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The essentiality of vitamin D for normal growth and development has been rec-
ognized for over 80 years, and vitamin D fortification programs have been in
place in the United States for more than 70 years. Despite the above, vitamin D
deficiency continues to be a common finding in certain population groups. Vita-
min D deficiency has been suggested as a potential risk factor for the develop-
ment of preeclampsia, and vitamin D deficiency during infancy and early
childhood is associated with an increased risk for numerous skeletal disorders,
as well as immunological and vascular abnormalities. Vitamin D deficiency can
occur through multiple mechanisms including the consumption of diets low in
this vitamin and inadequate exposure to environmental ultraviolet B rays. The
potential value of vitamin D supplementation in high-risk pregnancies and during
infancy and early childhood is discussed. Currently, there is vigorous debate
concerning what constitutes appropriate vitamin D intakes during early develop-
ment as exemplified by differing recommendations from the Institute of Medicine
Dietary Reference Intake report and recent recommendations by the Endocrine
Society. As is discussed, a major issue that needs to be resolved is what key bi-
ological endpoint should be used when making vitamin D recommendations for
the pregnant woman and her offspring. Birth Defects Research (Part C)
99:24–44, 2013. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION
That an “antirachitic factor” (i.e.,
rickets preventative) is critical for
early bone development has been
recognized for over 100 years. In
the early 1600s, a high percentage
of children in England were found
to have rickets (Chesney, 2012), a
condition that is characterized by
growth retardation and poor skele-
tal mineralization. As the growth
plates of bones enlarge and the
load on limbs increases, limbs
become bowed resulting in mild to

severe bone abnormalities of the
legs, pelvis, ribs, and wrist. Rickets
were particularly prevalent in large
towns and industrialized regions,
which often had hazy, smoggy, and
polluted atmospheres due to coal
mining and manufacturing. This
epidemic compelled scientists to
search for an “antirachitic factor.”
While on a medical mission to Asia
in 1890, physician Theobald A.
Palm observed that Japanese
children were free of rickets. He
noted that the biggest difference

between England and Japan was
that England had a variety of fac-
tors that prohibited the sun’s rays
from reaching the ground including
smoke-laden and murky skies,
high houses, and narrow streets,
while opposite conditions were
noted in the “Land of the Rising
Sun” (Palm, 1888). Palm correctly
speculated that sunlight might pre-
vent rickets. That suboptimal diets
could contribute to the occurrence
of rickets was first suggested in
1889 by the work of Bland-Sutton,
a London surgeon who reported
that a metabolic bone disease in
lion cubs at the London Zoo could
be prevented by a diet supplement
of goat meat, crushed bones, and
cod liver oil (Chesney and Hed-
berg, 2010). The subsequent dis-
covery that vitamin D was the
major “antirachitic factor” in cod
liver oil established the fact that
this nutrient could cure or prevent
rickets (McCollum et al., 1922).
Vitamin D is unique as it is the

only vitamin recognized to date that
in addition to being obtained from
dietary sources, can be provided in
significant amounts through syn-
thetic pathways localized in skin,
when 7-dehydrocholesterol reacts
with environmental ultraviolet B
(UVB) radiation to produce the
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vitamin (previtamin D). Previtamin
D isomerizes to vitamin D which is
metabolized in the liver to 25-
hydroxyvitamin D (25(OH)D; t1=2
�2–3 weeks), and further metabo-
lized in the kidney by 1-a-hydroxy-
lase (CYP27B1) to the bioactive
hormone, 1,25(OH)2D (calcitriol;
t1=2<4 hr). Due to its relatively long
half-life and the fact that the circu-
lating form of vitamin D (25(OH)D)
is considered to reflect total vitamin
D exposure (e.g., vitamin D from
food, supplements, and endogenous
production), serum 25(OH)D con-
centrations are widely used as a
marker of vitamin D status. Unless
otherwise specified, the form of vita-
min D reported in the literature cited
below refers to 25(OH)D. Concentra-
tions of 25(OH)D and other vitamin
D metabolites in the plasma or se-
rum are reported in the literature as
nmol/l and ng/ml. To compare
between studies, vitamin D can be
converted as follows: 1 ng/
ml52.5 nmol/l. In addition, vitamin
D dietary recommendations are
expressed in International Units (IU)
where 1 mg vitamin D540 IU.

In the United States, the large-
scale fortification of vitamin D in
milk in 1933 greatly reduced the
incidence of rickets throughout the
country (National Institutes of
Health State-of-the-Science Panel,
2007). In 1997, when the Food
and Nutrition Board (FNB) estab-
lished Dietary Reference Intakes
(DRI) for vitamin D, the Adequate
Intake (AI) and Tolerable Upper
Intake Level (UL) recommenda-
tions for healthy adults were set at
200 IU/day and 2000 IU/day,
respectively (Institute of Medicine,
1997). A Recommended Dietary
Allowance (RDA) for vitamin D was
not established at that time due to
insufficient scientific data. The AI
was based on the maintenance of
serum 25(OH)D concentrations at
or above 27.5 nmol/l (11 ng/ml) for
most age groups. In 2011, the FNB
re-evaluated vitamin D DRIs and
established the Estimated Average
Requirement (EAR), RDA, and UL
for vitamin D for adults as 400,
600, and 4000 IU/day, respectively,
based on the amounts needed for
bone health outcomes (Institute of
Medicine, 2011). Serum 25(OH)D

concentrations of approximately 50
nmol/l (20 ng/ml) was associated
with benefit for most of the popula-
tion. The observation that there
was a doubling in the estimated
need for vitamin D in just a little
over a decade underscores the fact
that research in the area of vitamin
D nutrition is vigorous, and in many
ways still in its infancy. As is dis-
cussed below, there is a substantial
body of research that has been
reported over the past 15 years
that supports the concept that die-
tary intakes of vitamin D higher
than the 2011 EAR and RDA may
result in some positive health
effects exclusive of bone health. In
the current study, we provide a
brief review of some of the recent
literature concerning the metabo-
lism and functions of vitamin D, the
potential developmental conse-
quences of “vitamin D deficiency,”
and the implications of the above
for current and future recommen-
dations for vitamin D for women of
child bearing age, infants, and
children.

VITAMIN D DEFICIENCY—
SCOPE OF THE PROBLEM

A range of cutoff values for
25(OH)D concentrations have been
used in the literature to determine
vitamin D sufficiency (>50 to >100
nmol/l) (Prentice, 2008), thus the
definition of vitamin D insufficiency
and deficiency varies depending on
the study. In this review, cutoff
levels determined and used by the
authors are reported. While the
cutoff for vitamin D deficiency
varies, the presence of rickets is a
well-defined clinical sign of the
deficiency. The fortification of milk
and other food products with vita-
min D in many countries, such as
the US, has greatly reduced the
incidence of rickets, however, dur-
ing the past decade there have
been numerous reports showing
that vitamin D deficiency is still
widespread in the world affecting
significant proportions of the popu-
lation in developing as well as
developed countries (Weisberg
et al., 2004; Prentice, 2008). Dis-
turbingly, the reported incidence of
vitamin D deficiency is thought to

be increasing in some areas (Pren-
tice, 2008). The reasons for this
putative increase in vitamin D defi-
ciency are multifactorial, and have
been postulated to include reduced
sunlight exposure (clothing cover-
ing the body, use of sunscreens in
response to fear of skin cancer,
reduced time outdoors, sedentary
lifestyle, pollution, and high levels
of cloud coverage), and reduced
intakes of vitamin D-rich foods. A
recent meta-analysis reports that
for all the regions studied (Japan,
the US, Canada, Australia/New
Zealand, and the United Kingdom),
vitamin D intakes during pregnancy
were below current recommenda-
tions (Blumfield et al., 2013).
As noted above, it is well recog-

nized that severe vitamin D defi-
ciency in children can cause
rickets. In adults, suboptimal vita-
min D status can lead to osteoma-
lacia, a condition of defective bone
mineralization. In addition to the
classical bone abnormalities, vita-
min D deficiency can result in hypo-
calcemia-induced seizures, pain,
generalized muscle weakness,
heart, and respiratory problems
(Prentice, 2008). It is increasingly
appreciated that in addition to bone,
systems including the immune, car-
diovascular, renal, muscular, pancre-
atic, integumentary, and neural
systems can be affected by vitamin
D (Rosen et al., 2012). Importantly,
during the past decade, suboptimal
vitamin D status has also been
associated with an increased risk of
several chronic diseases including
cardiovascular disease (CVD), dia-
betes, cancer, arthritis, schizophre-
nia, and multiple sclerosis (Holick,
2004), although causal links
between vitamin D insufficiency and
the above diseases still need to be
established. In many regards, the
current nutrition controversies
regarding vitamin D are reflective of
ongoing debates in several scientific
societies regarding what we mean
by terms such as “requirement.”
Should nutritional requirements be
set at a point where they ensure
reproduction and survival of a spe-
cies? Or should they be set at a
point that “optimizes long-term
health” and reduces ones’ risk for
age-related chronic diseases? From
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the perspective of a teratologist,
should they be set at a point that
allows for normal development in a
healthy environment, e.g. for the
“healthy population”? Or should
they take into consideration the
potential risk for common environ-
mental insults, societal behaviors,
the presence of maternal disease,
genetics, and the developmental
origins of adult disease? Like medi-
cine, nutrition is slowly moving
away from the “one size fits all”
approach to one that takes into
account the particular genetic
makeup and lifestyles of the individ-
ual, with the goal to manage and
optimize health through tailored
medicine and nutrition. These are
issues that merit considerable dis-
cussion by several scientific disci-
plines including nutrition, toxicology,
and teratology.

