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Pregnancy is a time of tremendous growth and physiological changes for mother and

her developing fetus with lifelong implications for the child. The concert of actions that

must occur so mother does not reject the foreign tissue of the fetus is substantial.

There must be exquisite balance between maternal tolerance to these foreign proteins

of paternal origin but also immune surveillance and function such that the mother is not

immunocompromised. When this process goes awry, the mother may experience such

pregnancy complications as preeclampsia and infections. Vitamin D deficiency affects

these processes. Controversy continues with regard to the optimal daily intake of vitamin

D, when sunlight exposure should be taken into account, and how to define sufficiency

during such vulnerable and critical periods of development. The importance of vitamin D

supplementation during pregnancy in preventing some of the health risks to the mother

and fetus appears linked to achieving 25(OH)D concentrations>40 ng/mL, the beginning

point of the plateau where conversion of the vitamin D metabolite 25(OH)D, the pre-

hormone, to 1,25(OH)2D, the active hormone, is optimized. Throughout pregnancy, the

delivery of adequate vitamin D substrate—through sunlight or supplement—is required

to protect both mother and fetus, and when in sufficient supply, favorably impacts the

epigenome of the fetus, and in turn, long term health. There is a growing need for future

research endeavors to focus not only on critical period(s) from pre-conception through

pregnancy, but throughout life to prevent certain epigenetic changes that adversely affect

health. There is urgency based on emerging research to correct deficiency and maintain

optimal vitamin D status. The impact of vitamin D and its metabolites on genetic signaling

during pregnancy in both mother and fetus is an area of great activity and still in its

early stages. While vitamin D repletion during pregnancy minimizes the risk of certain

adverse outcomes (e.g., preterm birth, asthma, preeclampsia, and gestational diabetes),

the mechanisms of how these processes occur are not fully understood. As we intensify

our research efforts in these areas. it is only a matter of time that such mechanisms will

be defined.
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INTRODUCTION

Now three decades later, the established doctrine of the “Barker
Hypothesis,” first described by David Barker in 1986, noting a
connection between neonatal growth restriction and small for
gestational age status with the risk of heart disease later in
adult life (1) has become mainstream thinking, but when first
proposed was a startling revelation. The theory that diseases
that manifest in adulthood actually began during the perinatal
period and that the very nutrients and environmental milieu—
good and bad—affects our ability to prevent or even fight
disease is a daunting idea. It is essential that we understand
how early-life exposures can affect later health. One example
often given to highlight the effect of perinatal factors is perinatal
thyroid function, which is absolutely essential for early-life brain
development and maturation. In this example, iodine deficiency
and its consequences certainly qualify as an instance of the Barker
hypothesis applied. A critical feature of diseases that support the
Barker hypothesis is nutritional irreversibility; beyond specific
critical points in the developmental cascade, despite full nutrient
availability and repletion, the earlier nutritional alteration or
deficiency’s effect cannot be mitigated.

Perhaps a more publicized nutrient deficiency during the
perinatal period is folate deficiency resulting in spina bifida,
a neural tube defect that can have catastrophic and certainly
life-long sequelae (2). In the 1960’s, Hibbard and Smithells
established a registry of infants with malformations born in
Liverpool, England (3), which included infants with the spina
bifida. Through careful study of the infant families, these
investigators were able to establish a link between spina bifida
and a nutrient-poor diet. Smithells et al went on to define the
lack of folic acid, specifically, in the early perinatal period as

a contributing factor in the development of spinal bifida (4), a
truly remarkable association. The provision of folate beyond the
neural tube formation period during gestation does not correct
the defect; for those who are folate deficient and with certain
genetic risk factors, the provision of adequate folate must occur

during the critical period of neural tube formation. As will be
discussed later, it appears that with vitaminD deficiency is similar
to folate deficiency in that there is a critical period when vitamin
D deficiency is more deleterious—for example, placentation can
be altered, leading to adverse pregnancy outcomes.

In the past, only the phenotypic result could be observed
as a consequence of any given nutritional deficiency, including
thyroxine and folate deficiencies. Other nutrient deficiencies,

which may impact the long-term health status of the fetus
and child, are not so easily discernible by phenotypic changes
along. Vitamin D deficiency, long known to be linked to bone

mineralization and the development of rickets in its extreme
form, was not known until recently to affect not only bone
metabolism, but also immune function. Our understanding
of nutrient interactions with genes is just beginning to
be deciphered. Presently, we have the capabilities of not
only observing the phenotype but also the genetic changes
contributing to any given phenotype. The focus of this review
is to shed light on the potential impact of dietary vitamin
D during the prenatal and perinatal periods as a contributor

to maternal/infant afflictions, and thus its role in instituting
examples of the Barker hypothesis at both the genetic and
phenotypic levels. These afflictions include but are not limited
to autoimmune disorders, complications of pregnancy, immune
function and respiratory disease. We will not be discussing
vitamin D metabolism in this text as that information is readily
available elsewhere (5, 6).

WHAT IS A “NORMAL” CIRCULATING

25(OH)D CONCENTRATION IN HUMANS?

Because the parent compound vitamin D or cholecalciferol has a
brief half-life of 12–24 h, it is its metabolite 25-hydroxy-vitamin
D or 25(OH)D with its 2–3 weeks-half-life that is used as the
indicator of vitamin D status, defining a “normal” circulating
concentration of 25(OH)D in humans remains controversial.
For instance, while the most recent Institute of Medicine
(IOM) concludes that a circulating concentration of 20 ng/mL
is adequate to meet human physiological requirements (7), the
Endocrine Society suggests that a 25(OH)D concentration of at
least 30 ng/mL is linked with better health outcomes (8). The
difference is that the IOM recommendation was based exclusively
on skeletal integrity data and did not include extraskeletal and
immune function vitamin D data (7), whereas the Endocrine
Society used both skeletal studies and other studies surrounding
vitamin D’s immune effects, and included studies that included
observational and clinical trials of subjects with various cancers,
immune dysfunction, and pregnancy complications, and their
associations with vitamin D deficiency (8).

Given the fact that vitamin D is the only preprohormone
in the body that is made following sunlight (UV-B) exposure
to the skin/epidermis with little contribution from Western
and vegetarian diets, defining what is “normal” should include
those who regularly have exposure to sunlight. Thus, to define
“normal” circulating 25(OH)D status in humans in a meaningful
manner, vitamin D sufficiency should be based on 25(OH)D
concentrations in “healthy subjects” who are, in fact, exposed to
the sun: sunbathers, fieldworkers, and indigenous people living
and functioning in environments to which they are native. To
reach a circulating concentration of 150 nmol/L (60 ng/mL),
which is the concentration of individuals with full access to
sunlight living in a sunrich environment achieve, and is the
concentration achieved by the sun-exposed lifeguards (5), a
dietary intake of 4,000–6,000 IU/d in adults, including the
pregnant woman is required (6). Just to be clear, a daily intake
of 10,000 vitamin D IU/day in an adult is deemed to be safe (8).

The current RDA of 400–600 IU vitamin D/day unless
augmented with sunlight exposure does not achieve this in most
adults (9). In fact, the 400 IU/d dose that is recommended by
the IOM for older children and adults also is recommended
for breastfeeding neonates a few days after birth (7, 10).
When taking a dietary supplement of vitamin D containing
400 IU, on a per kilogram basis, the reference newborn infant
weighing 3 kg receives ∼133 IU/kg and the reference 60 kg
pregnant woman receives 6.7 IU/kg. Based on pharmacokinetics,
unless the pregnant woman has access to sunlight exposure,
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her circulating 25(OH)D concentration, which is the gage of
her vitamin D status, will be around 37.5–62.5 nmol/L (15–
25 ng/mL) whereas the newborn infant receiving 400 IU/day will
have achieved circulating 25(OH)D concentrations around 100
nmol/L (40 ng/mL) (11, 12). Because of differences in various
factors such as vitamin D binding protein genotype, body mass
index, latitude, sunlight exposure, and season, the amount of
vitamin D taken orally will result in a wide variety of circulating
25(OH) concentrations among individuals (6). Thus, at this
juncture, the only way to know for certain what an individual’s
vitamin D status is would be to measure that individual’s total
circulating 25(OH)D concentration.

RELEVANT DATA SURROUNDING VITAMIN

D DEFICIENCY DURING PREGNANCY:

ANIMAL MODELS AND HUMAN STUDIES

Placental Function
Observational studies have linked vitamin D deficiency with
preeclampsia in humans (13). Preeclampsia is a condition
that complicates up to 10% of pregnancies, 3% with severe,
early-onset with potential life-threatening consequences; and
is characterized by abnormal placentation and vasculitis in
the mother that leads to hypertension, proteinuria and often
abnormal liver function affecting growth and development often
necessitating early delivery of the fetus, and remains the leading
cause of premature delivery (14). The condition can progress
to eclampsia or maternal seizures, associated with significant
morbidity and mortality. To date, there is no preventive or
treatment measure for this condition other than delivery of the
fetus. While the etiology of this serious pregnancy affliction
remains unknown and without definitive treatment other than
delivery of the fetus, there are studies that suggest there is a
derangement in placentation and placental function early-on in
pregnancy that manifests weeks later. To support this premise are
animal studies and observational studies in humans.

Liu et al. (15) using a pregnant mouse preeclampsia model,
studied the effect of low vitamin D status on the risk of
preeclampsia. Female BL6 mice raised on vitamin D-sufficient
or deficient diets were mated with vitamin D-sufficient BL6
males. The resulting pregnant mice were either allowed to
deliver and monitored for blood pressure (BP) or euthanized
prior to delivery for analysis of serum, placental/kidney tissues,
and fetuses. Vitamin D-deficient pregnant mice exhibited
both elevated systolic and arterial pressure that continued
through pregnancy until 7 days postpartum, returning to
baseline at 14 days postpartum. Analysis of maternal kidney
samples showed an association between increased renin and
the angiotensin II receptor mRNA expression and vitamin D
deficiency. Histological analysis of deficient placentas showed
decreased vascular diameter within the labyrinth region. Re-
supplementation of vitamin D post-conception partially reversed
the effects of vitamin D deficiency. Overall, these data provide
evidence that low vitamin D status may predispose pregnant
women to dysregulated placental development and elevated
blood pressure.

