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Background: Existing evidence for the prospective association of vitamin D status with type 2
diabetes (T2D) is focused almost exclusively on circulating total 25-hydroxyvitamin D [25(OH)D]
without distinction between its subtypes: nonepimeric and epimeric 25(0OH)D3 stereoisomers, and
25(0OH)D,, the minor component of 25(0OH)D. We aimed to investigate the prospective associations
of circulating levels of the sum and each of these three metabolites with incident T2D.

Methods: This analysis in the European Prospective Investigation into Cancer and Nutrition
(EPIC)—InterAct case-cohort study for T2D included 9671 incident T2D cases and 13,562 subcohort
members. Plasma vitamin D metabolites were quantified by liquid chromatography-mass
spectrometry. We used a multivariable Prentice-weighted Cox regression to estimate hazard
ratios (HRs) of T2D for each metabolite. Analyses were performed separately within country,
and estimates were combined across countries using random-effects meta-analysis.

Results: The mean concentrations (SD) of total 25(OH)D, nonepimeric 25(0H)D5, epimeric 25(0OH)Ds,
and 25(0OH)D, were 41.1 (17.2), 40.7 (17.3), 2.13 (1.31), and 8.16 (6.52) nmol/L, respectively. Plasma
total 25(OH)D and nonepimeric 25(0OH)D3 were inversely associated with incident T2D
[multivariable-adjusted HR per 1 SD = 0.81 (95% Cl, 0.77, 0.86) for both variables], whereas
epimeric 25(0H)D3 was positively associated [per 1 SD HR = 1.16 (1.09, 1.25)]. There was no
statistically significant association with T2D for 25(0OH)D, [per 1 SD HR = 0.94 (0.76, 1.18)].

Conclusions: Plasma nonepimeric 25(0OH)D3 was inversely associated with incident T2D, consistent
with it being the major metabolite contributing to total 25(OH)D. The positive association of the
epimeric form of 25(0OH)Ds with incident T2D provides novel information to assess the biological
relevance of vitamin D epimerization and vitamin D subtypes in diabetes etiology. (J Clin Endocrinol

Metab 104: 1293-1303, 2019)

he global burden of type 2 diabetes (T2D) con-
Ttinues to expand, making the prevention of T2D a
high public health priority (1). Adequacy of vitamin D
status, indicated by circulating 25-hydroxyvitamin D
[25(OH)D], has been proposed as a modifiable factor for
the prevention of T2D (2, 3). However, previous obser-
vational studies reporting the association of 25(OH)D with
incidence of T2D exclusively refer to either total 25(OH)D,
comprised of 25(OH)D3 and 25(OH)D,, or to 25(OH)D5,
but little is known about the associations with T2D for
individual 25(OH)D metabolites, including 25(OH)D, and
the epimeric form of 25(OH)D3 [3-epi-25(OH)Ds] (4),
where an epimer refers to one of a pair of stereoisomers
including the nonepimeric and epimeric forms.

Circulating 25(OH)D,, which is mainly derived from
dietary intake or vitamin supplements, has a low de-
tection rate in general populations (5). Therefore, a large
sample size with sufficient incident T2D cases is needed
to examine the association of 25(OH)D, with T2D risk,
which has not been reported so far. The epimeric form 3-
epi-25(OH)D;3 has been recognized only recently as a
product of epimerization of the nonepimeric 25(OH)D3

(4, 6, 7), although the enzyme for the epimerization
step and also the biochemical roles of 3-epi-25(OH)D3
remain unknown. In a prior study in Switzerland (8),
3-epi-25(OH)D;3 as a proportion of total 25(OH)D;
[3-epi-25(OH)Dj3 plus nonepimeric 25(OH)D3] was pos-
itively associated with incident insulin resistance, al-
though its association with incident T2D has not been
reported so far. As well as lack of clarity about their asso-
ciations with incident T2D, the correlates of 3-epi-25(OH)D3
and 25(OH)D, across European countries are largely un-
known, with previous investigations being limited to a single
study or country, including several US cohorts (5, 9-11).
Therefore, the aims of this study were to: (i) investigate
the correlates of plasma concentrations of nonepimeric
25(0OH)D3, 3-epi-25(OH)D3, and 25(OH)D, across eight
European countries; and (ii) examine the associations with
incident T2D for the three 25(OH)D metabolites, as well
as total 25(OH)D for comparison with previous literature.
We hypothesized that 3-epi-25(OH)D3 would be associ-
ated with higher risk of T2D given the prior findings (8)
and that nonepimeric 25(OH)D3, 25(OH)D,, and total
25(OH)D would be associated with a lower risk of T2D.
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Materials and Methods

Study design

The current analysis used data from the European Pro-
spective Investigation into Cancer and Nutrition (EPIC)-
InterAct case-cohort study (12), conducted in eight European
countries. Briefly, a total of 12,403 T2D cases were ascertained
and verified from among 340,234 participants of the EPIC
cohort study with 3.99 million person-years of follow-up (1991
to 2007). A subcohort was created by randomly selecting
16,835 individuals from those with available stored blood and
buffy coat, stratified by center. A total of 16,154 participants
remained in the subcohort after exclusion of those with prev-
alent diabetes (n = 548) and unknown diabetes status (n = 129).
There were 778 overlapping incident T2D cases in the sub-
cohort, which is a feature of the case-cohort design. For this
analysis, we excluded individuals with no plasma samples
available (n = 4969) or with hemolyzed samples (n = 32), or
samples that were too low in volume for analysis (n = 49) or
failed in biochemical analysis (n = 78). Therefore, our final
sample for analysis included 22,651 participants with mea-
surement of at least one 25(OH)D metabolite (9671 T2D cases
and 13,562 subcohort individuals, with 582 incident T2D cases
in the subcohort) (7). All participants provided written in-
formed consent, and the study was approved by the local ethics
committees in the participating centers and by the Internal
Review Board of the International Agency for Research on
Cancer.