VITAMIN D METABOLISM
The subcutaneous synthesis of

previtamin D3 from 7-dehydrocho-
lesterol upon UVB radiation is a
major source of the vitamin. As
mentioned above, previtamin D3
isomerizes to vitamin D which is
first hydroxylated in the liver to
25(OH)D, then hydroxylated in
the kidney by 1-a-hydroxylase
(CYP27B1) to the bioactive hor-
mone, 1,25(OH)2D. Vitamin D bind-
ing protein is the major carrier of
vitamin D metabolites in the circu-
lation, with some bound to albumin
and lipoproteins (Dusso et al.,
2005). In vitamin D deficiency,
decreased absorption of calcium
and phosphorus increases parathy-
roid hormone (PTH) secretion which
mobilizes calcium from the skeleton
in an attempt to maintain homeo-
stasis. PTH increases CYP27B1
expression leading to an increase in
bioactive 1,25(OH)2D (Adams and
Hewison, 2012). In contrast, fibro-
blast growth factor 23 (FGF23)
decreases CYP27B1 expression.
Vitamin D plays a critical role in
skeletal mineralization by acting in
concert with PTH or FGF23 to
regulate calcium and phosphorus
homeostasis by altering uptake,
turnover, and excretion in the intes-
tine, bone, and kidney. In addition
to the classical role of vitamin D in

bone mineralization, 1,25(OH)2D
can bind to the vitamin D receptor
(VDR), a nuclear transcription fac-
tor found in nearly every cell, which
can directly, or in concert with nu-
clear hormone receptors such as
the retinoid X receptor (RXR), bind
to vitamin D response elements in
the promoter of genes resulting in
the transcriptional regulation of 3–
10% of the human genome (Rosen
et al., 2012; Zhu et al., in press).

VITAMIN D SOURCES
Vitamin D is a fat-soluble vitamin

that possesses hormone-like
actions. Vitamin D2 (ergocalciferol)
can be obtained from a wide vari-
ety of plants and fungi, with UV
light-exposed mushrooms being
particularly rich in this nutrient
(Liu, 2012). Vitamin D3 (cholecal-
ciferol) occurs naturally in rela-
tively few foods, such as some
fatty fish and egg yolks, but in
many countries it can be present in
relatively high amounts in certain
fortified foods including milk and
cereals, as well as in dietary sup-
plements. Table 1 lists the vitamin
D content in a number of select di-
etary sources. Unfortified conven-
tional foods in typical Western
diets provide on the order of 100
IU (2.5 mg) of vitamin D per day
(Institute of Medicine, 1997). A
recent study of vitamin D intake in
individuals in the US and Canada
suggests that less than 2% of the
participants in all age groups met
the 2011 RDA for vitamin D from
foods (Hill et al., 2012). Similar
reports that adequate intake of
vitamin D is not likely to be
achieved through typical dietary
intakes of vitamin D from unforti-
fied foods are available for Aus-
tralia and Europe (Nowson and
Margerison, 2002; Liu, 2012; Men-
sink et al., 2013). In the 1930s, a
milk fortification program was
implemented in the United States
to combat rickets, then a major
public health problem. Currently,
the majority of the US retail milk
supply is voluntarily fortified, gen-
erally with vitamin D3 (100 IU/
cup, �10 mg/quart), although a
nationwide sampling of milk shows
that there is a high variability in

vitamin D content (Patterson et al.,
2010). Additionally, there is a
mandatory fortification of infant
formula (40–100 IU/100 kcal).
Typical multivitamin supplements
in the US contain around 200–400
IU (5–10 mg) of vitamin D, but sup-
plements containing an excess of
40,000 IU (1000 mg) are becoming
increasingly common (Hathcock
et al., 2007). To put the above
numbers into perspective, it has
been estimated that chronic expo-
sure to sunlight in outdoor workers
can result in serum 25(OH)D con-
centrations that are similar to
those obtained with oral intakes of
2800–5000 IU (70–125 mg) of vita-
min D per day (Barger-Lux and
Heaney, 2002). It has been
recently estimated that about 40%
of women (25–50 years old) in the
US do not take vitamin D-contain-
ing supplements (Gordon et al.,
2012). Several studies have shown
that vitamin D intake from food
and supplements is below the cur-
rent RDA in 20–49 year old white
women (293.2610.48 IU/day;
7.3360.262 mg/day) and even
lower in African American women
(229.267.84 IU/day; 5.7360.196
mg/day) (Calvo et al., 2004; Harris,
2006). The lower vitamin D intakes
observed in African Americans may
be due in part, to lactose intoler-
ance and avoidance of dairy prod-
ucts (Moore et al., 2005).
In many populations, the major

source of vitamin D is that which is
generated in the skin by exposure
to sunlight, i.e. UVB radiation can
convert 7-dehydrocholesterol to
previtamin D. Before humans wore
clothes, worked in offices, led sed-
entary lifestyles and used
sunscreen, individuals had signifi-
cantly greater exposure to sunlight.
Individuals who spend large
amounts of time outdoors (land-
scaping, construction work, farming,
or recreation) have 25(OH)D con-
centrations of 122 nmol/l (48.8 ng/
ml) on average (Barger-Lux and
Heaney, 2002). These data could be
interpreted by some that, teleologi-
cally, natural exposure to sunlight
and circulating levels of 25(OH)D
above 100 nmol/l (40 ng/ml), are
compatible with human survival. Se-
rum 25(OH)D concentrations above
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200 nmol/l (80 ng/ml) can be com-
mon among healthy persons with
ample sun exposure (Vieth, 1999).
Concentrations of 25(OH)D in these
same individuals decreased to 74
nmol/l (29.6 ng/ml) in late winter
(40% reduction) indicating that in-
tensive sun exposure does not
maintain high 25(OH)D concentra-
tions through winter. Currently,
there is considerable debate about
what serum 25(OH)D concentrations
are associated with vitamin D defi-
ciency, insufficiency, sufficiency, and
potential adverse effects (Table 2).

DIVERSE FACTORS
INFLUENCE VITAMIN D
STATUS

There are numerous factors that
can affect the efficiency of endoge-
nous vitamin D production (Fig. 1).
A high degree of melanin-rich,
dark skin can absorb UVB rays and
reduce sunlight penetration leading
to a decrease in vitamin D produc-
tion. Data from the third National
Health and Nutrition Examination
Survey (1988–1994) showed that
42.4% of African American women

and 4.2% of white women of
reproductive age were character-
ized as having hypovitaminosis D
defined as serum 25(OH)D�37.5
nmol/l (� 15 ng/ml) (Nesby-O’Dell
et al., 2002). Of the African Ameri-
can women who consumed 200 IU
(5 mg) of vitamin D as supple-
ments, 28.2% had hypovitamino-
sis D. While African Americans
have lower vitamin D levels, they
do not, as a group, have lower
bone densities suggesting that
their PTH response may have
adapted to lower vitamin D or

TABLE 1. Common Dietary Sources of Vitamin Da

Food IUs per serving Percent DV

Cod liver oil, 1 tablespoon 1,360 340
Swordfish, cooked, 3 ounces 566 142
Salmon (sockeye), cooked, 3 ounces 447 112
Tuna fish, canned in water, drained, 3 ounces 154 39
Orange juice fortified with vitamin D, 1 cup (check product labels, as

amount of added vitamin D varies)
137 34

Milk, nonfat, reduced fat, and whole, vitamin D-fortified, 1 cup 115–124 29–31
Yogurt, fortified with 20% of the DV for vitamin D, 6 ounces (more heavily

fortified yogurts provide more of the DV)
80 20

Margarine, fortified, 1 tablespoon 60 15
Sardines, canned in oil, drained, 2 sardines 46 12
Liver, beef, cooked, 3 ounces 42 11
Egg, 1 large (vitamin D is found in yolk) 41 10
Ready-to-eat cereal, fortified with 10% of the DV for vitamin D, 0.75–1 cup

(more heavily fortified cereals might provide more of the DV)
40 10

Cheese, Swiss, 1 ounce 6 2

IUs5 International Units; DV5Daily Value. DVs were developed by the US Food and Drug Administration to help consum-
ers compare the nutrient contents among products within the context of a total daily diet. The DV for vitamin D was set
at 400 IU for adults and children age 4 and older. Food labels, however, are not required to list vitamin D content unless a
food has been fortified with this nutrient. Foods providing 20% or more of the DV are considered to be high sources of a
nutrient, but foods providing lower percentages of the DV also contribute to a healthful diet.
aOffice of Dietary Supplements, National Institutes of Health: Dietary Supplement Fact Sheet: Vitamin D. http://ods.od.
nih.gov/factsheets/VitaminD-HealthProfessional/#h3 (accessed February 6, 2013).

TABLE 2. 25(OH)D Concentrations (expressed as nmol/l and ng/ml) Used to Define Vitamin D Status as of

2013

Definition of vitamin D status (based
on 25(OH)D concentrations) Institute of Medicinea Endocrine Societyb

Deficient <30 nmol/l <12 ng/ml <50 nmol/l <20 ng/ml
Insufficient 30–50 nmol/l 12–20 ng/ml 52.5–72.5 nmol/l 21–29 ng/ml
Sufficient >50 nmol/l >20 ng/ml >75 nmol/l >30 ng/ml
Potential adverse effects >125 nmol/l >50 ng/ml No cutoff value defined

aInstitute of Medicine, 2011.
bHolick et al., 2011.
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there is a skeletal resistance to
PTH such that there is lower bone
resorption (Harris, 2006). Whether
metabolic adaptation occurs in
individuals with increased skin pig-
mentation such that lower baseline
vitamin D levels are required for
some adverse health outcomes to
occur is unknown. However, what
is evident is that higher frequen-
cies of rickets are observed in
dark-skinned individuals (Brannon
and Picciano, 2011) indicating that
the developing fetus is affected by
maternal vitamin D status.

A number of factors can decrease
the availability of direct sunlight
including the time of day and sub-
stances such as pollutants and
cloud matter which can absorb,
scatter, or reflect UVB radiation
resulting in a reduction in endoge-
nous vitamin D production (Tsiaras
and Weinstock, 2011). Higher rates
of suboptimal vitamin D status are
noted in individuals living at high
latitude, in the winter season, and
in geographical regions with signifi-
cant pollution. Changes in public
perceptions regarding what are
good or bad foods (e.g., milk, mar-
garine, eggs), what one should do

to minimize health risks associated
with excessive UV radiation (e.g.,
the use of sun-blocking agents),
and covered dressing styles
because of ethnic or religious princi-
ples (e.g., the use of hijab, burqa),
can contribute to an increased risk
for the classical signs of vitamin D
deficiency. In Turkey, 21.3% of ado-
lescent girls had vitamin D defi-
ciency defined as 25(OH)D<25
nmol/l (< 10 ng/ml) whereas 50%
of girls who wore covered dress for
religious reasons were character-
ized as vitamin D deficient (Hatun
et al., 2005).

