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ABSTRACT

Pregnancy describes a time of rapid change, including notable shifts in vitamin D
metabolism. In this review, we summarize the benefits of vitamin D supplementation and the data
surrounding vitamin D requirements during this important period. Both observational and clinical trials are
reviewed in the context of vitamin D health impacts during pregnancy in association with preeclampsia,
preterm birth, and later disease conditions such as asthma and multiple sclerosis.

Significant amounts of vitamin Dare needed during pregnancy to protect the mother and
her fetus and impart genomic imprinting on the fetus to ensure long term health consequences.

With enhanced knowledge about vitamin D's role as a preprohormone, it is clear that
recommendations about supplementation must mirror what is clinically relevant and evidence-based. Future
research that focuses on the critical period(s) leading up to conception and during pregnancy to correct
deficiency or maintain optimal vitamin D states remains to be investigated. Moreover, the effects that
vitamin D has on genetic signatures that minimize the risk to the mother and her developing fetus have not

been elucidated.
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INTRODUCTION

Pregnancy describes a time of rapid bodily
alteration. During these notable times of
physiological changes, the roles of vitamin D in
pregnant compared to lactating women are
different. In the pregnant woman, the primary
role of vitamin D appears to be
immunomodulatory rather than a calcium
regulating factor, although it also would retain
that function. In addition, vitamin D
deficiency/insufficiency in early life is clearly
an instance of the “Barker Hypothesis” (1). This
theory states that certain adult-onset diseases
might have their roots in nutritional disorders
sustained in the perinatal period, either in utero
or in the early months of infancy or both.
Clearly, some conditions related to vitamin D
deficiency such as asthma, multiple sclerosis
and other neurological disorders would qualify
(2,3,4,5,6,7,8,9,10,11).

The aim of this paper is to present new insights
into the vitamin D requirements and function
during pregnancy, as supported by the evidence.

VITAMIN D AND HEALTHY PREGNANCY

Achieving optimal maternal and infant health
with sufficient vitamin D state is not the only
objective during pregnancy. An adequate
vitamin D status is needed to ensure the health
of the pregnancy. A pregnancy can expand to
severe disease processes such as preeclampsia
and glucose intolerance that risk the health of
both the mother and the infant. Preeclampsia is a

pregnancy-specific  disease  process  that
influences 3-7% of all pregnancies.
Development of preeclampsia likely involves
abnormal placental implantation, immune

dysfunction, surplus inflammation, and defects
in angiogenesis (12-15). The placenta expresses
la-hydroxylase, the enzyme needed to convert
25(0OH)D to the active metabolite 1,25(0OH),D
(12). This active vitamin D metabolite has been
demonstrated to regulate the transcription and
function of genes related to placental invasion,
implantation, and angiogenesis (12,16) and is
being evaluated for its role in early pregnancy
loss, preterm birth, and preeclampsia (12). In a
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case—control study, lower vitamin D condition
both in the early pregnancy and in the newborn
was related to the risk of preeclampsia during
pregnancy. After adjustment for confounders, a
deficiency of 20 ng/mL was reported to double
the preeclampsia risk (16).

In the case of another disease process in
pregnancy, glucose intolerance, a cross-
sectional study reported women with gestational
diabetes were more probably to indicate vitamin
D deficiency (<12.5 ng/ mL) than women with
normal glucose control during pregnancy (17).
With the known relationships of both type | and
type Il diabetes with vitamin D condition, this
association is not unexpected (18-21). Other
maternal health markers, including maternal
weight gain in pregnancy, have shown
adiscrepant relationship with maternal vitamin
D condition (22,23). More investigation to
identify the vitamin D condition required to
support the health of the pregnancy is vital.

VITAMIN D AND FETAL DEVELOPMENT

The maternal vitamin D condition is vital for
fetal development because the fetus receives all
vitamin D support from the mother (24-26).
Maternal 25(OH) Dreadily transfers the placenta
and is metabolized to 1, 25(0OH), D by the fetal
kidneys for endocrine function and by other
tissues for paracrine function(24-26). At birth
the neonate’s serum 25(OH) Dcondition is 50—
70% of maternal serum 25(0OH) D levels (24-26).

