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Abstract

Observational studies show associations between low serum 25-hydroxyvitamin D (25(OH)D) and cardiometabolic risk markers. This
Mendelian randomisation study examined associations between cardiometabolic markers in children and SNP in genes related to vitamin D
metabolism (DHCR7; group-specific complement (GC); cytochrome P450 subfamily IIR1 (CYP2R1); and CYP24A1) and action (CYP27B1
and VDR). In 699 healthy 8-11-year-old children, we genotyped eleven SNP. We generated a genetic risk score based on SNP associated with
low 25(OH)D and investigated associations between this and blood pressure, plasma lipids and insulin. Furthermore, we examined whether SNP
related to vitamin D actions modified associations between 25(OH)D and the cardiometabolic markers. All GC and CYP2R1 SNP influenced
serum 25(OH)D. A risk score based on four of the six SNP was associated with 3-4 (95 % CI 2:6, 4-2) mmol/l lower 25(OH)D per risk allele
(P < 0-001), but was not associated with the cardiometabolic markers. However, interactions were indicated for the three VDR SNP
(Pingeraction < 0-081) on associations between 25(OH)D and TAG, systolic blood pressure and insulin, which all decreased with increasing
25(OH)D only in major allele homozygotes (f —0-02 (95 % CI —0-04, —-0-01) mmol/l; # —0-5 (95 % CI —-0-9, -0-1) mmHg; and # —0-5 (95 % CI
-1-4, 0-3) pmol/l, respectively). In conclusion, genetic variation affected 25(OH)D substantially, but the genetic score was not associated with
cardiometabolic markers in children. However, VDR polymorphisms modified associations with vitamin D, which warrants further investigation
of VDR's role in the relationship between vitamin D and cardiometabolic risk.
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from possible confounders, as confounders are assumed to be
evenly distributed among genotypes.
The main source of vitamin D is UVB radiation-mediated

Many observational studies show that low vitamin D status is
associated with an unfavourable cardiovascular risk profile
in children®™® and adults“”, but results on the effect of

vitamin D supplementation on cardiometabolic markers are
inconsistent®'?. The role of vitamin D is difficult to ascertain
in short intervention studies as the development of CVD is slow
and may begin already in childhood">. The risk of con-
founding is high in observational studies since both risk factors
and vitamin D status correlate with other important lifestyle
factors such as physical activity, BMI and fatty fish intake. The
use of Mendelian randomisation studies is increasing®-?? as
this approach allows investigation of cardiometabolic effects
of genetically low vitamin D status with limited influence

biosynthesis in the skin, which depends on latitude and
season®. Vitamin D status, that is, serum concentrations of
25-hydroxyvitamin D (25(OH)D), can also be increased by
intake of foods rich in vitamin D, mainly fatty fish, fortified foods
and supplementsm). Furthermore, serum 25(OH)D is influenced
by polymorphisms in genes encoding proteins that are involved
in the synthesis, transport and catabolism of vitamin D metabo-
lites (Fig. 1). A number of studies in children and adults
have shown associations between serum 25(OH)D and SNP in
genes encoding 7-dehydrocholesterol reductase (DHCR?),

Abbreviations: CYP24A1, vitamin D 24-hydroxylase; CYP2R1, cytochrome P450 subfamily IIR1; DHCR?7, 7-dehydrocholesterol reductase; GC, group-specific
complement; 25(OH)D, 25-hydroxyvitamin D; sBP, systolic blood pressure; VDR, vitamin D receptor gene.
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Fig. 1. Genes involved in the metabolic pathway of vitamin D. DHCR7 encodes 7-dehydrocholesterol reductase, which converts 7-dehydrocholesterol to cholesterol.
7-Dehydrocholesterol is the substrate for cutaneous synthesis of vitamin D;. CYP2R1 encodes a hepatic NADPH-dependent enzyme that hydroxylates vitamin Dg
(and Dy) to 25-hydroxyvitamin D (25(OH)D). CYP27B1encodes a NADPH-dependent mitochondrial enzyme, which is expressed mainly in the kidneys and hydroxylates
25(0OH)D to the active form 1,25-dihydroxyvitamin D (1,25(OH).D). GC encodes for group-specific complement, a vitamin D binding protein transporting vitamin D and its
metabolites in the body. VDR encodes the vitamin D receptor, which mediates the biological actions of the active form 1,25(0H),D. CYP24A1 encodes the enzyme that

inactivates 1,25(0OH),D and 25(OH)D by conversion to water-soluble calcitroic acid.

group-specific complement (GC), cytochrome P450 subfamily
IIR1 (CYP2R1) and vitamin D 24-hydroxylase (CYP24A 1?79

Large Mendelian randomisation studies in adults suggest
favourable effects of genetically increased 25(OH)D on blood
pressure® and type 2 diabetes risk®”. Most of these studies have
been limited to single SNP in genes influencing circulating 25(OH)
D. Additional insight can be provided by use of genetic risk scores
associated with serum 25(OH)D or variation in genes of impor-
tance for the synthesis or function of the biologically active vitamin
D metabolite 1,25-dihydroxyvitamin D, for example, CYP27B1,
and the vitamin D receptor gene (VDR). SNP in the VDR gene
could affect the activity of the vitamin D receptor, which is
expressed in many tissues, including vascular smooth muscle,
endothelium and cardiac muscle®?. SNP in VDR have been used
to modify associations between serum 25(OH)D and major clinical
outcomes®?, but to our knowledge, no studies have examined
effect modification for cardiometabolic markers in children.

