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Context and Objective: Suboptimal vitamin D status can be corrected by vitamin D supplementa-
tion, but individual responses to supplementation vary. We aimed to examine genetic and non-
genetic determinants of change in serum 25-hydroxyvitamin D (25(OH)D) after supplementation.

Design and Participants: We used data from a pilot randomized controlled trial in which 644 adults
aged 60 to 84 years were randomly assigned to monthly doses of placebo, 30 000 IU, or 60 000 IU
vitamin D3 for 12 months. Baseline characteristics were obtained from a self-administered ques-
tionnaire. Eighty-eight single-nucleotide polymorphisms (SNPs) in 41 candidate genes were geno-
typed using Sequenom MassArray technology. Serum 25(OH)D levels before and after the inter-
vention were measured using the Diasorin Liaison platform immunoassay. We used linear
regression models to examine associations between genetic and nongenetic factors and change in
serum 25(OH)D levels.

Results: Supplement dose and baseline 25(OH)D level explained 24% of the variability in response
to supplementation. Body mass index, self-reported health status, and ambient UV radiation made
a small additional contribution. SNPs in CYP2R1, IRF4, MC1R, CYP27B1, VDR, TYRP1, MCM6, and
HERC2 were associated with change in 25(OH)D level, although only CYP2R1 was significant after
adjustment for multiple testing. Models including SNPs explained a similar proportion of variability
in response to supplementation as models that included personal and environmental factors.

Conclusion: Stepwise regression analyses suggest that genetic variability may be associated with
response to supplementation, perhaps suggesting that some people might need higher doses to
reach optimal 25(OH)D levels or that there is variability in the physiologically normal level of
25(OH)D. (J Clin Endocrinol Metab 99: E1332–E1340, 2014)
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Vitamin D is essential for maintaining bone health.
There is also evidence to suggest that vitamin D is

associated with some nonskeletal health outcomes, in-
cluding type 2 diabetes mellitus (1–3), cardiovascular dis-
ease and its risk factors (4–7), and colorectal cancer (8).
For some of these extraskeletal diseases, biologically plau-
sible mechanisms have been proposed to explain the ob-
served associations (9), but causality has not been estab-
lished (10).

Serum concentrations of 25-hydroxyvitamin D
(25(OH)D) are widely regarded to be the best measure of
vitamin D status (11), but there is debate regarding the
optimal level (9, 11). A recent report from the Institute of
Medicine in the United States concluded that 50 nmol/L is
sufficient to ensure adequate bone health in most people
(10). Other studies have suggested that a level of serum
25(OH)D of at least 60 nmol/L is required to achieve a
reduction in the risk of fractures (12) and falls (13).

The predominant source of vitamin D is cutaneous pro-
duction after exposure to sunlight, with few foods natu-
rally containing significant amounts of vitamin D. In Aus-
tralia, the estimated average dietary intake of vitamin D is
relatively low (48–104 IU/d) (14), and growing awareness
of vitamin D deficiency has led to increasing demand for
testing and supplementation. There is, however, consid-
erable variability in individual responses to supplementa-
tion, suggesting that a one-size-fits-all approach to sup-
plementation may not be appropriate or that there is
physiological variation in normal serum 25(OH)D levels.
Studies have found associations between an increase in
serum 25(OH)D level after supplementation and supple-
ment dose (15), body size (16–20), baseline serum
25(OH)D level (18, 19, 21–23), and the season in which
supplementation is initiated (21). Although there is strong
evidence that vitamin D status may be affected by geno-
type (24, 25), few studies have investigated genetic influ-
ences on response to supplementation (19, 26, 27). In this
study, we aimed to examine environmental, personal, and
genetic determinants of change in serum 25(OH)D levels
after supplementation using data from a randomized
controlled trial of vitamin D supplementation in older
Australians.

Subjects and Methods

Study population and design
The methods and protocols of the study have been described

previously (28). Briefly, the pilot D-Health trial was a popula-
tion-based, randomized, placebo-controlled, double-blind che-
moprevention trial of vitamin D3 in older adults. The Human
Research Ethics Committee at the QIMR Berghofer Medical Re-

search Institute approved the study, and all participants gave
informed consent.

We recruited 644 people aged 60 to 84 years who were res-
idents of 1 of the 4 eastern states of Australia, using the Austra-
lian Electoral Roll as the sampling frame. Participants were sam-
pled in strata of 5-year age bands, sex, and state and location of
residence (capital city and elsewhere). We excluded anybody
who was taking more than 400 IU of vitamin D per day or who
had a history of kidney stones, hyperparathyroidism, osteoma-
lacia, osteoporosis, or sarcoidosis. Recruitment took place be-
tween October 2010 and March 2011, and the randomization
rate was 10%. Participants were randomized to receive monthly
doses of placebo or 30 000 or 60 000 IU vitamin D3 for 12
months. Participants, study investigators, and staff were un-
aware of the treatment allocation until analysis of the primary
outcome (change in serum 25(OH)D level) was complete.

