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Vitamin D is important for bone health, as well as an increasing number of other health
outcomes. Here we discuss the evidence relating to vitamin D in pregnancy, from precon-
ception to the perinatal period. During pregnancy extra calcium required for fetal skeletal
growth is attained by both maternal bone resorption and increased absorption from dietary
sources, necessitating increased maternal vitamin D. Many women have low vitamin D status
during pregnancy and may require supplementation, although optimal serum levels and
intake required to achieve those levels is not yet well defined. Evidence from animal studies,
with some supportive human evidence, suggests that fertility may be impaired in mothers
with low vitamin D. During pregnancy, maintaining vitamin D and calcium levels may
decrease the risks of pre-eclampsia, while gestational diabetes mellitus appears to be more
common in those with low vitamin D status, although there is insufficient evidence of
causality. The evidence in relation to increased risks of bacterial vaginosis and caesarean
section similarly requires confirmation in carefully designed observational and experimental
studies. This review outlines the emerging evidence that maternal vitamin D status during
pregnancy is important for the health of the mother and offspring across a range of possible
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1 Introduction

There is growing awareness that vitamin D status is
important to health, with vitamin D inadequacy linked to an
ever-increasing range of disease outcomes. The active form
of vitamin D is a secosteroid hormone that is primarily
derived (in humans) from irradiation of skin precursors
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(by the ultraviolet B (UVB) wavelengths of incoming solar
radiation), followed by metabolism in the liver and kidney
[1]. Vitamin D has long been recognized as essential to bone
health, but it is now clear that the active form has a wide
range of other functions within the body.

The focus of this review is the examination of research
evidence relating to vitamin D status and a range of possible
health outcomes in the period from preconception to birth
(Fig. 1). Although there is evidence that prenatal and early
life vitamin D status are also important to health in later life,
this has been comprehensively reviewed elsewhere [2] and is
not included here.

Much of the research evidence derives from animal work
and human observational studies. In part, this reflects the
recency of active research in this area — following a natural
progression from hypotheses generated as a result of animal
research and geographical and temporal patterns uncovered
in ecological studies, to test in human observational studies,
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Figure 1. Manifestation of reviewed possible major outcomes
related to vitamin D status related to pregnancy and birth.

and then confirming those findings in randomized
controlled trials (RCTs).

In this review, we present the current evidence according
to a hierarchy, from animal and laboratory studies, through
observational studies and then RCT evidence where the
latter is available. Specific vitamin D terminology is
employed throughout the review we use vitamin D when
referring to cholecalciferol or ergocalciferol; 25(OH)D to
refer to 25 hydroxycalciferol (including both 25(0OH)D, and
25(0H)D3) and 1,25(0H),D, the active form of the
hormone, to include both 1,25(0OH),D, and 1,25(0H),Ds.
Note that the pharmacokinetics of vitamin D, and vitamin
D; may be slightly different; some findings in relation to
vitamin Dj are not replicated with use of vitamin D, [3].

2 Synthesis and action of 1,25(0H),D

The vitamin D precursor, 7-dehydrocholesterol, is a normal
intermediary in the cholesterol pathway and is present in
the skin within the plasma membranes of epidermal and
dermal cells [4]. UVB irradiation causes molecular instability
resulting in a chemical rearrangement, with the formation
of previtamin Ds3. A subsequent temperature-dependent [4]
thermal isomerization results in the formation of vitamin
D3 (cholecalciferol) which is released into the circulation,
transported by the vitamin D-binding protein. In general,
there is also a small contribution to the body’s total vitamin
D from diet and/or supplements [5]. This may be vitamin D,
(ergocalciferol), derived from plants, or vitamin Ds, found
principally in fatty fish such as salmon, sardines and
mackerel and, to a certain extent, egg yolks [6].

Whether ingested or sunlight derived, vitamin D (D, or
Ds) is transported to the liver, where it is hydroxylated by a
number of mitochondrial and microsomal P450 enzymes [7]
acting as 25 hydroxylases (primarily CYP27A1), to form
25(OH)D. This is the main circulating form of “vitamin D”
and serum 25(OH)D is the usual measure of vitamin D
status [8]. Serum 25(OH)D circulates attached to the vitamin
D-binding protein, and may be further hydroxylated in the
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kidney by CYP27B1 (1o hydroxylase), a P450 mitochondrial
enzyme [7], to form the active hormone, 1,25-dihydroxy-
vitamin D (1,25(OH),D) [8], depending on the calcium
requirements. Many other tissues also possess the 1
a-hydroxylase enzyme, allowing the local conversion of
25(0OH)D to the active 1,25(0OH),D [7]. Production of the
active metabolite is tightly regulated: with upregulation of
CYP27B1 by parathyroid hormone and downregulation, in
the kidney only, by a fibroblast growth factor [7]. In addition,
there is negative feedback control through 1,25(OH),D-
induced upregulation of a vitamin D 24 hydroxylase
(CYP24A1), resulting in the catabolism of 25(0OH)D and
1,25(0H);D to less active metabolites [9].

The active 1,25(0H),D exerts effects predominantly
through a genomic pathway leading to changes in gene
transcription, that takes hours or days [10]. The active
hormone enters the cells by passive diffusion and binds to a
nuclear vitamin D receptor (VDR) [7, 9]. This causes a
conformational change in the VDR, allowing it to dimerize
with the retinoid X receptor and subsequently interact with
specific DNA sequences, vitamin D response elements, on
target genes to activate or repress gene transcription [7, 9].

A more rapid response pathway, taking seconds to
minutes, may occur vig interaction with a cell surface
receptor and second messengers such as mitogen-activated
protein kinase or cyclic adenosine monophosphate[10]. This
allows transmission of extracellular signals to intracellular
targets, resulting in initiation of myogenesis, cell prolifera-
tion, differentiation or apoptosis [11]. Such pathways have
been demonstrated in muscle [11] and may be the route for
some of the 1,25(0OH),D effects on pancreatic B-cells,
vascular smooth muscle, the intestine, and monocytes [10].

The well-known calcitropic functions of 1,25(0OH),D
include the physiological regulation of calcium transport
and bone mineralization by increasing intestinal calcium
absorption [1], suppressing parathyroid secretion [7] and
promoting mineralization of the skeleton [12]. It is now
being increasingly recognized that vitamin D has important
non-calcitropic actions, involving VDR activation by locally
produced 1,25(OH),D in a number of tissues in a paracrine
and autocrine manner [13].

The pleiotropic effects of 1,25(0OH),D include stimulation
of insulin production [14], thyroid-stimulating hormone
secretion [15],] and improvement of myocardial contractility
[16]. An important role for 1,25(0OH),D in increasing
differentiation and suppressing proliferation of monocytes
was reported in 1981 [17] and was followed by work that
showed that 1,25(0OH),D could induce suppression of cancer
cell growth and improved differentiation [18]. The applica-
tion of vitamin D analogs in the management of rapidly
proliferating cells became immediately apparent [19], indi-
cating these as a therapy for psoriasis [20].

An important immune regulatory role for 1,25(0OH),D in
both innate and adaptive immunity has also been established
[21] and recently, 1,25(OH),D has been shown to inhibit the
development and function of proinflammatory Th17 cells [22].
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The above actions of 1,25(OH),D indicate the possible roles it
may play in pregnancy and during fetal development, a period
of immense cellular differentiation and proliferation. This will
be reviewed in the following sections.

3 Maternal and fetal vitamin D during
pregnancy

3.1 Physiology

During pregnancy, maternal 1,25(0OH),D requirements can
increase up to four- to five-fold to facilitate the availability of
extra calcium required for fetal skeletal growth [23].
Approximately, 25-30 g of calcium is transferred to the fetus
by the end of pregnancy with the majority of this occurr-
ing in the last trimester [24, 25]. Calcium levels in the
third trimester fetus are higher than in the maternal
plasma (reviewed in [26]) with maternal total serum
calcium concentrations declining as the pregnancy
progresses [27], highlighting the role of active transport
across the placenta.