Obesity has been associated with
low vitamin D status. Obese indi-
viduals have similar vitamin D3
production in response to UV radi-
ation as lean individuals but they
have lower circulating vitamin D
concentrations due in part to
sequestration of vitamin D in adi-
pose tissue (Wortsman et al.,
2000). Recent reports suggest that
the adipocyte is also a target of
vitamin D. Adipocytes express
both the VDR and 1-a-hydroxylase
genes and vitamin D influences the
function and differentiation of adi-
pose tissue (Ding et al., 2012).

Thus low circulating vitamin D may
affect adipose tissue metabolism.
Elderly populations have been
characterized with low vitamin D
status due in part to reduced time
outdoors, poor vitamin D intake,
impaired renal function, and a
lower endogenous production of
vitamin D (MacLaughlin and Holick,
1985; Mosekilde, 2005; Institute
of Medicine, 2011). Vitamin D defi-
ciency is also thought to occur with
a higher than normal frequency in
individuals with intestinal malab-
sorptive syndromes including ce-
liac disease, liver and renal
diseases, after bariatric surgery,
and following the administration of
select drugs such as phenobarbital
and phenytoin and those used in
HIV antiviral therapy, colorectal
cancer chemotherapies, and antie-
pileptic treatment (Vidailhet et al.,
2012). The extent to which an indi-
vidual’s genetic background affects
their susceptibility to vitamin D
deficiency has recently received
considerable attention as there is
increasing evidence that in addi-
tion to mutations in the VDR gene
which leads to rickets (Saijo et al.,
1991), certain single nucleotide

Figure 1. The multifactorial interplay of factors that influence the vitamin D status of the developing conceptus.
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polymorphisms (SNPs) in vitamin
D metabolism genes are associ-
ated with circulating vitamin D lev-
els, and that the presence of some
SNPs can be associated with an
increased risk for select diseases
(Bu et al., 2010; Wang et al.,
2010; in press). Given that breast
milk is typically low in vitamin D, in
the absence of supplements,
breastfed infants typically have a
higher risk of suboptimal vitamin D
status than do formula-fed infants
(see below).

Similar to many other essential
nutrients, it has been reported that
circulating vitamin D concentra-
tions can decrease as a conse-
quence of an acute-phase response
(APR) as in the study by Louw
et al. (1992), where the APR was
induced by surgery, or the study of
ankylosing spondylitis (an inflam-
matory rheumatic disease) where
25(OH)D concentrations were
inversely related to C-reactive pro-
tein (CRP), an index of inflamma-
tion and disease activity (Erten
et al., 2013). As has been dis-
cussed elsewhere, APR-induced
changes in circulating nutrient con-
centrations can contribute to
abnormal embryonic and fetal de-
velopment (Uriu-Adams and Keen,
2010). The extent to which low lev-
els may persist in the event of
chronic APR has not been exten-
sively studied. Alcoholism can be
viewed as a chronic APR condition.
Alcoholic patients in a hospitalized
or outpatient clinic setting have a
high prevalence (38–55%) of vita-
min D deficiency defined as serum
25(OH)D<30 nmol/l (< 12 ng/ml)
(Bang et al., 2009; Malham et al.,
2011; Wijnia et al., 2013). In a
rodent model, ethanol ingestion
during pregnancy resulted in low
hepatic concentrations of 25(OH)D
in the pups compared to pups from
control dams (Milne and Baran,
1985). After confounder adjust-
ment, in a population of pregnant
women in Ukraine who consumed
moderate to high amounts of alco-
hol, preliminary data show that
each ounce of alcohol consumed per
drinking day in the 2 weeks prior to
the time of enrollment was associ-
ated with a decrease in plasma
25(OH)D of 6 nmol/l (2.4 ng/ml)

(Carlson et al., 2012). However,
alcohol consumption during preg-
nancy did not increase the risk of
vitamin D deficiency in Belgian
women (Vandevijvere et al., 2012).
Smoking has also been associated
with a decrease in serum 25(OH)D
concentrations (Vandevijvere et al.,
2012; Bjorn Jensen et al., 2013;
Andersen et al., in press). Thus,
diverse factors can impact maternal
and fetal vitamin D status (Fig. 1).

VITAMIN D ASSESSMENT
AND DIETARY
RECOMMENDATIONS

It is generally accepted that the
serum concentration of 25(OH)D
can be a useful biomarker of vitamin
D status; however, the definition of
vitamin D adequacy is a matter of
vigorous debate (Table 2). In 2011,
the Institute of Medicine (IOM)
defined vitamin D sufficiency as con-
centrations of 25(OH)D>50 nmol/l
(>20 ng/ml) (Institute of Medicine,
2011), whereas the Endocrine Soci-
ety defined vitamin D sufficiency as
concentrations of 25(OH)D>75
nmol/l (>30 ng/ml) (Hollick et al.,
2011). In the 2011 report, the IOM
used 25(OH)D concentrations<30
nmol/l (<12 ng/ml) as their cutoff
for vitamin D deficiency noting that
25(OH)D concentrations less than
this increases the risk for vitamin D
deficiency-induced rickets, with vita-
min D insufficiency ranging between
30 and 50 nmol/l (12–20 ng/ml). In
the 2011 report, the IOM stated
that serum 25(OH)D levels>75
nmol/l (> 30 ng/ml) are not consis-
tently associated with increased
benefit and that levels>125 nmol/l
(> 50 ng/ml) might be associated
with adverse effects (Institute of
Medicine, 2011). The Endocrine So-
ciety currently defines vitamin D
deficiency as 25(OH)D concentra-
tions below 50 nmol/l (<20 ng/ml)
and vitamin D insufficiency is
defined as 25(OH)D concentrations
of 52.5 to 72.5 nmol/l (21–29 ng/
ml) (Hollick et al., 2011). Thus,
when one asks the question, “How
frequently does vitamin D defi-
ciency occur?” the answer is in
part driven by the criteria one uses
to determine vitamin D adequacy.
This is important to keep in mind

when comparing and contrasting
the different incidences of subopti-
mal vitamin D that are reported
from different countries, and is
particularly important when
assessing the conclusions of
papers based on meta-analyses.
Recommendations for dietary

intake of vitamin D vary from
country to country as well as
within countries (Table 3). The ob-
servation that in 2011 the IOM
published new DRIs for vitamin D
that increased the RDA from 400
(the 1997 recommendation) to
600 IU/day for pregnant and lac-
tating mothers (Institute of Medi-
cine, 2011) underscores the
rapidly evolving concepts we have
regarding the nutritional needs for
vitamin D. Importantly, the 2011
IOM report focused on the well-
established calciotropic and skele-
tal effects of vitamin D, and not on
other non-classical actions of vita-
min D. The 2011 IOM report
increased the UL from 2000 to
4000 IU/day.
In contrast to the most recent

IOM recommendations, the Endo-
crine Society (Table 3) recom-
mends at least 600 IU/day for
pregnant and lactating women and
suggests that for individuals at risk
for vitamin D deficiency, 1500 to
2000 IU/day may be needed to
maintain a blood level of 25(OH)D
above 75 nmol/l (>30 ng/ml)
(Holick et al., 2011). We submit
that the suggestion that certain
subgroups of apparently healthy
individuals may have a higher
requirement for vitamin D than
other apparently healthy sub-
groups is analogous to the case for
folate where dietary folate recom-
mendations were increased for
women to reduce their risk for
pregnancy complications (e.g.,
neural tube defects) rather than to
directly treat a folate deficiency.
For obese children and adults, the
Endocrine Society noted that 2 to
3 times more vitamin D for their
age group may be needed to sat-
isfy their body’s vitamin D require-
ment. The Endocrine Society also
recommended an upper limit of
4000 IU/day for everyone over 8
years of age, with the caveat that
higher levels may be needed to
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overcome vitamin D deficiency.
There is an ongoing and robust
debate about whether the RDA and
UL for vitamin D should be further
increased. There is evidence that
the mother’s vitamin D status will
affect breast milk vitamin D
concentrations, thus impacting the
infant’s vitamin D status (dis-
cussed below). Several reports
show that high-dose vitamin D
supplementation can increase
maternal and breast milk vitamin
D status. The American Pediatrics
Society recommends vitamin D
supplementation for exclusively
breast-fed infants. The Endocrine
Society recommends dietary vita-
min D intake of infants to be 400
IU/day; however, if mothers choose
not to supplement their infant, the
Society recommends that the
mother increase her vitamin D
intake to 4000 to 6000 IU/day
(Holick et al., 2011). As is discussed
below, there is emerging evidence
that vitamin D can affect the pro-
gramming of metabolism during in
utero development, influencing the
risk for certain diseases later in life
(Sundar and Rahman, 2011;

Crozier et al., 2012; Hossein-nez-
had and Holick, 2012). While it is
well accepted that the developing
fetus should have optimal vitamin D
status, whether optimal vitamin D
status is achieved via vitamin D
supplementation to the mother or
infant or both is a matter of debate.

AN EVOLUTION IN THE
DIETARY
RECOMMENDATIONS FOR
VITAMIN D

In the United States, current
DRIs are based on specified indica-
tors or markers that are deemed to
be the most appropriate to deter-
mine the risk of deficiency for that
nutrient, or to determine the risk of
chronic degenerative disease for
that nutrient. In the most recent
FNB review of vitamin D require-
ments, the selected criterion for the
DRIs for vitamin D was bone health
(Institute of Medicine, 2011). Fig-
ure 2 depicts the typical and hypo-
thetical DRI curves for vitamin D
intake based on a single outcome
such as bone health (Fig. 2A) as

well as based on nonskeletal out-
comes such as endothelial health
(Fig. 2B). As defined by the IOM,
the EAR reflects the estimated me-
dian requirement and is particularly
appropriate for applications related
to planning and assessing intakes
for groups of persons. The RDA is
derived from the EAR and meets or
exceeds the requirement for 97.5
percent of the healthy population.
The UL is the highest average daily
intake level that is likely to pose no
risk of adverse effects to almost all
individuals in the general popula-
tion. While the typical DRI curve
depicts a potential increase in the
risk of adverse effects as intake
increases above the UL, the actual
shape of the curve is under debate.
The IOM has set the UL at 4000 IU/
day. The type of curve shown
reflects what is thought to be
needed for the “typical healthy pop-
ulation.” The idea that different lev-
els of dietary intake of vitamin D
are needed to reduce the risk of
non-skeletal health outcomes is an
active area of research. Well-
designed clinical trials are needed
to clarify this issue.

