of serum 25(OH)D (N = 3,035) as a continuous or dichotomous variable (above/
below the 20" percentile, 43.0-50.0 nmol/L, differing according to season) or serum PTH
(continuous or divided in quartiles, N = 1,773) increased P-value above 0.05 for the negative
trend for rs6013897 and BMD. We observed the same effect after adjusting for the significantly
associated variables for total hip BMD (age, sex, BMI, physical activity, serum PTH, smoking,
use of bisphosphonates and ulcus surgery, S3 Table), with 1,656 subjects in the regression anal-
ysis. The estimated effect of rs6013897 adjusted only for age and gender in the selected groups
mentioned above was similar.

Associations between estrogen receptor SNP rs4870044 and BMD

Interactions between ESRI SNP rs4870044 and sex regarding BMD were not significant.
Therefore, both sexes were analyzed together, adjusted for gender and age. We found signifi-
cant linear trends across the genotypes for forearm and total hip BMD measurements

Table 3. Comparison of means of total hip BMD across the genotypes of CYP24A1SNP rs6013897 in Tromsg 5, adjusted for age and gender.

CYP24A1rs6013897 genotypes
Major homozygote T:T
Heterozygote T:A

Minor homozygote A:A

doi:10.1371/journal.pone.0173045.1003

MeanzSD (g/cm?) Difference (SE) (g/cm?) Absolute P-value
2373 0.953+0.150 -0.006 (0.004) 0.208 (T:T vs. T:A)
1441 0.946+0.151 -0.015 (0.010) 0.114 (T:Avs. A:A)
225 0.933+0.150 -0.021 (0.09) 0.026 (T:T vs. A:A)
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Table 4. Comparison of means of forearm and total hip BMD across the genotypes of ESR7 SNP rs4870044 in Tromsg 4 and 5, adjusted for age

and gender.

ESR1SNP rs4870044 genotypes
Forearm BMD, Tromsg 4

Major homozygote C:C
Heterozygote T:C

Minor homozygote T:T

Total hip BMD, Tromsg 5

Major homozygote C:C
Heterozygote T:C

Minor homozygote T:T

doi:10.1371/journal.pone.0173045.t004

N MeanzSD (g/cm?) Difference (SE) (g/cm?) Absolute P-value

3709 0.465+0.094 -0.003 (0.001) 0.092 (C:C vs. T:C)
2081 0.465+0.094 -0.003 (0.003) 0.225 (T:C vs. T:T)
591 0.457+0.089 -0.004 (0.003) 0.100 (C:C vs. T:T)
2038 0.956+0.150 -0.012 (0.004) 0.006 (C:Cvs. T:C)
1699 0.9440.151 -0.003 (0.008) 0.748 (T:C vs. T:T)
327 0.940£0.144 -0.010 (0.008) 0.229 (C:C vs. T:T)

(Table 2). The differences between major and minor homozygotes were 0.004 g/cm? for fore-
arm BMD and 0.01 g/cm” for total hip BMD (Table 4).

These associations between rs4870044 and total hip BMD remained statistically significant
after variables associated with total hip BMD were included (N = 1,661; age, BMI, physical
activity, smoking, serum PTH, self-reported ulcus surgery, use of bisphosphonates were
included from S3 Table). Some variables associated with forearm BMD were sex-specific, and
although interaction between the SNP and sex was not significant, we adjusted for these vari-
ables separately for each sex. In women (N = 1,792), inclusion of age, height, BMI, serum
PTH, serum creatinine, serum calcium, self-reported cancer, early menopause and use of vita-
min D, calcium and estrogen from S2 Table resulted in the same negative trend across the
rs4870044 genotypes, with P = 0.084. In men (N = 2,326), rs4870044 remained negatively asso-
ciated (P = 0.021) after adjusting for age, height, BMI, smoking, self-reported ulcus surgery
and use of insulin and systemic cortisone (from S2 Table).

Discussion

In this population-based Norwegian study, vitamin D-related SNP rs6013897 (near the
CYP24A1; the gene that encodes 24-hydroxylase) was associated with total hip BMD, with
decreasing BMD for each minor allele (A). To our knowledge, this finding is novel.

