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Abstract The function and requirement of vitamin D

during pregnancy for both mother and fetus have remained

a mystery. This fact was highlighted by The Cochrane

Review in 2000, which reported a lack of randomized

controlled trials (RCTs) with respect to vitamin D

requirements during pregnancy. Unfortunately, during the

past decade only a single RCT has been performed with

respect to vitamin D requirements during pregnancy. In this

review we will discuss vitamin D metabolism during

pregnancy as well as the consequences of vitamin D defi-

ciency on skeletal, nonskeletal, and birth outcomes using

birth observational data and data from our recent RCT.

New RCT data strongly support previous observational

studies in that improving nutritional vitamin D status will

improve birth outcomes. The new RCT data indicate that

4,000 IU/day vitamin D3 during pregnancy will ‘‘normal-

ize’’ vitamin D metabolism and improve birth outcomes

including primary cesarean section and comorbidities of

pregnancy with no risk of side effects.

Keywords Vitamin D � Bone � Pregnancy �
Birth outcome � Infant � 25-Hydroxyvitamin D

The current dietary recommendation for vitamin D during

pregnancy remains archaic for a simple reason: fear of

vitamin D toxicity [1]. To understand this statement, it is

important to look at the history surrounding vitamin D

during pregnancy. In 1947, Dr. E. Obermer [2] presented

evidence that pregnant women required several thousand

international units (IUs) of vitamin D daily during preg-

nancy. This recommendation had barely ‘‘seen the light of

day’’ before vitamin D was erroneously associated with

causing supravalvular aortic stenosis syndrome during

pregnancy [3–6]. Thus, vitamin D was viewed as terato-

genic to the developing fetus during pregnancy, and in

response, the medical profession adhered to the largely

insignificant 200 IU/day dosing recommendation for adults

put forth by the Forbes committee in 1963 [7]. Sadly, at

present, a similarly low recommendation largely remains in

force as highlighted in the recent Institute of Medicine

(IOM) document [8], although a more recent recommen-

dation by the Endocrine Society, recommends higher

dosing that takes into account the emerging data sur-

rounding vitamin D’s effect on nonskeletal functions [9]. It

should be noted that the IOM report is a guide for food

manufacturers, while the Endocrine Society report is a

guide for the clinical care of patients.

Why are the recommendations between the IOM report

and the Endocrine Society report so divergent? The answer is

simple: the IOM report refused to make any recommenda-

tion not based on a randomized controlled trial (RCT), while

the Endocrine Society used a vast combination of all avail-

able data including observational trials [9]. In this review, we

investigate all avenues of data to derive conclusions.

What Constitutes a ‘‘Normal’’ Level of Circulating

25-Hydroxyvitamin D during Pregnancy?

If we go way back to human origins in Africa, vitamin D

would never be considered a nutrient. During almost all of
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human evolution, vitamin D was derived from solar

exposure of the skin. Our human ancestors migrated out of

Africa approximately 50,000 years ago to more northern

latitudes, and thus, the intensity and duration of solar

exposure decreased. A critical point of solar vitamin D

generation occurred about 10,000 years ago in Europe

when a gene controlling skin pigmentation mutated. This

mutation decreased human skin pigmentation and allowed

more efficient use of the limited sun exposure available at

these northern latitudes [10]. If we progress ahead to the

present, we are faced with clothing and other civilized

customs that restrict solar exposure of the skin. Thus, now

vitamin D truly becomes a vitamin because almost all of us

now must obtain it from our diet. There is only one minor

problem: vitamin D really does not exist in our food supply

to any significant degree. As a result, we now must rely on

supplementation to achieve our needs, and herein lies the

problem.

Until the 1990s, the criterion for appropriate vitamin D

nutrition was simply the absence of overt rickets or

osteomalacia [7]. To deal with this problem, the IOM in

1997 recommended that infants and adults receive 400 and

200 IU/day vitamin D, respectively [11]. That dose elimi-

nated rickets in children, but the effect of the adult dose

remains a mystery as we do know that a 200 IU/day dose

will not increase circulating 25-hydroxyvitamin D

(25[OH]D) in adults [12]. Remember, in 1963 we had no

idea that vitamin D underwent further metabolism in the

human body. As it was discovered that vitamin D was

metabolized to more active compounds in the late 1960s,

important information began to emerge [13, 14].

In 1971, Haddad and Chyu [15] discovered that

25(OH)D circulated in ‘‘normal’’ adults at about 68 nmol.

‘‘Normal’’ for this study was described as anyone not

demonstrating an overt affliction. This study also measured

25(OH)D levels in lifeguards, whose levels were shown to

be approximately 175 nmol [15]. So, why not define the

lifeguards as ‘‘normal’’ for circulating 25(OH)D and try to

achieve those circulating levels of 25(OH)D in other

humans? The answer is quite simple: 8 years earlier, the

Blumberg report recommended only 200 IU/day vitamin D

[7]; since 200 IU/day will put humans nowhere near

175 nmol circulating 25(OH)D, nature must be wrong. In

1971, we did not know how much vitamin D3 was pro-

duced by solar exposure; however, that data were forth-

coming [16]. As it turns out, unencumbered natural sun

exposure to humans can generate thousands of IUs of

vitamin D3 in a short period of time [17]. Of course, these

data did not agree with the Blumberg report of 1963, so

their relevance was largely ignored.

