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Abstract: Maternal vitamin D deficiency has been associated with adverse neonatal outcomes,
however, existing results are inconsistent. Current data focus on total 25-hydroxyvitamin D (25(OH)D)
as the common measure of vitamin D status, while additional measures including vitamin D-binding
protein (VDBP) and free and bioavailable metabolites have not been explored in relation to neonatal
outcomes. We examined whether VDBP and total, free, and bioavailable vitamin D metabolites in
early pregnancy are associated with subsequent neonatal outcomes. In this retrospective analysis
of 304 women in early pregnancy (<20 weeks gestation), demographic and anthropometric data
were collected and total 25(OH)D (chemiluminescent assay), VDBP (polyclonal enzyme-linked
immunosorbent assay (ELISA)) and albumin (automated colorimetry) were measured in bio-banked
samples. Free and bioavailable 25(OH)D were calculated using validated formulae. Neonatal
outcomes were derived from a medical record database. Higher maternal total and free 25(OH)D
concentrations were associated with higher neonatal birthweight (β = 5.05, p = 0.002 and β = 18.06,
p = 0.02, respectively), including after adjustment for maternal covariates including age, body mass
index (BMI) and ethnicity (all p ≤ 0.04). Higher total 25(OH)D and VDBP concentrations were
associated with a lower likelihood of neonatal jaundice (odds ratio [OR] [95%CI] = 0.997 [0.994, 1.000],
p = 0.04 and 0.98 [0.96, 0.99], p = 0.03, respectively), but these were attenuated after adjustment for
the above maternal covariates (both p = 0.09). Our findings suggest a novel association between
free 25(OH)D and neonatal birthweight. Total 25(OH)D concentrations were also associated with
birthweight, and both total 25(OH)D and VDBP were associated with jaundice, but the latter were
not significant after adjustment. These results suggest a potential link between these metabolites and
neonatal outcomes; however, further large-scale prospective studies are warranted.
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1. Introduction

Maternal metabolism undergoes substantial adaptations during pregnancy to facilitate an optimal
intrauterine environment for the fetus [1]. These adaptations include unique changes in vitamin D
homeostasis, intended to meet the increased requirements for fetal bone mineral accrual and enhance
systemic and local maternal tolerance to paternal and fetal alloantigens [2]. Vitamin D regulates cellular
differentiation and apoptosis and can protect skeletal fetal development while providing antimicrobial
defense and immunotolerance at the maternofetal interface, that is the uterine decidua [3,4]. The uterus
itself expresses the vitamin D receptor (VDR) and the uterine immune system is critical for successful
implantation and a continued pregnancy [3]. Maternal 25-hydroxyvitamin D (25(OH)D) represents the
main source of vitamin D for the fetus, with cord blood 25(OH)D concentrations being on average
25% lower than maternal concentrations [5,6]. Vitamin D deficiency in the mother can, therefore,
lead to uteroplacental dysfunction, with negative effects on the fetus, including low birthweight, higher
risk of preterm birth and an altered susceptibility for diseases such as neurodevelopmental disorders
and cancers later in life [7,8]. However, existing study findings are highly divergent, owing to wide
heterogeneity in study designs and populations, and controversies regarding the applied measure of
vitamin D status.

Although total 25(OH)D is currently the most common measure of vitamin D status, recent
studies have questioned whether this is the most appropriate means of determining vitamin D
status in certain conditions such as pregnancy [9–12]. Pregnancy is characterised by high estrogen
concentrations and, in turn, the production of vitamin D binding protein (VDBP) is increased, since
steroid hormones stimulate hepatic synthesis of VDBP [13–15]. VDBP is the main carrier of vitamin D
and changes in VDBP may alter the concentrations of, and relationships between, total and free 25(OH)D
(the unbound fraction) [16]; these altered relationships have been shown in pregnant women [17].
Moreover, the ‘free hormone hypothesis’ suggests that only free steroid hormones are physiologically
active as their lipophilic properties enable them to diffuse passively across cell membranes [18].
Although the placenta expresses megalin (enabling uptake of VDBP-bound vitamin D) and exhibits
extra-renal 1α-hydroxylase activity, it remains unknown whether maternofetal transfer of vitamin D
through placental cells occurs primarily via megalin-mediated endocytosis of VDBP-bound 25(OH)D
compounds, by diffusion of the free hormone, or by both mechanisms [19].

To date, studies have not established whether the naturally occurring increases in VDBP during
pregnancy may influence the bioavailability of vitamin D for the fetus, and subsequently impact
on neonatal health. Kim et al. [14] reported that bioavailable 25(OH)D (free plus albumin-bound
fraction) was lower in pregnant women compared to non-pregnant women, whereas another study [20]
reported no differences in free 25(OH)D between pregnant and non-pregnant women. Moreover,
Bouillon et al. [21] measured total and free 25(OH)D concentrations in 40 women at four timepoints
during pregnancy and found reduced free 25(OH)D at all timepoints, however, no differences in
total 25(OH)D levels compared with non-pregnant controls. In pregnant adolescents [22], VDBP was
elevated and inversely associated with free 25(OH)D, but free 25(OH)D was not superior to total
25(OH)D as a predictor of parathyroid hormone, 1,25(OH)2D, 24,25(OH)2D, or calcium. Conversely,
Tsuprykov et al. [11] found associations between free 25(OH)D and bone and lipid metabolism
and kidney function in healthy Caucasian pregnant women, concluding that free 25(OH)D was a
more precise determinant of vitamin D status during normal human pregnancy than total 25(OH)D.
Importantly, these studies did not assess whether maternal free or bioavailable metabolite concentrations
were associated with adverse neonatal outcomes. It has been posited that VDBP may exhibit a lower
affinity for its metabolites during pregnancy as a compensatory mechanism to enable the level of free
25(OH)D to remain balanced, despite increases in VDBP [13]; however, this is yet to be confirmed.

Collectively, these findings suggest that total 25(OH)D, while relevant, may not be suitable as a
single measure to adequately reflect functional vitamin D status in certain conditions, including in
pregnancy [23]. To further clarify the relationship between maternal vitamin D status and neonatal
outcomes, measurement of free and bioavailable metabolites should be considered, particularly given
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the elevated concentrations of VDBP in the pregnant state. Yet, with the exception of very few
studies examining the influence of VDBP gene polymorphisms on birthweight [24], autism spectrum
disorder [25], and type 1 diabetes [26], to our knowledge, no previous studies have examined free or
bioavailable vitamin D or circulating VDBP concentrations in relation to neonatal outcomes.

Here, we aimed to assess maternal VDBP, total 25(OH)D concentrations, and calculated free
and bioavailable 25(OH)D in a well-characterised multi-ethnic cohort of pregnant women to test the
hypothesis that early pregnancy concentrations of these metabolites are associated with subsequent
neonatal outcomes.

2. Materials and Methods

2.1. Study Design and Population

This study is a longitudinal retrospective cohort study of 304 pregnant women. Datasets and
pre-collected bio-banked samples were available from two separate populations of pregnant women
and these were combined and analysed for the purpose of this study. These two populations were
recruited from the same medical setting in the same geographical location with similar methods and
information for analysis, and thus were deemed sufficiently homogenous to be combined. All women
were aged 18 to 40 years, English speaking and with a singleton pregnancy.