As expected, the SNP rs6013897 was associated with the serum 25(OH)D levels [12,13,31].
It was also associated with the serum PTH levels. One possible mechanism for the effect of
rs6013897 on total hip BMD could be through the changes in serum 25(OH)D and serum
PTH levels [32]; therefore, serum 25(OH)D and serum PTH were included as covariates in the
linear regression. The associations between rs6013897 and total hip BMD had the same direc-
tions, but were no longer statistically significant. The lack of statistical significance was proba-
bly due to the decreased number of subjects (3,035 subjects were adjusted for serum 25(OH)D,
and 1,773 subjects were adjusted for serum PTH). Comparing the effect of rs6013897 in 1,544
subjects (those with serum 25(OH)D measurements and full data for significantly associated
variables for total hip BMD), the point estimates for the effect of rs6013897 on total hip BMD
changed less than 11% when adding the selected variables into the model adjusted for age and
gender. Thus, as expected due to Mendelian randomization, the effect of the SNP on total hip
BMD was not due to or confounded by other variables though rs6013897 has been associated
with response to vitamin D3 [33,34].

No associations were found between other vitamin D-related SNPs and forearm or total hip
BMD. Activated VDR is heavily involved in bone tissue homeostasis [4,5], and associations
between BMD and BsmlI [2], as well as BsmI-Apal-Taql haplotypes, Cdx2 and fracture risk [9,10],
have been reported. However, a comprehensive meta-analysis that included 26,242 subjects did
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not find a clear association between VDR SNPs and BMD [9], in agreement with the present find-
ings. This does not argue against an important function of the VDR in bone metabolism but
more likely reflects that the SNP action on the VDR function has still not been established.

Similarly, the lack of a statistically significant association between serum 25(OH)D and BMD
in the present study should be interpreted with caution, as the studied population was vitamin D
sufficient; few subjects had very low serum 25(OH)D levels. In addition, only one serum 25(OH)
D measurement was performed, and although there is a large degree of tracking for the serum 25
(OH)D level [35], one measurement can hardly reflect lifelong exposure. In particular, it should
be recalled that the peak BMD in the Tromse population was measured in 38- to 43-year-old sub-
jects [36], and the subjects had a mean age of 59-65 years. However, it is likely that the effect of
rs6013897 on serum 25(0OH)D is lifelong. Although the effect on the serum 25(OH)D level by this
SNP was modest, it is a strong argument for the effect of vitamin D on bone metabolism.

This is the first report of an association between ESR1 SNP rs4870044 and forearm BMD, to
our knowledge. The rs4870044 was included in the analyses for two reasons. First, it has been
firmly established that this SNP is associated with total hip BMD [16,28], and finding the same
in the present study could be considered quality control. Second, this SNP has not previously
been associated with forearm BMD. The finding of such a significant association was no sur-
prise and reflects the effect of estrogen on all types of bone [14,15]. In addition, the association
between rs4870044 genotypes and BMD remained significant after other BMD-associated vari-
ables were included, indicating an independent effect of this ESR1-associated SNP.

Low forearm BMD and subsequently increased fracture risk [37] does not lead to the same
decreased health-related quality of life and increased mortality risk as hip fracture [38]. How-
ever, low forearm BMD is still clinically relevant because forearm BMD and consequent frac-
ture also predict future risk of fracture [39]. Although BMD measurements at the hip and
spine predict fractures better in the respective sites than forearm BMD [37], the latter measure-
ment is easier to perform when technical or physical limitations are present (eg, prosthesis,
arthritis, fractures, inability to lie still).

In addition to the main focus, the SNPs, a number of other potential modulating factors of
BMD were included, and the expected associations were found. However, as this analysis was
cross sectional, the causality of the associations must be carefully considered. For instance, the
most probable explanation for the negative association between use of calcium and BMD is
simply that patients with low BMD use calcium.