If changes in sunlight exposure and vitamin D intake are
taken into consideration, maternal 25(OH)D levels during
pregnancy do not differ markedly from nonpregnant
women over the same time period [28]. However, serum
1,25(0H),D concentrations increase 50-100% over the
nonpregnant state during the second trimester and by 100%
during the third trimester [29]. Such increases could be
explained by increasing synthesis and/or decreasing cata-
bolism of 1,25(0OH),D. There is convincing evidence
(reviewed in [30]) of increasing 1,25(OH),D synthesis in the
maternal kidney. Evidence in relation to 1,25(OH),D
synthesis in decidual and placental tissue is more conten-
tious (reviewed in [31]). There is an increased expression
of la-hydroxylase and VDR genes [9] and high levels of
1la-hydroxylase [32] in human placental and decidual tissues
during the first and early second trimesters. However, as
there is inconsistent evidence of transplacental transfer of
1,25(0H),D at physiological levels [33, 34] (although it is
clear that 25(OH)D crosses the placental barrier [25]), this
may not contribute to maternal 1,25(0H),D levels, but be
required locally for induction of immune tolerance of
implantation and successful maintenance of pregnancy, via
dampening of Thl immune function [9, 32]. Decreased
catabolism may also contribute to higher placental levels of
1,25(0OH),D, as there is some evidence of specific epigenetic
downregulation of the CYP24A1 (24-hydroxylase) gene [35]
in the placenta.

The pregnant woman derives the majority of the calcium
required for fetal calcification from her diet via enhanced
calcium absorption largely induced by the rise in maternal
1,25(0OH),D [36]. However, as the rise in calcium absorption
occurs in the first trimester, before the rise in 1,25(0OH),D
begins [26], it seems likely that an additional mechanism is
at play.
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The level of serum 25(OH)D in cord blood correlated
highly with the maternal serum levels with r-values of 0.89
[34] and 0.71 [37] in two studies comparing paired samples.
Fetal 1,25(0H),D derives mainly from the fetal kidney
[25, 27], possibly with some contribution from other sites
such as the placenta, as noted above.

Possible immunoregulatory roles for placental 1,25
(OH),D are currently under investigation [35]. Although the
role of 1,25(0OH),D in the development of central tolerance
during the first trimester is not known, higher 25(OH)D
levels in cord blood are associated with higher levels of the
immunosuppressive cytokine IL-10 [38] and inhibition of
Thl and Th2 differentiation [39]. 1,25(0H),D appears to
function as an intracrine regulator of the antimicrobial
protein cathelicidin in the trophoblasts, thereby boosting
innate immunity in the placenta [40]. Indirect mechanisms
may also be involved, for example, through 1,25(0OH),D-
induced alterations in cytokines which themselves have
important effects, for example, maternal IL-6 is an impor-
tant mediator of the adverse impact of maternal immune
activation on neurodevelopmental outcomes [41] and
1,25(0OH),D downregulates IL-6 [42]. Through such effects,
higher 1,25(0OH),D levels during pregnancy could possibly
also lower the risks of infection for the developing fetus.
This is an area of active research.

3.2 lIssues relevant to maternal vitamin D status:
Diet, skin color, sun avoidance, location

Increased vitamin D requirements in pregnancy must be
met through dietary intake, supplements, and sun exposure.
The efficiency and amount of UVB-induced production of
vitamin D depends on the dose of relevant wavelengths of
UVR to skin precursors. That dose, in turn, depends on
ambient UVB (variable by season, time of day, and location),
skin pigmentation (with darker skin reducing the effective
UVB dose to epidermal cells), and barriers (sun protection
measures and clothing) [43—45]. Women pregnant at high
latitude locations, during winter or effectively sun protected,
e.g. darkly pigmented and/or veiled [46], are at increased risk
of vitamin D insufficiency, the latter even in high ambient
UVR environments [47, 48|.

3.3 Vitamin D supplementation

In a recent benefit-risk assessment of vitamin D supple-
mentation that reviewed RCT and prospective cohort data in
relation to falls, fracture prevention, cardiovascular health
and colorectal cancer, serum 25(OH)D levels of 75-110
nmol/L provided optimal benefits for these outcomes without
increasing risks [49]. These levels can be obtained in
nonpregnant individuals with daily doses of 1800-4000 IU
[49]. For pregnant and lactating women, optimal serum
25(OH)D levels have not yet been defined [50-52].
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A 2009 review has recommended that women at risk of
vitamin D deficiency should be monitored at the beginning
of gestation and at midgestation [23], so that vitamin D
deficiency can be corrected. A woman who is vitamin D
deficient at the start of pregnancy may remain so even with
daily doses of 1000 I1U/day [53, 54]. The Canadian Paediatric
Society has recommended a daily dose of 20001U in preg-
nant and lactating women [55]. However, doses over 2000 [U
may be required to maintain serum 25(OH)D levels over
80nmol/L [56]. A RCT involving a comparison of maternal
antenatal supplementation of 40001U D; compared with
400IU Dj; has recently concluded in the US with results
from a conference presentation published in the media
(Times web site: http://www.timesonline.co.uk/tol/news/
uk/scotland/article6868729.ece). The complete findings are
keenly awaited.

It is also important to note that there are currently few
data on the possible adverse health implications of main-
tenance of relatively high 25(OH)D levels, e.g. > 75 nmol/L
for long periods of time [57]. Although short-term trials
attest to the safety of even very high levels of vitamin D
supplementation [58], the results of the above-mentioned
clinical trials of vitamin D supplementation during preg-
nancy will provide important data in this respect.

4 Vitamin D and obstetric outcomes
4.1 Prepregnancy: Conception/fertility

The potential role of vitamin D in conception and fertility
has not been extensively investigated to date and most
studies have involved animal models. In vitamin D deficient
rats ovarian function (vitamin D modulated) and sperma-
togenesis (calcium modulated) were impaired, with fertility
reduced by 75% and litter size by 30% [59]. The reduction in
fertility was associated with reduced probability of impreg-
nation as well as an increased likelihood of complications
during pregnancy. Further analysis of the data suggested
that the decreased litter size may not have been caused
directly by vitamin D deficiency but related to the smaller
size of the vitamin D-deficient parents [59]. In a CYP27B1
(loo hydroxylase) deficient mouse model, female null
mutants were infertile, exhibited uterine hypoplasia and
absent corpora lutea [60]. Furthermore, in VDR null mutant
mice, sperm count and motility were reduced in males and
there were histological abnormalities of the testis [61].
Females were infertile, but developed normal fertility if fed a
calcium-rich diet. It is thus postulated that defective repro-
duction is the result of hypocalcemia that ensues after
vitamin D deficiency [62], rather than directly due to vitamin
D deficiency.

In humans, a prospective cohort study has shown that
higher 25(0OH)D levels in both serum and follicular fluid
(FF) predicted the success of in vitro fertilization techniques
[63]. This finding persisted after statistical adjustment for
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maternal age, BMI, ethnicity, and the number of embryos
transferred (each 2.5 nmol/L increase in FF 25(OH)D
increased the likelihood for achieving a clinical pregnancy
by 7% (p=0.01) [63]. As the study did not reveal any
relationship between 25(OH)D levels and ovarian response,
it was postulated that, as in animal studies [59], endometrial
receptivity and implantation may be the beneficiaries of
higher 25(0OH)D levels [63]. Serum and FF levels of
25(0OH)D were highly correlated [63, 64], paving the way
for 25(0OH)D measurement during in vitro fertilization
cycles in the future to allow vitamin D supplementation if
required.