Ascertainment of incident T2D cases was conducted through
a review of multiple sources of evidence, including self-report,
linkage to primary care registers, secondary care registers,
medication use (drug registers), hospital admissions, and
mortality data (12). Information from any follow-up visit
or external evidence with a date later than the baseline visit
was used. T2D cases in Denmark and Sweden were identified
through local and national diabetes and pharmaceutical reg-
isters, and they were considered to be verified. To increase the
specificity of the case definition for other centers, we sought
further evidence for all self-reported cases with independent
sources, including individual medical record reviews in some
centers (12). Follow-up was censored at the date of diagno-
sis (31 December 2007) or the date of death, whichever oc-
curred first.

Measurement of plasma 25(OH)D metabolites and
other blood biomarkers

Plasma 25(OH)D metabolites were measured at Vitas AS
(Oslo, Norway; a reference laboratory in Europe with a Vi-
tamin D External Quality Assessment Scheme certificate) (13)
using liquid chromatography—tandem mass spectrometry.
We measured concentrations of nonepimeric 25(OH)Dj3, 3-epi-
25(OH)D3, and 25(OH)D, in citrated plasma samples stored
at baseline at =196°C (at —150°C in Denmark). Past evidence
indicates stability of 25(OH)D and its metabolites in stored
serum or plasma samples for >10 years (14). Briefly, 50 pnL
of human plasma was diluted with 150 pL of isopropanol
with deuterium-labeled nonepimeric 25(OH)D3 as an internal
standard. After thorough mixing (10 minutes) and centrifu-
gation (20 minutes, 4000 rpm at 10°C), an aliquot of 30 pL
was injected from the supernatant into the HPLC system
(Agilent 1260/1290 liquid chromatograph; Agilent Tech-
nologies, Palo Alto, CA) interfaced by atmospheric pressure
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chemical ionization to an Agilent Technologies 6420 Triple
Quad liquid chromatography—tandem mass-spectrometry sys-
tem operated in multiple reaction monitoring mode. 25(OH)D
metabolites were separated on an Ascentis® Express FS
150-mm X 4.6-mm column with 2.7 pM particles, maintained
at 20°C. A one-point calibration curve was made from analysis
of a natural plasma calibrator, where the value was set by the
use of reference material from Chromsystems. The coefficient of
variation derived from the quality control samples assessed with
the study samples was 8.25% for nonepimeric 25(OH)Ds,
20.9% for 3-epi-25(0OH)D3, and 10.1% for 25(OH)D,. The
lower limits of quantification (LLQs) for nonepimeric 25(OH)
D3, 3-epi-25(OH)D3, and 25(OH)D; were 5 nmol/L, 1 nmol/L,
and 3 nmol/L, respectively.

We calculated total 25(OH)D as the sum of nonepimeric
25(OH)D3 and 25(OH)D, for comparability with most prior
literature. As a secondary definition of total 25(OH)D, we
also calculated the sum of three metabolites: nonepimeric
25(OH)D3, 3-epi-25(OH)D3, and 25(OH)D;. The aim of the
latter definition was to enable comparability with previous
studies that used measurement methods not enabling separa-
tion between 3-epi-25(OH)D3 and nonepimeric 25(OH)Ds,
and hence 25(OH)D included both D3 metabolites (4, 15).

Serum metabolic biomarkers (except for the Umea center in
Sweden, where plasma was used) were measured at Stichting
Ingenhousz Laboratory (Etten-Leur, Netherlands), including
total cholesterol, high-density lipoprotein cholesterol (HDL-C),
triglycerides, uric acid, creatinine, aspartate transaminase, al-
anine transaminase, and 7y-glutamyltransferase. Low-density
lipoprotein cholesterol (LDL-C) was calculated based on the
Friedewald formula. Plasma phospholipid fatty acids were
measured at Medical Research Council Human Nutrition
Research (Cambridge, UK) (16).

Measurement of diet and other covariates

Dietary information was collected using country- or center-
specific self- or interviewer-administered dietary question-
naires, which were developed within each country (17, 18).
Baseline physical activity was assessed with a questionnaire (19).
Other data were collected by questionnaire on a variety
of lifestyle and health-related factors, such as education level,
occupational status, smoking status, and menstrual and re-
productive history (18).

Statistical analysis

Statistical analysis was performed using Stata 14 (StataCorp,
College Station, TX). We imputed nonepimeric 25(OH)D;
values below the LLQ (n = 23) by assigning a random value
between 0 and the LLQ, but we did not impute 3-epi-25(OH)D;
or 25(OH)D,, as 60.3% and 95.5% of their values, re-
spectively, were below the LLQ. We calculated the ratio of
3-epi-25(OH)D3 to nonepimeric 25(OH)D3, as the ratio reflects
the enzyme activity for the epimerization.

We accounted for the seasonality of blood draw using a
linear combination of the sine and cosine of the time vari-
able (day of blood draw) (20). All 25(OH)D variables were
winsorized using the values representing the first and 99th
percentiles of the distribution in the subcohort. We fit a
multivariable linear regression model to data from the sub-
cohort to estimate country-specific cross-sectional associations
of demographic, lifestyle, and dietary variables and circulating
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biomarkers with individual 25(OH)D metabolites, except for
3-epi-25(OH)D3 and 25(OH)D,, where Tobit regression was
used owing to the large number of left-censored values below
the LLQ (21). The analysis of 25(OH)D, was not stratified by
country owing to the small sample size within each country. All
metabolites except for nonepimeric 25(OH)D3 had skewed
distributions and were log transformed. Estimated associations
were combined across countries using random-effects meta-
analysis.