The present study has several limitations. First, our study may be biased due to population
stratification as the study participants come from one geographical region. Though the SNPs
of interest were chosen after associations were discovered in the other populations. Second, no
information on some potential modulating factors of BMD, such as anorexia, recent hyperthy-
roidism, hypogonadism, oophorectomy, neurologic disease, recent immobilization, rickets,
adrenal and renal bone disease or osteoporotic fractures, was available. Some data were based
on self-administrated questionnaires with the inherent biases. Furthermore, BMD measure-
ments of the forearm and hip were performed only once, and serum 25(OH)D and serum
PTH measurements were from Tromsg 4 only.

The present study also has several strengths. The study was population-based. Due to previ-
ous genome-wide association studies (GWASs) and meta-analyses, we could focus on a limited
number of SNPs. The serum 25(OH)D values were standardized and allowed comparison with
other studies. Finally, the Mendelian randomization method, in which genetic variants are
analyzed as proxies for lifelong differences in environmental exposure, is likely to minimize
selection bias and to decrease the possibility of confounding [40,41].

In conclusion, we found an association between the serum 25(OH)D level-associated
CYP24A1 SNP rs6013897 and total hip BMD. However, the effects of this SNP on serum 25
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(OH)D levels and BMD were small and need confirmation in other studies, in particular in
populations where vitamin D deficiency is prevalent. The ESR1-related SNP rs4870044 is asso-

ciated with forearm and total hip BMD.

Supporting information

S1 Table. The supplemental baseline characteristics of the entire study population and
subjects with valid BMD measurements of the forearm in Tromse 4 and hip in Tromse 5,

and at least one successful SNP analysis*. The Tromse Study.

(DOCX)

S2 Table. Linear regression model for forearm BMD for women and men in Tromse 4.

(DOCX)

S3 Table. Linear regression model for total hip BMD for women and men in Tromse 5.

(DOCX)

S4 Table. Mean serum 25(OH)D values across the genotypes in Tromse 4.

(DOCX)

Acknowledgments

We are indebted to the Norwegian Institute of Public Health for their participation in the data
collection in the fourth survey of the Tromse Study, The Northern Norway Regional Health

Authority and The Research Council of Norway.

Author Contributions

Conceptualization: IM R] NE AEE RM]J EK.

Data curation: IM.

Formal analysis: IM R] EK.

Funding acquisition: IM R] EK.
Investigation: IM R] NE AEE RMJ EK.

Methodology: IM R] NE AEE RM] EK.

Project administration: R] EK.
Resources: IM R] NE AEE RMJ EK.
Supervision: EK R].

Validation: IM R] NE AEE RM]J EK.
Visualization: IM R] EK.

Writing - original draft: IM R] EK.

Writing - review & editing: IM R] NE AEE RM] EK.

References

1. Moon RJ, Harvey NC (2014) Identification of patient profile for treatment. Best Pract Res Clin Endocri-

nol Metab 28: 767-782. doi: 10.1016/j.beem.2014.04.005 PMID: 25432351

PLOS ONE | DOI:10.1371/journal.pone.0173045 March 2,2017

10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173045.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173045.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173045.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173045.s004
http://dx.doi.org/10.1016/j.beem.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25432351

@° PLOS | ONE

Bone mineral density is associated with vitamin D and estrogen related polymorphisms in Tromsg study

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Urano T, Inoue S (2014) Genetics of osteoporosis. Biochem Biophys Res Commun 452: 287-293. doi:
10.1016/j.bbrc.2014.07.141 PMID: 25139232

Hunter D, De Lange M, Snieder H, MacGregor AJ, Swaminathan R, et al. (2001) Genetic contribution to
bone metabolism, calcium excretion, and vitamin D and parathyroid hormone regulation. J Bone Miner
Res 16: 371-378. doi: 10.1359/jbmr.2001.16.2.371 PMID: 11204437

Haussler MR, Whitfield GK, Kaneko |, Haussler CA, Hsieh D, et al. (2013) Molecular mechanisms of
vitamin D action. Calcif Tissue Int 92: 77-98. doi: 10.1007/s00223-012-9619-0 PMID: 22782502