The misinformation about vitamin D dosing in humans

was just beginning. As mentioned earlier, in 1997, the IOM

released a report that reaffirmed the vitamin D requirement

for adults as 200 IU/day [11]. Worse, that committee also

stated that humans can consume only 2,000 IU/day vitamin

D for toxicity reasons [11]. Forget the fact that nature

allows us to naturally produce 10,000–20,000 IU/day

vitamin D3 from modest solar exposure [17]. Again, nature

must be in error. Thus, not only did medical societies

accept that low circulating levels of 25(OH)D were ‘‘nor-

mal’’ but the premise was that we now ‘‘know’’ that even

modest levels of dietary vitamin D, by natural synthesis

standards, can harm you. So what is the truth?

To establish a more encompassing answer about ‘‘nor-

mal’’ human levels of circulating 25(OH)D or true vitamin

D requirements, let us forget for a moment about the ori-

ginal 1963 Blumberg report [7] with respect to adults and

the 1997 IOM toxicity report [11]. Let us return to the

levels of circulating 25(OH)D in humans living in their

original environment—tribal Africa. We have known for

decades that sun-exposed humans in North America can

attain high (250 nmol) circulating 25(OH)D [15]. We have

also known for decades that nonhuman primates living in

the wild possess circulating 25(OH)D levels up to

1,250 nmol/L [18]. Yet, this last point has been dismissed

because they are not human. How about tribal, nomadic

Africans? A new publication and data provide us clear

answers to this question [19] (M. Luxwolda, personal

communication).

Luxwolda et al. [19] clearly demonstrated that native

tribal Africans achieve an average circulating 25(OH)D

level of 115 nmol. But how about during pregnancy?

Surely, nature would not allow such levels to occur since

the recent IOM report states that such levels would be

dangerous to the mother and fetus [8]. It appears that nature

did not adhere to the IOM report because the recent study

data demonstrates that pregnant women from different

native tribes in Africa achieve an average circulating

25(OH)D level of 150 nmol/L throughout pregnancy. How

do these natural levels compare with levels of 25(OH)D

attained in oral supplementation studies in northern lati-

tudes? In our recent RCT, pregnant women receiving

4,000 IU/day vitamin D3 attained an average circulating

25(OH)D level of 111 nmol [1], well below the 150 nmol/

L in a natural environment (M. Luxwolda, personal com-

munication). This means that in a natural state, in which

humans have evolved for more than 1 million years, nature

has supplied many times the daily vitamin D recommended

by Blumberg et al. [7] or the IOM [8, 11]. Our conclusion

is that during pregnancy women should have a circulating

25(OH)D level in excess of 100 nmol/L; however, one

achieves it, be it solar exposure and/or diet.

Finally, a comment on the upper safe intake limit (UL)

for vitamin D during pregnancy, or anyone for that matter,

deserves some attention. The practice of perpetuating a

scientific myth has no better example than the toxicity
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‘‘myth’’ of vitamin D. This process for vitamin D has been

eloquently documented by Vieth [12]; however, one par-

ticular point deserves to be highlighted for the harm it has

caused. In 1997, the IOM committee on vitamin D and

calcium decided to set a UL for vitamin D [11]. The intent

was noble, but the result was a disaster because it was

based on a single obscure study that today is regarded as

invalid [20]. This resulted in setting the UL for vitamin D

at 2,000 IU/day, which crippled clinical vitamin D trials

for more than a decade. Why? It is because institutional

review boards (IRBs) would not approve vitamin D studies

that exceeded that intake. For example, to conduct our

vitamin D pregnancy and lactation trials in 2003 [1], we

had to write a full investigational drug application to obtain

an investigational new drug (IND) number from the U.S.

Food and Drug Administration (FDA). One would think

that back in 1997 the IOM committee would have asked the

following question: if humans can endogenously produce

10,000–20,000 IU vitamin D3/day from natural sun expo-

sure, how can an oral dose of 2,000 IU/day be of any

harm? This same question should also have occurred to the

2010 IOM committee when they set the UL at 4,000 IU/

day [8]. There is hope, however, because the 2011 Endo-

crine Society recommendation apparently did take all this

into account when they assigned a 10,000 IU/day UL [9].

RCT of Vitamin D Supplementation during Pregnancy

Table 1 lists all of the RCTs with respect to vitamin D

supplementation during pregnancy. There are some stark

realities here. First, all but one was performed more than

25 years ago, primarily using vitamin D2 as a supplement.

Second, except for the Hollis et al. [1] study, all the trials

used supplemental levels of vitamin D that had limited

impact on rising circulating 25(OH)D levels. Finally, all

the studies except that of Hollis et al. [1] were small and

collected limited data; thus, conclusions are very difficult

to extract.

A brief history of the older studies is described here.