The first population was derived from the Healthy Lifestyles in Pregnancy (HLP) study cohort [27],
which comprised 228 women initially recruited from Monash Health (three large tertiary hospitals
in Melbourne, Australia). These women were recruited at early pregnancy (<15 weeks gestation)
for a randomised controlled trial (RCT) that aimed to optimise gestational weight gain and prevent
postpartum weight retention. The women were classified as high-risk for the development of
gestational diabetes based on a validated risk prediction tool [28] and were overweight (body mass
index [BMI] ≥ 25 kg/m2 or ≥23 kg/m2 for high-risk ethnicities) or obese (BMI ≥30 kg/m2). Women who
were morbidly obese (BMI ≥ 45 kg/m2), had pre-existing diabetes (any type) or other chronic medical
conditions precluding participation were excluded. In the initial RCT, 103 women were included in the
control group (receiving standard care). Data and samples for 91 of these control group women were
analysed in the present study.

The second population was derived from the Creatine and Pregnancy Outcomes (CPO) study,
which aimed to characterise creatine homeostasis in pregnancy in a low-risk pregnancy group [29].
This cohort was also recruited in early pregnancy (<20 weeks gestation) from Monash Health,
for a prospective observational study aimed at characterising creatine homeostasis in low-risk
pregnancies [29]. There was no exclusion by BMI, but participants with significant medical or
obstetric history or with primary models of care outside tertiary public hospital care (e.g., private,
shared, or GP/midwife care) were excluded, as were women who used creatine supplements (since the
original CPO study focused on creatine in pregnancy). The CPO low-risk cohort recruited 282 pregnant
women, of whom 18 subsequently withdrew or were excluded, and 264 remained involved until study
conclusion. Of these 264 participants, data and samples were available for 213 women and these were
included in the present study.

Hence, with the combination of both cohorts, the present study included an eligible total sample
size of 304 women.

2.2. Ethics

Informed written consent was provided by all participants and all data were anonymised for
use in this study. The HLP high-risk pregnancy study was approved by the Monash Health Research
Advisory and Ethics Committee (07216C) initially in 2008, and again in 2019 for the current retrospective
study (19674). For the low-risk CPO pregnancy cohort, ethics approval was obtained in 2015 from
Monash Health (14140B) and Monash University (7785), and again in 2019 for the current retrospective
study (HREC/51952/MonH-2019-169657(v2)).
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2.3. Data Collection

Data were collected at <20 weeks gestation for both cohorts and included measurement of height
and weight as well as questionnaires to assess demographic characteristics such as age, ethnicity, parity,
smoking status, and medical history. Birth and neonatal outcomes (including birthweight, large/small
for gestational age, neonatal hypoglycaemia, jaundice, APGAR [appearance, pulse, grimace, activity
and respiration] scores, sex, admission to neonatal intensive care or the special care nursery) and
mechanisms of birth (normal vaginal delivery, C-section, emergency C-section, induction of labour,
instrumental) were retrieved retrospectively from the Birthing Outcomes System (BOS) database at
Monash Health. Preterm births (<37 weeks gestation) were defined based on the Royal Australia New
Zealand College of Obstetricians and Gynaecologists guidelines [30]. Large and small for gestational
age neonates were those with weights > 90th and <10th percentile for gestational age, respectively [31].
All other outcomes were determined by routine clinical assessments as reported in the BOS database,
which uses a standardized method of reporting perinatal data in Victoria, Australia [28]. Data were
missing for some variables due to incorrect or missing entries in questionnaires or medical records or
insufficient sample volumes and/or inaccurate assay results derived from the bio-banked samples.

2.4. Biochemical Analyses

All biochemical analyses were conducted in samples which had been collected at <20 weeks
gestation and stored at −80 ◦C in departmental bio-banks. Total 25(OH)D concentrations were
measured in serum samples by Monash Health Pathology using direct competitive chemiluminescent
immunoassays on a LIAISON analyser (DiaSorin In., Stillwater, MN, USA) with external quality
control based on Royal College of Pathologists of Australasia (RCPA) standards. Inter- and intra-assay
coefficients of variation (CVs) were <10% and <4%, respectively.

Analysis of VDBP was conducted using polyclonal competitive enzyme-linked immunosorbent
assays (ELISA, Abcam ab108853), according to manufacturer’s instructions. Briefly, samples were
run in duplicate at random across nine plates. A sample pooled from six participants was also run
on each plate to serve as an internal control (calibrator), used to determine the inter-assay variability
and normalise measures across plates. Optical density readings were acquired for each standard and
sample, by measuring an absorbance wavelength of 450 nm, immediately followed by a measurement
at 570 nm to correct optical imperfections (SpectraMax i3, Molecular Devices). VDBP concentrations
were determined based on a standard curve generated for each plate. Before correction, the intra- and
inter-assay CVs were <12% and <22%, respectively. To account for inter-plate variability, all data were
adjusted using an adjustment factor, in accordance with Zwirner et al. [32]. The adjusted results were
used for all subsequent statistical analyses.

Albumin was analysed by Monash Health Pathology using an automated colorimetric method
carried out on a Beckman Coulter AU5812 System, for the purpose of calculating free and bioavailable
vitamin D values using the formula by Bikle et al. [33].

2.5. Calculation of Free and Bioavailable 25(OH)D

We calculated free 25(OH)D based on the formula by Bikle et al. [33] with the affinity binding
constants for 25(OH)D with albumin and VDBP (6× 105 M−1 and 7× 108 M−1, respectively), determined
using centrifugal ultrafiltration dialysis. The calculations used for free and bioavailable vitamin D and
the relevant unit conversions are summarised below:

VD f ree =
VDtotal

(1 + (6 × 105) ×Alb) + ((7 × 108) ×VDBP)
(1)

VDbio=
(
1 +
(
6 × 105

)
×Alb

)
× VD f ree (2)

where:
VD f ree = serum free 25(OH)D concentrations in mol/L;
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VDtotal = serum total 25(OH)D concentration in mol/L;
VDbio = serum bioavailable 25(OH)D concentration in mol/L;
Alb = serum albumin concentration in mol/L (albumin was measured in g/L and converted to

mol/L using: g/L÷ 66430);
VDBP = serum vitamin D binding protein concentration in mol/L (VDBP was measured in ug/mL

and converted to mol/L using: ug/mL÷ 5.8× 107).
Free vitamin D is reported in pg/mL and was converted from mol/L to pg/mL using: mol/L×

0.4166× 1012. Total and bioavailable 25(OH)D are reported in nmol/L and were converted from mol/L
to nmol/L using: mol/L× 109.

2.6. Statistical Analyses

Participant demographic, clinical and biochemical parameters including vitamin D metabolites
are presented as mean ± standard deviation (SD) or frequencies (%). Shapiro–Wilk tests and visual
inspection of histograms were used to assess normality and non-normal variables including total, free,
and bioavailable 25(OH)D were logarithmically transformed to the base-10 to meet the assumptions of
parametric testing prior to analysis.

Univariable associations between the continuous vitamin D metabolite concentrations and
continuous (e.g., birthweight) or categorical (e.g., with or without jaundice) neonatal outcomes
were analysed using general linear or simple logistic regression, respectively. Differences in mean
concentrations of the vitamin D metabolites between binary outcome groups (e.g., women whose
neonates had or did not have jaundice) were assessed using independent student’s t-tests. Variables
which were significant on univariable analysis were further assessed in multiple linear and logistic
regression models, with adjustment for predetermined maternal characteristics considered to be
clinically relevant to the outcomes, including maternal age, BMI, and ethnicity. All statistical analyses
were performed using Stata V.15.0 (Stata, College Station, TX, USA) and a two-tailed p < 0.05 was
considered statistically significant.

3. Results

3.1. Sample Characteristics

Participant characteristics for the 304 women included in this study are presented in Table 1.
Despite combining cohorts from two studies, there were no differences between the women from the
HLP and CPO cohorts with respect to demographic characteristics including maternal age, BMI, parity,
and ethnicity or any of the outcomes measured (all p > 0.05).

