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Vitamin D is critical to calcium and phosphorus homeostasis and skeletal health through 

the life span and may also influence extraskeletal health. Low maternal serum 25-

hydroxyvitamin D (25(OH)D) concentration during pregnancy has been associated with many 

adverse outcomes including preeclampsia and poor neonatal bone health. However, questions 

remain about the functions of vitamin D during human pregnancy and gestation.  

Pregnancy is associated with adaptations in maternal vitamin D and calcium metabolism, 

and these adaptations alter indicators of vitamin D function. As a result, evaluation of serum 

25(OH)D concentration and other vitamin D biomarkers is complex and may differ during 

pregnancy. The goal of this dissertation was to improve evaluation of vitamin D status and 

understanding of vitamin D metabolism during pregnancy. Two approaches were used: 1) a 

study of candidate biomarkers in pregnant adolescents and 2) a study of vitamin D3 kinetics in 

nonpregnant and pregnant women.  

Promising candidate biomarkers of vitamin D status include the serum 24,25(OH)2D 

concentration, which is an indicator of vitamin D catabolism, and the measured free 25(OH)D 

concentration. In study 1, we longitudinally assessed a comprehensive suite of vitamin D 

biomarkers including serum 24,25(OH)2D, free 25(OH)D, and vitamin D binding protein (DBP) 

in pregnant adolescents. We found that gestational age and maternal serum 25(OH)D 

concentration interacted to affect the 24,25(OH)2D concentration. Our results suggest that 



 

assessment of 24,25(OH)2D may provide information about the adequacy of the 25(OH)D supply 

during pregnancy. Furthermore, longitudinal increase in DBP was associated with modest 

decrease in measured free 25(OH)D. However, free 25(OH)D provided no advantage over total 

25(OH)D as a predictor of circulating markers of vitamin D and calcium metabolism. 

In study 2, we developed a protocol and analytical methods to assess the serum 

appearance and disappearance of stable isotope-labeled vitamin D3 and labeled 25(OH)D3 after a 

single oral dose of trideuterated vitamin D3. Overall, the serum tracer concentration-time curves 

suggest our technique is a valid new tool for investigating vitamin D metabolism across 

physiologic conditions. Serum DBP concentration was higher in pregnant compared with 

nonpregnant women and was the main predictor of the area under the curve of trideuterated 

25(OH)D3.
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PREFACE 

Vitamin D is a secosteroid required by the human body in order to synthesize a steroid 

hormone. Vitamin D occurs in two forms, vitamin D3 (cholecalciferol), which is produced in the 

skin of vertebrate animals, and vitamin D2 (ergocalciferol), which is produced by select 

invertebrates including fungi (1). Cholecalciferol was originally named vitamin D because it was 

first identified as a dietary constituent, the component of cod liver oil that prevents rachitic bone 

disease (2). The most relevant sources of vitamin D3 in human diets are fatty fish and fortified 

dairy products. A less significant amount of vitamin D occurs in a few other foods including 

liver and eggs (vitamin D3) and mushrooms (vitamin D2) (1). Humans can obtain substantial 

vitamin D from endogenous production of vitamin D3 in the skin upon exposure to UVB light. 

However, some individuals do not receive sufficient sunlight exposure to meet their vitamin D 

requirements (3).  

Once vitamin D enters the circulation it is mainly taken up by the liver where it is 

hydroxylated at the 25-carbon to 25-hydroxyvitamin D (25(OH)D), also known as calcidiol. A 

further hydroxylation at the 1-carbon produces the hormone 1,25-dihydroxyvitamin D 

(1,25(OH)2D), also called calcitriol. This can occur in tissues throughout the body, but 

hydroxylation of 25(OH)D within the kidneys is the predominant source of circulating 

1,25(OH)2D. Most physiologic activity of vitamin D is mediated by 1,25(OH)2D through both 

genomic and non-genomic responses (4). The genomic action of 1,25(OH)2D requires its 

interaction with the vitamin D receptor (VDR) and complexing with the retinoid X receptor. This 

complex then binds to vitamin D response elements (VDRE) in the promoter regions of certain 

genes and, in coordination with coregulators, either stimulates or represses gene transcription (5). 

1,25(OH)2D acts in an endocrine fashion on the bone, small intestine, kidney, and parathyroid 

gland to regulate serum calcium (Ca) and phosphorus (P) homeostasis. A main role of 
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1,25(OH)2D is to increase intestinal Ca absorption when blood Ca++ decreases (Figure 1). Any 

factor that interrupts the vitamin D pathway such as inadequate dietary or sunlight exposure, 

malabsorption, or kidney disease can result in vitamin D deficiency (5, 6).  

 

Figure 1. The vitamin D hormone 1,25-dihydroxyvitamin D (1,25(OH)2D) helps to restore 
calcium (Ca) homeostasis when blood calcium (Ca++) decreases. It works at the level of the gut 
to increase Ca and Phosphorus (P) absorption. It works in concert with parathyroid hormone 
(PTH) to resorb bone and release Ca and P into the circulation, and it may help PTH to reabsorb 
some of the remaining Ca from the renal filtrate.     
 

Cutaneous production of vitamin D3 

Vitamin D3 is produced in the skin from the effects of UVB radiation (290-320 nm) on 7-

dehydrocholesterol (7). Vitamin D3 then passes into the bloodstream and binds to a specific 

carrier protein, the vitamin D binding protein (DBP) (Figure 2) (8). Cutaneous production of 

vitamin D3 depends on the intensity and duration of exposure to UVB irradiation. Factors that 

protect the skin from UVB including melanin, sunscreen, and clothing can limit vitamin D3 

production. For example, at latitudes greater than 35°N, little to no vitamin D3 production occurs 

during the winter months (9). Vitamin D3 produced endogenously cannot reach toxic levels 
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because excess vitamin D3 that accumulates in the dermis is converted into inactive metabolites 

(10).  

 

Figure 2. Whole-body metabolism of vitamin D. Vitamin D is produced in the skin or absorbed 
from dietary intake in the intestine. Vitamin D from the skin enters the circulation and binds to 
the vitamin D binding protein (DBP). About 50% of dietary vitamin D is transferred to DBP 
before clearance by the liver. Median serum half-lives (t1/2) of vitamin D and its metabolites 
25(OH)D, 1,25(OH)2D, and 24,25(OH)2D are shown. During pregnancy, the fetoplacental unit is 
an additional compartment to which vitamin D and/or vitamin D metabolites are transferred. The 
placenta can metabolize vitamin D and may contribute to maternal vitamin D metabolite levels. 
However, the evidence suggests that during pregnancy the liver is still the main source of 
25(OH)D and the kidneys are still the main source of the dihydroxylated metabolites in maternal 
circulation. Dashed lines indicate potential pathways. 
 

Vitamin D absorption and plasma kinetics 

Dietary vitamin D (D2 and D3) is fat-soluble and absorbed mainly in the small intestine 

with other lipids. It is incorporated into chylomicrons and delivered to the venous bloodstream 

through the lymphatic system (11, 12). Researchers have only recently begun to uncover the 

molecular mechanisms of vitamin D digestion and absorption (13). However, there is ample 

evidence that vitamin D absorption efficiency is high, approximately 80% on average, in healthy 

individuals (12). A modest amount of dietary fat (10-30% of kilocalories) has been shown to 
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increase absorption of supplemental vitamin D by a third, yet absorption remains substantial in 

the absence of dietary fat (14, 15). Factors that interfere with fat absorption will inhibit vitamin 

D absorption, and individuals with intestinal malabsorption are at risk of vitamin D deficiency 

(16-18). 

 A significant portion of dietary vitamin D on chylomicrons is rapidly transferred to DBP 

and other protein carriers either in the lymph or upon entering the circulation (Figure 2) (19). 

One early study in rats demonstrated that approximately 50% was transferred to DBP before 

delivery to the liver (20). Vitamin D reaches peak concentration in the plasma 6 to 16 hours 

following an oral dose (15, 17, 21, 22). This is in contrast with cutaneously-produced vitamin D3, 

which peaks later at 24 to 48 hours (19, 23). The serum half-life of vitamin D3 has been shown to 

be between 0.5 to 5 days (Figure 2) (24), and a single dose of vitamin D disappears almost 

entirely from the circulation by 7 days (12, 21, 23, 25).  

 

Vitamin D distribution and metabolism  

Much of the vitamin D on DBP, chylomicron remnants, and other carrier proteins is taken 

up by the liver, where it is hydroxylated to 25(OH)D mainly by the CYP2R1 enzyme (Figure 2) 

(7). Production of 25(OH)D in the liver is not tightly regulated by endocrine feedback 

mechanisms (7). Nevertheless, turnover studies have shown that the rate and efficiency of 

conversion of vitamin D is inversely related to vitamin D status, perhaps due to enzyme 

saturation and hepatic degradation of vitamin D (16, 26). This may explain why the serum 

25(OH)D response to vitamin D intake is not linear and is steepest at lower doses (7). The 

response is also steeper when baseline 25(OH)D concentration is low (27).  

Conversion of vitamin D to 25(OH)D may also depend on the magnitude, frequency, and 

type (dietary or endogenous) of dose. Most acute dosing studies of vitamin D absorption and 
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clearance provided pharmacologic doses, except one study that fed 25 μg (1,000 IU) of 

radiolabeled vitamin D3 and reported comparable tracer concentration-time profiles (17). Further 

research is needed to confirm whether vitamin D3 absorption and clearance are comparable at 

smaller doses across study populations.  

 Current thought is that any vitamin D that enters the system and does not appear as serum 

25(OH)D over the short-term is primarily deposited in the adipose tissue and to a lesser extent in 

skeletal muscle (28). This aspect of vitamin D physiology is not well-understood, however, and 

the proportion of a dose of vitamin D that is unaccounted for is substantial. Radioisotope studies 

have shown that very little labeled vitamin D is retained in the liver and only slightly more is 

excreted, although the fractions recovered in the bile, feces, and urine have varied between 

studies (28, 29). It has been estimated that only 43% of vitamin D is converted to 25(OH)D at 

daily inputs > 2,000 IU (30). It is yet unclear exactly how vitamin D is distributed in the body, 

what determines the efficiency of vitamin D conversion to 25(OH)D, and whether vitamin D 

reserves can be mobilized through feedback regulation. These are major gaps in understanding of 

the vitamin D economy in human physiology.  

 

25-hydroxyvitamin D (25(OH)D) 

 25(OH)D is delivered to target tissues on the vitamin D binding protein. A major target is 

the kidneys, where it has one of two metabolic fates. It is metabolized to either the steroid 

hormone 1,25(OH)2D or the catabolic product 24,25-dihydroxyvitamin D (24,25(OH)2D). The 

renal enzymes that metabolize 25(OH)D to either 1,25(OH)2D or 24,25(OH)2D are tightly 

regulated in a reciprocal fashion by several signals including the hormones parathyroid 

hormone (PTH), fibroblast growth factor 23 (FGF23), and 1,25(OH)2D itself (5, 31). The 

metabolic fate of 25(OH)D in the kidneys is a critical control point in the vitamin D endocrine 
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system that maintains serum Ca and P homeostasis. Regulation of this system is detailed below 

in the sections on 1,25(OH)2D, PTH, and 24,25(OH)2D.  

 

1,25-dihydroxyvitamin D (1,25(OH)2D) 

The steroid hormone 1,25(OH)2D regulates several processes that help maintain serum 

Ca and P homeostasis (Table 1) (1). PTH is a main stimulator of the renal CYP27B1 enzyme 

that catalyzes production of 1,25(OH)2D (32). Serum 1,25(OH)2D has a short half-life (5 to 28 

hours) (24), and levels are normally maintained within a range of approximately 20-70 pg/ml 

(33, 34) through endocrine feedback regulation (5). 1,25(OH)2D induces its own catabolism by 

promoting CYP24A1 expression (5) and may also directly repress CYP27B1 expression (35, 36).  

 

Table 1. Regulation of serum calcium and phosphorus homeostasis by 1,25(OH)2D 

Target Organ 1,25(OH)2D Action 

Bone 
Activates osteoblasts to promote bone remodeling  
 
Triggers maturation of osteoclasts and release of ionized Ca 
and P into the bloodstream 
 

Intestine Increases efficiency of intestinal absorption of Ca and P 

Kidney Promotes reabsorption of Ca in the renal distal tubule 

Parathyroid gland Inhibits synthesis and secretion of parathyroid hormone (PTH) 

 

Parathyroid Hormone (PTH)  

PTH is released from the parathyroid glands in response to a drop in serum ionized Ca. 

PTH acts to restore serum Ca in several ways by: 1) stimulating osteoclasts that resorb bone and 

release Ca (and P) into the circulation, 2) enhancing Ca reabsorption (and P excretion) in the 
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kidney, 3) stimulating renal production of 1,25(OH)2D, which increases intestinal absorption of 

Ca (and P), and 4) downregulating renal CYP24A1 thereby reducing catabolism of 25(OH)D and 

1,25(OH)2D.  Calcitonin, a hormone secreted by the thyroid gland, opposes the effects of PTH. 

Restoration of serum ionized Ca and 1,25(OH)2D both turn off PTH secretion (34).   

Prolonged hypocalcemia or a deficiency in calcitriol leads to secondary 

hyperparathyroidism, which refers to elevated PTH as the result of a condition external to the 

parathyroid itself (34). Eventually, secondary hyperparathyroidism causes unfettered resorption 

of bone. Since adequate 1,25(OH)2D concentration suppresses PTH, several studies have sought 

to define vitamin D adequacy as a level of circulating 25(OH)D at which PTH is maximally 

suppressed (7, 37, 38). The within-study relationship of 25(OH)D and PTH may not be 

generalizable for several reasons. The reference range for circulating PTH concentration is wide, 

10-65 pg/mL, and PTH follows a circadian rhythm (39). PTH concentration and its relationship 

to 25(OH)D concentration vary by age, race-ethnicity, and the Ca content of the diet (40-43). 

Furthermore, there is currently no standardization program for PTH measurement, and PTH 

concentration can vary considerably depending on assay method (44, 45). Most studies relating 

PTH to vitamin D status were conducted in elderly White populations because of the risk of 

osteoporosis in this group. More data are needed from different study populations.  

 

24,25-dihydroxyvitamin D (24,25(OH)2D) 

The main role of the renal CYP24A1 is to prevent excess serum 1,25(OH)2D and 

subsequent hypercalcemia (46). The enzyme CYP24A1 catalyzes the first step in the degradation 

of 25(OH)D to 24,25(OH)2D, and it also degrades 1,25(OH)2D to 1,24,25(OH)3D. Low serum 

ionized calcium and PTH suppress CYP24A1 activity, whereas 1,25(OH)2D stimulates 

transcription of the CYP24A1 gene, which contains a positive VDRE in the promoter region 
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(Figure 3) (31).  Thus, renal production of 24,25(OH)2D is tightly regulated in response to 

calcium demand. 

 

 

Figure 3. Serum calcium homeostasis is maintained in part through reciprocal regulation of the 
renal 1-alpha-hydroxylase (CYP27B1) and 24-hydroxylase (CYP24A1) enzymes, which 
metabolize 25(OH)D to the hormone 1,25(OH)2D or the catabolite 24,25(OH)2D. 
 

Unlike serum 1,25(OH)2D degradation, serum 24,25(OH)2D degradation is unregulated, 

as the metabolite 24,25(OH)2D has no established biological effects. Furthermore, 24,25(OH)2D 

has a serum half-life of 7-10 days (24). Serum 24,25(OH)2D concentration should reflect net 

renal CYP24A1 activity over the course of the past days to weeks, and there is interest in this 

biomarker as an indicator of vitamin D deficiency (46, 47).   

Other signals that reciprocally regulate CYP27B1 and CYP24A1 include serum 

phosphate and FGF23. FGF23 is a phosphate-regulating hormone secreted by bone in response 

to high serum phosphate level. The effects of serum phosphate and FGF23 on the renal 

CYP27B1 and CYP24A1 are opposite to those of calcium and PTH. FGF23 thus reduces 

1,25(OH)2D levels by inhibition of CYP27B1 and stimulation of CYP24A1 (48). There is 

evidence that 1,25(OH)2D as well as PTH stimulate FGF23 production (49-51).  
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Vitamin D Binding Protein (DBP) and free 25(OH)D 

The concentration of DBP in human blood is substantially greater than the combined 

concentrations of vitamin D and its hydroxylated metabolites, and sterol occupancy is estimated 

to be < 5% (52). DBP is produced in the liver and cleared by the kidneys. It has a serum half-life 

of only a few days (52) but is reclaimed in the proximal tubule via the endocytic receptors 

megalin and cubulin (53). Estrogen increases DBP levels (54), which are elevated during human 

pregnancy. In contrast, DBP concentration is significantly low in liver disease patients with 

protein synthetic dysfunction (55). Polymorphisms of the gene encoding DBP (also known as 

Group-specific component) result in three common alleles (Gc1f, Gc1s, and Gc2) that are 

inherited to yield 6 isoforms (52, 56, 57). The Gc1f allele is highly prevalent in populations with 

African ancestry (57-59), and Gc1s predominates in Caucasians (59, 60).  

 Historically, 25(OH)D was regarded as an inert metabolite, in plentiful supply, and 

poised for quick activation to 1,25(OH)2D by the kidneys. For example, the molar ratio of 

circulating 25(OH)D to 1,25(OH)2D is usually 500:1 (61). We now know that 25(OH)D can be 

activated within cells in a variety of extrarenal tissues that contain CYP27B1 (31). The import of 

this extrarenal activation is a matter of intense research. Moreover, outside of the kidneys, most 

tissues of the body do not express the megalin-cubulin receptor system, so the prevailing theory 

is that vitamin D metabolites enter these tissues by diffusion (53). Previous in vitro and animal 

research with vitamin D (and other steroid hormones) has shown that the free steroid fraction 

readily diffuses across cell membranes and is associated with greater biological activity (62). 

Moreover, free testosterone and free thyroid hormones are used in clinical care and are especially 

relevant in conditions with altered levels of hormone binding proteins (63).  

The Division of Nephrology Research Program at Harvard Medical School recently 

published intriguing data to suggest the “bioavailable” fraction of serum 25(OH)D that is either 
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free or bound to albumin (as opposed to the fraction bound to DBP) correlates better with 

markers of Ca and vitamin D metabolism (59, 64, 65). In a large study of Black and White 

Americans, they estimated this bioavailable 25(OH)D using the measured total 25(OH)D and 

DBP concentrations (59). Compared with White Americans, Black Americans had lower total 

25(OH)D but similar bioavailable 25(OH)D due to significantly lower DBP concentration. This 

was an attractive explanation for the well-known paradox that Black Americans remain protected 

from adverse bone health outcomes despite lower total 25(OH)D relative to White Americans. 

This paper generated criticism however, much of which centered around potential 

limitations of the assay used to measure DBP concentration (66-69). Subsequent research 

showed that compared with a polyclonal or mass spectrometry assay, this monoclonal assay 

underestimated DBP concentration in individuals with the Gc1f allele (predominant in Black 

Americans) (70, 71). At present, it appears that the main finding of this paper was actually 

artifactual. Nevertheless, numerous studies to date, including those that used a polyclonal DBP 

assay, showed that a different haplotype, Gc2/Gc2, is associated with slightly but significantly 

lower DBP concentration (60, 71-74). Issues of genotype aside, interest remains in the potential 

clinical utility of free 25(OH)D in conditions in which the DBP concentration is altered such as 

liver disease and pregnancy (75).  

 

Plasma kinetics of 25-hydroxyvitamin D 

Early radiotracer studies that provided oral or intravenous labeled vitamin D3 and 

followed its conversion into 25(OH)D reported the serum half-life of 25(OH)D to be 

approximately 20 days (25, 26). Several other studies have since reported a shorter mean half-life 

between 10 and 16 days (42, 58, 76, 77). One of the longest estimates to date comes from a study 

that injected radioisotope-labeled 25(OH)D3 into Caucasian males (mean age 33 years) and 
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reported a half-life of 27.5 days (78). Some of the variability in estimates may be attributed to 

methodology. It is noteworthy that the longest half-life estimates were derived from studies that 

administered vitamin D or 25(OH)D with radioactive atoms inserted at metabolically active 

positions of the molecule - positions 1, 2, 4, 23, 24, 26, or 27 (25, 26, 29, 78) - which has 

potential to affect how the molecule is metabolized. In contrast, the shortest estimates came from 

studies that administered vitamin D compounds labeled at the inert 6 and 19 positions (58, 77), 

which is common to many labeled vitamin D compounds commercially available today. 

 25(OH)D serum half-life has been shown to vary by several physiologic factors including 

current vitamin D status, disease state, usual intakes of calcium or fiber, and form of vitamin D 

given (D2 or D3). Factors that affect 25(OH)D utilization may influence its half-life. Early work 

by Mawer et al., who gave an intravenous dose of radioactive vitamin D3, found 25(OH)D half-

life was related to vitamin D status (26). 25(OH)D serum half-life was longer in individuals who 

had been treated with large doses of supplemental vitamin D in the recent past and their blood 

had higher vitamin D bioactivity as a result. Other studies showed 25(OH)D expenditure 

increased in tandem with the elevated calcitriol and PTH that occurred in response to a low Ca 

diet (79) or disorders of bone or mineral metabolism (80).  

 Jones and colleagues recently characterized the serum half-life of 25(OH)D using 

trideuterated [6,19,19-2H]-25(OH)D and a novel ultra-high-performance liquid chromatography–

tandem mass spectrometry (UHPLC-MS/MS) method (58). They found that the half-life of 

25(OH)D2 was shorter than that of 25(OH)D3. The half-life was positively related to DBP 

concentration and was shorter in Gc1f homozygotes. These findings are thought to relate to 

binding affinity, which differs between vitamin D2 and D3 and between DBP isoforms. Compared 

to vitamin D3, vitamin D2 and its metabolites have been shown to bind less efficiently to DBP 

(81, 82), which would lead to relatively more vitamin D in the free form and may explain the 
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shorter half-life of D2. Genetic polymorphisms affect the structure of DBP (56), and some in 

vitro data suggest the affinity constants for vitamin D compounds vary between DBP isoforms 

(56, 83, 84), whereas other data contradict this (85, 86). Schwartz et al. recently published in vivo 

data from human subjects showing that the percent free 25(OH)D, based on directly measured 

serum free 25(OH)D concentration, was highest in Gc1f homozygotes (74).  

 

Pregnancy Adaptations in Calcium and Vitamin D Metabolism 

Human pregnancy induces dramatic adaptations in calcium and vitamin D metabolism. 

Figure 4 displays typical changes in indicators of calcium and vitamin D metabolism across 

gestation in pregnant women relative to nonpregnant nonlactating women, as observed in studies 

conducted in the United States. 