The findings of Liu et al. (15) were supported by a
recent study by our group involving healthy pregnant women
enrolled in a vitamin D supplementation trial. We analyzed
placental tissue from 43 women who had participated in a
vitamin D supplementation trial. Women had been randomized
to 400 IU or 4,400 IU of vitamin D3 (cholecalciferol, the
parent compound) per day during pregnancy (16). Within 1 h
of delivery, placental mRNA was isolated, and analyzed by
quantitative PCR for mRNA expression associated with both
angiogenesis and vitamin D metabolism. Based on our earlier
work where the conversion of 25(OH)D to 1,25(OH)2D was
optimized at 25(OH)D concentrations of at least 100 nmol/L
(40 ng/mL), the mRNA expression was analyzed on the basis of
those women who had achieved this threshold within 1 month
of delivery vs. those who had not (11). Soluble FMS-like tyrosine
kinase 1 (sFlt-1) and vascular endothelial growth factor (VEGF)
gene expression were significantly downregulated in women with
circulating 25(OH)D ≥100 nmol/L compared to those with a
concentration <100 nmol/L (11). This novel finding suggests
that early vitamin D status plays a role in placentation and that
this is a critical nutrient threshold concentration. It appears that
the impact of maternal vitamin D3 supplementation on gene
transcription in the placenta, and placentation itself, may be
through the balance of such antiangiogenic factors (17, 18).

Consistent with the premise that derangement early-on
in placentation and placental growth and function is the
finding of incomplete human extra villous trophoblast invasion
of the decidua and maternal spiral arteries in pre-eclamptic
placentas (19). It is hypothesized that suboptimal vitamin
D action on placental tissues leads to extra-villous invasion
and altered placentation (20). Chan et al. (20) demonstrated
that vitamin D significantly increased extra-villous trophoblast
invasion. This was accomplished by increased promatrix
metalloproteinases (MMP’s), supporting the role of vitamin D
in extra-villous trophoblast invasion and preeclampsia. Further
studies by this research group have shown that vitamin D is an
important component during pregnancy of anti-inflammatory
immune responses in the placenta (21). Finally, consistent
with the work of Schulz et al. (16), Ma et al. showed that
vitamin D supplementation prevents placental ischemia-induced
endothelial dysfunction through downregulation of placental
soluble FMS-like tyrosine kinase-1, which has been implicated in
the pre-eclamptic state (22).

Neurodevelopment
Vitamin D is a potent neurosteroid which mediates numerous
actions in the brain. Localization studies have shown the vitamin
D activating enzyme CYP27B1 and catabolic enzyme CYP24A1
in neural cells of the cerebral cortex and cerebellar Purkinje cells,
suggesting that the brain is capable of vitamin D metabolism at
the local level (23). Eyles et al. (24), in their landmark studies,
demonstrated that rats born to vitamin D-deficient mothers
had profound alterations in the brain at birth. The cortex was
longer but not wider, the lateral ventricles were enlarged, the
cortex was proportionally thinner and there was more cell
proliferation throughout the brain. There also were reductions
in brain content of nerve growth factor and glial cell line-derived
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neurotrophic factor and reduced expression of p75NTR, the low-
affinity neurotrophic receptor (24).

Further studies by the Eyles group (25) demonstrated
vitamin D-deficiency in utero resulted in embryos and pups
having significantly less apoptotic cells and more mitotic cells.
Hawes et al went on to show more recently that targeted
gene arrays specific for apoptosis and cell cycle genes were
associated with specific transcriptomic deregulation in the
vitamin D-deficient group (26). In this animal model, the
investigators also showed an association between vitamin D
deficiency during pregnancy and a reduction in fetal crown-
rump length, head size, and lateral ventricle volume (26). Brain-
derived neurotrophic factor, transforming growth factor-β1, and
forkhead box protein gene expression also were altered. Further,
there was a reduction in Foxp2 immunoreactive cells in the
developing cortex associated with vitamin D deficiency. In the
substantia nigra, both brain-specific tyrosine hydroxylase gene
expression and localization were reduced (26). Taken together,
these changes have significant implications for structural and
functional alterations in neurodevelopment.

Through various animal models, certain associations have
been noted that link vitamin D status with brain development.
Vuillermot et al. (27), utilizing a murine model of autism,
demonstrated that vitamin D treatment during pregnancy
attenuated and/or prevented neurodevelopment disorders
following maternal inflammation during pregnancy. The
study further demonstrated that prenatal administration of
1,25(OH)2D, the active vitamin D hormone, abolished all
behavioral defects in polyriboinosinic-polyribocytidylic acid
(poly[I:C])-treated juvenile mice with autism (27). Other findings
in rodent models have linked maternal vitamin D-deficiency
during pregnancy with later spatial learning deficits in the
offspring (28) and fertility dysfunction in female mice offspring
thought to be due to deleterious effects on the neuroendocrine
axis (29).

Extending the findings from animal models to the human
realm, Dr. John Cannell in 2008 first proposed the association
between vitamin D and Autism Spectrum Disorders (ASD) (30).
Included in ASD are autistic disorder, Asperger’s Syndrome,
Rett’s Syndrome, Childhood Disintegrative Disorder, and
Pervasive Development Disorders. Epidemiological studies as
well as animal models have suggested a potential role for vitamin
D deficiency in the development of ASD (27, 31).

Lung Maturation and Function
The link between vitamin D deficiency and abnormal
development is not limited to the brain. It is known that
vitamin D deficiency has risen in the past few decades around the
globe (32) and with this rise in deficiency is the concomitant rise
in autoimmunity and asthma (33, 34). Vitamin D is known to
affect certain genes in the developing lung that are upregulated;
and these same genes (for example, matrix mellallopeptidase
9; NF-k light polypeptide gene enhancer in B cells inhibitor;
epidermal growth factor receptor; E1A binding protein p300),
are linked to the later development of asthma (35).

Zosky, et al, using a relevant BALB/c mouse model of
vitamin D deficiency, studied somatic growth, lung function and

lung structure at 2 weeks of age (36). It was determined that
volume dependence of lung mechanics was altered by vitamin
D deficiency, suggesting altered tissue structure. In this model,
the primary histological difference between vitamin D-deficient
and replete groups manifested in differences in lung volume,
supporting the link between vitamin D deficiency and lung
development. The same group subsequently published another
that described the effects of in utero vitamin D deficiency
on airway smooth muscle mass and function (35). Using a
mouse model, this team showed that there was differential
expression of certain gene pathways involved in embryonic organ
development, pattern formation, branching morphogenesis,
wingless/Int, and inflammation in vitamin D deficient mice,
and included genes upregulated in individuals with asthma
(e.g., matrix metallo-peptidase 9, NF-κ light polypeptide gene
enhancer in B cells inhibitor, an epidermal growth factor receptor
and E1A binding protein p300) (35). Vitamin D deficiency in this
model also was associated with increased airway smooth muscle
mass (ASM) and baseline airway resistance as well as altered
lung function (36). Collectively, these data suggest that vitamin D
deficiency states during pregnancy are associated with alteration
in lung structure and function and increased inflammation,
contributing to asthma, which manifests well after birth, and
further suggests epigenetic mechanisms of action of vitamin D.

One of the most interesting animal studies comes from Yurt,
et al., who investigated the effect of vitamin D supplementation
on lung morphology (37). Specifically, using an in vivo rat
model, the investigators determined the effects of perinatal
vitamin D deficiency on overall pulmonary function and tracheal
contraction as a functional marker of airway contractility.
One month before pregnancy, rat dams were randomized to
either a no cholecalciferol-added or a 250, 500, or 1,000 IU/kg
cholecalciferol-added diet, which was continued throughout
pregnancy and lactation. At postnatal day 21, offspring plasma
25(OH)D concentrations and pulmonary function (as measured
by whole body plethysmography and tracheal contraction
response to acetylcholine) were determined. In a dose-dependent
manner, compared with the 250 and 500 IU/kg vitamin
D-supplemented groups, the no cholecalciferol-supplemented
group, following a methacholine challenge, showed a significant
increase in airway resistance. What was particularly interesting
was that the vitamin D deficiency-mediated increase in tracheal
contractility was only blocked by supplementation with the
higher maternal dose of 500 IU/kg cholecalciferol. Therefore, in
addition to altering alveolar epithelial-mesenchymal signaling,
perinatal vitamin D deficiency was associated with altered
airway contractility. The findings provide some insight into
asthma pathogenesis and the mechanistic effects of vitamin D
in perinatally vitamin D-deficient offspring, and further suggest
that vitamin D could play a role in the prevention of childhood
asthma through perinatal vitamin D supplementation, as has
been suggested by Litonjua et al and others (38–40).

Other in vivo studies support the role of vitamin D in
pulmonary function. Taylor, et al, showed promising and
provocative results utilizing a neonatal rat model (41). The
investigators randomized one-day-old rat pups to one of three
different doses of the active hormone, 1,25(OH)D2 and its
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physiologic precursor 25(OH)D, or the diluent, via nebulization
daily for 14 days. Compared to controls, nebulized vitamin
D-treated group had enhanced lung maturation as evidenced
by the increased expression of markers of alveolar epithelial
(SP-B, leptin receptor), mesenchymal (PPARγ, C/EBPα),
and endothelial (VEGF, FLK-1) differentiation, surfactant
phospholipid synthesis, and lung morphology without any
significant increases in serum 25(OH)D or in serum calcium
concentration.

VITAMIN D DEFICIENCY DURING

PREGNANCY: HUMAN STUDIES

Observational Studies
For decades, vitamin D was thought to be important to
the pregnant woman and her developing fetus only for the
maintenance of calcium homeostasis and skeletal integrity.
Research during those decades was directed at answering the
question of what was necessary to prevent hypocalcemia and
prevent bone loss or underdevelopment in the mother and her
newborn. Whether it was serendipity or the realization among
certain physicians and scientists that vitamin D was involved in
other physiological processes, studies began to emerge that linked
vitamin D deficiency with long-latency diseases and immune
dysregulation.

