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Abstract

Objective—To examine the relationship between endogenous serum estradiol and vitamin D-
binding protein (DBP) and total, free, and bioavailable 25-hydroxyvitamin D (250HD)
concentrations in pre- and postmenopausal women.

Methods—In 165 healthy women (ages, 26 to 75 years) not taking any form of exogenous
estrogen, the serum concentrations of estradiol, 250HD, DBP, parathyroid hormone, and albumin
were measured. Free and bioavailable 250HD (free + albumin-bound) levels were calculated from
total 250HD, DBP, and serum albumin levels.

Results—Premenopausal women had higher serum 250HD (31.5 £ 7.9 ng/mL), DBP (45.3 £ 6.2
mg/dL), and estradiol (52.8 = 35.0 pg/mL) levels than postmenopausal women (26.5 + 4.9 ng/mL,
41.7 £ 5.7 mg/dL, and 12.9 + 4.9 pg/mL), respectively. In addition, the calculated free and
bioavailable 250HD levels were higher in pre- than postmenopausal women (A<.05). Serum
estradiol correlated with DBP (r=0.22; A<.01) and total 250HD (r=0.27; A<.01). In multivariate
regression models (with or without serum 250HD), estradiol was independently associated with
DBP (/<.05).

Conclusion—Lower estradiol level is one of the factors that contribute to lower DBP levels in
older women. Our data indicate that besides well-known factors such as age, gender, and race,
serum estradiol concentrations are also a physiologic predictor of DBP concentration.
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INTRODUCTION

Vitamin D deficiency is common in the general population (1,2). Main causes are
represented by insufficient dietary intake and variations in sun exposure (3,4). Age, body
weight, ethnicity (5,6), genetic polymorphisms (7), and vitamin D-binding protein (DBP)
levels (8) also influence vitamin D status. Serum 25-hydroxyvitamin D (250HD)
concentrations are a good estimate to assess vitamin D status due to the relatively long
plasma half-life (approximately 15 days) of 250HD and lack of hormonal control of hepatic
25-hydroxylase (9).

However, serum DBP concentrations and the free fraction of 250HD may also help in
assessing vitamin D status. The free hormone hypothesis states that protein-bound hormones
are relatively inactive, whereas hormones not bound to binding proteins are available to exert
biologic activity (10). DBP binds 85 to 90% of 250HD in the circulation, whereas albumin
binds 10 to 15%, and only a very small fraction (<0.1%) circulates in its free form (8). DBP
protects vitamin D metabolites from hydroxylase-mediated catabolism, affects their cellular
uptake, and modulates their biologic activity. It is assumed that serum DBP concentrations
(much higher than that of its ligands) and binding properties would affect serum free
metabolite concentrations (11).

Hepatic synthesis and circulating concentrations of other steroid hormone—binding
globulins, such as sex hormone-binding globulin (SHBG) or thyroxine-binding globulin,
increase with estrogenic therapy, including hormone replacement therapy or oral
contraceptive use (12,13). Similarly, the use of exogenous estrogen increases hepatic DBP
synthesis and raises serum concentrations (14,15). In addition, there are high serum DBP
concentrations in pregnancy, attributed to an estrogen-mediated increase in synthesis
(16,17). There are also higher serum DBP concentrations in obese compared to hormal-
weight premenopausal women, and although it has been speculated that this may be due to
elevated serum estrogen levels, it was not measured in this study (18). The higher serum
DBP levels in women compared to men also underscore a role for estrogen in regulating
serum DBP concentrations (19). Besides pregnancy, no other physiologic condition
associated with changes in estrogen levels has been shown to affect circulating DBP. In this
study, we examined whether estrogen concentration in pre- and postmenopausal women
influences the relationship between DBP, total 250HD, and calculated free and bioavailable
250HD concentrations.