 

Calcium absorption  

The placenta moves 25 to 30 mg of Ca to the fetus by term, mostly during the last 

trimester of pregnancy (87). This is facilitated by a doubling of the efficiency of intestinal 

calcium absorption by the 2nd trimester, well before the period of significant fetal skeletal growth 

(Figure 4) (88, 89). In the third trimester of pregnancy, Ca absorption may further increase along 

with an increase in bone turnover. Animal studies and cases of hypoparathyroidism in pregnancy 

indicate there are redundant hormonal mechanisms outside of the vitamin D system that 

upregulate Ca absorption during pregnancy (90-93). Potential mediators include reproductive 

hormones that increase during pregnancy and also play a role in Ca and bone metabolism. These 

include estrogen, prolactin, placental lactogen, and parathyroid hormone related peptide (PTHrP) 

(94). 
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Figure 4. Changes in indicators of vitamin D and calcium metabolism across gestation observed 
in U.S. women. The y-axis represents the reference level in a nonpregnant nonlactating woman 
and double (2X) and triple (3X) the reference level.  
 

Vitamin D metabolites 

Most studies report serum total 25(OH)D remains stable throughout pregnancy in women 

consuming either a typical prenatal or no prenatal supplement (88, 95-97). Given that 25(OH)D 

concentration is a function of vitamin D input, it is quite difficult to determine the trajectory of 

25(OH)D concentration as a function of gestational age. One small study of nonpregnant and 3rd 

trimester pregnant women on controlled dietary intakes found that the 25(OH)D concentration 

was higher in the pregnant women (98).  

Serum 1,25(OH)2D increases to a supraphysiologic level (well above the nonpregnant 

reference range) by the second trimester and remains elevated throughout the rest of pregnancy 

(95, 97). Hollis et al. showed that supplementation with 2000 or 4000 IU/d of vitamin D3 during 

pregnancy can further increase 1,25(OH)2D (99). In a study of adolescents with high prevalence 

of low serum 25(OH)D concentration, 1,25(OH)2D, although elevated above nonpregnant values, 

actually decreased between 26 wk gestation and term delivery (96). As mentioned previously, 
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mice lacking the vitamin D receptor still experience a significant pregnancy-related increase in 

calcium absorption (91, 93, 100). However, maternal calcium absorption is maximized when the 

vitamin D system is intact (100).   

Compared with the other main vitamin D metabolites, there are fewer data on serum 

24,25(OH)2D concentration during pregnancy. A 2010 review paper combined available data by 

calculating a grand mean (the mean of study means) and concluded that the ratio of 24,25(OH)2D 

to 25(OH)D is not different in pregnant compared with nonpregnant women (95). However, this 

meta-analytic approach has weaknesses, and more data have since become available due to the 

renewed interest in this biomarker. The recent studies comparing serum 24,25(OH)2D 

concentration in pregnant and nonpregnant women were limited to late gestation and found that 

24,25(OH)2D is relatively low in the pregnant versus nonpregnant state (98, 101).  

 

Parathyroid Hormone 

 The trajectory of PTH across gestation may depend on the habitual Ca intake and vitamin 

D status of the study population. Many studies of women in high-income countries have shown 

that PTH is in the low part of the nonpregnant reference range in early pregnancy and may 

increase slightly as pregnancy progresses (88, 102, 103). In contrast, Scholl et al. measured PTH, 

25(OH)D, and Ca intake in a group of 1,116 low-income pregnant adults and adolescents in the 

U.S. (104). Eleven percent of these subjects had elevated PTH (> 62 pg/mL), and 34% had a 

serum 25(OH)D < 20 ng/mL at entry into prenatal care (14 weeks of gestation), the only time 

point that serum was obtained. Elevated PTH was more prevalent in the women with low serum 

25(OH)D, even when Ca intake met or exceeded the recommended dietary allowance. Elevated 

PTH has also been documented in pregnant subjects with relatively higher mean Ca intakes. In a 

population of 168 pregnant teens (66% African American; 24% Hispanic), PTH increased 
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between mid-gestation and delivery (96). One-quarter of these subjects had elevated PTH (≥ 60 

pg/mL) at delivery while ingesting a mean Ca intake of 900 mg/d. Approximately 50% of 

subjects had a 25(OH)D < 20 ng/mL at delivery. In a recent large maternal vitamin D 

supplementation trial with mean Ca intakes ranging from 994 to 1074 mg/d across 

supplementation groups, there was a trend for increasing PTH across gestation in all groups (99). 

In the African American participants, higher-dose supplementation seemed to diminish the late-

pregnancy PTH response. However, mean PTH was in the low part of the laboratory’s reference 

range (1.3 to 5.4 pmol/L) in all strata (99).  

Interestingly, there is evidence from PTH knockout mice that PTH is not required to 

increase serum 1,25(OH)2D concentration during pregnancy, which suggests there is a redundant 

hormonal mechanism that upregulates 1,25(OH)2D during pregnancy (105). However, maternal 

1,25(OH)2D concentration was maximized when PTH was intact, and PTH-null dams were 

hypocalcemic and hyperphosphatemic both pre-pregnancy and throughout pregnancy (105). 

 

Vitamin D binding protein and free 25(OH)D 

 The few data on DBP in human pregnancy show it begins to increase at approximately 10 

weeks gestation (88, 106), probably due to the influence of rising estrogen. Since the free 

1,25(OH)2D concentration is thought to be tightly regulated, the increase in 1,25(OH)2D during 

pregnancy, at least initially, may be secondary to the increase in DBP (107). Regarding free 

25(OH)D, previous longitudinal studies of pregnancy have indirectly estimated free 25(OH)D 

based on measured DBP and total 25(OH)D concentrations. These studies inevitably found that 

free 25(OH)D declined across gestation as DBP increased (101, 106). However, Schwartz et al. 

recently directly measured free 25(OH)D in a cross-sectional study of pregnant (n=20) and 
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nonpregnant women (108). Despite increased DBP concentration during pregnancy, the percent 

free 25(OH)D did not differ between the reproductive groups.  

 

Assessment of vitamin D status 

 Vitamin D status is assessed clinically by measuring the concentration of 25(OH)D in 

serum. The serum 25(OH)D concentration indicates exposure to vitamin D from dietary intake or 

cutaneous production but has less utility as an indicator of vitamin D biological effects (7). What 

constitutes a healthy vitamin D status is defined according to the relationship between serum 

25(OH)D concentration and functional and clinical indicators of bone health. These include 

calcium absorption, bone mineral density, and the vitamin D deficiency disorders of inadequate 

skeletal mineralization osteomalacia and rickets (7). Clinicians also define optimal 25(OH)D 

status according to the relationship of 25(OH)D with PTH and risk for fractures and related 

outcomes (109). Pregnancy-specific 25(OH)D targets have not been defined (110, 111).  

 

Rationale and significance 

Vitamin D is integral to skeletal and bone mineral homeostasis, both of which are 

modified by pregnancy to ensure adequate supply of bone minerals to the fetus. Given the 

widespread expression of the VDR in the human body, vitamin D may also have important 

extraskeletal effects during pregnancy and gestation that are yet to be discovered. Little is known 

about the mechanisms that orchestrate pregnancy adaptations in vitamin D metabolism and the 

health implications of vitamin D nutrition during pregnancy.  

 Nationally representative data indicate a third of pregnant women are at risk of vitamin D 

inadequacy defined as serum 25(OH)D < 20 ng/mL (112), and the majority of U.S. females of 

reproductive age consume inadequate intakes of vitamin D (113). Low maternal 25(OH)D status 
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has been associated with adverse perinatal and infant outcomes, but pregnant females are not 

routinely screened for vitamin D deficiency (114). How to measure and interpret vitamin D 

status is a matter of controversy, and it is particularly challenging in pregnant females given the 

limited understanding of the unique metabolism of this nutrient during pregnancy. It is clear that 

human pregnancy categorically shifts indicators of vitamin D function including calcium 

absorption and the serum concentrations of 1,25(OH)2D, PTH, and possibly 24,25(OH)2D. 

Additional research on vitamin D metabolism in pregnancy may inform interpretation of 

biomarkers of vitamin D status during this life stage. Such work is necessary to improve 

assessment and evaluation of vitamin D status for biomedical research and clinical care purposes.  
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Research goal and specific aims 

The goal of this dissertation was to improve evaluation of vitamin D biomarkers and 

understanding of vitamin D metabolism during pregnancy. Two approaches were used: 1) a 

study of candidate biomarkers in pregnant adolescents and 2) a study of vitamin D3 kinetics in 

nonpregnant and pregnant women. The specific aims were as follows: 

 

Specific Aim 1.  

In a cohort of pregnant adolescents, 

a. Identify predictors of change in maternal serum 25(OH)D concentration across pregnancy  

b. Test if gestational age and 25(OH)D concentration interact to affect the PTH, 

1,25(OH)2D, or 24,25(OH)2D concentration  

Specific Aim 2.  

In the same cohort of pregnant adolescents,  

a. Assess concurrent longitudinal changes in serum DBP concentration and the measured 

free 25(OH)D concentration 

b. Examine associations of free and total 25(OH)D with circulating markers of vitamin D 

and calcium metabolism 

Specific Aim 3.  

a. Develop and pilot a method to assess the serum appearance and disappearance of stable 

isotope-labeled vitamin D3 and labeled 25(OH)D3 after a single oral dose of trideuterated 

vitamin D3. 

b. Describe the serum kinetic profiles of trideuterated vitamin D3 and trideuterated 

25(OH)D3 in nonpregnant and pregnant women 
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CHAPTER 1 

Gestational age and maternal serum 25-hydroxyvitamin D concentration interact to affect 

the 24,25-dihydroxyvitamin D concentration in pregnant adolescents1,2 

 

 

 

 

 

 

 

 

 

 

1 This is a pre-copyedited, author-produced version of an article accepted for publication in The 

Journal of Nutrition following peer review. The version of record Best CM, Pressman EK, 
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6, 1 June 2018, Pages 868–875 is available online at: https://doi.org/10.1093/jn/nxy043. 

2 This research was funded by the United States Department of Agriculture award 2012-67017-
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ABSTRACT 

Background. Interpretation of serum vitamin D biomarkers across pregnancy is complex due to 

limited understanding of pregnancy adaptations in vitamin D metabolism. During pregnancy, 

both gestational age and serum 25-hydroxyvitamin D (25(OH)D) concentration may influence 

the concentrations of 1,25-dihydroxyvitamin D (1,25(OH)2D), 24,25-dihydroxyvitamin D 

(24,25(OH)2D), and parathyroid hormone (PTH). 

Objective. We aimed to identify predictors of change in serum 25(OH)D across pregnancy in 

adolescents and to assess the contribution made by cholecalciferol (vitamin D3) supplementation. 

We sought to determine whether gestational age and 25(OH)D concentration interacted to affect 

serum 1,25(OH)2D, 24,25(OH)2D, or PTH.  

Methods. Pregnant adolescents (n=78, 59% African American, 17 ± 1 y of age) living in 

Rochester, NY (latitude 43°N) were supplemented with 200 IU or 2,000 IU of D3/d and allowed 

to continue their daily prenatal supplement that contained 400 IU of D3. Serum was collected at 

study entry (18 ± 5 wk gestation), halfway through study participation, and at delivery (40 ± 2 

wk). Serum concentrations of the biochemical markers were modeled with linear mixed-effects 

regression models.  

Results. Vitamin D3 supplement intake and season of delivery determined change in 25(OH)D 

across pregnancy. Fall-winter delivery was associated with a decline in 25(OH)D unless D3 

supplement intake was > 872 IU/d. The interaction of gestational age and 25(OH)D affected 

24,25(OH)2D concentration. For a given 25(OH)D concentration, model-predicted serum 

24,25(OH)2D increased across gestation unless 25(OH)D was < 13 ng/mL. Below this threshold, 

24,25(OH)2D was predicted to decline over time. Mean serum 1,25(OH)2D was elevated (> 100 

pg/mL) throughout the study. 
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Conclusions. Our results suggest that when maternal serum 25(OH)D was low, its catabolism 

into 24,25(OH)2D decreased or remained stable as pregnancy progressed in order to maintain 

persistently elevated serum 1,25(OH)2D. Furthermore, in adolescents living at latitude 43°N, 

standard prenatal supplementation failed to prevent seasonal decline in 25(OH)D across 

pregnancy. This study was registered at ClinicalTrials.gov as NCT01815047. 
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INTRODUCTION 

 Pregnancy involves adaptations in maternal vitamin D metabolism and calcium 

homeostasis. Yet, it is unclear if these changes are sufficient to satisfy physiologic demands 

when the availability of vitamin D or both vitamin D and calcium is limited (1). Stress to the 

maternal vitamin D economy may be more evident in pregnant adolescents. Vitamin D is 

important for skeletal health, and skeletal mass increases throughout adolescence (2). Moreover, 

many U.S. adolescent girls have low serum 25-hydroxyvitamin D (25(OH)D) (3), and most have 

inadequate intakes of vitamin D and calcium (4).  

Pregnancy adaptations in vitamin D metabolism are incompletely understood. Most 

studies report that serum 25(OH)D concentration remains stable across pregnancy while plasma 

volume expands and serum vitamin D binding protein concentration increases (5). In early 

pregnancy, the concentration of the hormone 1,25-dihydroxyvitamin D (1,25(OH)2D) rises 100-

150% (5) and efficiency of intestinal calcium absorption doubles (6). These increases are 

sustained or augmented late in pregnancy when fetal calcium accrual peaks (7). Current thought 

is that 1,25(OH)2D may contribute to, but is not required for, gestational increase in calcium 

absorption (8-10). Furthermore, in the nonpregnant state, renal activation of 25(OH)D into 

1,25(OH)2D is stimulated primarily by parathyroid hormone (PTH). However, PTH is often 

found to be low in pregnancy, and another factor may drive the persistent elevation of 

1,25(OH)2D during pregnancy (8). Although PTH is frequently used as a physiologic indicator of 

vitamin D status in nonpregnant individuals, PTH as an indicator of the vitamin D economy 

during pregnancy has not been confirmed (11).  

Serum 25(OH)D is used to assess vitamin D status, but optimal concentrations for health 

in the general population remain controversial. During pregnancy, interpretation of serum 

25(OH)D is further complicated by profound changes to the calcium and vitamin D economies 
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(5, 12). Improved assays have renewed interest in assessment of serum 24,25-dihydroxyvitamin 

D (24,25(OH)2D), the primary product of 25(OH)D catabolism. Recent data from nonpregnant 

populations suggest that serum 24,25(OH)2D and the ratio of 24,25(OH)2D to 25(OH)D are 

useful indicators of vitamin D deficiency (13), but the utility of these indicators during 

pregnancy has not been addressed. The few recent data on serum 24,25(OH)2D during human 

pregnancy are limited to late gestation and suggest that it may be lower in the pregnant state (14, 

15). This is plausible since hormones and other signals, including PTH, reciprocally regulate 

production of 1,25(OH)2D and 24,25(OH)2D (i.e. vitamin D activation and inactivation) in 

support of calcium/phosphorus homeostasis (16). Prior studies have assessed 25(OH)D and 

1,25(OH)2D across pregnancy, but there is little information on longitudinal change in 

24,25(OH)2D during pregnancy.  

No study to date has estimated the independent effects of gestational age on calcitropic 

hormones and 24,25(OH)2D and assessed whether maternal serum 25(OH)D status modifies 

these possible effects. To advance interpretation of serum vitamin D biomarkers during 

pregnancy, we longitudinally assessed serum 24,25(OH)2D, 25(OH)D, 1,25(OH)2D, and PTH in 

pregnant adolescents. We sought to identify predictors of longitudinal change in maternal serum 

25(OH)D concentration and to determine if gestational age and 25(OH)D concentration interact 

to affect the 1,25(OH)2D, 24,25(OH)2D, or PTH concentration during pregnancy in adolescents. 

 

 

 

 

 

 



 

 

40 

METHODS  

Study participants 

Participants were recruited from the population receiving care at the Rochester 

Adolescent Maternity Program, a program that provides specialized prenatal care for pregnant 

adolescents in Rochester, NY (latitude 43°N). Adolescents were eligible to enroll if 13 to 18 y of 

age, carrying a singleton pregnancy, and between 12 and 29 wk of gestation at enrollment. 

Exclusion criteria included use of tobacco, steroids, or medications that influence vitamin D or 

calcium metabolism as well as HIV infection, malabsorption disease, diabetes, history of an 

eating disorder, history of drug abuse, or medical history of elevated blood lead. The institutional 

review boards at the University of Rochester and Cornell University approved the study, which 

complied with the Declaration of Helsinki - Ethical Principles for Medical Research Involving 

Human Subjects. A study coordinator obtained written informed consent, and assent with 

parental consent was obtained from the one participant who was < 15 years of age at enrollment.   

 

Study outcomes 

The original data analysis plan was to assess change in the serum markers as a function of 

assignment to cholecalciferol (D3) supplement group. However, because of low adherence to the 

intervention, we had to treat the study as an observational cohort study. We identified predictors 

of the change in 25(OH)D across pregnancy and tested whether gestational age and maternal 

25(OH)D status interacted to affect serum 1,25(OH)2D, 24,25(OH)2D, or PTH concentration.  

 

Study procedures 

A study coordinator allocated participants by alternate assignment to two parallel groups 

that received either 200 IU or 2,000 IU of D3 daily in addition to their prescribed prenatal 
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supplement containing 400 IU of D3. We expected that 5 months of supplementation with 2,400 

IU of D3/d would increase baseline serum 25(OH)D by approximately 17 ng/mL (17). In our 

previous study of adolescents recruited from the same prenatal clinic, mean serum 25(OH)D was 

22 ng/mL throughout pregnancy (18). The 2,000 IU/d treatment was chosen to provide a dose 

well below the tolerable upper intake level (9) that could substantially shift the 25(OH)D 

distribution in one study arm. The 200 IU supplement was used to provide some potential benefit 

to participants in the other arm and to bring their total supplemental D3 intake to 600 IU/d (the 

recommended dietary allowance).  

At enrollment, participants received a 6-week supply of D3 supplements (Tishcon 

Corporation, Westbury, NY, USA). Participants, providers, and study personnel were blinded to 

supplement group identity. At each monthly prenatal visit, we supplied a new supplement bottle 

and collected the previous bottle along with any remaining pills, which were counted. To 

encourage participation, study personnel sent weekly text messages and provided educational 

handouts at prenatal visits. Participants were remunerated for each bottle that was returned 

regardless of adherence. We calculated the total number of pills consumed by each participant 

based on the number of bottles and pills returned. If a bottle was not returned, then we 

determined that the participant consumed zero pills from that bottle. We calculated the 

cumulative intake of D3 from the intervention by multiplying the number of pills consumed by 

either 200 or 2,000 IU. To aid interpretation, cumulative intake was rescaled to an estimate of 

daily intake by dividing it by the overall mean number of days in the study. Intervention 

adherence was defined as the number of pills consumed divided by the number of pills 

dispensed. The D3 content of a randomly selected supplement from each study arm was assessed 

annually by high performance liquid chromatography at an external lab (Heartland Laboratories, 

Ames, IA, USA).  
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Structured questionnaires were used to record demographic information, health history, 

and use of prenatal and other dietary supplements. Dietary intake was assessed by a 24-hour 

recall at entry and the second study visit. Study assistants entered 24-hour recalls into the 

Nutrition Data System for Research 2014 (University of Minnesota, Minneapolis, MN, USA) in 

duplicate. Usual nutrient intake was defined as the average from two 24-hour recalls, and the 

prevalence of inadequate intake was the proportion of participants whose usual nutrient intake 

was less than the estimated average requirement (19).  

A non-fasted blood sample was collected at participant entry (any time between 12 and 

29 weeks gestation), approximately halfway through study participation, and at entrance to the 

hospital for delivery. This flexible visit schedule was used to maximize recruitment and retention 

and resulted in what is known as longitudinal data with irregularly spaced measurement 

occasions. Season of blood collection was defined as fall-winter (November-March) or spring-

summer (April-October) based on monthly UV index in Rochester and potential for endogenous 

D3 production in the northeastern U.S. (20). Serum was isolated and stored at -80°C until 

analyses.  

 

Biochemical analyses 

Vitamin D metabolites (25(OH)D2, 25(OH)D3, 1,25(OH)2D2, 1,25(OH)2D3, and 

24,25(OH)2D3) in pristine serum were analyzed simultaneously by liquid chromatography with 

tandem mass spectrometry at the Department of Laboratory Medicine at The University of 

Washington (Seattle, WA, USA) following published methods (21). Most samples (n=202) were 

analyzed in a single batch, and 4 were analyzed in a second batch. Inter-assay CVs were between 

3.5% and 10.4%. Serum 25(OH)D and 24,25(OH)2D3 were calibrated to National Institute of 

Standards and Technology standard reference material 972a. No standard reference material 
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exists for 1,25(OH)2D. Serum PTH (intact PTH 1-84) was measured by ELISA (ALPCO, Salem, 

NH, USA), and kit controls and an in-house control were run in duplicate with each ELISA. The 

intra- and inter-assay CVs were 5.7% and 8.2%, respectively. Serum total calcium and 

phosphorus at entry and the second study visit were measured at a Clinical Laboratory 

Improvement Amendments (CLIA)-certified laboratory at the University of Rochester Medical 

Center and evaluated in relation to reference ranges (8.1-10.4 mg/dL for calcium and 2.7-5.5 

mg/dL for phosphorus) (22). Maternal anthropometry and pregnancy and birth outcomes were 

abstracted from electronic health records. 

 

Statistical Analyses 

Analyses were conducted with SAS software 9.4 and JMP Pro 12 (SAS Institute Inc., 

Cary, NC, USA). Two-sided alpha level of 0.05 denoted statistical significance. Participant 

characteristics at entry and delivery were compared by supplement group, and characteristics at 

entry were compared by study completion status. Continuous variables were compared with 2-

sample t-test when normally distributed or with Wilcoxon rank sum test when skewed. 

Categorical variables were compared with chi-square test or, when any category had expected 

counts < 5, with Fisher’s exact test. The effect of supplement group assignment on Δ-25(OH)D 

(serum 25(OH)D at delivery minus at entry) was tested with one-way ANOVA, and the study 

blind was maintained until this treatment effect had been determined. 