Questionnaires and blood collection
Participants were asked to complete questionnaires within 2

weeks of having blood drawn at study entry and exit, in which
they reported their height, weight, skin color, burning and tan-
ning ability, ancestry, smoking and alcohol consumption, and
any history of cancer, diabetes, or cardiovascular disease. They
reported the time they spent outdoors for each day of the pre-
vious week but were not asked about use of sun protection or the
time of day they were outside. They were asked about weekly
physical activity (walking, moderate and vigorous) and this was
multiplied by typical energy expenditure requirement in meta-
bolic equivalent tasks (METs), to calculate MET-hours per week
(29). We asked participants to categorize their overall health on
a 5-point scale ranging from poor to excellent. This was col-
lapsed into 2 groups: good (excellent, very good, or good) and
fair or poor.

Dietary intake of vitamin D in the last month was estimated
by asking participants to recall their frequency of intake of 14
specific foods, including oily fish, margarine (which is routinely
fortified in Australia), cheese, and milk fortified with vitamin D.
We also asked about use of oral supplements containing vitamin
D. We derived quantity of vitamin D intake (in international
units) from foods using an Australian foods database (AUSNUT
2006) and food and supplement composition details provided by
the manufacturers. Intakes of vitamin D from foods and supple-
ments were combined to calculate total vitamin D intake.

25(OH)D assay
Nonfasting blood samples collected in serum separator tubes

before and after the intervention were transported on ice by
overnight courier to the Queensland University of Technology
(Brisbane, Australia). Samples were centrifuged at 4°C for 15
minutes at 2000g, and the serum was stored at �80°C. Serum
25(OH)D concentration was measured in a single batch using
a commercial chemiluminescent immunoassay (LIAISON
25(OH)D Vitamin D TOTAL Assay; DiaSorin, Inc). Intra-assay
and interassay variability was 3% to 6% and 6% to 9%, respec-
tively. The laboratory undertaking the testing is certified by the
international Vitamin D External Quality Assessment Scheme.

Assigning ambient UV radiation to location of
residence and month of initiating the intervention

We estimated available ambient UV radiation (UVR) for each
participant by matching the postcode of their residential address
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at baseline with UVR data available in a 1° latitude by 1.25°
longitude grid from NASA’s Ozone Monitoring Instrument.
Where there were multiple cells within a postcode, we averaged
over the postcode using GIS. This database was used to assign the
average month-specific erythemally weighted UVR irradiance
(J/m2) to each postcode area (30).

Genotyping
Blood samples for genotyping were collected in ACD tubes

and were transported by courier at room temperature to Queens-
land University of Technology, where buffy coats were sepa-
rated. DNA was extracted from buffy coats using the QIAamp
DNA Mini Blood Kit (QIAGEN). All DNA samples were blindly
genotyped for 88 single-nucleotide polymorphisms (SNPs) lo-
cated within or near 41 candidate genes. Genes were selected
based on known or putative functions that are primarily involved
in the vitamin D metabolism pathways or related to determinants
of serum 25(OH)D level or vitamin D intake (skin pigmentation,
body mass index [BMI], bone density, and lactose intolerance).
SNP sequences were downloaded from the National Centre for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/) and
were cross-checked using Sequenom databases (https://mysequenom.
com) before assay design. Multiplexed assays were designed for
all SNPs using the Sequenom MassARRAY Assay Design soft-
ware (version 3.1). SNPs were typed using iPLEX Gold chemistry
and analyzed using a Sequenom MassARRAY Compact Mass
Spectrometer (Sequenom Inc). All reactions were carried out us-
ing a modified half-volume reaction. The post-PCR products
were spotted on a Sequenom SpectroChip 2, and the data were
processed and analyzed using Sequenom MassARRAY TYPER
version 4.0 software.

Statistical analysis
For all analyses, we excluded data from participants with

more than 5 SNPs with missing data. For analyses of change in
serum 25(OH)D level, we also excluded data from participants
who were randomized to take the placebo or did not provide
blood samples both at baseline and after intervention. Stepwise
regression analyses were further restricted to participants with
complete data for all candidate predictors.

Although not the primary aim of this manuscript, we also
analyzed associations between genetic variants and baseline se-
rum 25(OH)D level (associations with nongenetic factors have
been reported previously) (31). To increase power, this analysis
used data from all participants who provided a baseline blood
sample.

For the presentation of descriptive statistics, baseline ambient
UVR, physical activity, and time outdoors were categorized into
approximate tertiles, whereas age, BMI, total vitamin D intake,
and alcohol consumption were categorized into prespecified
groups. In all other analyses, these variables were used in their
continuous format.

We used a paired t test or McNemar’s test to assess whether
the distributions of selected variables differed between the base-
line and post-intervention questionnaires. We derived the change
in serum 25(OH)D level as the difference between post-inter-
vention and baseline levels.

Departure from Hardy-Weinberg equilibrium was tested us-
ing the HardyWeinberg package in R (32), with SNPs excluded
from all further analyses if P � .05. Linear regression was used
in preliminary analyses of association between change in serum

25(OH)D level and each SNP adjusted for supplement dose, both
with and without adjustment for baseline serum 25(OH)D level.
We used the pwr package in R (32) to perform post hoc power
calculations for these preliminary analyses. We also used linear
regression in our supplementary analyses of baseline serum
25(OH)D level.