We used Prentice-weighted Cox regression to estimate country-
specific hazard ratios (HRs) for T2D comparing quintiles and
per 1 SD (calculated from the subcohort) of each 25(OH)D
variable, and then combined these HRs using random-effects
meta-analysis. For 25(OH)D,, we estimated the HRs from models
fit to the overall dataset owing to the small sample sizes with
available data within each country. We also estimated the HR
of T2D for 3-epi-25(OH)D;3 or 25(OH)D, below the LLQ
compared with the lowest quintile of the exposure. We fit
four statistical models: model 1 included age as the underlying
timescale, sex, study center, and seasonality; model 2, as model
1 plus smoking status, physical activity, education, alcohol
drinking, total energy intake, Mediterranean diet score as
an indicator of diet quality, and circulating lipid biomarkers
(HDL-C, LDL-C); model 3, as model 2 plus body mass index
(BMI); and model 4, as model 3 plus mutual adjustment for the
other 25(OH)D metabolites [nonepimeric 25(OH)D3, 3-epi-
25(0OH)D3, or 25(OH)D;]. We adjusted for HDL-C and LDL-
C, rather than total cholesterol, because circulating 25(OH)D
was more specifically associated with HDL-C or LDL-C in
previous reports (22-24).

We performed several additional analyses based on the most
adjusted model 4 for the 25(OH)D metabolites: model 4a,
including dietary factors (dietary intake of fish, egg, red meat,
dairy products, cereal, poultry, processed meat, offal, marga-
rine, butter, and mushrooms) and vitamin supplement use as
covariates; model 4b, excluding people with HbAlc =6.5% (or
48 mmol/mol) at baseline or those confirmed as T2D cases
within the first 2 years after baseline to assess the potential
influence of reverse causality; model 4c, including baseline
HbAlc as a covariate to examine the influence of baseline
glycemic status; model 4d, including circulating hepatic (alanine
transaminase, aspartate transaminase, and y-glutamyltransferase)
and renal function markers (creatinine, uric acid) as covariates
to examine the influence of liver and kidney function; model
4e, including plasma phospholipid saturated fatty acids and
polyunsaturated fatty acids as covariates to examine the in-
fluence of plasma fatty acids given that vitamin D is a lipid-
soluble vitamin; model 4f, including baseline prevalence of
stroke, heart disease, or cancer or family history of diabetes
as covariates; and model 4g, among women, we additionally
adjusted for hormone therapy use and menopausal status. We
also performed an interaction analysis between season and
nonepimeric 25(OH)D3 on T2D, as well as an analysis stratified
by season (in model 4) to investigate whether the association
between nonepimeric 25(OH)D3 and incident T2D was con-
sistent across seasons.

We investigated the impact of missing covariate data on the
results of both the linear and weighted Cox regression ana-
lyses using multiple imputation. Analysis was performed in each
of 10 imputed datasets that were created using all the covariates
from model 4, with the event variable and Nelson-Aalen es-
timate of cumulative hazard accounting for the case-cohort
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design; estimates from each imputation were combined using
Rubin’s rules (25).

To explore the shape of the association between 25(OH)
D metabolites and incident T2D, we applied a multivari-
able random-effects meta-analysis to combine the estimated
country-specific association of plasma 25(OH)D metabolites
with incident T2D (based on model 4 above) using a restricted
cubic spline (26, 27); for 25(OH)D,, the model was fit to the
overall dataset rather than by country. As the wide range
of 3-epi-25(OH)D3 and 25(OH)D, would potentially distort
the shape of the associations, we used log-transformed values
for these analyses and plotted the HR of T2D by the log-
transformed 3-epi-25(OH)D3 or 25(OH)D,. The P values for
nonlinearity were calculated using a Wald test of the relevant
parameter from the restricted cubic spline model.

Finally, we investigated potential multiplicative interactions
of 25(OH)D metabolites with age, sex, BMI, physical activity,
hormone therapy use and menopausal status, modeling age,
BMI, and physical activity as continuous variables; others (sex,
hormone therapy use and menopausal status) as binary. We
estimated associations within the relevant subgroups when a
significant interaction (P < 0.05) was observed.

Results

Population characteristics

The mean (SD) plasma concentrations in the sub-
cohort were as follows: plasma total 25(OH)D as a sum
of nonepimeric 25(OH)D; and 25(OH)D,, 41.1 (17.2)
nmol/L; nonepimeric 25(OH)D3, 40.7 (17.3) nmol/L;
3-epi-25(OH)D3, 2.13 (1.31) nmol/; and 25(OH)D,,
8.16 (6.52) nmol/L. The baseline population charac-
teristics by cases and noncases are presented in an online
repository (7), and baseline population characteristics
in the subcohort by quintiles of plasma 25(OH)D me-
tabolites are presented in Table 1 and an online reposi-
tory (7). In the subcohort, nonepimeric 25(OH)D3 was
positively correlated with 3-epi-25(OH)D; (Spearman 7 =
0.44, P < 0.001) and negatively correlated with 25(OH)D,
(Spearman r = —0.30, P < 0.001), whereas there was
no significant correlation between 3-epi-25(OH)D5 and
25(OH)D, (P = 0.109) (7).

Cross-sectional associations of demographic,
lifestyle, and dietary variables and circulating
biomarkers with plasma 25(0OH)D metabolites

We observed seasonal variation for both nonepimeric
25(0OH)Dj3 and 3-epi-25(OH)D3 across countries with
highest levels between July and September, and lowest
levels between January and March (P < 0.001 for sea-
sonal variation) (7). No consistent pattern of seasonal
variation across countries was seen for 25(OH)D,.