Initial vitamin D supplementation studies during pregnancy

were carried out in the early 1980s. Brooke et al. [21], who

studied British mothers of Asian descent, found a greater

incidence of small-for-gestational-age (SGA) infants born

to mothers who received placebo than for mothers who

received 1,000 IU (25 lg) vitamin D2/day during the final

trimester of pregnancy. Neonates in the placebo group also

had a greater fontanelle area than did the supplemented

group. It must be noted that the placebo group in this study

showed profound hypovitaminosis D. Follow-up studies by

Brooke et al. [22] were conducted in Asian mothers who

again were provided with either placebo or 1,000 IU

Table 1 Summary of RCT vitamin D supplementation studies during pregnancy

Reference Number of subjects Vitamin D dose

(IU/day)

Therapy duration

(months)

Initial 25(OH)D

(nmol/L)

End-point 25(OH)D

(nmol/L)

Brooke et al. [21]a 67 Control 0 3 16.3 –

59 Supplemented 1,000 D2 3 20.0 168.0

Cockburn et al. [23] 82 Control 0 4 32.5 –

82 Supplemented 400 D2 4 39.0 42.8

Brooke et al. [22] 67 Control 0 3 – –

59 Supplemented 1,000 D2 3 – –

Maxwell et al. [24] 67 Control 0 3 – –

59 Supplemented 1,000 D2 3 20.0 –

Marya et al. [96] 75 Control 0 3 – –

25 Supplemented 1,200 D2 3 – –

Delvin et al. [97] 15 Control 0 3 17.5 (cord) –

15 Supplemented 1,000 D3 3 – 45.0 (cord)

Mallet et al. [28] 27 Control 0 3 9.5 –

21 Supplemented 1,000 D2 3 – 25.3

Hollis et al. [1]b 111 Supplemented 400 D3 6 61.5 79.0

122 Supplemented 2,000 D3 6 58.3 98.3

117 Supplemented 4,000 D3 6 58.3 111.0

a It is very likely that the wrong dose of supplementation was given or the assay for 25(OH)D was invalid. The response observed is one that

would be expected after supplementation with 10,000 IU/day vitamin D3 for 3 months [22]
b It is important to note that the earlier studies, with the exception of Hollis et al. [1], were conducted with the control group receiving 0 IU

vitamin D/day. Since the standard of care for the past three decades in the United States is to give pregnant women 400 IU vitamin D/day

included in the prenatal vitamin, it would be unethical to conduct a vitamin D supplementation trial involving pregnant women in the United

States today with 0 IU vitamin D/day. Therefore, 400 IU vitamin D/day is the control group
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vitamin D2/day during the last trimester of pregnancy. The

follow-up data provided evidence that, during the first year

of life, the infants of the maternal placebo group gained

less weight and had a lower rate of linear growth than did

the infants of the maternal supplemented group.

Cockburn et al. [23] undertook a large vitamin D sup-

plementation study of [1,000 pregnant subjects in the

United Kingdom who were supplemented with 400 IU

(10 lg) vitamin D2/day or received a placebo from week

12 of gestation onward. At this level of supplementation,

serum concentrations of 25(OH)D in the supplemented

group were only slightly higher than those in the placebo

group. A defect in dental enamel formation was observed

in a higher proportion of the children at 3 years of age in

the maternal placebo group. Maxwell et al. [24] conducted

a double-blind trial of vitamin D (1,000 IU/day) during the

last trimester of pregnancy in Asian women living in

London. They found that the supplemented mothers had

greater weight gain and, at term, had significantly higher

plasma concentrations of retinol-binding protein and thy-

roid-binding prealbumin, which indicated better protein-

calorie nutrition. Almost twice as many infants of the

unsupplemented group weighed \2,500 g at birth (the

definition of low birth weight) and had significantly lower

retinol-binding protein concentrations than did infants of

the supplemented mothers.

Supplementation with 1,000 IU (25 lg) vitamin D/day

during the last trimester of pregnancy has produced mixed

results. The initial study by Brooke et al. [22] described a

dramatic increase, from 125 to 150 nmol/L in circulating

25(OH)D, in both mothers and neonates at term. However,

these results are highly suspect in light of later and current

work and are consistent with a dose response obtained after

consumption of 10,000 IU (250 lg) vitamin D/day for

3 months [25]. There also is the possibility that the

25(OH)D assay method used in this study was flawed, as

was common during this early period of investigation [26,

27]. Consistent with more recent data, Mallet et al. [28]

reported that vitamin D supplementation (1,000 IU/day or

25 lg/day) during the last trimester of pregnancy resulted

in an increase in circulating 25(OH)D concentrations of

only 12.5–15 nmol/L in maternal and cord serum.

As concluded by The Cochrane Review in 2000 [29],

these early studies provided an insufficient basis to make

any recommendations about vitamin D supplementation

during pregnancy. As a result, in 2004, our laboratory

initiated a National Institute of Child Health and Human

Development–sponsored 6 year randomized, double-blind,

placebo-controlled trial of vitamin D supplementation

during pregnancy to assess safety and pregnancy outcomes

with an approved investigational drug application from the

FDA (66,346). The logical question is why it took 25 years

before this trial was performed, and the answer is twofold.

First, it was expensive, costing about $6 million to perform.

Second, until we wrote and received the IND from the

FDA, the IRB at our university (representative of other

IRBs) would not allow the study to commence, fearing we

would do harm by administering the amount of vitamin D

(4,000 IU/day) we were proposing. Once the IND was in

place, the study could be conducted. The results of our

completed study have been published [1] and will be dis-

cussed in detail below.