We used forward stepwise variable selection to generate 3
multiple linear regression models to predict change in serum
25(OH)D level. Variables considered for inclusion in model 1
were supplement dose and baseline measures of serum 25(OH)D
level, age, sex, BMI, ambient UVR, physical activity, time out-
doors, vitamin D intake, and self-reported health status. Vari-
ables considered for inclusion in model 2 were supplement dose,
baseline serum 25(OH)D level, and SNPs for which P � .05 in
preliminary analyses, excluding those SNPs with a minor allele
count greater than zero and less than 5. SNPs were treated as
continuous terms based on the number of minor alleles. Vari-
ables selected in models 1 and 2 were forced into model 3, and
stepwise regression was used to evaluate whether any variables
not previously selected should be included. P values of .15 and .2
were used as criteria for variable inclusion and exclusion, re-
spectively. Adjusted R2 was used to compare models, with 95%
confidence intervals (CIs) estimated using percentiles from 500
bootstrap samples.

To evaluate the possible effect of behavioral changes over the
study period, we first repeated the analysis used to generate
model 1, replacing physical activity and time outdoors at base-
line with the change in these variables over time. Second, we
added change in physical activity and time outdoors to models 1
and 3.

To test whether the effect of dose was modified by any other
variables in a model, we included interaction terms for dose by
each predictor. We also performed subgroup analyses, with
models 1, 2, and 3 fitted to the data stratified by supplement dose.

Analyses were performed in SAS version 9.2 (SAS Institute,
Inc). All P values are two-sided and, unless otherwise specified,
we used a statistical significance level of P � .05. When evalu-
ating stepwise regression models, a Bonferroni-corrected signif-
icance level was obtained by adjusting for the number of
predictors in the final model. For other analyses, the Bonferroni-
corrected significance level was adjusted for the number of re-
gression models generated.

Results

Characteristics of participants
The total number of participants was 644, and 643 had

a baseline 25(OH)D measurement. Of these, 32 had more
than 5 SNPs with missing data, leaving 611 participants
for the supplementary analysis of baseline serum
25(OH)D level. For analyses of change in serum 25(OH)D
level, we further excluded 207 participants who were ran-
domized to placebo and 19 participants who were ran-
domized to active vitamin D supplementation but did not
provide a post-intervention blood sample, leaving 385
participants (Figure 1). There were no statistically signif-
icant differences in age, sex, or baseline serum 25(OH)D
level between those excluded from or retained in the anal-
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ysis. Stepwise regression analyses were further restricted
to 350 people.

Baseline characteristics of all participants included in
the pilot study have been reported previously (31). The
average age of the 385 participants included in our anal-
ysis of response was 71 years (SD 7); 46% were female,
and 95% were Caucasian. There were no statistically sig-
nificant differences in baseline characteristics between the
30 000IUand60 000IUgroups.Comparingpost-intervention
to baseline questionnaires, there was a significant increase in
physical activity (baseline mean � 46 METs/wk; mean
change � �8 METs/wk, 95% CI � 2–13, P � .01) and time
outdoors (baselinemean�15h/wk;meanchange��2h/wk,
95%CI�1–3,P� .005).TherewasevidenceofHardy-Wein-
berg disequilibrium (P � .05) for SNPs rs4420065 (LEPR),
rs4988235 (MCM6), rs12785878 (NADSYN1), rs2762527
(PAPSS2), rs1426654 (SLC24A5), rs16891982 (SLC45A2),
rs35391(SLC45A2),andrs884205(TNFRSF11A); thesewere
excluded from all further analyses. A list of all remaining SNPs
is provided in Supplemental Table 1.

Genetic determinants of baseline circulating
25(OH)D

For brevity, Supplemental Table 2 shows results for
associations between baseline serum 25(OH)D level and
selected SNPs. An SNP was included if the P value and/or
P trend was �.1, it appears in our stepwise regression
model, or a genome-wide association study (GWAS) has
reported an association with baseline 25(OH)D level. Fif-
teen SNPs in 7 genes were associated with baseline
25(OH)D level with P � .05. Only rs2282679 (CYP2R1)

was significant at the Bonferroni-adjusted significance
level (P trend � 2 � 10�4).

Change in serum 25(OH)D level
The mean serum 25(OH)D level increased from 42

nmol/L (SD 13) to 64 nmol/L (SD 17) in the 30 000 IU
group and from 42 (SD 14) to 78 nmol/L (SD 20) in those
assigned to 60 000 IU/mo. Table 1 presents pre- and post-
intervention mean serum 25(OH)D level by categories of
baseline demographic and lifestyle factors. Supplemental
Table 1 displays results of tests of association between
SNPs and change in serum 25(OH)D level. Although we
found a number of SNPs associated with response to sup-
plementation at P � .05, none was significant at the Bon-
ferroni-corrected significance level. Assuming supplement
dose explains 10% of variability in change in serum
25(OH)D levels, given our sample size (n � 385), we had
a power between 0.54 and 0.84 to detect a significant SNP
effect at P � .05, if the SNP explains an additional 1% to
2% of variability. Using a Bonferroni-corrected signifi-
cance level, the power decreases to 0.09 to 0.31. For the
model that also adjusts for baseline serum 25(OH)D level,
we obtain marginally higher power, assuming that dose
and baseline level explain 20% of the variability.

Regression models for response to
supplementation

In model 1, including only personal and environmental
variables, stepwise selection resulted in inclusion of sup-
plement dose, baseline serum 25(OH)D level, BMI, self-
reported health status, and ambient UVR in the best pre-
dictive model for change in 25(OH)D level (Table 2).
Including changes in physical activity and time outdoors
as potential predictors did not alter variable selection.
Baseline serum 25(OH)D level, BMI, and ambient UVR
werenegatively correlatedwith change in serum25(OH)D
level. People receiving the higher dose and those with a fair
or poor self-reported health status experienced a greater
change than those receiving the lower dose and those with
good self-reported health, respectively.