This new avenue of research extended to the question of
whether or not the entity of preeclampsia, which is the leading
cause of preterm birth in many parts of the world, was linked in
any way to vitamin D deficiency. Reports began to emerge that
found an association between the dietary vitamin D3 intake in
pregnant women and preeclampsia (42). Looking to historical
studies, it is interesting that now more than half century ago,
Olsen and Secher (42), in their studies of pregnant women given
halibut liver oil, a rich source of vitamin D3, found that this
supplementation was associated with decreases in preterm birth
and preeclampsia, which the authors attributed to marine n-3
fatty acids, with no mention of vitamin D and its potential effect
(42). This perspective in the early 1940’s was based on the then
unknown effects of vitamin D on various systems besides calcium
and bone.

More recent studies have delineated vitamin D’s extraskeletal
and immunological effects, which has brought the question
of vitamin D’s importance during pregnancy into a new light
(38, 43–57). Early observational studies suggested a consistent
relationship between maternal circulating concentrations of
25(OH)D and preeclampsia (13, 51–53), altered placental
vascular pathology (54), cesarean section rates (55), glucose
intolerance (56), adverse birth outcomes due to race and
ethnicity (57), brain dysfunction (50) and respiratory dysfunction
(38). Since 1980, studies have shown that maternal vitamin D
deficiency is a variety of adverse health outcomes, which include
abnormal fetal growth patterns (with the likelihood of alteration
in growth associated with extreme deficiency) (58), adverse
birth outcomes (such as preterm birth) (59, 60), reproductive
failure (61–65), and have further strengthened vitamin D’s role
as a contributing factor in the manifestation and progression of

disease leading to preeclampsia (66, 67). A recent meta-analysis
of observational studies has found a positive relationship between
maternal vitamin D deficiency and the risk of preterm birth (68).

Changing public awareness about vitamin D involves several
steps, the first of which has been the publication of observational
studies of vitamin D deficiency, alerting scientists and others that
vitamin D deficiency has subtle but potentially profound effects.
The next step was the conduct of randomized controlled trials,
but unlike a pharmaceutical trial where everyone starts off at a
baseline concentration of the said drug of 0; in nutrient studies,
in this case vitamin D, each study participant has a measurable
amount of circulating 25(OH)D, which certainly confounds any
such trial. As Dr. Robert Heaney pointed out in his essay on
clinical nutrient studies, the importance of a biomarker of a drug,
in this case “vitamin” or preprohormone, is underscored (69).
Analyses of the effect of vitamin D therapies should use 25(OH)D
concentration, and not treatment group, as the better indicator of
true effect.

Randomized Clinical Trials
As the gold standards, evidence-based medicine (EBM) and
randomized clinical trials are long considered essential in
advancing health interventions and practices. This approach
has and specific methods has been applied to the evaluation of
nutrient effects. As mentioned above, in advancing the cause
of nutrient studies, Heaney (69) pointed out that EBM, while
appropriate in the evaluation of drugs, is lacking when applied
to the study of nutrients. For example, in a clinical trial designed
to study a given drug’s efficacy, the placebo group would not have
been exposed to that drug and would receive none of the drug
in question. This is not the case for nutrient studies, including
vitamin D studies. To perform a true RCT for vitamin D, the
study design would ensure that all subjects were vitamin D-
deficient at the study onset, and for the duration of the study, all
subjects would have to remain indoors to avoid any sun exposure.
In fact, places such as the Middle East where women for cultural
and religious reasons have limited sunlight exposure and are not
likely to receive vitamin D supplementation, profound vitamin
D deficiency exists, and when those women are randomized to
vitamin D treatment, there are profound effects noted (70–72).
In other regions of the world where vitamin D supplementation
is given to pregnant women, a true placebo would be considered
unethical, and thus, the dilemma surrounding nutrient study
design and interpretation of the data exists.

The five rules of rigor for nutrient studies suggested byHeaney
(69) include the following: (1) basal nutrient status must be
measured, used as an inclusion criterion for entry into the study,
and recorded in the report of the trial; (2) the intervention must
be large enough to change nutrient status and must be quantified
by suitable analysis; (3) the change in nutrient status produced
in those enrolled in the report of the trial must be measured
and reported; (4) the hypothesis to be tested must be that a
change in nutrient status produces the sought-after-effect; and
(5) the status of other nutrients must be optimized to guarantee
that the nutrient being studied is the only nutrition-related,
limiting factor in the response. We also have added an additional
imperative to this list: the nutrient being investigated has to
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follow an appropriate dosing schedule matching the physiologic
system being investigated, as for example with vitamin D, there is
a substantial physiological difference between daily, weekly and
monthly dosing (73). Most vitamin D clinical trials conducted
thus far would fail based on at least two of these criteria. We
thus are forced to look at observational and RCT data that have
nutrient study “flaws,” but which offer important insights into
vitamin D’s role in health.

The first studies involving vitamin D supplementation in
pregnant women were performed in the early 1980’s mainly
in Europe (58). These early studies were plagued by small
sample sizes, not having meaningful endpoints, or effective
treatment/dosing concentrations (58) that could not effectively
evaluate the role of vitamin D in the development of certain
disease states such as preeclampsia (13, 51–53), asthma (38,
39, 74–76), preterm birth (59, 60, 68, 77), and autoimmune
dysfunction (78–82). As a result, the variability in findings led to
confusion and limited relevance to the general population, which
resulted in stagnation of the field for at least two decades.

As one of the first steps in discerning what is a reasonable,
healthy concentration of 25(OH)D, our group in 2001 designed
a large RCT to assess the vitamin D requirements during
pregnancy. This study represented a radical departure from
prior studies in that we proposed a randomized clinical trial
of supplementing pregnant women <16 weeks of gestation
with up to 4,000 IU/d vitamin D3 until delivery. The higher
dose treatment group was two times the Upper Limit (UL) set
forth by the IOM in 1997 (83). Our main goal of the study
was to determine the daily dose of vitamin D required to
raise circulating maternal 25(OH)D concentrations to at least
80 nmol/L (32 ng/mL) by the third trimester, which, based on
mathematical calculations from previous studies (6, 84), was
the amount necessary to prevent secondary hyperparathyroidism
(85).

Along with our study, several other RCTs have been published
(11, 86–95), with the main finding that a daily dose of vitamin D
of 4,000 IU/safely elevated circulating 25(OH)D concentrations
that, regardless of race, fully and safely normalized vitamin
D metabolism and calcium homeostasis in the pregnant
women. Using repeated measures, the concentration of 25(OH)D
that fully normalized 1,25(OH)2D in our study cohort was
determined on each subject and plotted to determine the point at
which first order kinetics went to zero order (11), which was 100
nmol/L (40 ng/mL), the beginning point of the plateau at which
the production of 1,25(OH)2D became substrate independent
(11). Attention to safety in our study as well as other studies
showed that serum calcium and urinary calcium/creatinine ratios
did not differ between the treatment groups, and thus, 4,000
IU/day vitamin D was deemed to be safe (11, 86–95).

With the emergence from observational vitamin D studies of
the favorable efforts of vitamin D on pregnancy outcomes beyond
calcium homeostasis, we analyzed health outcomes measures
in our pregnancy cohorts. Improved vitamin D status was
associated with decreased complications of pregnancy and lower
rates of cesarean section (77, 87). Merewood et al previously had
shown a similar association between vitamin D and mode of
delivery in a cohort of women living in Boston (55). Further, RCT

data and analysis by our group and others in various regions of
the world have clearly demonstrated that higher doses of vitamin
D during pregnancy improve birth outcome data (59, 72, 77, 89,
96).

The list of studies that links vitamin D deficiency to
complications of pregnancy continues to grow: vitamin D
status has been associated with gestational diabetes (56, 89, 90,
92), aeroallergen sensitization (91), and markers of regulatory
immunity (93). Perhaps one of the most far-reaching of these
studies was performed by Sablok et al. (89). In their study,
vitamin D deficient pregnant women living in Delhi, India, with
circulating 25(OH)D concentrations of <25 nmol/L (10 ng/mL),
were randomized to receive substantial amounts of vitamin D
starting at 20 weeks of gestation or placebo. It is noteworthy
that the placebo group remained profoundly vitamin D deficient
throughout pregnancy. In the women randomized to vitamin D
treatment, there was 100% adherence to protocol, which resulted
in a substantial decline in pregnancy complications. In other
areas of the world where all women receive at least 400 IU vitamin
D/day, there is less deficiency and the differences in clinical
outcomes less dramatic. Thus, the effects of vitamin D deficiency
appear to be magnified in the cases of severest deficiency, which
is the end result of no vitamin D supplementation (placebo).

VITAMIN D-INDUCED GENOMIC

ALTERATIONS DURING PREGNANCY

In our original pregnancy study and a subsequent study, from
the perspective of an intention-to-treat design, the results are less
dramatic (11, 97) than when adherence is taken into account. If
instead, circulating 25(OH)D concentrations as the biomarker
of vitamin D status is used, the true effect of vitamin D
supplementation on preterm birth becomes apparent (59). The
same associations from the VDAART trial also hold true for the
prevention of preeclampsia (17). Through vitamin D’s effect on
gene regulation, vitamin D supplementation during pregnancy
appears to alter genes related to systemic inflammation and
immune responses. The aberration of these genes and processes
suggests that there is a specific immune cascade of events
associated with vitamin D deficiency that occurs early-on in
pregnancy in women destined to develop preeclampsia (16, 65),
and likewise, in other comorbidities states of pregnancy such as
gestational diabetes (90, 92, 98) and infection (99, 100).