The present Mendelian randomisation study uses cross-
sectional data from a randomised trial in schoolchildren®® to

examine the combined effects of SNP in genes related to vitamin
D synthesis, transport and catabolism (DHCR7, GC, CYP2R1 and
CYP24A1) on autumn levels of serum 25(OH)D to generate a
genetic risk score for low 25(OH)D, which we will use in analy-
ses of association with blood pressure, plasma lipids and insulin.
We also investigate whether SNP in genes involved in the
synthesis and function of 1,25-dihydroxyvitamin D (CYP27B1
and VDR) modify associations between serum 25(OH)D and
the cardiometabolic markers.

Methods
Study design and population

The present study is based on cross-sectional baseline data col-
lected during August through November 2011 in the OPUS
School Meal Study, a large cluster-randomised cross-over trial,
which included 3rd- and 4th-grade children from nine primary
schools in Denmark. The aim of the trial was to investigate
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the effect of school meals based on the New Nordic Diet on
dietary intake and nutrient status, cardiometabolic markers
and cognitive function in 8-11-year-old Danish schoolchildren.
The OPUS trial was conducted in accordance with the
Declaration of Helsinki guidelines and approved by the
Committees on Biomedical Research Ethics for the Capital
Region of Denmark (H-1-2010-124). The study protocol was
registered with ClinicalTrials.gov (NCT 01577277, https://clini-
caltrials.gov/ct2/show/NCT01577277term=01577277&cntry=
DK&rank=1). The details of the study design and recruitment
were published previously®®. Written informed consent was
obtained from the custody holders of all children, and children
were only excluded if they had diseases or conditions that might
obstruct the measurements or put the children at risk if eating the
diet and concomitant participation in other studies®®.

Of the 834 children originally enrolled in the OPUS School
Meal Study, we included data from 699 children, who had data
on serum 25(OH)D, at least one of the cardiometabolic markers
(BP, insulin, HDL-cholesterol and TAG), and at least one of the
vitamin D-related SNP.

Background information

Data on demographic and socio-economic characteristics were
collected by a thorough interview with the families. Parental
education level was categorised as lower secondary education
(£10 years of schooling), upper secondary education, vocational
education, short higher education, bachelor’s degree, or equiv-
alent or a master’s degree or higher (=17 years of schooling)
based on the highest education level attained in the household.
The children were categorised as Caucasian (including Middle
East, Pakistan and India), Asian, African, Latin or Other.

The assessment of physical activity was validated and
described in detail previously®”. The children wore an
ActiGraph tri-axis accelerometer monitor (GT3X+ or GT3X,
ActiGraph) at the right hip for 7d and eight nights and were
asked to remove it only during water activities (i.e. showering
or swimming). We used the time spent in moderate-to-
vigorous physical activity (>2296 counts/min)®®, which has
previously been shown to be a determinant of serum 25(OH)
D in this study population®”,

The week before the clinical examination, children, with
the help of their parents, recorded their daily intake of food
and beverages at the end of the day for seven consecutive days
using a Web-based Dietary Assessment Software for Children.
The software has been developed specifically for children aged
8-11 years, to use it with or without support from their parents,
and has been validated in the OPUS School Meal Pilot
Study®®. Intake data were processed at The National Food
Institute, Technical University of Denmark using the General
Intake Estimation System, which was originally developed for
the Danish National Survey of Diet and Physical Activity
2003-2008. Energy intake was evaluated in relation to an esti-
mated BMR“?, and dietary data were excluded for under-
reporters (energy intake/BMR <1-05) and over-reporters
(energy intake/BMR > 2-28)“D and children with dietary records
from less than 4 d. The consumption of dietary supplements was
registered and dichotomised based on whether the child had

ingested any kind of vitamin D-containing supplements, includ-
ing multivitamins, during the registration period.

