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Abstract

Background

Bioavailable 25-hydroxyvitamin D (25OHD) may be a better indicator of vitamin D suffi-

ciency than total 25OHD. This report describes a novel assay for measuring serum bioavail-

able 25OHD.

Methods

We developed an assay for 25OHD % bioavailability based on competitive binding of

25OHD tracer between vitamin D-binding protein (DBP)-coated affinity chromatography

beads and serum DBP. Bioavailable 25OHD, total 25OHD, albumin, and DBP protein con-

centrations were measured in 89 samples from hospitalized patients and 42 healthy controls

to determine how the DBP binding assay responds to differences in concentrations of DBP

and compares to calculated bioavailable 25OHD values.

Results

DBP binding assay showed a linear relationship between DBP-bound 25OHD tracer recov-

ered from bead supernatant and DBP calibrator concentrations (y = 0.0017x +0.731, R2 =

0.9961, p<0.001). Inversion of this relationship allowed interpolation of DBP binding equiva-

lents based upon 25OHD tracer recovered. The relationship between DBP binding equiva-

lents and % bioavailability fits a non-linear curve, allowing calculation of % bioavailable

25OHD from DBP binding equivalents (y = 10.625x-0.817, R2 = 0.9961, p<0.001). In hospital-

ized patient samples, there were linear relationships between DBP protein concentrations

and DBP binding equivalents (y = 0.7905x + 59.82, R2 = 0.8597, p<0.001), between mea-

sured vs. calculated % bioavailability (y = 0.9528 + 0.0357, R2 = 0.7200, p<0.001), and
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between absolute concentrations of measured vs. calculated bioavailable 25OHD (y =

1.2403 + 0.1221, R2 = 0.8913, p<0.001).

Conclusions

The DBP-binding assay for bioavailable 25OHD shows expected changes in 25OHD % bio-

availability in response to changes in DBP concentrations and concordance with calculated

bioavailable 25OHD concentrations.

Introduction

The “free hormone hypothesis” claims that only hormone not bound by high affinity binding

proteins are bioavailable to target tissues [1–4]. One implication of this is that the measure-

ment of the total concentrations of protein-bound ligands may not be the best indicator of

whether concentrations are physiologically adequate [1, 3, 5]. The majority of circulating

25OHD is tightly bound by Vitamin D binding protein (DBP) [6, 7]. The fraction of 25OHD

not bound by DBP has been called “bioavailable” which includes both free 25OHD and

25OHD loosely bound by albumin and other plasma proteins, and it has been proposed that

only this unbound fraction is bioavailable for conversion to active 1,25-dihydroxyvitamin D

[1, 2]. This role for DBP may also imply that the concentration of circulating DBP is thus a lim-

iting factor for how much 25OHD can be carried in circulation and may influence the half-life

and circulating concentrations of total 25OHD. Although the high affinity of DBP for 25OHD

allows it to act as a carrier, it also likely limits the bioavailability of 25OHD to target tissues.

Mice and at least one patient genetically deficient for DBP have been shown to have pro-

foundly decreased plasma concentrations of 25OHD which were not corrected by vitamin D

supplementation, however this patient and mice showed no clinical signs of Vitamin D defi-

ciency, suggesting that DBP deficiency increased bioavailable 25OHD concentrations enough

to support calcium homeostasis despite very low total 25OHD concentrations [8–10]. Recently

our group reported that serum total concentrations of 25OHD are strongly correlated with

concentrations of DBP in critically ill patients [4]. In medical conditions where low concentra-

tions of 25OHD are also associated with low concentrations of DBP, low DBP concentrations

should increase the bioavailability of 25OHD, thus suggesting that these patients will have pro-

portionately higher concentrations of bioavailable 25OHD and may not suffer from functional

25OHD insufficiency [4, 11].

Measurement of bioavailable 25OHD (which we define as the proportion of 25OHD not

bound to DBP) may be a better indicator of 25OHD sufficiency. In previous studies by our

group, we used methods for calculating concentrations of bioavailable 25OHD based upon

measured concentrations of total 25OHD, DBP, and albumin and published estimates for

their respective binding affinity constants. We reported that calculated bioavailable 25OHD

concentrations were more strongly associated with bone mineral density than total 25OHD

concentrations in healthy subjects, and that bioavailable 25OHD was more strongly associated

with plasma calcium and parathyroid hormone concentrations than were total 25OHD con-

centrations in patients on hemodialysis [12, 13]. A number of subsequent studies by others

have since corroborated the association between bioavailable 25OHD and indicators of cal-

cium homeostasis as well as cardiovascular health [14–17].