Observational studies have investigated the role
of vitamin D and calcium in bone development
and fetal growth. The results of these studies
indicate roles for both vitamin D and calcium
(27, 28), but the exact mechanism, as well as the
role of parathyroid hormone (PTH)
concentration, remains to be elucidated. Failure
of sufficient intrauterine bone mineralization,
secondary to both vitamin D and calcium
deficiency, has led to the development of
congenital rickets (29,30). In a study of the
effects of maternal vitamin D supplementation
of 1000 IU/day onneonatal bone mineralization,
no significant difference was reported in infant
bone mineral content, as evaluated by single
photon absorptiometry (31). Conversely, a
longitudinal study of 198 children indicated a
positive relationship between maternal serum
25(0OH)D in late pregnancy and child whole-
body and lumbar-spine bone mineral content by
dual-energy X-ray absorptiometry (DEXA) at 9
years old (27). Another investigation of neonatal
bone mineralization by DEXA demonstrated

higher whole-body bone mineral content not
only related to greater gestational age and higher
weight at birth and higher infant 25(OH)D
levels but also related to lower maternal
25(0H)D levels(32). Moreover, another study of
maternal vitamin D deficiency and infant bone
indicated a relationship between maternal
vitamin D deficiency with delayed development
of neonatal bone formation centers at birth (33).
However, low maternal vitamin D levels, often
associated with low maternal calcium and
increased maternal PTH, has been associated
with reduced birth weight (28), neonatal length
(28), and head circumference at 3 and 6 months
of age (34), but these results are not constant.

OBSERVATIONAL STUDIES PROPOSING THE
EFFECT OF VITAMIN DEXTENDED BEYOND
CALCIUM HOMEOSTASIS DURING
PREGNANCY

Early observational studies revealed strong
associations between maternal circulating levels
of 25(0OH)D and glucose tolerance (35),
preeclampsia  (36,37), changed placental
vascular pathology (38), Cesarean section (39),
adverse birth outcomes (40), infection rates (2),
brain function (10,11), and respiratory function
(3). Recent investigations have turned to
examining maternal vitamin D deficiency as a
risk factor for abnormal fetal growth patterns,
adverse birth outcomes, reproductive failure
(41,42,43,44) and further strengthened the role
of vitamin D as a contributing agent for
preeclampsia (45). Also, a meta-analysis of
observational studies has established the fact
that maternal vitamin D deficiency enhances the
risk of preterm birth (46).

While public policy cannot be set for vitamin D
supplementation  practices  according  to
observational studies, this information is
necessary at pointing research in the regard that
could yield public policy alterations in vitamin
D consumption.

FETAL VITAMIN D EXPOSURE AND

HEALTH OUTCOMES

In a case—control study of infants with acute
lower respiratory infection, the cases and their
mothers indicated significantly lower serum
25(0H) Dlevels than the healthy controls (47).
The newborns with infection hada mean serum
25(0H) Dlevel of 9.1 ng/mL, while the controls
exhibited a mean of 16.3 ng/mL (47). Another
area of immune development associated with
fetal vitamin D exposure is allergic disease. In
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two birth cohorts, higher maternal vitamin D
condition in pregnancy was related to reduced
prevalence of wheezing at 3 and 5 vyears-
old(48,49). Conversely, in a third birth cohort,
higher maternal serum 25(OH)D levels in late
pregnancy was related to elevated risk of asthma
at 9 years of age (50). Epidemiological studies
of other disease processes that raise the likelihood
for positive relationships with maternal vitamin D
in pregnancy include multiple sclerosis,
schizophrenia, and osteoporosis (51-54). With
long-term programming in fetal development,
identifying the impact of this vitamin which is
important for bone health, immune function, and
cell proliferation, is crucial (55).

A double-blind randomized clinical trial was
conductedinat three clinical centers in the USA,
which involved giving supplemental vitamin D
(400 or 4400 IU/day) to pregnant women from
16 weeks of gestation until delivery. The
primary outcome measure was prevention of
asthma/wheezing in the child at 1, 2 and 3 years
after birth. Nearly 900 high-risk participants
were recruited and completed the study (56).
The results showed that vitamin D
supplementation during pregnancy can decrease
asthma or recurrent wheezing rates in children.

A clinical trial study conducted in Denmark was
also recently published (57). The results from
these clinical trials and meta-analysis studies
indicate that vitamin D therapy in a pregnant
woman will prevent asthma/wheeze in her child
(56-58). The mechanisms by which this occurs
remain unclear but it is probable that epigenetic
in utero alterations triggered by the vitamin D
supplementation to the pregnant women lead to
functional alterations in the fetus (59-61).

In the 1960s, vitamin D was considered as the
cause of supravalvular stenosis (62). The
published hypothesis suggested that “toxic”
amounts of vitamin D during pregnancy gave
rise to a clinical status entitled “infantile
hypercalcemia  syndrome”  (62).Now this
syndrome is known as “Williams syndrome”,
which is a genetic disorder characterized by
multi-organ involvement such as supravalvular
stenos is secondary to a deficiency in elastin
formation. One in 7500-20000 people areborn
with this disorder which also demonstrates a
magnified response to oral vitamin D
supplementation (63). Abnormal vitamin D
metabolism has now been established as a
symptom of Williams syndrome and not acause
of supravalvular stenosis (64). Despite the
unknown etiology as to whether the cardiac

failure is due to hypocalcemia alone or is also
related an intrinsic vitamin D impact on cardiac
function, supplementation with vitamin D and
calcium was shown to prevent the requirement
for cardiac transplantation (65).