Haussler MR, Jurutka PW, Mizwicki M, Norman AW (2011) Vitamin D receptor (VDR)-mediated actions
of 1alpha,25(0OH)(2)vitamin D(3): genomic and non-genomic mechanisms. Best Pract Res Clin Endocri-
nol Metab 25: 543-559. doi: 10.1016/j.beem.2011.05.010 PMID: 21872797

Pike JW, Lee SM, Meyer MB (2014) Regulation of gene expression by 1,25-dihydroxyvitamin D3 in
bone cells: exploiting new approaches and defining new mechanisms. Bonekey Rep 3: 482. doi: 10.
1038/bonekey.2013.216 PMID: 24466413

Pludowski P, Holick MF, Pilz S, Wagner CL, Hollis BW, et al. (2013) Vitamin D effects on musculoskele-
tal health, immunity, autoimmunity, cardiovascular disease, cancer, fertility, pregnancy, dementia and
mortality-a review of recent evidence. Autoimmun Rev 12: 976-989. doi: 10.1016/j.autrev.2013.02.004
PMID: 23542507

Yoshizawa T, Handa Y, Uematsu Y, Takeda S, Sekine K, et al. (1997) Mice lacking the vitamin D recep-
tor exhibit impaired bone formation, uterine hypoplasia and growth retardation after weaning. Nat Genet
16: 391-396. doi: 10.1038/ng0897-391 PMID: 9241280

Uitterlinden AG, Ralston SH, Brandi ML, Carey AH, Grinberg D, et al. (2006) The association between
common vitamin D receptor gene variations and osteoporosis: a participant-level meta-analysis. Ann
Intern Med 145: 255-264. PMID: 16908916

Fang Y, van Meurs JB, d’Alesio A, Jhamai M, Zhao H, et al. (2005) Promoter and 3’-untranslated-region
haplotypes in the vitamin d receptor gene predispose to osteoporotic fracture: the rotterdam study. Am
J Hum Genet 77: 807—-823. doi: 10.1086/497438 PMID: 16252240

Martinaityte I, Jorde R, Schirmer H, Mathiesen EB, Njolstad |, et al. (2016) Correction: Genetic Varia-
tions in the Vitamin D Receptor Predict Type 2 Diabetes and Myocardial Infarction in a Community-
Based Population: The Tromso Study. PLoS One 11:e0163573. doi: 10.1371/journal.pone.0163573
PMID: 27643855

Wang TJ, Zhang F, Richards JB, Kestenbaum B, van Meurs JB, et al. (2010) Common genetic determi-
nants of vitamin D insufficiency: a genome-wide association study. Lancet 376: 180—188. doi: 10.1016/
S0140-6736(10)60588-0 PMID: 20541252

Jorde R, Schirmer H, Wilsgaard T, Joakimsen RM, Mathiesen EB, et al. (2012) Polymorphisms related
to the serum 25-hydroxyvitamin D level and risk of myocardial infarction, diabetes, cancer and mortality.
The Tromso Study. PLoS One 7: €37295. doi: 10.1371/journal.pone.0037295 PMID: 22649517

Manolagas SC, O’Brien CA, Aimeida M (2013) The role of estrogen and androgen receptors in bone
health and disease. Nat Rev Endocrinol 9: 699-712. doi: 10.1038/nrendo.2013.179 PMID: 24042328

Imai'Y, Youn MY, Kondoh S, Nakamura T, Kouzmenko A, et al. (2009) Estrogens maintain bone mass
by regulating expression of genes controlling function and life span in mature osteoclasts. Ann N Y
Acad Sci 1173 Suppl 1: E31-39.