In reference to more recent publications, one of the most

puzzling developments was the omission of our RCT

pregnancy study from the 2012 Cochrane review of vita-

min D supplementation for women during pregnancy [30].

One of us (C. L. W.) was invited to present our published

RCT results to the World Health Organization in the fall of

2011. She was informed that the study would not be con-

sidered in the upcoming Cochrane review because we did

not have a ‘‘control’’ group, meaning a group of pregnant

women receiving 0 IU vitamin D during pregnancy. Such a

group would be unethical in many regions of the world

today because it violates the ‘‘standard of care’’ of giving

400 IU vitamin D/day as part of the prenatal vitamin. Zero

IU dosing of vitamin D to those women therefore would

never be approved by any knowledgeable IRB in those

regions of the world, including the United States, Canada,

and most of Europe. For this reason, the applicability of the

latest Cochrane review to a major sector of the world is

limited.

Vitamin D Metabolism during Pregnancy

Vitamin D metabolism during pregnancy is vastly different

from any other time in human physiology, and this point

has gone largely unappreciated. With respect to the con-

version of vitamin D to 25(OH)D, this metabolic conver-

sion appears to be similar in pregnant and nonpregnant

states and follows first- and zero-order enzyme kinetics

(Fig. 1) [1, 31]. The similarities, however, end there. It has

been known for decades that during pregnancy 1,25-di-

hydroxyvitamin D (1,25[OH]2D) levels become extremely

elevated [32–34]. This increase in circulating 1,25(OH)2D

levels has in particular been attributed to an increase in the

serum vitamin D-binding protein (DBP) that would regu-

late the amount of ‘‘free’’ 1,25(OH)2D available in the

circulation [33]. While this rise in DBP during pregnancy

has been shown to be 46–103 %, depending on the assay

employed [35], it cannot account for the nearly three- to-

fourfold increase in circulating 1,25(OH)2D in our recent

study [1]. Bikle et al. [34] clearly demonstrated that free

1,25(OH)2D levels are increased during pregnancy despite

the significant increase in DBP levels, and our recent data

agree with this premise [1]. In fact, the new data from our
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study demonstrate that a circulating 25(OH)D level of

approximately 40 ng/mL (100 nmol/L) is required to

optimize production of 1,25(OH)2D during human preg-

nancy through renal and/or placental production of the

hormone (Fig. 2) [1]. Again, this relationship exhibits first-

and zero-order enzyme kinetics. It is also of great interest

that production of circulating 1,25(OH)2D in the fetus is

linked directly to circulating 25(OH)D [36].

Vitamin D metabolism is greatly altered during preg-

nancy, and pregnancy itself is the primary driver for these

extraordinary circulating 1,25(OH)2D3 levels. From our

data, it is evident that production of 1,25(OH)2D3 is really

not under the control of the classic regulators of calcium,

phosphorus, and PTH. The dramatic rise in maternal cir-

culating 1,25(OH)2D3 following conception is remarkable

for many reasons: by 12 weeks of gestation, maternal cir-

culating 1,25(OH)2D3 levels are already triple those of a

nonpregnant female [1]. From that point in gestation,

1,25(OH)2D3 levels rise much higher and are driven by

substrate—25(OH)D—availability (Fig. 2). This substrate

dependence of 1,25(OH)2D3 production is never observed

in normal human physiology driven by classic calcium

homeostasis.

Another remarkable factor in pregnant women is how

they can attain supraphysiologic levels of 1,25(OH)2D3,

sometimes exceeding 700 pmol/L in our study, and yet

never exhibit hypercalciuria or hypercalcemia [1]. These

supraphysiological circulating levels of 1,25(OH)2D3 dur-

ing pregnancy are possibly of placental origin or from the

renal 1-a-hydroxylase that would have to be uncoupled

from feedback control and for reasons other than main-

taining calcium homeostasis. The second scenario is most

likely because women with nonfunctional renal 1-a-

hydroxylase and normal placental function fail to increase

circulating 1,25(OH)2D3 during pregnancy [37]. The

increased levels of 1,25(OH)2D3 may be due to methyla-

tion of the catabolic CHP24A1 placental gene [38]. Cal-

citonin may be a contributor to this process in that it rises

during pregnancy [39], is known to stimulate the renal 1-a-

hydroxylase gene independently of calcium levels [40, 41],

and protects by opposing hypercalcemia [42]. Another

possible stimulator of 1-a-hydroxylase during pregnancy is

prolactin [43]. If prolactin were a major contributor,

however, the effect should continue into lactation, which

we do not see, and would be accompanied by elevated

circulating 1,25(OH)2D3 levels, which also are not seen

[44]. Clearly, vitamin D metabolism during pregnancy is

unique in human physiology; but what is its purpose?

What Constitutes Vitamin D Deficiency

during Pregnancy?