Clinical measurements

Clinical measurements and venous blood sampling were con-
ducted in the morning following an overnight fast in a mobile
laboratory truck parked at the schools. Body weight was
assessed on a digital scale (BWB 800 S, Tanita), and height
was measured three times to the nearest one decimal using a
transportable stadiometer (CMS Weighing Equipment Ltd) with
the head in the Frankfurt horizontal plane. Sex- and age-adjusted
z-scores for BMI were calculated using WHO AnthroPlus
software, and the prevalence of underweight, overweight and
obesity was based on cut-offs defined by centiles passing
through BMI of 18-5, 25 and 30 kg/m? at 18 years“?. Body com-
position was measured by dual-energy X-ray absorptiometry
(Lunar Prodigy Pro™, GE Medical Systems) using EnCore™ soft-
ware version 13.5. Fat mass index was calculated as: fat mass
index (kg/m?) = (fat mass (kg))/(height (m))?. Pubertal status
was self-evaluated by the child based on breast development
in girls and pubic hair in boys (Tanner stages). Tanner stage
>2 was defined as an indicator of entered puberty and classified
in a categorical variable (yes/no).

Blood pressure was measured with automated devices
(UA-787 Plus, A&D Medical) and (ProBP 3400 Sure BP, Welch
Allyn Inc.) after 10 min of rest, as previously described®?.
Measurements were performed three times, and the mean of
the last two measurements was used.

Blood analyses

Blood collected in serum tubes with gel was centrifuged after
30 min of coagulation at room temperature, and it was stored
at —=80°C for later batch analysis of insulin and 25(OH)D. Total
cholesterol, LDL-cholesterol and HDL-cholesterol, and TAG
were analysed in serum stored at —80°C for batch analysis.
All samples were analysed on the same device with the same
reagent lot, and all samples from each child were analysed
on the same day. Total cholesterol, HDL-cholesterol and TAG
were quantified on the Vitros 5.1 FS analyzer (Ortho-Clinical
Diagnostics, Johnson & Johnson), whereas LDL-cholesterol
was calculated using Friedewald’s equation®®. Serum insulin
was quantified on ADVIA Centaur XP (Siemens Healthcare).
The inter- and intra-assay CV were 1-4 and 1-2% for total
cholesterol; 2-:0 and 1-2% for HDL-cholesterol; 1-5 and 0-8 %
for TAG; and 2-5 and 3-1 % for insulin, respectively.

Serum 25(OH)D was analysed using an automated chemilu-
minescent immunoassay on DiaSorin LIAISON (DiaSorin AB)
at Department of Clinical Biochemistry, Aalborg University
Hospital, Denmark. Before analysis, serum was thawed at room
temperature for 30 min before being centrifuged at 4000 rpm for
3 min. Values are presented in nmol/l (1 nmol/1 = 0-4006 ng/ml),
and lowest detection limit was 10 nmol/l. The inter- and
intra-assay CV were 5-4 and 7-6 % for 25(OH)D, respectively, with
a detection limit of 10 nmol/l. Vitamin D deficiency and insuftfi-
ciency were defined as serum 25(OH)D concentrations <25 and
<50 nmol/l, respectively, according to the recommendations of
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the European Society for Pediatric Gastroenterology, Hepatology,
and Nutrition“?,

DNA extraction and genotyping

DNA extraction and genotyping were performed at LGC
Genomics (LGC Genomics Ltd) using KASP™ genotyping
technology, which facilitates bi-allelic discrimination through
competitive PCR and incorporation of a fluorescent resonance
energy transfer quencher cassette. The genotypes were called
by use of Kraken software with visual quality control of all
calls. Call rates for all SNP were 100 % for samples and 0 % for
non-template controls.

Thirteen SNP in six genes (DHCR7, GC, CYP2R1, CYP27B1,
VDR and CYP24A1) were included in the present study. Eight
of these (DHCR7 rs12785878 and rs3829251, GC rs4588 and
rs7041, CYP2R1 1510741657, rs10500804 and rs156292, and
VDR 15757343) were included in a previous study from the
OPUS cohort®. We added additional five SNP based on previ-
ously reported associations with serum 25(OH)D (1512512631 in
GC, 152296241 in CYP24A1 and 1510877012 in CYP27B1)%>*® or
with cardiometabolic outcomes (152228570 and rs11568820 in
VDR)(%A())'

Statistical analyses

Descriptive characteristics are presented as mean values and
standard deviations, medians and interquartile ranges, or num-
bers and percentages. All statistical analyses were carried out
using STATA (version 14, StataCorp). Deviations from Hardy-
Weinberg equilibrium were tested for the study population using
a y* test. Assumptions for all parametric statistical models were
checked by visual inspection of residual and normal probability
plots. P values <0-05 were considered statistically significant,
and P < 0-1 was used as an indicator of interaction.