Some autoimmune diseases are associated with
decreased fertility [65], e.g. Antiphospholipid Syndrome and
Systemic Lupus Erythematosus, and these disorders have
also been associated with low levels of 25(OH)D [66]. In
addition, difficulties with fertility is common in many
women with polycystic ovarian syndrome (PCOS), a condi-
tion characterized by hyperandrogenic chronic anovulation,
arrested follicular development, and metabolic disturbances
such as insulin resistance [67, 68]. Treatment with vitamin
D and calcium has been demonstrated to normalize
menstrual cycles in some women with PCOS [68] and
treatment with a vitamin D3 analog (alphacalcidol) signifi-
cantly increased the first phase of insulin secretion in
another study of women with PCOS [67]. No studies to date
appear to have examined how these separate findings might
relate to one another.

4.2 During pregnancy
4.2.1 Pre-eclampsia

Pre-eclampsia, a common complication affecting up to 10%
of pregnancies, presents as hypertension, proteinuria, and
endothelial dysfunction in the mother and can result in fetal
growth restriction, premature delivery, and low birth weight.
It is a heterogeneous disorder for which the pathogenesis
may vary, depending on the risk factor profile. Risk factors
include, but are not limited to, maternal chronic hyperten-
sion, maternal obesity, previous and/or family history of
pre-eclampsia, and multifetal pregnancy [69]. Women with
pre-eclampsia demonstrate abnormalities in calcium meta-
bolism [70], which could induce several of the processes
resulting in the phenotype of the disorder [23, 71]. In a
meta-analysis of intervention trials, calcium supplementa-
tion halved the risk of pre-eclampsia, with the greatest effect
seen in women at high risk of pre-eclampsia and women
who had a low baseline level of calcium [71]. However, not
all studies were consistent and in two intervention trials,
calcium supplementation did not reduce the risk of pre-
eclampsia [72, 73], although in one of these [73] it did reduce
the severity of the disorder.

Through its role in the regulation of calcium transport, or
through one of its many noncalcaemic regulatory roles [74],
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vitamin D may also be involved in the pathogenesis of pre-
eclampsia. In ecological studies, seasonal variation in the
incidence of pre-eclampsia in the northern hemisphere
has been demonstrated, with highest incidence in winter
(@ time of low potential for vitamin D synthesis) and
lowest in summer/early autumn [75-77]. In addition,
pre-eclampsia is more common in dark-skinned women
[78, 79] and in women with some autoimmune diseases
(which may be associated with vitamin D insufficiency, such
as type I diabetes and rheumatoid arthritis ([80-82],
reviewed in [83]).

Pre-eclampsia has been associated with an increased
release of Thl cytokines such as tumor necrosis factor-o
(TNF-a) [84, 85] and increased TNF-o levels have been found
in the placenta and amniotic fluid of pregnancies affected by
pre-eclampsia [86]. In normal cultured trophoblasts, TNF-o
expression is inhibited by 1,25(OH),D and TNF-a increases
the gene expression of CYP24A1 [87], i.e. TNF-a and
1,25(0H),D are mutually inhibitory. However, pre-eclamp-
tic placentas may have decreased ability to convert 25(OH)D
to 1,25(OH),D [88] (despite increased 1o hydroxylase
(CYP27B1) and decreased 25-hydroxylase (CYP27A1) and
24-hydroxylase gene expression (CYP24A1), compared with
normal placental tissue [89]. These findings are consistent
with a role for TNF-a in pre-eclampsia to increase
1,25(0H),D catabolism, leading to the low levels of circu-
lating 1,25(OH),D observed [87] that in turn could contri-
bute to the lower calcium levels seen in patients with pre-
eclampsia.

Evidence from observational human studies supports a
role of vitamin D in the pathogenesis of pre-eclampsia. In a
nested case-control study, maternal serum 25(OH)D
concentration of <37.5nmol/L during early pregnancy
(<22 wk gestation) was associated with a fivefold increase in
the odds of developing pre-eclampsia (adjusted odds ratio
(AOR) = 5.0; 95% confidence interval (CI) 1.7-14.1; adjusted
for maternal race/ethnicity, prepregnancy BMI, maternal
education, season, and gestational age when the serum
sample was taken). The risk of pre-eclampsia more than
doubled for each 50nmol/L decrease in maternal 25(0H)D
level [75].

A similar apparent risk reduction was found in a recent
cohort study of 23 423 nulliparous women in Norway. There
was a 27% reduction in the risk of pre-eclampsia in women
who took 10-15pg/day (400-6001U/day) of vitamin D
supplements compared with women who took no supple-
ments (AOR =0.73, 95% CI 0.58-0.92; adjusted for BMI,
maternal height, maternal age, maternal education, season
of birth, and smoking) [90]. Another cohort study reported
lower maternal 1,25(0H),D serum levels in pre-eclamptic
pregnancies compared with normal pregnancies (107 +20
versus 125+ 20nmol/L, p=0.003) [91]; however, the circu-
lating levels of 1,25(0OH),D did not differ before the devel-
opment of eclampsia [91]. Intriguingly, in a northern
Finland birth cohort the risk of pre-eclampsia was halved
(AOR =0.49, 95% CI 0.26-0.92) in the first pregnancies of

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2010, 54, 1092-1102

women who received vitamin D supplementation during
their own first year of life [92].

Two RCT studies have examined the effect of combined
preparations (fish oil and minerals [93], and vitamin D and
calcium [94]) ingested from midgestation, on blood pressure
outcomes in pregnancy. The first showed a 31.5% (95% CI
11-47%) decrease in the odds of development of pre-
eclampsia [93], while in the second study, although blood
pressure at 32 and 36 wk was lower in the supplemented
group, there was no significant difference in the proportion
of who developed pre-eclampsia (6% in the supplemented
group compared with 9% in the nonsupplemented group
[94]]. It is not possible to detangle the separate importance of
vitamin D and calcium from these studies and the RCTs of
antenatal vitamin D supplementation without calcium will
be needed to do so.

4.2.2 Gestational diabetes mellitus

Gestational diabetes mellitus (GDM), which affects 3-8% of
all pregnancies depending on the population studied, is a
glucose intolerance that has its onset, or is first recognized,
during pregnancy [95]. The known risk factors for develop-
ing GDM include maternal obesity or being overweight,
being of a particular race/ethnicity, prior history of GDM,
family history of type II diabetes, history of previous fetal
death, previous delivery of a macrosomic infant, and
increasing maternal age [96].

As 1,25(0OH),D is known to stimulate insulin production
[14] and improve insulin sensitivity [97], it has been postu-
lated that vitamin D deficiency may be involved in the
pathogenesis of GDM [98]. To date, a limited number of
studies have examined this issue.

In two cross-sectional studies, serum 25(OH)D levels
(measured at 28.7 (+3.3) wk [99] and 24-28 [100] wk
gestation) were lower in women with GDM than in
normal controls (48.6 versus 55.3nmol/L, p=0.04 [99]
and 16.49 versus 22.97 nmol/L, p = 0.009 [100], respectively).
Differences remained after accounting for age, weight,
and ethnicity [99]. Although there was an increased odds
of being diagnosed with GDM in those with 25(OH)D
levels <50nmol/L (presumably compared with those
with 25(OH)D levels >50nmol/L, although the reference
group is not specifically stated), this was not statistically
significant (AOR =1.92, 95% CI 0.89—4.17). In contrast, a
third cross-sectional, hospital-based study in India, where
the prevalence of vitamin D deficiency (<50nmol/L)
was high (66%), found no association between 25(OH)D
levels (measured at 30-wk gestation) and the diagnosis of
GDM [52].