In their recent paper, Al-Garawi et al. (101), in their post-hoc
analysis of the VDAART RCT study, provide strong evidence
of vitamin D’s effect on genomic changes during pregnancy,
which is one of the first reports of its kind. As part of the
parent RCT of vitamin D supplementation in pregnancy at 10–
18 weeks of gestation where women were randomized to 400
and 4,400 IU vitamin D3/day to achieve decreased pediatric
asthma risk (86), a subset of blood samples also were collected
for RNA analyses for gene expression in the first and third
trimesters, for comparison. Using significance of analysis of
microarrays (SAM) and clustered weighted gene co-expression
network analysis (WGCNA) to identify major biological
transcriptional profiles between first and third trimesters of
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pregnancy, this team of investigators identified 5,839 significantly
differentially expressed genes. Transcripts from these genes
clustered into 14 co-expression modules, of which two showed
significant correlation with maternal 25(OH)D concentrations.
Two modules identified genes enriched in immune defense
pathways and extracellular matrix reorganization as well as genes
enriched in Notch signaling and transcription factor networks.
These important findings suggest that maternal gene expression
changes during pregnancy are affected by maternal vitamin D
status, which in turn, is a direct reflection of maternal vitamin
D supplementation.

The extrapolation of US- and European-based studies to
other regions of the world is based on the effects of vitamin
D that extend beyond calcium and bone metabolism, and on
the findings that vitamin D deficiency impacts immunological
function and pregnancy outcomes. Whether a woman attains
optimal vitamin D status during pregnancy through sun-
exposure or vitamin D supplementation is less of an issue than
if she is able to attain optimal status by either method such that
her circulating 25(OH)D concentrations are at least 100 nmol/L
(40 ng/mL). Women who have profound vitamin D deficiency
typically respond to 4,000 IU/day with an exuberant response
in the first month since they have upregulated their vitamin D
enzymes but by 2months of supplementation, we have found that
their 25(OH)D concentrations will have plateaued and remain
so throughout pregnancy. Even these women with initial severe
deficiency do not develop hypercalcemia or hypercalciuria in
response to treatment (11, 77, 97). If a woman has a higher
BMI, she may require additional vitamin D to achieve this goal
concentration; or if she is non-compliant with treatment, her
vitamin D status will not improve. It is important to follow
women with serial 25(OH)D measurements if such risk factors
are identified.

There are so many unanswered questions that are the focus
of ongoing studies. For example, what effect does maternal
25(OH)D concentration have on fetal development? Are these
effects direct or through downstream processes? What about
direct effects of maternal gene expression on the fetus? Studies
presented at recent vitamin D conferences suggest that there
are indeed direct genomic alterations in response to maternal
vitamin D status that can alter the health of the mother and birth
outcomes (102).

Postnatal Asthma Prevention
Observational studies by Brehm et al suggested that vitamin
D supplementation during pregnancy could reduce childhood
asthma rates (102). This led to a double-blind multicenter RCT
conducted in the US where pregnant women were randomized to
400 or 4,400 IU/d vitamin D3 across the three major racial/ethnic
groups in the US from 10 to 18 weeks of gestation until delivery
(the VDAART study) (86). As the authors describe, the primary
endpoint—prevention of asthma/wheeze in the infant/child at 1-,
2-, 3-, and 6-years post-birth through vitaminD supplementation
in the mother during pregnancy—involved nearly 900 high-
risk subjects (86). The results of this study are quite clear:
on the basis of intention-to-treat, where there was much non-
adherence to protocol there is a strong trend of effect (p =

0.051); however, on the basis of maternal circulating 25(OH)D
concentrations achieved, vitamin D supplementation during
pregnancy will decrease asthma or recurrent wheezing rates
in children. This positive finding, however, is dependent upon
a circulating 25(OH)D concentration of at least 100 nmol/L
(40 ng/mL) at conception (39, 74, 86).

In their RCT study performed in Denmark, Wolsk et al also
examined the effect of maternal vitamin D supplementation
during pregnancy on later asthma risk in the offspring (75).
The Denmark team found results similar to the VDAART study.
Combining the VDAART data with the Denmark data (74), the
two study teams found that vitamin D3 given to a pregnant
woman reduced the risk of later asthma/wheeze in her child
(39, 74).

The wealth of data in the VDAART study led to additional
post-hoc analyses (39, 74). Those women entering pregnancy with
circulating 25(OH)D concentrations ≥75 nmol/L (30 ng/mL)
who were prescribed 4,000 IU/d vitamin D3 starting at
approximately 10–18 weeks’ gestation achieved the maximum
protection against asthma development in their infants following
birth (39, 74). Further, these data suggest that vitamin D is
strongly associated with very early in utero lung development
in the fetus that cannot be reduced by starting vitamin D
supplementation at the end of the first trimester. As discussed
earlier, vitamin D-related genes in early lung development are
associated with asthma pathogenesis (35).

Are these data from the various studies in the US, Europe, and
Iran applicable to other regions of the world? Is there something
unique about women in these countries or can the results be
extended to women in all regions of the world if they have limited
sunlight exposure either through where they live or how they
live? Based on vitamin D metabolism and the pharmacokinetics
of vitamin D, we believe that the recommendations of 4,000
IU/day during pregnancy should be universal, with the caveat
that women with higher BMIs may require higher dosing to
attain the optimal 25(OH)D concentration of at least 100 nmol/L
(40 ng/mL).

Preeclampsia Prevention
In their post-hoc analysis derived from the VDAART RCT,
Mirzakhani et al. (17) reported that a key factor in preventing
preeclampsia was vitamin D status early in pregnancy: first
trimester circulating 25(OH)D concentration of a least 100
nmol/L (40 ng/mL) was associated with a reduction in the risk of
developing preeclampsia. Predicted by both observational studies
as well as experimental animal models, the association of vitamin
D deficiency and its ability to alter placental development and
embryo implantation is further supported by the findings of
Mirzakhani et al. (15, 17, 103, 104). As mentioned earlier, this
effect is likely vitamin D-mediated during a very early point
in pregnancy. Beyond this critical period, rescue by further
vitamin D supplementation with respect to placentation and
the manifestation of preeclampsia, has diminished impact (17).
Additional support for vitamin D’s role in the development
of preeclampsia comes from a recent RCT study where the
administration of vitamin D (50,000 IU/week or ∼7,142 IU/day)
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during the prenatal period reduced the pre-eclamptic rate by half
(95).

It is not surprising based on vitamin D’s effect on
gene regulation that maternal vitamin D supplementation
also would be involved in epigenetic regulation. Pathways
affected by such regulation include antigen processing and
presentation, inflammation, regulation of cell death, cell
proliferation, transmission of nerve impulse, neurogenesis,
neuron differentiation, sensory organ development (105) and
vitamin D metabolism (106). Vitamin D’s epigenetic effects on
genes involved in metabolism and immune function have been
demonstrated in experimental animal models (107, 108) and
preliminary findings have been reported in humans (105). The
effect of vitamin D status on total genomic changes cannot be
ignored and represent one of the most exciting branches of
research to be explored.

Neurodevelopment and Autoimmune

Consequences
There is emerging data regarding the impact of vitamin D
deficiency during pregnancy on neurologic disease and altered
development (30, 49, 50). Experimental animal data suggests
that there are significant adverse neurological consequences to
the offspring if vitamin D is restricted during pregnancy (109–
112). A review by Patrick and Ames summarizes cumulative
data that support the premise of adverse effects of intrauterine
vitaminD deficiency. VitaminD likely acts through the control of
serotonin synthesis in the developing brain: if vitamin D access is
restricted, can lead to the later development of autism, attention
deficit disorder, bipolar disorder, schizophrenia and impulse
behavior (113). A recent study again strongly links vitamin
D concentrations during pregnancy with the development of
autism spectrum disorder (114).

CURRENT RECOMMENDATION FOR

VITAMIN D SUPPLEMENTATION DURING

PREGNANCY

Based on our data from our NICHD-sponsored vitamin D
supplementation pregnancy trial (11) as well as substantial
observational and interventional data from our later studies (16,
60, 97) and that of other investigators around the world (17, 39,
72, 74, 86, 94, 101), we suggest that women considering becoming
pregnant (59), and if pregnant, then during the earliest time in
pregnancy, maintain a circulating 25(OH)D concentration of a
least 100 nmol/L (40 ng/mL). Achieving this goal will reduce
the risk of vitamin D-related pregnancy complications, including

preeclampsia (17, 115) and preterm birth (60, 97), and later
asthma risk in the offspring (17). To achieve this goal, intakes of
a least 4,000 IU/d vitamin D3 will be required because of variable
individual abilities to convert vitamin D to 25(OH)D (6). These
supplements have proven to be safe in thousands of patients
over the past 15 years. Further, this supplementation dose is
well within the safe intake level (upper limit, UL) as defined
by The Endocrine Society (8). Such supplementation becomes
an alternative to direct sunlight exposure, and agrees with data
derived from populations living in sun-rich environments (116),
whose circulating 25(OH)D concentrations during pregnancy
simply from sun exposure are quite similar to those achieved
through daily vitamin D supplementation of 4,000 IU (116, 117).

Finally, addressing the original question of this review—does
vitamin D qualify as a substance that supports and upholds the
Barker Hypothesis? The clear answer is yes! Through its effect
on genetic processes, vitamin D deficiency during pregnancy
affects both mother and fetus, and, at least in the case of asthma,
phenotypic expression in the infant/child.

In summary, the observational and randomized clinical
trials present a clear message: that 4,000 IU/d vitamin D3

supplementation is beneficial to both mother and her developing
fetus through optimization of vitamin D metabolism that goes
beyond classical calcium and bone homeostasis. While further
work is needed to determine what the optimal dose of vitamin D
supplementation during pregnancy is based on various genotype
differences for the vitamin D binding protein and the vitamin D
receptor, body mass index, status at the time of conception, and
other factors such as sunlight exposure and latitude, based on our
work and that of others, we believe that all individuals, including
pregnant women, should achieve a target circulating 25(OH)D
concentration of 100 nmol/L (40 ng/mL) as early as possible.
Because of individual differences in what is required to attain this
target concentration of 25(OH)D, we believe all women should
consume at least 4,000 IU/d vitamin D3 prior to conception and
throughout pregnancy.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

Funded in part by NIH/NICHD R01 HD043921, U01HL091528
from NHLBI, NIH/NCATS UL1RR029882, the Thrasher
Research Fund, and the W.K. Kellogg Foundation.