CLINICAL TRIALS INVESTIGATING
VITAMIN D SUPPLEMENTATION DURING
PREGNANCY

In 2001, a research group conceived a large
randomized controlled trial investigating the
supplementation of vitamin D in a pregnant
population. In this study, the researchers were
supplementing pregnant women at less than 16
weeks of gestation with up to 4000 1U/d vitamin
D until delivery in a double-blinded manner.
The aim of the study was to investigate how
much vitamin D was needed to raise circulating
maternal 25(OH) Dlevels to at least 32 ng/mL
by the end of gestation. They selected the 32
ng/mL concentration of circulating 25(OH)
Dwas based on suppression of secondary
hyperparathyroidism  (66).The  results of
numerous analysis (other endpoints were
analyzed as post hoc analyses) have been
presented and published over the last few years
(56,57,59,65-70). The important finding of these
studies was that a 4000 1U/d dose of vitamin D
safely increased serum circulating 25(OH)D to a
level that normalized vitamin D metabolism and
calcium homeostasis in the pregnant women. In
addition, this dose was safe with not a single
unfavorable effect observed attributable to
vitamin D supplementation (56,57,65,69-72).

The data from the studies, when analyzed on an
intent-to-treat basis, clearly reported vitamin D
supplementation reduced complications of
pregnancy and Cesarean births (73,74).
Moreover, data and analysis from the clinical
trials by researchers have demonstrated that
higher doses of vitamin D during pregnancy
improve birth outcome data (65,67,74).

Other clinical trials have recently reported that
vitamin D reduced complications of birth and
gestational diabetes (69,70,72), aeroallergen
sensitization (71), and biomarkers of regulatory
immunity (75). one of these studies recruited a
vitamin D deficient population of pregnant
women, with circulating 25(OH)D levels of <10
ng/ mL, and supplemented the treatment group
with substantial amounts of vitamin D starting at
20 weeks of gestation (69). The control arm
received placebo and hence remained notably
vitamin D deficient during pregnancy. Vitamin
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D therapy in these women led to notable
reductions in pregnancy complications.

VITAMIN D-INDUCED GENOMIC CHANGES
THROUGH PREGNANCY

Vitamin D supplementation in pregnancy seems
to influence genetic information of several
highly functional modules associated with
systemic inflammation and immune responses
and implicates the emergence of a distinctive
immune response in women which makes them
susceptible to develop preeclampsia (60,76) and
other adverse consequences of pregnancy
including gestational diabetes (35,70,77) and
infections (78).

A recent study by Al-Garawi et al. (61) provides
direct evidence of the ability of vitamin D to
induce genomic alterationsin pregnancy. This
study was a randomized clinical trial of vitamin
D supplementation in pregnancy aimed at
decreasing pediatric asthma risk (79). The trial
recruited 881 women at 10-18 weeks of
gestation.  Longitudinal gene  expression
evaluations were obtained for30pregnant
women, using RNA isolated from peripheral
blood samples obtained in the first and third
trimesters. These data propose that maternal
gene expression alterations through pregnancy
occur and that these alterations are associated
with vitamin D supplementation which elevates
the circulating vitamin D concentrations. What
remains unclear is whether these alterations in
maternal vitamin D concentration affect fetal
development directly or via downstream
impacts, and whether or not there is adirect
impact of maternal gene expression on the fetus.
New evidence proposes that there are direct
genomic changes induced by vitamin D
treatment through pregnancy that can change
birth outcomes (66,68).

The VDAART study reported that vitamin D
supplementation starting at approximately 14
weeks of gestation failed in anintent to-treat
manner to affect preeclampsia (69). Entering
pregnancy with a serum 25(OH) Dconcentration
of at least 40 ng/mL gives ideal protection
against development of preeclampsia. This
impact of vitamin D is predicted by
experimental animal models, which collectively
indicated vitamin D deficiency changed
placental development and embryo implantation
(80,81).

In areport by Mirzakhani et al. (82), their gene
expression study indicated that a set of vitamin

D-elated genes were related to preeclampsia.
The study reported genomic connectivity to
known  vitamin  D-signaling  pathways
demonstrating the functional cohesiveness of
vitamin D to the preeclampsia disease model.
Most of the genes in this replication model were
related to maternal systemic alterations in
immune, both innate and humoral, and
inflammatory biomarkers.