The serum 25(OH)D concentration across pregnancy was modeled with a linear mixed-

effects regression model that included a continuous fixed effect of gestational age in weeks, a 

random subject intercept, a random slope of gestational age, and a random covariance parameter 

between intercept and slope. Potential determinants of longitudinal change in 25(OH)D 

including: intake of vitamin D3 from the intervention, adherence to the prenatal supplement, 
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intakes of calcium and vitamin D from foods and beverages, baseline serum 25(OH)D, season of 

delivery, race, pre-pregnancy BMI, pre-pregnancy obesity, and gestational weight gain, were 

tested independently by including each as a fixed effect that interacted with the fixed effect of 

gestational age. When the result had P < 0.2, these variables were tested simultaneously and 

eliminated by backward selection until significant predictors remained. If not yet in the model, 

known determinants of 25(OH)D concentration including: intakes of calcium and vitamin D 

from foods and beverages, season of delivery, race, pre-pregnancy BMI, and pre-pregnancy 

obesity, were then tested as main effects, eliminated by backward selection, and retained if P < 

0.05. Finally, triple-interactions were tested.  

We wanted to estimate the effects of gestational age on 1,25(OH)2D, 24,25(OH)2D, and 

PTH and to assess whether these potential effects depend on the supply of 25(OH)D. To do this, 

we constructed a linear mixed-effects regression model for each of these biochemical outcomes 

that included the aforementioned random effects and continuous fixed effects for gestational age, 

25(OH)D, and their interaction term. The fixed effect of gestational age is the independent 

association of gestational age with the outcome (e.g. PTH). The fixed effect of 25(OH)D is the 

independent association of 25(OH)D with the outcome. The interaction term tests whether the 

association of gestational age with the outcome depended on 25(OH)D concentration. When 

necessary, the outcome was loge transformed to meet the assumptions of the model. 

To assess relationships between all biochemical markers we used Pearson’s correlation 

coefficients, which estimated the linear associations between markers at each stage of pregnancy. 

Because the first and second study visits were irregularly spaced, we binned the biochemical data 

from the first and second study visits according to trimester of pregnancy. If any participant 

contributed to the same bin more than once, only one measurement occasion (earliest gestational 

age) was used. The stages of pregnancy were defined as trimester 1, trimester 2, trimester 3 (not 
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delivery), and delivery, since delivery can be considered a physiologically distinct stage of 

pregnancy, and all delivery visits occurred within a very narrow window of gestation.  

 

Sensitivity analyses 

 Results for PTH, 1,25(OH)2D, and 24,25(OH)2D at delivery were excluded from 

statistical analyses if blood was collected after emergency delivery (n=4), as previous studies 

showed that serum PTH, 1,25(OH)2D, and 24,25(OH)2D can change substantially in the early 

postpartum period (23-25). We checked whether excluding these observations influenced results. 

In this study, serum 25(OH)D refers to total 25(OH)D (both 25(OH)D3 and 25(OH)D2), and 

serum 1,25(OH)2D refers to total 1,25(OH)2D. In contrast, serum 24,25(OH)2D refers to only 

24,25(OH)2D3 because 24,25(OH)2D2 cannot be measured by the assay and is not in the National 

Institute of Standards and Technology standard reference material. For both 25(OH)D and 

1,25(OH)2D, the D3 form predominated in all samples. At entry, 25(OH)D2 comprised (median) 

0.8% (IQR: 0.5%, 1.4%) of total 25(OH)D. At delivery, this proportion was 1.1% (IQR: 0.6%, 

1.5%). However, because 24,25(OH)2D2 concentrations were unavailable, we repeated the 

regression model of 24,25(OH)2D using 25(OH)D3 in place of total 25(OH)D. Finally, each 

regression model was repeated using only participants with complete data.  
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RESULTS 

Participant flow and characteristics  

Participants were recruited between December 2012 and August 2015. Supplemental 

Figure 1.1 documents the flow of the 150 adolescents assessed for eligibility. Of these, 78 were 

allocated to a supplement group and received the intervention. Mean gestational age at entry was 

18 ± (SD) 5 wk, and 75% of teens entered the study at ≤ 20 wk of gestation. Mean pre-pregnancy 

body-mass-index (BMI) was 25 kg/m2. The prevalence of pre-pregnancy overweight was 40% 

and of pre-pregnancy obesity was 18%. Most of this cohort (59%) identified as African 

American or multiracial including African American. The remaining participants were classified 

as White/Other race because they identified as White (n=16), Other (n=14), American Indian 

(n=1), or multiracial (n=1). Twenty-two participants were of Hispanic ethnicity. 

Serum 25(OH)D concentration at study entry ranged from 8.6 to 45.1 ng/mL. No 

statistically significant differences existed between the groups at entry (Table 1.1). There were 

notable (although statistically nonsignificant) differences in racial composition and, perhaps as a 

result, the distribution of serum 25(OH)D. Specifically, in the 200 IU/d group, a larger 

proportion of participants were African American (P = 0.17) and mean serum 25(OH)D was 

lower (P = 0.06). African American teens had a significantly greater prevalence (50%) of serum 

25(OH)D < 20 ng/mL at entry compared with White/Other teens (13%). Measures of dietary 

intake did not differ significantly by supplement group. Mean vitamin D intake from foods and 

beverages was 216 IU/d, and the prevalence of inadequate intake (< 400 IU/d) was 93%. For 

calcium, the breakdown was 938 mg/d and 76% (< 1,100 mg/d).  

 Serum was collected from all 78 participants at study entry, 65 at a second study visit, 

and 62 at delivery. The study flow diagram (Supplemental Figure 1.1) includes the reasons that 

blood was not collected at delivery. The proportion of teens that completed the delivery visit did 
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not differ between supplement groups. Those who did not complete the delivery visit were more 

likely to be African American (P = 0.04), and their mean 25(OH)D at entry was lower (P = 0.02) 

than that of participants who completed the study. Mean gestational age at delivery was 39.6 ± 

1.6 wk, and this did not differ between groups. The supplement groups were not different at 

delivery with respect to relevant characteristics shown in Table 1.1, except the 2,000 IU/d group 

gained statistically significantly more weight over pregnancy.  
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Table 1.1. Characteristics of pregnant adolescents at study entry and delivery1  

 200 IU/d 2,000 IU/d 

Maternal age, y 17.5 ± 1.1 [39] 

 

17.3 ± 1.2 [39] 

 Gestational age at entry, wk 17.0 ± 4.3 [39] 

 

18.4 ± 4.6 [39] 

 Pre-pregnancy body-mass-index, kg/m2 24.1 ± 4.9 [39] 25.8 ± 6.8 [37] 

African American race, n (%) 26 (66.7) 

 

20 (51.3) 

 Hispanic ethnicity, n (%) 11 (28.2) 11 (29.0) 

Serum 25(OH)D at entry, ng/mL 23.1 ± 9.1 [39] 26.9 ± 9.1 [39] 

< 12 ng/mL, n (%) 4 (10.3) 

 

1 (2.6) 

 12 to < 20 ng/mL, n (%) 13 (33.3) 

 

9 (23.1) 

20 to < 30 ng/mL, n (%) 14 (35.9) 

 

14 (35.9) 

 ≥ 30 ng/mL, n (%) 8 (20.5) 

 

15 (38.5) 

 Serum 25(OH)D at delivery, ng/mL 23.5 ± 10.2 [30] 30.5 ± 14.1 [32]* 

< 12 ng/mL, n (%) 2 (6.7) 5 (15.6) 

12 to < 20 ng/mL, n (%) 11 (36.7) 3 (9.4)* 

 20 to < 30 ng/mL, n (%) 10 (33.3) 7 (21.9) 

30 to ≤ 50 ng/mL, n (%) 6 (20.0) 15 (46.9)* 

 > 50 ng/mL, n (%) 1 (3.3) 2 (6.3) 

Number of vitamin D supplements consumed2 

 

65 (27,107) [30] 75 (0,117) [32] 

Fall-Winter delivery, n (%) 16 (53.3) 14 (43.8) 

Gestational weight gain, kg 13.6 ± 4.5 [30] 17.2 ± 6.4 [32]* 

Baby birth weight, grams 

 

3,233 ± 368 [29] 

 

3,351 ± 486 [31] 

 Low birth weight (< 2500 grams), n (%) 

 

None 2 (6.5) 

Preeclampsia/pregnancy-induced hypertension, n (%) 4 (13.3) 2 (6.3) 
1 Values are mean ± standard deviation [n] unless otherwise indicated. *Different from 200 IU/d, P < 0.05. IU, 
International Units; 25(OH)D, 25-hydroxyvitamin D. 
2 Median (25th,75th percentiles) [n]. 
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Intervention adherence and treatment effect 

The higher-dose and lower-dose supplements contained (mean ± SD) 2,345 ± 146 and 

225 ± 13 IU of D3, respectively. In the 62 participants followed to delivery, mean number of 

days in the study was 153 ± 35 days, with no statistically significant difference by supplement 

group. Intervention adherence was low in both groups. Median adherence was 44% (IQR: 0%, 

63%) in the 2,000 IU/d group and 37% (IQR: 15%, 58%) in the 200 IU/d group. Most teens 

(66%) reported daily adherence to the prescribed prenatal supplement, and prenatal supplement 

adherence was positively associated with intervention adherence.  

Between entry and delivery, 25(OH)D increased on average 2.3 ± (SD) 11.4 ng/mL in the 

2,000 IU/d group and decreased 0.7 ± 8.0 ng/mL in the 200 IU/d group, a treatment effect of 3.0 

(95% CI: -2.1, 8.0; P = 0.2; n=62). However, when we considered intervention adherence or the 

number of pills consumed, we did detect a difference in the Δ-25(OH)D between groups. In the 

2,000 IU/d group, the number of pills consumed was statistically significantly associated with Δ-

25(OH)D (+ 0.08 ng/mL per pill consumed; P = 0.02). There was no such association in the 200 

IU/d group (P = 0.44). All serum calcium and phosphorus values were within normative ranges.  

 

Linear mixed-effects models of vitamin D metabolites and PTH across pregnancy 

Because of low intervention adherence, the remaining results are from observational data 

analyses in which intake of D3 from the intervention refers to intake based on pill counts. The 

observed concentrations of 25(OH)D, 1,25(OH)2D, 24,25(OH)2D, and PTH across gestation are 

shown in Supplemental Figure 1.2. Results of the mixed model of serum 25(OH)D are reported 

in Table 1.2 and illustrated in Figure 1.1. The predictors of change in 25(OH)D across 

pregnancy are the variables that statistically significantly interacted with gestational age. These 

included intake of D3 from the intervention and season of delivery. For teens who delivered in 
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fall-winter, model-predicted 25(OH)D declined across pregnancy unless D3 supplement intake 

was ≥ 873 IU/d. Table 1.2 shows the model coefficients and equation used to calculate this 

value. In contrast, serum 25(OH)D was predicted to increase across pregnancy in spring-summer 

deliveries, and the magnitude of the increase depended on D3 supplement intake. African 

American race was associated with having a 6.2 ng/mL lower 25(OH)D throughout pregnancy, 

but change in 25(OH)D over time did not differ by race.  
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Table 1.2. Predictors of serum 25-hydroxyvitamin D across pregnancy in adolescents1 

Fixed effects β ± SE P value 

Intercept 23.1 ± 1.7 <0.0001 

Gestational age2, wk -0.169 ± 0.081 0.0423 

Season of delivery (Spring-Summer)3 -0.396 ± 2.1 0.85 

Gestational age × season of delivery 0.332 ± 0.11 0.0027 

Intake of intervention vitamin D4, 1,000 IU/d 5.69 ± 1.6 0.0007 

Gestational age × intake of intervention vitamin D5 0.222 ± 0.074 0.0043 

Maternal race (White/Other)6 6.19 ± 2.0 0.0038 

1 Values are fixed effects estimates from a random coefficients model of serum 25-hydroxyvitamin D concentration 
conducted using SAS PROC MIXED with an unstructured covariance matrix, n=67 subjects, 194 observations. 
IU/d, International Units per day.  
2 Gestational age is centered at mean 28.7 wk. 
3 Effect of spring-summer (April-October) delivery compared with the reference category, fall-winter (November-
March) delivery. 
4 Daily intake of vitamin D3 from the supplementation intervention is centered at the median 0.111 (i.e. 111 IU). 
5 The gestational age coefficient -0.1692 is the slope of gestational age when season is fall-winter and intake of 
intervention vitamin D is 0.111 (1,000 IU/d). The slope of gestational age in fall-winter becomes non-negative (i.e. 
is zero) when intake of intervention vitamin D is 0.873 (1,000 IU/d) or 873 IU/d: 0 = 0.111 - (-0.1692 ÷ 0.2220) - X. 
Solve for X = 0.873 or 873 IU/d.  
6 Effect of White/Other race compared with reference category, African American race. 
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Figure 1.1. Model-predicted serum 25-hydroxyvitamin D (25(OH)D) concentration across 
gestation by season of delivery and daily intake of intervention D3 in pregnant adolescents. 
Values are marginal predictions for 25(OH)D concentration across gestation when vitamin D3 
supplement intake was set at 0, 500, or 1,000 IU/d. Data were analyzed with a regression 
coefficients model with an unstructured covariance matrix (Table 1.2). IU, International Units.  
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Loge serum PTH was inversely associated with 25(OH)D (P = 0.01) and positively 

associated with gestational age (P < 0.01). Holding 25(OH)D constant, PTH increased an 

estimated 4.4 pg/mL between 18 and 40 weeks gestation. This increase did not depend on 

25(OH)D concentration, i.e. there was no interaction of gestational age and 25(OH)D (P-

interaction=0.46). Loge serum 1,25(OH)2D was weakly positively associated with 25(OH)D 

(P<0.001), but the gestational age and interaction terms were not significant, meaning neither 

1,25(OH)2D nor its association with 25(OH)D changed linearly over gestation. After removing 

the nonsignificant interaction term from each of these models, we tested if maternal race helped 

to predict PTH or 1,25(OH)2D by including it as a main effect alone or in interaction terms 

(retained if P < 0.05). Race improved the model of PTH but not 1,25(OH)2D. The increase in 

PTH across pregnancy depended on race and was greater in African Americans (P = 0.048) 

(Supplemental Table 1.1).  

 Gestational age and serum 25(OH)D interacted to affect 24,25(OH)2D (P-interaction < 

0.0001). For a given 25(OH)D concentration, the model-predicted slope of 24,25(OH)2D across 

pregnancy was negative when 25(OH)D was < 12.6 ng/mL, zero when it was 12.6 ng/mL, and 

greater with each unit increase in 25(OH)D above this threshold. Figure 1.2 illustrates the 

interaction by showing the model-predicted concentrations of serum 24,25(OH)2D as a function 

of gestational age and serum 25(OH)D. The 12.6 ng/mL threshold was calculated from the model 

coefficients and equation provided in Table 1.3. Race did not confound or modify these effects. 

The results of sensitivity analyses supported all inferences reported.  
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Figure 1.2. Model-predicted serum 24,25-dihydroxyvitamin D (24,25(OH)2D) concentration as a 
function of gestational age and serum 25-hydroxyvitamin D (25(OH)D) concentration in 
pregnant adolescents. Values are marginal predictions for serum 24,25(OH)2D across gestation 
when 25(OH)D concentration was set at 10, 20, 30, 40, or 50 ng/mL. Data were analyzed with a 
regression coefficients model with an unstructured covariance matrix (Table 1.3). 
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Table 1.3. Effects of gestational age and serum 25-hydroxyvitamin D concentration on 
serum 24,25-dihydroxyvitamin D in pregnant adolescents1 

 

Fixed effects β ± SE P value 

Intercept 1.51 ± 0.043 <0.0001 

Gestational age2, wk 0.0130 ± 0.0022 <0.0001 

Serum 25(OH)D3, ng/mL 0.0667 ± 0.0027 <0.0001 

Gestational age × serum 25(OH)D4 0.000853 ± 0.00020 <0.0001 

1 Values are fixed effects estimates from a random coefficients model of serum 24,25-dihydroxyvitamin D 
concentration conducted using SAS PROC MIXED with an unstructured covariance matrix, n=78 subjects, 201 
observations. 25(OH)D, 25-hydroxyvitamin D. 
2 Gestational age is centered at mean 28.7 wk. 
3 Serum 25(OH)D is centered at mean 27.8 ng/mL. 
4 The gestational age coefficient 0.0130 is the slope of gestational age when serum 25(OH)D is centered at mean 
27.8 ng/mL. The slope of gestational age is zero when 25(OH)D is 12.6 ng/mL: 0 = 27.8 – (0.0130 ÷ 0.000853) – X. 
Solve for X = 12.6 ng/mL. Below this 25(OH)D concentration, the slope of gestational age is negative.  
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Correlations between biochemical markers by stage of pregnancy 

Table 1.4 includes the correlations between all biochemical markers by stage of 

pregnancy. At delivery only, PTH was inversely correlated with 25(OH)D, 24,25(OH)2D, and 

the ratio of 24,25(OH)2D to 25(OH)D. Serum calcium correlated positively with serum 

phosphorus in each trimester and with 1,25(OH)2D in the third trimester only. Neither PTH nor 

25(OH)D was significantly correlated with 1,25(OH)2D at any stage of pregnancy. In contrast, 

25(OH)D was highly positively correlated with 24,25(OH)2D and the ratio of 24,25(OH)2D to 

25(OH)D. Both of these correlations became stronger as pregnancy progressed.  
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Table 1.4. Correlations between biochemical markers by stage of pregnancy in adolescents1 

 25(OH)D PTH 1,25(OH)2D 24,25(OH)2D 24,25:25 Ca Pi 

25(OH)D        
T1   -0.08 0.25 0.92**** 0.38 -0.35 -0.08 
T2  0.10 0.17 0.86**** 0.51**** -0.01 -0.16 
T3  -0.20 0.20 0.92**** 0.71**** 0.25 0.06 
D  -0.27* 0.21 0.92**** 0.74**** NA NA 

PTH        
T1   0.17 -0.21 -0.11 -0.23 0.30 
T2   0.11 0.03 -0.08 -0.25 -0.16 
T3   -0.08 -0.23 -0.14 -0.18 -0.23 
D   -0.12 -0.30* -0.29* NA NA 

1,25(OH)2D        
T1    0.22 0.10 0.05 0.22 
T2    0.06 -0.10 -0.14 -0.13 
T3    0.15 0.01 0.48*** 0.15 
D    0.03 -0.12 NA NA 

24,25(OH)2D        
T1     0.70*** -0.22 -0.11 
T2     0.84**** -0.04 -0.22 
T3     0.89**** 0.10 -0.03 
D     0.90**** NA NA 

24,25:25        
T1      0.03 -0.02 
T2      -0.03 -0.16 
T3      -0.07 -0.13 

Ca        
T1       0.51* 

T2       0.35** 
T3       0.36** 

1 Each test used one data point per participant (earliest available) at each stage of pregnancy, *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. Ca, total serum calcium; D, delivery (n=58, except for 25(OH)D n=62 and PTH n=56); 
NA, Not available; 1,25(OH)2D, 1,25-dihydroxyvitamin D; Pi, total serum phosphorus; T1, trimester 1 (n=19, except 
for PTH n=17); T2, trimester 2 (n=57, except for PTH n=52); T3, trimester 3 (not delivery visit) (n=53, except for 
PTH, calcium, and phosphorus n=52); 25(OH)D, 25-hydroxyvitamin D; 24,25(OH)2D, 24,25-dihydroxyvitamin D; 
24,25:25, the molar ratio of 24,25(OH)2D to 25(OH)D.  
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DISCUSSION 

 In this cohort of pregnant adolescents, daily supplementation with 200 IU of D3 plus a 

standard prenatal supplement (400 IU) failed to prevent seasonal decline in 25(OH)D across 

pregnancy. Maternal PTH increased over the study period and was inversely correlated with 

25(OH)D at delivery only. Similar to data obtained from pregnant adults, serum 1,25(OH)2D was 

130% higher than the nonpregnant reference median (45 pg/mL) at both entry and delivery. 

Regarding serum 24,25(OH)2D, our results indicate that from approximately 12 wk of gestation 

onward, this catabolic product increases as a function of gestational age unless maternal serum 

25(OH)D status remains < 13 ng/mL.  

 As expected at latitude 43°N, season influenced maternal serum 25(OH)D concentration. 

Fall-winter delivery was associated with decline in 25(OH)D over the study period, and ≥ 873 IU 

of D3/d was required to prevent this seasonal decline. This dose is more than twice the D3 content 

of a typical prenatal supplement. A recent large vitamin D supplementation trial in England, The 

Maternal Vitamin D Osteoporosis Study, reported a similar finding (26). Women on placebo 

(plus prenatal supplementation) who delivered in winter or spring experienced decline in 

25(OH)D, but the women in the 1,000 IU D3/d group avoided this seasonal decline.  

Prevention of seasonal decline in 25(OH)D is probably most important in gravidae whose 

serum 25(OH)D at conception is low relative to target concentrations. For optimal bone health in 

the general population, the U.S. National Academy of Medicine associates serum 25(OH)D < 12 

ng/mL with risk for vitamin D deficiency and < 20 ng/mL with risk for inadequacy (9). The 

Endocrine Society recommends concentrations ≥ 30 ng/mL for vitamin D sufficiency (27). 

Whether optimal 25(OH)D concentrations differ in pregnant females has not been adequately 

researched (12). Interpretation of serum 25(OH)D is complicated by pregnancy, which involves 

physiologic adaptations to maintain maternal calcium homeostasis while supporting fetal skeletal 
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consolidation. The literature indicates there are redundant hormonal mechanisms that increase 

calcium absorption and 1,25(OH)2D during pregnancy (28, 29), which casts doubt on the 

essentiality of the vitamin D-PTH axis during pregnancy. On the other hand, serum 1,25(OH)2D 

concentrations are elevated 1- to 2-fold during normal human pregnancy, and evidence suggests 

that the vitamin D-PTH axis does help to maximize maternal mineral absorption and fetal growth 

(29-32). Our data on the PTH-25(OH)D relationship further document vitamin D-PTH activity 

during pregnancy. In addition, our results suggest that the 25(OH)D concentrations associated 

with inadequacy in the general population also cannot support gestational increase in 

24,25(OH)2D, presumably because of the need to conserve 25(OH)D and meet the elevated 

1,25(OH)2D production demands of pregnancy. 

Maternal PTH concentrations in this adolescent cohort were in the low-normal part of the 

nonpregnant reference range at study entry and increased slightly but statistically significantly as 

pregnancy progressed. Many previous studies (8, 18, 33, 34) but not all (35, 36) found that PTH 

gradually increased across pregnancy. One advantage of our mixed model was the capacity to 

estimate the average change in PTH across pregnancy while controlling for fluctuation in serum 

25(OH)D over time. The observed increase may indicate heightened PTH activity in late 

pregnancy when turnover of the maternal calcium pool and renal calcium conservation have been 

shown to increase (6, 34). Longitudinal increase in PTH was greater in African American teens, 

as their PTH was lower in early pregnancy but similar at delivery relative to White/Other teens. 

