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Abstract
Background/Objectives
Vitamin D deficiency is common among pregnant women and since the fetus relies exclusively on maternal supply, deficiency could potentially interfere with fetal development.
Vitamin D blood concentrations during pregnancy have been associated with offspring cardio-metabolic health in a few previous studies but the evidence is still inconsistent and only
one previous study has followed the offspring into adulthood. The aim of the present study
was to investigate the association between maternal serum concentration of vitamin D (25
(OH)D) in week 30 of gestation and offspring cardio-metabolic risk factors at 20 years.

Subjects/Methods
A follow up study of a Danish birth cohort from 1988–89 (n = 965) was conducted. A blood
sample was drawn from the women in week 30 of gestation. In 2008–2009, 95% of the original mother and child dyads could be identified in the central registration registry and were
alive and living in Denmark. The offspring were followed up with self-reported anthropometrics (N = 629, 69%) and a clinical examination (N = 410, 45%). Multiple linear regression
was used to estimate the association between maternal 25(OH)D and offspring cardio-metabolic risk factors adjusting for potential confounders.

Results
No overall association was observed between maternal 25(OH)D in week 30 of gestation
and offspring cardio-metabolic risk factors. However, the analyses did suggest a possible
inverse association with blood pressure in females.
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Conclusions
No clear association between maternal 25(OH)D concentration in week 30 of gestation and
cardio-metabolic risk factors in the 20 year old offspring was found.

Introduction
Sub-optimal vitamin D status is common among pregnant women [1–4] and since the fetus
relies exclusively on maternal supply of vitamin D across the placenta [5], maternal vitamin D
deficiency could potentially interfere with fetal development.
Vitamin D is a steroid hormone which regulate a large number of genes through the binding
to vitamin D receptors (VDR) [6]. These receptors are present in most human tissues and have
been shown to be involved in a number of physiological processes [6]. The widespread distribution of VDRs and multiple actions of vitamin D makes it plausible that vitamin D insufficiency during fetal life could lead to perturbations in physiological processes and organ
development which ultimately may lead to future disease. Accordingly, low vitamin D status
during fetal life has been suggested to be associated with a number of adverse long term outcomes including asthma and allergies, bone mineralization, type 1 diabetes, schizophrenia,
multiple sclerosis and cardio-metabolic health[7–24].
The association between vitamin D status in early life and later cardio-metabolic risk factors
in the offspring has only been investigated in few studies and findings are still inconclusive.
Hence, whereas some studies report increased adiposity in individuals exposed to low vitamin
D concentrations during fetal or neonatal life [20], others report the opposite [21] or no association [22, 23]. Findings seem to vary inconsistently with sex. Similar inconsistent findings have
been reported for other cardio-metabolic risk factors such as fasting insulin, triglycerides, cholesterol, CRP and blood pressure [20–24]. Most studies only follow-up individuals into early
childhood and only one study has previously followed the participants into adulthood [21].
The objective of this study was to investigate the association between maternal 25(OH)D
concentration in week 30 of gestation and offspring cardio-metabolic health at 20 years of age
in a prospective cohort study.

Materials and Methods
Original study
Details about the recruitment have been described in detail previously [25]. Briefly, the original
study population included 965 pregnant women recruited for a birth cohort study in Aarhus,
Denmark from April 1988 until January 1989. These women represented 80% of a consecutive
sample of 1212 women attending routine antenatal care at a midwife center in the city. In week
30 of gestation, the women filled out a dietary questionnaire also containing information about
lifestyle and education and an accompanying interview was undertaken. A venous blood sample was obtained after the interview. The blood sample was processed and serum was frozen at
-20°C. The mean age of the participating women was 29 (SD: 4) years, approximately 58%
were nulliparous and 40% had been smoking during pregnancy.

The follow up
The follow-up of the offspring has been described in detail previously [26]. In short, offspring
were followed up in 2008–2009 both with a web-based questionnaire and a clinical
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examination. In addition to questions regarding health and lifestyle, the questionnaire included
questions about height, weight and waist circumference. The clinical examination included
measurement of anthropometry, blood pressure and heart rate. Additionally, a fasting venous
blood sample was drawn. Blood sample analyses included measurement of glucose, insulin,
HbA1c, Insulin-like Growth Factor (IgF1), leptin, adiponectin, cholesterol, triglycerides and
high-sensitivity C-reactive Protein (hs-CRP). Insulin resistance was estimated by HOMA_IR
(fasting insulin (μU/mL) x fasting glucose (mmol/L)/22.5). Details about the physical examination and biochemical analyses have been published previously [26].

The study sample
A total of 915 (95% of the original cohort) mother and child dyads could be identified in the
central registration registry and were alive and living in Denmark at the time of the follow-up.
A sufficient amount of serum for the vitamin D (25(OH)D) analysis was available in 851 mothers of which one outlying observation ([25(OH)D] = 366nmol/l) was excluded from analysis.
Of the 850 offspring available for follow-up, a total of 629 (74%) gave information about selfreported anthropometrics and 410 (48%) participated in the clinical examination. A flow chart
for the study population is included as S1 Fig.