Fifteen SNPs for which P � .05 in preliminary analyses
were included as candidate variables; 8 were selected in
model 2. Characteristics of the selected SNPs are shown in
Table 3. SNPs in or near genes related to vitamin D me-
tabolism (rs10766197), sun sensitivity, and skin, eye, and
hair pigmentation (rs12203592 and rs1805009) had P �

.05 in model 2 (Table 2). After correction for multiple
testing, only rs10766197 (CYP2R1) was significant (P �

4.8 � 10�3). Some SNPs selected in model 2 were in link-
age disequilibrium (LD) with SNPs not selected. These
were rs10766197 and rs12794714 (both CYP2R1) and
rs182549 and rs4988235 (both MCM6).

Figure 1. Flow of participants through the study.

doi: 10.1210/jc.2013-4101 jcem.endojournals.org E1335

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/99/7/E1332/2537547 by Biom
edical Library user on 07 M

arch 2019

http://press.endocrine.org/doi/suppl/10.1210/jc.2013-4101/suppl_file/jc-13-4101.pdf


Supplement dose and baseline serum 25(OH)D level
were the first and second variables selected in both models
1 and 2. A regression model that included only these 2
variables had an adjusted R2 of 0.24 (95% CI � 0.16–
0.33). The model that incorporated dose, baseline
25(OH)D level, and SNPs (model 2) accounted for a
slightly greater proportion of the variability in change in
25(OH)D level (adjusted R2 � 0.30, 95% CI � 0.23–
0.41) than the model that incorporated dose, baseline
25(OH)D level, and personal and environmental variables
(adjusted R2 � 0.26, 95% CI � 0.18–0.36) (model 1).
Including both SNPs and lifestyle factors (model 3) mar-
ginally increased adjusted R2 (0.32, 95% CI � 0.25–0.44)

(Table 2). Using a Bonferroni-adjusted significance level,
the only significant predictors in model 3 were dose, base-
line serum 25(OH)D level, and BMI. Adding change in
physical activity and change in time outdoors to models 1
and 3 did not substantially alter coefficients or P values.

Only the interaction between dose and SNP rs1805009
(MC1R) had P � .05 (P � .02 in model 3). In subgroup
analyses, rs1805009 was significant at the .05 level in
models 2 and 3 in the 60 000 IU dose group but not in the
30 000 IU dose group. In the 60 000 IU dose group, people
with 1 copy of the minor allele C had a greater change in serum
25(OH)D level than those with no minor alleles. No partici-
pants had the homozygous CC genotype for this SNP.

Table 1. Pre- and Post-intervention Mean Serum 25(OH)D Level by Baseline Demographic and Lifestyle Factors

Variable

30 000 and 60 000 IU Combined (n � 385) 30 000 IU (n � 189) 60 000 IU (n � 196)

n (%)

Mean Serum

25(OH)D (SD), nmol/L

n (%)

Mean Serum

25(OH)D (SD), nmol/L

n (%)

Mean Serum

25(OH)D (SD), nmol/L

Baseline Post-intervention Baseline Post-intervention Baseline Post-intervention

Baseline serum 25(OH)D, nmol/L
�50 nmol/L 287 (74.5) 35.8 (8.6) 67.7 (18.1) 140 (74.1) 36.0 (8.1) 61.0 (15.4) 147 (75.0) 35.6 (9.1) 74.0 (18.1)
�50 nmol/L 98 (25.5) 59.9 (8.5) 81.9 (20.7) 49 (25.9) 58.9 (8.0) 73.3 (17.3) 49 (25.0) 61.0 (8.9) 90.6 (20.3)

Sex
Male 206 (53.5) 44.1 (13.5) 71.4 (19.8) 104 (55.0) 42.9 (12.2) 64.2 (17.1) 102 (52.0) 45.3 (14.7) 78.7 (19.7)
Female 179 (46.5) 39.5 (13.3) 71.2 (19.7) 85 (45.0) 40.7 (13.6) 64.1 (16.4) 94 (48.0) 38.4 (12.9) 77.6 (20.4)

Age group, y
�65 87 (22.6) 43.2 (14.3) 72.8 (20.1) 44 (23.3) 42.2 (11.7) 66.6 (19.6) 43 (21.9) 44.3 (16.6) 79.1 (18.9)
65–69 94 (24.4) 43.2 (12.3) 72.1 (20.1) 47 (24.9) 42.4 (11.2) 63.1 (14.3) 47 (24.0) 44.1 (13.3) 81.0 (21.3)
70–74 77 (20.0) 43.4 (13.1) 71.2 (18.7) 35 (18.5) 44.4 (14.5) 63.1 (14.6) 42 (21.4) 42.6 (12.1) 77.9 (19.1)
75–79 69 (17.9) 41.1 (14.5) 69.5 (18.3) 35 (18.5) 42.7 (14.9) 65.1 (18.0) 34 (17.3) 39.5 (14.2) 74.0 (17.7)
�80 58 (15.1) 36.8 (12.9) 70.1 (21.9) 28 (14.8) 36.4 (11.7) 62.3 (17.5) 30 (15.3) 37.2 (14.2) 77.3 (23.3)