Figure 2. Dietary recommended intakes: typical versus hypothetical. Typical DRI curve for vitamin D intake based on a single out-
come such as bone health (A). EAR: Estimated Average Requirement; RDA: Recommended Dietary Allowance; UL: Tolerable Upper
Level. Hypothetical response curve for vitamin D intake needed to achieve the EAR and RDA for a nonskeletal outcome such as endo-
thelial health. In this case, the hypothetical intakes of vitamin D that are needed for vascular health exceed those needed for bone
health. The Tolerable Upper Intake Level (UL) is not depicted in this hypothetical response curve.
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VITAMIN D IN PREGNANCY,
PLACENTA, AND VASCULAR
FUNCTION

During pregnancy, there is a
threefold increase in 1,25(OH)2D,
the majority likely from kidney
production with some coming from
placental origin (Hollis et al., 2011;
Liu and Hewison, 2011).
1,25(OH)2D does not readily cross
the placenta, whereas 25(OH)D
does; thus maternal and fetal lev-
els of 25(OH)D correlate (Liu and
Hewison, 2011). In mice null for
VDR or CYP27B1, there is a mark-
edly reduced female fertility (Yosh-
izawa et al., 1997). However, in
VDR knockout mice, fertility can be
restored by feeding a high calcium
diet, thus the direct effects of
1,25(OH)2D on fertility are
unknown. When a vitamin D defi-
cient diet is fed, fertility rates and lit-
ter size are reduced in rodents.
Interestingly, in vitro fertilization–
embryo transfer has been reported
to be more successful in women
with high vitamin D status (serum or
follicular fluid) compared to individu-
als with low status (Ozkan et al.,
2010; Liu and Hewison, 2011).

Consequences of low maternal
vitamin D status include adverse
health effects for the mother,
infant, and developing child.
Maternal vitamin D deficiency
occurs worldwide, even in sunny
climates, and is a significant public
health issue with prevalence rates
ranging from 5 to 89% depending
on the cutoff value used (Bodnar
et al., 2007b; Greer, 2008; Pren-
tice, 2008; Sahu et al., 2009; Yu
et al., 2009; Hamilton et al., 2010;
Agarwal and Arya, 2011; Hossain
et al., 2011; Johnson et al., 2011;
Vandevijvere et al., 2012; McAree
et al., 2013; Andersen et al., in
press). In a recent study in the US,
an estimated 5 to 29% of pregnant
women had inadequate vitamin D
status with a higher prevalence in
African Americans who are at a
higher risk of vitamin D deficiency
due to increased skin pigmentation
which can decrease endogenous
vitamin D production (Brannon and
Picciano, 2011). In the US, 29.2%
of African American women and
5% of white women were classified

as vitamin D deficient (25(OH)D
<37.5 nmol/l; <15 ng/ml) while
54.1% of African American women
and 42.1% of white women were
designated as vitamin D insuffi-
cient (25(OH)D537.5–80 nmol/l;
15–32 ng/ml) (Bodnar et al.,
2007b). In keeping with the above,
45.6% of black neonates versus
9.7% of white neonates were
reported to be vitamin D deficient.
Vitamin D insufficiency was
reported for 46.8% and 56.4% of
black and white neonates, respec-
tively (Bodnar et al., 2007b).
These data support the concept
that there is a very high preva-
lence of vitamin D insufficiency in
US pregnant women and neonates
despite the reported widespread
use of prenatal vitamins. The
above begs the question of
whether the level of vitamin D in
prenatal supplements is sufficient
to sustain adequate vitamin D
nutriture. Also of concern is
whether vitamin supplements
actually contain the labeled content
of vitamin D. Vitamin supplements
are not regulated by the Food and
Drug Administration and content
provided in a supplement can vary
significantly from the claimed dos-
age (Garg et al., 2013).

A number of recent observational
reports indicate that low vitamin D
concentrations in the mother are
associated with an increased risk
of preeclampsia (defined as new
onset hypertension and proteinuria
after 20 weeks of gestation). Pree-
clampsia affects 3 to 5% of all
pregnancies worldwide and is a
leading cause of maternal and fetal
morbidity and mortality. Early-
onset severe preeclampsia
(EOSPE) has been reported to con-
tribute to 15% of preterm births
(Robinson et al., 2010). Low
maternal vitamin D intakes and low
maternal vitamin D concentrations
during pregnancy have been asso-
ciated with an increased risk for
preeclampsia in some (Bodnar
et al., 2007a; Haugen et al., 2009)
but not in all studies (Oken et al.,
2007; Powe et al., 2010). As data
from studies are conflicting, meta-
analysis has been used to estimate
the association between maternal
vitamin D status and adverse

pregnancy outcomes. From a
meta-analysis of 24 observational
studies, Wei et al. reported that
mothers who had 25(OH)D lev-
els<50 nmol/l (<20 ng/ml), had a
twofold increase in the risk of pree-
clampsia (Wei et al., 2013). In
overweight and obese pregnant
women with body mass index
(BMI) of 24 to 38, EOSPE African
American and white women had
low vitamin D status compared to
respective healthy controls (Robin-
son et al., 2010). African American
women with EOSPE had the lowest
vitamin D concentrations of the
four groups. Interestingly, African
American controls in this study had
lower vitamin D concentrations
than EOSPE white women indicat-
ing that the actual level of circulat-
ing vitamin D is not necessarily
predictive of EOSPE occurrence. As
mentioned above, it is unclear
whether there is a lower threshold
for vitamin D deficiency-induced
disease in African Americans. Rob-
inson et al. noted that patients
with EOSPE who delivered small-
for-gestational-age babies had
lower mid-gestation 25(OH)D con-
centrations than EOSPE mothers
with normal weight babies (Robin-
son et al., 2011). These studies are
observational in nature; longitudi-
nal clinical trials are needed to
assess whether vitamin D has an
active role in the development or
progression of preeclampsia. In
addition, preeclampsia has recently
been reported to be a risk factor
for the development of CVD and
metabolic syndrome later in life
with a five- to sevenfold risk of
CVD associated with severe and/or
early-onset preeclampsia (Giguere
et al., 2012); thus, it will be impor-
tant to identify genetic, environ-
mental, and dietary factors that
can contribute to the development
of preeclampsia in order to prevent
or treat this disorder.
How might vitamin D affect pree-

clampsia? Preeclampsia is a condi-
tion that is characterized by
abnormal or inadequate placental
invasion, development and remod-
eling, placental ischemia/hypoxia,
increases in pro-inflammatory cyto-
kines, increased oxidative stress,
changes in nitric oxide (NO), and
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endothelial dysfunction. It is biolog-
ically plausible that vitamin D may
act at several of these steps. Vita-
min D is important in cell signaling
and placental gene regulation and
expression (Evans et al., 2004;
Barrera et al., 2008). Using site-
directed mutagenesis, Cardus et al.
showed that the vascular endothe-
lial growth factor (VEGF) gene con-
tains two VDR binding sites in the
promoter (Cardus et al., 2009). In
studies using cord blood endothelial
colony-forming cells, 1,25(OH)2D
increased VEGF expression and
promoted angiogenesis in vitro
(Grundmann et al., 2012) while
VEGF expression is decreased in
preeclamptic placenta (Andraweera
et al., 2012). The placenta
expresses both the VDR as well
as the 1-a-hydroxylase gene
(CYP27B1) that converts 25(OH)D
to 1,25-(OH)(2)D, the bioactive
form of vitamin D which can be uti-
lized locally or released into circula-
tion as a paracrine factor. It is
currently thought that placental pro-
duction of bioactive vitamin D con-
tributes to an immunoregulatory
rather than a calcium homeostasis
function (Adams and Hewison,
2012). Syncytiotrophoblast cells iso-
lated from placentas in preeclamptic
pregnancies have decreased expres-
sion and activity of the 1-a-hydroxy-
lase gene compared to normal
placentas (Diaz et al., 2002), which
if it occurs early in pregnancy may
contribute to abnormal placentation.

Studies have shown that in vitro
exposure to vitamin D can improve
endothelium-dependent arterial
relaxation and reduce oxidative
stress in renal arteries from hyper-
tensive patients (Dong et al.,
2012). Six months of oral
1,25(OH)2D treatment reversed
the renovascular dysfunction in
spontaneously hypertensive (SHR)
rodents supporting the idea that in
vivo exposure to vitamin D
improves vascular endothelial func-
tion (Dong et al., 2012). Similarly,
16 weeks of vitamin D supplemen-
tation (60,000 IU/month) signifi-
cantly improved flow-mediated
dilation in African Americans com-
pared to placebo (Harris et al.,
2011). Whether vitamin D posi-
tively contributes to reducing

hypertension in pregnancy is
unknown. Bodnar et al. have
reported a 2.4-fold increased risk
of preeclampsia for every serum
25(OH)D level decline of 50 nmol/l
(20 ng/ml) (Bodnar et al., 2007a)
although other studies have found
no association (Brannon and Pic-
ciano, 2011). In women who took
400 to 600 IU (10–15 mg) vitamin
D/day compared to no supplement,
there was a reported 27%
decrease in risk of preeclampsia
(Haugen et al., 2009). Diastolic
blood pressure was decreased by 8
mm Hg with 1200 IU (30 mg) vita-
min D plus 375 mg calcium/day
starting at 20 weeks of gestation,
but this treatment did not influence
the occurrence of preeclampsia in a
non-placebo controlled randomized
trial (Marya et al., 1987). Addi-
tional studies are needed to clarify
whether low maternal vitamin D
leads to increased risk of pree-
clampsia, and most importantly, if
supplemental vitamin D can reduce
the risk for this disorder.