It is important to note that the hypothesis that measurement of free and/or bioavailable

25OHD are better biomarkers for vitamin D adequacy than total 25OHD is still controversial,
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and the data are not always consistent [3]. One of the reasons for these mixed results may be

analytical limitations of existing methods for measurement of bioavailable 25OHD. Previous

investigations of bioavailable 25OHD revealed caveats to the accuracy of methods for estimat-

ing bioavailable 25OHD based upon measurement of total 25OHD and DBP and estimated

affinity binding constants between 25OHD and DBP [18–20]. Calculated estimations of free

and bioavailable 25OHD assume that the binding affinities between DBP, albumin, and

25OHD are accurate. There are three common protein variants present in the population,

Gc1S, Gc1F, and Gc2. Early studies of the binding between DBP and 25OHD indicated that

binding affinities differed significantly between the three variants, suggesting that calculation

of bioavailable 25OHD required modification based on variant-specific binding affinities [21–

24]. None of these studies observed comparable binding affinities amongst the individual vari-

ants, and therefore these studies provided consistent evidence that the different variants had

different binding affinities, however the true binding affinities of each variant are not really

known. Other caveats to calculating bioavailable 25OHD include the challenge of calculating

bioavailable 25D in patients heterozygous for two different DBP variants with different bind-

ing affinities, and also problems accurately measuring DBP concentrations using immunoas-

says that may not detect DBP variants equally [25, 26]. Together these challenges suggest that

accurately measuring bioavailable 25OHD may require an assay method which physically sep-

arates bioavailable and DBP-bound 25OHD fractions.

Traditionally, the most commonly used methods for separation and measurement of free

hormone concentrations are equilibrium dialysis and centrifugal ultrafiltration [5, 27].

25-hydroxyvitamin D is especially hydrophobic, and despite many attempts our lab has never

been able to observe measurable amounts of 25OHD tracer passing through a porous cellulose

membrane using either of these methods. To the best of our knowledge, equilibrium dialysis

and centrifugal ultrafiltration have only been reported for measurement of free 1,25-dihydrox-

yvitamin D (which is less hydrophobic and has much lower affinity for DBP) [27–29]. Our

experience suggests that 25OHD is unable to pass through commercially available porous

membranes.

To bypass these analytical challenges, we utilized affinity chromatography as a method of

physically separating bioavailable 25OHD from DBP-bound 25OHD. Serum is mixed with a

fixed amount of deuterium-labeled 25OHD3 tracer and diluted with saline buffer at physio-

logic pH. This is mixed with magnetic beads coated with covalently attached purified DBP.

The 25OHD tracer equilibrates between the patient’s serum DBP (i.e., DBP-bound and thus

not bioavailable) and the immobilized DBP on the beads (Fig 1). The supernatant containing

the DBP-bound non-bioavailable tracer is then separated from the beads, and the non-bio-

available 25OHD is extracted from the supernatant and measured by LC-MS/MS. Amounts of

recovered tracer are then converted into “DBP-binding equivalents” from which we calculate

the % bioavailability of 25OHD. Finally, the absolute concentrations of bioavailable 25OHD

are calculated by multiplying % bioavailability by total 25OHD concentrations. The advantage

of this method is that it relies on the binding equilibrium between DBP in the patient’s sample

and purified DBP immobilized on the beads, and thus responds to changes in the concentra-

tion and binding affinity of patients’ circulating DBP. As a result, the assay accounts for differ-

ences in DBP binding affinities associated with DBP genetic variants [18].