State
Queensland 97 (25.2) 46.1 (13.9) 73.3 (21.7) 49 (25.9) 46.1 (11.4) 67.5 (17.1) 48 (24.5) 46.2 (16.2) 79.4 (24.2)
New South Wales 91 (23.6) 44.1 (13.5) 71.1 (18.8) 43 (22.8) 44.5 (12.3) 63.1 (18.5) 48 (24.5) 43.8 (14.5) 78.2 (16.1)
Victoria 84 (21.8) 40.5 (11.8) 67.4 (19.3) 43 (22.8) 38.8 (10.7) 61.3 (17.1) 41 (20.9) 42.3 (12.8) 73.8 (19.5)
Tasmania 113 (29.4) 37.6 (13.3) 72.6 (18.9) 54 (28.6) 38.5 (14.8) 64.3 (14.5) 59 (30.1) 36.8 (11.8) 80.1 (19.4)

BMI, kg/m2

�25 126 (32.7) 44.5 (14.3) 76.7 (20.0) 65 (34.4) 43.2 (13.8) 68.3 (13.8) 61 (31.1) 45.8 (14.8) 85.7 (21.8)
25–29.9 171 (44.4) 41.2 (13.0) 69.1 (18.4) 79 (41.8) 41.4 (13.0) 62.5 (17.1) 92 (46.9) 41.1 (13.0) 74.9 (17.5)
�30 88 (22.9) 39.7 (13.2) 67.7 (20.5) 45 (23.8) 40.9 (11.2) 61.2 (19.2) 43 (21.9) 38.4 (15.1) 74.5 (19.8)

Residential location
Metro 181 (47.0) 41.0 (12.7) 72.1 (18.9) 87 (46.0) 41.7 (12.1) 66.2 (16.5) 94 (48.0) 40.4 (13.3) 77.6 (19.5)
Regional 204 (53.0) 42.8 (14.3) 70.6 (20.4) 102 (54.0) 42.1 (13.5) 62.4 (16.9) 102 (52.0) 43.4 (15.0) 78.7 (20.5)

Ambient UVR, J/m2

Low (2853–3953) 128 (33.2) 36.3 (12.1) 70.4 (17.9) 65 (34.4) 36.8 (11.8) 64.5 (16.7) 63 (32.1) 35.8 (12.4) 76.5 (17.2)
Medium (3998–4851) 129 (33.5) 42.4 (13.3) 71.9 (20.3) 56 (29.6) 42.5 (12.5) 62.7 (15.7) 73 (37.2) 42.4 (14.1) 79.0 (20.8)
High (4891–6694) 128 (33.2) 47.0 (13.2) 71.5 (20.9) 68 (36.0) 46.3 (12.6) 65.0 (17.8) 60 (30.6) 47.9 (13.9) 78.9 (21.9)

Physical activity, METs/wk
Low (0–19.8) 127 (33.0) 36.7 (12.2) 70.1 (18.3) 66 (34.9) 37.7 (11.7) 62.9 (15.5) 61 (31.1) 35.7 (12.7) 77.9 (18.1)
Medium (20.0–45.5) 130 (33.8) 43.3 (13.4) 70.8 (21.4) 61 (32.3) 43.8 (13.3) 63.3 (17.9) 69 (35.2) 42.9 (13.6) 77.5 (22.2)
High (45.8–337.3) 128 (33.2) 45.7 (13.5) 73.0 (19.4) 62 (32.8) 44.5 (12.7) 66.4 (17.0) 66 (33.7) 46.8 (14.3) 79.1 (19.5)

Time outdoors, h/wk
Low (0–7.0) 129 (33.5) 37.5 (12.7) 70.8 (20.4) 59 (31.2) 37.6 (11.8) 63.7 (17.0) 70 (35.7) 37.4 (13.5) 76.8 (21.2)
Medium (7.2–16.0) 131 (34.0) 42.0 (13.2) 69.1 (18.6) 71 (37.6) 41.8 (13.4) 62.5 (16.2) 60 (30.6) 42.2 (12.9) 76.9 (18.3)
High (16.5–62.0) 125 (32.5) 46.4 (13.5) 74.0 (20.1) 59 (31.2) 46.3 (11.9) 66.5 (17.2) 66 (33.7) 46.6 (14.8) 80.7 (20.2)

Vitamin D intake, IU/d
�50 136 (35.3) 40.7 (15.5) 73.2 (20.7) 63 (33.3) 39.6 (13.7) 63.9 (15.9) 73 (37.2) 41.6 (16.9) 81.3 (21.1)
50–99 114 (29.6) 40.5 (11.9) 69.4 (20.7) 60 (31.7) 40.6 (12.6) 61.5 (16.1) 54 (27.6) 40.5 (11.0) 78.2 (21.8)
�100 135 (35.1) 44.4 (12.6) 70.9 (17.7) 66 (34.9) 45.3 (11.6) 66.9 (18.0) 69 (35.2) 43.5 (13.5) 74.8 (16.7)