Exposure assessment
Maternal concentrations of 25(OH)D were quantified in 2010 from the serum samples drawn
in gestational week 30 using the LC-MS/MS method (‘MS/MS vitamin D’ kit from Perkin
Elmer, Waltham, MA) [27]. The method of analysis has been described previously [28]. 25
(OH)D has been shown to be very stable when stored in the freezer[29].
Of the 649 mothers with measured serum 25(OH)D who had children participating in the
follow-up, 10 mothers had a 25(OH)D3 concentration below the level of quantification
(LOQ<8.5nmol/L). A concentration of 4.25 nmol/L was imputed for these subjects. Also, 529
mothers had a 25(OH)D2 concentration below the LOQ (5.9nmol/L). Since 25(OH)D2 concentrations generally were low compared to 25(OH)D3, a 25(OH)D2 concentration of 0 nmol/L
was imputed for these subjects. This very high prevalence of low 25(OH)D2 concentration was
expected since Danish women do not have a tradition of taking supplements containing 25
(OH)D2.
Total serum 25(OH)D concentration, calculated as the sum of 25(OH)D2 and 25(OH)D3,
was used as a continuous measure of exposure in the analyses. Differences in outcomes are
reported per 50 nmol/L increase in maternal total 25(OH)D concentration. As most women
had a 25(OH)D2 concentration below LOQ, imputing 0 and adding this to the concentration
of 25(OH)D3 may lead to biased exposure estimates. In order to examine the stability of this
approach additional analyses were run where only the concentration of 25(OH)D3 was used as
exposure.

Assessment of cardio-metabolic risk factors
Since information on self-reported height, weight and waist circumference was available in
more subjects compared to the clinically measured information, the former was used in the
analyses concerning BMI and waist circumference (n = 623 and 629 respectively). Blood pressure, heart rate and all biochemical measures were only available for those participating in the
clinical examination (n = 410).
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Covariates
Information on age and parity as well as maternal pre-pregnancy height and weight was collected from hospital records. Maternal prepregnancy height and weight was used to calculate
maternal prepregnancy BMI. Information on maternal smoking and educational level during
pregnancy was obtained from the dietary questionnaire and interview in week 30 of gestation.
In the Danish Medical Birth Registry we obtained information about offspring birth weight
and gestational age.
Information on offspring exercise habits and lifestyle was obtained from the web-based
questionnaire at follow-up.
The study was conducted according to the guidelines given in the declaration of Helsinki
and all procedures involving human subjects were approved by the Central Denmark Region
Ethics committee (journal no. 20070157) and the Danish Data Protection Agency (journal no.
2006-41-6257). Written informed consent was obtained from all participants.

Statistical analyses
Multiple linear regression modeling was used to estimate the association between maternal
serum 25(OH)D and the different cardio-metabolic risk factors, treating 25(OH)D as a continuous variable.
Sixteen percent of all participants had an hs-CRP value below the detection limit of 0.20
mg/L. Assuming the data below the detection limit were missing at random, multiple imputations were used to impute the values below the detection limit. A maximum value of 0.2 mg/L
was set and the variables sex, BMI, smoking habit and parental overweight were thought to
provide sufficient information on hsCRP to impute the missing values. 20 rounds of multiple
imputation were run, using the Stata command ice (imputation by chained equations).
The distribution of most biochemical outcomes was skewed and therefore log transformed
in order to normalize the distributions. Following this, all regressions were found to fulfill the
assumptions of normally distributed residuals and approximately equal variance of residuals.
It was a priori decided to adjust for major risk factors for the outcome. Hence, maternal
pre-pregnancy BMI (4–5% missing), maternal education (elementary school, high-school or
technical school, university education, higher academic education or other education, 7–9%
missing) and smoking during pregnancy (never, <10 and 10 cigarettes/day, 4–5% missing)
was included in the model to adjust for potential genetic and/or environmental disposition to
the outcomes. Also, maternal age (1% missing), and parity (1.0% missing) could be associated
with vitamin D concentration and was included to adjust for factors that could indirectly affect
adiposity. Potential risk factors such as offspring exercise habits and lifestyle was not included
in the model, since information about these covariates was collected cross-sectionally. A
Directed Acyclic Graph displaying the potential confounders is presented in S2 Fig.
Differential programming effects have previously been described in males and females and
therefore all analyses were initially stratified by sex [30]. Sex specific associations are reported
for anthropometric measures, blood pressure and heart rate. However, since the estimated
associations in males and females were not statistically significantly different for most of the
biochemical outcomes, sex was included as a covariate in these models and results are presented for both sexes combined for all biochemical outcomes except HDL cholesterol. Only
participants with complete information on covariates were included in the main analyses.
We did not adjust for season of maternal blood collection. However, since season may be
associated with lifestyle, diet and exercise levels atweek 30 of gestation, which could potentially
affect the outcomes, sub-analyses were done including season as a covariate.
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Due to the relatively high loss to follow-up and due to a possible association between participation and offspring BMI, sensitivity analyses were performed for BMI and blood pressure.
This was done by using multiple imputation. Hence, assuming the values missing, were missing
at random, multiple imputation was used to impute the values based on sex, maternal prepregnancy BMI, parity, maternal smoking during pregnancy, maternal education and offspring
birth weight. In addition, the imputation of blood pressure was also based on self-reported
height and BMI. Since information used to impute the values was sparse an additional sensitivity analysis for BMI was performed where a BMI of 25 kg/m2 was imputed for those with missing outcome information.
All statistical tests were performed using STATA software package 13.0 (Stata corporation,
College Station, Texas).
All tests were two-sided and a P-value below 0.05 was considered statistically significant.