There are two important points to note in relation to the
above studies. Firstly, as is typical of cross-sectional studies,
it is not possible to be confident of the temporal association
of two factors measured at the same time point and it is
possible that there is incomplete control of confounding due
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to pre-pregnancy BMI or other risk factors for GDM.
Secondly, as in each of these specific studies the samples for
25(OH)D measurement were taken well into the pregnancy,
in late second or early third trimester, one might speculate
that GDM had already developed and that the temporal
pattern of measurement was flawed.

Using a different, more rigorous methodology, a
prospective nested case—control study, maternal 25(0OH)D
deficiency (<50nmol/L) at 16-wk gestation was found to be
associated with increased risk of GDM development, after
accounting for known risk factors including maternal age,
race/ethnicity, family history of diabetes, and prepregnancy
BMI (AOR = 2.66, 95% CI 1.01-7.02) [98]. Each 5ng/mL
(12.5nmol/L) decrease in plasma 25(OH)D was associated
with a 29% increase in the odds of developing GDM
(AOR =1.29, 95% CI 1.05-1.60).

Although these studies are relatively consistent in
showing that low levels of 25(OH)D are associated with
increased risk of GDM, RCT evidence is required to clarify
the direction and magnitude of effect.

4.2.3 Bacterial vaginosis

Bacterial vaginosis (BV) is a vaginal infection that affects
nearly a third of reproductive-aged women [101]. During
pregnancy, BV identified before 20-wk gestation is strongly
associated with low birth weight and indicated in preterm
delivery and clinical chorioamnionitis [102]. In a cross-
sectional study of low-income pregnant women (with a high
percentage of black women), there was a linear inverse
dose-response relationship between 25(OH)D level and the
occurrence of BV, after adjustment for race and sexually
transmitted diseases [103]: 25(OH)D concentrations of 20
and 50nmol/L were associated with a 65 and 26% higher
prevalence of BV at <16-wk gestation, compared with a
serum concentration of 75nmol/L (adjusted prevalence
ratio = 1.65, 95% CI 1.01-2.69; adjusted prevalence ratio =
1.26, 95% CI 1.01-1.57, respectively). In a second study,
involving pregnant African American adolescents, after
adjustment for season, presence of BV was associated with
vitamin D deficiency (<37.5nmol/L) (OR 4.4, p=0.02)
[104].

Again, one must be mindful that both of these studies
were cross sectional and it is not clear that the results were
fully adjusted for possible confounders such as socio-
economic status. The findings are biologically plausible
through the effect of 1,25(0H),D on immune function and
the antimicrobial effects of cathelicidin, but require confir-
mation by further studies.

4.2.4 Maternal bone health

During pregnancy there is an overall maternal bone loss of
between 2 and 5% [105, 106]. We were unable to find any
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studies directly assessing whether vitamin D deficiency
affected the maternal bone health during pregnancy. One
study showed that there was greater bone loss (assessed by
calcaneal quantitative ultrasound) in women who were in
their first trimester during the winter months compared
with those whose first trimester was in the summer [107].
Additionally, higher levels of estimated UVB exposure in
early pregnancy were associated with greater baseline
calcaneal width (r=0.32, p<0.001) and change in calcaneal
width during pregnancy (r = 0.36, p<0.001). Although this
is suggestive of a possible vitamin D effect, vitamin D status
was not measured, and definitive results will have to come
from future work.

4.2.5 Fetal bone health

To date, any possible association between vitamin D defi-
ciency and fetal bone health in utero has been primarily
investigated in animal models, with most studies showing
normal skeletal mineral content in vitamin-D-deficient and -
insufficient animals [30]. However, as the majority of these
studies have been undertaken in rodents, which are
nocturnal, and are known to have requirements for vitamin
D that differ from humans, they may not be the most
suitable model to investigate such effects [36].

Using recent advances in prenatal ultrasound technology,
a longitudinal cohort study of pregnant women found
that a low 25(0OH)D level during pregnancy (at 19- or
34-wk gestation) was associated with splaying of the
distal metaphysis of the fetal femur (i.e. increased cross-
sectional area), which is directly analogous to that seen
in childhood rickets, and is seen as early as 19-wk gesta-
tion [108]. Compared with fetuses whose mothers were
25(0OH)D replete (>50nmol/L), the metaphyseal cross-
sectional area was 5 and 14% greater in those whose
mothers were 25(0OH)D insufficient (25-50nmol/L)
and 25(0OH)D deficient (<25nmol/L), respectively. No
association was found between maternal vitamin D
concentration and fetal femur length at 19- or 34-wk
gestation [108].

4.3 During the perinatal period
4.3.1 Caesarean delivery

Recent data suggest an association between vitamin D
deficiency and an increased risk of caesarean section [109].
Women with 25(OH)D levels <37.5nmol/L were almost
four times more likely to have a caesarean section compared
with women with levels 37.5nmol/L, after adjustment for
race, age, education level, insurance status, and alcohol use
(AOR=3.84; 95% CI 1.71-8.62). This finding clearly
requires further investigation including RCTs of vitamin D
supplementation during pregnancy.
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4.3.2 Preterm delivery and birth weight

Low vitamin D status during pregnancy may be associated
with shorter gestation (by 0.7 wk; 95% CI —1.3, —0.1, one
study only) [110], lower weight at birth [111-113] or post-
natally [114],] and poorer intrauterine long bone growth
[110]. In contrast, one study noted greater weight and length
in newborns with vitamin D deficiency [115]. Recently,
Morley and colleagues reported that the relationship
between maternal 25(OH)D levels and offspring birth size
varied according to offspring’s VDR genotype, suggesting
effect modification by infant fokI genotype [116]. Babies of
deficient mothers had lower birth weight with FF or Ff but
not ff genotype (p-value for interaction after adjustment for
potential confounding factors = 0.02).

There has been a preliminary report from the unpub-
lished US RCT that “premature babies born to women
taking high doses of vitamin D were reduced by half at
both 32 and 37wk, and there were also fewer babies
who were born “small for dates” — that is smaller than
would be expected considering the length of time spent in
the womb” (Times web site). This is potentially a very
exciting and important finding and has not been reported
elsewhere.

4.3.3 Birth defects

There is evidence from animal studies that vitamin D
regulates cell differentiation and proliferation in the heart
and brain [117, 118]. Cardiac muscle is a target tissue for
1,25(0H),D which exerts a direct action on the heart by
affecting cardiac muscle contractility [119, 120]. It has been
suggested that low maternal vitamin D results in a signifi-
cant slowing of neonatal cardiac development [119]. In rats,
being born to vitamin D-deficient mothers affects brain
morphology and gene expression at birth, with maternal
vitamin D deficiency leading to persistent changes into
adulthood [121-123]. Intriguingly, maternal vitamin D
deficiency in rats appears to affect vascular function by
stimulating nephrogenesis, although whether any renal
functional advantage ensues is not known [124]. The role of
vitamin D in pregnancy in humans, in terms of these
aspects of human fetal development, is largely unexplored.

5 Future directions for research

We have reviewed the existing evidence for a range of
possible adverse maternal, fetal, and perinatal health
outcomes that may relate to low vitamin D status in preg-
nancy. To date, the evidence is based largely on animal
and laboratory work, and ecological and observational
studies, rather than experimental/intervention designs.
Such evidence needs to be treated with caution. Although
there are examples where observational studies, with
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supportive animal and experimental data, have provided
sufficient evidence of a causal association to stimulate
public health action, e.g. smoking as a risk factor for lung
cancer [125], and prone sleeping position as a risk factor for
sudden infant death syndrome [126], there are notable
examples where RCTs have not only not supported the
observational evidence, but shown opposite effects, e.g.
hormone replacement therapy as protective for cardiovas-
cular disease [127].