Maternal vitamin D supplementation is also
contributed in the epigenetic regulation, DNA
methylation, in children. Pathways influenced
by this metabolic process include antigen
processing and presentation, inflammation,
regulation of cell death, cell proliferation,
transmission of nerve impulse, neurogenesis,
neuron  differentiation,  sensory  organ
development (59¢) and vitamin D metabolism
(83).

What is clear from these recent clinical trials is
that a 4000 IU/d vitamin D supplement is
advantageous to both mother and child and these
advantages have nothing to do with the classic
role of vitamin D in calcium homeostasis. What
is not clear is the dose and time of
supplementation required to achieve optimum
outcomes. It is believed that targetinga
circulating 25(OH) Dlevel of 40 ng/mL should
be achieved as early as possiblein pregnancy.
Because of biochemical heterogeneity in
attaining a given level of 25(OH)D, it is
believed all women should consume at least
4000 1U/d vitamin D before conception (84).

It has long been reported that the development
of multiple sclerosis (MS) is a result of a
complex interaction between genes and
environment, with an important environmental
agent being vitamin D deficiency (8). It is not
yet clear how and when vitamin D performs to
modulate risk of MS, although there is growing
evidence that this occurs via genetic changes
(7). Evidence demonstrates that vitamin D
supplementation  in  pregnancy  induces
transcriptome and epigenetic changes through
DNA methylation ingenes that regulate
inflammation, metabolic processes, antigen
processing, regulation of cell death, cell
proliferation, transmission of nerve impulses,
neurogenesis, neuron differentiation and sensory
organ development (59). Along these lines, an
article by Mokry et al. on Mendelian
randomization provides strong support of a
causal relationship of vitamin D and lower risk
of MS in humans (85).
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Strong experimental evidence points to dire
neurological outcomes if vitamin D is restricted
throughout pregnancy (86). For further
information on the biochemical basis for this, it
is recommended to read a recent review by
Patrick and Ames (87). This review makes an
excellent case for intrauterine vitamin D
deficiency as it relates to autism, attention
deficit disorder, bipolar disorder, schizophrenia
and impulse behavior, via control of serotonin
synthesis in the neonatal brain (87). There is
also a fair amount of observational data
available to support these notions (9,10,11,86).

CURRENT RECOMMENDATION FOR
VITAMIN D SUPPLEMENTATION THROUGH
PREGNANCY

Currently, based on clinical trial data and
substantial observational and interventional
evidence, it is suggested that all pregnant
women maintain a circulating 25(OH) Dlevel of
at least 40 ng/mL during the earliest stages of
pregnancy (65,67). This will insure maximum
protection from pregnancy complications, such
as preeclampsia in the mother and asthma
development in the infant. To achieve this aim,
intakes of at least 4000 IU/d vitamin D will be
needed because of variable individual abilities
to convert vitamin D to 25(OH)D (84). This
amount of supplementation lies within the safe
intake level as defined by The Endocrine
Society (88). Finally, it can be noted vitamin D
gualifies as a substance as described by the
Barker Hypothesis, as the lack of this vitamin
during pregnancy leads to detrimental genetic
alterations on both mother and fetus.

CONCLUSION

Current evidence in pregnancy refers to both
short-term and long-term impacts of vitamin D
deficiency in maternal and infant health
consequences, which include bone development,
immune function, and health of the pregnancy.
During pregnancy, the vitamin D status is more
important than other times through lifespan as
this influences not only the mother but also her
growing fetus and, later, her growing infant.
While there have been notable discrepancies
surrounding the daily requirement of vitamin D
and what constitutes sufficiency during these
critical periods, there is growing evidence of the
importance of vitamin D supplementation in
pregnancy to achieve a total circulating 25(OH)
D level of at least 40 ng/mL, the level at which
the conversion of 25(OH)D to 1,25(0H),D is
optimized and related to a lower risk of co-

morbidities of pregnancy and better outcomes.
Past data proposing that vitamin D is a
teratogenic agent appears to be unfounded at the
physiological doses reviewed in this chapter. As
has been demonstrated, significant amounts of
vitamin Dare needed during pregnancy to
protect the mother and her fetus and impart
genomic imprinting on the fetus to ensure long
term health consequences. With increased
knowledge about the effects of vitamin D as a
pre-prohormone,  recommendations  about
supplementation must mirror what is clinically
relevant and evidence-based. More research that
focuses on the critical periods leading up to
conception and through pregnancy to correct
deficiency or hold optimal vitamin D condition
is needed. Moreover, the impacts that vitamin D
has on genetic signatures that minimize the risk
to the mother and developing fetus have not
been clarified. While there is much more
research that requires to be conducted, our
understanding of vitamin D requirements in
pregnancy has advanced significantly during the
last decades.
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