Racial differences in PTH are frequently observed in pregnant and nonpregnant populations but 

are not well-understood (11). Given sample size limitations, it was difficult for us to isolate if 

this effect was entirely due to race or if it was partly related to lower 25(OH)D in African 

Americans. 
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Serum 25(OH)D and PTH were significantly inversely correlated only at delivery, when 

fetal calcium demands are maximal. The PTH-25(OH)D correlations in this study and our 

previous adolescent pregnancy cohort (18) are on the same order as those measured in pregnant 

adults in the third trimester (r = -0.33) (37) and in nonpregnant adults (r = -0.20 to -0.30) (38). 

Our results support the concept that, despite adjustments to the calcium economy, PTH provides 

information about physiologic vitamin D status at least during late pregnancy. Kramer et al. used 

the PTH-25(OH)D relationship at 30 wk gestation to identify a threshold for vitamin D 

adequacy, an approach common to studies of nonpregnant populations (37). They determined 

that PTH began to rise when 25(OH)D was < 33 ng/mL, and this threshold was not significantly 

different in the same women postpartum. However, the PTH-25(OH)D relationship was less 

curvilinear in pregnancy. Our plot of the PTH-25(OH)D relationship at delivery revealed an 

inverse association but no obvious threshold behavior.   

 In these adolescents, a weak positive association between 25(OH)D and 1,25(OH)2D was 

noted, but this relationship was not statistically significant at any individual stage of pregnancy. 

Hollis et al. reported that in pregnant women, 1,25(OH)2D was positively associated with 

25(OH)D and reached a plateau when 25(OH)D was > 40 ng/mL (39). We saw no plateau effect 

in our data, but relatively few adolescents achieved 25(OH)D > 40 ng/mL despite receiving up to 

2,000 IU of additional D3/d. Serum 1,25(OH)2D was elevated above the nonpregnant reference 

limit at study entry, tended to peak around 29 wk, and then declined slightly to entry values at 

delivery. We modeled 1,25(OH)2D linearly over time because participants were measured a 

maximum of three times. However, a model that included time as a quadratic term suggested that 

1,25(OH)2D may actually follow a curvilinear trajectory across adolescent pregnancy. 

 To the best of our knowledge, ours is the largest longitudinal study that has assessed 

serum 24,25(OH)2D concentrations across pregnancy. Gestational age and serum 25(OH)D 
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interacted to affect 24,25(OH)2D. Model-predicted serum 24,25(OH)2D increased across 

pregnancy except when maternal serum 25(OH)D was low. Specifically, our results predict that 

when serum 25(OH)D is less than approximately 13 ng/mL, its catabolism will decline as 

pregnancy progresses, presumably to support elevated 1,25(OH)2D production. Recent studies in 

nonpregnant populations have found that 24,25(OH)2D production shuts down markedly in adult 

men and women with vitamin D deficiency (13). Thus, we believe that metabolic conservation of 

25(OH)D plausibly explains the effect we observed. In our data this effect was detected at 

maternal 25(OH)D concentrations in the range of 10-20 ng/mL (the exact threshold depended on 

the model or subset of participants used).   

Our data cannot explain why serum 24,25(OH)2D concentration increased 20% on 

average over time, independently of change in 25(OH)D. This effect of gestational age on 

24,25(OH)2D was not explained by supplement intake or season of delivery and may be due to 

physiologic changes across pregnancy. The 24,25(OH)2D molecule has no established biologic 

activity, but studies indicate that it may inhibit PTH secretion and have direct effects on bone 

(40). We found three prior studies that measured serum 24,25(OH)2D throughout most of 

pregnancy (41), two of which were longitudinal in a small number of women (24, 42). In these 

studies, the pattern of change in 24,25(OH)2D over gestation mirrored that of 25(OH)D, likely 

because these metabolites are highly correlated. None of the studies isolated the independent 

effect of gestational age on 24,25(OH)2D or tested whether maternal 25(OH)D status modifies 

this effect. Methods for longitudinal data analysis and assessment of 24,25(OH)2D have 

advanced considerably since publication of these reports decades ago.   

 Few studies, if any, have assessed 25(OH)D, PTH, 1,25(OH)2D, and 24,25(OH)2D from 

early pregnancy to term in a population with high prevalence of low serum 25(OH)D. Our results 

may help to improve evaluation of serum vitamin D biomarkers during pregnancy. Yet, the 
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following should be considered when interpreting study findings. The results are subject to 

limitations such as lack of causal inference that challenge most observational studies. African 

American race was associated with lower 25(OH)D and greater increase in PTH over time. 

Otherwise, race did not confound or modify the effects reported. However, our study population 

included only adolescents, mostly of minority race, so our findings may not extend to all 

pregnant adolescents or to any pregnant adults. Although calcium turnover may be greater during 

adolescent compared with adult pregnancy, research has shown that pregnancy-related increases 

in serum 1,25(OH)2D, calcium absorption, and calcium excretion are similar in adolescents (43). 

Regardless, a large multiracial cohort should test whether our findings extend to pregnant adults. 

Finally, assessment of other hormones known to impact mineral metabolism including PTH-

related peptide, prolactin, placental lactogen, estrogen, calcitonin, and FGF23 may have 

improved interpretation of study findings. 

Our results indicate that vitamin D supplementation with doses greater than that in a 

standard prenatal supplement may be required to prevent seasonal decline in 25(OH)D across 

pregnancy in adolescents at higher latitudes. We found that gestational age and maternal serum 

25(OH)D concentration interacted to affect 24,25(OH)2D concentration. Future research should 

investigate if the mean increase in 24,25(OH)2D that we observed (that was independent of 

change in 25(OH)D) has functional significance. Moreover, 20% of this group of mostly 

minority adolescents had a serum 25(OH)D below 13 ng/mL at some point during pregnancy, 

and these low concentrations of 25(OH)D could not support the gestational increase in 

24,25(OH)2D. This may indicate that pregnant adolescents with such low serum 25(OH)D 

experience a strained vitamin D economy. Future research should address this hypothesis and 

examine whether stress to the vitamin D economy during pregnancy has implications for 

maternal and child health.  
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Supplemental Figure 1.1. Study participant flow diagram 
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Supplemental Figure 1.2. Observed concentrations of serum vitamin D metabolites and PTH 
across pregnancy in African American (closed circles) and White/Other (open circles) 
adolescents. Panel A: 25(OH)D (ng/mL) by gestational age (wk); B: 1,25(OH)2D (pg/mL) by 
gestational age (wk); C: 24,25(OH)2D (ng/mL) by gestational age (wk); D: PTH (pg/mL) by 
gestational age (wk). 
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Supplemental Table 1.1. Effects of gestational age, serum 25-hydroxyvitamin D 
concentration, and race on loge serum parathyroid hormone in pregnant adolescents1  
 
Fixed effects β ± SE P value 

Intercept 2.91 ± 0.089 <0.0001 

Gestational age2, wk 0.0164 ± 0.0042 0.0003 

Serum 25(OH)D3, ng/mL -0.00946 ± 0.0041 0.0223 

Maternal race (White/Other)4 0.141 ± 0.139 0.31 

Gestational age × Maternal race -0.0121 ± 0.0060 0.0484 

1 Values are fixed effects estimates from a random coefficients model of loge serum parathyroid hormone conducted 
using SAS PROC MIXED with an unstructured covariance matrix, n=78 subjects, 191 observations. 25(OH)D, 25-
hydroxyvitamin D. 
2 Gestational age is centered at mean 28.7 wk. 
3 25(OH)D is centered at mean 27.8 ng/mL. 
4 Effect of White/Other race compared with reference category, African American race. 
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CHAPTER 2 

Longitudinal changes in serum vitamin D binding protein and free 25-hydroxyvitamin D in 

a multiracial cohort of pregnant adolescents1,2 

 

 

 

 

 

 

 

 

 

1 This is a pre-copyedited, author-produced version of an article accepted for publication in The 

Journal of Steroid Biochemistry and Molecular Biology following peer review. The version of 

record Best CM, Pressman EK, Queenan RA, Cooper E, O’Brien KO. The Journal of Steroid 

Biochemistry and Molecular Biology, Volume 186, February 2019, Pages 79-88 is available 

online at: https://doi.org/10.1016/j.jsbmb.2018.09.019. 

2 This research was funded by the United States Department of Agriculture award 2012-67017-

30216 and the National Institutes of Health award T32-DK007158. The funding sources were not 
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ABSTRACT 

Serum free 25-hydroxyvitamin D (25(OH)D) rather than total 25(OH)D may better indicate 

vitamin D status during pregnancy given the pregnancy-associated increase in serum vitamin D 

binding protein (DBP) concentration. Our aims were to assess changes in DBP and free 

25(OH)D across gestation and to determine whether free compared with total 25(OH)D more 

strongly correlates with markers of vitamin D and calcium metabolism during pregnancy. This 

ancillary study included 58 pregnant adolescents (53% African American, 47% White) who 

completed a vitamin D3 supplementation study in Rochester, NY. Blood was collected at entry, 

mid-study, and delivery (median 17, 29, and 40 weeks gestation). Mixed-effects regression was 

used to test for differences in DBP, directly measured free 25(OH)D, and other serum markers 

by study visit and race. Free and total 25(OH)D were evaluated in relation to serum PTH, 

1,25(OH)2D, 24,25(OH)2D, and calcium. The mean DBP concentration was above nonpregnant 

reference values at entry and increased across gestation (P < 0.0001). Total 25(OH)D explained 

most of the variance in free 25(OH)D (r ³ 0.67; P < 0.0001). Holding total 25(OH)D constant, 

each 100 mg/L increase in DBP was associated with a 0.4 pg/mL decrease in free 25(OH)D (P < 

0.01). The percent free 25(OH)D was inversely related to both DBP and total 25(OH)D at each 

visit. Regardless of race or visit, total 25(OH)D was a stronger correlate of PTH, 1,25(OH)2D, 

and 24,25(OH)2D, and neither total nor free 25(OH)D was related to serum calcium. African 

Americans had lower total 25(OH)D (P < 0.0001), but free 25(OH)D did not significantly differ 

by race (P = 0.2). In pregnant adolescents, DBP concentration was elevated and inversely 

associated with percent free 25(OH)D, but measured free 25(OH)D provided no advantage over 

total 25(OH)D as a predictor of PTH, 1,25(OH)2D, 24,25(OH)2D, or calcium. The clinical 

relevance of the small racial difference in percent free 25(OH)D requires further investigation.    
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INTRODUCTION 

The hormone 1,25-dihydroxyvitamin D (1,25(OH)2D) and its precursor 25-

hydroxyvitamin D (25(OH)D) both circulate bound to carrier proteins, and only a small fraction 

circulates as the unbound (free) form. According to the free hormone hypothesis, it is the free 

fraction of a hormone that is bioavailable and may best indicate physiologic status (1). For 

thyroid hormones and testosterone, the free hormone concentration is routinely used in clinical 

care (2, 3), and it is particularly relevant in patients with altered levels of hormone binding 

proteins (4, 5). Similarly, measurement of free vitamin D metabolites may have clinical utility 

(6), especially when the serum vitamin D binding protein (DBP) concentration is altered (7, 8).  

During human pregnancy, the serum DBP concentration increases by approximately 50% 

to 100% in spite of concurrent plasma volume expansion (9-12). This change in DBP is one of 

several physiologic adaptations in maternal vitamin D and calcium metabolism that occur during 

pregnancy (13). Others include a significant rise in serum 1,25(OH)2D concentration and 

increased intestinal calcium absorption efficiency by the second trimester (11, 14). Although 

1,25(OH)2D is known to upregulate calcium absorption, the significance of elevated serum DBP 

and 1,25(OH)2D concentrations during pregnancy is not entirely understood. Mice lacking the 

vitamin D receptor still experience an increase in active calcium absorption during pregnancy, 

likely due to reproductive hormones (15, 16). Furthermore, studies have shown that the free 

1,25(OH)2D index (the molar ratio of 1,25(OH)2D to DBP) is not significantly increased until the 

third trimester of pregnancy (9, 11), which suggests that the enhanced calcium absorption begins 

prior to an increase in free 1,25(OH)2D (17). 

Interestingly, few longitudinal studies have measured both serum DBP and 1,25(OH)2D 

across gestation, and most studies have been limited to Caucasian women (11, 18). There are 

also few data on how increased DBP concentration during pregnancy affects free 25(OH)D. 
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Measurement of free 25(OH)D historically required specialized methods, so most studies have 

calculated the percent free 25(OH)D from predictive equations that depend heavily on DBP 

concentration. Because DBP is elevated during pregnancy, prior studies that calculated the 

percent free 25(OH)D concluded that it is lower in the pregnant compared with nonpregnant state 

(12, 19). In theory, this could have implications for evaluation of vitamin D status during 

pregnancy. A validated commercial assay for free 25(OH)D was introduced recently, and now 

there is consensus that direct measurement of free 25(OH)D is preferable (6). In the context of 

pregnancy, this assay has been used in 2 cross-sectional studies in populations that were nearly 

all Caucasian (8, 20, 21). The results suggest that prediction equations might overestimate the 

impact of pregnancy on percent free 25(OH)D. Nevertheless, one of the studies found that free 

25(OH)D compared with total was a stronger correlate of serum calcium and bone alkaline 

phosphatase (21).  

Further investigation of measured free 25(OH)D and DBP is required to improve 

interpretation of vitamin D biomarkers during pregnancy. Data are needed from African 

Americans, as the link between vitamin D status and bone health in this demographic requires 

additional research. Compared with Caucasians, African Americans have lower total 25(OH)D, 

increased risk of rickets, yet decreased risk of poor bone health as adults (22, 23). We directly 

measured free 25(OH)D and DBP in serum samples from pregnant adolescents who completed a 

vitamin D3 supplementation study. These data were evaluated in relation to previously published 

data on serum calcium, vitamin D metabolites, and parathyroid hormone (PTH) in this cohort. 

We aimed to assess longitudinal changes in free 25(OH)D, DBP, and the molar ratio of 

1,25(OH)2D:DBP across gestation and to test for differences in these outcomes between races. A 

secondary aim was to determine whether free compared with total 25(OH)D is more strongly 

associated with markers of vitamin D and calcium metabolism during pregnancy. 
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METHODS 

Study Participants and Procedures 

This ancillary study included n = 58 pregnant adolescents (aged 13 to ≤ 18 y) who 

completed a previous cholecalciferol (vitamin D3) supplementation study in Rochester, NY 

(latitude 43°N) between 2012 and 2015. Participants were recruited from an urban prenatal 

clinic, the Rochester Adolescent Maternity Program, and were eligible to enroll if healthy, 

carrying a single fetus, and between 12 and 29 weeks of gestation. A study coordinator obtained 

written informed consent, and assent with parental consent was obtained from one participant 

who was < 15 y of age at enrollment.  

Study procedures were approved by the Institutional Review Boards of the University of 

Rochester and Cornell University. The supplementation study was registered at clinicaltrials.gov 

as NCT01815047, and the detailed study procedures have been published (24). In brief, 

participants received either 200 or 2000 International Units (IU) of D3/d and were allowed to 

continue routine prenatal supplementation (400 IU D3/d). At study entry, participants received a 

bottle with a 6-wk supply of vitamin D3 supplements (Tishcon Corporation). At each monthly 

prenatal visit, a new bottle was exchanged for the previous, and any remaining pills were 

counted. We calculated the total number of pills consumed based on the number of bottles and 

pills returned. If a bottle was not returned, then we assumed that the participant consumed 0 pills 

from that bottle. Each participant completed a structured demographic and health history survey 

and recorded her race and ethnicity. Gestational age at delivery was abstracted from the 

electronic health record and was used to determine gestational age on the date of each study visit. 

Season of delivery was defined as fall-winter (November–March) or spring-summer (April–

October) based on monthly UV index in Rochester and potential for endogenous vitamin D3 

production (25). Of the 78 adolescents who received the intervention, 62 completed the study, 
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and 58 (the current analytic sample) had complete longitudinal biochemical data. Results on 

maternal serum total 25(OH)D, 1,25(OH)2D, 24,25(OH)2D, and PTH across gestation have been 

reported (24). 

 

Biochemical Analyses 

A non-fasted blood sample was collected at three study visits: participant entry, midway 

through study participation (mid-study), and upon entering the hospital for delivery. Serum was 

isolated and stored at -80°C until analyses. Serum PTH, DBP, and free 25(OH)D were measured 

in duplicate by ELISA using commercial kits: intact PTH 1-84 (ALPCO), DBP by polyclonal 

antibody (Immundiagnostik AG), and free 25(OH)D (Future Diagnostics Solutions B.V.). The 

free 25(OH)D assay is a competitive ELISA that is calibrated against a symmetric dialysis 

method (26). Free 25(OH)D was assayed only in entry and delivery samples. For all commercial 

kits, control samples provided by the manufacturer (kit controls) and an in-house control were 

run in duplicate with each assay. Intra and inter assay coefficients of variation were 5.7% and 

8.2%, respectively, for PTH, 3.0% and 11.3% for DBP, and 7.1% and 9.6% for free 25(OH)D. 

Results for all kit controls were within the range recommended by the manufacturers. Kit-

reported normative values for PTH ranged from 10-65 pg/mL. Kit-reported normative values for 

DBP in nonpregnant individuals ranged from 200-550 mg/L, and pregnancy levels were stated to 

be elevated by 30% to 80%. Normative values for serum free 25(OH)D were not reported by the 

manufacturer but have been shown to be 1-8 pg/mL (21, 26). Serum vitamin D metabolites 

(25(OH)D2, 25(OH)D3, 1,25(OH)2D2, 1,25(OH)2D3, and 24,25(OH)2D3) were measured 

simultaneously by liquid chromatography with tandem mass spectrometry at the Department of 

Laboratory Medicine at The University of Washington following published methods (27). Serum 

25(OH)D2, 25(OH)D3, and 24,25(OH)2D3 were calibrated to National Institute of Standards and 
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Technology standard reference material 972a. Serum total calcium at entry and mid-study was 

measured at a Clinical Laboratory Improvement Amendments-certified laboratory at the 

University of Rochester Medical Center.  

 

Statistical Analyses 

 Statistical analyses were conducted with SAS 9.4 and JMP Pro 13 (SAS Institute Inc.). 

Participant characteristics were described as mean ± SD, median (IQR), or frequency and 

proportion. These characteristics were compared by race using the t-test, Wilcoxon’s rank sum 

test, chi-square test, or Fisher’s exact test, as appropriate. Pearson correlation coefficients were 

used to assess potential associations between free 25(OH)D, total 25(OH)D, and DBP and 

between DBP and 1,25(OH)2D at each visit separately.  

We previously reported that supplement group assignment had no statistically significant 

effect on change in total 25(OH)D concentration across pregnancy in this study population 

mainly due to low overall compliance (24). However, cumulative intake of D3 from the 

intervention (based on pill counts and supplement group) as well as the season of delivery were 

the significant predictors of change in total 25(OH)D concentration in this cohort (24). Race was 

a significant predictor of total 25(OH)D in that African Americans had lower total 25(OH)D 

levels throughout the study, but change in total 25(OH)D over time did not depend on race (24). 

These findings were used to guide the following statistical analyses.  

Differences in biochemical outcomes between study visits were tested with linear mixed-

effects (LME) regression. Each LME model had a random subject intercept, and visit was a 

dummy-coded fixed effect. To account for variability in gestational age during each sampling 

period (i.e. study visit), the deviation of participant gestational age from median gestational age 

was nested within visit. Thus, the visit effect tested differences between visits when the outcome 
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was centered at the median gestational age in each sampling period; the Tukey method was used 

for post hoc comparisons. Models were adjusted for race, season of delivery, and supplement 

group assignment. Because compliance was low, models were also adjusted for the total number 

of pills consumed. This, together with supplement group assignment, represented the cumulative 

dose of D3 received from the intervention. Pearson correlation coefficients were used to compare 

the associations of free and total 25(OH)D with markers of vitamin D and calcium metabolism 

(PTH, 1,25(OH)2D, 24,25(OH)2D, and total calcium) at each visit separately. All bivariate 

relationships were also evaluated after adjusting for gestational age at blood sampling. However, 

this did not alter study inferences, so the unadjusted data are presented. In all analyses, possible 

effect modification by race was assessed. The statistical significance level was two-sided alpha = 

0.05.  
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RESULTS 

Participant characteristics 

Participant characteristics are shown in Table 2.1. The study population was 50% 

African American, 26% White, and 19% Hispanic. Due to sample sizes, the White and Hispanic 

categories were collapsed into one category abbreviated as White. Two multiracial adolescents 

identified as African American and White and were included in the African American group for 

main statistical analyses. One teen identified as American Indian and was placed in the White 

group for main analyses. Exclusion of the American Indian and multiracial adolescents in 

secondary analyses did not affect study conclusions. The median (IQR) of gestational age at each 

study visit is presented in Table 2.1. Race was significantly related to gestational age at the entry 

and mid-study visits, as African American teens began the study later in pregnancy.  
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Correlations with free 25(OH)D and DBP  

Serum free 25(OH)D was positively correlated with total 25(OH)D in entry samples (r = 

0.67) and delivery samples (r = 0.85) (both P < 0.0001) (Figure 2.1). In contrast, the ratio of free 

to total 25(OH)D (i.e. percent free 25(OH)D) was negatively correlated with total 25(OH)D at 

both entry and delivery (Figure 2.1). Independently of this association, percent free 25(OH)D 

was also negatively correlated with serum DBP concentration at entry (r = -0.29; P = 0.03) and 

delivery (r = -0.35; P < 0.01). There were no cross-sectional correlations between DBP and 

either free or total 25(OH)D. The molar ratio of total 25(OH)D to DBP (25(OH)D:DBP) was 

highly correlated with total 25(OH)D (r ≥ 0.89; P < 0.0001) and less so with free 25(OH)D (r = 

0.74 at entry; r = 0.84 at delivery; both P < 0.0001). DBP was positively correlated with serum 

1,25(OH)2D at entry (r = 0.44; P < 0.001) and delivery (r = 0.36; P < 0.01) but not mid-study (r 

= 0.19; P = 0.2) (Figure 2.2). These associations did not significantly differ by race.    
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Figure 2.1. Total 25(OH)D was positively correlated with measured free 25(OH)D and 
negatively correlated with the percent free 25(OH)D. Data are from African American (closed 
circles) and White (open circles) pregnant adolescents. Free 25(OH)D by total 25(OH)D at (a) 
entry (y = 1.1 + 0.12x, R2 = 0.45, P < 0.0001) and (b) delivery (y = 0.63 + 0.13x, R2 = 0.72, P < 
0.0001). Percent free 25(OH)D by total 25(OH)D at (c) entry (y = 0.021 - 0.00017x, R2 = 0.09, P 
< 0.05) and (d) delivery (y = 0.020 - 0.00014x, R2 = 0.14, P < 0.01). There was no effect 
modification by race (all P-interaction ³ 0.4).  
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Figure 2.2. Serum 1,25(OH)2D was positively correlated with DBP at entry and delivery but not 
mid-study. Data are from African American (closed circles) and White (open circles) pregnant 
adolescents. 1,25(OH)2D by DBP at (a) entry (y = 22 + 0.15x, R2 = 0.19, P < 0.001), (b) mid-
study (y = 84 + 0.057x, R2 = 0.04, P = 0.2), and (c) delivery (y = 48 + 0.088x, R2 = 0.13, P < 
0.01). There was no effect modification by race (all P-interaction ³ 0.2). 
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Biochemical outcomes: differences between visits and races  

Table 2.2 presents the LME regression results for biochemical outcomes, and Figure 2.3 

shows the results by race for select outcomes. Values were estimated at the median gestational 

age at entry, mid-study, and delivery.  