RCTs have established the importance of adequate folic
acid to prevent the formation of neural tube defects [128],
but few such trials have occurred for vitamin D supple-
mentation in relation to specific clinical outcomes. Even
with these trials (mostly of high-risk women, many years
ago) being systematically reviewed, it appears that there is
not enough evidence to evaluate the effects of vitamin D
supplementation in pregnancy [129]. Women should not be
vitamin D deficient, including during pregnancy and we
support the view that women at risk of vitamin D deficiency
should be monitored and appropriately supplemented
during pregnancy [23].

High quality large-scale RCTs are required to assess the
optimal serum 25(OH)D levels in pregnancy, and to further
evaluate the possible adverse outcomes of maternal, fetal or
infant vitamin D insufficiency. Such studies are underway,
but there are some caveats: RCTs will be feasible for
common short-term outcomes such as birth weight but less
feasible for rarer long-term outcomes among offspring; and
treatment contamination of the control arm has to be
considered, whether by self supplementation or sun expo-
sure leading to UVR-derived vitamin D generation.
Furthermore, careful attention will be required before
extrapolating the findings to regions of differing UVR levels
or for mothers of differing skin types. No one study will be
sufficient, and the confirmation, if any, of causality between
low vitamin D levels in pregnancy and the range of possible
adverse health outcomes will need to be considered in the
light of coherence across the biological, observational, and
RCT evidence.

S. L. is funded by a National Health and Medical Research
Council (NHMRC) Population Health Capacity Building
Grant (436914). J. H. is funded by a Senior Research Fellow-
ship from the NHMRC (436904).

The authors have declared no conflict of interest.

6 References

[1] Holick, M. F., McCollum Award Lecture, 1994: vitamin
D-new horizons for the 21st century. Am. J. Clin. Nutr.
1994, 60, 619-630.

[2] Lucas, R. M., Ponsonby, A. L., Pasco, J. A., Morley, R.,
Future health implications of prenatal and early-life vita-
min D status. Nutr. Rev. 2008, 66, 710-720.

www.mnf-journal.com



Mol. Nutr. Food Res. 2010, 54, 1092-1102

[3] Armas, L. A., Hollis, B. W., Heaney, R. P., Vitamin D2 is
much less effective than vitamin D3 in humans. J. Clin.
Endocrinol. Metab. 2004, 89, 5387-5391.

Holick, M. F., MacLaughlin, J. A., Clark, M. B., Holick, S. A.
et al., Photosynthesis of previtamin D3 in human skin and
the physiologic consequences. Science 1980, 210, 203-205.

[4

[5

Nowson, C. A., Margerison, C., Vitamin D intake and vita-
min D status of Australians. Med. J. Aust. 2002, 177,
149-152.

Holick, M. F., Sunlight and vitamin D for bone health and
prevention of autoimmune diseases, cancers, and cardio-
vascular disease. Am. J. Clin. Nutr. 2004, 80, 1678S-1688S.

[6

[7

Bikle, D., Nonclassic actions of vitamin D. J. Clin. Endo-
crinol. Metab. 2009, 94, 26-34.

[8

Holick, M. F., Vitamin D status: measurement, interpreta-
tion, and clinical application. Ann. Epidemiol. 2009, 19,
73-78.

Evans, K. N., Bulmer, J. N., Kilby, M. D., Hewison, M.,
Vitamin D and placental-decidual function. J. Soc. Gyne-
col. Invest. 2004, 11, 263-271.

9

[10] Lips, P., Vitamin D physiology. Prog. Biophys. Mol. Biol.
2006, 92, 4-8.

[11] Ceglia, L., Vitamin D and skeletal muscle tissue and func-
tion. Mol. Aspects Med. 2008, 29, 407-414.

[12] DeLuca, H. F., Zierold, C., Mechanisms and functions of
vitamin D. Nutr. Rev. 1998, 56, S4-S10; discussion S54-S75.

[13] Maalouf, N. M., The noncalciotropic actions of vitamin D:
recent clinical developments. Curr. Opin. Nephrol. Hyper-
tens. 2008, 17, 408-415.

[14] Chiu, K. C., Chu, A., Go, V. L., Saad, M. F., Hypovitaminosis
D is associated with insulin resistance and beta cell
dysfunction. Am. J. Clin. Nutr. 2004, 79, 820-825.

[15] Smith, M. A., McHenry, C., Oslapas, R., Hofmann, C. et al.,
Altered TSH levels associated with increased serum 1,25-
dihydroxyvitamin D3: a possible link between thyroid and
parathyroid disease. Surgery 1989, 106, 987-991.

[16] Achinger, S. G., Ayus, J. C., The role of vitamin D in left
ventricular hypertrophy and cardiac function. Kidney Int.
Suppl. 2005, S37-42.

[17] Abe, E., Miyaura, C., Sakagami, H., Takeda, M. et al.,
Differentiation of mouse myeloid leukemia cells induced
by 1 alpha,25-dihydroxyvitamin D3. Proc. Natl. Acad. Sci.
USA 1981, 78, 4990-4994.

[18] Eisman, J. A., Koga, M., Sutherland, R. L., Barkla, D. H.
et al., 1,25-Dihydroxyvitamin D3 and the regulation of
human cancer cell replication. Proc. Soc. Exp. Biol. Med.
1989, 191, 221-226.

[19] Deluca, H. F., Evolution of our understanding of vitamin D.
Nutr. Rev. 2008, 66, S73-S87.

[20] Shimizu, K., Kawase, A., Haneishi, T., Kato, Y. et al., Novel
vitamin D3 antipsoriatic antedrugs: 16-En-22-oxa-
1alpha,25-(OH)2D3 analogs. Bioorg. Med. Chem. 2006, 14,
1838-1850.

[21] Szodoray, P., Nakken, B., Gaal, J., Jonsson, R. et al., The
complex role of vitamin D in autoimmune diseases. Scand.
J. Immunol. 2008, 68, 261-269.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

1099

Daniel, C., Sartory, N. A., Zahn, N., Radeke, H. H. et al.,
Immune modulatory treatment of trinitrobenzene sulfonic
acid colitis with calcitriol is associated with a change of a
T helper (Th) 1/Th17 to a Th2 and regulatory T cell profile.
J. Pharmacol. Exp. Ther. 2008, 324, 23-33.

Mulligan, M. L., Felton, S. K., Riek, A. E., Bernal-Mizrachi, C.,
Implications of vitamin D deficiency in pregnancy and
lactation. Am. J. Obst. Gynecol. 2009, DOI: 10.1016/
j-aj0g.2009.09.0002.

Specker, B., Vitamin D requirements during pregnancy.
Am. J. Clin. Nutr. 2004, 80, 1740S-1747S.

Perez-Lopez, F. R., Vitamin D: the secosteroid hormone and
human reproduction. Gynecol. Endocrinol. 2007, 23, 13-24.
Abrams, S. A., In utero physiology: role in nutrient delivery
and fetal development for calcium, phosphorus, and vita-
min D. Am. J. Clin. Nutr. 2007, 85, 604S-607S.

Salle, B. L., Delvin, E. E., Lapillonne, A., Bishop, N. J. et al.,
Perinatal metabolism of vitamin D. Am. J. Clin. Nutr. 2000,
71, 1317S-1324S.

Ardawi, M. S., Nasrat, H. A, HS, B. A. A., Calcium-
regulating hormones and parathyroid hormone-related
peptide in normal human pregnancy and postpartum: a
longitudinal study. Eur. J. Endocrinol./Eur. Fed. Endocr.
Soc. 1997, 137, 402-409.

Ritchie, L. D., Fung, E. B., Halloran, B. P., Turnlund, J. R.
et al., A longitudinal study of calcium homeostasis during
human pregnancy and lactation and after resumption of
menses. Am. J. Clin. Nutr. 1998, 67, 693-701.