Materials and methods

Study design and participants

This was a prospective observational study of hospitalized adults (age�18) recruited after

admission to an intensive care unit. Acutely ill patients were specifically studied because of
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previous studies showing the association between acute illness and low DBP and 25OHD con-

centrations. Analysis of this study cohort has been previously published by our group; we spe-

cifically reported analysis of the association between serum DBP and serum total 25OHD

concentrations from this cohort [4]; in this present report we instead focus on the relationships

between serum DBP and bioavailable 25OHD measured using our newly developed DBP-

Fig 1. Assay for bioavailable 25OHD. (A) Graphic model of affinity chromatographic assay for % bioavailability of 25OHD. (B) Graphic illustration of

methods for separation and measurement of DBP-bound 25OHD tracer from bioavailable 25OHD tracer by affinity chromatography on DBP-coated magnetic

beads.

https://doi.org/10.1371/journal.pone.0254158.g001
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binding assay [4]. Candidates who enrolled after providing written informed consent had sam-

ples collected daily for up to 7 days. These samples were originally collected for clinical pur-

poses and only taken for research purposes after all clinical testing was completed. Thirty-six

subjects were enrolled; the analyses were limited to the 25 subjects for which multiple daily

samples were available. For comparison to healthy control subjects, DBP, 25OHD, and Bio-

available 25OHD concentrations were also measured in samples from the Metabolic Abnor-

malities in College Students (MACS) study, a study designed to evaluate the prevalence of

metabolic abnormalities in university students [13]. Subjects were healthy 18- to 31-year-old

male and female students from private universities in the Boston area. All subjects provided

written informed consent. The study was approved by the MIT Committee on the Use of

Humans as Experimental Subjects. Forty-two subjects had sufficient sample for inclusion in

this analysis. None of the subjects received oral or intravenous vitamin D supplements during

their hospital stay. Both hospitalized subject study and MACS study were conducted in com-

pliance with the World Medical Association Declaration of Helsinki—Ethical Principles for

Medical Research Involving Human Subjects, and approved by the Institutional Review Board

of Massachusetts General Hospital and Massachusetts Institute of Technology, respectively.

Data collection

Daily blood serum samples were collected on at least two and up to five days of each subject’s

medical admission and analyzed for biochemical analytes as described below. Age, gender,

BMI and medical diagnosis on admission were obtained from subjects’ electronic medical rec-

ords at the time of enrollment. For the healthy control study, subjects were instructed to fast

for 12 hours prior to admission to the MIT Clinical Research Center (CRC) and underwent a

baseline evaluation including a blood sample collection and various physiologic

measurements.

Biochemical analyses

Blood samples were drawn into serum separator tubes without anticoagulant, centrifuged and

separated serum stored at -80˚C for future analysis. Concentrations of total 25OHD3 and

25OHD2 were measured from 100 μL of serum using LC-MS/MS using previously published

methods, coefficients of variance for 25OHD3 and 25OHD2 assays were 1.1% and 1.3%,

respectively [30]. Serum DBP was measured using LC-MS/MS; detailed methods for monitor-

ing of quantification peptides are described in S1 File and S1 Table. The DBP LC-MS/MS

assay was calibrated using purified DBP standard purchased from Sigma Aldrich (Gc-globulin,

catalog no. G8764, Natick, MA); calibrators were made with phosphate buffered saline pH 7.4,

human serum albumin 4.5 g/dL, and varying concentrations of DBP; DBP assay validation

experiments are described in Supporting information and S1 Fig. Aliquots of pooled serum

frozen at -80˚C were used to monitor inter-assay quality control, the coefficient of variance of

the assay was 6.2%. All LC-MS/MS assays were performed using an API 5000 triple quadrupole

mass spectrometer (SCIEX, Framingham, MA) interfaced with a Shimadzu UPLC chromatog-

raphy system with autosampler (Shimadzu USA, Columbia, MD). Intact serum PTH, serum

total calcium, and serum albumin were measured in a CLIA-certified clinical laboratory using

a Cobas 6000 automated analyzer (Roche Diagnostics, Indianapolis, IN, USA; inter-assay CVs:

2.5%, 3.8%, and 2.3% respectively). Immunoassay-based measurement of Free 25-dihydroxyvi-

tamin D was measured by enzyme-linked immunoassay originally developed by Future Diag-

nostics (Wijchen, Netherlands); this assay has been used in a growing number of published

studies [17, 31, 32]. Unless otherwise noted, all other chemicals were purchased from Sigma

Aldrich (St. Louis, MO).
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Measurement of bioavailable 25-hydroxyvitamin D. Measurement of bioavailable