Analyses of association were performed by linear and multi-
ple linear regression models. To capture systematic variation in
the effect estimates and adjust for any skewed distribution of
covariates between genotypes models with serum 25(OH)D
concentrations as the outcome were adjusted for dietary vitamin
D intake, intake of vitamin D-containing supplements (yes/no),
fat mass index and moderate-to-vigorous physical activity.
Models with cardiometabolic markers (systolic blood pressure
(sBP), diastolic blood pressure, plasma TAG, LDL-cholesterol,
HDL-cholesterol and insulin) as outcomes were adjusted for
age, sex, parental education, entered puberty (yes/no), fat mass
index and moderate-to-vigorous physical activity. We included
cardiometabolic markers typically included in the diagnosis
of the metabolic syndrome in children (excluding central
obesity)“?, that is, blood pressure, plasma HDL-cholesterol,
TAG and insulin.

The genetic risk score for low serum 25(OH)D was calculated
as the sum of the number of risk alleles when combining
SNP from the two individual genes with the strongest effect
on serum 25(OH)D and the lowest level of linkage. Risk alleles
for each SNP were defined as those with the lowest 25(OH)D
concentrations. We constructed a risk score consisting of three
categories with increasing numbers of risk alleles (0-2, 3-5

and 6-8) to maximise statistical power in the analysis of associ-
ations between the risk score and the cardiometabolic outcomes.

Potential modifying effect of SNP in CYP27B1 and VDR on
associations between serum 25(OH)D and cardiometabolic
markers was assessed in models with a SNP X serum 25(OH)D
interaction term in linear and multiple linear regression models
including the same adjustments as described above. The
heterozygous (Mm) and minor (mm) genotypes were grouped
together in order to maximise statistical power. Additional analy-
ses were performed to assess the potential modifying effects
of VDR on associations between the genetic risk score and
cardiometabolic risk markers.

Results

Most children (96 %) were Caucasian and only 1-6, 1-3, 0-7 and
0-1 % were Asian, African-American, Hispanic and other catego-
ries, respectively. The majority of the children had a normal
weight status (77 %) and sufficient vitamin D status (72 %)
defined as serum 25(OH)D > 50 nmol/l (Table 1).

All the studied SNP in CYP2RI and GC were associated
with the serum 25(OH)D concentration (online Supplementary
Table S1). Minor allele carriage of GC rs4588 and rs7041 was
associated with lower 25(OH)D as previously observed in longi-
tudinal analyses in the OPUS study®?, whereas rs12512631 was
associated with a 7-3 nmol/l (P<0-001) higher serum 25(OH)D
compared with major allele homozygotes. Serum 25(OH)D was
about 10 nmol/1 higher in the minor allele homozygotes compared
with major alleles homozygotes of CYP2RI rs10741657 and
r51562902; minor allele homozygotes of 1510500804 on the
other hand decrease concentration with 9-0 nmol/l relative to
homozygote majors, which again is in accordance with our pre-
vious observations®?. We found no associations between serum
25(OH)D and CYP24A1 (1s2296241) and DHCR7 (rs3829251)
(online Supplementary Table S1), but contrary to previous
findings®®, minor allele homozygotes of DHCR7 rs12785878
had -5-5 nmol/l (P = 0-009) lower serum 25(OH)D compared with
those with two major alleles (online Supplementary Table S1).

An allele dose-response relationship was indicated for
most of the SNP in the range 2-8 nmol/l 25(OH)D per allele
(Fig. 1 and online Supplementary Table S1). Based on the effect
size and the linkage disequilibrium between the SNP in the GC
and CYP2R1 genes that were significantly associated with serum
25(OH)D concentrations (online Supplementary Table S2), a
combined genetic risk score was generated including CYP2RI
(rs10741657 and 1s10500804) and GC (rs4588 and rs12512631).
The genetic risk score was calculated as the sum of the number
of G-alleles of rs10741657, G-alleles of rs10500804, A-alleles of
rs4588 and T-alleles of rs12512631. Serum 25(OH)D decreased
with —3-4 nmol/1 (95 % CI -4-2, -2-6, P < 0-001) for each increasing
allele in the score, and the total range of variation from 0 to 8
risk alleles was 33 nmol/1 of serum 25(OH)D (Fig. 2). For further
analysis, the genetic risk score was reduced to three categories
in order to avoid categories with small numbers (Table 2).
There was a dose-dependent association between the three-
category risk score and serum 25(OH)D concentrations of
-8-7nmol/l (95% CI -10-9, -6-:6, P<0-001) per increase in
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Table 1. Characteristics of the study population
(Mean values and standard deviations; numbers and percentages;
medians and 25th, 75th percentiles)