Participants had a mean maternal age of 31.4 ± 4.2 years (mean ± SD) and 46% were primiparous.
Approximately 43% were of non-Caucasian ethnicity and 28.3% were classified as overweight, with
25.6% classified as obese. The mean serum total 25(OH)D concentration at early pregnancy was
54.8 ± 20.2 nmol/L. As per US Endocrine Society guidelines [34], 14.5% of participants had sufficient
vitamin D status (total 25(OH)D ≥ 75 nmol/L), 46.8% were of insufficient status (50–74.9 nmol/L), 30.3%
were deficient (25–49.9 nmol/L), and 8.4% were severely deficient (<25 nmol/L). Neonatal outcomes are
summarised in Table 2, whereby 9.6% and 8.6% of neonates were small and large for gestational age,
respectively, and 11.4% had jaundice.

3.2. Univariable Associations between Vitamin D Metabolites and Demographic Variables

Higher maternal age correlated with lower VDBP (r = −0.24, p < 0.01) and higher free and
bioavailable 25(OH)D concentrations (r = 0.22, p < 0.01 and r = 0.24, p < 0.01, respectively). A higher
BMI was associated with lower VDBP (r = −0.12, p = 0.04) and total 25(OH)D (r = −0.26, p < 0.001)
but was not associated with free or bioavailable 25(OH)D (both p > 0.05). There were no associations
between vitamin D metabolites and any other demographic variables (all p > 0.05).
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Table 1. Sample demographic, anthropometric, and biochemical characteristics.

Variable n Mean ± SD or n (%)

Maternal age (years) 301 31.4 ± 4.2

Parity 289
Primiparous 133 (46.0)

2 106 (36.7)
3 39 (13.5)
4 11 (3.8)

Ethnicity 303
Caucasian 174 (57.4)

South East and North East Asian 37 (12.2)
Southern and Central Asian 69 (22.8)

Other 1 23 (7.6)

Past history of GDM 304 13 (4.3)

Smoker 304 3 (1)

BMI (kg/m2) 293 26.8 ± 5.9

Gestational weight gain (kg, at 28 weeks) 255 7.4 ± 3.6

Vitamin D metabolites
Total 25(OH)D (nmol/L) 297 54.8 ± 20.2
Free 25(OH)D (pg/mL) 291 5.6 ± 4.7

Bioavailable 25(OH)D (nmol/L) 291 4.4 ± 3.1
VDBP (µg/mL) 298 364.7 ± 126.1

Albumin (g/L) 302 36.9 ± 4.1

Data reported as mean ± standard deviation or frequency n (%); 1 Other represents African, Middle-Eastern,
European, South American and Polynesian. Sample sizes differ due to missing data (incorrect or missing entries) in
the original studies or insufficient sample volumes or inaccurate assay results derived from the bio-banked samples.
Abbreviations: GDM, gestational diabetes mellitus; BMI, body mass index; 25(OH)D, 25-hydroxyvitamin D; VDBP,
vitamin D binding protein.

Table 2. Summary of neonatal outcomes.

Variable Mean ± SD or n (%)

Gestation at delivery (weeks) 39.1 ± 2.0

Preterm birth 16 (5.4)

Birth trauma 4 (1.3)

Mode of birth
Normal vaginal birth 161 (54.8)

Instrumental birth 58 (19.7)
Caesarean section 75 (25.5)

Neonatal anthropometry
Large for gestational age (>90%) 28 (9.6)
Small for gestational age (<10%) 25 (8.6)

Very small for gestational age (<3%) 7 (2.4)
Head circumference (cm) 34.6 ± 2.1

Birthweight (g) 3360.6 ± 554.0

Neonatal sex
Male 154 (52.6)

Female 139 (47.4)

APGARs
Apgar 1 score (1 min after birth) 8.3 ± 1.5
Apgar 5 score (5 min after birth) 8.8 ± 1.0

Shoulder dystocia 8 (2.7)

Jaundice 34 (11.4)

Neonatal hypoglycaemia 10 (3.4)

SCN/NICU admissions 51 (17.3)

Data reported as mean ± standard deviation or frequency n (%) unless otherwise specified. Abbreviations: APGAR,
Appearance, Pulse, Grimace, Activity, and Respiration; SCN/NICU: Special care nursery/Neonatal intensive care unit.
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Correlations between the vitamin D metabolites were also observed, whereby VDBP was inversely
associated with free and bioavailable 25(OH)D (both r = −0.6, p < 0.001), but not with total 25(OH)D
(p = 0.8). Total 25(OH)D concentration was positively correlated with free and bioavailable 25(OH)D
(both r = 0.7, p < 0.001) and there was a positive correlation between free and bioavailable 25(OH)D
(r = 0.9, p < 0.001).

3.3. Univariable Associations between Vitamin D Metabolites and Neonatal Outcomes

As shown in Table 3, higher maternal VDBP concentrations were associated with a lower likelihood
of neonatal jaundice, whereby women whose neonates were born with jaundice had a lower mean
VDBP concentration of 325.11 ± 119.56 µg/mL compared with 372.54 ± 126.08 µg/mL in women whose
neonates did not have jaundice at birth (p = 0.04). There were no associations between VDBP and any
other neonatal outcomes (Table 3).

Table 3. Univariable associations between vitamin D metabolites and neonatal outcomes.

Variable
VDBP Total 25(OH)D Free 25(OH)D Bioavailable

25(OH)D

β or OR
(95%CI) p β or OR

(95%CI) p * β or OR
(95%CI) p * β or OR

(95%CI) p *

Birthweight 0.11
(−0.40, 0.62) 0.7 5.05

(1.90, 8.19) 0.002 18.06
(4.50, 31.6) 0.02 24.78

(4.10, 45.45) 0.08

Jaundice 0.997
(0.994, 1.000) 0.04 0.98

(0.96, 0.99) 0.03 0.99
(0.91, 1.10) 0.8 1.00

(0.89, 1.13) 0.9

Head
Circumference

−0.001
(−0.003, 0.001) 0.4 0.008

(−0.006, 0.02) 0.2 0.05
(−0.004, 0.10) 0.09 0.08

(−0.009, 0.16) 0.1

SGA (<10%) 1.00
(0.99, 1.00) 0.8 0.99

(0.97, 1.02) 0.5 0.97
(0.85, 1.10) 0.6 0. 0.97

(0.82, 1.14) 0.7

LGA (>90%) 1.00
(0.99, 1.00) 0.9 1.01

(0.99, 1.03) 0.4 1.02
(0.96, 1.10) 0.5 1.05

(0.95, 1.16) 0.5

Neonatal
hypoglycaemia

1.00
(0.99, 1.00) 0.5 1.01

(0.98, 1.04) 0.9 0.95
(0.77, 1.18) 0.6 0.95

(0.72, 1.24) 0.7

Data were analysed using general linear or simple logistic regression models for continuous and binary outcomes,
respectively, and results are reported as beta coefficients or odds ratios with 95% confidence intervals and
corresponding p-values; * p-values represent significance of analyses after vitamin D metabolite data were
logarithmically transformed to the base 10 to approximate normality. Bold numbers denote statistical significance at
p < 0.05. Abbreviations: VDBP, vitamin D binding protein; 25(OH)D, 25-hydroxyvitamin D; SGA/LGA, small/large
for gestational age.

Total 25(OH)D was positively correlated with higher birthweight (p = 0.002) and was also inversely
correlated with jaundice, whereby women with neonates with jaundice had a lower mean total 25(OH)D
of 47.51 ± 18.15 nmol/L compared with 55.75 ± 20.4 nmol/L in women whose neonates did not have
jaundice (p = 0.03).