Accounting for the influence of seasonal variation and
other potential confounders, several demographic, life-
style, and dietary factors and circulating biomarkers
were associated with nonepimeric 25(OH)D3 (Fig. 1) (7).
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Table 1. Population Characteristics by Quintiles of Plasma Nonepimeric 25(OH)Ds and 3-epi-25(OH)Ds in the
Subcohort of the EPIC-InterAct Study

Quintiles of Nonepimeric 25(0H)D3 Quintiles of 3-epi-25(0OH)D3

Below
Q1 Q2 Q3 Q4 Q5 the LLQ? Q1 Q2 Q3 Q4 Q5
(n=2712) (n=2712) (n=2713) (n=2712) (n=2713) (n=8049) (n=1102) (n=1103) (n=1102) (n=1103) (n=1103)

Total 25(0H)D? 19.6 (5.7) 30.7 (3.4) 39.3(2.9) 48.8(3.4) 66.8(11.6) 34.9(14.5) 41.4(14) 453(14.6) 47.7(14.1) 52.2(14.7) 63.7(17.5)

Nonepimeric 25(0OH)Ds, 189 (4.7) 303(2.7) 39(.5) 486(3.2) 66.5(11.5) 34.4(145) 41.1(14) 45(14.6) 47.4(14.1) 52.0(14.7) 63.5(17.5)
nmol/L

3-epi-25(0H)D3, nmol/L 1.4 (0.4) 1.6 (0.7) 1.7 (0.6) 2.0 (0.9) 2.8 (1.8) 1.1(0.1) 1.4(0.1) 1.8(0.1) 2.3(0.2) 4.1 (1.7)

Ratio of 3-epi-25(0H)D3 to
nonepimeric 25(0OH)D3

0.07(0.03) 0.05(0.02) 0.04(0.02) 0.04(0.02) 0.04(0.02) 0.03(0.01) 0.04(0.01) 0.04(0.01) 0.05(0.02) 0.07(0.02)

25(0OH)D,, nmol/L 10.8 (9) 7.8 (4.7) 6.7 (4) 7.1 (@4.4) 6.3(5.9) 8.7 (7) 8169 7748 6636 6535 6772
Age, y 52 (8.8) 51.9 (8.8) 51.8(8.9) 51.5 (9) 50.7 (9.8) 51.7 9) 51.5(9.3) 51.8(89) 51.2(9.3) 51.4 (9) 51.1 (9.4)
BMI, |<9/mZ 26.7 (4.8) 26.7 (4.3) 26.5(4.2) 25.8 (4) 25.0(3.6) 263 (4.4) 260(43) 259(4.1) 258(4.1) 259(3.9) 25737
Energy intake, kcal/d 2150 (656) 2121 (629) 2151 (633) 2129 (635) 2081 (634) 2111(633) 2131 (649) 2131 (645) 2125 (635) 2165 (633) 2194 (659)
Sex, %
Men 35.8 35.8 39.0 38.6 375 343 35.8 36.5 40.0 443 51.8
Women 64.2 64.2 61.0 61.4 62.5 65.7 64.2 63.5 60.0 55.7 48.2
Alcohol consumption, %
0 g/d 18.7 17.4 16.8 16.3 12.1 18.1 15.7 15.4 14.9 11.8 10.2
>0 to <6 g/d 323 333 32.6 335 385 352 37.7 326 33.8 31.0 26.7
6 to <12 g/d 12.2 14.2 15.1 14.9 15.8 14.0 14.2 16.6 14.9 14.8 14.9
12 to <24 g/d 13.6 15.8 15.6 16.8 15.5 15.1 14.8 15.0 15.8 17.0 17.5
=24 g/d 22.7 18.9 19.4 18.1 17.8 17.3 171 20.0 19.9 25.2 30.2
Mediterranean diet
score, %
Low (score 0-6) 21.3 20.6 19.8 22.2 28.3 21.9 22.5 23.5 25.5 21.6 23.5
Moderate (score 7-10) 441 41.8 434 434 443 432 43.6 42.0 42.9 44.7 451
High (score 11-18) 32.1 35.1 34.8 32.2 25.3 32.7 31.4 32.3 29.1 32.1 28.8
Physical activity, %
Inactive 29.0 26.5 231 214 18.9 26.1 21.4 20.9 22.6 19.9 17.0
Moderately inactive 34.4 34.0 34.4 30.6 28.8 33.0 329 32.7 30.2 325 29.6
Moderately active 20.2 20.6 21.3 24.3 24.6 21.6 219 22.7 24.4 22.7 23.8
Active 15.6 17.8 19.6 221 253 17.6 22.1 22.1 21.7 241 284
Smoking status, %
Never 46.6 47.5 47.7 48.3 46.2 48.3 48.3 473 47.5 45.9 39.8
Former 21.5 256 26.6 28.4 28.9 24.5 27.1 25.6 26.7 29.6 34.5
Current 31.0 25.7 24.3 22.0 23.3 26.2 23.0 25.6 24.5 23.1 23.8
Educational level, %
None 10.1 10.5 9.3 7.7 53 9.2 7.2 7.0 8.9 7.4 8.2
Primary 34.0 32.7 332 30.3 285 323 29.9 332 30.6 31.8 293
Technical or professional 20.9 21.0 21.6 22.4 24.5 21.4 239 23.0 222 232 23.2
Secondary 13.9 14.9 15.2 15.5 18.3 15.4 15.7 16.0 15.8 16.3 15.5
Higher education 19.4 19.1 18.5 21.7 21.0 19.8 21.0 18.5 20.4 19.1 22.2
Season of blood draw, %
Winter 36.6 28.8 231 19.2 14.1 29.1 22.8 21.2 18.9 15.2 9.2
(December—February)
Spring (March-May) 40.6 34.2 28.8 21.5 14.2 31.3 29.9 27.0 24.4 19.7 134
Summer (June-August) 8.6 16.8 20.1 24.7 29.2 14.7 18.7 23.1 24.1 30.0 411
Autumn (September— 14.1 20.0 27.8 34.2 424 24.7 285 28.6 32.0 34.8 36.4
November)