REFERENCES

1. Barker DJ, Osmond C. Diet and coronary heart disease in England andWales

during and after the secondworld war. J Epidemiol Community Health (1986)

40:37–44. doi: 10.1136/jech.40.1.37

2. Daly S, Mills JL, Molloy AM, Conley M, Lee YJ, Kirke PN, et al. Minimum

effective dose of folic acid for food fortification to prevent neural-tube

defects. Lancet (1997) 350:1666–9. doi: 10.1016/S0140-6736(97)07247-4

3. Hibbard ED, Smithells RW. Preliminary communications. folic

acid metabolism and human embryopathy. Lancet (1965) 285:1254.

doi: 10.1016/S0140-6736(65)91895-7

4. Smithells R, Sheppard S, Schorah C. Vitamin deficiencies and neural tube

defects. Arch Dis Child. (1976) 51:944–50. doi: 10.1136/adc.51.12.944

5. Haddad JG, Chyu K. Competitive protein-binding radioassay for 25-

hydroxycholecalciferol. J Clin Endocrinal Metab. (1971) 33:992–5.

doi: 10.1210/jcem-33-6-992

Frontiers in Endocrinology | www.frontiersin.org 8 August 2018 | Volume 9 | Article 500

https://doi.org/10.1136/jech.40.1.37
https://doi.org/10.1016/S0140-6736(97)07247-4
https://doi.org/10.1016/S0140-6736(65)91895-7
https://doi.org/10.1136/adc.51.12.944
https://doi.org/10.1210/jcem-33-6-992
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Wagner and Hollis Vitamin D During Pregnancy

6. Heaney R, Davies K, Chen T, Holick M, Barger-Lux M. Human serum 25-

hydroxycholecalciferol response to extended oral dosing with cholecalciferol.

Am J Clin Nutr. (2003) 77:204–10. doi: 10.1093/ajcn/77.1.204

7. Food and Nutrition Board. Standing Committee on the Scientific Evaluation

of Dietary Reference Intakes. Dietary Reference Intakes for Vitamin D and

Calcium. Washington, DC: National Academy Press (2010).

8. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA,

Heaney RP, et al. Evaluation, treatment, and prevention of vitamin d

deficiency: an endocrine society clinical practice guideline. J clin Endocrinol

Metab. (2011) 96:1911–30. doi: 10.1210/jc.2011-0385

9. Hamilton SA, McNeil R, Hollis BW, Davis DJ, Winkler J, Cook C, et al.

Profound vitamin D deficiency in a diverse group of women during

pregnancy living in a sun-rich environment at Latitude 32◦N. Int J

Endocrinol. (2010) 2010:917428. doi: 10.1155/2010/917428

10. Wagner CL, Greer FR. Prevention of rickets and vitamin D deficiency

in infants, children, and adolescents. Pediatrics (2008) 122:1142–52.

doi: 10.1542/peds.2008-1862

11. Hollis BW, Johnson D, Hulsey TC, Ebeling M, Wagner CL. Vitamin

D supplementation during pregnancy: double-blind, randomized clinical

trial of safety and effectiveness. J Bone Miner Res. (2011) 26:2341–57.

doi: 10.1002/jbmr.463

12. Wagner CL, Howard C, Hulsey TC, Lawrence RA, Taylor SN, Will H,

et al. Circulating 25-hydroxyvitamin D levels in fully breastfed infants

on oral vitamin D supplementation. Int J Endocrinol. (2010) 2010:235035.

doi: 10.1155/2010/235035

13. Bodnar LM, Catov JM, Simhan HN, Holick MF, Powers RW, Roberts JM.

Maternal vitamin D deficiency increases the risk of preeclampsia. J Clin

Endocrinol Metab. (2007) 92:3517–22. doi: 10.1210/jc.2007-0718

14. Steegers EA, von Dadelszen P, Duvekot JJ, Pijnenborg R. Pre-eclampsia.

Lancet (2010) 376:631–44. doi: 10.1016/S0140-6736(10)60279-6

15. Liu NQ, Ouyang Y, Bulut Y, Lagishetty V, Chan SY, Hollis BW, et al. Dietary

vitamin D restriction in pregnant female mice is associated with maternal

hypertension and altered placental and fetal development. Endocrinology

(2013) 154:2270–80. doi: 10.1210/en.2012-2270

16. Schulz EV, Cruze L, Wei W, Gehris J, Wagner CL. Maternal vitamin D

sufficiency and reduced placental gene expression in angiogenic biomarkers

related to comorbidities of pregnancy. J Steroid Biochem Mol Biol. (2017)

173:273–79. doi: 10.1016/j.jsbmb.2017.02.003

17. Mirzakhani H, Litonjua AA, McElrath TF, O’Connor G, Lee-Parritz A,

Iverson R, et al. Early pregnancy vitamin D status and risk of preeclampsia. J

Clin Invest. (2016) 126:4702–15. doi: 10.1172/JCI89031

18. Mirzakhani H, Carey VJ, McElrath TF, Laranjo N, O’Connor G, Iverson RE,

et al. The Association of maternal asthma and early pregnancy vitamin D

with risk of preeclampsia: an observation from vitamin D antenatal asthma

reduction trial (VDAART). J Allergy Clin Immunol Pract. (2018) 6:600–8 e2.

doi: 10.1016/j.jaip.2017.07.018

19. Roberts JM, Hubel CA. The two stage model of preeclampsia: variations on

the theme. Placenta (2009) 30:S32–7. doi: 10.1016/j.placenta.2008.11.009

20. Chan SY, Susarla R, Canovas D, Vasilopoulou E, Ohizua O, McCabe CJ,

et al. Vitamin D promotes human extravillous trophoblast invasion in vitro.

Placenta (2015) 36:403–9. doi: 10.1016/j.placenta.2014.12.021

21. Liu NQ, Larner DP, Yao Q, Chun RF, Ouyang Y, Zhou R, et al. Vitamin D-

deficiency and sex-specific dysregulation of placental inflammation. J Steroid

Biochem Mol Biol. (2017) 177:223–30. doi: 10.1016/j.jsbmb.2017.06.012

22. Ma SL, Tian XY,Wang YQ, Zhang HF, Zhang L. Vitamin D supplementation

prevents placental ischemia induced endothelial dysfunction by

downregulating placental soluble FMS-like tyrosine Kinase-1. DNA

Cell Biol. (2017) 36:1134–41. doi: 10.1089/dna.2017.3817

23. Eyles D, Smith S, Kinobeb R, Hewison M, McGrath J. Distribution of

the vitamin D receptor and 1a-hydroxylase in human brain. J Chem

Neuroanatomy (2005) 29:21–30. doi: 10.1016/j.jchemneu.2004.08.006

24. Eyles D, Brown J, MacKay-Sim A, McGrath J, Feron F. Vitamin

D3 and brain development. Neuroscience (2003) 118:641–53.

doi: 10.1016/S0306-4522(03)00040-X

25. Ko P, Burkert R, McGrath J, Eyles D. Maternal vitamin D3 deprivation and

the regulation of apoptosis and cell cyle during rat brain development. Dev

Brain Res. (2004) 153:61–8. doi: 10.1016/j.devbrainres.2004.07.013

26. Hawes JE, Tesic D, Whitehouse AJ, Zosky GR, Smith JT, Wyrwoll CS.

Maternal vitamin D deficiency alters fetal brain development in the BALB/c

mouse. Behav Brain Res. (2015) 286:192–200. doi: 10.1016/j.bbr.2015.03.008

27. Vuillermot S, Luan W, Meyer U, Eyles D. Vitamin D treatment during

pregnancy prevents autism-related phenotypes in amousemodel ofmaternal

immune activation.Mol Autism (2017) 8:9. doi: 10.1186/s13229-017-0125-0

28. Al-Harbi AN, Khan KM, Rahman A. Developmental vitamin D deficiency

affects spatial learning in wistar rats. J Nutr. (2017) 147:1795–805.

doi: 10.3945/jn.117.249953

29. Nicholas C, Davis J, Fisher T, Segal T, Petti M, Sun Y, et al. Maternal vitamin

D deficiency programs reproductive dysfunction in female mice offspring

through adverse effects on the neuroendocrine axis. Endocrinology (2016)

157:1535–45. doi: 10.1210/en.2015-1638

30. Cannell JJ. Autism and vitamin D. Med Hypotheses (2008) 70:750–9.

doi: 10.1016/j.mehy.2007.08.016

31. Grant WB, Soles CM. Epidemiologic evidence supporting the role of

maternal vitaminD deficiency as a risk factor for the development of infantile

autism. Dermatoendocrinology (2009) 1:223–8. doi: 10.4161/derm.1.4.9500

32. Dawodu A, Wagner CL. Prevention of vitamin D deficiency in mothers

and infants worldwide-a paradigm shift. Paediatr Int Child Health (2012)

32:3–13. doi: 10.1179/1465328111Y.0000000024

33. Chinellato I, Piazza M, Sandri M, Peroni D, Piacentini G, Boner AL. Vitamin

D serum levels and markers of asthma control in Italian children. J Pediatr.

(2011) 158:437–41. doi: 10.1016/j.jpeds.2010.08.043

34. Janssens W, Bouillon R, Claes B, Carremans C, Lehouck A, Buysschaert

I, et al. Vitamin D deficiency is highly prevalent in COPD and correlates

with variants in the vitamin D-binding gene. Thorax (2010) 65:215–20.

doi: 10.1136/thx.2009.120659

35. Foong RE, Bosco A, Jones AC, Gout A, Gorman S, Hart PH, et al.

The effects of in utero vitamin D deficiency on airway smooth muscle

mass and lung function. Am J Respir Cell Mol Biol. (2015) 53:664–75.

doi: 10.1165/rcmb.2014-0356OC

36. Zosky GR, Berry LJ, Elliot JG, James AL, Gorman S, Hart PH.

Vitamin D deficiency causes deficits in lung function and alters

lung structure. Am J Respir Crit Care Med. (2011) 183:1336–43.

doi: 10.1164/rccm.201010-1596OC

37. Yurt M, Liu J, Sakurai R, Gong M, Husain SM, Siddiqui MA, et al. Vitamin

D supplementation blocks pulmonary structural and functional changes in

a rat model of perinatal vitamin D deficiency. Am J Physiol Lung Cell Mol

Physiol. (2014) 307:L859–67. doi: 10.1152/ajplung.00032.2014

38. Litonjua AA. Childhood asthma may be a consequence of vitamin

D deficiency. Curr Opin Allergy Clin Immunol. (2009) 9:202–7.

doi: 10.1097/ACI.0b013e32832b36cd

39. Wolsk HM, Harshfield BJ, Laranjo N, Carey VJ, O’Connor G, Sandel M, et al.

Vitamin D supplementation in pregnancy, prenatal 25(OH)D levels, race,

and subsequent asthma or recurrent wheeze in offspring: secondary analyses

from the Vitamin D antenatal asthma reduction trial. J Allergy Clin Immunol.