Smoking status
Never smoker 231 (60.0) 41.6 (12.8) 71.3 (19.5) 112 (59.3) 41.9 (12.8) 64.1 (17.1) 119 (60.7) 41.3 (12.9) 78.1 (19.1)
Ex-smoker 133 (34.5) 42.6 (15.0) 71.7 (20.2) 64 (33.9) 42.3 (13.2) 64.5 (16.7) 69 (35.2) 43.0 (16.6) 78.3 (21.1)
Current smoker 21 (5.5) 41.4 (12.7) 68.3 (20.4) 13 (6.9) 40.0 (12.7) 62.7 (15.1) 8 (4.1) 43.7 (13.2) 77.5 (25.5)

Alcohol, drinks/wk
�1 166 (43.1) 39.6 (12.6) 70.8 (20.8) 81 (42.9) 40.7 (11.8) 63.0 (18.5) 85 (43.4) 38.6 (13.3) 78.2 (20.2)
2–6 95 (24.7) 43.2 (14.9) 69.6 (19.0) 41 (21.7) 40.6 (15.1) 64.3 (15.2) 54 (27.6) 45.1 (14.6) 73.6 (20.6)
7–20 100 (26.0) 43.4 (13.1) 73.1 (17.9) 55 (29.1) 44.1 (12.5) 66.6 (16.5) 45 (23.0) 42.6 (13.9) 80.9 (16.5)
�21 24 (6.2) 47.0 (14.6) 74.1 (22.8) 12 (6.3) 44.6 (13.6) 60.0 (8.3) 12 (6.1) 49.4 (15.7) 88.2 (24.3)

Self-reported health status
Good 337 (87.5) 42.5 (13.6) 70.8 (19.8) 166 (87.8) 42.5 (13.1) 64.0 (17.2) 171 (87.2) 42.6 (14.0) 77.5 (19.9)
Fair/poor 48 (12.5) 37.6 (13.0) 74.4 (19.5) 23 (12.2) 37.8 (10.2) 65.4 (14.0) 25 (12.8) 37.5 (15.4) 82.7 (20.5)

E1336 Waterhouse et al Determinants of Response to Vitamin D Supplements J Clin Endocrinol Metab, July 2014, 99(7):E1332–E1340

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/99/7/E1332/2537547 by Biom
edical Library user on 07 M

arch 2019



Discussion

For this group of older Australians, changes in serum
25(OH)D levels after 12 months of monthly supplemen-
tation with either 30 000 or 60 000 IU of vitamin D3 were
largely explained by supplement dose and baseline
25(OH)D levels. There was also evidence of a relationship
between response to supplementation and BMI and with
SNPs in or near genes regulating vitamin D metabolism,
sun sensitivity, and skin, eye, and hair pigmentation.

Serum 25(OH)D level has been shown to increase by
1.5 to 2.5 nmol/L for every 100 IU/d of vitamin D intake
(9), although the relationship may be nonlinear (10). The

increases we observed were within this range, although the
mean increase per 100 IU vitamin D per day in the 60 000
IU group was somewhat lower than that in the 30 000 IU
group (1.8 vs 2.2 nmol/L).

We found that the response to supplementation de-
creased as baseline serum 25(OH)D level increased, con-
sistent with previous reports (18, 19, 21–23). Some con-
clude that this is due to regression to the mean (23). Others
have suggested that the process by which vitamin D3 is
converted to 25(OH)D is saturable (33), which may also
explain the lower response per 100 IU intake per day in our
higher dose group than in those randomized to the lower
dose.

Table 2. Determinants of Change in Serum 25(OH)D Level: Multiple Linear Regressiona

Variableb

Model 1 Model 2 Model 3

Regression Coefficient

(95% CI) P Valuec
Regression Coefficient

(95% CI) P Valuec
Regression Coefficient

(95% CI) P Valuec

30 000 and 60 000 IU combined (n � 350)
Supplement dose (per 30 000 IU) 13.8 (10.1, 17.4) �.0001 14.3 (10.7, 17.9) �.0001 14.1 (10.6, 17.7) �.0001
Baseline 25(OH)D (per 1 nmol/L) �0.5 (�0.6, �0.3) �.0001 �0.5 (�0.6, �0.4) �.0001 �0.5 (�0.6, �0.3) �.0001
BMI (per 5 kg/m2) �3.0 (�5.2, �0.9) .01 �3.1 (�5.2, �1.0) �.005
Self-reported health status 7.5 (1.7, 13.2) .01 7.0 (1.4, 12.5) .01
Ambient UVR (per 200 J/m2) �0.3 (�0.8, 0.1) .11 �0.2 (�0.6, 0.2) .30
rs10766197 (CYP2R1) �3.7 (�6.2, �1.1) �.005 �3.5 (�6.0, �1.0) .01
rs12203592 (IRF4) 4.0 (0.9, 7.1) .01 3.7 (0.7, 6.7) .02
rs1805009 (MC1R) 8.2 (0.6, 15.8) .03 8.2 (0.7, 15.7) .03
rs10877012 (CYP27B1) 2.4 (�0.4, 5.2) .09 2.4 (�0.3, 5.2) .08
rs2228570 (VDR) 2.5 (�0.1, 5.2) .06 2.6 (0.0, 5.2) .05
rs1408799 (TYRP1) �2.3 (�4.9, 0.3) .08 �2.4 (�5.0, 0.1) .06
rs182549 (MCM6) 2.7 (�0.1, 5.4) .06 2.3 (�0.4, 5.1) .09
rs1667394 (HERC2) �3.2 (�6.6, 0.2) .07 �3.4 (�6.7, 0.0) .05
Adjusted R2 (95% CI)d 0.26 (0.18, 0.36) 0.30 (0.23, 0.41) 0.32 (0.25, 0.44)