Results
Mothers excluded from analyses due to missing exposure information were similar to participating mothers with regard to most covariates (S1 Table). However, birth weight was lower in
offspring of mothers excluded (3.33 (SD: 0.60) kg vs. 3.51 (SD: 0.52) kg). Participants in the follow-up (clinical and/or questionnaire) differed from non-participants with regard to a number
of covariates. Hence, non-participants were more likely to have a lower birth weight, be born of
mothers who were less educated, had a higher pre-pregnancy BMI and who were smoking during pregnancy. Also, participants only filling out the questionnaire were more likely to be male,
had a higher self-reported BMI and exercised less compared to participants in the clinical
examination. Participants and non-participants did not differ with regard to maternal 25(OH)
D concentration. Approximately 25% of participants in the follow-up were exposed to maternal 25(OH)D concentrations below 50 nmol/L.
A description of the associations between maternal and offspring covariates with maternal
25(OH)D is shown in Table 1. Parity and pre-pregnancy BMI as well as prevalence of parental
overweight reported by the offspring at follow-up, tended to be higher in mothers in the lowest
quartile of 25(OH)D. Prevalence of maternal smoking tended to increase from higher to lower
quartiles of 25(OH)D, whereas birth weight tended to increase with an increase in 25(OH)D.
Maternal 25(OH)D concentration was not associated with BMI, waist circumference or the
adipose tissue derived hormones leptin and adiponectin in the 20 year old offspring independent of sex (Table 2, Fig 1). Also, no association was found with glucose metabolism measured
by fasting glucose, insulin, HOMA-IR and HbA1c (Fig 1). Regarding lipid metabolism, no
association was found with total and LDL cholesterol, triglyceride and apolipoprotein B (Fig
1). However, a week inverse association between 25(OH)D and HDL cholesterol was found in
females (Fig 1). Offspring IgF-1 was not associated with maternal 25(OH)D during pregnancy.
Also, although the estimated difference in offspring hsCRP per 50 nmol increase in maternal
25(OH)D was relatively large, the confidence interval was wide and the association was found
statistically insignificant (Fig 1).
Further adjustment for season of blood sample collection tended to attenuate most of the
associations (data not shown).
No association between 25(OH)D and blood pressure was found in males (Table 2). There
was, however, a tendency towards an inverse association with systolic and diastolic blood pressure in females. Adjustment for season of collection of blood sample in the sex-stratified analyses further strengthened the association between maternal 25(OH)D and offspring systolic and
diastolic blood pressure in females (systolic blood pressure -1.5 mmHg/50nmol/L (95% CI:
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Table 1. Maternal and 20 year old offspring characteristics dependent on quartiles of maternal 25(OH)D concentration at week 30 of gestation1
1st quartile

2nd quartile

3rd quartile

4th quartile

2

Maternal characteristics
Vitamin D, nmol/L

33 ± 13

63 ± 8

92 ± 9

133 ± 26

Maternal smoking, yes

63 (43)

57 (37)

50 (34)

55 (34)

0

70 (46)

92 (58)

103 (66)

108 (64)

1

66 (44)

51 (32)

41 (26)

44 (26)

2

15 (10)

17 (11)

12 (8)

16 (10)

Pre-pregnancy BMI, kg/m2

21.8 ± 3.8

21.1 ± 2.8

21.4 ± 2.5

20.9 ± 2.2

Age, years

29.0 ± 3.8

29.4 ± 4.1

29.2 ± 4.2

29.1 ± 3.8

Parity

Maternal education
Elementary school

21 (15)

12 (8)

11 (8)

17 (11)

High-school or technical school

24 (17)

37 (25)

35 (24)

41 (26)

University

57 (41)

56 (37)

58 (40)

64 (41)

Higher academic

24 (17)

37 (25)

30 (21)

22 (14)