The immunomodulatory effects
of vitamin D in the placenta are
being increasingly studied. Mater-
nal decidua and placental tropho-
blasts express 1-a-hydroxylase
(CYP27B1) early in gestation and
are able to produce bioactive vita-
min D (Christakos and DeLuca,
2011; Liu and Hewison, 2011). It
has been suggested that pree-
clampsia is mediated by a shift to-
ward more dominant T helper type
2 (Th2) cytokine responses, which
may be reduced by vitamin D sup-
plementation (Hypponen, 2011).
Liu et al. have reported that
1,25(OH)2D induces the antimicro-
bial protein cathelicidin and enhan-
ces the antibacterial response in
trophoblastic cells suggesting that
the local production of vitamin D
may activate the innate immune
response in the placenta (Liu et al.,
2009, 2011). Preterm and early
term delivery has been linked to
infection and the presence of
inflammatory cytokines; maternal
vitamin D deficiency has been
reported to be associated with
these adverse pregnancy out-
comes in some, but not all, stud-
ies. Maternal vitamin D
insufficiency has been consistently

associated with increased rates of
bacterial vaginosis (Bodnar et al.,
2009; Hensel et al., 2011), an
imbalance of naturally occurring
microflora in the vagina which can
lead to infections and inflammation
in other tissues with release of
inflammatory cytokines. The induc-
tion of cathelicidin in human troph-
oblast cells by vitamin D promotes
the intracellular killing of Esche-
richia coli (Liu and Hewison,
2011). Trophoblast cells from mice
null for VDR or 1-a-hydroxylase
genes show increased inflamma-
tory response to bacterial compo-
nents while treatment of wild type
cells with vitamin D suppresses the
inflammatory response (Urrutia
and Thorp, 2012). As anti-infective
factors are important for maternal
and fetal health, it will be impor-
tant to determine the extent to
which placental production of vita-
min D plays a role in preventing
infections.
Additional adverse pregnancy

outcomes that have been linked to
maternal vitamin D deficiency
include an increased incidence of
low birth weight babies, and an
increased risk for gestational dia-
betes, preterm delivery, obstructed
labor, cesarean delivery, and mis-
carriage in some, but not all, stud-
ies (Brannon et al., 2008; Bodnar
et al., 2009; Dror and Allen, 2010;
Dror et al., 2011; Hollis et al.,
2011; Lau et al., 2011; Poel et al.,
2012; Thorne-Lyman and Fawzi,
2012; Wei et al., in press). Genetic
variability of the VDR has been
strongly associated with infant
birth weight among non-Hispanic
black (who have higher rates of
preterm birth and low birth weight
infants), but not non-Hispanic
white, women (Swamy et al.,
2011). However, due to contradic-
tory evidence and limited random-
ized clinical trials, whether vitamin
D is causally linked to these condi-
tions remains to be firmly estab-
lished (Brannon and Picciano,
2011; Urrutia and Thorp, 2012).
Several studies have evaluated

the effects of vitamin D supplemen-
tation during pregnancy on diverse
outcomes. The vitamin D supple-
mentation regimens used in studies
vary widely with some administering
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400 to 4000 IU (10–100 mg) per
day and others giving one-time
doses of 100,000 to 200,000 IU
(2500–5000 mg). Still unclear is the
identification of a minimum dose
that will be effective in improving
pregnancy outcomes that does not
invoke toxicity. In India, vitamin D
supplementation [one dose of
60,000 IU (1500 mg) in the 2nd tri-
mester or two doses of 120,000 IU
(3000 mg) in the 2nd and 3rd tri-
mesters] improved anthropometry
in the newborn compared to no
treatment which persisted until 9
months of age (Kalra et al., 2012).
Unclear is the extent to which vita-
min D supplementation-induced
changes in calcium absorption or
metabolism may contribute to any
effects or associations noted. A
recent analysis of two randomized
controlled trial (RCTs) of 2000 and
4000 IU (50 and 100 mg) vitamin D
supplementation during pregnancy
showed no effect of supplementa-
tion on pregnancy co-morbidities
when women who did not adhere to
the protocol were included (intent-
to-treat basis) (Wagner et al., in
press). However, when maternal
25(OH)D concentrations were used,
women who had 25(OH)D concen-
trations <80 nmol/l (<32 ng/ml)
had significantly higher combined
comorbidities rates compared to
women with >80 nmol/l (>32 ng/
ml). Of the comorbidities, rates for
hypertensive disorders, infection
and preterm birth without pree-
clampsia tended to be higher in the
lower versus the higher serum vita-
min D groups (p-values50.11,
0.070, and 0.072, respectively)
(Wagner et al., in press).

INFANT
Plasma concentrations of 25(OH)D

and 1,25(OH)D2 decrease �35%
and 60%, respectively, through the
first month in exclusively breast-fed
infants (Hoogenboezem et al.,
1989), with season and degree of
skin pigmentation affecting levels
(Greer, 2008; Brannon and Picciano,
2011). At the end of winter, 70% of
infants had cord blood 25(OH)D less
than 20 nmol/l (8 ng/ml) (Pawley
and Bishop, 2004). Even in sunny
climates, a very high percentage of

mothers and infants have been
reported to have vitamin D defi-
ciency defined as<50 nmol/l (< 20
ng/ml) due in part to covered dress-
ing style, low consumption of dairy
products, and lack of multivitamin
use during gestation (Halicioglu
et al., 2012). In the United Kingdom,
black premature infants (<32 weeks
gestational age) had lower cord
blood 25(OH)D compared to white
infants (Hanson et al., 2011). A high
prevalence of vitamin D insufficiency
in pregnant women and their neo-
nates was also observed in the US,
with a higher prevalence in black
populations than in white popula-
tions (Bodnar et al., 2007b). While
full-blown rickets generally develop
between the ages of 6 to 18 months
in infants in the US (Greer, 2008),
low vitamin D in Turkish mothers
with osteomalacia was associated
with clinical indices in the neonates
that were consistent with rickets
such as the presence of craniotabes
(Yorifuji et al., 2008). Neonatal
hypocalcemia, convulsions, and
heart failure have also been reported
in exclusively breast-fed, at-risk eth-
nic minority infants with very low
vitamin D levels (Camadoo et al.,
2007; Maiya et al., 2008). In infants
and toddlers with vitamin D defi-
ciency rickets, an intramuscular
injection of 250 mg vitamin D
(10,000 IU) per kg normalized se-
rum calcium, phosphorus, and
25(OH)D concentrations at one
month, and by three months, serum
alkaline phosphatase and PTH were
reduced to normal (Soliman et al.,
2010). By three months, the vitamin
D treatment improved leg bowing in
two-thirds of the patients whereas
95% of the children had no radiolog-
ical evidence of rickets. There were
no instances of hypercalcemia, sug-
gesting that this level of vitamin D
supplementation was safe and effec-
tive for these vitamin D deficient
children (Soliman et al., 2010).
Results from a nationwide program
in Turkey whose aim was to distrib-
ute free vitamin D drops to all new-
borns and infants (0–12 months)
seen at primary health stations
throughout the country showed that
the prevalence of rickets dropped
from 6% in 1998 to 0.1% in 2008
(Hatun et al., 2011).

The vitamin D status of the new-
born is directly dependent on the
mother’s vitamin D status. Using
monozygotic and dizygotic twin
pairs, maternal serum 25(OH)D
concentrations were found to be a
significant factor in neonatal serum
25(OH)D concentrations, with lim-
ited effects of genetic factors
(Novakovic et al., 2012). During
lactation, maternal 25(OH)D status
is correlated to 25(OH)D levels in
breast milk (r2 50.48) (Hollis
et al., 1986). Thus, in exclusively
breast-fed infants, breast milk can
be a complete food but only if the
mother has an adequate vitamin D
status. Higher frequencies of rick-
ets are observed in prolonged
breast-fed children who are not
given vitamin D supplementation
(Brannon and Picciano, 2011). In a
small study, vitamin D supplemen-
tation of fully breastfeeding moth-
ers, but not their infants, for 3
months with 4000 IU or 2000 IU
(100 mg or 50 mg) vitamin D per
day was instituted to achieve opti-
mal vitamin D status as denoted
by the authors as 25(OH)D lev-
els�80 nmol/l (� 32 ng/ml).
Mothers and infants in the 4000
IU/day group had higher 25(OH)D
concentrations than the lower dose
group, the average maternal
25(OH)D levels were higher than
80 nmol/l in both groups, infant
25OHD levels were 69.569.75
nmol/l (27.863.9 ng/ml) and
77612.5 nmol/l (30.865.0 ng/
ml) in the 4000 and 2000 IU/day
groups respectively; neither group
exhibited signs of vitamin D toxic-
ity (Basile et al., 2006). In exclu-
sively breast-fed infants in Finland,
supplementation of the mother
with 2000 IU (50 mg) per day for
15 weeks following delivery, or
supplementation of the infant (but
not the mother) with 400 IU (10
mg) per day for 15 weeks, resulted
in similar infant vitamin D concen-
trations, indicating that infants can
be supplemented directly or
through the mother. Both of these
infant groups had higher 25(OH)D
concentrations than infants from
mothers who were supplemented
with 1000 IU (25 mg) per day dur-
ing lactation (Ala-Houhala et al.,
1986).
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In a randomized, double-blind,
placebo-controlled trial, supple-
mentation of 400 IU (10 mg) per
day of vitamin D during lactation
did not markedly increase average
circulating 25(OH)D concentrations
in the mothers although at five of
the seven visits, vitamin D levels
were above the cutoff used for
vitamin D sufficiency (�75 nmol/L;
�30 ng/ml) (Wagner et al., 2006).
In contrast, mothers who received
6400 IU (160 mg) vitamin D per
day, had a 73% increase in vitamin
D concentrations after 6 months of
supplementation compared to their
baseline, and a dramatic increase
in the antirachitic activity of their
milk. Infants from mothers receiv-
ing the low dose supplement (400
IU/day) were given 300 IU (7.5
mg) per day in a liquid multivitamin
preparation. These infants had
similar 25(OH)D concentrations as
infants who did not receive oral
supplements but whose mothers
received the high vitamin D dose
(6400 IU/day); thus the vitamin D
obtained through breast milk from
high dose vitamin D-supplemented
mothers was sufficient to maintain
a vitamin D status similar to
infants who directly received oral
vitamin D supplements. No
adverse effects were reported
(Wagner et al., 2006). In a recent
randomized controlled trial in the
US, Hollis et al. administered vita-
min D supplements of 400, 2000,
or 4000 IU (10, 50, or 100 mg,
respectively) per day from 12 to
16 weeks gestation through preg-
nancy with no side-effects or
adverse events reported (Hollis
et al., 2011). Vitamin D sufficiency
was denoted as�80 nmol/l (� 32
ng/ml). Using this criterion, 82%
of the women in the 4000 IU/day
group achieved sufficiency at 1
month prior to delivery versus
73.9% and 50% of the women in
the 2000 and 400 IU/day groups,
respectively (Hollis et al., 2011).
As assessed at birth, there was a
significant effect of maternal vita-
min D supplementation on infant
25(OH)D concentrations with the
highest levels achieved in the 4000
IU/day supplemented group.