30 000 IU (n � 170)
Baseline 25(OH)D (per 1 nmol/L) �0.4 (�0.6, �0.2) �.0001 �0.5 (�0.7, �0.3) �.0001 �0.5 (�0.7, �0.3) �.0001
BMI (per 5 kg/m2) �1.3 (�3.9, 1.4) .34 �1.3 (�3.9, 1.3) .34
Self-reported health status 5.4 (�2.2, 12.9) .16 4.8 (�2.7, 12.4) .21
Ambient UVR (per 200 J/m2) �0.4 (�1.0, 0.1) .12 �0.3 (�0.9, 0.2) .26
rs10766197 (CYP2R1) �4.3 (�7.7, �0.9) .01 �4.0 (�7.4, �0.6) .02
rs12203592 (IRF4) 5.9 (1.7, 10.2) .01 5.2 (0.9, 9.5) .02
rs1805009 (MC1R) 2.7 (�5.2, 10.7) .50 2.3 (�5.8, 10.3) .58
rs10877012 (CYP27B1) 3.2 (�0.4, 6.9) .08 3.5 (�0.2, 7.1) .06
rs2228570 (VDR) 2.5 (�1.0, 5.9) .16 2.6 (�0.8, 6.1) .13
rs1408799 (TYRP1) �2.8 (�6.2, 0.6) .10 �3.0 (�6.3, 0.4) .09
rs182549 (MCM6) 1.9 (�1.8, 5.6) .32 2.0 (�1.7, 5.8) .29
rs1667394 (HERC2) �2.5 (�7.0, 1.9) .26 �2.7 (�7.3, 1.9) .25
Adjusted R2 (95% CI)d 0.14 (0.06, 0.27) 0.21 (0.13, 0.37) 0.21 (0.14, 0.40)

60 000 IU (n � 180)
Baseline 25(OH)D (per 1 nmol/L) �0.5 (�0.7, �0.3) �.0001 �0.5 (�0.7, �0.3) �.0001 �0.5 (�0.7, �0.3) �.0001
BMI (per 5 kg/m2) �5.1 (�8.6, �1.7) �.005 �5.1 (�8.5, �1.7) �.005
Self-reported health status 9.1 (0.4, 17.9) .04 9.3 (0.7, 17.8) .03
Ambient UVR (per 200 J/m2) �0.2 (�0.8, 0.4) .52 �0.1 (�0.7, 0.5) .70
rs10766197 (CYP2R1) �3.0 (�7.0, 0.9) .13 �3.0 (�6.9, 0.8) .12
rs12203592 (IRF4) 2.6 (�1.9, 7.1) .26 3.0 (�1.4, 7.4) .18
rs1805009 (MC1R) 23.3 (6.6, 39.9) .01 24.6 (8.4, 40.8) �.005
rs10877012 (CYP27B1) 1.7 (�2.8, 6.1) .46 1.4 (�2.9, 5.8) .52
rs2228570 (VDR) 2.7 (�1.4, 6.7) .19 2.6 (�1.4, 6.5) .20
rs1408799 (TYRP1) �2.0 (�6.0, 2.0) .33 �2.2 (�6.1, 1.8) .28
rs182549 (MCM6) 3.1 (�1.0, 7.3) .14 2.4 (�1.7, 6.5) .25
rs1667394 (HERC2) �4.2 (�9.4, 1.1) .12 �3.7 (�8.9, 1.5) .16
Adjusted R2 (95% CI)d 0.17 (0.08, 0.30) 0.19 (0.11, 0.37) 0.24 (0.17, 0.42)

a Stepwise linear regression was used to select variables for models 1, 2, and 3 in the combined analysis of change in serum 25(OH)D level. Model
1 includes supplement dose, baseline serum 25(OH)D level, and personal and environmental factors. Model 2 includes supplement dose, baseline
serum 25(OH)D level, and SNPs. Model 3 includes variables in both model 1 and model 2 (no additional variables were selected in stepwise
analysis).
b SNPs were treated as continuous terms based on the number of minor alleles. Self-reported health status was coded as good � 0 and
fair/poor � 1.
c P values are not Bonferroni-adjusted. P values .05 (before rounding) are shown in bold.
d 95% CIs were estimated using percentiles from 500 bootstrap samples.
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Some studies have found an inverse relationship be-
tween BMI and change in serum 25(OH)D level (16–20,
34), with others finding no association (21, 23, 26). Per-
haps one of the most comprehensive explorations of this
issue was a study in which postmenopausal women with
baseline serum 25(OH)D � 50 nmol/L were randomized
to receive placebo or 1 of 7 different vitamin D doses for
1 year (20). Although women with a normal BMI expe-
rienced a greater response to supplementation than both
overweight and obese women, the dose-response curves
for these 3 groups were parallel. The authors have inter-
preted this as suggesting that volumetric dilution is the
factor underpinning the apparently lower response to sup-
plementation in overweight people.

The association between self-reported fair or poor
health status and a greater response to supplementation
independent of baseline 25(OH)D level is surprising.
Given the challenges in measuring circulating 25(OH)D
(35), this finding might reflect residual confounding by
baseline 25(OH)D level due to measurement error.

