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Abstract

Vitamin D plays a central role in calcium homeostasis; however, its relationship with bone 

turnover during pregnancy remains unclear due to a lack of studies that have rigorously controlled 

for other nutrients known to influence bone metabolism. Similarly, prior investigations of the 

effect of pregnancy on bone turnover relative to the nonpregnant state may have been confounded 

by varying intakes of these nutrients. Nested within a controlled intake study, the present 

investigation sought to quantify associations between maternal vitamin D biomarkers and 

biochemical markers of bone turnover among pregnant (versus nonpregnant) women and their 

fetuses under conditions of equivalent and adequate intakes of vitamin D and related nutrients. 

Changes in markers of bone turnover across the third trimester were also examined. Healthy 

pregnant (26–29 wk gestation; n=26) and nonpregnant (n=21) women consumed 511IU vitamin 

D/d, 1.6g calcium/d, and 1.9g phosphorus/d for 10 weeks while participating in a controlled 

feeding study featuring two choline doses. Based on linear mixed models adjusted for influential 

covariates (e.g., BMI, ethnicity, and season), pregnant women had 50–150% higher (P<0.001) 

concentrations of bone resorption markers than nonpregnant women. Among pregnant women, 

increases in maternal 25(OH)D across the study period were associated (P<0.020) with lower 

osteocalcin and deoxypyridinoline at study-end, and higher fetal osteocalcin. In addition, maternal 
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free 25(OH)D, 1,25(OH)2D, and 24,25(OH)2D tended to be negatively associated (P≤0.063) with 

maternal NTx at study-end, and maternal free 25(OH)D and 24,25(OH)2D were positively 

associated (P≤0.021) with fetal CTx. Similarly, maternal 3-epi-25(OH)D3 was negatively related 

(P≤0.037) to maternal NTx and deoxypyridinoline at study-end. These declines in bone resorption 

markers resulting from higher vitamin D biomarker concentrations among pregnant women 

coincided with increases in their albumin-corrected serum calcium concentrations, indicating that 

calcium transfer to the fetus was uncompromised. Notably, none of these associations achieved 

statistical significance among nonpregnant women. Overall, our study findings suggest that 

achieving higher maternal concentrations of vitamin D biomarkers might attenuate third-trimester 

bone resorption while ensuring sufficient calcium delivery to the fetus.
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INTRODUCTION

Pregnancy is characterized by a high maternal demand for calcium secondary to the laying 

down of bone in the fetus. This demand for calcium is mostly met by enhanced intestinal 

absorption of calcium which has been shown to double during pregnancy [1]. Increased 

calcium mobilization from the bone is another mechanism to ensure adequate calcium to the 

developing fetus. However, maternal bone loss may ensue, particularly when the dominant 

adaptation of enhanced maternal intestinal calcium absorption does not fully meet calcium 

demands [2].

Calcium homeostasis is regulated by vitamin D which influences intestinal calcium 

absorption, bone resorption and renal calcium absorption in a normal nonpregnant state. In 

pregnancy, a 2–3 times increase in 1,25-dihydroxyvitamin D [1,25(OH)2D] concentrations 

contributes, in part, to the doubling of intestinal calcium absorption [2]. However, whether 

vitamin D plays a critical role in calcium mobilization from the bone during gestation is 

unclear. Animal studies have reported normal calcium homeostasis in fetuses from mothers 

that were either severely depleted in vitamin D [3,4], or deficient in the vitamin D receptor 

(VDR) [5,6], suggesting that fetal bone mineralization is independent of maternal vitamin D 

[7]. In humans, data are mixed with some, but not all [8–10] studies, reporting an impact of 

maternal vitamin D status (25-hydroxyvitamin D [25(OH)D]) on fetal bone development 

[11–15] and maternal bone turnover [16,17]. These differences across studies may be 

secondary to diverse maternal intakes of calcium and phosphorus from food and 

supplements, which like vitamin D, play essential roles in bone biology and thus are 

important confounders [18–20].

In addition to 25(OH)D, other forms of vitamin D may have critical roles in bone health. 

24,25-dihydroxyvitamin D [24,25(OH)2D] has been associated with bone mineralization in 

chicks and mice recovering from skeletal fracture [21,22]. Free 25(OH)D was also shown to 

be associated with bone mineral density in nonpregnant populations [23,24]. Similarly, the 

C-3α epimer of 25(OH)D3 [3-epi-25(OH)D3] was reported to have calcemic effects in cell 
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culture studies [25,26]. Nonetheless, very few studies have examined the relationship 

between these other biomarkers of vitamin D and markers of bone turnover during human 

pregnancy.