All values are expressed as mean (SD) or as percentage.
“The LLQs for nonepimeric 25(0H)Ds and 3-epi-25(0OH)D3 are 5 nmol/L and 1 nmol/L, respectively.
bTotal 25(0OH)D: sum of nonepimeric 25(OH)Ds + 25(0H)D,.

Dietary vitamin D intake and vitamin supplements as
well as physical activity and serum creatinine were posi-
tively associated with nonepimeric 25(OH)D3, whereas
BMI was inversely associated. Associations with 3-epi-
25(OH)D3 were generally weaker in magnitude than,
but directionally consistent with, nonepimeric 25(OH)Dj.
Alcohol intake and physical activity were both posi-
tively associated, whereas BMI was inversely associated
with 3-epi-25(OH)Ds3. Vitamin supplements showed
the most strongly positive association with 25(OH)D,.
Alcohol intake was positively associated with the ratio
of 3-epi-25(OH)D5 to nonepimeric 25(OH)D3. Find-
ings from analyses using multiple imputation were
similar.

Association between plasma 25(0OH)D metabolites
and incident T2D

Table 2 shows that after adjustment for age, sex,
center, and seasonality (model 1), there was an inverse
association between nonepimeric 25(OH)D; and incident
T2D (model 1) that was attenuated after adjustment for
diabetes risk factors, circulating lipids, and BMI (models
2 and 3) but became stronger after adjustment for the
other vitamin D metabolites. Plasma 3-epi-25(OH)D; was
positively associated with T2D in models that adjusted
for BMI (model 3) or further adjusted for the other vita-
min D metabolites (model 4). Comparing quintiles, a pos-
itive association between 3-epi-25(OH)D3; and T2D was
present for Q5 vs Q1 (Table 2). There was no evidence of an
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Figure 1. Association of demographic, lifestyle, dietary variables, or circulating biomarkers with plasma 25(0H)D metabolites in the EPIC-InterAct
subcohort. The estimates in the figure represent standardized differences in individual 25(OH)D metabolites (in SD unit) per 1 standardized unit/
category difference in each demographic, lifestyle, dietary factor, or circulating biomarker. Linear regression or Tobit regression was used to
obtain the country-specific estimates of association (except for latitude due to limited study centers in some countries, or 25(0H)D, due to
limited sample size), which were combined across countries using random-effects meta-analysis. Only associations that were significant (P <
0.05) for at least one metabolite are presented. Estimates for other variables and covariates included in the models are presented in an online
repository (7). Results are from complete case analysis, with n = 11,369 for each of the nonepimeric 25(0H)Ds, 3-epi-25(0OH)D3, and 25(0OH)D..
GGT, y-glutamyltransferase; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.

association with T2D comparing 3-epi-25(OH)D3 below
the LLQ with Q1 in any of the models (Table 2). The
association of total plasma 25(OH)D [as the sum of
nonepimeric 25(OH)D3; and 25(OH)D;] with incident
T2D was very similar to that of nonepimeric 25(OH)D3
across the four models (Table 2). The secondary inclusion
of 3-epi-25(OH)Dj into the definition of total 25(OH)D
produced similar results (7).

There was no evidence of an association between
25(OH)D; and T2D in any of the analyses (Table 2). The
ratio of 3-epi-25(OH)D; to nonepimeric 25(OH)D3 was
positively associated with T2D in all models when com-
paring the extreme quintile groups (7). There was little
evidence of between-country heterogeneity for vitamin D
metabolites (7).

Results were largely unchanged in sensitivity analyses
that included adjustment for a range of additional factors
or that addressed possible reverse causation or applied
multiple imputation (7). The association between non-
epimeric 25(OH)D3 and incident T2D was similar across
seasons (no significant interaction was found: P in-
teraction = 0.87), with per SD HR 0.85 (0.75 to 0.97),
0.73(0.62t0 0.86), 0.79 (0.70 to 0.89), and 0.81 (0.73 to
0.89) for winter (December to February), Spring (March
to May), Summer (June to August), and Autumn (Sep-
tember to November), respectively.

Cubic spline models suggested a potential nonlin-
ear association with T2D for nonepimeric 25(OH)D3

(P nonlinearity = 0.013), 3-epi-25(OH)D; (P nonlinear-
ity = 0.022), and their ratio (P nonlinearity = 0.014)
(Fig. 2) (7). A positive association between 3-epi-
25(OH)D; and T2D was observed within the fifth
quintile when the 3-epi-25(OH)D3; was higher than
~4.48 nmol/L (1.5 in log-transformed value).

There was evidence of interaction (P < 0.001) be-
tween both nonepimeric 25(OH)D3 and 3-epi-25(OH)D3
and BMI (7). The inverse association of nonepimeric
25(0OH)D3 with T2D and the positive association of
3-epi-25(OH)D; with T2D were both stronger among
those with a higher BML

Discussion

The multicenter EPIC-InterAct study identified diverse
correlates of plasma vitamin D metabolites in epimeric
and nonepimeric forms across eight European countries.
Specifically, we found that plasma nonepimeric 25(OH)Dj3
was inversely associated with T2D, consistent with
findings for total 25(OH)D, whereas 3-epi-25(OH)Dj3
was positively associated with T2D, and 25(OH)D, was
not associated with T2D.