(2017) 140:1423–29 e5. doi: 10.1016/j.jaci.2017.01.013

40. Hibbs AM, Ross K, Kerns LA, Wagner C, Fuloria M, Groh-Wargo S, et al.

Effect of vitamin D supplementation on recurrent wheezing in black infants

who were born preterm: the D-wheeze randomized clinical trial. JAMA

(2018) 319:2086–94. doi: 10.1001/jama.2018.5729

41. Taylor SK, Sakurai R, Sakurai T, Rehan VK. Inhaled vitamin D: a novel

strategy to enhance neonatal lung maturation. Lung (2016) 194:931–43.

doi: 10.1007/s00408-016-9939-3

42. Olsen SF, Secher NJ. 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. doi: 10.1079/BJN19900063

43. Camargo CA Jr., Ingham T, Wickens K, Thadhani R, Silvers KM,

Epton MJ, et al. Cord-blood 25-hydroxyvitamin D levels and risk of

respiratory infection, wheezing, and asthma. Pediatrics (2011) 127:e180–7.

doi: 10.1542/peds.2010-0442

44. Munger KL, Aivo J, Hongell K, Soilu-Hanninen M, Surcel HM, Ascherio A.

Vitamin D status during pregnancy and risk of multiple sclerosis in offspring

of women in the finnish maternity cohort. JAMA Neurol. (2016) 73:515–9.

doi: 10.1001/jamaneurol.2015.4800

45. Greenberg BM. Vitamin D during pregnancy and multiple

sclerosis: an evolving association. JAMA Neurol. (2016) 73:498–9.

doi: 10.1001/jamaneurol.2016.0018

46. Dobson R, Giovannoni G, Ramagopalan S. The month of birth

effect in multiple sclerosis: systematic review, meta-analysis and

effect of latitude. J Neurol Neurosurg Psychiatr. (2013) 84:427–32.

doi: 10.1136/jnnp-2012-303934

Frontiers in Endocrinology | www.frontiersin.org 9 August 2018 | Volume 9 | Article 500

https://doi.org/10.1093/ajcn/77.1.204
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1155/2010/917428
https://doi.org/10.1542/peds.2008-1862
https://doi.org/10.1002/jbmr.463
https://doi.org/10.1155/2010/235035
https://doi.org/10.1210/jc.2007-0718
https://doi.org/10.1016/S0140-6736(10)60279-6
https://doi.org/10.1210/en.2012-2270
https://doi.org/10.1016/j.jsbmb.2017.02.003
https://doi.org/10.1172/JCI89031
https://doi.org/10.1016/j.jaip.2017.07.018
https://doi.org/10.1016/j.placenta.2008.11.009
https://doi.org/10.1016/j.placenta.2014.12.021
https://doi.org/10.1016/j.jsbmb.2017.06.012
https://doi.org/10.1089/dna.2017.3817
https://doi.org/10.1016/j.jchemneu.2004.08.006
https://doi.org/10.1016/S0306-4522(03)00040-X
https://doi.org/10.1016/j.devbrainres.2004.07.013
https://doi.org/10.1016/j.bbr.2015.03.008
https://doi.org/10.1186/s13229-017-0125-0
https://doi.org/10.3945/jn.117.249953
https://doi.org/10.1210/en.2015-1638
https://doi.org/10.1016/j.mehy.2007.08.016
https://doi.org/10.4161/derm.1.4.9500
https://doi.org/10.1179/1465328111Y.0000000024
https://doi.org/10.1016/j.jpeds.2010.08.043
https://doi.org/10.1136/thx.2009.120659
https://doi.org/10.1165/rcmb.2014-0356OC
https://doi.org/10.1164/rccm.201010-1596OC
https://doi.org/10.1152/ajplung.00032.2014
https://doi.org/10.1097/ACI.0b013e32832b36cd
https://doi.org/10.1016/j.jaci.2017.01.013
https://doi.org/10.1001/jama.2018.5729
https://doi.org/10.1007/s00408-016-9939-3
https://doi.org/10.1079/BJN19900063
https://doi.org/10.1542/peds.2010-0442
https://doi.org/10.1001/jamaneurol.2015.4800
https://doi.org/10.1001/jamaneurol.2016.0018
https://doi.org/10.1136/jnnp-2012-303934
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Wagner and Hollis Vitamin D During Pregnancy

47. Berlanga-Taylor AJ, Disanto G, Ebers GC, Ramagopalan SV. Vitamin D-

gene interactions in multiple sclerosis. J Neurol Sci. (2011) 311:32–6.

doi: 10.1016/j.jns.2011.08.041

48. Ebers G. Interactions of environment and genes in multiple sclerosis. J

Neurol Sci. (2013) 334:161–3. doi: 10.1016/j.jns.2013.08.018

49. Stubbs G, Henley K, Green J. Autism: will vitamin D supplementation

during pregnancy and early childhood reduce the recurrence rate

of autism in newborn siblings? Med Hypotheses (2016) 88:74–8.

doi: 10.1016/j.mehy.2016.01.015

50. McGrath JJ, Feron FP, Burne TH, Mackay-Sim A, Eyles DW. Vitamin D3-

implications for brain development. J Steroid Biochem Mol Biol. (2004)

89–90:557–60. doi: 10.1016/j.jsbmb.2004.03.070

51. Robinson CJ, Alanis MC, Wagner CL, Hollis BW, Johnson DD. Plasma 25-

hydroxyvitamin D levels in early-onset severe preeclampsia. Am J Obstet

Gynecol. (2010) 203:366 e1–6. doi: 10.1016/j.ajog.2010.06.036

52. Baker AM, Haeri S, Camargo CA Jr., Espinola JA, Stuebe AM. A

nested case-control study of midgestation vitamin D deficiency and

risk of severe preeclampsia. J Clin Endocrinol Metab. (2010) 95:5105–9.

doi: 10.1210/jc.2010-0996

53. Bodnar LM, Simhan HN, Catov JM, Roberts JM, Platt RW, Diesel JC, et al.

Maternal vitamin D status and the risk of mild and severe preeclampsia.

Epidemiology (2014) 25:207–14. doi: 10.1097/EDE.0000000000000039

54. Gernand AD, Bodnar LM, Klebanoff MA, Parks WT, Simhan HN.

Maternal serum 25-hydroxyvitamin D and placental vascular pathology

in a multicenter US cohort. Am J Clin Nutr. (2013) 98:383–8.

doi: 10.3945/ajcn.112.055426

55. Merewood A, Mehta SD, Chen TC, Bauchner H, Holick MF. Association

between vitamin D deficiency and primary cesarean section. J Clin

Endocrinol Metab. (2009) 94:940–5. doi: 10.1210/jc.2008-1217

56. Zhang Q, Cheng Y, He M, Li T, Ma Z, Cheng H. Effect of various doses of

vitamin D supplementation on pregnant women with gestational diabetes

mellitus: a randomized controlled trial. Exp Ther Med. (2016) 12:1889–1895.

doi: 10.3892/etm.2016.3515

57. Bodnar LM, Simhan HN. Vitamin D may be a link to black-white

disparities in adverse birth outcomes.Obstet Gynecol Surv. (2010) 65:273–84.

doi: 10.1097/OGX.0b013e3181dbc55b

58. Hollis B, Wagner C. Assessment of dietary vitamin D requirements

during pregnancy and Lactation. Am J Clin Nutr. (2004) 79:717–26.

doi: 10.1093/ajcn/79.5.717

59. Wagner CL, Baggerly C, McDonnell S, Baggerly KA, French CB, Baggerly L,

et al. Post-hoc analysis of vitamin D status and reduced risk of preterm birth

in two vitamin D pregnancy cohorts compared with South Carolina March

of Dimes 2009-2011 rates. J Steroid Biochem Mol Biol. (2016) 155:245–51.

doi: 10.1016/j.jsbmb.2015.10.022

60. McDonnell SL, Baggerly KA, Baggerly CA, Aliano JL, French CB,

Baggerly LL, et al. Maternal 25(OH)D concentrations ≥40 ng/mL

associated with 60% lower preterm birth risk among general obstetrical

patients at an urban medical center. PLoS ONE (2017) 12:e0180483.

doi: 10.1371/journal.pone.0180483

61. Pal L, Zhang H, Williams J, Santoro NF, Diamond MP, Schlaff WD, et al.

Vitamin D status relates to reproductive outcome in women with polycystic

ovary syndrome: secondary analysis of a multicenter randomized controlled

trial. J Clin Endocrinol Metab. (2016) 101:3027–35. doi: 10.1210/jc.2015-4352

62. Miliku K, Vinkhuyzen A, Blanken LM, McGrath JJ, Eyles DW, Burne TH,

et al. Maternal vitamin D concentrations during pregnancy, fetal growth

patterns, and risks of adverse birth outcomes. Am J Clin Nutr. (2016)

103:1514–22. doi: 10.3945/ajcn.115.123752

63. Hou W, Yan XT, Bai CM, Zhang XW, Hui LY, Yu XW. Decreased serum

vitamin D levels in early spontaneous pregnancy loss. Eur J Clin Nutr. (2016)

70:1004–8. doi: 10.1038/ejcn.2016.83

64. Lindqvist PG, Silva AT, Gustafsson SA, Gidlof S. Maternal vitamin

D deficiency and fetal distress/birth asphyxia: a population-

based nested case-control study. BMJ Open (2016) 6:e009733.

doi: 10.1136/bmjopen-2015-009733

65. Kiely ME, Zhang JY, Kinsella M, Khashan AS, Kenny LC. Vitamin D status

is associated with uteroplacental dysfunction indicated by pre-eclampsia

and small-for-gestational-age birth in a large prospective pregnancy cohort

in Ireland with low vitamin D status. Am J Clin Nutr. (2016) 104:354–61.