Other

12 (9)

9 (6)

11 (8)

11 (7)

3.50 ± 0.57

3.56 ± 0.47

3.52 ± 0.51

3.58 ± 0.50

283 ± 11

282 ± 13

283 ± 11

284 ± 11

72 (46)

76 (47)

78 (50)

80 (47)
30 (18)

Offspring characteristics3
Birth weight, kg
Gestational age, days
Sex, male
Offspring smoking
Current

31 (20)

25 (16)

31 (20)

Ex-smoker

7 (5)

7 (5)

5 (3)

7 (4)

Occasional

38 (25)

30 (19)

45 (29)

40 (24)

Never

79 (51)

92 (60)

72 (47)

89 (54)

65 (45)

49 (32)

59 (40)

54 (34)

22.2 ± 2.8

21.8 ± 2.6

22.4 ± 3.3

21.9 ± 2.8

Exercise, yes

108 (69)

113 (72)

110 (71)

126 (76)

Strenuous exercise5

88 (59)

94 (61)

94 (63)

99 (63)

Parental over-weight4
Self-reported BMI, kg/m2

1
2
3

Data are means ± SD or n (%).
Information collected from a self-administered questionnaire and structured interview of the pregnant women in week 30 of gestation.
Information collected from a self-administered web-based questionnaire to the offspring at the age of 19–20 y. Gender, birth weight and gestational age

collected from birth records.
4
Participants were asked whether they would consider any of their parents to be overweight.
5

Defined as exercise of at least 20 minutes duration, resulting in breathlessness.

doi:10.1371/journal.pone.0164758.t001

-3.1, 0.1) and diastolic blood pressure -1.4 mmHg/ 50nmol/L (95% CI: -2.7, -0.0). With regard
to heart rate, a statistically significant association was found in males but not in females.
Sensitivity analysis based on multiple imputation did not change the results for the association between maternal 25(OH)D concentration and offspring BMI and only slightly strengthened the association with blood pressure (data not shown). Using only 25(OH)D3 in the
analyses did not change the results.

Discussion
The results from this study indicate no clear association between maternal 25(OH)D concentration and offspring cardio-metabolic health. Hence, no association was found with offspring
adiposity, adiposity derived hormones and glucose metabolism. Also, no statistically significant

PLOS ONE | DOI:10.1371/journal.pone.0164758 October 20, 2016

6 / 12

Maternal Vitamin D and Offspring Metabolic Health

Table 2. Sex-specific association between maternal 25(OH)D concentration in week 30 of gestation
and offspring adiposity, blood pressure and heart rate at age 20y1.
Difference per 50 nmol/l increase in 25(OH)D concentration
Crude

Adjusted2

Males
BMI (kg/m2)3

-0.1 (-0.5;0.3)

0.0 (-0.4; 0.5)

Waist circumference (cm)4

-0.6 (-2.0; 0.8)

-0.1 (-1.5; 1.3)

Systolic BP (mmHg)5

-0.7 (-2.4; 1.0)

-0.1 (-1.9; 1.7)6

-0.4 (-1.7; 0.9)

-0.2 (-1.5; 1.2)6

2.0 (0.2; 3.7)

2.6 (0.7; 4.4)*

BMI (kg/m2)7

-0.1 (-0.5; 0.3)

0.1 (-0.4; 0.5)

Waist circumference (cm)8

-0.6 (-1.9; 0.8)

0.1 (-1.3; 1.5)

-1.8 (-3.0; -0.5)*

-1.2 (-2.6; 0.1)6

-1.20 (-2.2; -0.20)*

-0.9 (-2.0; 0.2)6

-0.8 (-2.4; 0.7)

-0.6 (-2.3; 1.0)

Diastolic BP(mmHg)5
5

Heart rate (beats per min)
Females

Systolic BP (mmHg)9
Diastolic BP (mmHg)9
9

Heart rate (beats per min)

* P<0.05
All values are differences in outcome measure per 50nmol/L difference in maternal 25(OH)D concentration

1

with 95% confidence intervals in parentheses.
2
3
4

Adjusted for maternal pre-pregnancy BMI, age, parity, education and smoking as well as offspring sex.
n = 291 in crude analysis and 263 in adjusted analysis.
n = 297 in crude analysis and 268 in adjusted analysis.

5

n = 162 in crude analysis and 150 in adjusted analysis.
Additionally adjusted for offspring height.

6
7

n = 332 in crude analysis and 290 in adjusted analysis.