Using bone health as the criteria,
in their 2011 report, the IOM

recommended 600 IU/day (15 mg/
day) for pregnancy and lactation
(Institute of Medicine, 2011). For
infants, the AI was set at 400 IU/
day (10 mg/day). The American
Academy of Pediatrics (2011) rec-
ommends that infants less than 6
months of age avoid direct sunlight
exposure and wear protective
clothing and hats, thus they rec-
ommend vitamin D supplementa-
tion of 400 IU (10 mg) per day for
all breastfed and non-breastfed
infants (American Academy of
Pediatrics Council on Environmen-
tal Health, 2011). It is important
to note that the above recommen-
dation regarding the use of supple-
ments questions the concept that
one can get all of their nutrients in
appropriate amounts through the
simple consumption of a “good
diet” (e.g., in this case, breast
milk). Given that maternal vitamin
D status directly affects breast
milk vitamin D concentrations, if
an infant will be exclusively breast
fed, the mother must have suffi-
cient vitamin D in breast milk to
satisfy the infant’s requirement,
otherwise a vitamin D supplement
is necessary to maintain adequate
vitamin D status particularly in the
infant with limited sunlight
exposure.

A number of studies, both obser-
vational and randomized controlled
trials, have investigated the effect
of vitamin D supplementation on
indices of fetal bone health. While
some studies show a relationship
between maternal vitamin D and
bone mineral content of the infant,
others do not (Brannon and Pic-
ciano, 2011; Liu and Hewison,
2011). Other outcomes that have
been associated with low maternal
vitamin D status or affected by
vitamin D supplementation in
some, but not all observational or
randomized controlled trial studies,
include low birthweight and small-
for-gestational age (SGA) births
(Gale et al., 2008; Bodnar and
Simhan, 2010; Leffelaar et al.,
2010; Thorne-Lyman and Fawzi,
2012). A recent meta-analysis of
maternal vitamin D supplementa-
tion trials show a non-statistically
significant 33% decrease in the
risk for SGA (Thorne-Lyman and

Fawzi, 2012) while a meta-analysis
of maternal vitamin D levels
showed that women with 25(OH)D
concentrations <50 nmo/l (<20
ng/ml) had an increased risk of
SGA (odds ratio 1.52; confidence
intervals 1.08–2.14) (Wei et al., in
press). After adjusting for con-
founders, Bodnar et al. reported a
U-shaped risk relationship between
serum 25(OH)D concentrations
and SGA (defined as live-born
infants <10th percentile of birth
weight using a local population-
based birthweight standard) in
white, but not black women (Bod-
nar et al., 2010). The lowest risk of
SGA occurred when maternal
25(OH)D concentrations were from
60 to 80 nmol/l (24–32 ng/ml). In
white women, compared with se-
rum 25(OH)D concentrations of
37.5 to 75 nmol/l (15–30 ng/ml),
the SGA odds ratio for 25(OH)D
concentrations <37.5 nmol/l was
7.5 and odds ratio for SGA for
25(OH)D concentrations >75
nmol/l was 2.1. In addition, differ-
ent SNPs in the VDR gene were
associated with SGA among white
versus black women suggesting
that differences in genetic poly-
morphisms as well as metabolism
affect the relationship between
vitamin D and fetal growth (Bodnar
et al., 2010). Using a large sample
size (2,146 term infants) from the
Collaborative Perinatal Project con-
ducted from 1959 to 1965 in the
US, Gernand et al. recently
reported that first trimester mater-
nal serum 25(OH)D concen-
trations�37.5 nmol/l (� 15 ng/ml)
was associated with nearly a 50%
reduction in the risk of SGA (Ger-
nand et al., 2013). The relation-
ships between maternal 25(OH)D
and infant birth weight and head
circumference were positive and
linear up to 37.5 nmol/l after which
they leveled off (Gernand et al.,
2013).
A recent review indicates that no

teratogenic effects of maternal
vitamin D supplementation in
humans have been noted (Roth,
2011). The highest doses are
reported for women with hypopar-
athyroidism who were treated with
vitamin D2 (50,000–200,000 IU
vitamin D2/day). In these cases,
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there were no adverse effects
reported in their infants (Gooden-
day and Gordon, 1971; Bolen,
1973). In a review of vitamin D clin-
ical trials, no toxicity was noted
when supplements of 10,000 IU
(250 mg) per day were given (Hath-
cock et al., 2007). However, in ex-
perimental animal studies, high
dose vitamin D administration (26–
90 mg/kg) has been reported to
result in impaired fetal growth and
osteogenesis, increased placental
damage, and mortality (Tshibangu
et al., 1975; Chan et al., 1979;
Ariyuki, 1987; Roth, 2011),
although maternal toxicity may have
accounted for some of the effects.

CHILD
In addition to rickets, other clini-

cal symptoms of vitamin D defi-
ciency in children have been
noted. In a retrospective survey of
children reported to be vitamin D
insufficient (<50 nmol/l; <20 ng/
ml) in the United Kingdom, ab-
dominal pain was the most com-
mon clinical feature (19%), with
seizures and limb pain affecting
around 16% of the children (Kehler
et al., 2012). In Scotland, 160
cases of symptomatic vitamin D
deficiency affecting infants and
children aged 2 weeks to 14 years
were identified between 2002 and
2008 (Ahmed et al., 2011). Forty
percent of the children had bowed
legs and 12% were characterized
as having had a fit (Ahmed et al.,
2011). Thus, atypical musculoskel-
etal pain can accompany vitamin D
deficiency (Clarke and Page,
2012). Infants diagnosed with rick-
ets exhibited cardiomyopathy
characterized by an increased ratio
of interventricular septal thickness
to left ventricular posterior wall
thickness which was normalized af-
ter oral treatment with vitamin D
(200,000 IU/day, three times a
day) and calcium lactate (1 g/day)
for 2 weeks (Uysal et al., 1999).

Intrauterine as well as early
postnatal nutrition can impact
development and have long-lasting
consequences. Infants from moth-
ers with low vitamin D status had
lower tibia bone mineral content
(BMC) at birth (Viljakainen et al.,

2010, 2011) but by 14 months,
BMC was not different than in
infants from mothers with high
vitamin D status (Viljakainen et al.,
2011). However, lower tibial total
bone cross-sectional area persisted
in the infants from low vitamin D
mothers despite postnatal vitamin
D supplementation (Viljakainen
et al., 2011). Postnatal vitamin D
supplementation of the infant only
partly ameliorated the altered
bone growth induced by prenatal
vitamin D insufficiency, thus lon-
ger-term and possibly persistent
consequences of prenatal vitamin
D status should be considered.
Meta-analysis of six placebo-
controlled RCTs of vitamin D sup-
plementation of at least 3 months
duration in children showed no
effects of supplementation on BMC
(total body) or bone mineral den-
sity (BMD) of hip or forearm (Win-
zenberg et al., 2010). However, in
the children with low serum vita-
min D status, vitamin D supple-
mentation increased total BMC and
lumbar spine BMD suggesting that
supplementation of vitamin D to
targeted populations can be
beneficial.

Vitamin D has been shown to in-
hibit adaptive immunity and
enhance innate immunity (Di Rosa
et al., 2011). The innate immune
system is a rapid, first line of host
defense to infection with nonspe-
cific recognition of common micro-
bial patterns and structures.
Vitamin D insufficiency has been
reported to increase the risk for
infections such as tuberculosis,
pneumonia, acute lower respiratory
tract infections as well as the com-
mon cold (Walker et al., 2011).
There are a number of mechanisms
that might underlie the impact of
vitamin D on the immune system.
Liu et al. reported that Toll-like re-
ceptor (TLR) activation increased
antimicrobial cathelicidin produc-
tion via upregulation of VDR and 1-
a-hydroxylase (CYP27B1) genes
leading to the killing of Mycobacte-
rium tuberculosis (Liu et al., 2006).
Monocytes incubated with sera
from African-American individuals
that were characterized by low
vitamin D concentrations, resulted
in low TLR-induced cathelicidin

induction which was increased with
exogenous 25(OH)D supplementa-
tion (Liu et al., 2006). Cod liver oil
and photo-therapy has been used
historically to treat tuberculosis
(Arora and Hobel, 2010). Clinical
trials of vitamin D supplementation
to patients with active tuberculosis
infection have not shown major
benefits overall although larger tri-
als with perhaps higher doses that
control for confounders are needed
(Ralph et al., 2013). Inappropriate
innate immune system response
can result in sepsis in the newborn.
Monocytes cultured in vitamin
D-deficient plasma from term new-
borns (25(OH)D <30 nmol/l; <12
ng/ml) had lower cathelicidin
expression in response to stimula-
tion by ligands for TLR4 and TLR2/
1 compared to monocytes cultured
in cord blood with 25(OH)D con-
centrations >75 nmol/l (>30 ng/
ml) (Walker et al., 2011). When
the vitamin D-deficient plasma was
supplemented with 25(OH)D,
monocyte-induced antimicrobial
peptide gene expression was
increased, suggesting that the ability
of the immune cells to respond to a
pathogenic challenge can be func-
tionally affected by vitamin D con-
centrations (Walker et al., 2011).
The innate immune response is par-
ticularly important in neonates
whose acquired T- and B-cell
response to infections is less devel-
oped than adults (Walker et al.,
2011).
Low cord blood 25(OH)D concen-

trations in neonates have also been
associated with an increased risk of
respiratory syncytial viral bronchio-
litis in the first year of life (Belder-
bos et al., 2011). Numerous studies
report associations between low
vitamin D intake or low 25(OH)D
concentrations with an increased
risk of respiratory infection, wheez-
ing and asthma (Erkkola et al.,
2009; Brehm et al., 2010; Carroll
et al., 2011; Di Rosa et al., 2011;
Hollis and Wagner, 2011). Asthma
exacerbations are commonly
precipitated by respiratory tract
infections. In a randomized, dou-
ble-blind, placebo-controlled trial,
children receiving 1200 IU (30 mg)
per day of vitamin D during the
winter had a lower incidence of
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influenza A (Urashima et al., 2010).
Sabetta et al. (2010) reported that
maintenance of 25(OH)D concen-
trations of 95 nmol/l (38 ng/ml) or
higher is associated with signifi-
cantly reduced incidence of acute
viral respiratory tract infections
during the fall and winter in tem-
perate zones. The IOM and Endo-
crine Society’s Clinical Practice
Guideline recommendation for chil-
dren at least 1 year of age is 600
IU per day and 600 to 1000 IU per
day, respectively.