 

DBP and total 25(OH)D  

LS mean serum DBP concentration at entry (17 wk) was 565 mg/L, which is above 

reference values for nonpregnant individuals (Table 2.2). DBP peaked mid-study (29 wk) then 

declined but was still significantly higher at delivery (40 wk) relative to entry. DBP 

concentration was similar between races (Figure 2.3). Total 25(OH)D concentration was 27 

ng/mL at entry and not significantly different at delivery, despite a slight increase mid-study 

(Table 2.2). Across visits, African Americans had lower total 25(OH)D compared with Whites 

(P < 0.0001) (Figure 2.3).  

 

Free 25(OH)D and percent free 25(OH)D 

Free 25(OH)D did not change significantly between entry and delivery (P = 0.9) (Table 

2.2). Given the strong correlation between total and free 25(OH)D, total 25(OH)D was added as 

a covariate to the model of free 25(OH)D. The new model predicted a decrease in free 25(OH)D 

between entry and delivery that approached statistical significance (-0.23 pg/mL; P = 0.1). When 

DBP was added to the model, it was negatively associated with free 25(OH)D (b = -0.004; P < 

0.01), and the model no longer predicted decrease in free 25(OH)D over time (P = 0.8). This 

suggests that, after accounting for change in total 25(OH)D, longitudinal increase in DBP 

paralleled decline in free 25(OH)D. Indeed, when change in free 25(OH)D (Δ-free 25(OH)D) 

was fit as a function of Δ-DBP and Δ-total 25(OH)D, the effect of DBP on free 25(OH)D was 
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identical (b = -0.004; P < 0.05). Regarding percent free 25(OH)D, it was slightly but not 

significantly lower at delivery relative to entry (P = 0.2) (Table 2.2). When DBP and total 

25(OH)D were added to the model, percent free 25(OH)D was inversely associated with DBP (b 

= -1.2e-5; P = 0.02) and total 25(OH)D (b = -8.5e-5; P = 0.06).  

Free 25(OH)D was not significantly different between races (P = 0.2), although it tended 

to be lower in African Americans (Figure 2.3). Compared with Whites, African Americans had 

slightly greater percent free 25(OH)D (P = 0.01) (Figure 2.3). However, this difference in 

percent free 25(OH)D was attenuated (P = 0.08) after correcting for total 25(OH)D. When 

estimated at a fixed total 25(OH)D concentration, free 25(OH)D was 0.6 pg/mL greater in 

African Americans (P = 0.04). 

 

Molar ratio of 1,25(OH)2D:DBP 

Serum 1,25(OH)2D concentration was 103 pg/mL at entry, which is 130% greater than 

the nonpregnant reference median. It increased by 19 pg/mL at mid-study (Table 2.2). Unlike 

DBP, 1,25(OH)2D returned to entry levels at delivery. Thus, the molar ratio of 1,25(OH)2D to 

DBP (1,25(OH)2D:DBP) was significantly lower at delivery relative to mid-study (Table 2.2). 

Neither 1,25(OH)2D nor 1,25(OH)2D:DBP differed between races.  

Race did not modify the effect of visit in any of the above LME models, and similar 

results were obtained without adjustment for supplement group, pills consumed, and season. 

Although results on longitudinal change in 24,25(OH)2D and PTH in this cohort have been 

published (24), these outcomes are also reported in Table 2.2 to provide context. 

 

 

 



 

 87 

Table 2.2. Concentrations of biochemical indicators across gestation in pregnant 
adolescents 

 Entry 
(17 wk GA) 

 

Mid-study 
(29 wk GA) 

Delivery 
(40 wk GA) 

DBP, mg/L 565 ± 12a 645 ± 12b 616 ± 12c 

Total 25(OH)D, ng/mL 26.9 ± 1.3a 31.5 ± 1.3b 29.0 ± 1.4a,b 

25(OH)D:DBP, molar ratio† × 103 6.98 ± 0.32 7.28 ± 0.32  6.88 ± 0.34 

Free 25(OH)D, pg/mL 4.34 ± 0.23 NA 4.43 ± 0.24 

Percent free 25(OH)D, % 0.0166 ± 0.00061 NA 0.0158 ± 0.00064 

1,25(OH)2D, pg/mL 103 ± 3.5a 122 ± 3.5b 102 ± 3.7a 

1,25(OH)2D:DBP, molar ratio × 105 2.55 ± 0.084a,b 2.66 ± 0.085a 2.34 ± 0.089b 

24,25(OH)2D, ng/mL 1.30 ± 0.12a 1.79 ± 0.12b 1.79 ± 0.12b 

24,25(OH)2D:DBP, molar ratio × 104 3.23 ± 0.27a 3.97 ± 0.27b 4.10 ± 0.28b 

PTH, pg/mL 20.1 ± 1.8a 21.9 ± 1.8a,b 25.7 ± 1.8b 

Abbreviations: GA, gestational age; NA, not available; 1,25(OH)2D, 1,25-dihydroxyvitamin D; PTH, parathyroid 
hormone; 24,25(OH)2D, 24,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; DBP, vitamin D binding 
protein.  
Values are LS means ± SE from linear mixed models with a random subject effect and the following fixed effects: 
study visit as an indicator variable, the deviation of participant gestational age from median gestational age nested in 
visit, race, supplement group, total number of pills consumed, and season of delivery. Different superscript letters 
within rows indicate significant differences between visits, P < 0.05. The Tukey method was used for post hoc 
comparisons. 
 † Molar mass of DBP = 58,000 g/mol (9)  
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Figure 2.3. Total 25(OH)D and 25(OH)D:DBP were lower in African American compared with 
White pregnant adolescents, but measured free 25(OH)D did not significantly differ between 
races. (a) Total 25(OH)D concentration, (b) DBP concentration, (c) 25(OH)D:DBP, (d) 
measured free 25(OH)D concentration, and (e) percent free 25(OH)D across gestation. Values 
are LS means and 95% confidence intervals from linear mixed models with a random subject 
effect and the following fixed effects: study visit as an indicator variable, the deviation of 
participant gestational age from median gestational age nested in visit, race, supplement group, 
number of pills consumed, and season of delivery. P-values are for tests of differences between 
races. Different superscript letters indicate significant differences between visits, P < 0.05 
(Tukey method for post hoc comparisons). There was no interaction of race by visit.  
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Free and total 25(OH)D: Correlations with markers of vitamin D and calcium metabolism 

Regardless of race or visit, measured free 25(OH)D provided no advantage over total 

25(OH)D as a predictor of serum PTH, 1,25(OH)2D, 24,25(OH)2D, or calcium. Whenever one of 

these markers was significantly correlated with total 25(OH)D, the correlation with free 

25(OH)D was similar yet weaker (Table 2.3). At delivery, PTH was inversely correlated with 

total 25(OH)D (r = -0.27; P < 0.05), and the inverse correlation of PTH with free 25(OH)D 

approached significance (r = -0.24; P = 0.08) (Figure 2.4). Across visits, serum 24,25(OH)2D 

was positively correlated with total 25(OH)D (r ³ 0.84; P < 0.0001) and free 25(OH)D (r ³ 0.70; 

P < 0.0001) (Table 2.3 and Figure 2.4). There was evidence of a weak positive association 

between serum 1,25(OH)2D and total 25(OH)D at delivery (P = 0.1) but no evidence of 

associations between 1,25(OH)2D and free 25(OH)D (Table 2.3 and Figure 2.4). Serum calcium 

was not correlated with either total or free 25(OH)D (Table 2.3). 
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Table 2.3. Correlations of total 25(OH)D and free 25(OH)D with markers of vitamin D and 
calcium metabolism in pregnant adolescents 
 

 Entry visit Delivery visit 
 Total 

25(OH)D 
Free 

25(OH)D 
25(OH)D

:DBP 
Total 

25(OH)D 
Free 

25(OH)D 
25(OH)D

:DBP 
 
PTH 

      

     All participants -0.14 -0.07 -0.13 -0.27* -0.24 -0.28* 

     African American -0.22 -0.01 -0.27 -0.35 -0.26 -0.32 
     White -0.35 -0.30 -0.32 -0.29 -0.26 -0.37 

P-value for effect 
modification by 
racea 

 

0.5 0.2 0.7 0.9 0.9 0.7 

1,25(OH)2D       
     All participants 0.14 -0.05 -0.03 0.21 < 0.01 0.06 

African American 0.23 -0.06 0.06 0.09 -0.10 0.02 
     White 0.15 0.05 -0.05 0.18 0.01 -0.15 

P-value for effect 
modification by 
racea 

 

0.6 0.7 0.7 0.7 0.7 0.5 

24,25(OH)2D       
     All participants 0.84** 0.70** 0.76** 0.92** 0.85** 0.88** 
     African American 0.83** 0.72** 0.77** 0.94** 0.93** 0.88** 
     White 0.84** 0.62** 0.70** 0.85** 0.70** 0.83** 

P-value for effect 
modification by 
racea 

 

0.3 0.6 0.3 > 0.9 0.2 0.7 

Serum total calcium       
     All participants -0.03 < -0.01 0.02 NA NA NA 
     African American 0.08 0.12 0.20 NA NA NA 
     White 0.03 -0.09 0.04 NA NA NA 

P-value for effect 
modification by 
racea 

 

0.9 0.5 0.6    

Abbreviations: NA, not available; 1,25(OH)2D, 1,25-dihydroxyvitamin D; PTH, parathyroid hormone; 
24,25(OH)2D, 24,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; 25(OH)D:DBP, molar ratio of 
25(OH)D to vitamin D binding protein. 
Values are Pearson correlation coefficients. * P < 0.05, ** P < 0.0001.  
a Effect modification was tested by including an interaction term of race and total 25(OH)D, free 25(OH)D, or 
25(OH)D:DBP in a multiple linear regression model.  



 

 91 

 
 
Figure 2.4. Compared with measured free 25(OH)D, total 25(OH)D was a stronger correlate of 
serum markers of vitamin D metabolism. Data are from African American (closed circles) and 
White (open circles) pregnant adolescents at delivery. The scatterplots show individual values, 
and the regression line is in all participants combined. Correlation coefficients are shown in 
Table 2.3.  
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DISCUSSION 

Researchers have hypothesized that serum free 25(OH)D rather than total 25(OH)D may 

be a more accurate indicator of vitamin D status in pregnant females based on the assumption 

that increased serum DBP level during pregnancy reduces the free fraction of 25(OH)D (28-30). 

This hypothesis extends from evidence that free 25(OH)D may better indicate vitamin D status in 

liver disease patients who have abnormally low levels of DBP and total 25(OH)D but normal 

levels of free 25(OH)D relative to healthy, nonpregnant controls (7). Our study of a multiracial 

cohort of pregnant adolescents provides direct measures of how DBP and free 25(OH)D change 

concurrently within individuals as pregnancy progresses. Mean serum DBP level was higher than 

nonpregnant reference levels at study entry (17 wk gestation), and it increased significantly 

across gestation. Serum total 25(OH)D explained most of the variance in free 25(OH)D. When 

we controlled for total 25(OH)D, longitudinal increase in DBP was associated with a small but 

statistically significant decrease in free 25(OH)D. Nevertheless, free 25(OH)D provided no 

advantage over total 25(OH)D as a predictor of PTH or other markers of vitamin D and calcium 

metabolism.  

To our knowledge, this is the first longitudinal study of directly measured free 25(OH)D 

during pregnancy. Prior to the recent introduction of a commercial assay, direct measurement of 

free 25(OH)D required laborious methods including centrifugal ultrafiltration and equilibrium 

dialysis. For this reason, most previous studies predicted the percent free 25(OH)D and 

inevitably concluded that it declines across gestation as DBP increases. There is recent evidence 

that predicted values, although correlated with measured values, are consistently higher than 

measured values (6). Furthermore, calculation of free 25(OH)D relies on DBP concentration 

(31), which has been shown to inversely correlate with calculated but not measured free 
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25(OH)D (7, 8). Consistent with prior data, we found no cross-sectional correlation between 

DBP and measured free 25(OH)D in pregnant adolescents.  

Two other published studies of pregnant females have measured free 25(OH)D using the 

same assay as in our study. Schwartz et al. performed a cross-sectional study that included 20 

pregnant women (8, 20). Tsuprykov et al. sampled a group of 297 healthy Caucasian women in 

Germany who were in either the 1st, 2nd, or 3rd trimester of pregnancy (21). As far as we know, 

the latter is the first attempt to establish reference intervals for measured free 25(OH)D and DBP 

throughout pregnancy. Our findings in a multiracial cohort of pregnant adolescents align in 

several ways with those published by Schwartz et al. and Tsuprykov et al. in that the range of 

free 25(OH)D concentration, the mean percent free 25(OH)D, and the linear association between 

free and total 25(OH)D were similar. In addition, we used the same DBP assay as Tsuprykov et 

al. and found comparable DBP concentrations in these pregnant adolescents.  

Serum DBP concentration was inversely correlated with percent free 25(OH)D at both 

entry and delivery. Furthermore, after controlling for change in total 25(OH)D, longitudinal 

increase in DBP was associated with modest decrease in free 25(OH)D. Schwartz et al. 

previously found the percent free 25(OH)D did not significantly differ between pregnant and 

nonpregnant women (20, 32). In our study, each 100 mg/L increase in DBP was associated with 

a 0.4 pg/mL decrease in free 25(OH)D and a 0.0012% decrease in percent free 25(OH)D. Our 

results reinforce those of Tsuprykov et al. who found that DBP was higher (+238 mg/L) and 

measured free 25(OH)D and percent free 25(OH)D were lower (-0.47 pg/mL and -0.004%) in 

women in the 3rd trimester relative to women in the 1st trimester. While direct comparison to 

their study is impossible (their study was cross-sectional and did not correct for small differences 

in total 25(OH)D between the trimester groups), their estimate of the decrease in free 25(OH)D 

or percent free 25(OH)D per unit increase in DBP is comparable to ours. Taken together, the 
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recent data on measured free 25(OH)D during pregnancy is reminiscent of early work on 

measured free 1,25(OH)2D by Bikle et al. who concluded that, in normal and pregnant subjects, 

large increments in DBP were associated with modest decrease in percent free 1,25(OH)2D, 

whereas in liver disease patients, low DBP was associated with substantially increased percent 

free 1,25(OH)2D (33). 

Our study is the first to assess racial variability in measured free 25(OH)D in a pregnant 

population. Total 25(OH)D was significantly lower in African American compared with White 

adolescents. In contrast, free 25(OH)D tended to be lower in African Americans, but the 

difference between races was not statistically significant. After correcting for total 25(OH)D, 

African Americans had a 0.6 pg/mL greater free 25(OH)D concentration, which may be 

attributable to small genetic differences in DBP binding affinity for 25(OH)D (32, 34). Nielson 

et al. and Aloia et al. both directly measured free 25(OH)D in nonpregnant Black and White 

Americans but reported conflicting results. Nielson et al. found that total and free 25(OH)D were 

significantly lower in Black men (29). Aloia et al. found that total 25(OH)D was lower in Black 

women, but free 25(OH)D was nearly identical between races (35). Our results differ from these 

reports, and more work is needed to understand potential racial variability in percent free 

25(OH)D and any clinical significance. Of importance, a monoclonal DBP assay was recently 

shown to underestimate DBP concentration in subjects with the Gc1f allele (35), leading to 

falsely high calculated free 25(OH)D in African Americans in whom Gc1f predominates (29). 

We used a polyclonal DBP assay, and our results agree with the recent evidence that serum DBP 

concentration does not differ between races when DBP is measured by polyclonal assay (29, 36, 

37).  

Although DBP was elevated above normative nonpregnant values in our study 

population, free 25(OH)D provided no advantage over total 25(OH)D as a predictor of PTH, 
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1,25(OH)2D, 24,25(OH)2D, or calcium. These markers were similarly associated with total and 

free 25(OH)D, but the associations with total 25(OH)D were stronger. This is consistent with 

several studies evaluating free and total 25(OH)D in relation to PTH in nonpregnant adults (6, 

28, 32, 38) but is inconsistent with the study by Tsuprykov et al., which found that free 25(OH)D 

was a stronger correlate of serum calcium in pregnant women (21). This discrepancy may be due 

to total 25(OH)D measurement method, as we used LC-MS/MS with calibration to standard 

reference material, and Tsuprykov et al. used an automated immunoassay known for imprecision 

when the DBP level is altered (21, 39). Serum PTH, 1,25(OH)2D, and 24,25(OH)2D 

concentrations reflect vitamin D endocrine activity to maintain systemic calcium homeostasis. 

Serum 1,25(OH)2D and 24,25(OH)2D are mainly derived from renal metabolism of 25(OH)D, 

although the placenta may contribute some to maternal vitamin D metabolite levels (40). Kidney 

proximal tubule cells (41), parathyroid cells (42), and placental cytotrophoblasts (40, 42) all 

express megalin, the receptor that imports 25(OH)D bound to DBP. It has been suggested that 

such cells can utilize both bound and free 25(OH)D, whereas cells without megalin, such as 

certain immune cells, rely on free 25(OH)D (30, 43). Thus, it remains possible that assessment of 

free 25(OH)D is relevant for biological effects not typically associated with the classical vitamin 

D endocrine system (44).  

Classical endocrine effects of vitamin D may depend more on the free hormone 

(1,25(OH)2D) concentration, which has never been assessed across gestation. Studies on the 

molar ratio of 1,25(OH)2D to DBP across gestation have shown that, relative to the nonpregnant 

state, this ratio is significantly elevated only in the 3rd trimester (9, 11). However, this ratio is not 

a perfect proxy for the measured free 1,25(OH)2D concentration (10), and Ritchie et al. found 

that total 1,25(OH)2D rather than 1,25(OH)2D:DBP was positively associated with the functional 

outcome, calcium absorption efficiency in pregnant women (11). To our knowledge, our study is 
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one of the largest longitudinal studies of DBP across gestation, and the trajectory of DBP was 

similar to that observed in two earlier longitudinal studies of White women where DBP was 

measured from early/mid to late gestation (11, 12). Serum 1,25(OH)2D, DBP, and 

1,25(OH)2D:DBP were highest at the mid-study visit (median 29 wk gestation). Unlike previous 

data (9), both 1,25(OH)2D and 1,25(OH)2D:DBP declined significantly at term. Furthermore, 

1,25(OH)2D and DBP were positively correlated at entry and delivery but not at mid-study, when 

both had reached peak concentration. Because the free hormone concentration is thought to be 

tightly regulated, much of the increase in 1,25(OH)2D during pregnancy may be secondary to the 

increase in DBP (9). This rationale is accepted for thyroid-binding globulin and cortisol-binding 

globulin, which also increase during human pregnancy in order to increase the circulating pools 

of thyroid hormone and cortisol (45, 46). Our findings imply that other factors, in addition to 

serum DBP concentration, determine the serum 1,25(OH)2D concentration during pregnancy, 

especially when it is maximal.  

Significant strengths of our study include the biochemical methods (direct measurement 

of free 25(OH)D, polyclonal DBP assay, and a state-of-the-art LC-MS/MS assay for vitamin D 

metabolites), the longitudinal design, and the racial diversity of the study population. Our study 

also has limitations and unique features that should be considered when interpreting the results. 

Study of an adolescent obstetric cohort may be an opportunity to observe the maternal vitamin 

D-calcium economy under conditions of maximal stress. However, our findings may not apply to 

adult pregnancy. Serum DBP concentration is thought to increase rapidly in the early weeks of 

pregnancy (11), but we did not obtain data in early pregnancy because the supplementation study 

was initiated at ≥ 12 wk gestation. In addition, shorter, more uniform blood sampling periods 

would have allowed for simpler data analyses. Gc genotype may affect relationships between 

serum DBP and other study outcomes, but we did not assess genotype in this study. We also did 
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not measure serum albumin concentration so were unable to calculate free 25(OH)D with a 

validated prediction equation. Finally, there is a need to develop reference measurement 

procedures for free 25(OH)D and to continue to evaluate free 25(OH)D assays in general and in 

pregnancy specifically. 

 

CONCLUSIONS  

In this multiracial cohort of pregnant adolescents, serum DBP concentration was above 

the nonpregnant reference range at 17 wk gestation and continued to increase across pregnancy. 

Holding total 25(OH)D constant, longitudinal increase in DBP was associated with a small but 

significant decrease in measured free 25(OH)D. Our longitudinal data reinforce the results of 

previous cross-sectional studies indicating that substantial increase in DBP during pregnancy has 

a modest effect on measured free 25(OH)D. Though DBP was elevated in this pregnant 

population, free 25(OH)D offered no advantage over total 25(OH)D as a predictor of circulating 

markers of vitamin D and calcium metabolism. Still, the limited understanding of vitamin D 

metabolism and function during pregnancy warrants further evaluation of measured free 

25(OH)D, measured free 1,25(OH)2D, and vitamin D kinetics in pregnant females. African 

Americans had slightly greater percent free 25(OH)D compared with Whites, and any clinical 

relevance of this finding requires further investigation.  
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CHAPTER 3 

Vitamin D kinetics in nonpregnant and pregnant women after a single oral dose of 

trideuterated vitamin D3† 
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ABSTRACT 

The plasma pool of the hormone 1,25-dihydroxyvitamin D (1,25(OH)2D) is increased throughout 

most of pregnancy. The mechanisms that underlie this adaptation are unclear, in part due to lack 

of data on vitamin D kinetics during pregnancy. Stable isotopes make it possible to study vitamin 

D kinetics in vulnerable study populations like pregnant women. We conducted a pilot study of 

vitamin D kinetics in nonpregnant and pregnant women. We evaluated a clinical protocol and 

developed analytical methods to assess the serum appearance and disappearance of trideuterated 

vitamin D3 (d3-vitamin D3) and trideuterated 25-hydroxyvitamin D3 (d3-25(OH)D3) after a 

single oral dose of 25 µg of [6,19,19-2H]-cholecalciferol (d3-vitamin D3). We then described the 

serum kinetic profiles of d3-vitamin D3 and d3-25(OH)D3 in nonpregnant and pregnant women. 