What circulating level of 25(OH)D [9] does a pregnant

woman require to be considered replete? The 2010 IOM

report states that if one exhibits a circulating 25(OH)D

level of 50 nmol/L, then that individual should be con-

sidered replete [8]. That document also stated that indi-

viduals consuming an adequate diet would receive enough

vitamin D from that diet without consideration of race,

latitude, or season and would not require a dietary sup-

plement. Yet, there is a plethora of data from numerous

studies throughout the world in the last decade that

Fig. 1 The relationship between circulating vitamin D to control the

production of 25(OH)D during pregnancy [1]

Fig. 2 Relationship of circulating 25(OH)D to circulating

1,25(OH)2D during pregnancy [1]
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suggests otherwise [9]. Fortunately, new clinical guidelines

have recently been released by the Endocrine Society that

provide serious guidance to the vitamin D deficiency

problem [9].

Let us compare the two report recommendations for

vitamin D with respect to pregnancy. As mentioned earlier,

the IOM recommended a circulating level of 25(OH)D of

50 nmol/L, whereas the Endocrine Society recommends

a level of more than 75 nmol/L [8, 9]. To achieve the

50 nmol/L, the IOM recommends 400–600 IU/day, which

it states can be obtained through dietary means without

supplementation [8]. In contrast, the Endocrine Society

recommends an intake of 1,500–2,000 IU/day to achieve a

circulating 25(OH)D level of more than 75 nmol/L [9].

How could these recommendations be so divergent? The

IOM chose to use only RCT data limited to skeletal

integrity, whereas the Endocrine Society chose to use a

combination of peer-reviewed basic and clinical scientific

publications [8, 9]. The reader will have to decide which

report is best to adopt and use for patient guidance.

To examine the actual vitamin D deficiency rates during

pregnancy, two recent publications provide some important

insight. Even when applying the recent IOM normative

25(OH)D range of 50 nmol/L to the data [8], Hamilton et al.

[45] and Johnson et al. [46] both provide shocking deficiency

rates during pregnancy in a sunny climate. This work con-

firms an earlier study by Lee et al. [47] that documented high

deficiency rates in mothers consuming prenatal vitamins.

This deficiency problem is especially severe in minority

populations. The IOM report claims that individuals obtain

enough vitamin D from their diet to achieve the circulating

25(OH)D level minimum of 50 nmol/L. This statement is in

direct conflict with two recent supplementation studies

during pregnancy that failed to achieve this minimum cir-

culating requirement for 25(OH)D [47, 48].

Finally, we have proposed to use mathematical models

based on clinical data to dictate what would constitute vitamin

D deficiency in the pregnant subject [1]. This is actually a

simple task if one inspects Figs. 1, 2 and chooses the inflection

point between first- and zero-order enzyme kinetics. These

models give the level of at least 100 nmol/L circulating

25(OH)D to support maximal 1,25(OH)2D production during

pregnancy by overcoming ‘‘substrate limitation.’’

Consequences of Vitamin D Deficiency

during Pregnancy

Calcium Homeostasis and Skeletal Integrity

At the top of any list concerning vitamin D deficiency,

calcium homeostasis and skeletal integrity remain a top

priority. What is really surprising is the relative dearth of

information that exists between this topic and its effect on

the pregnant woman and her fetus. There are no RCT data

to guide us here, and thus, we must rely on observational

data. A superb observational study by Yorifuji et al. [49]

provides data to suggest that craniotabes in the newborn

infant is the earliest sign of subclinical vitamin D defi-

ciency during pregnancy. At 1 month of age, infants with

craniotabes had significantly higher serum alkaline phos-

phatase, intact PTH, and lower circulating 25(OH)D levels

than infants not exhibiting craniotabes. Several other recent

observational studies have linked poor nutritional vitamin

D status to abnormalities in both maternal and fetal skeletal

markers and skeletal integrity itself [50–53]. It is also

worth mentioning an animal model study that suggests

pregnancy itself upregulates intestinal calcium absorption

and skeletal mineralization independently of vitamin D,

suggesting that vitamin D is not required for the skeletal

adaptations during pregnancy [54]. However, this study

was performed in mice, and its relevance to human phys-

iology remains to be established. One additional observa-

tion is that in utero vitamin D levels may impart a positive

impact on skeletal integrity later in life [55].

Data from our recent RCT tend to support the relative

lack of effect of vitamin D on the calcium and skeletal

homeostatic systems as implied in the animal model [1,

54]. As discussed earlier in this review, circulating

1,25(OH)2D levels in the pregnant human elevate to

supraphysiologic levels without any classic stimulus such

as low serum calcium or increased PTH [1]. Further, in

spite of these huge circulating 1,25(OH)2D levels, serum

and urinary calcium levels are normal [1]. The only

observed changes in classic calcium homeostatic parame-

ters we observed in our patients were due to normalizing

circulating 25(OH)D levels, and they were (1) lowering

PTH levels in vitamin D deficient African Americans and

(2) a normalization of urinary calcium excretion [1].

Alterations in Immune Function

The control of immune function, both adaptive and innate

by nutritional vitamin D status, is a very active area of

investigation with regard to pregnancy. Liu et al. [56],

using the mouse as an experimental animal for assessing

vitamin D’s role in the regulation of placental inflamma-

tion, determined that maternal and fetal vitamin D levels

play a pivotal role in controlling placental inflammation.

Does vitamin D play a similar role in human pregnancy?