8
9

n = 332 in crude analysis and 292 in adjusted analysis.
n = 248 in crude analysis and 218 in adjusted analysis.

doi:10.1371/journal.pone.0164758.t002

association was found with systolic and diastolic blood pressure, although the data suggested
an inverse association in females. An indication of an increase in resting heart rate with
increasing maternal 25(OH)D was however found in males. There was no consistent evidence
for an association with total cholesterol, LDL cholesterol, Apolipoprotein B and IgF-1. However, maternal 25(OH)D concentration approached an inverse association with hsCRP and
was inversely associated with offspring HDL in females.
Strengths of the study include the long term follow-up, the comprehensive outcome assessment and the relatively large cohort. However, the long term follow-up comes at a cost. Hence,
the loss to follow-up was relatively large (26% for self-reported anthropometrics and 52% for
the clinically measured outcomes). It is likely that loss to follow up was associated with BMI
and therefore also a number of other cardio-metabolic risk factors. However, since loss to follow-up was not associated with 25(OH)D, the degree of selection bias most likely was limited.
This is supported by the sensitivity analyses which did not change estimates materially.
Since the analyses were based on self-reports, we cannot dismiss the risk of information
bias. The difference between self-reported and clinically measured BMI did not depend on
maternal 25(OH)D (n = 389) indicating that differential misclassification was not responsible
for the lack of association. However, the low reliability or precision of self-reported BMI and
waist circumference could potentially have masked a true association with maternal 25(OH)D,
although the very low estimated differences indicate that this was not the case.
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Fig 1. Relative difference in offspring cardio-metabolic risk factors measured at 20 years per 50nmol/l
increase in maternal 25(OH)D in week 30 of gestation (n = 368). Estimates are adjusted for maternal age,
parity, pre-pregnancy BMI, smoking during pregnancy and offspring sex. Horizontal lines indicate 95% confidence
intervals. Abbreviations: HbA1c: Glycated hemoglobin, CRP: C-reactive protein, IgF-1: Insulin-like growth factor-1,
HOMA-IR: Homeostatic model assessment of insulin resistance.
doi:10.1371/journal.pone.0164758.g001

In this study we only measured 25(OH)D as a precursor of the biologically active 1.25
(OH)2D3. Other biologically active hydroxy-derivatives have been identified and the concentration of 25(OH)D may not be a sufficient measure of vitamin D deficiency [31–33]. However,
the concentrations of these derivatives have been shown to be 15–30 fold lower than the concentration of 25(OH)D and the physiological importance still needs to be established.
Previous evidence on the association between maternal 25(OH)D concentration during
pregnancy and offspring adiposity is inconsistent, with both inverse, direct and no association
reported [20–23]. In a cohort study nested in the Southampton Women’s survey, lower maternal vitamin D status was associated with a greater fat mass at the age of 6 years [20]. Likewise, a
study conducted in India found that intrauterine exposure to vitamin D deficiency (25(OH)D
below 50 nmol/L) was associated with a higher fat mass and lower fat free mass in boys but not
girls at the age of 5 years [22]. This association, however, did not persist at 9.5 years of age. In
agreement with findings from the present study, a small UK cohort study found no statistically
significant association between maternal vitamin D status and offspring anthropometry at 9
years [23]. However, the small number of participants examined at 9 years (n = 178) made it
difficult to draw firm conclusions. Surprisingly, a study by Tornhammar et al found a direct
association between neonatal 25(OH)D3 status and BMI at 35 years [21], but only approximately 26% of the invited chose to participate in the follow-up making the results very vulnerable to selection bias. BMI may be a rather poor measure of adiposity, especially in the
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physically active males. Hence, differences in the assessment of adiposity in the different studies could partly explain the different findings.
In the present study we found no statistically significant association between maternal 25
(OH)D at week 30 of gestation and both diastolic and systolic blood pressure, however the estimates indicated an inverse association in females. Also, an indication of an association between
maternal 25(OH)D and heart rate was found in males. Sex specific associations with maternal
25(OH)D have previously been described with respect to percentage body fat and HDL cholesterol [22]. The clinical relevance of the associations are likely marginal but given that blood
pressure tracks into older ages, we cannot rule out that the difference increases with age.
Vitamin D deficiency has been shown to down-regulate the renin-angiotensin system [19].
The local renin-angitensin system (RAS) has been shown to be functional in the fetal brain in
late gestation and to be important for the central regulation of blood pressure [34]. Also, RAS
has been shown to be important in nephrogenesis [35]. Hence, through its effects on RAS, vitamin D deficeniency could have the potential to influence long term blood pressure control.
However, the optimal timing of exposure assesment can be discussed. The concentration of
vitamin D is highly dependent on season and a low concentration of vitamin D in week 30 of
gestation could indicate a higher concentration in early gestation or vice versa.
The results from the present study on blood pressure are partly in agreement with results
from a follow up of offspring from the ALSPAC study at the age of 9.9 and 15.4 years [24]. This
study found an inverse association between maternal 25(OH)D concentration during pregnancy and systolic blood pressure at 9.9 years of follow-up but this association had disappeared
when the offspring were reexamined at 15.4 years of age. An indication for an association
between maternal 25(OH)D deficiency (25(OH)D<50 nmol/l) and offspring systolic blood
pressure at 9.5 years was also found in the study by Krishnaveni et al. However, the difference
between children of deficient and non-deficient mothers failed to reach statistical significance
[22]. In two additional studies, no statistically significant association was found between maternal or infant 25(OH)D and blood pressure at 9 and 35 years, respectively [21, 23].
In the present study, no association between maternal 25(OH)D during pregnancy and offspring biochemical outcomes associated with glucose and lipid metabolism was found, with
the exception of an inverse association with HDL and apolipoprotein A1 in females. Most
other studies report no association with offspring HDL [21, 24], with the exception of Krishnaveni et al who also find an inverse association but only in 9.5 year old boys [22]. The discrepancy between the sex specific effects and the fact that many comparisons were made in the
study, could indicate a chance finding. Other studies have reported an association between
maternal 25(OH)D and offspring glucose metabolism [21, 22]. However both inverse and
direct associations have been reported and in agreement with the present study, Williams et al
reported no association with insulin, insulin resistance and fasting glucose concentrations.
Williams et al also found an indication for an inverse association between maternal 25(OH)
D and offspring CRP concentration[24]. Like in the present study, the findings were however
statistically insignificant and larger studies are needed before firm conclusions can be drawn.
In conclusion, no association between maternal 25(OH)D concentration at week 30 of gestation and cardio-metabolic risk factors in the 20 year old offspring was found. There was however indications of a possible sex specific inverse association with offspring blood pressure
(females only).