The serum kinetic profiles of d3-vitamin D3 and d3-25(OH)D3 followed a time course in line 

with previous pharmacokinetic studies. There was marked variability between participants in the 

AUC of d3-25(OH)D3 over the 20-day study period. The primary predictor of this AUC of d3-

25(OH)D3 was the serum DBP concentration, which was higher in pregnant compared with 

nonpregnant women. The mean serum half-life of 25(OH)D3 was longer but not significantly 

different in the pregnant group. Our pilot study demonstrated that a single oral dose of 25 µg of 

d3-vitamin D3 can be used to study vitamin D and 25(OH)D kinetics under physiologic 

conditions. Serum DBP concentration is an important predictor of vitamin D kinetics, and more 

research is needed to fully understand the significance of elevated DBP concentration during 

pregnancy.  
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INTRODUCTION 

 Human pregnancy is associated with adaptations in vitamin D metabolism including a 

100-150% increase in the serum 1,25-dihydroxyvitamin D (1,25(OH)2D) concentration by the 

second trimester. The serum 25-hydroxyvitamin D (25(OH)D) concentration, however, remains 

relatively stable as a function of gestational age despite progressive increase in plasma volume 

(1). Whether expansion of the circulating 1,25(OH)2D pool is facilitated by increased hormone 

production, decreased clearance, or a combination of factors is unclear given the relative absence 

of data on vitamin D kinetics during pregnancy. There has been one prior study of vitamin D 

kinetics, specifically the 25(OH)D serum half-life, during pregnancy (2). In that study, Jones and 

colleagues fed Gambian women trideuterated 25(OH)D3 and found no significant difference in 

the half-life of 25(OH)D between pregnant and nonpregnant women, despite elevated 

1,25(OH)2D levels in the pregnant group. Because participants were fed labeled 25(OH)D3, any 

potential differences in kinetics (for example in absorption, conversion efficiency, or clearance) 

of the parent vitamin D compound by reproductive state could not be addressed.  

 Stable isotope studies that trace vitamin D absorption and turnover may fill gaps in the 

understanding of vitamin D metabolism not only during pregnancy but also across life stages. 

Early radioisotope studies showed that the rate and efficiency of hepatic conversion of 

radiolabeled vitamin D to 25(OH)D was inversely related to vitamin D nutritional status (3, 4). 

These data are still cited as a possible explanation for the nonlinear response to vitamin D 

supplementation and for the inverse relationship between response to supplementation and 

baseline 25(OH)D status (5). However, the factors that influence vitamin D turnover and 

underlying mechanisms have not been fully elucidated, in part due to past methodologic 

challenges.  
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 Previous pharmacokinetics studies of a single oral dose of vitamin D either administered 

radiolabeled cholecalciferol (4, 6-10) or assessed the change in serum vitamin D and/or 

25(OH)D following a large supplemental dose (11-18). There are several limitations to these 

approaches. First, neither technique is suitable for use in vulnerable groups like pregnant women. 

In addition, large doses have the potential to perturb steady state vitamin D metabolism and 

thereby alter tissue distribution and conversion of vitamin D. A stable isotope tracer technique 

instead may avoid perturbing normal metabolism but requires capacity to measure trace amounts 

of vitamin D in serum or plasma. It is difficult to measure vitamin D in those matrices because it 

is extremely hydrophobic (19), and the difference in polarity between vitamin D and 25(OH)D 

makes simultaneous measurement a challenge (20, 21). There has been limited prior effort to 

overcome this challenge because the serum vitamin D concentration is not routinely used in 

clinical medicine.  

 Advances in mass spectrometric instrumentation and methods have enabled the 

possibility to use high-sensitivity stable isotope techniques to safely trace vitamin D metabolism 

under physiologic conditions. To capitalize on this opportunity, we conducted a pilot study of 

vitamin D kinetics after a single oral dose of [6,19,19-2H]-cholecalciferol (trideuterated vitamin 

D3). Our study objectives were to evaluate a clinical protocol and develop analytical methods to 

assess the serum appearance and disappearance of labeled vitamin D3 and labeled 25(OH)D3 

after a single oral dose of trideuterated vitamin D3 and to describe the serum kinetics of the 

trideuterated vitamin D3 and trideuterated 25(OH)D3 in nonpregnant and pregnant women.   

 

 

 

 



 

 109 

METHODS 

Participants 

Six nonpregnant, nonlactating women and 4 pregnant Caucasian women, aged 19-35 y, 

were recruited from the University of Rochester Medical Center (Rochester, NY) and 

surrounding community between November 2015 and June 2016. Eligible participants had a 

current or pre-pregnancy BMI ≤ 28 kg/m2. Pregnant participants were carrying a single fetus and 

were 20 to < 36 weeks pregnant at entry into the 20-day study. Participants agreed to refrain 

from travel to a lower latitude and from use of tanning salons during the study. Nonpregnant 

participants agreed to discontinue use of any dietary supplements during the study, whereas 

pregnant participants continued to ingest their prenatal supplement as recommended except on 

the day of isotope dose administration. Participants were ineligible if they had diabetes, current 

gestational diabetes, other endocrine disorder, malabsorption disease, eating disorder, HIV 

infection, pregnancy hypertension, elevated diastolic blood pressure (> 110 mm/Hg), history of 

substance abuse, or were using steroids or medications that influence vitamin D or calcium 

homeostasis. The study was approved by the Institutional Review Boards at the University of 

Rochester and Cornell University before registration with clinicaltrials.gov (NCT02705287). 

Written informed consent was obtained.  

 

Dose Preparation  

Thirty-five µg of trideuterated [6,19,19-2H]-cholecalciferol (d3-vitamin D3) (Sigma-

Aldrich, atom percentage 97%) was added to 700 µL of commercial soybean oil in an amber 

glass vial and vortexed to mix thoroughly. Each dose of d3-vitamin D3 was prepared individually 

in a research kitchen at Cornell University on the day before dosing. The dose was stored at -

80°C and transported on ice the next morning from Ithaca, NY to Rochester, NY.  
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Study Protocol 

Participants came to the Clinical Research Center (CRC) at the University of Rochester 

Medical Center (URMC) on the morning of study day 1 (D1) in the fasted stated. Height, weight, 

and blood pressure were obtained. A urine sample was collected from nonpregnant participants 

for a urine pregnancy test. A saline lock was placed and baseline blood was obtained. 

Participants were served a standardized breakfast of toast with unfortified margarine, sliced fruit, 

and a selection of beverages. Immediately prior to administration, the dose was brought to room 

temperature and vortexed to mix. Using a pipette, a study investigator dispensed 500 µL of the 

0.05 µg/µL isotope solution (a total dose of 25 µg (1,000 International Units (IU)) of d3-vitamin 

D3) in two aliquots onto the toast. The entire dose was consumed under direction observation. To 

rinse the pipette tip, an additional 500 µL of unlabeled soybean oil was drawn up then dispensed 

onto the toast. The remainder of the breakfast was consumed under direct observation, and 

participants remained in an upright position until lunch.  

Participants spent the following 6 hours post-dosing in their exam room at the CRC. 

Lunch and optional mid-morning and afternoon snacks were served at set times from a 

standardized menu. Dietary intake while in the CRC was estimated by weighing the foods before 

and after snack and lunch times. A non-fasted blood sample was obtained at 2h, 4h, 6h, 24h, 

168h, 264h, and 456h post-dosing. Usual dietary intake was assessed by 24-hour dietary recalls 

obtained at the CRC on study day 1 (D1) and by telephone on an alternate weekday during the 

study period. Data from the 24-hour recalls were entered into the Nutrition Data System for 

Research 2015 (University of Minnesota). At two points during the study (D1 and D20), 

resistance and reactance were measured by a bioelectrical impedance analyzer (Quantum X, RJL 

Systems).   
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Laboratory Analysis 

Serum total 25(OH)D concentrations at baseline, 2h, 4h, 6h, 24h, 168h, 264h, and 456h 

were measured by LC-MS/MS at a Clinical Laboratory Improvement Amendments (CLIA)-

certified lab at the URMC. Serum total 1,25(OH)2D at baseline, 168h, and 456h was measured 

by LC-MS/MS at a URMC reference lab (ARUP Laboratories). A serum comprehensive 

metabolic panel at baseline and 456h was measured at the URMC clinical lab. Blood was 

collected in an EDTA tube or heparin tube and analyzed for intact PTH or whole blood ionized 

calcium, respectively, at baseline and 456h at the URMC lab. Serum vitamin D binding protein 

(DBP) at baseline and 456h was measured using a commercial ELISA (Immundiagnostik AG), 

and serum free 25(OH)D at baseline was also measured by ELISA (Future Diagnostics B.V.). 

Serum 24,25(OH)2D at baseline was measured by LC-MS/MS at an external laboratory 

following published methods (22). DNA was extracted from baseline blood using the Wizard® 

Genomic DNA Purification Kit (Promega) and stored for future studies. A summary of this assay 

schedule is provided in Table 3.1. 
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Preparation of calibrators and sample pretreatment 

Serum was isolated from each post-dosing blood sample and kept at -80°C or on dry ice 

during transport until preparation and analysis at the Cornell Proteomics and Mass Spectrometry 

Core Facility. Five calibrators with analyte quantities ranging from 40-400 pg of d3-vitamin D3 

and 20-400 pg of d3-25(OH)D3 were prepared (Table 3.2).  

 

      Table 3.2. Calibrant content per 100 µL serum calibrator1 

 d3-vitamin D3, pg d3-25(OH)D3, pg 

Calibrator 1 40 (10) 20 (5) 

Calibrator 2 80 (20) 60 (15) 

Calibrator 3 160 (40) 120 (30) 

Calibrator 4 240 (60) 240 (60) 

Calibrator 5 400 (100) 400 (100) 

                            1 Value in parentheses is the amount (25% of the original sample) that was injected for MRM. 

 

Hereinafter, calibrators and participant samples are referred to collectively as samples. 

For sample pretreatment, 100 µL of serum was spiked with internal standards, 1.25 ng of d6-

vitamin D3 ([26,26,26,27,27,27-2H]-vitamin D3, Chemaphor, atom percentage 99%) and 0.3125 

ng of d6-25(OH)D3 ([26,26,26,27,27,27-2H]-25(OH)D3, Chemaphor, atom percentage 99%). 

Samples were then vortexed to mix, spun down in a centrifuge, and incubated for 30 min in the 

dark at room temperature. At this point, samples were stored overnight at -20°C in order to 

distribute the workflow across a 2-day period.  

Samples were thawed at room temperature the following morning. Serum proteins were 

precipitated with 200 µL of acetonitrile (Optima LC-MS, Fisher-Scientific) and vortexed for 1 

min at 1800 rpm. This was followed by sequential addition of 100 µL of Milli-Q deionized water 
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(Millipore), 400 µL of methanol (Optima LC-MS, Fisher Scientific), and 100 µL of chloroform 

(ACS Grade, Fisher Scientific). Samples were vortexed for 5 min at 1200 rpm, centrifuged for 2 

min at 16000 g, and the supernatant was collected in a 2 mL clear microcentrifuge tube. To rinse 

the protein pellet, 400 µL of Optima methanol was added to the original sample, which was 

vortexed for 5 min at 1200 rpm and centrifuged for 2 min at 16000 g. The supernatants were 

pooled in the 2 mL tube and evaporated to dryness in a vacuum concentrator.  

 

Liquid-liquid extraction and derivatization 

Dried sample residues were reconstituted with 200 µL of ethyl acetate (Sequencing 

grade, Fisher Scientific), vortexed to mix, and spun down before addition of 100 µL each of 

Milli-Q water and 0.4 M potassium phosphate dibasic (ACS grade, Sigma-Aldrich) in Milli-Q 

water. Samples were vortexed for 5 min at 1800 rpm, centrifuged for 2 min at 16000 g, and the 

organic layer was transferred into a 1.5 mL microcentrifuge tube. After removing the organic 

layer, 200 µL of ethyl acetate was added to the original sample, which was vortexed and 

centrifuged under the same conditions. The organic layers were pooled in the 1.5 mL tube and 

centrifuged for 1 min at 16000 g. Any aqueous layer was removed by pipette and discarded, and 

the extracts were then dried completely in a vacuum concentrator. Extracts were then 

reconstituted and redried twice from 50 µL of acetonitrile (Optima LC-MS, Fisher-Scientific) 

prior to derivatization.  

A solution of 4-Phenyl-1,2,4-triazoline-3,5-dione (PTAD) (Sigma-Aldrich) was prepared 

to 0.75 mg/mL (w/v) in anhydrous acetonitrile (DNA synthesis grade, Applied Biosystems). 75 

µL was added to extracts, which were vortexed for 1 min at 1600 rpm, spun down, and incubated 

at room temperature in the dark in a desiccator for 45 min. An additional 25 µL of the PTAD 

solution was added (no mixing) after 25 min of incubation. The reaction was quenched at 45 min 
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by addition of 100 µL of Optima methanol, and extracts were vortexed to mix, spun down, and 

dried in a vacuum concentrator.  

 

LC-MS/MS and quantitation 

The extracts were reconstituted in 60 µL of Optima methanol, vortexed for 1 min at 1600 

rpm, and centrifuged to spin down. 50 µL was transferred to polypropylene autosampler vials 

(SUN-SRI) for LC-MRM analysis. Analytes were separated by HPLC using a Dionex 

UltiMate3000 with an Ultra C8 column (5 µm, 100 Å, 1 × 150 mm, Restek) and a binary solvent 

system using an injection volume of 15 µL (25% of the original sample). MS/MS quantitation 

(QTRAP 4000, Sciex) was performed in multiple reaction monitoring (MRM) mode. Precursor 

and product ions monitored are listed in Table 3.3, and example total and extracted ion 

chromatograms are shown in Figures 3.1 - 3.3. Analyte concentrations were quantified using 6-

point calibration curves generated with each run. Calibration points included 5 calibrators plus a 

matrix control with analyte concentrations of zero (example calibration curve in Figure 3.4). The 

calibration curve equations with linear fit are shown in Table 3.4. The limit of detection was 1.5 

pg for d3-vitamin D3 and 0.5 pg for d3-25(OH)D3. Prior to analyses, fresh serum from a 

nonpregnant Caucasian woman of reproductive age was spiked with the analytes and frozen in 

aliquots to be used as an in-house control. Based on this control, the between run coefficient of 

variation was 8.6% for d3-vitamin D3 and 15.6% for d3-25(OH)D3. Unlabeled, native vitamin D3 

and 25(OH)D3 were also quantified using the same calibration curves. The correlation between 

this serum 25(OH)D3 concentration and that measured by the URMC clinical lab (r = 0.74) is 

plotted in Figure 3.5. 

 

 



 

 116 

Table 3.3. MRM precursor/product ion transitions for analytes and internal standards 

PTAD derivative Precursor ion (m/z)a Product ion (m/z)a Collision energy (V) 

d3-vitamin D3 563.6 301.2 26 

d3-25(OH)D3 579.6 301.2 27 

d6-vitamin D3 566.6 298.2 25 

d6-25(OH)D3 582.6 298.2 23 

a [M + H] 

 

Table 3.4. Calibration curve equations and linear fit 

PTAD derivative Run Calibration curve equation R2 

d3-vitamin D3 1 y = 0.00375 +  0.00370x 0.99 

d3-vitamin D3 2 y = 0.00271 +  0.00408x 0.99 

d3-vitamin D3 3 y = 0.00730 +  0.00357x 0.99 

d3-vitamin D3 4 y = 0.00424 +  0.00325x 0.99 

d3-25(OH)D3 1 y = 0.01559 +  0.00655x 0.99 

d3-25(OH)D3 2 y = 0.01130 +  0.00733x 0.99 

d3-25(OH)D3 3 y = 0.01107 +  0.00595x 0.99 

d3-25(OH)D3 4 y = 0.00294 +  0.00748x 0.99 
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Figure 3.5. Serum 25(OH)D3 concentration was measured by LC-MS/MS in each post-dosing 
sample at both the University of Rochester Medical Center (URMC) CLIA-certified clinical lab 
and the Cornell University Proteomics and Mass Spectrometry Core Facility. The plot and 
regression line (y = 1.0x + 2.3) show positive correlation (r = 0.74) between these two 
measurement methods. 
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Pharmacokinetic parameters 

To correct for variability in compartment size, concentrations of serum d3-vitamin D3 

and d3-25(OH)D3 were normalized to mean plasma volume using the equation: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	 × 	𝑃𝑙𝑎𝑠𝑚𝑎	𝑉𝑜𝑙𝑢𝑚𝑒
𝑆𝑎𝑚𝑝𝑙𝑒	𝑀𝑒𝑎𝑛	𝑃𝑙𝑎𝑠𝑚𝑎	𝑉𝑜𝑙𝑢𝑚𝑒  

Plasma volume was estimated from height, weight, and gestational age at study baseline using 

published equations provided in the supplemental material on page 144 (23). However, since 

there is no widely-accepted method for estimating plasma volume during pregnancy, we also 

normalized the tracer concentrations to mean blood volume. Blood volume was estimated as 65 

mL/kg for nonpregnant participants and 70 mL/kg for pregnant participants (23). Finally, 

because plasma and blood volumes could not be measured directly, calculation of 

pharmacokinetic parameters and statistical analyses were conducted with both the uncorrected 

and corrected concentrations.  

Pharmacokinetic parameters were obtained for each subject individually. Parameters 

included maximum concentration observed (Cmax), the time to maximum concentration (tmax), 

and the area under the concentration-time curve (AUC) of serum d3-vitamin D3 and d3-

25(OH)D3. The AUC of d3-vitamin D3 from 0 to 24h (AUC0-24h of d3-D3) and the AUC of d3-

25(OH)D3 from 0 to 456h (AUC0-456h of d3-25D3) were approximated using the linear 

trapezoidal method. The serum half-life of 25(OH)D3 was estimated from the slope of the line (-

ke) fit to the plot of the natural log concentrations of d3-25(OH)D3 at 168h, 264h, and 456h and 

the following equation, assuming first-order reaction kinetics (5, 24): 

𝑡6/8 =
log	(2)
𝑘A
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Statistical Analysis  

Data were analyzed with SAS 9.4 and JMP Pro 13 (SAS Institute Inc.). Differences in 

subject characteristics and kinetic parameters by reproductive state were tested with 2-sample t-

test. Potential predictors of the AUC0-24h of d3-D3, AUC0-456h of d3-25D3, and the 25(OH)D3 

half-life including serum vitamin D3, total 25(OH)D, measured free 25(OH)D, percent free 

25(OH)D, DBP, PTH, 1,25(OH)2D, the molar ratio of 1,25(OH)2D to DBP, 24,25(OH)2D, and 

ionized calcium, dietary calcium intake, GFR, current or pre-pregnancy BMI, and body fat 

percentage (in nonpregnant participants only) were explored using linear regression. A two-sided 

alpha = 0.05 was used to define statistical significance.  
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RESULTS 

Participant Characteristics 

Descriptive data are presented in Table 3.5. Mean age was 26.4 years and was not 

different between reproductive groups. Three nonpregnant participants reported current use of 

hormonal birth control pills. Two were using a combination birth control with estrogen and 

progestin, and 1 was using a progestin-only pill. The other 3 nonpregnant participants were not 

on birth control or other medications. Two pregnant women were studied during the 2nd trimester 

(22 wk gestation), and two were studied during the 3rd trimester (30 wk). The pregnant 

participants did not report taking any medications, but all reported using a daily prenatal 

supplement containing either 400 IU (n = 2), 600 IU, or 1,000 IU of vitamin D3, which they did 

not ingest on the day of isotope dose administration.  

No laboratory indicators changed significantly within participants during the 20-day 

study. For this reason, the average of all the repeated measures is shown in Table 3.5 and was 

used in statistical analyses. There was no evidence of liver or kidney dysfunction in any 

participant per lab results. Serum total 25(OH)D concentration tended to be higher in pregnant 

participants, and the difference between groups approached significance (P = 0.07). In addition, 

pregnant participants had significantly higher serum 1,25(OH)2D and DBP, whereas their PTH 

and percent free 25(OH)D were significantly lower. Mean serum 24,25(OH)2D3 was lower in 

pregnant participants despite higher 25(OH)D3, and as a result the molar ratio of 24,25(OH)2D3 

to 25(OH)D3 was significantly lower in the pregnant group. As expected, glomerular filtration 

rate (GFR) tended to be higher in pregnant participants (P = 0.06).  
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Table 3.5. Participant characteristics and laboratory indicators 

 All 

participants 

Nonpregnant Pregnant 

n 10 6 

 

4 

 Age at baseline, y 26.4 ± 5.5 26.0 ± 6.9 

 

27.0 ± 3.6 

 Height at baseline, cm  170 ± 5.2 170 ± 3.2 162 ± 4.1 

Weight at baseline, kg 65.8 ± 8.7 67.1 ± 9.3 64.0 ± 8.9 

Baseline or pre-pregnancy BMI, kg/m2 NA 23.3 ± 3.9 21.1 ± 2.7 

Blood volume, mL 4,408 ± 578 4,358 ± 603 4,482 ± 620 

Plasma volume, mL 2,905 ± 368 2,641 ± 102 3,300 ± 202* 

Laboratory indicatorsa    

Serum vitamin D3, ng/mL 5.3 ± 4.4  4.3 ± 5.3 6.8 ± 2.4 

Serum total 25(OH)D, ng/mL 32.4 ± 10.6  27.5 ± 9.9 39.8 ± 7.3 

Serum free 25(OH)D, pg/mL 7.97 ± 2.3 8.48 ± 2.8  7.21 ± 1.6 

Percent free 25(OH)D, % 0.027 ± 0.01  0.033 ± 0.01 0.018 ± 0.001* 

Serum 1,25(OH)2D, pg/mL 75.5 ± 28 59.1 ± 15 100 ± 24* 

Serum 24,25(OH)2D3, ng/mL 2.94 ± 1.1  3.09 ± 1.2 2.73 ± 1.2   

24,25(OH)2D3:25(OH)D3 0.0776 ± 0.023 0.0899 ± 0.019 0.0591 ± 0.014* 

Serum intact PTH, pg/mL 36.5 ± 12 42.8 ± 11 27.2 ± 5.9* 

Serum DBP, mg/L 484 ± 120 423 ± 110 575 ± 72* 

Serum albumin, g/dL 4.1 ± 0.5 4.5 ± 0.2 3.5 ± 0.2* 

Serum ionized calcium, mg/dL 4.7 ± 0.1 4.7 ± 0.08 4.6 ± 0.1 

GFR, mL/min/1.73 m2 116 ± 15 109 ± 15 127 ± 8 

Usual calcium intakeb, mg/d 1028 ± 250 1080 ± 222 950 ± 302 

Abbreviations: GFR, glomerular filtration rate; 1,25(OH)2D, 1,25-dihydroxyvitamin D; PTH, parathyroid hormone; 
25(OH)D, 25-hydroxyvitamin D; 24,25(OH)2D, 24,25-dihydroxyvitamin D. 
Values are mean ± SD. * Different from nonpregnant, P < 0.05.  
a Values for laboratory indicators are the means of all available time points. 
b Average of two 24-hour dietary recalls. Includes calcium from prenatal supplement.  
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Serum kinetic profiles of d3-vitamin D3 and d3-25(OH)D3 

Time course of serum kinetic profiles 

The serum kinetic profiles of the blood volume (BV) corrected concentrations of d3-D3 

and d3-25D3 in each participant are displayed in Figure 3.6. In the majority of participants (n = 

7), d3-D3 was first detected in the 4h post-dosing serum sample. It was evident in the 2h sample 

in two nonpregnant participants (NP3 and NP7) and not observed until 6h in one pregnant 

subject (P4). The observed peak of d3-D3 occurred at either 6h or 24h post-dosing with no 

apparent relationship between tmax and reproductive state. The d3-D3 was no longer detectable 

by 168h (D8) in all participants but one (P4) in whom a small amount remained. This is why we 

estimated the AUC of d3-D3 only for the 0-24h period.    