Higher free 25(OH)D was also associated with higher birthweight (p = 0.02), but not with any
other neonatal outcomes including jaundice (Table 3). Bioavailable 25(OH)D was not significantly
associated with any of the recorded outcomes, although a trend was seen with birthweight (p = 0.08;
Table 3).

3.4. Multivariable Analyses of Vitamin D Metabolites and Neonatal Outcomes

Results of multivariable logistic and linear regression analyses for neonatal outcomes of interest
are shown in Table 4. These models were adjusted for predetermined confounders based on clinical
relevance to the pregnancy outcomes, including maternal age, BMI, and ethnicity.
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Table 4. Multivariable regression analyses of relationships between vitamin D metabolites and pregnancy outcomes after adjustment for maternal covariates.

Dependent
Variable Model

VDBP Total 25(OH)D Free 25(OH)D Bioavailable 25(OH)D

β SE R2 p β SE R2 p β SE R2 p β SE R2 p

Birthweight
+ age 0.10 0.27 0.001 0.7 5.15 1.60 0.03 0.003 18.80 6.97 0.03 0.01 26.68 10.74 0.02 0.06
+ BMI 0.12 0.27 0.01 0.7 7.01 1.74 0.07 <0.001 20.72 7.05 0.04 0.004 22.28 10.88 0.04 0.02

+ ethnicity 0.15 0.26 0.07 0.6 5.36 1.78 0.10 0.004 16.96 6.95 0.09 0.04 22.02 10.81 0.08 0.1

Jaundice
+ age −0.003 0.002 0.02 0.07 −0.02 0.01 0.03 0.02 −0.02 0.05 0.01 0.5 −0.02 0.07 0.01 0.6
+ BMI −0.003 0.002 0.03 0.1 −0.02 0.01 0.04 0.05 −0.01 0.05 0.03 0.6 −0.01 0.07 0.03 0.7

+ ethnicity −0.003 0.002 0.04 0.09 −0.02 0.01 0.05 0.09 −0.001 0.05 0.03 0.9 0.004 0.06 0.03 0.9

Data are presented as unstandardized beta coefficients (β) with corresponding standard error (SE), and R2 (or pseudo R2 for logistic regression of binary outcomes). Plus (+) signs indicate
addition of each variable to the model (e.g., for birthweight, the first row is a model adjusted for maternal age only, the second row is adjusted for maternal age and BMI, and so on). Bold
numbers denote statistical significance at p < 0.05. Abbreviations: VDBP, vitamin D binding protein; 25(OH)D, 25-hydroxyvitamin D.
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Despite a univariable association between VDBP and jaundice, this relationship was no longer
significant after adjustment for any of the covariates (p > 0.05 in all models, Table 4). The initial
relationship between total 25(OH)D and jaundice remained significant after adjusting for maternal
age (p = 0.02) but was attenuated after adjustment for BMI (p = 0.05) and ethnicity (p = 0.09; Table 4),
as well as after additional exploratory adjustment for length of gestation (p = 0.2).

Total and free 25(OH)D remained associated with birthweight in the fully adjusted models
accounting for maternal age, BMI, and ethnicity (Table 4) as well as after exploratory adjustment for
length of gestation (p = 0.04 and p = 0.01, respectively). Bioavailable 25(OH)D was not associated with
any neonatal outcomes in the fully adjusted models (Table 4).

4. Discussion

In the present study, we found that higher total and free 25(OH)D were associated with higher
neonatal birthweight, the latter of which has not previously been reported. These associations remained
significant after adjustment for maternal age, BMI, and ethnicity, highlighting the strength of the
relationships. This was also the first study to investigate and identify associations between VDBP
and jaundice. However, as this was attenuated by adjustment for maternal covariates, it is likely that
underlying factors such as maternal age or BMI may be driving these relationships.

We identified a novel relationship between birthweight and the biologically functional vitamin
D component, free 25(OH)D. We also report a positive association between total 25(OH)D and
birthweight, which is consistent with some studies showing that vitamin D deficiency in early pregnancy
was associated with decreased birthweight [35–38], although others report no relationship [39–41].
Similarly, some clinical trials have shown improvements in birthweight and growth indices in women
receiving vitamin D supplementation [42,43], while others have not [44,45]. Importantly, none of these
observational studies or clinical trials have differentiated between total and free 25(OH)D in their
analyses, which may in part explain some of the inconsistencies in the evidence. Based on the free
hormone hypothesis mentioned earlier, free 25(OH)D may influence birthweight directly via the VDR,
since the VDR is a critical regulator of placental hormone secretion and uterine immunomodulation [46].
In normal placentae, the VDR is localised mainly in trophoblasts [47]. Through the VDR, free 25(OH)D
may directly regulate trophoblast differentiation and human chorionic gonadotrophin (hCG) production
as well as stimulating the secretion of other hormones including estradiol, progesterone and placental
lactogen. These hormones support uteroplacental blood flow and placental neovascularization, thereby
facilitating fetal growth [38]. Vitamin D also influences the production and secretion of insulin, which
is a growth-promoting hormone during fetal life, with direct and indirect effects on adipogenesis and
stimulation of insulin-like growth factors and their binding proteins, respectively [48–50]. Indirectly,
vitamin D promotes maternal calcium absorption and placental calcium transfer (alongside other
nutrients) to the neonate for muscle development and mineralisation of the fetal skeleton [38]. Together,
these pathways suggest that inadequate concentrations of maternal 25(OH)D, particularly the free
25(OH)D component, may impair these actions or limit the beneficial effects of vitamin D in regulating
uteroplacental function and fetal growth. That said, the impact of these metabolites on uterine and
placental vitamin D metabolic homeostasis and subsequent fetal growth remains poorly understood.
Moreover, given that total and free 25(OH)D were correlated and both were associated with birthweight,
we could not distinguish if one measure was superior to the other in relation to this outcome. Further
studies are warranted to clarify the relationship between vitamin D metabolites and fetal growth and
to delineate the underlying cellular and molecular mechanisms.

We found no relationship between VDBP concentrations and neonatal birthweight, which is
likely due to our analysis being based on circulating VDBP levels and not allelic variants of the GC
gene, which have previously been linked with birthweight [24]. Some studies suggest that VDBP
may influence birthweight via its role in placental dysfunction, since fetal growth restriction (FGR)
is known to be associated with placental dysfunction, particularly in the later stages of pregnancy
which coincide with a rise in VDBP [51,52]. Indeed, the single previous study examining VDBP and
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FGR reported significantly lower placental VDBP levels in pregnancies complicated with FGR [53].
It is possible that a lack of VDBP, particularly the absence of its usual peaks at the time of increased
demand, may play a role in the development of placental dysfunction resulting in FGR [53]; however,
this could not be confirmed with the present data. Further investigation, with larger samples and a
greater range of birthweights as well as analysis of genetic variations and both serum and placental
VDBP levels, may help to clarify whether there are any potential links between VDBP and birthweight.

Finally, we found a reduced likelihood of jaundice in neonates born to women with higher
concentrations of total 25(OH)D and VDBP. One previous study has reported a relationship between
vitamin D deficiency and jaundice [54], however, associations with VDBP have not been explored.
It should be noted that the relationships between total 25(OH)D and VDBP with jaundice were
attenuated by adjustment for maternal covariates, suggesting that factors such as BMI or ethnicity may
be driving these relationships. Indeed, neonatal jaundice is more common in women with a higher BMI
compared to those with a low BMI [55]. It is also possible that associations between VDBP and jaundice
may reflect underlying prematurity since jaundice occurs more commonly in preterm infants [56],
and VDBP has been associated with preterm labour [57–59] (though not significantly associated in this
study). To consider this potential confounder, we adjusted for length of gestation or preterm labour
in an exploratory model and this attenuated the association between both total 25(OH)D and VDBP
with jaundice, highlighting that this may be the primary driving factor for the observed associations.
Nevertheless, given the lack of available evidence, further studies analysing VDBP in relation to
jaundice, with consideration of demographic factors and length of gestation, may help confirm this
potential relationship, or lack thereof.