Supporting Information
S1 Fig. Flow chart.
(DOCX)
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S2 Fig. Directed Acyclic Graph.
(PDF)
S1 Table. Maternal and offspring characteristics at different levels of participation1. 1 Data
are means ± SD or n(%). 2 Information collected from a self-administered questionnaire and
structured interview of the pregnant women in week 30 of gestation. 3 Information collected
from a self-administered web-based questionnaire to the offspring at the age of 19–20 y. Gender, birth weight and gestational age collected from birth records. 4 Participants were asked
whether they would consider any of their parents to be overweight. 5 Defined as exercise of at
least 20 minutes duration, resulting in breathlessness.
(PDF)

Author Contributions
Conceptualization: SFO DR TIH.
Data curation: DR CG.
Formal analysis: DR BHB AC.
Funding acquisition: SFO.
Methodology: DR TIH BHB AC.
Writing – original draft: DR.
Writing – review & editing: DR BHB TIH TBH SFO CG AC.

References
1.

Sachan A, Gupta R, Das V, Agarwal A, Awasthi PK, Bhatia V. High prevalence of vitamin D deficiency
among pregnant women and their newborns in northern India. The American journal of clinical nutrition. 2005; 81(5):1060–4. PMID: 15883429.

2.

Bodnar LM, Simhan HN, Powers RW, Frank MP, Cooperstein E, Roberts JM. High prevalence of vitamin D insufficiency in black and white pregnant women residing in the northern United States and their
neonates. The Journal of nutrition. 2007; 137(2):447–52. PMID: 17237325; PubMed Central PMCID:
PMC4288960.

3.

Bowyer L, Catling-Paull C, Diamond T, Homer C, Davis G, Craig ME. Vitamin D, PTH and calcium levels in pregnant women and their neonates. Clinical endocrinology. 2009; 70(3):372–7. doi: 10.1111/j.
1365-2265.2008.03316.x PMID: 18573121.

4.

Kazemi A, Sharifi F, Jafari N, Mousavinasab N. High prevalence of vitamin D deficiency among pregnant women and their newborns in an Iranian population. Journal of women’s health. 2009; 18(6):835–
9. doi: 10.1089/jwh.2008.0954 PMID: 19514825.

5.

Vieth Streym S, Kristine Moller U, Rejnmark L, Heickendorff L, Mosekilde L, Vestergaard P. Maternal
and infant vitamin D status during the first 9 months of infant life-a cohort study. European journal of
clinical nutrition. 2013; 67(10):1022–8. doi: 10.1038/ejcn.2013.152 PMID: 24002039.

6.

Bikle D. Nonclassic actions of vitamin D. The Journal of clinical endocrinology and metabolism. 2009;
94(1):26–34. doi: 10.1210/jc.2008-1454 PMID: 18854395; PubMed Central PMCID: PMC2630868.

7.

Stene LC, Ulriksen J, Magnus P, Joner G. Use of cod liver oil during pregnancy associated with lower
risk of Type I diabetes in the offspring. Diabetologia. 2000; 43(9):1093–8. doi: 10.1007/
s001250051499 PMID: 11043854.

8.

Scholl TO, Chen X. Vitamin D intake during pregnancy: association with maternal characteristics and
infant birth weight. Early human development. 2009; 85(4):231–4. doi: 10.1016/j.earlhumdev.2008.10.
006 PMID: 19008055.

9.