Vitamin D has been reported to
reduce adaptive immunity in part
by decreasing pro-inflammatory
cytokines, and inhibiting T-cell pro-
liferation (Reinholz et al., 2011). A
number of observational studies
have investigated the relationship
between maternal vitamin D die-
tary intake and risk for asthma or
asthma morbidity in their children
(Paul et al., 2012) with the thought
that predisposition to allergies may
already be acquired in utero. After
adjusting for potential confound-
ers, the highest compared to the
lowest quintiles of maternal vita-
min D intake at 32 weeks of gesta-
tion was associated with a lower
risk for wheeze and decreased
bronchodilator response in the
children at 5 years of age (Dever-
eux et al., 2007). A similar associ-
ation between higher maternal
vitamin D intake and a lower risk
of recurrent wheeze in children by
age 3 years was reported by
Camargo et al. (2007). In a meta-
analysis, high maternal dietary
vitamin D (and E) intakes were
associated with a decreased devel-
opment of wheezing outcomes
(Nurmatov et al., 2011). Vitamin D
insufficiency was also associated
with a higher risk of severe asthma
exacerbations in Puerto Rican chil-
dren (Brehm et al., 2012). In
animals, maternal vitamin D defi-
ciency resulted in decreased lung
distensibility (Gaultier et al., 1984)
and reduced lung volume and
number of alveoli in offspring
(Zosky et al., 2011) compared to
vitamin D adequate controls, indi-
cating that vitamin D plays a role in
lung development, maturation, and
function. While some studies have
shown an association between low

vitamin D and asthma, Hughes
et al. report that cod liver oil sup-
plementation before age 15 is asso-
ciated with an increased risk of
asthma and hay fever (Hughes
et al., 2011). Very low or very high
25(OH)D levels have been associ-
ated with elevated IgE levels
(Hypponen et al., 2009). Some
studies have shown that maternal
25(OH)D concentrations in preg-
nancy >75 nmol/l (> 30 ng/ml) or
vitamin D supplementation in chil-
dren were associated with
increased risk of developing atopic
eczema or allergic asthma (Gale
et al., 2008; Reinholz et al., 2011).
Recently, a higher risk of develop-
ing food allergy by 2 years of age
was observed in children who had
higher cord blood 25(OH)D concen-
trations or whose mothers had
higher 25(OH)D levels (Weisse
et al., 2013). Together, these stud-
ies suggest there may be negative
as well as beneficial effects of vita-
min D; thus the issue of vitamin D
and allergic sensitization is complex
and clearly merits further study.

VITAMIN D AND RISK OF
CHRONIC DISEASE

With regard to CVD, low vitamin
D levels have been associated with
several risk factors for CVD, includ-
ing obesity, diabetes, hyperten-
sion, altered lipid profiles, and
endothelial dysfunction. In a meta-
analysis, an inverse association
was found between CVD risk and
25(OH)D concentrations from 20
to 60 nmol/l (8–24 ng/ml) (Wang
et al., 2012). A recent report from
the Ludwigshafen Risk and Cardio-
vascular Health (LURIC) study
shows that after adjusting for con-
founders, vitamin D deficiency
(defined as <25 nmol/l (<10 ng/
ml)) was associated with a higher
all-cause and CVD mortality com-
pared with those who had optimal
vitamin D concentrations (Thomas
et al., 2012). Concentrations of
25(OH)D have also been inversely
associated with systolic blood
pressure and plasma glucose levels
in US adolescents, independent of
adiposity (Reis et al., 2009). In a
randomized, blinded, controlled
clinical trial, black boys and girls

were randomized to receive 400
IU/day (controls) or 2000 IU/day
(supplemented). Results showed
that aortic stiffness (measured by
pulse wave velocity) was reduced
in the 2000 IU/day vitamin supple-
mented group (Dong et al., 2010).
Harris et al. (2011) showed that
16 weeks of vitamin D supplemen-
tation (2000 IU/day) improved
flow-mediated dilation in over-
weight African American adults
while vitamin D insufficiency was
reported to be associated with
lower coronary flow reserve in men
(Karohl et al., 2012). Using a
rodent model, Tare et al. fed rat
dams a vitamin D deficient or
adequate diet prior to and during
pregnancy and lactation. The off-
spring were fed the same diets as
the dams for 7 to 8 weeks. Results
showed that the offspring who had
in utero and early life exposure to
vitamin D deficient diets had mark-
edly elevated blood pressures and
heart rates than offspring fed a
vitamin D adequate diet (Tare
et al., 2011). This adverse cardio-
vascular phenotype was character-
ized by abnormal endothelium-
dependent relaxation (likely medi-
ated by NO) in males and dioes-
trous females. At four weeks of
age, offspring of vitamin D-defi-
cient rat dams had an increase in
left ventricular volume compared
to vitamin D adequate offspring
which is consistent with other
studies showing that cardiac mor-
phology can be altered with prena-
tal vitamin D deficiency (Gezmish
et al., 2010).
A number of studies have inves-

tigated the relationship between
vitamin D and multiple sclerosis,
an inflammatory disease of the
central nervous system character-
ized by demyelination and oligo-
dendrocyte, axonal and neuronal
injury, and loss. Willer et al.
reported that the timing of birth
(which can impact vitamin D en-
dogenous production) increased
the risk of multiple sclerosis for
people born in May (Willer et al.,
2005). Meta-analysis of over
78,000 patients with multiple scle-
rosis showed a significant excess
of multiple sclerosis risk for those
born in April and a reduction in risk
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for those born in October and No-
vember (Dobson et al., 2013).
When only data from studies per-
formed at latitudes less than 52�N
were analyzed, there was no effect
of month of birth on multiple sclero-
sis risk indicating that the UV varia-
tion over the course of a year in
lower latitude studies had less effect
than in those studies performed
at>52�N, where insufficient UV
light of the wavelength that could
enable vitamin D synthesis reaches
the skin betweenOctober andMarch
(Dobson et al., 2013). Polymor-
phism in the vitamin D metabolizing
gene (CYP27B1) has been associ-
ated with an increased risk of multi-
ple sclerosis (Ramagopalan et al.,
2011). Investigators have also
reported that multiple sclerosis
patients have lower vitamin D levels
with associative lower BMD and
higher rates of disability (Koch et al.,
2013). It is hypothesized that vita-
min D-induced changes in the
immune system may contribute to
neuroprotection (Koch et al., 2013).

Type I diabetes mellitus is also
classified as having an immune-
mediated component and likemulti-
ple sclerosis, vitamin D may affect
the incidence of diabetes. Hypponen
et al. reported that infants who con-
sumed vitamin D supplements irre-
spective of dose, (recommended
dose; 2000 IU daily) during their
first year of life, had a reduced risk
of developing diabetes compared to
infants who did not receive supple-
ments (median age of diabetes di-
agnosis was 14 years) (Hypponen
et al., 2001). It has been postulated
that the immunosuppressive prop-
erties of vitamin D may inhibit auto-
immune destruction of b cells of the
pancreas. Animal studies have
reported that administration of a
1,25(OH)2D analog inhibited the Th1
response and reduced the incidence
of autoimmune diabetes in NODmice
(Gregori et al., 2002). In humans,
genetic VDR polymorphisms have
been associated with increased sus-
ceptibility of type I diabetes (Pani
et al., 2000).

In addition to multiple sclerosis
and diabetes, prenatal or early post-
natal vitamin D deficiency may
affect disorders with a developmen-
tal basis such as schizophrenia. In

rodent models, vitamin D deficiency
during pregnancy results in abnor-
mal brain development and neuro-
psychiatric behavior in the offspring
(O’Loan et al., 2007; Harms et al.,
2008; Eyles et al., 2011). Maternal
vitamin D deficiency decreases the
expression of factors involved in do-
paminergic neuron development in
the rat fetal brain (Cui et al., 2010).
The VDR has recently been found in
dopaminergic neurons in substantia
nigra in humans as well as in rat
embryos early in development (Cui
et al., 2013). There is growing evi-
dence of a link between schizophre-
nia and low vitamin D in humans
(McGrath et al., 2010). Male infants
who had received vitamin D supple-
ments during their first year of life
had a reduced risk of schizophrenia
by age 31 years (McGrath et al.,
2004). The incidence of schizophre-
nia appears to follow a latitudinal
gradient with higher rates observed
in northern latitudes. Using geno-
type data (660,000 SNPs loci),
Amato et al. reported that latitude-
related genes also characterized
genes associated with schizophre-
nia and there was a significant over-
lap of genes between schizophrenia
and vitamin D-related genes
(Amato et al., 2010). An increased
risk for schizophrenia has been
reported in black immigrants who
have migrated, compared to the
native population (Dealberto,
2010). Whether the link connecting
schizophrenia and latitude is vita-
min D merits further study. In most
studies, higher rates of schizophre-
nia are observed in black versus
white populations in the US (Deal-
berto, 2010).

Vitamin D can protect against a
number of experimental autoim-
mune diseases in animals including
autoimmune encephalomyelitis
and systemic lupus (Christakos
and DeLuca, 2011). Autism, a
neurodevelopmental disorder char-
acterized by impaired social
interaction, verbal/nonverbal com-
munication, and repetitive and
stereotyped behavioral patterns,
has been speculated to have an
autoimmune component in a
subset of patients (Mostafa and Al-
Ayadhi, 2012). Children with au-
tism had lower vitamin D status,

which was associated with higher
levels of anti-myelin-associated
glycoprotein (anti-MAG) antibod-
ies, and vitamin D concentrations
were negatively associated with
autism symptoms (Mostafa and Al-
Ayadhi, 2012). As with schizophre-
nia, maternal immigrant status is
associated with an increased risk
of autism (Dealberto, 2011). Fur-
ther studies are needed to deter-
mine whether the observed
associations are causal in nature.