METHODS

Subjects

A retrospective cross-sectional analysis was conducted in healthy, pre- and postmenopausal
women (body mass index [BMI] range, 22 to 35 kg/m?; age range, 26 to 75 years). Subjects
were recruited at Rutgers University following local newspaper, electronic, and radio station
advertisements during winter months. Women who were taking medication or had a disease
state known to influence bone metabolism (i.e., cancer or diabetes) were excluded. In
addition, premenopausal women were included if they had a history of a regular menstrual
cycle, did not use oral contraceptives, and were not pregnant or lactating within the previous
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year. Postmenopausal women who were at least 2 years since menopause and not on
hormone replacement therapy were included. Subjects had to be weight-stable (5% of body
weight) for the previous 3 months prior to the study. The protocols were approved by the
Institutional Review Board of Rutgers University (New Brunswick, NJ), and all subjects
provided written informed consent before any study procedure was performed.

Study Design

\olunteers underwent a multistep screening process including telephone, biochemical, and
physical screening to ensure they met eligibility criteria. After passing all of the screening
steps, participants were asked to stop taking any dietary supplements for at least 4 weeks
before the measurements were conducted and were given a standard daily multivitamin/
mineral supplement containing 200 mg calcium and 400 IU of vitamin D. In addition,
calcium intake (dietary plus supplements) was adjusted to meet the recommendations of
1,000 to 1,200 mg/day.

Laboratory Analyses

After a 12-hour overnight fast, venous blood was taken from each participant in the study.
Serum samples were analyzed in duplicate for the following hormones: 250HD
(radioimmunoassay, RIA; DiaSorin, Stillwater, MN; coefficient of variation [CV], <12.5%),
intact parathyroid hormone (PTH) (immunoradioassay, IRMA; Scantibodies, Santee, CA,
CV, <6.8%), and ultrasensitive estradiol (E») (RIA; DSL, Webster, TX; CV, <8.9%). The
laboratory uses both internal and external standards and also participates in the international
Vitamin D External Quality Assessment Scheme to ensure quality and accuracy of 250HD
analyses. Calcium and albumin concentrations were measured using colorimetric assays on
an automated analyzer. Concentrations of serum DBP were determined using a commercial
enzyme-linked immunosorbent assay kit (ALPCO, Salem, NH). Concentrations of DBP
were interpolated from a standard curve after measuring absorbance on an EIx808 plate
reader using Gen5 data analysis software (BioTek Instruments, Inc). The intra- and
interassay CVs for this assay were 5.0 and 12.7%, respectively. The published normal
reference range for DBP concentrations (7) is 300 to 600 pg/mL (30 to 60 mg/dL).

Calculations

Free, bioavailable, and DBP-bound 250HD concentrations were calculated using an adapted
algorithm previously described (20). This algorithm has been validated for calculation of
free and bioavailable testosterone based on measured amounts of serum total testosterone,
SHBG, and albumin and application of the known binding-affinity constants of testosterone
for albumin and SHBG. The method defines bioavailable hormone as the fraction that is
both free and albumin-bound, that is, the fraction not bound to circulating binding proteins,
such as DBP. In this study, the equations were adapted by replacing the variables for
testosterone, SHBG, and albumin and their respective binding constants with those of
250HD, DBP, and albumin (8,21). The formulas used to calculate free and bioavailable
250HD are shown below:

[Total] = concentration of 250HD in g/mole + 400.5 g/mole

[Alb] = serum albumin concentration in g/L + 66,430 g/mole
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[Total DBP] = concentration of serum DBP in g/L + 58,000 g/mole

[D] = {[Total] - (Kayp - [Alb] +1) - [DI} + Kpgp + ([Total DBP] - {[Total] -
(Kab - [Alb] +1) - [D]})
[Bio] = [D] + [Dai] = (Kb - [Alb] + 1) - [D], where

[Total] = Total 250HD; [D] = free vitamin D; [Bio] = bioavailable vitamin D;
Kalp = affinity constant between vitamin D and albumin = 6 x 10° M~L; Kpgp
= affinity constant between vitamin D and DBP = 0.7 x 109 M1,

Statistical Analysis

Analyses were conducted using the SAS statistical package (SAS Institute, Cary, NC; v 9.3).
Differences between groups were examined with one-way analysis of variance (ANOVA).
Race distribution between groups was examined with chi-square analysis. Pearson’s
correlation coefficients were used to assess relationships between variables. To determine if
serum 250HD concentrations and menopausal status (pre- and postmenopausal) influence
the relationship between estrogen and DBP, participants were stratified into 2 serum-250HD
groups: below (<27 ng/mL) and above (=27 ng/mL) the median. A two-way ANOVA testing
the interaction between 250HD group and menopausal status on serum markers was
conducted. When the Fratio was significant, Tukey’s post-hoc analysis was performed. The
association between various factors and serum DBP and 250HD concentrations was tested
using multiple regression models. Due to the strong association between age and estrogen
levels, their influence on the variation of DBP was tested in separate regression models.
Values are reported as mean and SD, and significance was considered at a 2 value of less
than .05.