25OHD was performed using a newly developed affinity chromatographic assay (Fig 1). The

assay measures the proportion of 25OHD which is bound to patient’s DBP versus the fraction

that is bioavailable 25OHD by mixing isotopic 25OHD3–[2H3] ligand with patient serum and

with magnetic beads coated with covalently-linked purified DBP, all in a buffered saline to

approximate physiologic binding conditions. The 25OHD tracer then binds competitively

between the patients’ serum DBP and the bead bound DBP; the proportion of 25OHD tracer

bound to DBP in solution represents the non-bioavailable fraction, and the fraction bound to

DBP on the beads represents the bioavailable fraction (Fig 1A). After capturing the beads on a

magnetic plate manifold (Fig 1B), the supernatant containing non-bioavailable 25OHD tracer

is separated, mixed with 25OHD3–[2H6] isotopic internal standard, and the tracer is measured

by LC-MS/MS. The assay is calibrated using standards containing 25OHD tracer with 4.5 g/dL

human albumin and varying concentrations of purified DBP; in this way, amounts of non-bio-

available 25OHD tracer can be converted into DBP binding-equivalent units. The DBP-equiv-

alent units are then converted into % bioavailable 25OHD values using the % bioavailable

25OHD values of the calibrators, which are calculated assuming an affinity binding constant

of 7 x 108 M-1 [24]. The absolute concentration of bioavailable 25OHD is then determined by

taking the product of % bioavailable 25OHD and concentrations of total 25OHD. Additional

method details and materials of this assay and its analytical validation are described in the

Results and Supporting information.

Statistical analysis

Baseline data were summarized using means and standard deviations. Percent (%) frequencies

were computed for categorical variables. The tests of statistical significance for all analyses

were set at a two-sided P<0.05.

Results

Responsiveness of assay to changes in DBP

After developing magnetic beads coated with covalently linked DBP and optimizing assay con-

ditions for separation of serum bioavailable and non-bioavailable 25D (S2 and S3 Figs), we

sought to test the assay’s responsiveness to difference in DBP concentrations. First, we mea-

sured the amounts of 25OHD tracer recovered from the binding reaction when increasing

amounts of DBP were added (in triplicate). As shown Fig 2A, there is a linear increase in tracer

recovered from bead supernatant when increasing concentrations of DBP were added to the

reaction (y = 0.0017x +0.731, R2 = 0.9961, p<0.001 where y-axis values are amounts of

25OHD tracer recovered and x-axis are concentrations of DBP calibrator). When the x-y rela-

tionship was inverted, the relationship can be used as a calibration curve, converting recovered

tracer into “DBP-binding equivalents” based upon the known concentrations of DBP calibra-

tors (Fig 2B, y = 581.5x – 424.1, R2 = 0.9961, p<0.001 where y-axis values are DBP binding

equivalent values and x-axis is amounts of 25OHD tracer recovered). To translate DBP-bind-

ing equivalents into the % bioavailability of 25OHD, we calculated the % bioavailability for our

calibrators using previously published methods, assuming a generic DBP binding affinity con-

stant of 7 x 108 M-1, serum albumin concentration of 4.5 g/dL and albumin binding affinity of

6 x 103 M-1 [13]. We found that the linear relationship between DBP binding equivalents and

% bioavailability could be accurately modeled using a power function, and thus we could gen-

erate a calibration curve to convert DBP binding equivalents into % bioavailability values (Fig

2C, y = 10.625x-0.817, R2 = 0.9961, p<0.001 where y-axis values are 25OHD % bioavailability

and x-axis values are DBP-binding equivalents). This calibrator curve was then used to convert
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the DBP binding equivalents measured in patient samples into their corresponding % bioavail-

ability values. Note that during method development, assay measurements were performed in

parallel at both room temperature and 37˚C on purified DBP calibrator samples and a subset

of patient serum samples; we observed no significant differences in DBP binding equivalents

at either temperature (data not shown). As such, assays were thereafter performed at room

temperature.

Intra-assay precision

We measured the precision of our assay on DBP calibrators by measuring tracer recovery,

DBP-binding equivalents, and corresponding % bioavailable 25OHD on our DBP standards at

concentrations of 100 μg/mL and 500 μg/mL. The standard deviations and coefficients of vari-

ance for tracer recovery, DBP-binding equivalents, and % bioavailable 25OHD for our high

concentration (100 μg/mL and 500 μg/mL) were measured and shown in S2 Table.