Strengths and Limitations

Limitations of the present study should be acknowledged. The observational design and secondary
post-hoc analysis of existing data precludes assessment of causality or additional collection of data or
samples (including missing data for some variables), and no formal power calculation was performed.
Despite combining two cohorts, the sample size is modest and may have been underpowered to
detect associations between VDBP or total, free or bioavailable 25(OH)D with some of the neonatal
outcomes analysed, especially for variables or outcomes with missing data. We could not assess
temporal changes in vitamin D due to seasonality, sun exposure, supplement use, or diet during
pregnancy since the study utilised a single measurement of vitamin D metabolites in early pregnancy
(<20 weeks gestation). The exact gestational age at which vitamin D metabolites were assessed was
not recorded and may influence the relationships observed [60], although we expect this to be minimal
since all samples were collected at <20 weeks gestation. Genetic assessments were not conducted,
thus, we could not characterise the potential contributions of vitamin D gene axis polymorphisms
including in the VDR or GC genes. Although the CV values for the VDBP ELISA were likely too
high for the results to be considered diagnostic, the randomisation of samples across plates and the
use of calibrators allowed for accurate comparisons to be made between groups for the purpose of
this hypothesis-generating study. Free 25(OH)D concentrations were calculated rather than directly
measured and these calculations depend heavily on the measured VDBP. However, calculated free
25(OH)D determined by polyclonal VDBP assays (as used in this study) has been shown to correlate
strongly with directly measured free 25(OH)D [61]. Total 25(OH)D concentrations were assessed using
Diasorin assays rather than the gold-standard liquid chromatography method. Results should be
interpreted in light of these limitations and further research utilising gold-standard methods including
the newly developed ELISA for free 25(OH)D would be beneficial to validate these findings.

Despite these limitations, our study is the first to report a relationship between maternal free
25(OH)D and neonatal birthweight. The sample comprised a well-characterized cohort of women
with various baseline risk profiles, which allowed examination of a diverse group of pregnant
women. The multi-ethnic cohort reflects the cultural and linguistic diversity of the wider Australian
population [62], which is important in vitamin D research since earlier studies in pregnancy were
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conducted mostly in Caucasian cohorts, despite knowledge of the interplay between ethnicity, genetics
and the vitamin D metabolic system [63]. We were able to assess longitudinal relationships between
vitamin D metabolites in early pregnancy and neonatal outcomes and we adjusted for potential
confounding by maternal age, BMI, and ethnicity which have seldom been considered in previous
studies. We used polyclonal assays which are considered more reliable in measuring VDBP than the
more commonly used monoclonal assays, particularly in ethnically diverse cohorts, as they are less
influenced by VDBP genotype polymorphisms [61].

5. Conclusions

In summary, the present study suggests a novel association between maternal free 25(OH)D
concentrations in early pregnancy and neonatal birthweight. These findings are considered hypothesis-
generating rather than confirmatory and, given that total and free 25(OH)D were correlated and both
were associated with neonatal birthweight, our findings require validation in larger prospective studies
to clarify whether one or a combination of these metabolites offers greater potential utility in predicting
adverse neonatal outcomes. Future studies should incorporate large and diverse multi-ethnic cohorts
with sufficient statistical power and frequent sampling using appropriate assays to trace metabolite
concentrations throughout pregnancy and examine their impact on neonatal outcomes.

Author Contributions: Conceptualization, A.M. and N.N.; methodology, A.M., S.J.E., and S.L.; formal analysis,
M.F. and A.M.; investigation and data collection in original CPO and HLP studies, S.J.E., D.d.G., C.L.H., and H.J.T.;
resources, A.M. and H.J.T.; writing—original draft preparation, M.F., T.G.C., and A.M.; writing—review and
editing, M.F., T.G.C., S.J.E., D.d.G., S.L., C.L.H., H.J.T., N.N. and A.M.; supervision, A.M.; project administration,
A.M.; funding acquisition, A.M. All authors have read and agreed to the published version of the manuscript.

Funding: As part of a larger study of biomarker analyses, funding for this work was provided by a secondment
grant from the National Health and Medical Research Council (NHMRC) Centre for Research Excellence in
Polycystic Ovarian Syndrome and a clinical exercise science seed grant from the Institute of Sport, Exercise
and Active Living, Victoria University. AM, SJE and SL are funded by Biomedical fellowships provided by the
NHMRC. HJT is a NHMRC Medical Research Future Fund Practitioner Fellow.

Acknowledgments: We would like to thank all volunteers who took part in the studies.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. De-Regil, L.M.; Palacios, C.; Ansary, A.; Kulier, R.; Peña-Rosas, J.P. Vitamin D supplementation for women
during pregnancy. Cochrane Database Syst. Rev. (Online) 2012, 2. [CrossRef]

2. Karras, S.N.; Wagner, C.L.; Castracane, V.D. Understanding vitamin D metabolism in pregnancy: From
physiology to pathophysiology and clinical outcomes. Metab. Clin. Exp. 2018, 86, 112–123. [CrossRef]
[PubMed]

3. Liu, N.Q.; Hewison, M. Vitamin D, the placenta and pregnancy. Arch. Biochem. Biophys. 2012, 523, 37–47.
[CrossRef] [PubMed]

4. Tamblyn, J.A.; Hewison, M.; Wagner, C.L.; Bulmer, J.N.; Kilby, M.D. Immunological role of vitamin D at the
maternal-fetal interface. J. Endocrinol. 2015, 224, R107–R121. [CrossRef]

5. Karras, S.N.; Shah, I.; Petroczi, A.; Goulis, D.G.; Bili, H.; Papadopoulou, F.; Harizopoulou, V.; Tarlatzis, B.C.;
Naughton, D.P. An observational study reveals that neonatal vitamin D is primarily determined by maternal
contributions: Implications of a new assay on the roles of vitamin D forms. Nutr. J. 2013, 12, 77. [CrossRef]

6. Markestad, T.; Elzouki, A.; Legnain, M.; Ulstein, M.; Aksnes, L. Serum concentrations of vitamin D metabolites
in maternal and umbilical cord blood of libyan and norwegian women. Hum. Nutr. Clin. Nutr. 1984, 38,
55–62.