RESULTS

Characteristics of study participants are shown in Table 1. A total of 165 women were
included in the study, and 149 (90%) of the women were Caucasian. Serum DBP
concentrations ranged from 20.4 to 54.6 mg/dL, with mean of 42.8 £ 6.1 mg/dL, and values
were lower in post- than in premenopausal women (A<.001). Serum 250HD concentrations
ranged from 15.0 to 53.6 ng/mL, with mean of 27.2+6.7 ng/mL and were lower in post- than
in premenopausal women (A<.001). In addition, postmenopausal women had lower
calculated free and bioavailable 250HD concentrations when compared to premenopausal
women (£<.05). There was a trend for the 250HD:DBP ratio to be lower in the post- than
premenopausal women (A<.08). As expected, bioavailable 250HD concentrations were
approximately 250-fold higher than free 250HD concentrations in the entire sample. Also as
expected, serum estradiol concentrations were lower in postmenopausal than premenopausal
women (A<.001) (Table 1). BMI, race, and serum PTH and calcium concentrations were
similar between the groups.

Age correlated with serum DBP concentrations (r= —0.29; £<.0001); however, there was no
correlation observed between BMI and serum DBP concentrations. Total 250HD
concentrations were positively correlated with DBP concentrations (r= 0.30, A/<.0001). An
inverse relationship between PTH concentration and total 250HD, free 250HD, and
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bioavailable 250HD (/<.01) was observed. Serum estradiol was positively correlated with
total 250HD concentration and DBP concentration (P<.05) (Table 2).

Multivariate linear regression models were constructed to assess factors associated with
serum 250HD and DBP concentrations. A model including E,, 250HD, PTH, and BMI
(model 1), explained 10% (model R4) of the variation in serum DBP concentration. When
age was used in a second model (model 2), it explained 13% of the variation in serum DBP
concentration (Table 3).

The mean serum 250HD concentration in women below the median was 23.3 £ 2.6 ng/mL,
compared to 32.8 = 5.4 ng/mL in women above the median (/£<.001). In premenopausal
women, serum DBP and estradiol concentrations were higher in women above the median
for 250HD compared to those below (A<.01) (Fig. 1). Serum DBP and estradiol did not
differ significantly between the two 250HD groups in postmenopausal women (Fig. 1).

DISCUSSION

Vitamin D deficiency or insufficiency and related diseases are prevalent in postmenopausal
women (1). Vitamin D status in older women is influenced by a decline of renal function
with aging, greater adiposity, poor sunlight exposure, and/or lower dietary vitamin D intake
(2—-4). In addition, availability of serum 250HD and its metabolites are regulated by DBP
(11). Studies have reported a positive correlation between serum 250HD concentrations and
DBP levels (19,22). Furthermore, serum 250HD concentrations are higher in women on oral
contraceptives and women who receive hormone replacement therapy (23-25). Our study
shows that there is a positive correlation between DBP and serum total, free, and
bioavailable 250HD concentrations and that endogenous estrogen concentration is a
predictor of serum DBP concentration. Additionally, these vitamin D metabolites were lower
in postmenopausal women compared to premenopausal women. However, most agree that
DBP concentrations do not seem to be influenced by vitamin D sterols or other calciotropic
hormones (26) and that other factors are involved.

The serum 250HD concentration was 18% lower in postmenopausal women, yet the free
250HD concentration was only a 9% lower, and this might represent an adjustment to
ensure there is adequate free or bioavailable hormone for target cells. The free metabolite
may more closely reflect the biologic activity, as it is available to bind to the receptor, and
only the free 250HD is converted to active 1,25-dihydroxyvitamin D (1,25[OH],D) (17).
Physiologic changes that may influence circulating DBP, such as decreased estrogen
production during menopause, could therefore be influencing the relationship between total
and free 250HD.