Leffelaar ER, Vrijkotte TG, van Eijsden M. Maternal early pregnancy vitamin D status in relation to fetal
and neonatal growth: results of the multi-ethnic Amsterdam Born Children and their Development
cohort. The British journal of nutrition. 2010; 104(1):108–17. doi: 10.1017/S000711451000022X
PMID: 20193097.

PLOS ONE | DOI:10.1371/journal.pone.0164758 October 20, 2016

10 / 12

Maternal Vitamin D and Offspring Metabolic Health

10.

Harvey NC, Holroyd C, Ntani G, Javaid K, Cooper P, Moon R, et al. Vitamin D supplementation in pregnancy: a systematic review. Health technology assessment. 2014; 18(45):1–190. doi: 10.3310/
hta18450 PMID: 25025896; PubMed Central PMCID: PMC4124722.

11.

Christesen HT, Elvander C, Lamont RF, Jorgensen JS. The impact of vitamin D in pregnancy on extraskeletal health in children: a systematic review. Acta obstetricia et gynecologica Scandinavica. 2012;
91(12):1368–80. doi: 10.1111/aogs.12006 PMID: 23210535.

12.

Thorne-Lyman A, Fawzi WW. Vitamin D during pregnancy and maternal, neonatal and infant health
outcomes: a systematic review and meta-analysis. Paediatric and perinatal epidemiology. 2012; 26
Suppl 1:75–90. doi: 10.1111/j.1365-3016.2012.01283.x PMID: 22742603; PubMed Central PMCID:
PMC3843348.

13.

Mahon P, Harvey N, Crozier S, Inskip H, Robinson S, Arden N, et al. Low maternal vitamin D status
and fetal bone development: cohort study. Journal of bone and mineral research: the official journal of
the American Society for Bone and Mineral Research. 2010; 25(1):14–9. doi: 10.1359/jbmr.090701
PMID: 19580464; PubMed Central PMCID: PMC4768344.

14.

Devereux G, Litonjua AA, Turner SW, Craig LC, McNeill G, Martindale S, et al. Maternal vitamin D
intake during pregnancy and early childhood wheezing. The American journal of clinical nutrition.
2007; 85(3):853–9. PMID: 17344509.

15.

Brekke HK, Ludvigsson J. Vitamin D supplementation and diabetes-related autoimmunity in the ABIS
study. Pediatric diabetes. 2007; 8(1):11–4. doi: 10.1111/j.1399-5448.2006.00223.x PMID: 17341286.

16.

McGrath JJ, Eyles DW, Pedersen CB, Anderson C, Ko P, Burne TH, et al. Neonatal vitamin D status
and risk of schizophrenia: a population-based case-control study. Archives of general psychiatry.
2010; 67(9):889–94. doi: 10.1001/archgenpsychiatry.2010.110 PMID: 20819982.

17.

Mirzaei F, Michels KB, Munger K, O’Reilly E, Chitnis T, Forman MR, et al. Gestational vitamin D and
the risk of multiple sclerosis in offspring. Annals of neurology. 2011; 70(1):30–40. doi: 10.1002/ana.
22456 PMID: 21786297; PubMed Central PMCID: PMC3205990.

18.

Chaudhuri A. Why we should offer routine vitamin D supplementation in pregnancy and childhood to
prevent multiple sclerosis. Medical hypotheses. 2005; 64(3):608–18. doi: 10.1016/j.mehy.2004.06.022
PMID: 15617877.

19.

Gezmish O, Black MJ. Vitamin D deficiency in early life and the potential programming of cardiovascular disease in adulthood. Journal of cardiovascular translational research. 2013; 6(4):588–603. doi: 10.
1007/s12265-013-9475-y PMID: 23719723.

20.

Crozier SR, Harvey NC, Inskip HM, Godfrey KM, Cooper C, Robinson SM, et al. Maternal vitamin D
status in pregnancy is associated with adiposity in the offspring: findings from the Southampton
Women’s Survey. The American journal of clinical nutrition. 2012; 96(1):57–63. doi: 10.3945/ajcn.112.
037473 PMID: 22623747; PubMed Central PMCID: PMC4632192.

21.

Tornhammar P, Ueda P, Hult M, Simila H, Eyles D, Norman M. Season of birth, neonatal vitamin D status, and cardiovascular disease risk at 35 y of age: a cohort study from Sweden. The American journal
of clinical nutrition. 2014; 99(3):472–8. doi: 10.3945/ajcn.113.072520 PMID: 24401716.

22.

Krishnaveni GV, Veena SR, Winder NR, Hill JC, Noonan K, Boucher BJ, et al. Maternal vitamin D status during pregnancy and body composition and cardiovascular risk markers in Indian children: the
Mysore Parthenon Study. The American journal of clinical nutrition. 2011; 93(3):628–35. doi: 10.3945/
ajcn.110.003921 PMID: 21228264; PubMed Central PMCID: PMC3407368.