Kovacs, C. S., Vitamin D in pregnancy and lactation:
maternal, fetal, and neonatal outcomes from human and
animal studies. Am. J. Clin. Nutr. 2008, 88, 520S-528S.
Kovacs, C. S., Kronenberg, H. M., Maternal-fetal calcium
and bone metabolism during pregnancy, puerperium, and
lactation. Endocr. Rev. 1997, 18, 832-872.

Zehnder, D., Evans, K. N., Kilby, M. D., Bulmer, J. N. et al.,

The ontogeny of 25-hydroxyvitamin D(3) 1alpha-hydroxy-
lase expression in human placenta and decidua. Am. J.
Pathol. 2002, 161, 105-114.

Delvin, E. E., Glorieux, F. H., Salle, B. L., David, L. et al.,

Control of vitamin D metabolism in preterm infants:
feto-maternal relationships. Arch. Dis. Child. 1982, 57,
754-757.

Markestad, T., Aksnes, L., Ulstein, M., Aarskog, D.,

25-Hydroxyvitamin D and 1,25-dihydroxyvitamin D of D2
and D3 origin in maternal and umbilical cord serum after
vitamin D2 supplementation in human pregnancy. Am. J.
Clin. Nutr. 1984, 40, 1057-1063.

Novakovic, B., Sibson, M., Ng, H. K., Manuelpillai, U. et al.,
Placenta-specific methylation of the vitamin D 24-hydroxy-
lase gene: implications for feedback autoregulation
of active vitamin D levels at the fetomaternal interface.
J. Biol. Chem. 2009, 284, 14838-14848.

22nd Marabou Symposium, The changing faces of vitamin
D. Nutr. Rev. 2008, 66, S195-S212.

www.mnf-journal.com



1100

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[61]

[52]

S. Lewis et al.

Maghbooli, Z., Hossein-Nezhad, A., Shafaei, A. R., Karimi,
F. et al., Vitamin D status in mothers and their newborns in
Iran. BMC Pregnancy Childbirth 2007, 7, 1.

Zittermann, A., Dembinski, J., Stehle, P., Low vitamin D
status is associated with low cord blood levels of the
immunosuppressive cytokine interleukin-10. Pediatr.
Allergy Immunol. 2004, 15, 242-246.

Pichler, J., Gerstmayr, M., Szepfalusi, Z., Urbanek, R. et al.,
1 alpha,25(0H)2D3 inhibits not only Th1 but also Th2
differentiation in human cord blood T cells. Pediatr. Res.
2002, 52, 12-18.

Liu, N., Kaplan, A. T., Low, J., Nguyen, L. et al., Vitamin D
induces innate antibacterial responses in human tropho-
blasts via an intracrine pathway. Biol. Reprod. 2009, 80,
398-406.

Smith, S. E., Li, J., Garbett, K., Mirnics, K. et al.,
Maternal immune activation alters fetal brain develop-
ment through interleukin-6. J. Neurosci. 2007, 27,
10695-10702.

Correale, J., Ysrraelit, M. C., Gaitan, M. I., Immunomodu-
latory effects of Vitamin D in multiple sclerosis. Brain 2009,
132, 1146-1160.

Holick, M. F., Environmental factors that influence the
cutaneous production of vitamin D. Am. J. Clin. Nutr. 1995,
61, 6385-645S.

Matsuoka, L. Y., Wortsman, J., Haddad, J. G., Hollis, B. W.,
Skin types and epidermal photosynthesis of vitamin D3.
J. Am. Acad. Dermatol. 1990, 23, 525-526.

Matsuoka, L. Y., Wortsman, J., Hanifan, N., Holick, M. F.,
Chronic sunscreen use decreases circulating concentra-
tions of 25-hydroxyvitamin D. A preliminary study. Arch.
Dermatol. 1988, 124, 1802-1804.

van der Meer, |. M., Karamali, N. S., Boeke, A. J., Lips, P.
et al., High prevalence of vitamin D deficiency in pregnant
non-Western women in The Hague, Netherlands. Am. J.
Clin. Nutr. 2006, 84, 350-353.

Grover, S. R., Morley, R., Vitamin D deficiency in veiled or
dark-skinned pregnant women. Med. J. Aust. 2001, 175,
251-252.

Genuis, S. J., Schwalfenberg, G. K., Hiltz, M. N., Vaselenak,
S. A, Vitamin D status of clinical practice populations at
higher latitudes: analysis and applications. Int. J. Environ.
Res. Public Health 2009, 6, 151-173.

Bischoff-Ferrari, H. A., Kiel, D. P., Dawson-Hughes, B.,
Orav, J. E. et al., Dietary calcium and serum 25-hydro-
xyvitamin D status in relation to BMD among U.S. adults.
J. Bone Miner. Res. 2009, 24, 935-942.

Hollis, B. W., Wagner, C. L., Assessment of dietary vitamin
D requirements during pregnancy and lactation. Am. J.
Clin. Nutr. 2004, 79, 717-726.

Lapillonne, A., Vitamin D deficiency during pregnancy may
impair maternal and fetal outcomes. Med. Hypotheses 2009.
Farrant, H. J., Krishnaveni, G. V., Hill, J. C., Boucher, B. J.
et al., 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.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[53]

[64]

[65]

[56]

[671]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Mol. Nutr. Food Res. 2010, 54, 1092-1102

Mallet, E., Gugi, B., Brunelle, P., Henocq, A.et al., Vitamin D
supplementation in pregnancy: a controlled trial of two
methods. Obstet. Gynecol. 1986, 68, 300-304.

Datta, S., Alfaham, M., Davies, D. P., Dunstan, F. et al.,,
Vitamin D deficiency in pregnant women from a non-
European ethnic minority population — an interventional
study. BJOG 2002, 709, 905-908.
Canadian_Paediatric_Society, Vitamin D supplementation:

infants
Child

recommendations for Canadian mothers and
[Position Statement (FNIM 2007-01)]. Paediatr.
Health 2007, 12, 583-589.

Hollis, B. W., Wagner, C. L., Vitamin D deficiency during
pregnancy: an ongoing epidemic. Am. J. Clin. Nutr. 2006,
84, 273.

IARC, World Health Organisation International Agency for
Research on Cancer 2008.

Vieth, R., Bischoff-Ferrari, H., Boucher, B. J., Dawson-
Hughes, B. et al., The urgent need to recommend an intake
of vitamin D that is effective. Am. J. Clin. Nutr. 2007, 85,
649-650.

Halloran, B. P., DeLuca, H. F., Effect of vitamin D deficiency
on fertility and reproductive capacity in the female rat.
J. Nutr. 1980, 710, 1573-1580.

Panda, D. K., Miao, D., Tremblay, M. L., Sirois, J. et al.,
Targeted ablation of the 25-hydroxyvitamin D 1alpha -
hydroxylase enzyme: evidence for skeletal, reproductive,
and immune dysfunction. Proc. Natl Acad. Sci. USA 2001,
98, 7498-7503.

Kinuta, K., Tanaka, H., Moriwake, T., Aya, K. et al., Vitamin
D is an important factor in estrogen biosynthesis of both
female and male gonads. Endocrinology 2000, 141,
1317-1324.

Johnson, L. E., DeLuca, H. F., Vitamin D receptor null
mutant mice fed high levels of calcium are fertile. J. Nutr.
2001, 131, 1787-1791.

Ozkan, S., Jindal, S., Greenseid, K., Shu, J. et al., Replete
vitamin D stores predict reproductive success following
in vitro fertilization. Fertil. Steril. 2009, DOIl: 10.1016/
j-fertnstert.2009.05.019.