7. Eyles, D.; Brown, J.; Mackay-Sim, A.; McGrath, J.; Feron, F. Vitamin D3 and brain development. Neuroscience
2003, 118, 641–653. [CrossRef]

8. Hollis, B.W.; Wagner, C.L. Vitamin D supplementation during pregnancy: Improvements in birth outcomes
and complications through direct genomic alteration. Mol. Cell. Endocrinol. 2017, 453, 113–130. [CrossRef]

http://dx.doi.org/10.1002/14651858.CD008873.pub2
http://dx.doi.org/10.1016/j.metabol.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29066285
http://dx.doi.org/10.1016/j.abb.2011.11.018
http://www.ncbi.nlm.nih.gov/pubmed/22155151
http://dx.doi.org/10.1530/JOE-14-0642
http://dx.doi.org/10.1186/1475-2891-12-77
http://dx.doi.org/10.1016/S0306-4522(03)00040-X
http://dx.doi.org/10.1016/j.mce.2017.01.039


Nutrients 2020, 12, 2495 12 of 14

9. Bikle, D.D.; Malmstroem, S.; Schwartz, J. Current controversies: Are free vitamin metabolite levels a more
accurate assessment of vitamin D status than total levels? Endocrinol. Metab. Clin. N. Am. 2017, 46, 901–918.
[CrossRef]

10. Bouillon, R.; Marcocci, C.; Carmeliet, G.; Bikle, D.; White, J.H.; Dawson-Hughes, B.; Lips, P.; Munns, C.F.;
Lazaretti-Castro, M.; Giustina, A.; et al. Skeletal and extraskeletal actions of vitamin D: Current evidence
and outstanding questions. Endocr. Rev. 2019, 40, 1109–1151. [CrossRef]

11. Tsuprykov, O.; Buse, C.; Skoblo, R.; Hocher, B. Comparison of free and total 25-hydroxyvitamin D in normal
human pregnancy. J. Steroid Biochem. Mol. Biol. 2019, 190, 29–36. [CrossRef] [PubMed]

12. Tsuprykov, O.; Chen, X.; Hocher, C.F.; Skoblo, R.; Lianghong, Y.; Hocher, B. Why should we measure free
25(OH) vitamin D? J. Steroid Biochem. Mol. Biol. 2018, 180, 87–104. [CrossRef] [PubMed]

13. Bikle, D.D.; Gee, E.; Halloran, B.; Haddad, J.G. Free 1,25-dihydroxyvitamin D levels in serum from normal
subjects, pregnant subjects, and subjects with liver disease. J. Clin. Investig. 1984, 74, 1966–1971. [CrossRef]
[PubMed]

14. Kim, H.J.; Ji, M.; Song, J.; Moon, H.W.; Hur, M.; Yun, Y.M. Clinical utility of measurement of vitamin D-binding
protein and calculation of bioavailable vitamin D in assessment of vitamin D status. Ann. Lab. Med. 2017, 37,
34–38. [CrossRef] [PubMed]

15. Schwartz, J.B.; Lai, J.; Lizaola, B.; Kane, L.; Markova, S.; Weyland, P.; Terrault, N.A.; Stotland, N.; Bikle, D.
A comparison of measured and calculated free 25(OH) vitamin D levels in clinical populations. J. Clin.
Endocrinol. Metab. 2014, 99, 1631–1637. [CrossRef] [PubMed]

16. Bikle, D.D.; Schwartz, J. Vitamin D binding protein, total and free vitamin D levels in different physiological
and pathophysiological conditions. Front. Endocrinol. 2019, 10, 317. [CrossRef] [PubMed]

17. Schwartz, J.B.; Gallagher, J.C.; Jorde, R.; Berg, V.; Walsh, J.; Eastell, R.; Evans, A.L.; Bowles, S.; Naylor, K.E.;
Jones, K.S.; et al. Determination of free 25(OH)D concentrations and their relationships to total 25(OH)D in
multiple clinical populations. J. Clin. Endocrinol. Metab. 2018, 103, 3278–3288. [CrossRef]

18. Karras, S.N.; Koufakis, T.; Fakhoury, H.; Kotsa, K. Deconvoluting the biological roles of vitamin D-binding
protein during pregnancy: A both clinical and theoretical challenge. Front. Endocrinol. 2018, 9, 259. [CrossRef]

19. Chun, R.F.; Peercy, B.E.; Orwoll, E.S.; Nielson, C.M.; Adams, J.S.; Hewison, M. Vitamin D and DBP: The free
hormone hypothesis revisited. J. Steroid Biochem. Mol. Biol. 2014, 144, 132–137. [CrossRef]

20. Schwartz, J.B.; Lai, J.; Lizaola, B.; Kane, L.; Weyland, P.; Terrault, N.A.; Stotland, N.; Bikle, D. Variability
in free 25(OH) vitamin D levels in clinical populations. J. Steroid Biochem. Mol. Biol. 2014, 144, 156–158.
[CrossRef]

21. Bouillon, R.; Van Assche, F.A.; Van Baelen, H.; Heyns, W.; De Moor, P. Influence of the vitamin
D-binding protein on the serum concentration of 1,25-dihydroxyvitamin D3: Significance of the free
1,25-dihydroxyvitamin D3 concentration. J. Clin. Investig. 1981, 67, 589–596. [CrossRef] [PubMed]

22. Best, C.M.; Pressman, E.K.; Queenan, R.A.; Cooper, E.; O’Brien, K.O. Longitudinal changes in serum vitamin
D binding protein and free 25-hydroxyvitamin D in a multiracial cohort of pregnant adolescents. J. Steroid
Biochem. Mol. Biol. 2019, 186, 79–88. [CrossRef] [PubMed]

23. Bikle, D.D. Vitamin D: Newer concepts of its metabolism and function at the basic and clinical level.
J. Endocr. Soc. 2020, 4, bvz038. [CrossRef] [PubMed]

24. Chun, S.-K.; Shin, S.; Kim, M.Y.; Joung, H.; Chung, J. Effects of maternal genetic polymorphisms in vitamin
D-binding protein and serum 25-hydroxyvitamin D concentration on infant birth weight. Nutrition (Burbank
Los Angel. Cty. Calif.) 2017, 35, 36–42. [CrossRef] [PubMed]

25. Schmidt, R.J.; Hansen, R.L.; Hartiala, J.; Allayee, H.; Sconberg, J.L.; Schmidt, L.C.; Volk, H.E.; Tassone, F.
Selected vitamin D metabolic gene variants and risk for autism spectrum disorder in the charge study. Early
Hum. Dev. 2015, 91, 483–489. [CrossRef]

26. Sorensen, I.M.; Joner, G.; Jenum, P.A.; Eskild, A.; Brunborg, C.; Torjesen, P.A.; Stene, L.C. Vitamin D-binding
protein and 25-hydroxyvitamin D during pregnancy in mothers whose children later developed type 1
diabetes. Diabetes/Metab. Res. Rev. 2016, 32, 883–890. [CrossRef] [PubMed]

27. Harrison, C.L.; Lombard, C.B.; Strauss, B.J.; Teede, H.J. Optimizing healthy gestational weight gain in women
at high risk of gestational diabetes: A randomized controlled trial. Obesity 2013, 21, 904–909. [CrossRef]

28. Teede, H.J.; Harrison, C.L.; Teh, W.T.; Paul, E.; Allan, C.A. Gestational diabetes: Development of an early risk
prediction tool to facilitate opportunities for prevention. Aust. N. Z. J. Obstet. Gynaecol. 2011, 51, 499–504.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ecl.2017.07.013
http://dx.doi.org/10.1210/er.2018-00126
http://dx.doi.org/10.1016/j.jsbmb.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/30904637
http://dx.doi.org/10.1016/j.jsbmb.2017.11.014
http://www.ncbi.nlm.nih.gov/pubmed/29217467
http://dx.doi.org/10.1172/JCI111617
http://www.ncbi.nlm.nih.gov/pubmed/6549014
http://dx.doi.org/10.3343/alm.2017.37.1.34
http://www.ncbi.nlm.nih.gov/pubmed/27834063
http://dx.doi.org/10.1210/jc.2013-3874
http://www.ncbi.nlm.nih.gov/pubmed/24483159
http://dx.doi.org/10.3389/fendo.2019.00317
http://www.ncbi.nlm.nih.gov/pubmed/31191450
http://dx.doi.org/10.1210/jc.2018-00295
http://dx.doi.org/10.3389/fendo.2018.00259
http://dx.doi.org/10.1016/j.jsbmb.2013.09.012
http://dx.doi.org/10.1016/j.jsbmb.2013.11.006
http://dx.doi.org/10.1172/JCI110072
http://www.ncbi.nlm.nih.gov/pubmed/6894152
http://dx.doi.org/10.1016/j.jsbmb.2018.09.019
http://www.ncbi.nlm.nih.gov/pubmed/30278215
http://dx.doi.org/10.1210/jendso/bvz038
http://www.ncbi.nlm.nih.gov/pubmed/32051922
http://dx.doi.org/10.1016/j.nut.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/28241988
http://dx.doi.org/10.1016/j.earlhumdev.2015.05.008
http://dx.doi.org/10.1002/dmrr.2812
http://www.ncbi.nlm.nih.gov/pubmed/27103201
http://dx.doi.org/10.1002/oby.20163
http://dx.doi.org/10.1111/j.1479-828X.2011.01356.x
http://www.ncbi.nlm.nih.gov/pubmed/21951203