Trideuterated 25D3 (d3-25D3) was first observed in the 6h post-dosing sample in all 

nonpregnant participants. In contrast, it was first detected in the 24h sample in all pregnant 

participants except one (P1) in whom it was detected earlier at the 4h time point. The tmax of d3-

25D3 occurred at 168h (D8) in all but 2 participants, both nonpregnant, and did not appear to 

vary by reproductive state. The d3-25D3 was detected in the two final post-dosing samples at 

264h (D12) and 456h (D20) in all participants. 

 

Maximum concentrations observed (Cmax)  

The mean Cmax of each analyte in all participants combined and by reproductive state is 

shown in Table 3.6. Correcting for blood volume or plasma volume magnified the differences in 

tracer concentrations between nonpregnant and pregnant women, with plasma volume having the 

greatest effect. For this reason, BV corrected concentrations were considered the primary results. 

There was significant between-person variability in the BV corrected Cmax of d3-D3, which 

ranged from 1.03 to 2.98 ng/mL. The mean was 1.62 ng/mL with no significant difference 
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between groups. When corrected for plasma volume, this Cmax of d3-D3 was statistically 

significantly higher in pregnant women. 

The BV corrected Cmax of d3-25D3 ranged from 0.374 to 1.29 ng/mL. The mean was 

0.846 ng/mL, and there was no significant difference between group means regardless of 

whether concentrations were uncorrected or corrected. The ratio of Cmax d3-25D3 to Cmax d3-D3 

ranged from 0.19 to 0.80. The mean ratio was 0.55 with no significant difference between 

groups.  

 

Area under the concentration-time curve (AUC) 

The mean AUC of each analyte in all participants combined and by reproductive state is 

shown in Table 3.6. The AUCs in each participant are also provided in Table 3.7. BV corrected 

AUC0-24h of d3-D3 ranged from 17.8 to 39.5 ng/mL•h. The mean was 26.7 ng/mL•h with no 

difference between groups. The BV corrected AUC0-456h of d3-25D3 was more variable than the 

AUC of d3-D3. It ranged from 107 to 443 ng/mL•h, with a mean of 295 ng/mL•h that did not 

differ between groups.   

Because a more complete serum concentration-time curve was obtained for d3-25D3 

(rather than d3-D3), we explored potential predictors of the AUC0-456h of d3-25D3. Furthermore, 

because this outcome was not different between groups, all observations were combined to 

maximize statistical power. The main predictor of the AUC0-456h of d3-25D3 was the serum DBP 

concentration. When DBP was tested as the independent variable in simple linear regression 

(SLR), the adjusted R2 was 0.39. Other predictors that approached significance in SLR models 

were biomarkers that depend on DBP including free 25(OH)D, percent free 25(OH)D, and the 

molar ratio of 1,25(OH)2D to DBP (Table 3.8). It is noteworthy that neither total 25(OH)D nor 

1,25(OH)2D were related to this outcome. However, the native serum vitamin D3 concentration 
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approached significance as a predictor (SLR: b = -13; SE = 9.0; P = 0.18), and the best fit model 

of the AUC0-456h of d3-25D3 included serum DBP concentration and serum vitamin D3 

concentration (Adjusted R2 = 0.64). 

 

Serum half-life of 25(OH)D3  

 Mean ± SD serum half-life of 25(OH)D3 was 13.6 ± 6.1 days in nonpregnant women and 

18.8 ± 7.5 days in pregnant women (P-for-difference = 0.26). The statistically significant 

predictors of the 25(OH)D3 half-life in SLR were total 25(OH)D (b = 0.42; SE = 0.17; P = 

0.041) and PTH (b = -0.36; SE = 0.15; P = 0.047). With both in the model, only total 25(OH)D 

remained significant because these biomarkers were inversely correlated. Furthermore, 

adjustment for total 25(OH)D (which was notably higher in pregnant women) eliminated any 

difference in the predicted half-life between reproductive groups.  
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Figure 3.6. Serum kinetic profiles of d3-vitamin D3 and d3-25(OH)D3 in each participant. Tracer 
concentrations were corrected for compartment size by normalizing to mean blood volume. 
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Figure 3.6 (Continued) 
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Figure 3.6 (Continued) 
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Figure 3.6 (Continued) 
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Figure 3.6 (Continued) 
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Table 3.6. Pharmacokinetic parameters overall and by reproductive state 

 All 

participants 

Nonpregnant Pregnant 

n 10 6 

 

4 

 Cmax d3-D3, ng/mL 1.61 ± 0.50 1.45 ± 0.38 

 

1.85 ± 0.60 

 PV corrected Cmax d3-D3, ng/mL 1.63 ± 0.63 1.31 ± 0.33 2.12 ± 0.70* 

BV corrected Cmax d3-D3, ng/mL 1.62 ± 0.63 1.42 ± 0.39 1.93 ± 0.85 

d3-D3 AUC0-24h, ng/mL•h  26.7 ± 6.8 25.4 ± 6.3 28.7 ± 7.9 

PV corrected d3-D3 AUC0-24h, ng/mL•h 26.8 ± 7.9 23.0 ± 5.4 32.5 ± 8.2 

BV corrected d3-D3 AUC0-24h, ng/mL•h 26.7 ± 7.7 24.9 ± 6.9 29.3 ± 9.0 

Cmax d3-25D3, ng/mL 0.844 ± 0.32 0.800 ± 0.34 0.910 ± 0.32 

PV corrected Cmax d3-25D3, ng/mL 0.850 ± 0.35 0.727 ± 0.31 1.04 ± 0.36 

BV corrected Cmax d3-25D3, ng/mL 0.846 ± 0.34 0.785 ± 0.35 0.938 ± 0.36 

d3-25D3 AUC0-456h, ng/mL•h 295 ± 120 279 ± 139 318 ± 99.8 

PV corrected d3-25D3 AUC0-456h, ng/mL•h 297 ± 127 254 ± 126 362 ± 111 

BV corrected d3-25D3 AUC0-456h, ng/mL•h 295 ± 125 274 ± 139 326 ± 112 

25(OH)D3 serum half-life, days 15.7 ± 6.8 13.6 ± 6.1 18.8 ± 7.5 

Abbreviations: AUC, area under the concentration-time curve; BV, blood volume; Cmax, maximum concentration 
observed; d3-D3, trideuterated vitamin D3; d3-25D3, trideuterated 25-hydroxyvitamin D3; PV, plasma volume. 
Values are mean ± SD. * Different from nonpregnant, P < 0.05. 
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Table 3.7. AUCs of d3-D3 and d3-25D3 and serum half-life of 25(OH)D3 in each participant 

Participant ID d3-D3 AUC0-24h 
(ng/mL•h) 

d3-25D3 AUC0-456h 
(ng/mL•h) 

25(OH)D3 half-life 
(days) 

 
NP1 17.8 284 22.3 

NP2 19.1 240 7.09 

NP3 36.7 107 8.96 

NP5 28.2 429 17.7 

NP6 22.4 149 16.3 

NP7 25.3 439 9.03 

P1 39.5 443 24.4 

P2 23.1 314 21.5 

P3 20.5 178 21.6 

P4 34.1 369 7.77 

Abbreviations: AUC, area under the concentration-time curve; d3-D3, trideuterated vitamin D3; d3-25D3, 
trideuterated 25-hydroxyvitamin D3; NP, nonpregnant; P, pregnant; 25(OH)D3, 25-hydroxyvitamin D3. 

 

Table 3.8. Predictors of d3-25D3 AUC0-456h in simple linear regression models 

Independent variable b  ± SE P value 

DBP 0.69 ± 0.26 0.03 

Free 25(OH)D -33 ± 15 0.05 

Percent free 25(OH)D -6,300 ± 3,600 0.12 

1,25(OH)2D:DBP -130 ± 67 0.09 

Abbreviations: AUC, area under the concentration-time curve; d3-25D3, trideuterated 25-hydroxyvitamin D3; DBP, 
vitamin D binding protein; free 25(OH)D, free 25-hydroxyvitamin D; 1,25(OH)2D:DBP, the molar ratio of 1,25-
dihydroxyvitamin D to DBP.  
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DISCUSSION 

 This pilot study demonstrated that a single 25 µg (1,000 IU) oral dose of trideuterated 

vitamin D3 can be used to trace the serum appearance and disappearance of vitamin D3 and 

25(OH)D3 in nonpregnant and pregnant women. The serum kinetic profiles of d3-vitamin D3 and 

d3-25(OH)D3 followed a predictable time course in line with previous pharmacokinetic studies. 

There was marked variability between participants in the AUC of d3-25(OH)D3 over the 20-day 

study period. The primary predictor of this AUC of d3-25D3 was the serum DBP concentration, 

which was higher in pregnant compared with nonpregnant women. The mean serum half-life of 

25(OH)D3 was longer but not significantly different in the pregnant group.  

 The analytical methods developed for this pilot study provided the capacity to use a 

relatively small, 25 µg oral dose of trideuterated vitamin D3. In agreement with Aronov et al. 

(20), we found solid phase extraction (SPE) unsuitable for measurement of serum vitamin D3. 

We tested several variations of SPE, but results for vitamin D3 were unreliable (data not shown). 

Using liquid liquid extraction (LLE), we optimized workflow and resources by simultaneously 

extracting vitamin D3 and 25(OH)D3 from 100 µL of serum. We know of one other published 

method that used LLE and LC-MS/MS to simultaneously measure vitamin D and 25(OH)D, and 

the reported limit of quantitation was 2 ng/mL for vitamin D and 1 ng/mL for 25(OH)D (21). 

Dimitris et al. adapted this method and reported a limit of quantitation of 2.60 nmol/L (1.0 

ng/mL) for vitamin D3 (25). Based on initial evaluation, our method has similar sensitivity. The 

limit of detection was 1.5 pg (0.06 ng/mL) for d3-vitamin D3 and 0.5 pg (0.02 ng/mL) for d3-

25(OH)D3. A follow up study to thoroughly evaluate the performance of our new mass spec 

assay is required.  

 In these pregnant and nonpregnant women, the tmax of d3-vitamin D3 occurred at 6h or 

24h post-dosing and seemed to be unrelated to reproductive state. While there was significant 
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between-person variability in the Cmax of d3-vitamin D3, this should be interpreted with caution, 

as it may indicate variability in the rate rather than efficiency of absorption. Several previous 

studies of a single oral dose of vitamin D3 reported the tmax of vitamin D3 was between 6 and 16 

hours, regardless of the amount of radiotracer (6, 9, 10, 26) or supplement (11, 14) administered. 

Thus, it is likely that, due to the blood sampling protocol, we did not observe the true Cmax of d3-

vitamin D3 in many participants. To ensure observation of the Cmax of d3-vitamin D3 in future 

research will require frequent serial blood sampling during a dosing visit with a duration of 

longer than 12 hours.  

 In these pregnant and nonpregnant women, d3-25(OH)D3 peaked in the Day 8 sample 

following consumption of d3-vitamin D3, and this tmax corroborates results from previous 

pharmacokinetic studies of oral vitamin D in both nonpregnant (12, 13, 18) and pregnant 

individuals (18). Upon administering a single oral dose of 70,000 IU of vitamin D3, Roth and 

colleagues observed subtle differences by reproductive state in the serum 25(OH)D response 

(18). Serum 25(OH)D rose more rapidly and peaked slightly earlier in nonpregnant relative to 

pregnant women. Likewise, in our study, the d3-25D3 first appeared at 6h post-dosing in all 

nonpregnant participants but was only detected in 1 pregnant participant at that early time point. 

This may indicate that delivery of vitamin D3 to the liver is slower in pregnant women, perhaps 

due to higher serum DBP concentration during pregnancy.   

In our study, the AUC0-456h of d3-25D3 was highly variable between individuals and was 

primarily predicted by the serum DBP concentration. Higher DBP concentration was associated 

with greater AUC of d3-25D3, and there was also a positive association between DBP and the 

AUC0-24h of d3-D3 that approached significance (data not shown). These findings align with the 

known role of DBP in maintaining a circulating reservoir of vitamin D and its metabolites. DBP 

prevents plasma loss of vitamin D and 25(OH)D due to metabolism, excretion, or transfer into 



 

 139 

extravascular compartments. The first study of DBP null mice showed that relative to WT, mice 

lacking DBP experienced more rapid yet less efficient hepatic clearance of intravenous 

radiolabeled vitamin D (27). The serum half-life of downstream radiolabeled 25(OH)D also was 

significantly shorter in DBP nulls. Serum DBP concentration would be expected to influence the 

kinetics of not only injected but also dietary vitamin D, as a large portion of vitamin D that 

enters the circulation on chylomicrons is transferred to DBP prior to reaching the liver (5, 28). 

Overall, our results indicate that higher DBP concentration is associated with increased total 

plasma exposure to vitamin D and 25(OH)D, a finding that corroborates vitamin D metabolic 

studies in animals and supports the validity of our stable isotope method for investigating 

vitamin D metabolism in humans.  

The positive association between DBP and the AUC of 25(OH)D also suggests that 

serum DBP concentration may explain variability in the 25(OH)D response to vitamin D 

supplementation, and this hypothesis requires further study. Factors known to affect DBP 

concentration include estrogen status and DBP genotype (29, 30). Estrogen stimulates hepatic 

production of DBP (31), and DBP concentration is elevated in pregnant females and to a lesser 

extent in women using estrogen-containing contraception (32). In a large pharmacokinetics study 

of vitamin D supplementation, Hammami et al. found that the response to supplementation with 

250,000 IU of vitamin D3 or vitamin D2 (as assessed by the AUC0-7days of 25(OH)D) was 

significantly higher in females compared with males (33). They hypothesized that this finding 

may have been mediated by DBP concentration, and our data indirectly support their hypothesis. 

An alternative explanation is that higher DBP level occurs in parallel with increased absorption 

and/or hepatic metabolism of vitamin D due to hormonal mediators, which we could not rule out 

in our study.  
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We estimated the serum half-life of 25(OH)D3, and the mean half-life (overall and within 

reproductive group) fell within the expected range of 2 to 3 weeks (34, 35). The 25(OH)D3 half-

life was longer but not significantly different in pregnant women, which corroborates the one 

prior study of this outcome during pregnancy (2). However, the difference we observed between 

reproductive groups disappeared after adjustment for total 25(OH)D. In our study, 25(OH)D3 

half-life was positively associated with serum 25(OH)D concentration, and this association has 

been observed in some (2, 3, 36) but not all (35, 37) previous studies. Disagreement in the 

literature may be due to methodology, including study duration. For example, in our study, it 

would have been preferable to have more data points in order to confidently define the terminal 

slope of disappearance in each participant. Thus, future studies should follow the labeled 

25(OH)D for longer than 19 days to allow for accurate estimation of the terminal half-life. Our 

pilot data suggest this will be feasible when using a 25 µg oral dose of trideuterated vitamin D3. 

In addition, a larger study with sufficient power is required. Based on our current results, we 

calculate that a sample size of 28 women in each reproductive group will be required to detect a 

statistically significant difference in 25(OH)D3 half-life between groups.  

Emerging data indicate that pregnancy is a state of reduced 25(OH)D catabolism (2, 38). 

Serum 25(OH)D is catabolized by the 24-hydroxylase enzyme to 24,25(OH)2D, and we detected 

a statistically significantly lower ratio of 24,25(OH)2D to 25(OH)D in pregnant compared with 

nonpregnant women. Two recent studies and one earlier study also observed that serum 

24,25(OH)2D concentration is low in the pregnant compared with the nonpregnant state (2, 38, 

39). Reduced 25(OH)D catabolism during pregnancy may help to meet the increased demand for 

1,25(OH)2D and calcium and may explain why the 25(OH)D half-life is either longer or not 

different during pregnancy despite increased 1,25(OH)2D concentration throughout most of 

gestation. In addition to the possible buffering effect of elevated DBP, reduced 25(OH)D 
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catabolism during pregnancy may stem from suppression of the 24-hydroxylase by feedback 

regulation or reproductive hormones such as PTH-related peptide and estrogen (40).  

The conclusions that can be drawn from our pilot study have limitations, many of which 

relate to the blood sampling protocol. However, one of the objectives of the pilot was to 

determine an optimal protocol for larger follow up studies. Future studies of a single oral dose of 

labeled vitamin D should collect blood several times during the first day and the first week post-

dosing and should follow labeled 25(OH)D for longer than 19 days in order to obtain complete 

serum concentration-time curves and estimate the serum half-lives of vitamin D and 25(OH)D. 

In addition, more research is required to validate the mass spectrometry assay used in this study. 

Whereas an oral dose of labeled vitamin D enables evaluation of vitamin D turnover, a potential 

limitation of this design is that slow release of labeled vitamin D from extravascular storage 

depots during the study period might contribute to the labeled 25(OH)D pool and distort the 

estimate of the 25(OH)D half-life. However, we detected no d3-vitamin D3 in the serum between 

days 8 and 20, which suggests that minimal labeled vitamin D3 was released from extrahepatic 

storage during the study period. Regarding hepatic storage, autopsy studies indicate that vitamin 

D does not reside for long in the liver, and only ~1% of a dose of radiolabeled vitamin D remains 

in the liver after 1 week (41).  

 In summary, this pilot study demonstrated the feasibility of tracing vitamin D turnover 

with a stable isotope, and we believe this technique can be applied to learn more about the 

vitamin D economy across physiologic conditions. Future research should extend tracer studies 

to more racial-ethnic groups and further investigate the influence of serum DBP concentration 

and related variables on vitamin D kinetics. Eventually, it would be ideal to trace 25(OH)D 

metabolism into further hydroxylated metabolites such as 1,25(OH)2D and 24,25(OH)2D in order 

to investigate the dynamics of 25(OH)D activation and catabolism. In future studies of 
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pregnancy specifically, stable isotope tracers may be used to determine which forms of vitamin 

D (parent compound and metabolites) are transferred across the human placenta from the 

maternal to the fetal circulation.  
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Study Visit 1 Menu 
 
 

Delivered at 9:00 AM:  
Breakfast 

(So that this dosing meal is standardized, participants will be asked to consume this entirely and 
will not be offered additions or alternatives.) 

• The dose of vitamin D will be given with 1 mL (1/5 tsp) of vegetable oil  
• 2 slices of warm white toast with unfortified margarine  
• Sliced peaches or pears  
• Beverages available: water, coffee, tea, and fruit juice (orange, apple, grape, or cranberry 

juice cocktail) 
 
Please instruct participant to remain upright (sitting or standing) during the period between the 
dosing meal and mid-morning snack.  
 
 
Delivered at 10:30 AM: 

Mid-morning snack 

• Optional menu items: 2 chicken sausage links or peanut butter and toast  
• Condiments: salt, pepper, sugar, sugar sub, Coffee-mate  

 
Please encourage the participant to remain upright (sitting or standing) until lunch as well.  
 
 
Delivered from 12:00 to 1:00 PM: 

Lunch 

• Turkey sandwich on a bulky white roll with American cheese, tomato, and lettuce  
• Campbell’s chicken noodle soup 
• Sliced peaches or pears 
• Beverages available: water, coffee, tea, and fruit juice (orange, apple, grape, or cranberry 

juice cocktail) 
• Condiments: mustard, mayo, salt, pepper, sugar, sugar sub, Coffee-mate  

 
 
Delivered from 2:00 to 3:00 PM: 

Late afternoon snack 

• Crunchy pretzels and peanut butter 
• Beverages available: water, coffee, tea, and fruit juice (orange, apple, grape, or cranberry 

juice cocktail) 
• Condiments: sugar, sugar sub, Coffee-mate  
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Equations for estimation of plasma volume and blood volume from (23) 
 
 
𝑃𝑉	(𝑚𝐿) = (𝐻𝑡	(𝑐𝑚) × 𝐵1) + (𝑊𝑡	(𝑘𝑔) × 𝐵2) + 𝐴	 
 
PV = plasma volume 
Ht = height 
Wt = weight  
 
If nonpregnant: 
B1 = 20.2 
B2 = 14.9 
A = -1793 
 
If 20 weeks since last menstrual period: 
B1 = 27.9 
B2 = 1.7 
A = -1557 
 
If 28 weeks since last menstrual period: 
B1 = 25.6 
B2 = 5.8 
A = -1040 
 
𝐵𝑉	(𝑚𝐿)	𝑖𝑓	𝑛𝑜𝑛𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑡 = 𝑊𝑡	(𝑘𝑔) 	× 	65	𝑚𝐿 
 
𝐵𝑉	(𝑚𝐿)	𝑖𝑓	𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑡 = 𝑊𝑡	(𝑘𝑔) 	× 	70	𝑚𝐿 
 
BV = blood volume  
Wt = weight  
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AFTERWORD 

The goal of this doctoral research was to improve evaluation of vitamin D biomarkers 

and understanding of vitamin D metabolism during human pregnancy. This original research 

resulted in two peer-reviewed scientific publications and a manuscript to be submitted for 

publication. Most importantly, this research unearthed new scientific knowledge and promising 

avenues for future discovery. The main findings, their potential implications, and opportunities 

for future research are summarized below.   

Serum 24,25(OH)2D concentration may be a functional indicator of vitamin D status also 

during pregnancy. There is recent evidence that serum 24,25(OH)2D concentration is a sensitive 

indicator of vitamin D deficiency that reflects not only substrate (25(OH)D) availability but also 

demand for calcium. The study described in Chapter 1 of this dissertation provided some of the 

few data available to date on the candidate biomarker serum 24,25(OH)2D in pregnancy. The 

results support the hypothesis that serum 24,25(OH)2D concentration is a functional indicator of 

vitamin D status also in the pregnant state. Confirmation of this will require studies linking 

serum 24,25(OH)2D concentration to functional and clinical outcomes. Future studies should 

consider outcomes classically associated with bone mineral homeostasis as well as extraskeletal 

outcomes such as preeclampsia and fertility, which may relate to vitamin D nutritional status 

through the calcium pathway or an alternate pathway. In addition, there is a small amount of 

evidence indicating that the metabolite 24,25(OH)2D has direct effects on bone and the 

parathyroid glands. Mechanistic research is needed to confirm this and to be able to assess 

possible implications for maternal and child health.  