As part of a controlled feeding study, our research group recently demonstrated that vitamin 

D metabolism varies among women in different reproductive states consuming adequate and 

equivalent amounts of vitamin D, calcium, and phosphorus. Specifically, higher circulating 

concentrations of several vitamin D biomarkers including 25(OH)D, 1,25(OH)2D, vitamin D 

binding protein (DBP), and 3-epi-25(OH)D3 were observed among pregnant women as 

compared to nonpregnant control women [27]. As an extension of this feeding study, the 

present study sought to examine the relationships between maternal vitamin D biomarkers 

[i.e., 25(OH)D, 1,25(OH)2D, 24,25(OH)2D, free 25(OH)D, 3-epi-25(OH)D3] and 

biochemical markers of bone turnover among pregnant, nonpregnant women, and the 

newborns of the pregnant women. In addition, changes in bone turnover markers across the 

third trimester were examined in pregnant women who consumed adequate and equivalent 

intakes of vitamin D, calcium, and phosphorus.

MATERIALS AND METHODS

Participants

The study participants were twenty-six singleton pregnant women who entered the study at 

26–29 weeks gestation and twenty-one nonpregnant control women of childbearing age. The 

women were recruited from Ithaca, New York (latitude 42.4 N) during 2009–2010 [28,29] 

and were 21–40 years old, non-smokers, and in good general health based on responses to a 

health-history questionnaire, a blood chemistry profile, and a complete blood count. 

Pregnant women reported no use of alcohol throughout their prenatal period, and all women 

abstained from alcohol during the feeding study. The study protocol was reviewed and 

approved by the Institutional Review Board for Human Study Participant Use at Cornell 

University and the Cayuga Medical Center (the hospital where pregnant women delivered 

their infants). Written informed consent was obtained from all participants prior to study 

entry.

Study Design

The current study was nested within a controlled feeding study in which the study 

participants consumed a 7-day rotational menu, and either 100 or 550 mg/d of supplemental 

choline [28]. In addition, both pregnant and nonpregnant women consumed a prenatal 

multivitamin supplement containing vitamin D and calcium (daily; Pregnancy Plus 

[Fairhaven Health LLC]), a DHA supplement (200mg/d; Neuromins [Nature’s Way 

Products]), and a potassium and magnesium supplement (3 times/wk; General Nutrition 

Corp). During the week, pregnant and nonpregnant women consumed one meal and their 

daily supplements each day at the onsite location under supervision. For offsite and weekend 

meals, food, beverages, and supplements were provided as carry-outs.

All pregnant and nonpregnant participants consumed an average daily intake of 511±48 IU 

vitamin D (311±48 IU from food, 200 IU from a supplement), 1622±414 mg calcium 
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(1582±414 mg from food and 40 mg from a supplement), and 1877±280 mg phosphorus for 

10 weeks. Food estimates were based on the USDA National Nutrient Database for Standard 

Reference Release 28.

Sample Collection and Processing

Fasting (10-h) EDTA venous blood and serum, as well as 24-h urine samples, were collected 

from all participants at study baseline (study week 0; corresponding to “the beginning of the 

third trimester”) and at study-end (study week 10; corresponding to “near term” before 

delivery). Fetal cord blood samples (n = 23) were also obtained at delivery in EDTA-coated 

tubes. Three cord blood samples were not retrieved: one participant delivered without 

notifying the research team, and two participants gave birth at home. The samples were 

processed and stored at −80°C until analysis [28].

Analytical Measurements

Vitamin D Biomarkers and Calcitropic Hormones in Pregnant and 
Nonpregnant Women—Vitamin D biomarkers and calcitropic hormones were quantified 

in blood samples from pregnant and nonpregnant women. Serum 25(OH)D (i.e., the sum of 

25(OH)D2 and 25(OH)D3), serum 3-epi-25(OH)D3, and plasma 24,25(OH)2D were 

quantified using isotope dilution liquid chromatography-mass spectrometry methodology 

[30,31] with modifications based on our instrumentation as previously described [27]. Assay 

precision and accuracy were assessed by using the National Institute of Standards and 

Technology SRM and participating in the Vitamin D External Quality Assessment Scheme. 