23.

Gale CR, Robinson SM, Harvey NC, Javaid MK, Jiang B, Martyn CN, et al. Maternal vitamin D status
during pregnancy and child outcomes. European journal of clinical nutrition. 2008; 62(1):68–77. doi:
10.1038/sj.ejcn.1602680 PMID: 17311057; PubMed Central PMCID: PMC2629513.

24.

Williams DM, Fraser A, Fraser WD, Hypponen E, Davey Smith G, Deanfield J, et al. Associations of
maternal 25-hydroxyvitamin D in pregnancy with offspring cardiovascular risk factors in childhood and
adolescence: findings from the Avon Longitudinal Study of Parents and Children. Heart. 2013; 99
(24):1849–56. doi: 10.1136/heartjnl-2013-303678 PMID: 24125739; PubMed Central PMCID:
PMC3841764.

25.

Olsen SF, Hansen HS, Secher NJ, Jensen B, Sandstrom B. Gestation length and birth weight in relation to intake of marine n-3 fatty acids. The British journal of nutrition. 1995; 73(3):397–404. PMID:
7766563.

26.

Rytter D, Bech BH, Halldorsson T, Christensen JH, Schmidt EB, Danielsen I, et al. No association
between the intake of marine n-3 PUFA during the second trimester of pregnancy and factors associated with cardiometabolic risk in the 20-year-old offspring. The British journal of nutrition. 2013; 110
(11):2037–46. doi: 10.1017/S0007114513001335 PMID: 23680230.

27.

Ford L. Measurement of vitamin D. Methods in molecular biology. 2013; 1065:245–57. doi: 10.1007/
978-1-62703-616-0_16 PMID: 23996369.

PLOS ONE | DOI:10.1371/journal.pone.0164758 October 20, 2016

11 / 12

Maternal Vitamin D and Offspring Metabolic Health

28.

Nielsen NO, Strom M, Boyd HA, Andersen EW, Wohlfahrt J, Lundqvist M, et al. Vitamin D status during
pregnancy and the risk of subsequent postpartum depression: a case-control study. PloS one. 2013; 8
(11):e80686. doi: 10.1371/journal.pone.0080686 PMID: 24312237; PubMed Central PMCID:
PMC3842313.

29.

Agborsangaya C, Toriola AT, Grankvist K, Surcel HM, Holl K, Parkkila S, et al. The effects of storage
time and sampling season on the stability of serum 25-hydroxy vitamin D and androstenedione. Nutrition and cancer. 2010; 62(1):51–7. doi: 10.1080/01635580903191460 PMID: 20043259.

30.

Halldorsson TI, Rytter D, Haug LS, Bech BH, Danielsen I, Becher G, et al. Prenatal exposure to perfluorooctanoate and risk of overweight at 20 years of age: a prospective cohort study. Environmental
health perspectives. 2012; 120(5):668–73. doi: 10.1289/ehp.1104034 PMID: 22306490; PubMed Central PMCID: PMC3346773.

31.

Slominski AT, Kim TK, Shehabi HZ, Semak I, Tang EK, Nguyen MN, et al. In vivo evidence for a novel
pathway of vitamin D(3) metabolism initiated by P450scc and modified by CYP27B1. FASEB J. 2012;
26(9):3901–15. doi: 10.1096/fj.12-208975 PMID: 22683847; PubMed Central PMCID:
PMCPMC3425822.

32.

Slominski AT, Kim TK, Li W, Postlethwaite A, Tieu EW, Tang EK, et al. Detection of novel CYP11A1derived secosteroids in the human epidermis and serum and pig adrenal gland. Sci Rep. 2015;
5:14875. doi: 10.1038/srep14875 PMID: 26445902; PubMed Central PMCID: PMCPMC4597207.

33.

Slominski AT, Li W, Kim TK, Semak I, Wang J, Zjawiony JK, et al. Novel activities of CYP11A1 and
their potential physiological significance. The Journal of steroid biochemistry and molecular biology.
2015; 151:25–37. doi: 10.1016/j.jsbmb.2014.11.010 PMID: 25448732; PubMed Central PMCID:
PMCPMC4757911.

34.

Mao C, Shi L, Xu F, Zhang L, Xu Z. Development of fetal brain renin-angiotensin system and hypertension programmed in fetal origins. Progress in neurobiology. 2009; 87(4):252–63. doi: 10.1016/j.
pneurobio.2008.12.001 PMID: 19428956; PubMed Central PMCID: PMC2819272.

35.

Matsusaka T, Miyazaki Y, Ichikawa I. The renin angiotensin system and kidney development. Annu
Rev Physiol. 2002; 64:551–61. doi: 10.1146/annurev.physiol.64.081501.155721 PMID: 11826279.

PLOS ONE | DOI:10.1371/journal.pone.0164758 October 20, 2016

12 / 12