Current data suggest that it does. Walker et al. [36] have

shown that cord blood vitamin D status in human partici-

pants controls the innate immune response. This study

demonstrated that cord blood vitamin D deficiency, by its

effect on toll-like receptor–induced antimicrobial produc-

tion, altered in vitro monocyte responses [36]. The result of
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this defect would be decreased barrier protection against

invading pathogens. Actual observational data suggest that

this is, in fact, the case.

Belderbos et al. [57] demonstrated that nutritional vita-

min D deficiency in otherwise healthy neonates is associ-

ated with subsequent increased risk of respiratory syncytial

viral bronchiolitis. Further, maternal vitamin D deficiency

is associated with bacterial vaginosis, and this deficiency

may contribute to the strong racial disparity in the preva-

lence of bacterial vaginosis [58, 59]. Similar mechanisms,

with respect to vitamin D deficiency and innate immune

function, likely contribute to periodontal disease during

pregnancy [60]. Low circulating 25(OH)D levels also have

been linked to the risk of respiratory infection, wheezing,

and asthma [61–63] and have an apparent impact on the

markers of severity of childhood asthma [64], possibly by

altering T-regulatory cells [65]. Our recent RCT, using

the intent-to-treat model, failed to demonstrate a relation-

ship with vitamin D supplementation and infection [1]

(Table 2). Finally, one of the most important aspects of

vitamin D’s proposed interactions with the adaptive

immune system involves its potential to alter multiple

sclerosis susceptibility of the infant later in life by

improving nutritional vitamin D status during pregnancy

[66–70].

Complications and Outcomes of Pregnancy

Complications of pregnancy include preeclampsia, gesta-

tional diabetes, and hypertension. Although these compli-

cations of pregnancy are well known and contribute to

morbidity and mortality during pregnancy, their association

with nutritional vitamin D status is a new area of investi-

gation. Preeclampsia is a multisystem disorder that com-

plicates 3–8 % of pregnancies in Western countries and

constitutes a major source of morbidity and mortality

worldwide [68, 69]. Overall, 10–15 % of maternal deaths

are directly associated with preeclampsia and eclampsia.

Some epidemiological findings support the hypothesis

of a genetic and immunological etiology. The risk of pre-

eclampsia is two- to fivefold higher in pregnant women

with a maternal history of this disorder. Depending on

ethnicity, the incidence of preeclampsia ranges 3–7 % in

healthy nulliparas and 1–3 % in multiparas. Other risk

factors have been identified, including a medical history of

chronic hypertension, kidney disease, diabetes, obesity,

birthplace in Africa, age C35 years, pregnancy character-

istics such as twin or molar pregnancy, previous pre-

eclampsia, and fetal congenital abnormality [71, 72].

Preeclampsia may be life-threatening for both mother

and child, increasing both fetal and maternal morbidity and

mortality and often leading to preterm delivery of the fetus

due to worsening preeclampsia [69]. In the mother,

preeclampsia may cause premature cardiovascular disease,

such as chronic hypertension, ischemic heart disease, and

stroke, later in life [73]. Children born after preeclamptic

pregnancies and who are relatively small at birth have an

increased risk of stroke, coronary heart disease, and met-

abolic syndrome in adult life [74–76].

While the sole curative treatment of preeclampsia is

delivery, management of the preeclamptic woman must

continuously balance the risk to benefit ratio of induced

preterm delivery and maternal–fetal complications. Fur-

ther, no drug intervention is known to prevent pre-

eclampsia. There are intriguing possibilities that vitamin

D is integral in maintaining normal placental integrity

and function [77]. Bodnar et al. [78] first described the

relationship between poor vitamin D status and risk of

preeclampsia. Additional observational studies have

strengthened this observation in the past year. Baker et al.

[79], using a nested case–control study, found that maternal

mid-gestation vitamin D deficiency was associated with

increased risk of severe preeclampsia. Robinson et al. [80],

utilizing a case–control investigation with gestation-mat-

ched contemporaneous control participants, determined

that circulating 25(OH)D levels were significantly

decreased in early-onset severe preeclamptic individuals.

This group further demonstrated that 25(OH)D levels are

lower among SGA patients in early-onset severe pre-

eclampsia than those infants without growth retardation

[81]. It was concluded from this study that vitamin D status

may impact fetal growth through placental mechanisms.

Data from our RCT do not suggest a positive or negative

effect between vitamin D and birth weight (Table 2) [1].

Finally, Wei et al. [82] recently published a longitudinal

study that clearly demonstrated an inverse relationship

between circulating 25(OH)D during pregnancy and

preeclampsia.

In contrast to prior studies, Bodnar et al. [83] published

an observational study linking both low and high nutri-

tional vitamin D status to an increased risk of SGA births in

only white women. Data from our RCT do not support this

premise (Table 3). In fact, data from our study do not

demonstrate any risk of SGA associated with vitamin D

supplementation in our Caucasian population at the higher

levels of vitamin D (Table 3). It is still possible that lower

levels of vitamin D may contribute to SGA births, but this

cannot be ascertained from our data. As for African

Americans and Hispanics, our data are not clear and offer

no trends. What is clear is that an RCT would be necessary

for this relationship to be assessed, the cost and time of

which would be enormous. Along the spectrum of hyper-

tensive disorders of pregnancy, additional evidence of

vitamin D’s role during pregnancy comes from an obser-

vational study by Ringrose et al. [84], who found a high

prevalence of vitamin D deficiency in pregnant women in
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Canada and that this deficiency was independently linked

to hypertension in these women that may be regulated by

flow-mediated dilation [85].