Potashnik, G., Lunenfeld, E., Levitas, E., Itskovitz, J. et al.,
The relationship between endogenous oestradiol and
vitamin D3 metabolites in serum and follicular fluid during
ovarian stimulation for in-vitro fertilization and embryo
transfer. Hum. Reprod. 1992, 7, 1357-1360.

Cervera, R., Balasch, J., Bidirectional effects on auto-
immunity and reproduction. Hum. Reprod. Update 2008,
14, 359-366.

Orbach, H., Zandman-Goddard, G., Amital, H., Barak, V.

et al., Novel biomarkers in autoimmune diseases: prolac-
tin, ferritin, vitamin D, and TPA levels in autoimmune
diseases. Ann. NY Acad. Sci. 2007, 1109, 385-400.

Kotsa, K., Yavropoulou, M. P., Anastasiou, O., Yovos, J. G.,

Role of vitamin D treatment in glucose metabolism in poly-
cystic ovary syndrome. Fertil. Steril. 2009, 92, 1053-1058.

www.mnf-journal.com



Mol. Nutr. Food Res. 2010, 54, 1092-1102

[68]

[69]

[70]

[711

[72]

[73]

[74]

[75]

[76]

[771

[78]

[791

[80]

[811

[82]

[83]

[84]

Thys-Jacobs, S., Donovan, D., Papadopoulos, A., Sarrel, P.
et al., Vitamin D and calcium dysregulation in the poly-
cystic ovarian syndrome. Steroids 1999, 64, 430-435.
Sibai, B., Dekker, G., Kupferminc, M., Pre-eclampsia.
Lancet 2005, 365, 785-799.

Taufield, P. A., Ales, K. L., Resnick, L. M., Druzin, M. L.
et al., Hypocalciuria in preeclampsia. N. Engl. J. Med. 1987,
316, 715-718.

Hofmeyr, G. J., Atallah, A. N., Duley, L., Calcium supple-
mentation during pregnancy for preventing hypertensive
disorders and related problems. Cochrane database Syst.
Rev. 2006, 3, CD001059.

Levine, R. J., Hauth, J. C., Curet, L. B., Sibai, B. M. et al.,
Trial of calcium to prevent preeclampsia. N. Engl. J. Med.
1997, 337, 69-76.

Villar, J., Abdel-Aleem, H., Merialdi, M., Mathai, M. et al.,
World Health Organization randomized trial of calcium
supplementation among low calcium intake pregnant
women. Am. J. Obstet. Gynecol. 2006, 194, 639-649.

Seely, E. W., Calciotropic hormones in preeclampsia: a
renewal of interest. J. Clin. Endocrinol. Metab. 2007, 92,
3402-3403.

Bodnar, L. M., Catov, J. M., Simhan, H. N., Holick, M. F.
et al., Maternal vitamin D deficiency increases the risk of
preeclampsia. J. Clin. Endocrinol. Metab. 2007, 92,
3517-3522.

Magnu,P., Eskild, A., Seasonal variation in the occurrence
of pre-eclampsia. BJOG 2001, 7108, 1116-1119.

Ros, H. S., Cnattingius, S., Lipworth, L., Comparison of risk
factors for preeclampsia and gestational hypertension in a
population-based cohort study. Am. J. Epidemiol. 1998,
147, 1062-1070.

MacKay, A. P., Berg, C. J., Atrash, H. K., Pregnancy-related
mortality from preeclampsia and eclampsia. Obstet.
Gynecol. 2001, 97, 533-538.

Mostello, D., Catlin, T. K., Roman, L., Holcomb, W. L., Jr.
et al., Preeclampsia in the parous woman: who is at risk?
Am. J. Obstet. Gynecol. 2002, 187, 425-429.

Hypponen, E., Laara, E., Reunanen, A., Jarvelin, M. R. et al.,
Intake of vitamin D and risk of type 1 diabetes: a birth-
cohort study. Lancet 2001, 358, 1500-1503.

Zipitis, C. S., Akobeng, A. K., Vitamin D supplementation in
early childhood and risk of type 1 diabetes: a systematic
review and meta-analysis. Arch. Dis. Child. 2008, 93,
512-517.

Merlino, L. A., Curtis, J., Mikuls, T. R., Cerhan, J. R. et al.,
Vitamin D intake is inversely associated with rheumatoid
arthritis: results from the lowa Women’s Health Study.
Arthritis Rheum. 2004, 50, 72-77.

Hypponen, E., Vitamin D for the prevention of pre-
eclampsia? A hypothesis. Nutr. Rev. 2005, 63, 225-232.

Vince, G. S., Starkey, P. M., Austgulen, R., Kwiatkowski, D.
et al., Interleukin-6, tumour necrosis factor and soluble
tumour necrosis factor receptors in women with pre-
eclampsia. Br. J. Obstet. Gynaecol. 1995, 102, 20-25.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[961]

[971

[98]

[99]

1101

Saito, S., Sakai, M., Sasaki, Y., Tanebe, K. et al., Quanti-
tative analysis of peripheral blood ThO, Th1, Th2 and the
Th1:Th2 cell ratio during normal human pregnancy and
preeclampsia. Clin. Exp. Immunol. 1999, 117, 550-555.

Laskowska, M., Leszczynska-Gorzelak, B., Laskowska, K.,
Oleszczuk, J., Evaluation of maternal and umbilical serum
TNFalpha levels in preeclamptic pregnancies in the
intrauterine normal and growth-restricted fetus. J. Matern.
Fetal Neonatal Med. 2006, 19, 347-351.

Diaz, L., Noyola-Martinez, N., Barrera, D., Hernandez, G.
et al., Calcitriol inhibits TNF-alpha-induced inflammatory
cytokines in human trophoblasts. J. Reprod. Immunol.
2009, 81, 17-24.

Diaz, L., Arranz, C., Avila, E., Halhali, A. et al., Expression
and activity of 25-hydroxyvitamin D-1 alpha-hydroxylase
are restricted in cultures of human syncytiotrophoblast
cells from preeclamptic pregnancies. J. Clin. Endocrinol.
Metab. 2002, 87, 3876-3882.

Fischer, D., Schroer, A., Ludders, D., Cordes, T. et al.,
Metabolism of vitamin D3 in the placental tissue of normal
and preeclampsia complicated pregnancies and premature
births. Clin. Exp. Obstet. Gynecol. 2007, 34, 80-84.

Haugen, M., Brantsaeter, A. L., Trogstad, L., Alexander, J.
et al.,, Vitamin D supplementation and reduced risk of
preeclampsia in nulliparous women. Epidemiology 2009,
20, 720-726.

Halhali, A., Diaz, L., Avila, E., Ariza, A. C. et al., Decreased
fractional urinary calcium excretion and serum 1,25-dihy-
droxyvitamin D and IGF-I levels in preeclampsia. J. Steroid
Biochem. Mol. Biol. 2007, 103, 803-806.

Hypponen, E., Hartikainen, A. L., Sovio, U., Jarvelin, M. R.
et al., Does vitamin D supplementation in infancy reduce
the risk of pre-eclampsia? Eur. J. Clin. Nutr. 2007, 61,
1136-1139.

Olsen, S. F., Secher, N. J., A possible preventive effect of
low-dose fish oil on early delivery and pre-eclampsia:
indications from a 50-year-old controlled trial. Br. J. Nutr.
1990, 64, 599-609.

Marya, R. K., Rathee, S., Manrow, M., Effect of calcium and
vitamin D supplementation on toxaemia of pregnancy.
Gynecol. Obstet. Invest. 1987, 24, 38-42.

Metzger, B. E., Coustan, D. R., Summary and recommen-
dations of the Fourth International Workshop-Conference
on Gestational Diabetes Mellitus. The Organizing
Committee. Diabetes Care 1998, 21, B161-B167.

Reece, E. A., Leguizamon, G., Wiznitzer, A., Gestational
diabetes: the need for a common ground. Lancet 2009,
373, 1789-1797.