In this study, we show that serum DBP concentrations are lower in post- than premenopausal
women. Others have shown that DBP concentrations are lower in males than in females (27),
which could potentially be attributed to differences in estrogen status. In addition, high
estrogen status, such as during hormonal replacement therapy, oral contraceptive use, and
pregnancy (14-16), is associated with high serum DBP concentrations. The higher DBP in
pregnancy may be associated with lower binding affinity to its metabolites so that free
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metabolite concentrations remain stable (28). Similarly, the concomitant decrease in serum
DBP and 250HD concentrations with estrogen deficiency might reflect a physiologic
adaptation to maintain free 250HD concentrations. Alternatively, lower 250HD may act as
compensatory mechanism to lower DBP synthesis in the liver and maintain free
concentrations of 250HD and other vitamin D metabolites in the serum of postmenopausal
women. However, there is no feedback mechanism for DBP, and large increases in serum
250HD due to vitamin D supplementation do not alter DBP levels (29). Our findings
suggest that higher estradiol concentrations predict higher DBP. Not all women with higher
250HD showed higher DBP, and only premenopausal women with higher estradiol showed
an elevated serum DBP. This may suggest that the interaction between estrogen and 250HD
concentrations on DBP concentrations is menopausal-status dependent. However, a more
likely explanation is that serum estradiol above a certain concentration, or threshold, is
needed to influence DBP concentration, whereas age might be an independent factor
affecting DBP. This could explain why DBP concentrations were not higher in pre- than
postmenopausal women when serum estradiol was below 40 pg/mL (Fig. 1). The influence
of higher serum estradiol concentrations needed to raise DBP is supported by estrogen
administration studies and during pregnancy (14,24,25,30).

We did not find a relationship between BMI and DBP concentration in this study, and this is
consistent with the findings of others (19,31); however, concentrations of DBP have been
reported to be higher in obese compared to hormal-weight subjects (18,32). Because the
relationship between fat mass and serum DBP concentration was not consistent in these
studies, it suggests that other factors may explain higher DBP concentrations in the obese.
Among those factors, polymorphisms within the GC gene (which encodes for DBP) may
play a role in DBP concentrations at higher body weights (33). Also, racial differences in
GC gene polymorphisms account for a greater proportion of the variation in total 250HD
concentrations than most factors known to be associated with 250HD concentrations (21).
However, in our primarily Caucasian population, there was no difference in race distribution
between pre- and postmenopausal women, and these types of large genetic differences are
unlikely to have played a role in the lower serum 250HD and DBP concentrations in the
estrogen-deficient women.

In this population, age correlated with 250HD and DBP concentrations, supporting a strong
body of evidence indicating there is a decline in total 250HD concentration with aging.
However, in studies that examined aging from early to late menopause over a few decades,
there was no change in DBP concentration, despite a decrease in free 1,25(0H),D (34).
These data would suggest that when there is no change in endogenous estrogen level, serum
DBP concentrations might remain stable with aging.

This study showed that serum PTH was not associated with DBP concentrations in healthy
women. This is not surprising, as in our previous study, only those women with
hyperparathyroidism showed a lower DBP as compared to healthy women (35). As
expected, there was an inverse association between PTH and total 250HD. In addition, there
was a weak inverse relationship between PTH and both free and bioavailable 250HD, as has
been shown by others (36). Also, a recent report showed a relationship between directly
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measured free 250HD concentrations and PTH but not between calculated free 250HD and
PTH (17).

The potential limitations of the study are the relatively small sample size and that we did not
examine additional estrogen and vitamin D metabolites that might further establish the
influence of DBP. Moreover, calculated free serum 250HD levels may vary from direct
250HD measurements (17). Also, differences in DBP binding affinity may be influenced by
estrogen levels, which would contribute to estimation errors of free 250HD. Genetic
variation within the GC gene may also be differentially regulated by estrogen levels and
because the population examined was primarily Caucasian, these findings should be
addressed in other racial groups.