A recent observational study by Lau et al. [86] has

provided us with a link between low vitamin D levels and

gestational diabetes mellitus. Lau et al. [86] found that

circulating 25(OH)D levels were inversely associated with

fasting, 2 h blood glucose levels during glucose tolerance

testing and glycated hemoglobin levels (HbA1c). Multi-

variate analysis identified 25(OH)D and glucose levels as

independent predictors of HbA1c. Thus, low 25(OH)D

levels were associated with poor glycemic control during

pregnancy. A recent study by Parlea et al. [87] suggests

that vitamin D may influence glucose tolerance during

pregnancy and supports studies of vitamin D as a potential

intervention to prevent gestational diabetes. Also, recent

observational studies have linked vitamin D deficiency to

an increase in primary cesarean section [88] and premature

delivery [89].

The risk of adverse events during pregnancy was not

increased in the higher-dose vitamin D supplementation

groups in our recent clinical trial [1]. We evaluated women

Table 2 Pregnancy characteristics and outcomes by vitamin D supplementation group controlling for race

Characteristic 400 IU

(n = 111)

2,000 IU

(n = 122)

4,000 IU

(n = 117)

p p, controlling

for race

Maternal age at delivery (years) 27.4 ± 5.7 28.0 ± 5.7 27.1 ± 5.5 0.49 0.2

(mean ± SD)

Baseline 25(OH)D (nmol/L) 61.2 ± 27.1 57.6 ± 22.4 59.8 ± 25.4 0.53 0.8

(mean ± SD)

Gestational age (weeks) at delivery 38.6 ± 2.2 38.8 ± 1.8 39.1 ± 1.8 0.17 0.1

(mean ± SD)

Birth weight (g) at delivery 3,222 ± 675 3,360 ± 585 3,285 ± 598 0.23 0.2

(mean ± SD)

Mode of deliverya, n (%)

Uncomplicated vaginal 69 (62.2 %) 81 (66.4 %) 81 (69.8 %)

Assisted vaginal 2 (1.8 %) 4 (3.3 %) 9 (7.8 %)

C/S after labor 23 (20.7 %) 19 (15.6 %) 19 (16.4 %)

C/S without labor 17 (15.3 %) 18 (14.8 %) 7 (6.0 %)

Vaginal 71 (74.7 %) 85 (79.4) % 90 (85.7 %)

Primary C/S 24 (25.3 %) 22 (20.6) % 15 (14.3 %) 0.15 0.046

Previous PTB, n (%) 20 (18.0 %) 32 (26.2 %) 23 (19.7 %) 0.27 0.9

PTB \ 37 weeks, n (%) 9 (8.1 %) 5 (4.1 %) 7 (6.0 %) 0.44 0.5

PTL \ 37 weeks in this pregnancy, n (%) 16 (14.4 %) 22 (18.0 %) 14 (12.0 %) 0.41 0.4

PTL/PTB \ 37 weeks, n (%) 23 (20.7 %) 24 (19.7 %) 20 (17.1 %) 0.77 0.4

Gestational diabetes, n (%) 8 (7.2 %) 5 (4.1 %) 3 (2.6 %) 0.25 0.1

Preeclampsia/eclampsia/gest. hypertension 9 (8.1 %) 6 (4.9 %) 3 (2.6 %) 0.16 0.05

Infection, n (%) 47 (42.3 %) 60 (49.2 %) 44 (37.6 %) 0.19 0.4

Any

Bacterial 36 (32.4 %) 44 (36.1 %) 32 (27.4 %) 0.35 0.3

Viral 8 (7.2 % 6 (4.9 %) 6 (5.1 %) 0.71 0.4

Fungal 13 (11.7 %) 22 (19.0 %) 13 (11.1 %) 0.23 0.8

Comorbidity (PTB), n (%) (infection, PTB, gestational diabetes,

preeclampsia/hypertension/HELLP)

63 (56.8 %) 67 (54.9 %) 53 (45.3 %) 0.17 0.06

Comorbidity (PTL/PTB), n (%) (infection, PTL/PTB \ 37 weeks,

gestational diabetes, preeclampsia/hypertension/HELLP)

70 (63.1 %) 72 (59.0 %) 59 (50.4 %) 0.14 0.03

Pill count pills taken: pills issued (median) 0.47 0.49 0.50 0.70 0.9

a Mode of delivery was categorized a priori as either vaginal (defined as spontaneous or assisted vaginal delivery, which included use of forceps

or vacuum extraction) or cesarean section (C/S; further subdivided as cesarean following labor, cesarean without labor, and repeat elective

cesarean). Primary cesarean section included women who had undergone a cesarean section with or without labor for either a maternal or a fetal

indication and did not include women who underwent a repeat, elective cesarean section

PTB preterm birth, PTL preterm labor

From Hollis et al. [1]
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monthly throughout their pregnancies starting at 12 weeks’

gestation. To be eligible for the study, women had to be in

good general health at the time of enrollment without a

history of hypertension or diabetes. When reviewing

combined or cumulative comorbidities of pregnancy, the

data from our RCT strongly suggest that vitamin D sup-

plementation during pregnancy can significantly decrease

complications of pregnancy including primary cesarean

section (p = 0.046), hypertensive disorders of pregnancy

(p = 0.05), and comorbidities of pregnancy (p = 0.03) [1]

(Table 2).