Mean SD n
Sex (girls) 699
n 331
% 47
Age (years) 10-0 06 699
Entered puberty (yes)
n 236 681
% 35
Parental education level
A/B/C/D/E/F* (%) 5/3/33/10/28/21 698
Weight (kg) 35 7 698
Height (cm) 142 7 699
BMI category 698
UW/NW/OW/OBt (%) 10/77/11/2
Fat mass index (kg/m?) 41 21 697
Dietary vitamin D intake (pg/d) 699
Median 1.9
25th, 75th percentiles 14,28
Vitamin D supplements (yes)f
n 366 699
% 52
1-3d
n 115
% 31
4-6d
n 143
% 39
>7d
n 108
% 30
Serum 25(0OH)D (nmol/l) 61 19 699
25(OH)D status 699
S/I/D§ (%) 72/26/2
Moderate-to vigorous physical
activity (min/d)
Median 45 678
25th, 75th percentiles 30, 63
Systolic blood pressure 108 8 699
(mmHg)
Diastolic blood pressure 68 6 699
(mmHg)
Fasting plasma insulin 48 24 679
(pmol/i
Total cholesterol (mmol/l) 41 06 699
LDL-cholesterol (mmol/l) 23 06 699
HDL-cholesterol (mmol/l) 14 03 699
Plasma TAG (mmol/l)ll 679
Median 0-6
25th, 75th percentiles 05, 0-8

UW, underweight; NW, normal weight; OW, overweight; OB, obesity; S, sufficient
vitamin D status; |, insufficient vitamin D status; D, deficient vitamin D status; 25(OH)D,
25-hydroxyvitamin D.

* A: <lower secondary education, B: higher secondary education, C: vocational
education, D: short higher education, E: bachelor's degree or equivalent, F:
>master’s degree.

1 Based on age- and sex-specific cut-offs defined to pass through BMI of 18-5, 25 and
30 kg/m? at age 18 years, as described by Cole et al.?).

1 Registered intake of vitamin D-containing supplements >1d during the recording
period (9 d).

§ Sufficient: 25(OH)D > 50 nmol/l; insufficient: 25(OH)D 25-50 nmol/l; deficient:
25(0OH)D < 25 nmol/l.

Il Subjects with fasting status.

category. Carriers of 6-8 risk alleles had 17 nmol/l lower 25(OH)D
than those with 0-2 risk alleles, which corresponded to a differ-
ence of about 1 sp (Table 2). This was not changed by the exclusion
of non-Caucasian children (data not shown). There was no
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Fig. 2. Serum 25-hydroxyvitamin D (25(0OH)D) according to the genetic risk
score based on group-specific complement (GC) (rs4588 and rs12512631) and
cytochrome P450 subfamily 1IR1 (CYP2RT1) (rs10741657 and rs10500804).
The X-axis gives the sum of risk alleles in GC (rs4588 and rs12512631) and
CYP2R1 (rs10741657 and rs10500804) and the Y-axis serum 25(OH)D (nmol/l),
which is plotted as means and standard deviations.

association between the three-category risk score and any of
the cardiometabolic markers (sBP and diastolic blood pressure,
insulin, HDL-cholesterol and TAG) (Table 3). Furthermore, there
was no association between the genetic risk score as a continuous
variable and the markers (data not shown).

The SNP in CYP27B1 and VDR were evaluated as potential
effect modifiers of the association between serum 25(OH)D
and the cardiometabolic markers. There was no interaction
between 25(OH)D and CYP27B1 (1s10877012) for any of the
cardiometabolic markers, but interactions were indicated for
VDR SNP (Table 4). Increasing 25(OH)D was inversely associ-
ated with insulin among homozygous major allele carriers, but
directly associated among variant allele carriers of 1s757343.
Data for rs2228570 were pointed in the same direction, but
the difference was reduced after adjustment (Table 4). Effect
modification by VDR 1511568820 was apparent on the associa-
tion between 25(OH)D and sBP, which reflected a reduction
in sBP with increasing 25(OH)D only among homozygous
major allele carriers (Table 4). A similar interaction with this
SNP was observed when the genetic risk score was used as
proxy for 25(OH)D concentrations (online Supplementary
Table S3) and in tendencies for effect modification by rs757343
and 1511568820 on association with diastolic blood pressure
(Table 4). The association between 25(OH)D and TAG was modi-
fied by 152228570 (Pieraction = 0-021), which was driven by an
inverse association between serum 25(OH)D and TAG among
major allele homozygotes and no association among variant allele
carriers (Table 4). An inverse association between 25(OH)D and
TAG of similar effect size was also observed only in major allele
homozygotes for rs757343 and among minor allele carriers of
rs11568820, but the interactions for these SNP were far from
significant.
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Table 2. Association between the genetic risk score based on group-specific complement (GC) (rs4588 and rs12512631) and cytochrome P450 subfamily
IIR1 (CYP2R1) (rs10741657 and rs10500804) and serum 25-hydroxyvitamin D (25(OH)D) concentrations
(Mean values and standard deviations; # values and 95 % confidence intervals)

Serum 25(0OH)D (nmol/l)

Risk score n Mean SD Y} 95% ClI P B 95% ClI P
0-2 143 697 19-8 Ref. Ref.