Plasma nonepimeric 25(OH)D; was correlated with a
variety of lifestyle and dietary factors and circulating
biomarkers, confirming previous reports (28, 29). Our
finding of higher levels of plasma nonepimeric 25(OH)D3
in Northern Europe is consistent with prior reports

6102 484000 GZ UO Jasn OpaIAQ 8p PEPISISAIUN AG 99€/91S/E6Z |//¥0 | 10BISqB-B[oILE/Weol/wWoo"dno"dlwapede/:Sdy Wolj papeojumo(



doi: 10.1210/jc.2018-01522 https://academic.oup.com/jcem 1299
Table 2. Association of Plasma 25(0OH)D Metabolites With Incident T2D: EPIC-InterAct Study
HR (95% CI)?
Below the LLQ Q1 Q2 Q3 Q4 Q5 Per 1 SD
Total 25(OH)D [nonepimeric 25(0H)D3 + 25(0H)D,], nmol/L
Median (range)® 20.1 (5.68 to <25.9) 30.9 (25.9-35.1) 39.4 (35.1to <43.7) 48.7 (43.7 to <54.6) 63.6 (54.6 to <118.7)
No. cases per 2185/2460 1885/2477 1612/2488 1460/2479 1189/2441
subcohort
Model 1 1 (ref) 0.84 (0.71, 0.98) 0.65 (0.57, 0.73) 0.55 (0.48, 0.64) 0.43 (0.39, 0.48) 0.71 (0.68, 0.73)
Model 2 1 (ref) 0.82 (0.70, 0.96) 0.67 (0.59, 0.76) 0.61(0.53, 0.71) 0.53 (0.46, 0.60) 0.76 (0.73, 0.80)
Model 3 1 (ref) 0.91 (0.75, 1.10) 0.79 (0.67, 0.93) 0.79 (0.64, 0.98) 0.72 (0.60, 0.87) 0.86 (0.81, 0.91)
Model 4 1 (ref) 0.90 (0.74, 1.09) 0.76 (0.65, 0.90) 0.74 (0.61, 0.89) 0.62 (0.54, 0.72) 0.81 (0.77, 0.86)
Nonepimeric 25(0H)D3, nmol/L
Median (range)" 19.6 (5.30 to <25.5) 30.5(25.5 to <34.8) 39.0 (34.8 t0 <43.3) 48.4 (43.3 to <54.4) 63.3 (54.4-118.7)
No. cases per 2188/2461 1879/2476 1595/2491 147412474 1195/2443
subcohort
Model 1 1 (ref) 0.83(0.72, 0.95) 0.64 (0.57, 0.72) 0.57 (0.50, 0.65) 0.44 (0.39, 0.49) 0.71(0.69, 0.74)
Model 2 1 (ref) 0.82 (0.71, 0.94) 0.67 (0.58, 0.77) 0.63 (0.55, 0.71) 0.54 (0.47, 0.61) 0.77 (0.74, 0.80)
Model 3 1 (ref) 0.89 (0.76, 1.04) 0.76 (0.63, 0.91) 0.80 (0.66, 0.97) 0.72 (0.61, 0.85) 0.86 (0.82, 0.91)
Model 4 1 (ref) 0.88 (0.75, 1.04) 0.73(0.61, 0.87) 0.74 (0.62, 0.88) 0.62 (0.54, 0.72) 0.81 (0.77, 0.86)
3-epi-25(0H)D3, nmol/L
Median (range)® <1 1.11(1.00 to <1.25) 1.40 (1.25to <1.57) 1.76 (1.57 to <1.98) 2.29 (1.98 to <2.74) 3.49 (2.74-15.4)
No. cases per 5143/7312 653/1007 678/1000 599/1006 619/1015 639/1005
subcohort
Model 1 1.06 (0.95, 1.19) 1 (ref) 1.01(0.87, 1.17) 0.89 (0.76, 1.03) 0.87 (0.75, 1.01) 0.85 (0.73, 1.00) 0.99 (0.94, 1.04)
Model 2 1.04 (0.92, 1.18) 1 (ref) 1.06 (0.89, 1.26) 0.94 (0.79, 1.11) 0.94 (0.80, 1.11) 0.99 (0.83, 1.17) 1.03 (0.97, 1.09)
Model 3 0.98 (0.83, 1.15) 1 (ref) 1.08 (0.86, 1.35) 0.95(0.79, 1.14) 1.00 (0.84, 1.20) 1.12 (0.91, 1.37) 1.09 (1.02, 1.17)
Model 4 0.92 (0.79, 1.08) 1 (ref) 1.09 (0.85, 1.38) 0.99 (0.82, 1.19) 1.10(0.92, 1.31) 1.36 (1.08, 1.71) 1.16 (1.09, 1.25)
25(0OH)D,, nmol/L
Median (range)® <3 3.36 (3.03 to <3.74) 4.30 (3.74 to <5.06) 6.12 (5.06 to <7.42) 8.74(7.42 to <11.1) 15.0 (11.1-46.4)
No. cases per 7988/11,773 50/111 72/115 70/116 88/114 63/116
subcohort
Model 1 1.45 (1.02, 2.05) 1 (ref) 1.16 (0.73, 1.83) 1.07 (0.68, 1.70) 1.32 (0.85, 2.07) 1.01 (0.63, 1.61) 1.00 (0.85, 1.18)
Model 2 1.36 (0.93, 1.98) 1 (ref) 1.04 (0.63, 1.71) 1.12 (0.68, 1.85) 1.44 (0.88, 2.38) 1.02 (0.62, 1.69) 1.02 (0.84, 1.23)
Model 3 1.30 (0.86, 1.96) 1 (ref) 0.90 (0.50, 1.64) 1.18 (0.69, 2.02) 1.18 (0.67, 2.09) 1.08 (0.62, 1.87) 1.03 (0.84, 1.25)
Model 4 1.29 (0.86, 1.95) 1 (ref) 0.93 (0.52, 1.66) 1.15 (0.68, 1.96) 1.10 (0.62, 1.96) 1.00 (0.58, 1.73) 0.94 (0.76, 1.18)