Lack of in utero vitamin D has also been associated with

abnormal brain development in experimental animals [90].

In humans, vitamin D during pregnancy has been associ-

ated with risk of schizophrenia at both low and higher

levels of circulating 25(OH)D [91]. In this study, the

highest quintile of circulating 25(OH)D was 51 nmol/L,

and to suggest that these levels would result in increased

schizophrenia rates would be puzzling indeed since levels

in native Africans are at least three times this level and

have been for hundreds of thousands of years [19]. In the

latest evidence, with respect to offspring and neurocogni-

tive development, Whitehouse et al. [92] demonstrated that

maternal vitamin D insufficiency during pregnancy is sig-

nificantly associated with offspring language impairment.

Summary

Meaningful research with regard to vitamin D supple-

mentation in pregnant women has been hampered for

decades by misconceived dietary recommendations and

fear of toxicity, which have been refuted [93]. Current

vitamin D intake recommendations during pregnancy range

from 400–600 IU/day from the IOM report [8] to

1,500–2,000 IU/day from the Endocrine Society report [9].

The American College of Obstetricians and Gynecologists

(ACOG) has chosen to follow the IOM report [94]: the

ACOG document states that, ‘‘Vitamin D screening and

supplementation during pregnancy is not required ‘unless’

women live in cold climates, reside in northern latitudes,

wear sunscreen and protective clothing, are ethnic

minorities, or are vegetarian.’’ This ‘‘unless’’ group basi-

cally defines the entire North American and European

populations. Many recent observational studies now exist

that present strong evidence of the positive effects that

vitamin D can provide by improving birth outcomes [78–

88]. When we conceived our vitamin D supplementation

pregnancy RCT in 2001, we simply asked the question,

how much vitamin D would be required to increase cir-

culating 25(OH)D levels to achieve levels that mimic those

obtained due to significant solar exposure and provide

levels that have been inherent in humans for most of our

evolution [19, 95]? We anticipated that amount to be

several thousand IUs per day. After convincing the FDA

that our proposed study was designed to establish efficacy

and effectiveness while minimizing risk, we received

investigation drug approval, and the study was undertaken

and completed. However, one of the most puzzling

developments was the omission of our RCT pregnancy

study from the most recent Cochrane review on vitamin D

supplementation for women during pregnancy [30]. With-

out inclusion of our RCT, which included a control group

appropriate for a large section of the world today, the world

literature and the recommendations for vitamin D supple-

mentation continue to remain at odds.

How did our assumption about natural historical human

levels and supplementation turn out? The results actually

are quite remarkable and provide strong evidence of the

positive effects of vitamin D on birth outcomes without any

hint of adverse effects. The daily intake of vitamin D to

accomplish these results was 4,000 IU. Our 4,000 IU/day

group achieved 111.0 nmol/L circulating 25(OH)D

(Table 1), while values in traditionally living populations

in East Africa are known to be 115 nmol/L [19] but sig-

nificantly less than is observed in native African women

who are pregnant (M. Luxwolda, personal communication).

We believe that this is the circulating level of 25(OH)D we

should aspire to attain, not a level based on geometric

means from populations that live in sun-restricted envi-

ronments, covered with clothing, and told to avoid the sun

at all costs to the point of a skin mutation that maximizes

limited solar irradiation [10, 16]. We believe that one

should assimilate solid historical data with data generated

from modern techniques [1, 19] and not be wedded to ideas

that came from intuition that has simply carried forth for

decades [7]. Our rigorous and well-designed RCT access-

ing vitamin D supplementation during pregnancy, overseen

by both the National Institutes of Health and the FDA,

provides clear evidence of vitamin D’s role in nonskeletal

health outcomes in pregnancy. Basically, it is our per-

spective with regard to vitamin D and pregnancy that our

genome has developed to[60 ng 25(OH)D/mL (150 nmol/

L) since the beginning of humankind, but we are so arro-

gant as to believe that levels in sun-starved humans are

Table 3 Number and percentage of small-for-gestational-age (SGA)

infants by vitamin D treatment group

Racial group Number of

subjects

400 IU/

day

2,000 IU/

day

4,000 IU/

day

Caucasian 111 1(0.9 %) 0 0

African

American

97 6 (6.2 %) 4 (4.1 %) 5 (5.2 %)

Hispanic 137 6 (4.4 %) 1 (0.7 %) 4(2.9 %)

Data derived from Hollis et al. [1]
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‘‘normal.’’ Worse, we think these levels in which our

genome evolved are actually harmful in some way, so we

have endless data safety and monitoring boards to evaluate

25(OH)D levels that are totally natural but now in some

way doing us harm. The next step in this saga will be to

evaluate the evidence based on historical precedence and

accumulating data that will en masse supersede previously

held dogma.
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