Two GWASs have identified loci associated with serum
25(OH)D levels at the genome-wide significance level (24,
25). Both GWASs found significant associations for
rs2282679, rs7041, and rs1155563 in the GC/DBP gene,
which we confirmed in our sample, although only
rs2282679 was significantly associated with baseline
25(OH)D level after adjustment for multiple testing. Of
the 3 other SNPs in GC/DBP to show an association in our
study, 1 (rs4588) was in LD with both rs2282679 and
rs1155563. Both GWASs also found associations in SNPs
in or near CYP2R1. Although not significant after adjust-
ment for multiple testing, we found associations with 2
SNPs near CYP2R1, one of which was found in both
GWASs (rs2060793), whereas the other (rs10766197)
was in LD with an SNP found in a GWAS (rs12794714)
(25). We did not find associations with SNPs in
NADSYN1/DHCR7 or CYP24A1, which were found in
at least 1 of the GWASs (24, 25). A number of SNPs
in FTO, MCM6, SLC24A4, TPCN2, and TYRP1 were
associated with 25(OH)D in our sample (at P � .05), but

the significance level for these SNPs were not published in
the GWASs, and they may be a chance finding in our data.

In our study, the only significant SNP in model 2 after
Bonferroni adjustment was rs10766197, located in the
5�-flanking region of CYP2R1. People who were homozy-
gous for the major allele of rs10766197 experienced a
greater increase in serum 25(OH)D level than those with
other genotypes at this location. They also had a higher
mean baseline serum 25(OH)D level. Our results are con-
sistent with another study that found an association be-
tween rs10741657 (CYP2R1) and increase in serum
25(OH)D level (19). CYP2R1 encodes an enzyme
(CYP2R1) that is most likely responsible for the hydroxy-
lation of vitamin D to 25(OH)D (36), suggesting that this
finding is biologically plausible. Because rs10766197 is
located in the promoter region of CYP2R1, it may affect
gene transcription. Alternatively, it might be in LD with
unidentified causal SNPs.

In support of other findings (19), we found that people
who were homozygous for the minor allele of rs2282679
in GC/DBP had a lower increase in serum 25(OH)D than
those with at least 1 major allele, but in our study, this was
not significant. We could not establish the association be-
tween rs4588 (GC/DBP) and change in serum 25(OH)D
as previously reported (26, 27). Earlier investigations of
rs4588 were limited by small sample sizes, used different
vitamin D doses, and included mostly females aged less
than 60 years (26) or only Thai participants (27).

Among Caucasians, rs1805009 (MC1R) is associated
with red hair, fair skin, and sun sensitivity (37). In this
analysis, which did not include any subjects with 2 copies
of the risk allele, we noted an interaction between
rs1805009 and dose. Although this may be a real finding,
we generated 12 models that included an interaction term,
and it is not unexpected that 1 interaction term should be
significant simply due to chance.

This study has some limitations, the most important
being the small sample size and consequent limited power.
Second, although we used an immunoassay that has been
widely used in previous studies, the mean baseline

Table 3. Characteristics of the SNPs Selected in the Stepwise Regression Model

SNP
Gene
(Nearby)

Chromosome
Positiona Region

Functional
Consequence

rs10766197 (CYP2R1) 14 921 880 5�-Flanking
rs12203592 IRF4 396 321 Intron Intron variant
rs1805009 MC1R 89 986 546 Coding Missense
rs10877012 (CYP27B1) 58 162 085 5�-Flanking Upstream variant
rs2228570 VDR 48 272 895 Coding Missense
rs1408799 (TYRP1) 12 672 097 Intergenic
rs182549 MCM6 136 616 754 Intron Intron variant
rs1667394 HERC2 28 530 182 Intron Intron variant

a Based on information from http://www.ncbi.nlm.nih.gov/SNP/ (GRCh37.p10 assembly) (accessed January 13, 2014).
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25(OH)D level was somewhat lower than expected. How-
ever, our results should be internally valid because the
same assay was used pre- and post-intervention. Another
limitation is that we did not have data available to explore
the possible influence of medications or specific patholo-
gies. The absorption of supplements in the gastrointestinal
tract might be affected by certain medications, and this
possibility should be explored in future studies. A familial
predisposition to vitamin D deficiency might also affect a
person’s response to supplementation. Given that we
would not expect many of our participants to report such
a condition, we would not have been likely to find any
significant associations even if such data had been col-
lected.However, this lineof investigationwarrants further
consideration in a larger trial. Finally, because study par-
ticipants were from an older, predominantly (95%) Cau-
casian population, our results may not be generalizable.

Our study also has strengths. They include being pop-
ulation-based, albeit with a low response rate, and ran-
domized allocation to supplement doses. High rates of
retention, adherence, and follow-up strengthen the inter-
nal validity of our analysis. Our participants came from a
wide range of latitudes (from tropical to cool temperate),
allowing us to test for the possible effect of ambient UVR
better than many other studies. We also included a wide
range of genetic variants in relevant candidate genes.

These results highlight the importance of supplement
dose, baseline serum 25(OH)D level, and BMI in deter-
mining response to vitamin D supplementation. Impor-
tantly, we have also shown that genetic variability is as-
sociated with response, perhaps suggesting that some
people might need a higher dose to reach optimal
25(OH)D levels or that there is variability in the level of
25(OH)D that is physiologically normal. Further research
is needed to verify our findings and to elucidate the phys-
iological basis for the genetic associations.
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