?HRs of T2D comparing quintiles (Q2 to Q5) of 25(0OH)D metabolites with Q1 or per 1 SD increase of 25(0OH)D metabolites, estimated from country-
specific Prentice-weighted Cox regression models; estimates were combined across countries using random-effects meta-analysis. Effect estimates for
25(0OH)D, were derived from analysis of the overall EPIC-InterAct data (i.e., not country-specific) owing to limited sample size. 1 SD (calculated from the
subcohort) was 17.3 nmol/L for nonepimeric 25(0OH)Ds, 1.31 nmol/L for 3-epi-25(0H)D3, and 6.52 nmol/L for 25(0OH)D,. The present analyses were based
on complete case analyses excluding participants with missing covariates based on model 4. The sample size of total cases per subcohort was 8331/
12,345 for nonepimeric 25(0H)Ds, 3188/5033 for 3-epi-25(0H)D3 and 343/572 for 25(0H)D,. Models were as follows: model 1, adjusted for age (as
underlying timescale), sex, center, and seasonality (continuous: sine and cosine function of the day of blood draw); model 2, model 1 plus smoking status
(current, former, never), physical activity (inactive, moderately inactive, moderately active, active), education (none, primary, technical or professional,
secondary, higher education), alcohol drinking (never, >0 to <6 g/d, 6 to <12 g/d, 12 to <24 g/d, =24 g/d), total energy intake (continuous),
Mediterranean diet score (low, moderate, high) and plasma lipid biomarkers (continuous: HDL-cholesterol, LDL-cholesterol); model 3, model 2 plus BMI
(continuous); model 4, model 3 plus mutual adjustment for the other 25(0H)D metabolites [nonepimeric 25(0H)D3 (continuous), 3-epi-25(0H)Ds
(categorical: below the LLQ, Q1, Q2, Q3, Q4, and Q5), or 25(0H)D, (categorical: below and above the LLQ)].

“The LLQs for 3-epi-25(0H)D3 and 25(0H)D, are 1 nmol/L and 3 nmol/L, respectively.
bMedian and range of the 25(0H)D metabolites in each quintile in the InterAct subcohort.

including European populations (30, 31), but their
generalizability was low due to small sample size (<1000
European participants) and limited population repre-
sentativeness (either in elderly people or in postmeno-
pausal women). Thus, our study with its large sample
of European populations provides support for a north-
to-south gradient (from high to low) for the distribu-
tion of plasma vitamin D3 across Europe. The reason
for this apparently counterintuitive distribution is
probably because of the high intake of dietary vitamin
D or vitamin D supplements in Northern European
countries (32).

Prior evidence on the correlates of 3-epi-25(OH)D3
is limited. In the United States—based NHANES study
(n = ~13,000) (5), serum 3-epi-25(OH)D3; was in-
versely associated with BMI and C-reactive protein, and
it was positively associated with vitamin D intake and

supplement use. Another United States—based study,
ARIC (n =~3300) (11), confirmed these associations and
additionally found positive associations of serum 3-epi-
25(0OH)D; with physical activity levels and HDL-C
concentrations. We found directionally consistent asso-
ciation of the 3-epi-25(OH)D3 with BMI, physical activ-
ity, and HDL-C, but no association with dietary vitamin
D or supplement use in European populations. Of note,
in the current study, alcohol intake was correlated
with 3-epi-25(OH)D3 or the ratio of 3-epi-25(OH)Djs to
nonepimeric 25(OH)D3, which was not reported in prior
studies (5, 11).

For 25(OH)D,, owing to the typical low concentra-
tion in populations, there have been limited reports of its
potential correlates. In a recent Finnish study (33), serum
25(0OH)D, was positively associated with a low sunlight
exposure period (compared with a high sunlight period)
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Figure 2. Shape of association between each plasma 25(0H)D
metabolite and incident T2D: EPIC-InterAct Study. For 25(0OH)D
metabolites, restricted cubic spline functions with three knots were
used to estimate the association of plasma 25(0H)D metabolites with
incident T2D in country-specific [except for 25(0H)D,, where all
countries were combined] Prentice-weighted Cox regression models,
adjusted for potential confounders (i.e., model 4). We then combined
the country-specific estimates using a multivariable random-effects
meta-analysis. Reference for the HR estimation was the 10th
percentile of the corresponding 25(0H)D metabolite: 19.6 nmol/L,
0.10 (equivalent to 1.11 nmol/L), and 1.21 (equivalent to 3.36 nmol/L)
for (A) nonepimeric 25(0H)Ds, (B) 3-epi-25(0H)Ds (log transformed),
and (C) 25(0OH)D;, (log transformed), respectively. To enable the dose-
response association to be comparable with the quintile results, we
also plotted the HR (95% Cl) of T2D across the quintiles 2 through 5
of the 25(0OH)D metabolites or at the category of below the lower
limit of quantification (quintile 1 as reference, location of each plot
corresponds to the median level within each quintile).
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and with use of oral contraceptives. However, the Finnish
study did not have detailed dietary or supplement in-
formation. Our current findings indicated that vitamin
supplements, but not other dietary sources, were the
major positive dietary correlates of plasma 25(OH)D..