3-5 407 60-5 17-9 -92 -12-6, -5-8 <0-001 -9.3 -12-7,-6-0 <0-001
6-8 120 522 14.5 -17.5 -21-8, -13-1 <0-001 -17.0 —21.3,-12.8 <0-001

* Linear regression model adjusted for fat mass index (kg/m?), vitamin D dietary intake (ug/d), vitamin D supplements intake (yes/no) and moderate-to-vigorous physical activity (min/d).

Table 3. Association between the genetic risk score based on group-specific complement (GC) (rs4588 and rs12512631) and cytochrome P450 subfamily
IIR1 (CYP2R1) (rs10741657 and rs10500804) and cardiometabolic risk markers
(Mean values and standard deviations; g values and 95 % confidence intervals)

Risk score n Mean SD p 95 % ClI P p 95 % ClI P
Systolic blood pressure (mmHg)

0-2 143 1075 77 Ref. Ref.

3-5 407 108-1 81 0-6 -0-9, 21 042 09 -0-7,24 0-27

6-8 120 106-9 81 -0-6 -2.5,14 0-57 0-1 -1.9,20 0-95
Diastolic blood pressure (mmHg)

0-2 143 67-2 6-1 Ref. Ref.

3-5 407 681 6-4 09 -0-3, 21 0-144 0-7 -05,20 0-25

6-8 120 68-5 70 1.3 -0-3,29 0-105 12 -0-4, 2.8 0-131
Insulin (pmol/l)t+

0-2 141 472 20-3 Ref. Ref.

3-5 394 475 24-3 -0-7 -4.7, 32 0-71 -1.2 -4.8,24 0-51

6-8 115 495 253 12 -3.9,62 0-65 0-0 -3.5,57 0-63
HDL-cholesterol (mmol/l)t

0-2 143 1-4 0-3 Ref. Ref.

3-5 407 14 0-3 —0-02 —0-08, 0-03 0-39 —-0-03 —0-09, 0-03 0-30

6-8 120 1.5 0-3 0-02 —0-05, 0-09 0-57 0-02 —-0-06, 0-09 0-65
TAG (mmol/l)t%

0-2 141 07 0-3 Ref. Ref.

3-5 394 0-7 0-3 0-01 —0-04, 0-05 0-74 0-01 —0-083, 0-06 0-63

6-8 115 0.7 0-3 0-03 —0-03, 0-08 0-36 0-03 —-0-03, 0-09 0-28

* Linear regression model adjusted for age, sex, parental education, entered puberty (yes/no), fat mass index (kg/m?) and moderate-to-vigorous physical activity (min/d).

1 Analysis with log-transformed values and back transformed to normal units.
} Subjects with fasting status.

Discussion

Our results showed that the serum 25(OH)D concentration dur-
ing autumn was strongly affected by SNP in CYP2R1 and GC in
Danish schoolchildren. Despite a marked effect on serum
25(OH)D, the combined genetic risk score, based on GC and
CYP2R1 variants, was not associated with any of the cardiome-
tabolic markers. However, interactions were observed between
VDR SNP and serum 25(OH)D on sBP and TAG, which reflected
an inverse association between 25(OH)D and these cardiometa-
bolic markers among major allele homozygotes only.

The observed associations between SNP in GC and CYP2R1
and serum 25(OH)D are consistent with previous results from
longitudinal analyses in the OPUS study®® as well as findings
in another study in 344 Danish children® and studies in
adults“®4_ Furthermore, a large GWAS in 33 996 individuals
of European descent showed that major alleles of CYP2RI
rs10741657 were associated with a 21 % higher risk of 25(OH)
D insufficiency®.

Our genetic risk score based on alleles in GC (154588 and
rs1251263) and CYP2R1 (rs10741657 and rs10500804) SNP
showed a dose-dependent association with serum 25(OH)D,
with a 33 nmol/l lower serum 25(OH)D among those with the

highest compared with those with the lowest genetic risk score.
Nissen et al.*® used a comparable risk score based on CYP2R1
(rs10741657 and rs10766197) and GC (rs4588 and 1s842999) and
reported 81 % higher mean serum 25(OH)D in late summer
among children, who were carriers of zero v. eight risk alleles.
A large study in Danish adults (72 31 040) with a genetic risk score
based solely on CYP2R1 (1s10741657 and rs12794714) showed
6 nmol/l lower serum 25(OH)D in participants with four v. zero
risk alleles®. These studies show that polymorphisms in
CYP2R1 and GC predispose to low vitamin D status and indicate
that risk scores should include polymorphisms in several genes
that affect the serum concentration of 25(OH)D, to reflect the
overall genetic variation in vitamin D status. This is especially
important in Mendelian randomisation studies that aim to exam-
ine associations with functional outcomes.