Measurements of plasma 1,25(OH)2D (Immunodiagnostic Systems, Inc., Scottsdale, AZ) 

and DBP (R&D Systems, Minneapolis, MN) were conducted using ELISA kits, and free 

25(OH)D was estimated by an equation [32]. Plasma intact parathyroid hormone (iPTH) was 

quantified by a Siemens Immulite 2000 automated immunoassay.

Biochemical Markers of Bone Turnover in Pregnant and Nonpregnant Women

Bone Resorption Markers: ELISA kits were used to measure CTx (Immunodiagnostic 

Systems, Inc., Scottsdale, AZ), and NTx (MyBiosource, San Diego, CA) in plasma samples 

from pregnant and nonpregnant women. DPD was measured in urinary samples from 

pregnant and nonpregnant women using ELISA kits (Quidel Corporation, Athens, OH) and 

was subsequently expressed on the basis of creatinine concentrations.

Bone Formation Markers: OC was quantified in plasma samples from pregnant and 

nonpregnant women using ELISA kits (R&D Systems, Minneapolis, MN), while ALP was 

measured in serum samples from pregnant and nonpregnant women using an automated 

chemistry analyzer (Dimension Xpand Plus; Siemens Healthcare Diagnostics).

Serum Calcium and Phosphorus: An automated chemistry analyzer was used to measure 

serum total calcium, albumin, and phosphorus. Then, serum calcium concentrations were 

corrected for albumin concentrations.

Biochemical Markers of Bone Turnover in Neonates (Cord Blood)—CTx and OC 

were measured in cord plasma obtained at delivery using ELISA kits mentioned above.
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Genotyping in Pregnant and Nonpregnant Women—Genotypes of three SNPs in 

the vitamin D binding protein gene (i.e., GC rs7041) and 1-alpha-hydroxylase gene (i.e, 

CYP2R1 rs12794714 and CYP2R1 rs10741657) that are known to be associated with 

25(OH)D concentrations [33] were determined among pregnant and nonpregnant women as 

previously described [27].

Statistical Analysis

Data were analyzed by JMP Pro 11 (SAS Institute, Inc., Cary, NC). Differences in 

demographic characteristics and concentrations of vitamin D biomarkers between pregnant 

and nonpregnant women were assessed using independent t-tests (normally distributed 

continuous variables); Wilcoxon Rank Sum tests (non-normally distributed continuous 

variables); and Chi-squared or Fisher’s exact tests (categorical variables). Changes in 

vitamin D biomarkers throughout the study within each group were tested using paired t-

tests except for the change in 3-epi-25(OH)D3 by Wilcoxon Signed-Rank test due to non-

normal distribution. Because of different statistical approaches to assess vitamin D 

biomarkers, values reported in Table 1 are slightly different from the values in our previous 

report [27].

Linear mixed models (LMMs) were used to examine differences/changes in bone turnover 

markers between the two groups at baseline and study-end. Reproductive state and time (i.e., 

baseline and study-end) were included as fixed factors, while participant identifier was 

entered as a random factor. Initial models included several covariates such as age, ethnicity/

race, BMI (pre-pregnancy or baseline), education, pre-study multivitamin supplement use, 

season at study entry, genetic variants in vitamin D metabolism, and choline intake (480 or 

930 mg/d). Covariates achieving statistical significance (P<0.05) were retained in the final 

models. Bonferroni corrections were performed for post hoc comparisons between pregnant 

and nonpregnant groups at each study time point, and between baseline and study-end 

within each group.

The relationships of maternal vitamin D biomarkers with maternal and fetal bone turnover 

markers were also assessed using LMMs. Candidate covariates for initial models included 

the variables mentioned above along with variables related to gestation and neonatal 

anthropometric outcomes [i.e., gestational age at birth, gestational weight gain, mode of 

delivery, parity, season at birth, neonate’s gender, birth weight, head circumference, and 

length (Supplemental Table 1)]. Final models retained the covariates that achieved statistical 

significance (P<0.05). LMMs were also used to assess differences in each bone marker 

between pregnant women and their fetuses.

In all analyses, data that did not satisfy the normality and homogeneity of variance criteria 

were log (ln)-transformed, and influencing data that had studentized residuals greater than 3 

were excluded (i.e., two ALP values). When covariates were retained in final models, data 

are presented as predicted means. P values <0.05 for two-tailed tests were considered 

statistically significant.