Several meta-analyses based on observational studies
consistently suggested that there was a dose-response
inverse association between circulating total 25(OH)D
and T2D risk (2, 34, 335), although the sample size of the
individual studies included in these meta-analyses was
typically small, with studies having between 26 and 829
incident T2D cases (34). Our findings of total 25(OH)D
and nonepimeric 25(OH)D3, as a major contributor to
total 25(OH)D, confirmed results from these previ-
ous studies on total 25(OH)D (2, 34, 35) and further
confirmed a potential nonlinear association between
25(OH)D and T2D, as suggested previously (36).

No prior study has reported the prospective associa-
tion between 3-epi-25(OH)D3 and T2D risk. Although
the epimerization pathway of vitamin D metabolites has
been previously observed within in vitro studies, the
existence of the epimer of vitamin D3 in human pediatric
and adult populations has only emerged more recently
(4), aided by analytic development in resolving the iso-
meric compounds. To our knowledge, there was only one
prior study that assessed 3-epi-25(OH)D; and examined
its association with intermediate markers for T2D in-
cidence (8). The study of a Swiss population assessed
incident insulin resistance as an outcome and reported no
significant association of 3-epi-25(OH)D; but a signifi-
cant positive association of the proportion of the 3-epi-
25(OH)Dj3 in total 25(OH)D3, as a sum of epimeric and
nonepimeric D3 (8). Our present findings for the 3-epi-
25(OH)D3 and its ratio to nonepimeric 25(OH)Dj3 are
novel in relationship to their positive associations with
incident T2D. Our findings that further adjustment for
25(0OH)Dj strengthened the positive association of 3-epi-
25(OH)Dj supported a potential independent role of the
epimer or epimerization process in diabetes etiology.

Although the vitamin D3 metabolic pathway has been
well characterized (37-39), a physiologic role of 3-epi-
25(0OH)Dj3 or C-3 epimerization is currently unknown.
The secosteroid vitamin D5 is derived from the diet and
from biosynthesis in the skin (38), undergoing enzymatic
hydroxylation to become nonepimeric 25(OH)Dj in the
liver (39) and then 1,25(OH),D; (the active form of
vitamin D3) in the kidney (40). While the enzyme, C-3
epimerase, has not been well characterized (41), C-3
epimerization is thought to convert the major vitamin D3
metabolites, including 1,25(OH),D3 and nonepimeric
25(0OH)D3, to corresponding epimers. These epimers
are thought to have lower biological activity, including
lower binding affinity to vitamin D receptor and vitamin
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D-binding protein, compared with their nonepimeric
forms (6), but how this might influence their potential
roles in the etiology of T2D is currently unclear. Prior
genetic Mendelian randomization studies for 25(OH)D
indicated no causal effect of total circulating 25(OH)D
(34), but these analyses were unable to dissociate non-
epimeric and epimeric 25(OH)D3, because a standard
assay cannot distinguish between the two (41). The same
genetic approach after such decomposition is warranted,
because it is possible that the prior null genetic findings
reflected both a potentially causal T2D risk—raising effect
of epimeric 25(OH)Dj3; (or C-3 epimerase) and risk-
lowering effect of the nonepimeric 25(OH)Dj3, thereby
leading to overall null findings in the genetic studies.

To our knowledge, no previous study has reported on
the association between circulating 25(OH)D, and in-
cident T2D. The lack of research may be due to the
technical difficulty in measuring very low concentra-
tions of 25(OH)D, in a large-scale study; hence, to our
knowledge, our current study provides the first in-
vestigation of 25(OH)D; in diabetes etiology. Although
circulating vitamin D, undergoes similar metabolic
conversion as vitamin D3, the bioactive form of vitamin
D, [i.e. 1,25(OH),D5] has a much lower binding affinity
to vitamin D-binding protein than to vitamin D3 and
its metabolites (42). The lack of association between
25(0OH)D, and incident T2D in our study is therefore
consistent with this biological consideration.

The strengths of this study include its large sample
size, together with inclusion of measures of multiple
25(OH)D metabolites in epimeric and nonepimeric forms
across diverse populations in eight European countries.
This enables us to investigate the dietary and lifestyle
correlates of these metabolites, as well as their associa-
tions with new-onset T2D in a prospective study design.
The current study has several limitations. Although
25(OH)D has been shown to be stable in stored samples
(14), the stability of the epimeric form has not been
confirmed and measurement errors may exist. Neverthe-
less, observed concentrations of the epimeric 25(OH)D3
metabolites were comparable to those of prior studies
(4, 11), and potential measurement errors are unlikely
to be differential with respect to case status. Our study
included predominantly white European-origin pop-
ulations, therefore justifying the need for further mul-
tiethnic investigations, as genetic differences between
race/ethnic groups in vitamin D metabolism are clini-
cally important (43). Our observational findings do not
imply causality in the observed associations. Future re-
search, including observational studies to confirm our
findings as well as experimental studies and Mendelian
randomization studies on different 25(OH)D metabolites, is
needed to characterize the physiological roles of 25(OH)D
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metabolites and vitamin D metabolism in the develop-
ment of T2D.

The current study suggests that nonepimeric 25(OH)Ds,
the major component of total 25(OH)D, is inversely
associated, whereas its epimeric form is positively asso-
ciated with incident T2D. These findings indicate that
vitamin D metabolism in relationship to the etiology of
T2D is more complex than previously understood, and
they provide novel information to assess the biological
relevance of vitamin D epimerization and vitamin D
subtypes in T2D etiology.
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