Despite its marked effect on serum 25(OH)D concentration,
we found no association between the genetic risk score and any
of the cardiometabolic markers. Based on the previously
observed associations with plasma lipids in this study
population®, we estimate that the difference in 25(OH)D
between those in the lowest and highest risk score category
should be about —0-04 mmol/l TAG and that a potential
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Table 4. Effect modification by SNP in the vitamin D receptor gene (VDR) on associations between serum 25-hydroxyvitamin D (25(OH)D) and

cardiometabolic risk markers

(Mean values and standard deviations; # values and 95 % confidence intervals)

SNP Genotype n Pinteraction p 95% ClI P s 95% ClI P
Systolic blood pressure (mmHg)
rs757343 MM 534 0-37 -0-4 -0-7,-0.-01 0-046 -0-3 -0-6, 0-1 0-21
Mm-+mm 157 -0-0 -0-7,07 0-99 0-1 —-0-6, 0-8 079
rs2228570 MM 281 0-84 -0-3 -0-8,02 023 -0-2 -0-7,0-3 0-37
Mm-+mm 414 -0-2 —-0-6, 0-2 0-32 -0-0 -0-5, 04 0-87
rs11568820 MM 478 0-081 -0-5 -0-9, -0-1 0-009 -0-5 -0-9, -0-1 0-021
Mm-+mm 217 08 -0-5,07 079 0-5 -0-1, 11 0135
Diastolic blood pressure (mmHg)
rs757343 MM 534 0-128 -0-6 -0.9,-0-3 <0-001 -0-3 -0-7, -0-0 0-030
Mm-+mm 157 -0-1 -0-6, 0-5 0-81 0-2 -0-4,07 0-55
rs2228570 MM 281 045 -0-5 —-0-9, -0-1 0-007 -0-5 -0-9, -0-1 0-025
Mm+mm 414 -0-3 -0-7, 0.0 0-050 -0-0 -0-4,0-3 0-93
rs11568820 MM 478 0-126 -0-6 -0.9,-0-3 <0-001 -0-4 -0-7, -0-1 0-025
Mm+mm 217 -0-2 -0-6, 0-2 0-38 0-1 -0-4, 05 074
Insulin (pmol/l)tt
rs757343 MM 515 0-077 -1.4 -2.3,-05 0-003 -0-5 -1.4,0-3 0-23
Mm-+mm 156 05 -1.5,24 0-65 0-5 -1.4,23 0-62
rs2228570 MM 273 0-154 -1.5 —2.7,-0-2 0-021 -0-7 -1.9,05 0-26
Mm-+mm 402 -0-3 -1-4,08 0-59 0-2 -0-8,1-3 0-64
rs11568820 MM 467 0-38 -0-7 -1.7,03 017 0-1 -0-9, 11 0-82
Mm-+mm 208 -1.5 -3.0, -0-1 0-034 -0-9 -22,05 0-196
HDL-cholesterol (mmol/l)t
rs757343 MM 534 0-51 —-0-00 —-0-02, 0-01 0-62 —-0-01 —-0-02, 0-00 0137
Mm-+mm 157 -0-00 —-0-02, 0-01 0-33 —-0-01 —-0-02, 0-01 0-20
rs2228570 MM 281 0-93 —-0-00 —-0-02, 0-01 0-53 —-0-01 —-0-03, 0-01 0-29
Mm+mm 414 -0-00 —-0-01, 0-00 0-38 —-0-01 —-0-01, 0-00 0-144
rs11568820 MM 478 0-95 —-0-00 —-0-02, 0-01 0-51 —-0-01 —-0-03, 0-01 0-194
Mm+mm 217 -0-00 —-0-03, 0-01 0.57 —-0-01 —-0-03, 0-01 022
TAG (mmol/l)t%
rs757343 MM 515 073 -0-02 —0-03, —-0-01 <0-001 -0-02 —0.-03, —-0-01 0-002
Mm-+mm 156 —-0-00 —-0-20, 0-02 0-80 —-0-00 —-0-02, 0-02 0-82
rs2228570 MM 273 0-021 -0-03 —0-04, —-0-01 <0-001 -0-02 —0-04, —-0-01 0-004
Mm-+mm 402 —-0-01 —0-02, 0-004 0-21 —-0-00 —-0-02, 0-01 0-57
rs11568820 MM 467 0-25 -0-02 —-0-03, —0-00 0-008 —-0-00 —-0-02, 0-00 0-191
Mm-+mm 217 —0-03 —0-04, —0-01 0-001 —-0-03 —0-04, —0-01 0-004

Mm, heterozygous genotype; mm, minor genotypes.

* Linear regression model adjusted for age, sex, parental education, entered puberty (yes/no), fat mass index (kg/m?) and moderate-to-vigorous physical activity (min/d). Regression
coefficients are presented as cardiometabolic outcome change per 10 nmol/l increase in serum 25(OH)D.