Nutrients 2020, 12, 2495 13 of 14

29. De Guingand, D.L.; Ellery, S.J.; Davies-Tuck, M.L.; Dickinson, H. Creatine and pregnancy outcomes, a
prospective cohort study in low-risk pregnant women: Study protocol. Br. Med. J. 2019, 9, e026756.
[CrossRef]

30. Walker, S.; Nassar, N.; Fung, A. Screening in early pregnancy for adverse perinatal outcomes. R. Aust. N. Z.
Coll. Obstet. Gynaecol. 2016, C-Obs 61, 2–17.

31. Dobbins, T.A.; Sullivan, E.A.; Roberts, C.L.; Simpson, J.M. Australian national birthweight percentiles by sex
and gestational age, 1998–2007. Med. J. Aust. 2012, 197, 291–294. [CrossRef] [PubMed]

32. Zwirner, N.W. ELISA. In Imunología e Imunoquímica. 5th ed Buenos Aires: Editorial Médica Panamericana;
Margni, R.A., Ed.; Editorial Médica Panamericana: Buenos Aires, Argentina, 1996; pp. 798–820.

33. Bikle, D.; Bouillon, R.; Thadhani, R.; Schoenmakers, I. Vitamin D metabolites in captivity? Should we
measure free or total 25(OH)D to assess vitamin D status? J. Steroid Biochem. Mol. Biol. 2017, 173, 105–116.
[CrossRef] [PubMed]

34. Holick, M.F.; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; Murad, M.H.;
Weaver, C.M. Evaluation, treatment, and prevention of vitamin D deficiency: An endocrine society clinical
practice guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911–1930. [CrossRef] [PubMed]

35. Wang, Y.; Li, H.; Zheng, M.; Wu, Y.; Zeng, T.; Fu, J.; Zeng, D. Maternal vitamin D deficiency increases the risk
of adverse neonatal outcomes in the chinese population: A prospective cohort study. Public Libr. Sci. 2018,
13, e0195700. [CrossRef] [PubMed]

36. Khalessi, N.; Kalani, M.; Araghi, M.; Farahani, Z. The relationship between maternal vitamin D deficiency
and low birth weight neonates. J. Fam. Reprod. Health 2015, 9, 113–117.

37. Chen, Y.; Zhu, B.; Wu, X.; Li, S.; Tao, F. Association between maternal vitamin D deficiency and small for
gestational age: Evidence from a meta-analysis of prospective cohort studies. Br. Med. J. 2017, 7, e016404.
[CrossRef]

38. Francis, E.C.; Hinkle, S.N.; Song, Y.; Rawal, S.; Donnelly, S.R.; Zhu, Y.; Chen, L.; Zhang, C. Longitudinal
maternal vitamin D status during pregnancy is associated with neonatal anthropometric measures. Nutrients
2018, 10, 1631. [CrossRef]

39. Prentice, A. Vitamin D deficiency: A global perspective. Nutr. Rev. 2008, 66, S153–S164. [CrossRef]
40. Farrant, H.J.; Krishnaveni, G.V.; Hill, J.C.; Boucher, B.J.; Fisher, D.J.; Noonan, K.; Osmond, C.; Veena, S.R.;

Fall, C.H. Vitamin D insufficiency is common in Indian mothers but is not associated with gestational diabetes
or variation in newborn size. Eur. J. Clin. Nutr. 2009, 63, 646–652. [CrossRef]

41. Morley, R.; Carlin, J.B.; Pasco, J.A.; Wark, J.D. Maternal 25-hydroxyvitamin D and parathyroid hormone
concentrations and offspring birth size. J. Clin. Endocrinol. Metab. 2006, 91, 906–912. [CrossRef]

42. De-Regil, L.M.; Palacios, C.; Lombardo, L.K.; Peña-Rosas, J.P. Vitamin D supplementation for women during
pregnancy. Cochrane Database Syst. Rev. 2016, Cd008873. [CrossRef]

43. Pérez-López, F.R.; Pasupuleti, V.; Mezones-Holguin, E.; Benites-Zapata, V.A.; Thota, P.; Deshpande, A.;
Hernandez, A.V. Effect of vitamin D supplementation during pregnancy on maternal and neonatal outcomes:
A systematic review and meta-analysis of randomized controlled trials. Fertil. Steril. 2015, 103, 1278–1288.e4.

44. Hossain, N.; Kanani, F.H.; Ramzan, S.; Kausar, R.; Ayaz, S.; Khanani, R.; Pal, L. Obstetric and neonatal
outcomes of maternal vitamin D supplementation: Results of an open-label, randomized controlled trial of
antenatal vitamin D supplementation in Pakistani women. J. Clin. Endocrinol. Metab. 2014, 99, 2448–2455.
[CrossRef] [PubMed]

45. Roth, D.E.; Morris, S.K.; Zlotkin, S.; Gernand, A.D.; Ahmed, T.; Shanta, S.S.; Papp, E.; Korsiak, J.; Shi, J.;
Islam, M.M.; et al. Vitamin D supplementation in pregnancy and lactation and infant growth. N. Engl. J. Med.
2018, 379, 535–546. [CrossRef] [PubMed]

46. Knabl, J.; Vattai, A.; Ye, Y.; Jueckstock, J.; Hutter, S.; Kainer, F.; Mahner, S.; Jeschke, U. Role of placental VDR
expression and function in common late pregnancy disorders. Int. J. Mol. Sci. 2017, 18, 2340. [CrossRef]

47. Ma, R.; Gu, Y.; Zhao, S.; Sun, J.; Groome, L.J.; Wang, Y. Expressions of vitamin D metabolic components
VDBP, CYP2R1, CYP27B1, CYP24A1, and VDR in placentas from normal and preeclamptic pregnancies.
Am. J. Physiol.-Endocrinol. Metab. 2012, 303, E928–E935. [CrossRef] [PubMed]

48. Boucher, B.J.; Mannan, N.; Noonan, K.; Hales, C.N.; Evans, S.J. Glucose intolerance and impairment of
insulin secretion in relation to vitamin D deficiency in East London Asians. Diabetologia 1995, 38, 1239–1245.
[CrossRef]

http://dx.doi.org/10.1136/bmjopen-2018-026756
http://dx.doi.org/10.5694/mja11.11331
http://www.ncbi.nlm.nih.gov/pubmed/22938128
http://dx.doi.org/10.1016/j.jsbmb.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28093353
http://dx.doi.org/10.1210/jc.2011-0385
http://www.ncbi.nlm.nih.gov/pubmed/21646368
http://dx.doi.org/10.1371/journal.pone.0195700
http://www.ncbi.nlm.nih.gov/pubmed/29689109
http://dx.doi.org/10.1136/bmjopen-2017-016404
http://dx.doi.org/10.3390/nu10111631
http://dx.doi.org/10.1111/j.1753-4887.2008.00100.x
http://dx.doi.org/10.1038/ejcn.2008.14
http://dx.doi.org/10.1210/jc.2005-1479
http://dx.doi.org/10.1002/14651858.CD008873.pub3
http://dx.doi.org/10.1210/jc.2013-3491
http://www.ncbi.nlm.nih.gov/pubmed/24646102
http://dx.doi.org/10.1056/NEJMoa1800927
http://www.ncbi.nlm.nih.gov/pubmed/30089075
http://dx.doi.org/10.3390/ijms18112340
http://dx.doi.org/10.1152/ajpendo.00279.2012
http://www.ncbi.nlm.nih.gov/pubmed/22871339
http://dx.doi.org/10.1007/BF00422375