Longitudinal increase in serum DBP concentration during pregnancy is associated with 

modest decrease in directly measured free 25(OH)D. This association was reported in Chapter 2 

and was evident only after adjusting for total 25(OH)D concentration. Although our results 
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suggest that free 25(OH)D will decline across gestation as DBP increases, we found nothing to 

suggest that this has implications for assessment of vitamin D status during pregnancy. Total 

25(OH)D rather than free 25(OH)D was a stronger correlate of circulating markers of vitamin 

D and calcium metabolism. Nevertheless, evaluation of the clinical utility of free 25(OH)D is a 

relatively new area of research. More work is needed to validate assays for direct measurement 

of free 25(OH)D and free 1,25(OH)2D and to investigate their significance in vitamin D 

physiology. With respect to pregnancy, longitudinal studies of vitamin D biomarkers throughout 

gestation are limited, and most are decades old. A longitudinal study tracking traditional and 

candidate biomarkers of vitamin D status from pre-pregnancy through post-partum would 

provide valuable information.  

Single oral dosing with trideuterated vitamin D enabled study of vitamin D turnover 

under physiologic conditions and revealed that serum DBP concentration is a primary predictor 

of vitamin D and 25(OH)D kinetics. Chapter 3 describes the clinical protocol and analytical 

methods used to assess the serum appearance and disappearance of stable isotope-labeled 

vitamin D3 and labeled 25(OH)D3. Our pilot study provides proof of principle that stable isotope 

techniques may be used to learn more about vitamin D turnover and fill gaps in the 

understanding of the vitamin D economy in human physiology. Our data indicate that serum 

DBP concentration is positively associated with the area under the concentration-time curve of 

25(OH)D following intake of vitamin D. This finding may have several implications that require 

substantiation. For example, serum DBP concentration may explain some of the previously 

unexplained variability in the serum 25(OH)D response to vitamin D supplementation. If true, 

this would indicate that vitamin D turnover varies by factors that affect DBP concentration, 

notably estrogen status (sex and life stage) and DBP genotype. More research is required to 

explore this potentially important precision nutrition aspect of vitamin D metabolism.  
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Participant consent form for study “Vitamin D dynamics in pregnant and nonpregnant women” 
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INTRODUCTION 
 
Vitamin D is a fat-soluble vitamin that has a structure similar to a steroid; it is most often 
associated with calcium absorption and bone development. It was first labeled as a 
vitamin in the early 1920s when it was discovered as the component of cod liver oil that 
can prevent childhood rickets (Shipley PG, Norman, 2012, and McCollum, 1925), a 
condition in which poorly mineralized bones are weak and soft. Humans and most other 
animals produce vitamin D in the skin from a precursor called 7-dehydrocholesterol 
upon exposure to ultraviolet-B (UVB) rays, including sunlight. Whether ingested or 
produced in the skin, vitamin D is an inactive pro-hormone that has to be hydroxylated 
to an active form in the body. The purpose of this article is to introduce readers to 
vitamin D physiology during pregnancy and discuss the implications of vitamin D 
deficiency in pregnant women. 
 

Vitamin D and its Metabolites: Terms to Know 
Common Name/ 
Abbreviation 

Full Name Description 
 

Vitamin D3 Cholecalciferol Form of vitamin D produced in the skin of humans and 
other animals, so occurs in animal source foods, fortified 
foods, and supplements 
 

Vitamin D2 Ergocalciferol Form of vitamin D produced by plants, so occurs in plant 
foods, fortified foods, and supplements 
 

25(OH)D 25-hydroxyvitamin D  
or “calcidiol” 

25(OH)D is produced when the liver metabolizes vitamin 
D. 25(OH)D can occur as 25(OH)D2 or 25(OH)D3 
dependent upon the form of vitamin D from which it was 
produced. Clinicians order a serum 25(OH)D lab assay in 
order to assess vitamin D status. Routine practice involves 
interpretation of the total (25(OH)D2 plus 25(OH)D3) 
concentration.  
 

1,25(OH)2D 1,25-dihydroxyvitamin D 
 or “calcitriol” 

The biologically active, hormonal form of vitamin D. 
Circulating 1,25(OH)2D is produced in the kidneys and 
then enters the bloodstream. This test is primarily 
indicated during patient evaluation for hypercalcemia and 
renal failure. A normal result does not rule out Vitamin D 
deficiency. 
 

 
VITAMIN D ENDOCRINOLOGY 
 
Dietary vitamin D is absorbed with dietary fats. Once vitamin D from the diet or the skin 
enters the circulation, it moves to the liver, which converts it to 25-hydroxyvitamin D 
(25(OH)D). 25(OH)D is then transported to the kidney to be further hydroxylated into the 
hormone calcitriol (1,25(OH)2D), the most active form.  
 
Bone is a dynamic tissue that continually releases calcium to maintain serum calcium 
concentrations at constant levels. When serum calcium is low, the parathyroid gland 
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secretes parathyroid hormone (PTH), which stimulates the kidneys to increase the 
production of biologically active vitamin D, 1,25(OH)2D. 1,25(OH)2D binds to intestine 
and bone to increase absorption and increase the release of calcium to maintain the 
body’s circulating calcium pool (Table 1). Parathyroid hormone assists in this process 
by increasing resorption of calcium by the kidneys.  
 

Table 1. Hormonal Effects that Regulate Calcium (Ca++) Homeostasis 

Target Organ Hormonal Effects  

Bone 
1,25(OH)2D triggers release of ionized Ca++ into the bloodstream 

1,25(OH)2D promotes bone remodeling 

Intestine 1,25(OH)2D increases efficiency of intestinal absorption of Ca++ 

Kidney PTH increases calcium resorption 

Parathyroid glands 1,25(OH)2D inhibits synthesis and secretion of parathyroid 
hormone  

 
VITAMIN D METABOLISM IN PREGNANCY 
 
The level of the hormone 1,25(OH)2D in the blood increases two to three times above 
normal by the second trimester, after which the level remains fairly constant throughout 
the rest of the pregnancy (Brannon, 2011, and Hollis, 2011). It is unclear whether the 
high levels of 1,25(OH)2D during pregnancy result from increased production by the 
kidneys, placental production, reduced catabolism, or a combination of factors. 
Whatever the case, the additional 1,25(OH)2D is associated with the doubling of 
absorption of dietary calcium that occurs early in pregnancy (Heaney, 1971). Pregnancy 
demands for calcium are high: the pregnant woman will need to provide 25 to 30 grams 
of calcium for fetal bone mineralization, mostly during the third trimester (Heaney, 
1971). The most commonly measured biomarker of vitamin D status, serum 25(OH)D, 
remains fairly constant across pregnancy. Depending on the study population and which 
type of assay was used, some studies report that PTH concentrations remain static or 
decrease across gestation (Kovacs, 2008, and Prentice, 2000), whereas recent studies 
report that PTH was elevated in pregnant women with suboptimal vitamin D status 
(Kramer, 2016; Young, 2012; and Scholl, 2013).  
 
SOURCES OF VITAMIN D 
 
Humans obtain the majority of their vitamin D by producing it in the skin upon exposure 
to ultraviolet-B (UVB rays) in sunlight (Webb, 1988). With adequate UVB exposure, 
humans have no dietary requirement for vitamin D (Norman, 2012). However, some 
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people do not achieve adequate dermal production of vitamin D3. For instance, many 
people do not spend time outside during the day or they protect their skin from the sun’s 
harmful UV radiation. Sunscreen can block vitamin D3 production by the skin 
(Matsuoka, 1987). In addition, season and latitude determine the amount of UVB 
radiation that penetrates the atmosphere and reaches the earth. The potential for UVB 
exposure drops in colder seasons and in locations further from the equator. In locations 
where UVB sunlight exposure varies by season, 25(OH)D levels are consistently higher 
in the summer months compared with the winter months (Holick, 2007). Moreover, skin 
color is a determinant of vitamin D3 production. The darker a person’s skin tone, the 
longer the duration of sun exposure required to make an equivalent amount of vitamin 
D3 compared with fair-skinned individuals (Clemens, 1982). This is at least a partial 
explanation for why ethnic groups with darker skin tones have documented lower levels 
of 25(OH)D on average than white individuals living in the same geographic area 
(Young, 2012; Egan, 2008; Brooke, 1980; and Looker, 2011). Vegetarian or vegan diets 
also increase the risk for vitamin D deficiency, and obese individuals have lower mean 
25(OH)D serum concentrations, in part, because vitamin D is sequestered in adipose 
tissue (Ross, 2011). Clinicians should be aware that dietary fat malabsorption, as 
occurs with inflammatory bowel disease or after certain bariatric surgeries, can also 
cause vitamin D deficiency (Holick, 2011). 
 
The major dietary sources of vitamin D are fortified dairy and fatty fish. A cup of milk 
contains approximately 100 International Units (IU) of vitamin D, and 5 ounces of 
salmon contains up to 1000 IU. Certain types of mushrooms (e.g., chanterelle and 
morel) contain approximately 120 IU per cup of vitamin D, and many growers are now 
selling mushrooms that have been exposed to UV light to increase their vitamin D 
content. Vitamin D can also be obtained from eggs, meat, organ meats like liver, and 
other fortified products such as cereals and orange juice (Dror, 2010, and Taylor, 2016). 
Multivitamin supplements usually contain vitamin D, and most prenatal supplements 
contain 400 IU of vitamin D3. 
 
RECOMMENDATIONS FOR VITAMIN D INTAKE 
 
The Dietary Reference Intakes (DRI) are a set of dietary intake recommendations that 
are used to plan and assess the diets of healthy people in the U.S. The Institute of 
Medicine (IOM) updated the DRI for vitamin D in 2011; it now recommends that 
pregnant women ingest 600 IU of vitamin D per day (Ross, 2011). This recommended 
dietary allowance (RDA) aims to ensure that the majority of pregnant women achieve a 
serum 25(OH)D greater than or equal to 20 ng/mL. The recommendation assumes 
people will have minimal sun exposure. However, most prenatal supplements contain 
400 IU, which was the RDA prior to 2011. The IOM Committee also established a 
tolerable upper intake level (UL) of 4,000 IU of vitamin D per day for healthy pregnant 
females. For free-living, healthy adults and adolescents, there is no evidence that a 
chronic, daily intake greater than 4,000 IU is beneficial, and it may pose harm.   
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SCREENING FOR VITAMIN D DEFICIENCY  
 
There is some difference of opinion on the serum 25(OH)D threshold that should be 
used to identify vitamin D deficiency, but many experts, including the IOM DRI 
Committee, agree that a serum 25(OH)D of at least 20 ng/mL (50 nmol/L) minimizes 
risk of bone health problems (ACOG, 2011). The Endocrine Society’s Clinical Practice 
Guideline, however, recommends a higher 25(OH)D concentration of at least 30 ng/mL 
(Table 2, Holick, 2011). While low vitamin D status has been associated with adverse 
health outcomes and there are no known risks associated with having a serum 25(OH)D 
concentration up to 50 ng/mL, several studies of non-pregnant adults suggest that 
having a 25(OH)D level greater than 50 ng/mL is positively associated with all-cause 
mortality, cardiovascular disease risk, some cancers, and fractures and falls. The IOM 
used this information to determine the tolerable upper intake level, as chronic, 
excessive intake of vitamin D is the primary cause of serum 25(OH)D greater than 50 
ng/mL.  
 
Table 2. Interpretations of Serum 25(OH)D (ng/mL) as developed by The 

Endocrine Society and the Institute of Medicine Dietary Reference 
Intakes Committee  

The Endocrine Society IOM DRI Committee 

Serum 25(OH)D Definition Serum 25(OH)D  Definition 

Less than 20 ng/mL Deficiency Less than 12 ng/mL At risk of deficiency 

21 to 29 ng/mL Insufficiency 12 to less than 20 ng/mL At risk of inadequacy 

  20 ng/mL Sufficiency 

  Greater than 30 ng/mL Not associated with 
increased benefit 

  Greater than 50 ng/mL May be reason for 
concern 

Adapted from Ross CA, Taylor CL, Yaktine AL, and del Valle HB (2011). Dietary Reference Intakes 
for Calcium and Vitamin D. Washington, D.C.: The National Academies Press. Holick MF, Binkley 
NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, Murad MH, and Weaver CM (2011). 
Evaluation, treatment, and prevention of vitamin D deficiency: An Endocrine Society clinical 
practice guideline. Journal of Clinical Endocrinology and Metabolism, 96:1911-1930. 
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VITAMIN D STATUS IN PREGNANT FEMALES IN THE U.S. 
 
The majority of U.S. females of reproductive age consume inadequate intakes of 
vitamin D and calcium (Bailey, 2010), and by the 20 ng/mL criteria, one third of pregnant 
females in the U.S. have inadequate vitamin D status. Recent studies have documented 
that vitamin D deficiency is prevalent in pregnancy among high-risk groups including 
vegetarians, women with limited sun exposure, and women with darker skin (Ginde, 
2010, Young, 2012, Looker, 2011, and ACOG, 2011). Moreover, studies have shown 
that non-White women and women with younger age or low socioeconomic status are 
less likely to take prenatal supplements (Ginde, 2010). In general, the following factors 
should be considered in evaluating risk for vitamin D deficiency. 
 

o Distance from the equator 
o Skin color 
o Typical UVB exposure from the sun or tanning beds 
o Usual dietary intakes of vitamin D and calcium 
o Content and use of prenatal supplements 
o Conditions that impact intestinal absorption of vitamin D 

 
VITAMIN D SCREENING AND SUPPLEMENTATION DURING PREGNANCY 
 
In 2011, the Committee on Obstetric Practice of the American Congress of 
Obstetricians and Gynecologists (ACOG) concluded: 
 

There is insufficient evidence to support a recommendation for screening 
all pregnant women for vitamin D deficiency. For pregnant women thought 
to be at increased risk of vitamin D deficiency, maternal serum 25(OH)D 
levels can be considered and should be interpreted in the context of the 
individual clinical circumstance. When vitamin D deficiency is identified 
during pregnancy, most experts agree that 1,000–2,000 IU per day of 
vitamin D is safe. Higher dose regimens used for the treatment of vitamin 
D deficiency have not been studied during pregnancy. Recommendations 
concerning routine vitamin D supplementation during pregnancy beyond 
that contained in a prenatal vitamin should await the completion of 
ongoing randomized clinical trials (ACOG, 2011).  

 
The IOM determined that pregnant and lactating women should consume 600 IU of 
vitamin D per day to achieve/maintain adequate vitamin D status, and other expert 
panels support this statement (Munns, 2016). This recommendation relies on evidence 
that a serum 25(OH)D ≥20 ng/mL during pregnancy will help to protect a pregnant 
woman’s skeletal health and prevent vitamin D deficiency and potential neonatal 
consequences. Pregnant women with documented vitamin D deficiency may require 
more than 600 IU of vitamin D/day to achieve 25(OH)D adequacy. The Endocrine 
Society’s Clinical Practice Guideline advises that intakes of 1,500 to 2,000 IU/day may 
be required to achieve and/or maintain this level during pregnancy (Holick, 2011), 
depending on whether the woman is deficient or not (Aloia, 2008). Regarding 
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supplementation schedule, daily and weekly dosing schedules are equally effective for 
maintenance of 25(OH)D concentration (Ross, 2011).  
 
At least three large trials of maternal vitamin D supplementation have been published 
since the last official statement made by ACOG on vitamin D screening and 
supplementation during pregnancy. Data from these studies suggest that some 
pregnant women may require supplementation with additional vitamin D, beyond what is 
contained in a typical prenatal supplement, to achieve 25(OH)D status associated with 
optimal bone health. Hollis et al. supplemented 494 African-American, Hispanic, and 
White U.S. women living in South Carolina with 400, 2000, or 4000 IU of vitamin D3/day 
beginning at 12 to 16 weeks of gestation (Hollis, 2011). The percentage of women in the 
2,000 IU or 4,000 IU group that achieved a 25(OH)D concentration of at least 80 nmol/L 
(32 ng/mL) was significantly higher than that observed in the 400 IU group. Two other 
recent supplementation trials (Vitamin D Antenatal Asthma Reduction Trial [VDAART] 
and Maternal Vitamin D Osteoporosis Study [MAVIDOS]) reported similar findings. The 
VDAART researchers randomized women to either 4,400 IU or 400 IU of vitamin D3 
daily (Litonjua, 2016). The percentage of women who achieved a 25(OH)D 
concentration higher than 30 ng/mL was 75% in the 4,400 IU group and 34% in the 400 
IU group. For a 25(OH)D level of at least 20 ng/mL, the breakdown was 89% and 72%. 
In the MAVIDOS trial, which was conducted in the U.K., the prevalence of 25(OH)D less 
than or equal to 20 ng/mL was similar in the treatment groups at the beginning of the 
study (Cooper, 2016). By 34 weeks’ gestation, only 17% of women in the 1,000 IU 
treatment group had insufficient 25(OH)D, whereas the prevalence of low 25(OH)D was 
64% in the placebo group. Women in the placebo group who delivered in winter or 
spring experienced a decline on average in 25(OH)D across gestation, whereas the 
1,000 IU group experienced no seasonal change in 25(OH)D status. In the MAVIDOS 
study, women with very low serum 25(OH)D at baseline were not eligible to participate, 
so the potential impact of supplementation on those with very low vitamin D status was 
not evaluated in this study. 
 
At present, the vitamin D intake recommendations for pregnant women are based upon 
the associations of serum 25(OH)D with skeletal health. Some of the evidence behind 
the recommendations, as well as new insights into vitamin D and its important effects 
beyond bone health, are discussed in the final section below. 
 
HEALTH EFFECTS OF VITAMIN D STATUS DURING PREGNANCY 
 
Bone Health of Infants and Children 
 
Maternal vitamin D status during pregnancy determines the neonate’s vitamin D status 
at birth. Neonatal 25(OH)D concentrations are approximately 20% to 30% lower than 
maternal concentrations (Brannon, 2011); thus, babies born to women with low 
gestational serum 25(OH)D begin life with low vitamin D levels. In the worst cases, 
severe vitamin D deficiency in newborns and young children can cause rickets. 
Nutritional rickets is most often caused by vitamin D deficiency alone or in combination 
with low dietary intakes of calcium (Holick, 2006). Vitamin D deficiency rickets in the 
U.S. is more common among dark-skinned infants that are exclusively breastfed and 
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among those who do not receive vitamin D supplementation or adequate sunlight 
exposure (Lazol, 2008). Although vitamin D deficiency rickets is very rare in the U.S., it 
is entirely preventable through low-cost interventions to achieve adequate serum 
25(OH)D in the pregnant woman and neonate (Munns, 2016, and Moon, 2014). The 
Global Consensus Recommendations on Prevention and Management of Nutritional 
Rickets includes a strong recommendation that pregnant women should receive 600 IU 
of vitamin D/day to ensure maternal 25(OH)D adequacy and prevent vitamin D 
deficiency rickets in the child (Munns, 2016). Targeting prevention in infants, the 
American Academy of Pediatrics recommends that all infants consume 400 IU of 
vitamin D daily beginning in the first days of life; exclusively and partially breastfed 
infants should receive supplementation with 400 IU per day to achieve this 
recommended intake of vitamin D (Wagner, 2008).  
 
Maternal 25(OH)D status during pregnancy has also been associated with other 
measures of skeletal health in utero, in the first days of life, in childhood, and as late as 
20 years of age. The MAVIDOS trial was a large, multi-center, randomized controlled 
trial to assess whether neonates born to mothers supplemented with additional vitamin 
D during pregnancy (1000 IU) have greater whole-body bone mineral content at birth 
than those born to mothers taking a placebo in addition to their usual prenatal vitamins 
(Cooper, 2016). The investigators found no difference by treatment group in offspring 
whole body bone mineral content up to two weeks of age, although there was seasonal 
variation (increased bone mass in infants born in winter to supplemented mothers). 
They also found that 1,000 IU was safe and sufficient to ensure most women in the 
supplemented group achieved a 25(OH)D level greater than 20 ng/mL by the third 
trimester, regardless of season.  
 
Bone Health of Pregnant and Lactating Women 
 
Maternal bone health during pregnancy is influenced by both calcium intake and vitamin 
D status. Based on the evidence to date, it is difficult to make a conclusion about the 
relation between serum 25(OH)D and maternal bone mineral density during pregnancy 
and lactation (Ross, 2011). At this time, there are no recommended increases in vitamin 
D intake during pregnancy beyond the recommended 600 IU.  
 
Non-skeletal Effects of Vitamin D Nutrition during Pregnancy  
 
The role of vitamin D in physiology extends beyond bone health. There is evidence that 
1,25(OH)2D impacts the immune system, heart and cardiovascular system, pancreas 
and glucose and fat metabolism, muscle, and the brain (Norman, 2012). Whether or not 
supplementation is indicated during pregnancy for any of these organ systems remains 
to be determined. 
 
Low Birth Weight 
 
Of eleven randomized trials conducted between 1980 and 2013 that supplemented 
pregnant mothers with vitamin D, some studies found vitamin D supplementation 
increased birth weight, while others reported no effects (Newberry, 2014). A 2016 

 
periFACTS® OB/GYN Academy:  Dept. of Obstetrics and Gynecology, University of Rochester Medicine 

Page 8 



Cochrane review concluded that vitamin D supplementation significantly reduced the 
risk of having a low birth weight baby (De Regil, 2016).  
 
CONCLUSION 
 
Current thought is that pregnant women should maintain a serum 25(OH)D ≥20 ng/mL 
to avoid possible adverse effects of vitamin D insufficiency. Dietary recommendations 
for vitamin D are identical for pregnant and non-pregnant women, and clinicians should 
promote consumption of a prenatal supplement containing adequate vitamin D, as well 
as foods and beverages rich in vitamin D to help pregnant women achieve the 
recommended intake (600 IU/day). Low vitamin D status during pregnancy has been 
associated with various adverse outcomes in some studies, but data are conflicting and 
it is unclear whether low vitamin D is causal and whether supplementation improves 
outcomes. Because of this uncertainty, universal screening for vitamin D deficiency 
during pregnancy is not recommended at this time. For now, clinicians may consider 
risk factors when determining whether to screen for vitamin D deficiency in a pregnant 
patient and when interpreting serum 25(OH)D.  
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