1 Analysis with log-transformed values and back transformed to normal units.
1 Subjects with fasting status.

difference in diastolic blood pressure could be expected to be
about —-0-6 mmHg. The previously observed effect sizes of the
associations” may however be overestimated due to con-
founding from other lifestyle factors. A recent study in Finnish
prepubertal children found an association between CYP2RI
(1s12794714) and total and LDL-cholesterol, even after adjust-
ment for 25(OH)D®®, and large studies in adults have reported
associations between DHCR7 (1s12785878) and CYP2RI
(rs12794714) and blood pressure (about —0-1 mmHg per risk
score uni® and risk of type 2 diabetes®”. The children in
the present study have a relatively healthy cardiometabolic pro-
file, and this may limit our ability to detect associations with our
genetic risk score.

A potential association between vitamin D status and cardio-
metabolic outcomes is supported by the observed modifications
of the association between serum 25(OH)D concentration and
sBP, insulin and TAG by SNP in the VDR gene. Furthermore,
the associations between 25(OH)D and sBP and TAG were in
the same direction in major allele homozygotes of rs11568820
and rs2228570, respectively, and similar although far from

significant associations were observed for the other VDR
variants. In addition, we observed similar effect modifications
between VDR SNP and the genetic risk score for both insulin
and sBP. The direction of the associations and the effect
estimates for TAG are in line with the previously observed asso-
ciations with serum 25(OH)D in this population of children,
which found no association for sSBP®. Contrary to our findings,
Vimaleswaran et al.®" did not find any VDR polymorphism
modification of the associations between serum 25(OH)D and
obesity, blood pressure, plasma lipids and Hb1lAc in a cohort
of more than 5000 adults.

The Mendelian randomisation approach can be used
as an instrument to evaluate causal effects, as it is less prone
to confounding than other observational studies. However,
Mendelian randomisation studies generally require large sample
62 50 the relatively small sample size in the present study
increases the risk of type II error. We tried to overcome this by
pooling genetic risk score groups with few children as well as
heterozygotes and minor allele homozygotes in the individual
SNP analyses. A genetic risk score is a powerful instrument®?,

sizes
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which in the present study allowed us to identify groups of
children with genotypes that differed markedly in serum
25(OH)D. Our study is furthermore strengthened by the analyses
of potential effect-modifying actions of SNP in genes related
to the biological activity of 1,25-dihydroxyvitamin D on the
association between serum 25(OH)D and the cardiometabolic
markers, which is a new method to try to verify results from
potentially confounded analyses. Moreover, there was no asso-
ciation between dietary intake of vitamin D and serum 25(OH)D
concentration in autumn®”, which minimises any dietary inter-
ference in the Mendelian analyses. The stratified analyses of
associations between serum 25(OH)D and the cardiometabolic
markers are, however, still prone to confounding even after our
extensive adjustments.

One limitation of the Mendelian randomisation approach that
needs to be considered in the interpretation of the results is that
the SNP could have pleiotropic effects, which could lead to
associations through a mechanism that does not involve
25(0OH)D®?. This risk is diminished by the verification of the
effects of GC and CYP2RI on vitamin D status. Moreover, we
used multiple SNP with different locations in the selected genes,
and the observed effects of the VDR polymorphisms are biologi-
cally plausible. The VDR is expressed in a variety of extra-
skeletal tissues, and the selected VDR polymorphisms have
been shown to be associated with outcomes related to
CVD“9 There are several hypotheses that may explain how
vitamin D receptor activity could affect plasma TAG among
others by suppression of parathyroid hormone secretion,
which in turn would reduce lipolysis®® and lower the hepatic
synthesis of TAG®®. Activation of the vitamin D receptor by
1,25-dihydroxyvitamin D has also been proposed to affect blood
pressure through a variety of mechanisms including involve-
ment of the renin—angiotensin—aldosterone system and vascular
smooth muscle®?. Some randomised clinical trials in children
and adolescents have indicated potential beneficial effects of
vitamin D supplementation on TAG and glucose metabolism
markers?>” but most studies have not found any cardiometa-
bolic benefits after an increase in serum concentration of 25(OH)
D385 Our analyses were performed in healthy children with
mean serum 25(OH)D > 50 nmol/l during autumn, when the
serum 25(OH)D is expected to be close to the annual peak, as
UVB radiation in Denmark is only sufficient to induce cutaneous
vitamin D5 synthesis from March to late September®”, Most of
the children were Caucasian, and exclusion of non-Caucasian
children did not affect the results, but the results may not be
generalisable to older children or children with diseases or
severe vitamin D deficiency.

In conclusion, the results of the present study show that a
genetic risk score based on polymorphisms in genes related to
vitamin D synthesis and transport has a substantial impact on
serum vitamin D status. The genetic vitamin D risk score was
not associated with the cardiometabolic markers, but inter-
actions between both 25(OH)D and the genetic risk score and
SNP in VDR were indicated for some of the cardiometabolic
markers. Further investigations of associations between vitamin
D status and cardiometabolic risk are warranted in larger
Mendelian randomisation studies and randomised trials in
children.
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