CONCLUSION

In conclusion, serum 250HD, DBP, and DBP-bound 250HD concentrations were lower in
postmenopausal women compared to premenopausal women. The lower estrogen level in
postmenopausal women is one of the contributing factors to the low DBP concentrations in
these women. Estrogen concentrations also affect circulating DBP concentrations in
premenopausal women and could therefore be influencing the relationship between total and
free 250HD independent of menopausal status or age.
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Fig. 1.

Serum 25-hydroxyvitamin D (250HD), vitamin D-binding protein (DBP), and estradiol

concentrations grouped above and below the median of 250HD (27 ng/mL) for the entire
population. Groups include premenopausal (<27 ng/mL, n = 18; >27 ng/mL, n = 31) and

postmenopausal (<27 ng/mL, n = 65; >27 ng/mL, n = 51) women. Different superscripts

indicate means differ significantly, P<.05.
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Table 1

Baseline Characteristics of Study Participants (N = 165)4
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Premenopausal | Postmenopausal
n=49 n=116 P value
Age (years) 39.2+6.1 59.2+5.8 <.001
Body mass index (kg/m?) 28.0+21 286+26 NS
Race: Caucasian/non-Caucasian (%) 7142 (86%) 9/107 (92%) NS
Vitamin D binding protein (mg/dL) 453+6.2 41.6£5.7 <.001
Albumin (g/dL) 4502 45+0.2 NS
Calcium (mg/dL) 95+0.3 9.4+05 NS
PTH (pg/mL) 36.8+19.4 35.9+146 NS
Estradiol (pg/mL) 52.8 +40.7 129+49 <.001
Total 250HD (ng/mL) 315+7.9 265+4.9 <.001
DBP-bound 250HD (ng/dL) 295+75 24.7+45 <.001
Albumin-bound 250HD (ng/dL) 19+04 1.7+04 .026
Free 250HD (pg/dL) 48+12 44+11 048
Bioavailable 250HD (ng/dL) 1905 1.7+04 .025
250HD/DBP 0.7+0.2 06+0.1 .079

Abbreviations: 250HD = 25-hydroxyvitamin D; BMI = body mass index; DBP = vitamin D-binding protein; PTH = parathyroid hormone.

a . . .
All values are mean + SD. One-way analysis of variance was performed for differences between groups.

Endocr Pract. Author manuscript; available in PMC 2016 September 13.



Page 12

Pop et al.

Author Manuscript

"auowoy prosAyresed = H1d ‘uislold Buipuig—q uiwenA = 4gq ‘xepui ssew Apoq = [INg ‘A UIWBIAAX0IPAY-SZ = QHOSZ SUOIBIABIQGY

0T'<d mZm

10>

D

.mo.v&u

80>

q

2/ se pajuasald ale mumDm_

pY860 - aHosz .14
pOSE0- pL8E0- - 4gd
p9L0 pESLO p0E0- - aHosz
51970~ ,€9T°0- sn | psozo- Hld
Prrad SN p2e0 | peLTO - oIpe.sg

SN SN SN SN SN wnpeo
SN SN qlero SN SN SN ulng|y
SN SN SN SN SN - Ing
SN 2SN pOLT0- | p12zo- | p8Lro- | g6vT0 by
aHoszalqelereold | aHoszeeid | dga | aHosz | lopens3 | g a|qel e

#(S9T = U) Sa|qeLIBA JaL10 pue ‘g ulwelAAXoIpAH-GgZ ‘UIs10id Bulpuig—Q ulwellA usamliag suole|aiio) s,uosiesd

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Endocr Pract. Author manuscript; available in PMC 2016 September 13.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pop et al.

Table 3
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Factors Associated With Serum DBP Concentrations Examined by Multiple Linear Regressions (n = 165)

Serum DBP concentrations | B | P value | Partial R?

Mode 1

E, 0156 | .047 0.02
250HD 0239 | .003 0.08
PTH 0.010 NS 0.00
Mode 2

Age -0220 | .004 0.08
BMI -0032 | Ns 0.001
250HD 0233 | .002 0.05

Abbreviations: 250HD = 25-hydroxyvitamin D; BMI = body mass index; DBP = vitamin D-binding protein; E2 = estradiol; PTH = parathyroid

hormone.
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