Park et al. Page 5

Bone. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Participant characteristics and concentrations of blood vitamin D biomarkers

Demographic variables and vitamin D measures of the study participants (26 pregnant and 

21 nonpregnant women) are presented in Table 1. Briefly, no differences between pregnant 

and nonpregnant groups were detected in age, pre-pregnancy/baseline BMI, ethnicity, or 

season at study entry, whereas a greater portion of pregnant women had taken multivitamin 

supplements as compared to nonpregnant women prior to study entry. Pregnant women had 

higher 25(OH)D, 1,25(OH)2D, DBP, and 3-epi-25(OH)D3 concentrations than nonpregnant 

women at baseline and study-end. Conversely, 24,25(OH)2D and free 25(OH)D 

concentrations did not differ between pregnant and nonpregnant women at either study time 

point. Over the course of the study (i.e., baseline to study-end), 25(OH)D, 3-epi-25(OH)D3, 

and free 25(OH)D increased, and 24,25(OH)2D tended to increase (P=0.057) among 

pregnant women. Increases in 25(OH)D, 24,25(OH)2D and free 25(OH)D were observed 

among nonpregnant women.

Associations of maternal vitamin D biomarkers with bone turnover markers in pregnant 
women and their fetuses

Serum 25(OH)D was not associated with bone turnover markers at either baseline or study-

end. However, increases in serum 25(OH)D across the study period (i.e., concentration at 

study-end – concentration at baseline) were associated negatively with maternal OC and 

DPD/Cr at study-end, and positively with fetal OC at delivery (Table 2). For 1,25(OH)2D, 

positive associations were observed at baseline and study-end with maternal OC and 

DPD/Cr, whereas negative associations were observed at these study time points with 

maternal NTx (Table 2). No associations with 24,25(OH)2D and maternal or fetal bone 

markers were detected at baseline. However, study-end 24,25(OH)2D was positively related 

to fetal CTx at delivery, and tended to be negatively related to study-end maternal NTx 

(Table 2). Baseline free 25(OH)D was associated negatively with baseline maternal iPTH 

and ALP, and positively with fetal CTx (Table 2). In addition, study-end free 25(OH)D was 

negatively related to study-end maternal ALP and NTx (Table 2). Finally, baseline 3-

epi-25(OH)D3 was negatively associated with study-end maternal ALP, while study-end 3-

epi-25(OH)D3 was negatively related to study-end maternal DPD/Cr and ALP (Table 2). 

Moreover, the increase in 3-epi-25(OH)D3 through time was negatively associated with 

study-end maternal NTx (Table 2).

Effect of pregnancy on biochemical markers of bone turnover and their response through 
time

Plasma Intact Parathyroid Hormone—Pregnant women had lower (P=0.005) iPTH 

concentrations than nonpregnant women at baseline (Figure 1A). Reproductive state did not 

interact with time (P=0.533) to affect circulating iPTH concentrations. However, iPTH 

concentrations increased by a mean of 38% (P=0.054) among pregnant women throughout 

the study, but not among nonpregnant women whose concentrations remained stable 

(P=0.594; Figure 1A). Similar to baseline, iPTH concentrations were 31% lower (P=0.043) 

among pregnant women (18 pg/mL) than nonpregnant women (26 pg/mL) at study-end after 

adjustment for covariates (reproductive state, time, and CYP2R1 rs12794714) (Figure 1A).
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Plasma Carboxy-Terminal Cross-Linking Telopeptide of Type 1 Collagen—CTx 

concentrations were not different (P>0.9) between pregnant and nonpregnant women at 

baseline (Figure 1B). Reproductive state interacted with time (P<0.001) to influence 

circulating CTx response. Specifically, pregnant women experienced a mean 55% increase 

in CTx (P<0.001) throughout the study period (Figure 1B), whereas no change (P>0.9) in 

CTx was detected in nonpregnant women. Consequently, pregnant women had 50% higher 

(P=0.003) CTx concentrations (0.61 ng/mL) than nonpregnant women (0.40 ng/mL) at 

study-end after adjustment for covariates (reproductive state and time) (Figure 1B).

Plasma Amino-Terminal Cross-Linking Telopeptide of Type 1 Collagen—
Pregnant women had higher (P=0.006) NTx concentrations than nonpregnant women at 

baseline (Figure 1C). Reproductive state interacted with time (P=0.006) to affect circulating 

NTx concentrations, with a mean 28% increase (P<0.001) observed among pregnant women 

(Figure 1C), but not among nonpregnant women (P=0.459). Similar to baseline, NTx 

concentrations in pregnant women (62 ng/mL) were 150% higher (P<0.001) than 

nonpregnant women (25 ng/mL) at study-end after adjustment for covariates (reproductive 

state, time, CYP2R1 rs12794714, season, BMI, and education) (Figure 1C).