LONG-TERM EFFECTS—
EPIGENETICS
Potential epigenetic mechanisms

have been suggested to underlie
some of the beneficial effects of
vitamin D that may be important in
altering the risk of chronic diseases
later in life (Hossein-nezhad and
Holick, 2012). Activation of the
VDR has been shown to modify
histone acetyl transferase activity,
which can influence gene tran-
scription and repression (Hossein-
nezhad and Holick, 2012). Pereira
et al. have reported that
1,25(OH)2D activation of the VDR
induces the transcription of genes
encoding for certain histone deme-
thylases that may contribute to
epigenetic regulation (Pereira
et al., 2012). It has also been
speculated that vitamin D-induced
interactions with histone acetyl-
transferases and histone deacety-
lases can modify chromatin and
mediate epigenetic events on
genes involved in susceptibility for
chronic lung disease (Sundar and
Rahman, 2011).
Using a genome-wide methyla-

tion scan, Zhu et al. analyzed leu-
kocyte DNA methylation between
vitamin D deficient (defined as
25(OH)D�25 nmol/l or�10 ng/ml)
and age-matched African American
adolescent controls (defined as
25(OH)D>75 nmol/l or >30 ng/
ml). A number of genes were iden-
tified whose methylation levels
were significantly enriched in the
vitamin D deficient group (Zhu
et al., in press). These included
DHCR7 (7-dehydrocholesterol re-
ductase enzyme), CYP2R1 (hepatic
microsomal enzyme 25-hydroxy-
lase), and CYP24A1 (24-
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hydroxylase), all of which are
involved in vitamin D metabolism.
What remains to be elucidated is
whether the methylation changes
are the cause or the consequence
of vitamin D deficiency. The largest
difference in methylation levels was
noted for the MAPRE2 gene (meth-
ylation levels 37% lower in vitamin
D deficient leukocytes than con-
trols). The MAPRE2 gene encodes
microtubule-associated proteins
involved in processes such as cell
division and migration, processes
important to the cancer process.
Hypermethylation of the DIO3
gene, involved in thyroid axis func-
tion, occurred in the vitamin D defi-
cient group. Hematological tumors
also present with higher methyla-
tion status of this gene (Zhu et al.,
in press). Gene ontology analysis
indicated that the differentially
methylated genes in the low vita-
min D group resulted in an enriched
molecular function for Wnt binding
protein. Others have reported that
VDR deficiency induced in vitro by
shRNA knock-down of VDR expres-
sion in human colon cancer cells, or
induced in vivo by generating
Apcmin/1 mice that were also VDR-
null, enhances Wnt/b-catenin signal-
ing, which can contribute to the ini-
tiation and progression of colon
cancer (Larriba et al., 2011). In
colorectal cancer patients, low vita-
min D intake has been associated
with higher levels of methylation in
the promoter of the DKK1 gene, a
Wnt suppressor protein with anti-
proliferative and proapoptotic prop-
erties, compared to high vitamin D
intake (Rawson et al., 2012). Hyper-
methylation silences DKK1, allowing
Wnt signaling to increase, which can
contribute to cell proliferation.

VITAMIN D TOXICITY
As with all essential nutrients,

vitamin D intake and concentrations
in blood have been noted to have a
U- or J-shaped curve with regard to
adverse effects due to deficiency
and toxicity. While it is unusual to
see vitamin D toxicity from dietary
intake of food, high dose adminis-
tration of vitamin D can result in
toxicity signs. For example, elderly
patients in India who received very
high intramuscular doses of vitamin

D (600,000 U/injection; duration
ranged from 5 weeks to 3 years)
had average serum 25(OH)D con-
centrations of 325.6655.0 nmol/l
(130.23621.98 ng/ml) (Pandita
et al., 2012). These patients were
characterized with hypercalcemia
and vague non-specific symptoms
included dehydration, fatigue, gen-
eralized body weakness, altered
sensorium, anorexia, polyuria and
polydipsia, constipation, and vomit-
ing. The IOM reports that there may
be reason for concern at serum
25(OH)D concentrations above 125
nmol/l (50 ng/ml). Individuals with
high sun exposure such as life-
guards have been reported to have
25(OH)D concentrations greater
than 150 nmol/l (60 ng/ml) (Vieth,
1999).

Supraphysiological doses of vita-
min D, e.g. annual injection of
300,000 IU (7500 mg) vitamin D2
over 3 years have been associated
with an increased risk of hip/femur
and hip/femur/wrist fracture in el-
derly women (Sanders et al.,
2013). In another randomized con-
trolled trial, annual oral doses of
500,000 IU (12,500 mg) vitamin
D3 increased the rate of falls and
fractures in elderly women (Sand-
ers et al., 2013). There has been
some discussion that vitamin D
has steroid-like effects and may
have enabled the vitamin D-sup-
plemented elderly women to feel
better, have less pain, and be
more mobile; however, their coor-
dination might have lagged behind
the improved muscle function and
contributed to a greater number of
falls (Kupferschmidt, 2012). In
both of these randomized con-
trolled trials, the results call into
question the safety of supra-high
loading doses of vitamin D.

In a recent study, 25(OH)D con-
centrations were negatively associ-
ated with CRP, an inflammatory
marker; however, vitamin D con-
centrations above 50 nmol/l (20
ng/ml) were also associated with
increased CRP (Amer and Qayyum,
2012). These data suggest that
vitamin D supplementation might
help reduce inflammation in those
individuals with low serum vitamin
D. Future studies should assess the
vitamin D status of the subjects

before, during, and after treatment
to determine whether vitamin D
supplementation to vitamin D-
replete individuals can increase the
risk of adverse events. This has
been observed when pregnant
women already in good iron status
are supplemented with iron. Indis-
criminate iron supplementation has
been reported to increase the risk
for maternal hypertension and
increase the incidence of SGA
infants (Ziaei et al., 2007).

SUMMARY AND
CONCLUSION
Research in the broad area of

vitamin D and health has seen sig-
nificant growth in the last several
years. The renewed interest in vita-
min D has been fueled in part by the
observation that the occurrence of
childhood rickets in developed
countries, which was at one time
largely eradicated through the use
of vitamin D-fortified foods,
appears to be on the rise. The rea-
sons for the reemergence of rickets
are complex, but are thought to
include reductions in the consump-
tion of vitamin D-fortified foods and
reductions in the exposure of many
individuals to sunlight. Ironically,
the above potential causes of sub-
optimal vitamin D status are in part
the result of actions taken by indi-
viduals in an effort to improve their
health, e.g. reducing sun exposure,
decreasing intake of milk, eggs,
margarine. This is similar to the
current report of low iodine status
in some population groups (Obican
et al., 2012) as a result of individu-
als reducing table salt intake, which
is viewed as a positive health
action. Clearly, the apparent
increasing incidence of childhood
rickets indicates a continuing need
for public health education, and
public health measures aimed at
preventing this childhood disease,
and suboptimal vitamin D status, in
general.
In addition to the above, at pres-

ent there are numerous outstand-
ing questions concerning the role of
vitamin D in the optimization of
maternal and fetal health. There is
increasing evidence that in addition
to bone health, vitamin D plays a
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critical function in the regulation of
the immune system (e.g., see Sel-
grade et al., this volume), and it is
important for vascular health due to
its ability to influence endothelial
function. It has been argued that
given these newly appreciated
functions of vitamin D, a re-evalua-
tion of the dietary recommenda-
tions for vitamin D is in order. What
are needed are the metabolic
details of how maternal vitamin D
supplementation affects fetal me-
tabolism and health. Additionally, it
is important to establish the win-
dow of safety for high dose vitamin
D during different gestational ages
of pregnancy in fair-skinned and
dark-skinned populations. When
determining the optimal level of
vitamin D intake during pregnancy,
one must consider both the health
of the mother as well as the fetus. If
supplementation is recommended,
what doses, frequencies, and
routes are the safest and most
effective? Do these recommenda-
tions change depending on the tri-
mester of pregnancy? Depending
on the season? Depending on skin
color? Brembeck et al. (2013)
recently reported that vitamin D
insufficiency defined as 25(OH)D
concentration<50 nmol/l (<20 ng/
ml) and vitamin D deficiency
defined as 25(OH)D concen-
trations<30 nmol/l (<12 ng/ml)
affects 65% and 17% of fair-
skinned pregnant women living in
Sweden, respectively. In winter,
these rates increased to 85% and
28%, respectively. Should vitamin
D status be assessed before entry
into a clinical trial and should sup-
plementation be targeted to at-risk
populations? Numerous risk factors
for low vitamin D are known (Fig.
1). How does supplementation
affect serum concentrations of
25(OH)D (pharmacokinetics) and
can serum levels be used as a pre-
dictor of disease risk?

In addition to monitoring indices
of calcium metabolism, other pa-
rameters affected by vitamin D
status including blood pressure
and heart function should be
assessed. Moreover, are there ter-
atogenic effects that can be attrib-
uted to excessive maternal vitamin
D supplementation? Trained

neonatologists and teratologists
can contribute to this endeavor. It
is worth noting that in many
regards, current debates regarding
vitamin D supplements during
pregnancy are similar to those in
the past concerning folate;
requirements may be influenced
by relatively common polymor-
phisms, there are large segments
of the population that may be
characterized by low vitamin D sta-
tus even if they consume a “good
diet” and finally, there may be a
plethora of negative maternal and
fetal affects associated with mar-
ginal deficiencies. The epigenetic
consequences of high vitamin D
exposures also merit attention,
particularly with respect to
immune and cardiovascular func-
tions. An additional approach that
may be useful in the future is the
creation of statistical models to
predict serum 25(OH)D concentra-
tions. As an example, Bjorn Jensen
et al. have created a predictive
model specific to mid-pregnancy
which includes vitamin D intake
(diet and supplements), outdoor
physical activity, tanning bed use,
smoking, and month of blood
draw. Their predictive model
explained 40.1% of the variance in
measured 25(OH)D (data from the
Danish National Birth Cohort;
N51,494) and suggested that it
could be used to rank individuals in
order to relate predicted vitamin D
status to health outcomes (Bjorn
Jensen et al., 2013). While predic-
tive models may be useful when
vitamin D biomarker assessment is
not possible, well-designed,
adequately-powered, well-exe-
cuted randomized clinical trials
that sufficiently control for con-
founding factors and are long
enough in duration to determine
long-term effects are needed to
address many of the issues above.
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