Estrada K, Styrkarsdottir U, Evangelou E, Hsu YH, Duncan EL, et al. (2012) Genome-wide meta-analy-
sis identifies 56 bone mineral density loci and reveals 14 loci associated with risk of fracture. Nat Genet
44:491-501. doi: 10.1038/ng.2249 PMID: 22504420

Jacobsen BK, Eggen AE, Mathiesen EB, Wilsgaard T, Njolstad | (2012) Cohort profile: the Tromso
Study. Int J Epidemiol 41: 961-967. doi: 10.1093/ije/dyr049 PMID: 21422063

Wilsgaard T, Emaus N, Ahmed LA, Grimnes G, Joakimsen RM, et al. (2009) Lifestyle impact on lifetime
bone loss in women and men: the Tromso Study. Am J Epidemiol 169: 877—-886. doi: 10.1093/aje/
kwn407 PMID: 19174426

Sneve M, Emaus N, Joakimsen RM, Jorde R (2008) The association between serum parathyroid hor-
mone and bone mineral density, and the impact of smoking: the Tromso Study. Eur J Endocrinol 158:
401-409. doi: 10.1530/EJE-07-0610 PMID: 18299475

Santen RJ (2015) Vaginal administration of estradiol: effects of dose, preparation and timing on plasma
estradiol levels. Climacteric 18: 121-134. doi: 10.3109/13697137.2014.947254 PMID: 25327484

Berntsen GK, Tollan A, Magnus JH, Sogaard AJ, Ringberg T, et al. (1999) The Tromso Study: artifacts
in forearm bone densitometry—prevalence and effect. Osteoporos Int 10: 425-432. PMID: 10591841
Emaus N, Omsland TK, Ahmed LA, Grimnes G, Sneve M, et al. (2009) Bone mineral density at the hip
in Norwegian women and men—prevalence of osteoporosis depends on chosen references: the
Tromso Study. Eur J Epidemiol 24: 321-328. doi: 10.1007/s10654-009-9333-z PMID: 19296062

PLOS ONE | DOI:10.1371/journal.pone.0173045 March 2,2017 11/12


http://dx.doi.org/10.1016/j.bbrc.2014.07.141
http://www.ncbi.nlm.nih.gov/pubmed/25139232
http://dx.doi.org/10.1359/jbmr.2001.16.2.371
http://www.ncbi.nlm.nih.gov/pubmed/11204437
http://dx.doi.org/10.1007/s00223-012-9619-0
http://www.ncbi.nlm.nih.gov/pubmed/22782502
http://dx.doi.org/10.1016/j.beem.2011.05.010
http://www.ncbi.nlm.nih.gov/pubmed/21872797
http://dx.doi.org/10.1038/bonekey.2013.216
http://dx.doi.org/10.1038/bonekey.2013.216
http://www.ncbi.nlm.nih.gov/pubmed/24466413
http://dx.doi.org/10.1016/j.autrev.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23542507
http://dx.doi.org/10.1038/ng0897-391
http://www.ncbi.nlm.nih.gov/pubmed/9241280
http://www.ncbi.nlm.nih.gov/pubmed/16908916
http://dx.doi.org/10.1086/497438
http://www.ncbi.nlm.nih.gov/pubmed/16252240
http://dx.doi.org/10.1371/journal.pone.0163573
http://www.ncbi.nlm.nih.gov/pubmed/27643855
http://dx.doi.org/10.1016/S0140-6736(10)60588-0
http://dx.doi.org/10.1016/S0140-6736(10)60588-0
http://www.ncbi.nlm.nih.gov/pubmed/20541252
http://dx.doi.org/10.1371/journal.pone.0037295
http://www.ncbi.nlm.nih.gov/pubmed/22649517
http://dx.doi.org/10.1038/nrendo.2013.179
http://www.ncbi.nlm.nih.gov/pubmed/24042328
http://dx.doi.org/10.1038/ng.2249
http://www.ncbi.nlm.nih.gov/pubmed/22504420
http://dx.doi.org/10.1093/ije/dyr049
http://www.ncbi.nlm.nih.gov/pubmed/21422063
http://dx.doi.org/10.1093/aje/kwn407
http://dx.doi.org/10.1093/aje/kwn407
http://www.ncbi.nlm.nih.gov/pubmed/19174426
http://dx.doi.org/10.1530/EJE-07-0610
http://www.ncbi.nlm.nih.gov/pubmed/18299475
http://dx.doi.org/10.3109/13697137.2014.947254
http://www.ncbi.nlm.nih.gov/pubmed/25327484
http://www.ncbi.nlm.nih.gov/pubmed/10591841
http://dx.doi.org/10.1007/s10654-009-9333-z
http://www.ncbi.nlm.nih.gov/pubmed/19296062