doi: 10.3945/ajcn.116.130419

66. Gernand AD, Simhan HN, Baca KM, Caritis S, Bodnar LM. Vitamin D,

pre-eclampsia, and preterm birth among pregnancies at high risk for pre-

eclampsia: an analysis of data from a low-dose aspirin trial. BJOG (2017)

124:1874–82. doi: 10.1111/1471-0528.14372

67. Baca KM, Simhan HN, Platt RW, Bodnar LM. Low maternal

25-hydroxyvitamin D concentration increases the risk of severe

and mild preeclampsia. Ann Epidemiol. (2016) 26:853–57 e1.

doi: 10.1016/j.annepidem.2016.09.015

68. Qin LL, Lu FG, Yang SH, Xu HL, Luo BA. Does maternal vitamin D

deficiency increase the risk of preterm birth: a meta-analysis of observational

studies. Nutrients (2016) 8:E301. doi: 10.3390/nu8050301

69. Heaney RP. Guidelines for optimizing design and analysis of clinical studies

of nutrient effects. Nutr Rev. (2014) 72:48–54. doi: 10.1111/nure.12090

70. Dawodu A, Agarwal M, Patel M, Ezimokhai M. Serum 25-hydroxyvitamin D

and calcium homeostasis in the United Arab Emirates mothers and neonates:

a preliminary report.Middle E Paediatr. (1997) 2:9–12.

71. Dawodu A, Saadi HF, Bekdache G, Javed Y, Altaye M, Hollis BW.

Randomized controlled trial (RCT) of vitamin D supplementation in

pregnancy in a population with endemic vitamin D deficiency. J Clin

Endocrinol Metab. (2013) 98:2337–46. doi: 10.1210/jc.2013-1154

72. Rostami M, Ramezani Tehrani F, Simbar M, Bidhendi Yarandi R, Minooee

S, Hollis BW, et al. Effectiveness of prenatal vitamin D deficiency screening

and treatment program: a stratified randomized field trial. J Clin Endocrinol

Metab. (2018) 103:2936–48. doi: 10.1210/jc.2018-00109

73. Hollis B, Wagner C. The role of the parent compound vitamin D with

respect to metabolism and function: why clinical dose intervals can

affect clinical outcomes. J Clin Endocrinol Metab. (2013) 98:4619–28.

doi: 10.1210/jc.2013-2653

74. Wolsk HM, Chawes BL, Litonjua AA, Hollis BW, Waage J, Stokholm

J, et al. Prenatal vitamin D supplementation reduces risk of

asthma/recurrent wheeze in early childhood: a combined analysis

of two randomized controlled trials. PLoS ONE (2017) 12:e0186657.

doi: 10.1371/journal.pone.0186657

75. Chawes BL, Bonnelykke K, Stokholm J, Vissing NH, Bjarnadottir E, Schoos

AM, et al. Effect of vitamin D3 supplementation during pregnancy on risk of

persistent wheeze in the offspring: a randomized clinical trial. JAMA (2016)

315:353–61. doi: 10.1001/jama.2015.18318

76. Vahdaninia M, Mackenzie H, Helps S, Dean T. Prenatal intake of

vitamins and allergic outcomes in the offspring: a systematic review

and meta-analysis. J Allergy Clin Immunol Pract. (2017) 5:771–8 e5.

doi: 10.1016/j.jaip.2016.09.024

77. Wagner CL, McNeil R, Hamilton SA, Winkler J, Rodriguez Cook C, Warner

G, et al. A randomized trial of vitamin D supplementation in 2 community

health center networks in South Carolina. Am J Obstet Gynecol. (2013)

208:137 e1–137 e13. doi: 10.1016/j.ajog.2012.10.888

78. Liu PT, Stenger S, Li H, Wenzel L, Tan BH, Krutzik SR, et al. Toll-like

receptor triggering of a vitamin D-mediated human antimicrobial response.

Science (2006) 311:1770–3. doi: 10.1126/science.1123933

79. Fabri M, Stenger S, Shin DM, Yuk JM, Liu PT, Realegeno S, et al.

Vitamin D is required for IFN-{gamma}-mediated antimicrobial

activity of human macrophages. Sci Trans Med. (2011) 3:104ra102.

doi: 10.1126/scitranslmed.3003045

80. Liu NQ, Hewison M. Vitamin D, the placenta and pregnancy. Arch Biochem

Biophys. (2012) 523:37–47. doi: 10.1016/j.abb.2011.11.018

81. Lagishetty V, Liu NQ, Hewison M. Vitamin D metabolism

and innate immunity. Mol Cell Endocrinol. (2011) 347:97–105.

doi: 10.1016/j.mce.2011.04.015

82. Liu NQ, Kaplan AT, Lagishetty V, Ouyang YB, Ouyang Y,

Simmons CF, et al. Vitamin D and the regulation of placental

inflammation. J Immunol. (2011) 186:5968–74. doi: 10.4049/jimmunol.10

03332

83. Food andNutrition Board. Standing Committee on the Scientific Evaluation of

Dietary Reference Intakes. Dietary Reference Intakes for Calcium, Phosphorus,

Magnesium, Vitamin D, and Fluoride. Washington, DC: National Academy

Press (1997).

Frontiers in Endocrinology | www.frontiersin.org 10 August 2018 | Volume 9 | Article 500

https://doi.org/10.1016/j.jns.2011.08.041
https://doi.org/10.1016/j.jns.2013.08.018
https://doi.org/10.1016/j.mehy.2016.01.015
https://doi.org/10.1016/j.jsbmb.2004.03.070
https://doi.org/10.1016/j.ajog.2010.06.036
https://doi.org/10.1210/jc.2010-0996
https://doi.org/10.1097/EDE.0000000000000039
https://doi.org/10.3945/ajcn.112.055426
https://doi.org/10.1210/jc.2008-1217
https://doi.org/10.3892/etm.2016.3515
https://doi.org/10.1097/OGX.0b013e3181dbc55b
https://doi.org/10.1093/ajcn/79.5.717
https://doi.org/10.1016/j.jsbmb.2015.10.022
https://doi.org/10.1371/journal.pone.0180483
https://doi.org/10.1210/jc.2015-4352
https://doi.org/10.3945/ajcn.115.123752
https://doi.org/10.1038/ejcn.2016.83
https://doi.org/10.1136/bmjopen-2015-009733
https://doi.org/10.3945/ajcn.116.130419
https://doi.org/10.1111/1471-0528.14372
https://doi.org/10.1016/j.annepidem.2016.09.015
https://doi.org/10.3390/nu8050301
https://doi.org/10.1111/nure.12090
https://doi.org/10.1210/jc.2013-1154
https://doi.org/10.1210/jc.2018-00109
https://doi.org/10.1210/jc.2013-2653
https://doi.org/10.1371/journal.pone.0186657
https://doi.org/10.1001/jama.2015.18318
https://doi.org/10.1016/j.jaip.2016.09.024
https://doi.org/10.1016/j.ajog.2012.10.888
https://doi.org/10.1126/science.1123933
https://doi.org/10.1126/scitranslmed.3003045
https://doi.org/10.1016/j.abb.2011.11.018
https://doi.org/10.1016/j.mce.2011.04.015
https://doi.org/10.4049/jimmunol.1003332
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Wagner and Hollis Vitamin D During Pregnancy

84. Vieth R, Chan PC, MacFarlane GD. Efficacy and safety of vitamin D3 intake

exceeding the lowest observed adverse effect level. Am J Clin Nutr. (2001)

73:288–94. doi: 10.1093/ajcn/73.2.288

85. Souberbielle JC, Cormier C, Kindermans C, Gao P, Cantor T, Forette

F, et al. Vitamin D status and redefining serum parathyroid hormone

reference range in the elderly. J Clin Endocrinol Metab. (2001) 86:3086–90.

doi: 10.1210/jc.86.7.3086

86. Litonjua AA, Carey VJ, Laranjo N, Harshfield BJ, McElrath TF, O’Connor

GT, et al. Effect of prenatal supplementation with vitamin D on asthma or

recurrent wheezing in offspring by age 3 years: the VDAART randomized

clinical trial. JAMA (2016) 315:362–70. doi: 10.1001/jama.2015.18589

87. Hollis BW, Wagner CL. Vitamin D and pregnancy: skeletal effects,

nonskeletal effects, and birth outcomes. Calcified Tissue Int. (2013)

92:128–39. doi: 10.1007/s00223-012-9607-4

88. Goldring ST, Griffiths CJ, Martineau AR, Robinson S, Yu C, Poulton

S, et al. Prenatal vitamin D supplementation and child respiratory

health: a randomised controlled trial. PLoS ONE (2013) 8:e66627.

doi: 10.1371/journal.pone.0066627

89. Sablok A, Batra A, Thariani K, Batra A, Bharti R, Aggarwal AR,

et al. Supplementation of vitamin D in pregnancy and its correlation

with feto-maternal outcome. Clin Endocrinol. (2015) 83:536–41.

doi: 10.1111/cen.12751

90. Mojibian M, Soheilykhah S, Fallah Zadeh MA, Jannati Moghadam M. The

effects of vitamin D supplementation on maternal and neonatal outcome: a

randomized clinical trial. Iran J Reprod Med. (2015) 13:687–96.

91. Grant CC, Crane J, Mitchell EA, Sinclair J, Stewart A, Milne T, et al. Vitamin

D supplementation during pregnancy and infancy reduces aeroallergen

sensitization: a randomized controlled trial. Allergy (2016) 71:1325–34.

doi: 10.1111/all.12909

92. Zhang C, Qiu C, Hu FB, David RM, van Dam RM, Bralley A,

et al. Maternal plasma 25-hydroxyvitamin D concentrations and

the risk for gestational diabetes mellitus. PLoS ONE (2008) 3:e3753.

doi: 10.1371/journal.pone.0003753

93. Zerofsky M, Ryder M, Bhatia S, Stephensen CB, King J, Fung EB. Effects of

early vitamin D deficiency rickets on bone and dental health, growth and

immunity.Mater Child Nutr. (2016) 12:898–907. doi: 10.1111/mcn.12187

94. Hornsby E, Pfeffer PE, Laranjo N, Cruikshank W, Tuzova M, Litonjua AA,

et al. Vitamin D supplementation during pregnancy: effect on the neonatal

immune system in a randomized controlled trial. J Allergy Clin Immunol.