Urinary Deoxypyridinoline/Creatinine—Urinary DPD/Cr values were not different 

(P=0.136) between pregnant and nonpregnant women at baseline (Figure 1D). Reproductive 

state interacted with time (P<0.001) to influence DPD/Cr. Pregnant women exhibited a mean 

59% increase (P<0.001) in DPD/Cr, although no change (P>0.9) was detected in 

nonpregnant women (Figure 1D). As a result, pregnant women showed approximately 100% 

higher (P<0.001) DPD/Cr (8.6 nmol/mmol) than nonpregnant women (4.5 nmol/mmol) at 

study-end after adjustment for covariates (reproductive state and time) (Figure 1D).

Plasma Osteocalcin—Pregnant women had lower (P=0.005) OC concentrations that 

nonpregnant women at baseline (Figure 1E). Reproductive state interacted with time 

(P=0.007) to influence circulating OC concentrations. Specifically, nonpregnant women 

experienced a mean 50% reduction (P<0.001) in OC throughout the study period, whereas 

OC remained stable among pregnant women (P=0.331). At study-end, there was no 

difference (P=0.267) between pregnant (4.7 ng/mL) and nonpregnant (5.9 ng/mL) women 

after adjustment for covariates (reproductive state and time) (Figure 1E).

Serum Alkaline Phosphatase—Pregnant women had higher (P<0.001) ALP 

concentrations than nonpregnant women at baseline (Figure 1F). Reproductive state 

interacted with time (P<0.001) to affect circulating ALP response. ALP concentrations 

among pregnant women more than doubled (P<0.001) over the course of the study (Figure 

1F), whereas nonpregnant women showed stable concentrations (P=0.705). Similar to 

baseline, pregnant women (186 U/L) had 240% higher (P<0.001) ALP concentrations than 

nonpregnant women (54 U/L) at study-end after adjustment for covariates (reproductive 

state, time, and GC rs7041) (Figure 1F).

Albumin-adjusted Serum Calcium and Phosphorus—Pregnant women showed 

higher (P<0.001) albumin-adjusted serum calcium concentrations (Figure 1G) and non-

different (P=0.646) phosphorus concentrations (Figure 1H) as compared to nonpregnant 
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women at baseline. Reproductive state did not interact with time (P≥0.202) to influence 

albumin-adjusted serum calcium and phosphorus concentrations. However, pregnant women 

experienced a significant increase (P=0.002) in albumin-adjusted serum calcium through 

time (Figure 1G), whereas albumin-adjusted serum calcium remained stable (P>0.452) 

among nonpregnant women. While no change (P=0.545) in serum phosphorus occurred 

among pregnant women, a significant increase (P=0.030) in phosphorus was detected in 

nonpregnant women over the course of the study (Figure 1H). Similar to baseline, pregnant 

women showed higher (P<0.001) albumin-adjusted serum calcium concentrations than 

nonpregnant women at study-end after adjustment for covariates (reproductive state and 

time) (Figure 1G), whereas phosphorus did not differ (P=0.084) between the two groups 

after adjustment for covariates (reproductive state and time) (Figure 1H).

Comparison of fetal bone markers to maternal markers

Fetal OC concentrations at delivery (33.5 ng/mL) were 6–7 times higher (P<0.001) than OC 

concentrations in pregnant women at baseline (5.8 ng/mL) and study-end (4.7 ng/mL) 

(Figure 2A). Similarly, fetal CTx concentrations (0.77 ng/mL) were 30–100% higher 

(P≤0.034) than CTx concentrations in pregnant women at baseline (0.39 ng/mL) and study-

end (0.61 ng/mL) (Figure 2B).

DISCUSSION

To the best of our knowledge, this is the first controlled feeding study to assess associations 

of vitamin D biomarkers with bone turnover during pregnancy. Participants consumed 

equivalent amounts of vitamin D along with calcium and phosphorus which can influence 

bone metabolism during pregnancy [19,34]. The intake levels of all essential nutrients 

aligned with, or exceeded, current dietary recommendations [1]. Our findings show 

associations between several vitamin D biomarkers and a panel of biochemical markers of 

maternal and fetal bone metabolism. Moreover, our data suggest that achieving higher 

concentrations of maternal vitamin D biomarkers including 25(OH)D (>90 nmol/L) across 

the last third of pregnancy may be a nutritional strategy for reducing pregnancy-induced 

maternal bone loss.

