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Vitamin D Deficiency in Development: How Much Is Enough, and How
Much Is Too Much?

Theconsequencesofmaternal vitaminDdeficiency for thehealthof the
newborn has received increasing attention over the past decade,
stimulating a significant increase in the number of studies examining
the effects of maternal vitamin D deficiency on various pregnancy,
neonatal, and childhood outcomes. Pregnant and lactatingwomen and
preterm neonates are some of the highest risk groups for developing
vitamin D deficiency. The most concerning pregnancy-related
outcomes of vitamin D deficiency for pregnant mothers include
increased risk of gestational diabetes, preeclampsia, and small-for-
gestational-age infants (1). These maternal complications alone have
been demonstrated to cause significant morbidities in the newborn
period and into childhood (2). However, one of the most studied and
well-documented consequences ofmaternal vitaminDdeficiency is an
increased incidence of childhood asthma and recurrent wheezing,
suggesting that vitaminDhas an important role in the developing lung.
Consistent with this idea, strong epidemiologic data demonstrate an
increased incidence of childhood wheezing and allergies in children
born to vitamin D–deficient mothers (3). Higher maternal vitamin D
intake during pregnancy was inversely associated with wheeze
prevalence in children 3 and 5 years old, suggesting that maternal
vitaminDstatusstronglymodulates theriskofearlywheezephenotypes
(4, 5). A recent analysis of two large randomized controlled trials of
vitamin D supplementation of pregnant women in order to prevent
childhoodwheeze and asthma reported a beneficial effect of vitaminD
supplementation in only the pregnant women with higher vitamin D
levels at study entry as compared with pregnant women with lower
vitaminDlevelsatstudyentry.Thesefindingssuggest that thetreatment
of perinatal vitamin D deficiency and its consequences is not simply
related to vitamin D replacement (6). This is further highlighted by a
recentmeta-analysisof randomizedcontrolled trialsexaminingvitamin
D and pregnancy outcomes, which failed to demonstrate measurable
effects of vitamin D supplementation in pregnancy on childhood
asthma (7). These disappointing clinical findings are in stark contrast
with past preclinical studies that consistently showedprofound adverse
effects ofmaternal vitaminDdeficiency aswell as benefits fromvitamin
D supplementation in the prevention of neonatal and childhood
respiratory morbidities.

The many epidemiologic studies linking perinatal vitamin D
deficiency to various pregnancy, newborn, and childhood-related
morbidities have led researchers to focus on thedirect effects of vitamin
Donthedevelopingandnewborn lungusingvariouspreclinicalmodels
of vitamin D deficiency and supplementation. Vitamin D has multiple
effects in the developing fetus, including bone growth, the immune
system, and brain development. In addition, more recent preclinical
studies demonstrate that vitamin D is an important regulator of lung
growth in utero (8). Past studies have largely focused on the association
of maternal vitamin D with abnormal airway development and

bronchial hyperreactivity (9). Preclinical studies have shown that
1,25(OH)2 D, the hormonally active form of vitamin D, plays a role in
normal lung airwaydevelopment, and this is due to enhanced epithelial
cell maturation (10, 11), inhibition of airway smooth muscle
proliferation (12), modulation of lipofibroblast proliferation and
differentiation (13), and the regulation of genes involved in bronchial
smooth muscle cells, including genes previously implicated in asthma
predisposition and pathogenesis (14).

More recently, vitamin D has been shown to play a role in distal
lung and vascular development (15). In addition to its role in normal
lung development, vitaminDhas been shown to have protective effects
on lung development in models of perinatal lung injury leading to
bronchopulmonary dysplasia, the chronic lung disease of prematurity
(16).Although there have beenmany advancements in themechanistic
understandingofvitaminD’s role in lungdevelopment frompreclinical
studies this past decade, there remains a great deal to be discovered
about how perinatal vitamin D deficiency changes the lung
microenvironment and alters local resident cellular interactions.

In this issue of the Journal, Sakurai and colleagues (pp. 521–531)
demonstrate that maternal vitamin D deficiency has a significant and
persistent effect on resident lung cells of the newborn rodent (17). They
found that vitamin D deficiency decreased basal proliferation rates of
resident lungmesenchymal stem cell (LMSC) numbers comparedwith
vitamin D–supplemented animals. In addition to the decreased basal
proliferation of LMSCs seen in vitamin D deficiency, Sakurai and
colleagues also report that LMSCs isolated during perinatal vitamin D
deficiency exhibited increasedWnt signaling and myogenic potential.
ThisresearchfurtherhighlightsthegrowingstoryofmaternalvitaminD
deficiency and impaired distal lung airspace development by
demonstrating impaired LMSC–AT-2 cell interactions in vitamin
D–deficient offspring. Interestingly, the authors report deleterious
effects of both vitaminDdeficiency andhigh-level supplementation on
LMSC function and differentiation patterns. This highlights the
importance of precise dosing of vitamin D, and although vitamin D is
generally believed to have a wide safety profile, its specific cellular
effects likely require more precise, organ-specific concentrations of
vitamin D.

As stem cells have shown significant promise in terms of lung
repair, thiswork is especially relevant because it extends our knowledge
of the influence of perinatal vitaminDdeficiency on the differentiation
potential of stem cells. Mesenchymal stem cells are particularly
appealing for therapeutic use because they are easily isolated, have
immunomodulatory properties, do not give rise to teratomas, andmay
contribute to the regeneration of many different types of lung tissues.
Sakurai and colleagues’ findings of increased myogenic phenotype of
LMSCs isolated from perinatal vitamin D–deficient animals is
important because it shows that the microenvironment of the LMSC
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has a significant influence on resident LMSC differentiation. Overall,
these exciting findings give the scientific community continued reason
toexplore themechanismsof theeffectofperinatalvitaminDdeficiency
on the developing lungdespite theunderwhelming results fromclinical
vitamin D treatment studies. Establishing mechanistic links between
antenatal vitamin D deficiency and disease pathogenesis—and
determining how these factors intercede in the respiratory outcomes
after birth—are essential for the prevention of asthma and other late
respiratory morbidities.

The treatment of vitamin D deficiency with vitamin D
supplementation can correct conditions such as rickets; however, the
developmentalconsequencesof inuterovitaminDdeficiencyfororgans
and cells may not be amenable to such typical postnatal replacement
strategies. Data from developmental lung gene expression studies that
examined vitamin D–related pathways indicate that vitamin D has
effects on lungdevelopment in thefirst trimester (18); thismaypartially
explain why postnatal supplementation is less effective for lung health.
Thus, as observed in studies of folate supplementation for the
preventionofneural tubedefects,maternal vitaminDsupplementation
for optimal fetal lung development likely needs to be started before
conceptiontobeeffective.Althoughmanyoftheclinical trialsofvitamin
D supplementation in vitamin D–deficient pregnant individuals have
not revealed striking effects on changes in disease phenotypes,
preclinical studieshaveconsistentlydemonstratedadeleteriouseffectof
vitamin D deficiency on organ development. Pregnancy is known to
place a significant stress on vitamin Dmetabolism; however, we lack
information about the specific dosing and critical timing of vitamin D
strategies needed to prevent lung abnormalities. Because of ethical
concerns about modulating the vitamin D status of pregnant mothers,
this knowledge can only be determined by additional, high-quality
preclinical studies that can then informclinical trial development, allow
for selective strategies for clinical care, and lead to the development of
novel therapeutic interventions with vitamin D.�
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