@° PLOS | ONE

Bone mineral density is associated with vitamin D and estrogen related polymorphisms in Tromsg study

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Rosvold Berntsen GK, Fonnebo V, Tollan A, Sogaard AJ, Joakimsen RM, et al. (2000) The Tromso
study: determinants of precision in bone densitometry. J Clin Epidemiol 53: 1104—1112. PMID:
11106883

Colaianni G, Cuscito C, Colucci S (2013) FSH and TSH in the regulation of bone mass: the pituitary/
immune/bone axis. Clin Dev Immunol 2013: 382698. doi: 10.1155/2013/382698 PMID: 23818914

Grimnes G, Emaus N, Joakimsen RM, Figenschau Y, Jorde R (2008) The relationship between serum
TSH and bone mineral density in men and postmenopausal women: the Tromso study. Thyroid 18:
1147-1155. doi: 10.1089/thy.2008.0158 PMID: 18925834

Drueke TB, Massy ZA (2016) Changing bone patterns with progression of chronic kidney disease. Kid-
ney Int 89: 289-302. doi: 10.1016/j.kint.2015.12.004 PMID: 26806832

Binkley N, Sempos CT, Vitamin DSP (2014) Standardizing vitamin D assays: the way forward. J Bone
Miner Res 29: 1709-1714. doi: 10.1002/jbmr.2252 PMID: 24737265

Styrkarsdottir U, Halldorsson BV, Gretarsdottir S, Gudbjartsson DF, Walters GB, et al. (2008) Multiple
genetic loci for bone mineral density and fractures. N Engl J Med 358: 2355-2365. doi: 10.1056/
NEJMoa0801197 PMID: 18445777

Rodriguez S, Gaunt TR, Day IN (2009) Hardy-Weinberg equilibrium testing of biological ascertainment
for Mendelian randomization studies. Am J Epidemiol 169: 505-514. doi: 10.1093/aje/kwn359 PMID:
19126586

Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O’Donnell CJ, et al. (2008) SNAP: a web-based tool
for identification and annotation of proxy SNPs using HapMap. Bioinformatics 24: 2938-2939. doi: 10.
1093/bioinformatics/btn564 PMID: 18974171

Berry DJ, Vimaleswaran KS, Whittaker JC, Hingorani AD, Hypponen E (2012) Evaluation of genetic
markers as instruments for Mendelian randomization studies on vitamin D. PLoS One 7: e37465. doi:
10.1371/journal.pone.0037465 PMID: 22629401

Turner AG, Hanrath MA, Morris HA, Atkins GJ, Anderson PH (2014) The local production of 1,25(OH)
2D3 promotes osteoblast and osteocyte maturation. J Steroid Biochem Mol Biol 144 Pt A: 114-118.

Didriksen A, Grimnes G, Hutchinson MS, Kjaergaard M, Svartberg J, et al. (2013) The serum 25-hydro-
xyvitamin D response to vitamin D supplementation is related to genetic factors, BMI, and baseline lev-
els. Eur J Endocrinol 169: 559-567. doi: 10.1530/EJE-13-0233 PMID: 23935129

Barry EL, Rees JR, Peacock JL, Mott LA, Amos ClI, et al. (2014) Genetic variants in CYP2R1,
CYP24A1, and VDR modify the efficacy of vitamin D3 supplementation for increasing serum 25-hydro-
xyvitamin D levels in a randomized controlled trial. J Clin Endocrinol Metab 99: E2133-2137. doi: 10.
1210/jc.2014-1389 PMID: 25070320

Jorde R, Sneve M, Hutchinson M, Emaus N, Figenschau Y, et al. (2010) Tracking of serum 25-hydroxy-
vitamin D levels during 14 years in a population-based study and during 12 months in an intervention
study. Am J Epidemiol 171:903-908. doi: 10.1093/aje/kwg005 PMID: 20219763