Higher maternal concentrations of vitamin D biomarkers are associated with reduced 
maternal bone resorption

We found that increases in serum 25(OH)D across the third trimester of pregnancy were 

associated with decreases in bone turnover markers (i.e., DPD/Cr and OC). In addition, 

higher concentrations of 24,25(OH)2D, which rise in parallel with 25(OH)D, were 

associated with lower NTx concentrations among pregnant women at study-end (near term) 

although statistical significance was not achieved (P=0.063). This latter finding is consistent 

with previous studies in vitamin D-replete animals showing reduced bone resorption during 

the administration of pharmacological doses of 24,25(OH)2D [35,36]. Of note, free 

25(OH)D (but not protein-bound 25(OH)D) was negatively associated with PTH in pregnant 

women at baseline, suggesting that low concentrations of free 25(OH)D may increase PTH 

secretion, possibly resulting in greater calcium loss from maternal bone at the beginning of 

the third trimester. Furthermore, lower concentrations of free 25(OH)D at study-end were 

Park et al. Page 8

Bone. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also associated with higher study-end concentrations of the bone resorption marker NTx. 

Although 1,25(OH)2D was positively associated with DPD/Cr throughout the study period, 

it was also negatively related to NTx. In addition, higher 1,25(OH)2D concentrations were 

associated with higher OC concentrations at both baseline and study-end.

Overall, data from these functional bone health outcomes suggest that higher concentrations 

of maternal vitamin D biomarkers including 25(OH)D (> 90 nmol/L) might reduce calcium 

mobilization from maternal bone. However, while this reduction may be of benefit to 

maternal bone, it raises questions as to the adequacy of calcium supply to the developing 

fetus. Notably, albumin-adjusted serum calcium concentrations increased throughout the 

third trimester of our pregnant participants, and this increase was not influenced by any of 

the biomarkers of vitamin D status even after adjustments. These findings suggest that net 

calcium transfer from the maternal to the fetal compartment was uncompromised by vitamin 

D-associated declines in maternal bone resorption. In contrast, a recent randomized 

controlled trial in Iran that administered a high vitamin D dose (2,000 IU) throughout the 

third trimester [37] reported no difference in maternal bone measurements between the 

supplement and placebo groups. However, the supplementation group showed low serum 

25(OH)D concentrations (mean of 45 nmol/L) over the course of the study, indicating that 

the high dose of vitamin D supplementation did not yield sufficient vitamin D status among 

the pregnant women. These data collectively suggest that concentrations of vitamin D 

biomarkers [e.g., 25(OH)D], rather than the assigned vitamin D dose, might be an important 

discriminatory factor when ascertaining the effects of maternal vitamin D on bone health.

Maternal vitamin D biomarkers are associated with fetal bone metabolism

Increases in maternal serum 25(OH)D across the third trimester were associated with 

increases in fetal OC. This finding suggests that achieving higher maternal 25(OH)D 

concentrations during pregnancy may promote bone formation in fetal skeleton. Maternal 

25(OH)D readily crosses the placenta [38]; thus greater transfer of 25(OH)D to the fetal 

compartment could enhance fetal OC synthesis by raising fetal 1,25(OH)2D which is known 

to stimulate OC production [39]. Alternatively, because achieving higher maternal 25(OH)D 

concentrations was coincidentally associated with lower maternal OC levels among pregnant 

women in this study, it is also possible that maternal 25(OH)D has a putative a role in the 

transplacental movement of maternal OC, which has been shown to cross the placenta [40].

In addition to bone formation, mineralization of the fetal skeleton encompasses bone 

resorption. In the present study, maternal free 25(OH)D and 24,25(OH)2D were positively 

associated with fetal CTx, a marker of bone resorption. Thus, a higher maternal vitamin D 

status appears to promote fetal bone turnover (i.e., bone formation + bone resorption) which 

may be favorable when mineralization of the fetal skeleton is accelerated. However, due to a 

lack of calcium and other bone resorption marker measurements in cord blood as well as 

amniotic fluid, we cannot exclude the possibility that higher fetal bone resorption may be 

indicating fetal hypocalcemia and fetal skeleton demineralization. Nonetheless, this appears 

unlikely within the context of this study because fetal demineralization resulting from 

elevated fetal bone resorption generally transpires secondary to diminished maternal calcium 

transfer.
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In contrast to the other vitamin D biomarkers, maternal 3-epi-25(OH)D3 did not show any 

relationship with bone markers in fetuses, suggesting that maternal 3-epi-25(OH)D3 may not 

influence fetal bone metabolism. Unlike 25(OH)D, 3-epi-25(OH)D3 may not readily cross 

the placenta to the fetus, and consequently, would not participate in fetal bone development. 