Teegarden, D., Donkin, S. S., Vitamin D: emerging new
roles in insulin sensitivity. Nutr. Res. Rev. 2009, 22, 82-92.
Zhang, C., Qiu, C., Hu, F. B., David, R. M. et al., Maternal

plasma 25-hydroxyvitamin D concentrations and the risk
for gestational diabetes mellitus. PLoS One 2008, 3, €3753.

Clifton-Bligh, R. J., McElduff, P., McElduff, A., Maternal
vitamin D deficiency, ethnicity and gestational diabetes.
Diabet. Med. 2008, 25, 678-684.

www.mnf-journal.com



1102

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

S. Lewis et al.

Maghbooli, Z., Hossein-Nezhad, A., Karimi, F., Shafaei,
A. R. et al., Correlation between vitamin D3 deficiency and
insulin resistance in pregnancy. Diabetes Metab. Res. Rev.
2008, 24, 27-32.

Allsworth, J. E., Peipert, J. F., Prevalence of bacterial
vaginosis: 2001-2004 National Health and Nutrition
Examination Survey data. Obstet. Gynecol. 2007, 109,
114-120.

Svare, J. A., Schmidt, H., Hansen, B. B., Lose, G., Bacterial
vaginosis in a cohort of Danish pregnant women: preva-
lence and relationship with preterm delivery, low birth-
weight and perinatal infections. BJOG 2006, 713, 1419-1425.

Bodnar, L. M., Krohn, M. A., Simhan, H. N., Maternal
vitamin D deficiency is associated with bacterial vaginosis
in the first trimester of pregnancy. J. Nutr. 2009, 139,
1157-1161.

McGuire Davis, L., Chang, S. C., Mancini, J., Nathanson,
M. S. et al., Vitamin D insufficiency is prevalent among
pegnant African American adolescents. J. Pediatr.
Adolesc. Gynecol. 2010, 23, 45-52.

Olausson, H., Laskey, M. A., Goldberg, G. R., Prentice, A.,
Changes in bone mineral status and bone size during
pregnancy and the influences of body weight and calcium
intake. Am. J. Clin. Nutr. 2008, 88, 1032-1039.

More, C., Bettembuk, P., Bhattoa, H. P., Balogh, A., The
effects of pregnancy and lactation on bone mineral
density. Osteoporos. Int. 2001, 12, 732-737.

Javaid, M. K., Crozier, S. R., Harvey, N. C., Taylor, P. et al.,
Maternal and seasonal predictors of change in calcaneal
quantitative ultrasound during pregnancy. J. Clin. Endo-
crinol. Metab. 2005, 90, 5182-5187.

Mahon, P., Harvey, N., Crozier, S., Inskip, H. et al., Low
maternal vitamin D status and fetal bone development:
cohort study. J. Bone Miner. Res. 2009, 25, 11-13.

Merewood, A., Mehta, S. D., Chen, T. C., Bauchner, H.
et al., Association between vitamin D deficiency and
primary cesarean section. J. Clin. Endocrinol. Metab. 2009,
94, 940-945.

Morley, R., Carlin, J. B., Pasco, J. A., Wark, J. D., Maternal
25-hydroxyvitamin D and parathyroid hormone concen-
trations and offspring birth size. J. Clin. Endocrinol. Metab.
2006, 91, 906-912.

Mannion, C. A., Gray-Donald, K., Koski, K. G., Association
of low intake of milk and vitamin D during pregnancy with
decreased birth weight. CMAJ 2006, 174, 1273-1277.

Gale, C. R., Robinson, S. M., Harvey, N. C., Javaid, M. K.
et al.,, Maternal vitamin D status during pregnancy and
child outcomes. Eur. J. Clin. Nutr. 2008, 62, 68-77.

Scholl, T. O., Chen, X., Vitamin D intake during pregnancy:
association with maternal characteristics and infant birth
weight. Early Hum. Dev. 2009, 85, 231-234.

Brooke, O. G., Butters, F., Wood, C., Intrauterine vitamin D
nutrition and postnatal growth in Asian infants. Br. Med. J.
(Clin. Res. Ed.) 1981, 283, 1024.

Weiler, H., Fitzpatrick-Wong, S., Veitch, R., Kovacs, H.
et al., Vitamin D deficiency and whole-body and femur

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Mol. Nutr. Food Res. 2010, 54, 1092-1102

bone mass relative to weight in healthy newborns. CMAJ
2005, 172, 757-761.

Morley, R., Carlin, J. B., Pasco, J. A., Wark, J. D. et al,
Maternal 25-hydroxyvitamin D concentration and offspring
birth size: effect modification by infant VDR genotype. Eur.
J. Clin. Nutr. 2009, 63, 802-804.

Brown, J., Bianco, J. I., McGrath, J. J., Eyles, D. W., 1,25-
dihydroxyvitamin D3 induces nerve growth factor,
promotes neurite outgrowth and inhibits mitosis in
embryonic rat hippocampal neurons. Neurosci. Lett. 2003,
343, 139-143.

Nibbelink, K. A., Tishkoff, D. X., Hershey, S. D., Rahman, A.
et al., 1,25(0H)2-vitamin D3 actions on cell proliferation,
size, gene expression, and receptor localization, in the
HL-1 cardiac myocyte. J. Steroid Biochem. Mol. Biol. 2007,
103, 533-537.

Morris, G. S., Zhou, Q., Hegsted, M., Keenan, M. J.,
Maternal consumption of a low vitamin D diet retards
metabolic and contractile development in the neonatal rat
heart. J. Mol. Cell Cardiol. 1995, 27, 1245-1250.

Santillan, G. E., Vazquez, G., Boland, R. L., Activation of a
beta-adrenergic-sensitive signal transduction pathway by
the secosteroid hormone 1,25-(OH)2-vitamin D3 in chick
heart. J. Mol. Cell Cardiol. 1999, 31, 1095-1104.

Eyles, D. W., Feron, F., Cui, X., Keshy, J. P. et al,
Developmental vitamin D deficiency causes abnormal
brain development. Psychoneuroendocrinology 2009, 34
(Suppl 1), S247-S257.

Eyles, D., Brown, J., Mackay-Sim, A., McGrath, J. et al.,
Vitamin D3 and brain development. Neuroscience 2003,
118, 641-653.

Ko, P., Burkert, R., McGrath, J., Eyles, D., Maternal vitamin
D3 deprivation and the regulation of apoptosis and cell
cycle during rat brain development. Brain Res. Dev. Brain
Res. 2004, 153, 61-68.

Maka, N., Makrakis, J., Parkington, H. C., Tare, M. et al.,
Vitamin D deficiency during pregnancy and lactation
stimulates nephrogenesis in rat offspring. Pediatr.
Nephrol. 2008, 23, 55-61.

Doll, R., Hill, A. B., Lung cancer and other causes of death
in relation to smoking; a second report on the mortality of
British doctors. Br. Med. J. 1956, 2, 1071-1081.

Dwyer, T., Ponsonby, A. L., The decline of SIDS: a
success story for epidemiology. Epidemiology 1996, 7,
323-325.

Nelson, H. D., Humphrey, L. L., Nygren, P., Teutsch, S. M.
et al., Postmenopausal hormone replacement therapy:
scientific review. JAMA 2002, 288, 872-881.

Lumley, J., Watson, L., Watson, M., Bower, C., Peri-
conceptional supplementation with folate and/or multi-
vitamins for preventing neural tube defects. Cochrane
Database Syst. Rev. 2001, CD001056.

Mahomed, K., Gulmezoglu, A. M., Vitamin D supple-
mentation in pregnancy. Cochrane Database Syst. Rev.
2000, CD000228.

www.mnf-journal.com