Emaus N, Wilsgaard T, Ahmed LA (2014) Impacts of body mass index, physical activity, and smoking
on femoral bone loss: the Tromso study. J Bone Miner Res 29: 2080-2089. doi: 10.1002/jbmr.2232
PMID: 24676861

Marshall D, Johnell O, Wedel H (1996) Meta-analysis of how well measures of bone mineral density pre-
dict occurrence of osteoporotic fractures. BMJ 312: 1254-1259. PMID: 8634613

Hagino H (2013) Other non-vertebral fractures. Best Pract Res Clin Rheumatol 27: 731-741. doi: 10.
1016/j.berh.2014.01.003 PMID: 24836332

Gehlbach S, Saag KG, Adachi JD, Hooven FH, Flahive J, et al. (2012) Previous fractures at multiple
sites increase the risk for subsequent fractures: the Global Longitudinal Study of Osteoporosis in
Women. J Bone Miner Res 27: 645-653. doi: 10.1002/jbmr.1476 PMID: 22113888

Berry D, Hypponen E (2011) Determinants of vitamin D status: focus on genetic variations. Curr Opin
Nephrol Hypertens 20: 331-336. doi: 10.1097/MNH.0b013e328346d6ba PMID: 21654390

Little J, Khoury MJ (2003) Mendelian randomisation: a new spin or real progress? Lancet 362: 930—
931. doi: 10.1016/S0140-6736(03)14396-6 PMID: 14511923

PLOS ONE | DOI:10.1371/journal.pone.0173045 March 2,2017 12/12


http://www.ncbi.nlm.nih.gov/pubmed/11106883
http://dx.doi.org/10.1155/2013/382698
http://www.ncbi.nlm.nih.gov/pubmed/23818914
http://dx.doi.org/10.1089/thy.2008.0158
http://www.ncbi.nlm.nih.gov/pubmed/18925834
http://dx.doi.org/10.1016/j.kint.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26806832
http://dx.doi.org/10.1002/jbmr.2252
http://www.ncbi.nlm.nih.gov/pubmed/24737265
http://dx.doi.org/10.1056/NEJMoa0801197
http://dx.doi.org/10.1056/NEJMoa0801197
http://www.ncbi.nlm.nih.gov/pubmed/18445777
http://dx.doi.org/10.1093/aje/kwn359
http://www.ncbi.nlm.nih.gov/pubmed/19126586
http://dx.doi.org/10.1093/bioinformatics/btn564
http://dx.doi.org/10.1093/bioinformatics/btn564
http://www.ncbi.nlm.nih.gov/pubmed/18974171
http://dx.doi.org/10.1371/journal.pone.0037465
http://www.ncbi.nlm.nih.gov/pubmed/22629401
http://dx.doi.org/10.1530/EJE-13-0233
http://www.ncbi.nlm.nih.gov/pubmed/23935129
http://dx.doi.org/10.1210/jc.2014-1389
http://dx.doi.org/10.1210/jc.2014-1389
http://www.ncbi.nlm.nih.gov/pubmed/25070320
http://dx.doi.org/10.1093/aje/kwq005
http://www.ncbi.nlm.nih.gov/pubmed/20219763
http://dx.doi.org/10.1002/jbmr.2232
http://www.ncbi.nlm.nih.gov/pubmed/24676861
http://www.ncbi.nlm.nih.gov/pubmed/8634613
http://dx.doi.org/10.1016/j.berh.2014.01.003
http://dx.doi.org/10.1016/j.berh.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24836332
http://dx.doi.org/10.1002/jbmr.1476
http://www.ncbi.nlm.nih.gov/pubmed/22113888
http://dx.doi.org/10.1097/MNH.0b013e328346d6ba
http://www.ncbi.nlm.nih.gov/pubmed/21654390
http://dx.doi.org/10.1016/S0140-6736(03)14396-6
http://www.ncbi.nlm.nih.gov/pubmed/14511923