Nutrients 2020, 12, 2495 14 of 14

49. Clark, S.A.; Stumpf, W.E.; Sar, M. Effect of 1,25 dihydroxyvitamin D3 on insulin secretion. Diabetes 1981, 30,
382–386. [CrossRef] [PubMed]

50. Fowden, A.L. The insulin-like growth factors and feto-placental growth. Placenta 2003, 24, 803–812. [CrossRef]
51. Luo, Q.; Jiang, Y.; Jin, M.; Xu, J.; Huang, H.-F. Proteomic analysis on the alteration of protein expression in the

early-stage placental villous tissue of electromagnetic fields associated with cell phone exposure. Reprod. Sci.
(Thousand Oaks Calif.) 2013, 20, 1055–1061. [CrossRef]

52. Kolialexi, A.; Tsangaris, G.T.; Sifakis, S.; Gourgiotis, D.; Katsafadou, A.; Lykoudi, A.; Marmarinos, A.;
Mavreli, D.; Pergialiotis, V.; Fexi, D.; et al. Plasma biomarkers for the identification of women at risk for
early-onset preeclampsia. Expert Rev. Proteom. 2017, 14, 269–276. [CrossRef] [PubMed]

53. Wookey, A.F.; Chollangi, T.; Yong, H.E.J.; Kalionis, B.; Brennecke, S.P.; Murthi, P.; Georgiou, H.M. Placental
vitamin D-binding protein expression in human idiopathic fetal growth restriction. J. Pregnancy 2017, 2017,
5120267. [CrossRef] [PubMed]

54. Mehrpisheh, S.; Memarian, A.; Mahyar, A.; Valiahdi, N.S. Correlation between serum vitamin D level and
neonatal indirect hyperbilirubinemia. BioMed Cent. Pediatr. 2018, 18, 178. [CrossRef] [PubMed]

55. Aletayeb, S.M.; Dehdashtiyan, M.; Aminzadeh, M.; Malekyan, A.; Jafrasteh, S. Comparison between maternal
and neonatal serum vitamin D levels in term jaundiced and nonjaundiced cases. J. Chin. Med. Assoc. 2016,
79, 614–617. [CrossRef] [PubMed]

56. Maisels, M.J. Neonatal jaundice. Pediatr. Rev. 2006, 27, 443–454. [CrossRef]
57. Pereira, L.; Reddy, A.P.; Jacob, T.; Thomas, A.; Schneider, K.A.; Dasari, S.; Lapidus, J.A.; Lu, X.; Rodland, M.;

Roberts, C.T., Jr.; et al. Identification of novel protein biomarkers of preterm birth in human cervical-vaginal
fluid. J. Proteome Res. 2007, 6, 1269–1276. [CrossRef]

58. Liong, S.; Di Quinzio, M.K.W.; Fleming, G.; Permezel, M.; Rice, G.E.; Georgiou, H.M. New biomarkers for
the prediction of spontaneous preterm labour in symptomatic pregnant women: A comparison with fetal
fibronectin. BJOG Int. J. Obstet. Gynaecol. 2015, 122, 370–379. [CrossRef]

59. Liong, S.; Di Quinzio, M.K.W.; Heng, Y.J.; Fleming, G.; Permezel, M.; Rice, G.E.; Georgiou, H.M. Proteomic
analysis of human cervicovaginal fluid collected before preterm premature rupture of the fetal membranes.
Reproduction (Camb. Engl.) 2013, 145, 137–147. [CrossRef]

60. Best, C.M.; Pressman, E.K.; Queenan, R.A.; Cooper, E.; Vermeylen, F.; O’Brien, K.O. Gestational age
and maternal serum 25-hydroxyvitamin d concentration interact to affect the 24,25-dihydroxyvitamin D
concentration in pregnant adolescents. J. Nutr. 2018, 148, 868–875. [CrossRef]

61. Nielson, C.M.; Jones, K.S.; Chun, R.F.; Jacobs, J.M.; Wang, Y.; Hewison, M.; Adams, J.S.; Swanson, C.M.;
Lee, C.G.; Vanderschueren, D.; et al. Free 25-hydroxyvitamin D: Impact of vitamin D binding protein assays
on racial-genotypic associations. J. Clin. Endocrinol. Metab. 2016, 101, 2226–2234. [CrossRef]

62. Australian Bureau of Statistics. Cultural diversity in Australia: 2016 Census Data Summary. 2017. Available
online: https://www.abs.gov.au/ausstats/abs@.nsf/Lookup/by%20Subject/2071.0~2016~Main%20Features~
Cultural%20Diversity%20Data%20Summary~30 (accessed on 12 May 2020).

63. Christensen, M.H.E.; Scragg, R.K. Consistent ethnic specific differences in diabetes risk and vitamin D status
in the national health and nutrition examination surveys. J. Steroid Biochem. Mol. Biol. 2016, 164, 4–10.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2337/diab.30.5.382
http://www.ncbi.nlm.nih.gov/pubmed/7014306
http://dx.doi.org/10.1016/S0143-4004(03)00080-8
http://dx.doi.org/10.1177/1933719112473660
http://dx.doi.org/10.1080/14789450.2017.1291345
http://www.ncbi.nlm.nih.gov/pubmed/28222616
http://dx.doi.org/10.1155/2017/5120267
http://www.ncbi.nlm.nih.gov/pubmed/28293436
http://dx.doi.org/10.1186/s12887-018-1140-9
http://www.ncbi.nlm.nih.gov/pubmed/29803223
http://dx.doi.org/10.1016/j.jcma.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/27633666
http://dx.doi.org/10.1542/pir.27-12-443
http://dx.doi.org/10.1021/pr0605421
http://dx.doi.org/10.1111/1471-0528.12993
http://dx.doi.org/10.1530/REP-12-0264
http://dx.doi.org/10.1093/jn/nxy043
http://dx.doi.org/10.1210/jc.2016-1104
https://www.abs.gov.au/ausstats/abs@.nsf/Lookup/by%20Subject/2071.0~2016~Main%20Features~Cultural%20Diversity%20Data%20Summary~30
https://www.abs.gov.au/ausstats/abs@.nsf/Lookup/by%20Subject/2071.0~2016~Main%20Features~Cultural%20Diversity%20Data%20Summary~30
http://dx.doi.org/10.1016/j.jsbmb.2015.09.023
http://www.ncbi.nlm.nih.gov/pubmed/26386461
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Ethics 
	Data Collection 
	Biochemical Analyses 
	Calculation of Free and Bioavailable 25(OH)D 
	Statistical Analyses 

	Results 
	Sample Characteristics 
	Univariable Associations between Vitamin D Metabolites and Demographic Variables 
	Univariable Associations between Vitamin D Metabolites and Neonatal Outcomes 
	Multivariable Analyses of Vitamin D Metabolites and Neonatal Outcomes 

	Discussion 
	Conclusions 
	References