(2017) 141:269–78.e1. doi: 10.1016/j.jaci.2017.02.039.

95. Behjat Sasan S, Zandvakili F, Soufizadeh N, Baybordi E. The effects of

vitamin D supplement on prevention of recurrence of preeclampsia in

pregnant women with a history of preeclampsia. Obstet Gynecol Int. (2017)

2017:8249264. doi: 10.1155/2017/8249264

96. Amegah AK, Klevor MK, Wagner CL. Maternal vitamin D insufficiency

and risk of adverse pregnancy and birth outcomes: a systematic review

and meta-analysis of longitudinal studies. PLoS ONE (2017) 12:e0173605.

doi: 10.1371/journal.pone.0173605

97. Wagner CL, McNeil RB, Johnson DD, Hulsey TC, Ebeling M, Robinson

C, et al. Health characteristics and outcomes of two randomized vitamin

D supplementation trials during pregnancy: a combined analysis. J Steroid

Biochem Mol Biol. (2013) 136:313–20. doi: 10.1016/j.jsbmb.2013.01.002

98. Parlea L, Bromberg IL, Feig DS, Vieth R, Merman E, Lipscombe LL.

Association between serum 25-hydroxyvitamin D in early pregnancy and

risk of gestational diabetes mellitus. Diabetic Med J Br Diabetic Assoc. (2011)

29:e25–32. doi: 10.1111/j.1464-5491.2011.03550.x

99. Bodnar LM, Krohn MA, Simhan HN. Maternal vitamin D deficiency is

associated with bacterial vaginosis in the first trimester of pregnancy. J Nutr.

(2009) 139:1157–61. doi: 10.3945/jn.108.103168

100. Hensel KJ, Randis TM, Gelber SE, Ratner AJ. Pregnancy-specific association

of vitamin D deficiency and bacterial vaginosis. Am J Obstetrics Gynecol.

(2011) 204:41 e1–9. doi: 10.1016/j.ajog.2010.08.013

101. Al-Garawi A, Carey VJ, Chhabra D, Mirzakhani H, Morrow J,

Lasky-Su J, et al. The Role of Vitamin D in the Transcriptional

Program of Human Pregnancy. PLoS ONE (2016) 11:e0163832.

doi: 10.1371/journal.pone.0163832

102. Brehm JM, Celedon JC, Soto-Quiros ME, Avila L, Hunninghake GM, Forno

E, et al. Serum vitamin D levels and markers of severity of childhood

asthma in Costa Rica. Am J Respir Critic Care Med. (2009) 179:765–71.

doi: 10.1164/rccm.200808-1361OC

103. Faulkner JL, Cornelius DC, Amaral LM, Harmon AC, Cunningham MW Jr,

Darby MM, et al. Vitamin D supplementation improves pathophysiology in

a rat model of preeclampsia. Am J Physiol Regul Integr Comp Physiol. (2016)

310:R346–54. doi: 10.1152/ajpregu.00388.2015

104. Song J, Li Y, An R. Vitamin D restores angiogenic balance and decreases

tumor necrosis factor-alpha in a rat model of pre-eclampsia. J Obstet

Gynaecol Res. (2017) 43:42–9. doi: 10.1111/jog.13186

105. ZhuH,Wagner C, Pan Y,Wang X, Shary J, Hollis B, et al. InMaternal vitamin

D supplementation and cord blood genome-wide DNAmethylation analysis

(abstract). In:Vitamin DWorkshop, Boston, MA, March 29–31, 2016, Boston,

MA. Available online at: www.vitaminDworkshop.org

106. Anderson CM, Ralph JL, Johnson L, Scheett A, Wright ML, Taylor

JY, et al. First trimester vitamin D status and placental epigenomics in

preeclampsia among Northern Plains primiparas. Life Sci. (2015) 129:10–5.

doi: 10.1016/j.lfs.2014.07.012

107. Meems LM,MahmudH, BuikemaH, Tost J, Michel S, Takens J, et al. Parental

vitamin D deficiency during pregnancy is associated with increased blood

pressure in offspring via Panx1 hypermethylation. Am J Physiol Heart Circ

Physiol. (2016) 311:H1459–69. doi: 10.1152/ajpheart.00141.2016

108. Xue J, Schoenrock SA, Valdar W, Tarantino LM, Ideraabdullah FY. Maternal

vitamin D depletion alters DNA methylation at imprinted loci in multiple

generations. Clin Epigenet. (2016) 8:107. doi: 10.1186/s13148-016-0276-4

109. Whitehouse AJ, Holt BJ, Serralha M, Holt PG, Kusel MM, Hart PH. Maternal

serum vitamin d levels during pregnancy and offspring neurocognitive

development. Pediatrics (2012) 129:485–93. doi: 10.1542/peds.2011-2644

110. Chen J, Xin K, Wei J, Zhang K, Xiao H. Lower maternal serum 25(OH) D

in first trimester associated with higher autism risk in Chinese offspring. J

Psychosom Res. (2016) 89:98–101. doi: 10.1016/j.jpsychores.2016.08.013

111. Gould JF, Anderson AJ, Yelland LN, Smithers LG, Skeaff CM, Zhou

SJ, et al. Association of cord blood vitamin D with early childhood

growth and neurodevelopment. J Paediatr Child Health (2017) 53:75–83.

doi: 10.1111/jpc.13308

112. Murthi P, Davies-Tuck M, Lappas M, Singh H, Mockler J, Rahman R, et al.

Maternal 25-hydroxyvitamin D is inversely correlated with foetal serotonin.

Clin Endocrinol. (2017) 86:401–9. doi: 10.1111/cen.13281

113. Patrick RP, Ames BN. Vitamin D hormone regulates serotonin

synthesis. Part 1: relevance for autism. FASEB J. (2014) 28:2398–413.

doi: 10.1096/fj.13-246546

114. Wu DM, Wen X, Xan XR, Wang S, Wang YJ, Shen M, et al. Relationship

between neonatal vitamin D at birth and risk of autism spectrum disorders:

the NBSIB Study. JBMR (2017) 33:458–66. doi: 10.1002/jbmr.3326

115. Ali AM, Alobaid A, Malhis TN, Khattab AF. Effect of vitamin D3

supplementation in pregnancy on risk of pre-eclampsia-randomized

controlled trial. Clin Nutr. (2018). doi: 10.1016/j.clnu.2018.02.023. [Epub

ahead of print].

116. Luxwolda MF, Kuipers RS, Kema IP, van der Veer E, Dijck-Brouwer DA,

Muskiet FA. Vitamin D status indicators in indigenous populations in East

Africa. Eur J Nutr. (2013) 52:1115–25. doi: 10.1007/s00394-012-0421-6

117. Luxwolda MF, Kuipers RS, Kema IP, Janneke Dijck-Brouwer DA, Muskiet

FA. Traditionally living populations in East Africa have a mean serum 25-

hydroxyvitamin D concentration of 115 nmol/l. Br J Nutr. (2012) 108:1557–

61. doi: 10.1017/S0007114511007161

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The handling Editor and reviewer PP declared their involvement as co-editors in

the Research Topic, and confirm the absence of any other collaboration.

Copyright © 2018 Wagner and Hollis. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 11 August 2018 | Volume 9 | Article 500

https://doi.org/10.1093/ajcn/73.2.288
https://doi.org/10.1210/jc.86.7.3086
https://doi.org/10.1001/jama.2015.18589
https://doi.org/10.1007/s00223-012-9607-4
https://doi.org/10.1371/journal.pone.0066627
https://doi.org/10.1111/cen.12751
https://doi.org/10.1111/all.12909
https://doi.org/10.1371/journal.pone.0003753
https://doi.org/10.1111/mcn.12187
https://doi.org/10.1016/j.jaci.2017.02.039.
https://doi.org/10.1155/2017/8249264
https://doi.org/10.1371/journal.pone.0173605
https://doi.org/10.1016/j.jsbmb.2013.01.002
https://doi.org/10.1111/j.1464-5491.2011.03550.x
https://doi.org/10.3945/jn.108.103168
https://doi.org/10.1016/j.ajog.2010.08.013
https://doi.org/10.1371/journal.pone.0163832
https://doi.org/10.1164/rccm.200808-1361OC
https://doi.org/10.1152/ajpregu.00388.2015
https://doi.org/10.1111/jog.13186
www.vitaminDworkshop.org
https://doi.org/10.1016/j.lfs.2014.07.012
https://doi.org/10.1152/ajpheart.00141.2016
https://doi.org/10.1186/s13148-016-0276-4
https://doi.org/10.1542/peds.2011-2644
https://doi.org/10.1016/j.jpsychores.2016.08.013
https://doi.org/10.1111/jpc.13308
https://doi.org/10.1111/cen.13281
https://doi.org/10.1096/fj.13-246546
https://doi.org/10.1002/jbmr.3326
https://doi.org/10.1016/j.clnu.2018.02.023
https://doi.org/10.1007/s00394-012-0421-6
https://doi.org/10.1017/S0007114511007161
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	The Implications of Vitamin D Status During Pregnancy on Mother and her Developing Child
	Introduction
	What is a ``Normal'' Circulating 25(OH)D Concentration in Humans?
	Relevant Data Surrounding Vitamin D Deficiency during Pregnancy: Animal Models and Human Studies
	Placental Function
	Neurodevelopment
	Lung Maturation and Function

	Vitamin D Deficiency during Pregnancy: Human Studies
	Observational Studies
	Randomized Clinical Trials

	Vitamin D-Induced Genomic Alterations during Pregnancy
	Postnatal Asthma Prevention
	Preeclampsia Prevention
	Neurodevelopment and Autoimmune Consequences

	Current Recommendation for Vitamin D Supplementation during Pregnancy
	Author Contributions
	Funding
	References