Indeed, no significant correlation was detected between maternal and fetal 3-epi-25(OH)D3 

in a recently published study [41].

Our findings of associations between maternal vitamin D biomarkers and fetal markers of 

bone metabolism appear to be inconsistent with two recent randomized controlled trials 

[42,43] which demonstrated no effects of maternal vitamin D3 supplementation (1,000 IU/d 

[43] and 200 IU/d [42]) on fetal bone measurements as compared to a placebo group. The 

reasons for these inconsistencies are unclear but may be due to differences in the intake of 

bone-related nutrients. For example, dietary calcium was not reported in one study [43] and 

the supplementation group had very low vitamin D intake (234 IU/d from food and the 

supplement) in the other study [42]. In addition, genetic variants that might alter bone 

metabolism were not assessed in either study which may obscure study findings. For 

example, in the present study, CYP2R1 rs10741657 A>G polymorphism emerged as the 

most common significant covariate in the linear mixed models examining associations 

between vitamin D biomarkers and maternal/fetal bone turnover markers. In addition, others 

have reported that polymorphisms in the VDR gene influenced changes in bone 

measurements among adolescent pregnant women consuming supplemental vitamin D and 

calcium [44].

Pregnancy induced a net negative balance of bone metabolism even under conditions of 
sufficient intake of bone-related nutrients

All of the bone resorption markers (i.e., CTx, NTx, and urinary DPD/Cr) increased by 28–

60% throughout the third trimester of pregnancy and were 50–150% higher than those of 

nonpregnant women consuming equivalent amounts of bone-related nutrients, even after 

controlling for another confounding factors such as BMI, ethnicity/race, season, and vitamin 

D-related genetic variants. In contrast, concentrations of the bone formation marker OC did 

not change among pregnant women, nor did it differ from those of nonpregnant women at 

study-end, which aligns with prior work [45–47]. This finding of stable and non-different 

OC concentrations among pregnant women remained (P>0.9) even after removing the 

effects of hemodilution by adjusting for albumin concentrations. Further, although ALP 

increased and remained higher among pregnant women, this increase is partly attributable to 

the placental contribution and may not be an accurate reflection of maternal bone formation. 

Overall, our findings are consistent with other longitudinal studies that have reported high 

levels of bone resorption among third-trimester women [45–48].

In agreement with some [47,49] but not all [50,51] previous work, pregnant women 

maintained lower PTH concentrations than nonpregnant women throughout their third 

trimester. Moreover, although PTH is well-known for its role in stimulating the production 

of 1,25(OH)2D in nonpregnant state, 1,25(OH)2D was not associated (P≥0.293) with PTH at 

any study time-point among pregnant women. Taken together, the divergent relationship 
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between these hormones supports prior work indicating that 1,25(OH)2D is not under the 

influence of PTH during pregnancy [52].

Study limitations

This feeding study provided a single dose of vitamin D and thus prohibited comparisons 

among dosing levels. In addition, the study sample size was relatively small and may have 

reduced the statistical power of our study. Finally, bone mass parameters, indicative of 

quantitative bone changes, were not obtained.

CONCLUSION

Overall data from the present study suggest that higher concentrations of maternal vitamin D 

biomarkers including 25(OH)D (> 90 nmol/L) might have functional benefits for pregnant 

women by reducing maternal bone resorption without compromising fetal calcium supply. 

Large-scale randomized controlled trials with higher doses of vitamin D supplementation are 

needed to confirm the potential functional benefits (i.e., less reduction in maternal bone 

mass) within the context of adequate dietary calcium and phosphorus intake.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Pregnancy induces a negative bone balance under adequate nutrient 

intakes.

• Higher vitamin D associates with lower maternal bone resorption 

during pregnancy.

• This reduction in maternal bone resorption does not influence fetal 

calcium supply.

• Higher vitamin D biomarkers may have benefits for bone health of 

pregnant women.
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Figure 1. 
Biochemical markers of bone turnover in pregnant and nonpregnant women consuming 

equivalent and adequate amounts of vitamin D, calcium, and phosphorus for 10 weeks. 

Values are predicted means after adjusted for covariates. Baseline values are represented as 

open shapes, while study-end values are represented as closed shapes. Different letters (i.e., 

a>b>c) indicate significant differences (P<0.05) in bone markers between pregnant and 

nonpregnant groups at each study time point. An asterisk (*) indicates a significant change 

(P<0.05) in the concentrations of bone markers within each group throughout the study, and 

a long cross symbol (†) indicates a borderline significant change (P=0.054). (A) iPTH, intact 

parathyroid hormone; (B) CTx, carboxy-terminal cross-linking telopeptide of type 1 

collagen; (C) NTx, amino-terminal cross-linking telopeptide of type 1 collagen; (D) Urinary 

DPD/Creatinine, urinary deoxypyridinoline/creatinine; (E) OC, osteocalcin; (F) ALP, 

alkaline phosphatase; (G) Albumin-adjusted serum calcium; (H) Phosphorus.
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Figure 2. 
(A, B) Bone turnover markers, OC and CTx, in pregnant women (baseline and study-end) 

and their fetuses (delivery). Values are means (95% CIs). Different letters (i.e., a>b>c) 

indicate significant differences (P<0.05) in OC and CTx between pregnant women and their 

fetuses.
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Table 1

Participant characteristics and concentrations of blood vitamin D biomarkers1,2

Pregnant (n = 26) Nonpregnant (n = 21) P-value

Age, y 280 ± 3 29 ± 5 0.791

Pre-pregnancy or baseline BMI, kg/m2 23.7 ± 3.1 23.5 ± 2.8 0.813

Ethnicity, n 0.716

 White/Non-White 16/10 14/7

Multivitamin supplement uses before study entry, n <0.001

 Yes/No 22/4 7/14

CYP2R1 rs10741657 A>G polymorphism, n 0.012

 AA/AG/GG, n 2/20/4 2/8/11

CYP2R1 rs12794714 A>G polymorphism, n 0.153

 AA/AG/GG 1/20/5 4/11/6

GC rs7041 G>T polymorphism, n 0.873

 GG/GT/TT 9/11/6 6/9/6

Season at study entry, n 0.920

 April–September/October–March 14/12 11/10

Serum 25(OH)D, nmol/L

 Baseline 88.7 ± 28.5 63.9 ± 24.7 0.004

 Study-end 97.8 ± 32.1* 78.3 ± 25.3** 0.028

Plasma 1,25(OH)2D, geometric means (95% CIs), pmol/L

 Baseline 283 (232, 344) 151 (129, 178) <0.001

 Study-end 303 (252, 364) 163 (139, 191) <0.001

Plasma 24,25(OH)2D, geometric means (95% CIs), nmol/L

 Baseline 9.6 (7.5, 12.4) 9.1 (6.7, 12.5) 0.784

 Study-end 11.4 (9.5, 13.8) 11.7 (9.2, 15.0)** 0.867

Plasma DBP, geometric means (95% CIs), μg/mL

 Baseline 405 (319, 515) 204 (164, 254) <0.001

 Study-end 370 (291, 470)** 205 (166, 255) <0.001

Serum 3-epi-25(OH)D3, nmol/L

 Baseline 3.2 ± 2.1 1.9 ± 1.2 0.018

 Study-end 4.5 ± 3.6* 2.5 ± 2.2 0.035

Free 25(OH)D, geometric means (95% CIs), pmol/L

 Baseline 16.0 (12.3, 20.8) 19.5 (14.9, 25.5) 0.291

 Study-end 19.2 (15.1, 24.4)* 25.7 (20.8, 31.7)* 0.074

1
Data are presented as means ±SDs, unless otherwise indicated. The P value in each row indicates a significant difference between pregnant and 

nonpregnant women. An asterisk beside a vitamin D biomarker indicates a significant difference between baseline and study-end within either 
pregnant or nonpregnant women: *, P < 0.05. **, P < 0.01.

2
CYP2R1, 25-hydroxylase gene; DBP, vitamin D binding protein; 3-epi-25(OH)D3, C3 epimer of 25-hydroxyvitamin D3; GC, vitamin D binding 

protein gene; 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25-dihydroxyvitamin D; 24,25(OH)2D, 24,25-dihydroxyvitamin D.
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