Characteristics of binding assay in patient serum

After developing the assay for DBP-binding equivalents and % bioavailable 25OHD on puri-

fied DBP standards, we tested the characteristics of our assay on patient serum samples from a

previously published cohort study [4]. Enrolled subjects included 25 patients who were admit-

ted to a hospital intensive care unit for acute illness and consented to participate in the study;

23 of the subjects self-identified as white ethnicity and 2 subjects identifying as Asian descent.

In order to compare results from critically ill patients to that of healthy controls, single samples

from 42 additional healthy subjects enrolled in the previously published MACS study were

analyzed for comparison [13]. Subject characteristics are shown in Table 1. ICU subjects pro-

vided between 2 and 5 samples drawn on separate days during their admission, resulting in a

Fig 2. Assay for 25OHD—DBP binding equivalents. (A) Testing changes in 25OHD tracer recovery from binding

assay supernatant in response to increasing concentrations of DBP calibrator. (B) Conversion of 25OHD tracer

recovery from DBP calibrator samples into “DBP binding equivalent” concentrations. (C) Conversion of DBP

calibrator binding equivalents into 25OHD % bioavailability.

https://doi.org/10.1371/journal.pone.0254158.g002

Table 1. Subject characteristics.

Characteristic Mean value +/- SD

ICU subjects (n = 25) Healthy controls (n = 42)

Age 61 (17) 23 (3)�

Female gender (%) 15 (60) 21 (50)�

BMI (kg/m2) 32.9 (10.2) 22.4 (3.0)�

Total 25OHD (ng/mL) 23.8 (18.1) 25.7 (11.1)

Total 25OHD (nmol/L) 59.5 (45.3) 64.3 (27.8)

Measured Bioavailable 25OHD (ng/mL) 2.2 (1.3) 2.7 (1.6)

Measured Bioavailable 25OHD (nmol/L) 5.5 (3.3) 6.8 (4.0)

DBP (μg/mL) 180 (86) 259 (159)�

DBP (μmol/L) 3.1 (1.5) 4.5 (2.7)�

Percent Bioavailable 25OHD (%) 11.6 (4.9) 11.5 (8.2)

Calcium (mg/dL) 8.5 (0.9) 9.2 (0.7)

Parathyroid hormone (pg/mL) 58 (44) 30 (8)�

Albumin (g/dL) 2.9 (0.4) 4.2 (0.4)�

�P<0.05.

https://doi.org/10.1371/journal.pone.0254158.t001
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total of 89 samples for the ICU study. We chose to validate the assay on acutely ill patients

because of prior studies showing that acute illness may be associated with abnormally low con-

centrations of 25OHD and DBP [33–37] and because of our recently published evidence sug-

gesting that concentrations of 25OHD may be changing in response to changes in DBP in

acutely ill patients [4]. In this previously published report, we observed that concentrations of

serum 25OHD are strongly correlated with concentrations of DBP in acutely ill patients, and

that the changes in DBP within individual patients coincided with parallel changes in 25OHD

[4]. These findings would suggest that measurement of non-DBP bound bioavailable 25OHD

(which should reflect concentrations of 25OHD and account for differences in DBP concen-

tration and binding affinity) may better reflect vitamin D physiologic adequacy in acutely ill

patients.

To validate our assay for bioavailable 25OHD in patient samples, we tested the relationship

between measured DBP protein concentrations and DBP-binding equivalents measured in

patient serum samples. As shown in Fig 3A, there was a significant linear association and cor-

relation between DBP protein concentrations and DBP-binding equivalents among ICU

patients (y = 0.7905x + 59.82, R2 = 0.8597, p<0.001) and among healthy control subjects

(y = 0.6186x + 47.60, R2 = 0.5363, p<0.001), validating the responsiveness of our binding assay

to changes in DBP concentrations within a serum matrix. Furthermore, when we measured

the % bioavailability of 25OHD using our DBP-binding assay and compared values to calcu-

lated % bioavailability (estimated based on concentrations of DBP and serum albumin) in ICU

patients, we found a significant linear relationship and correlation between the two methods

(y = 0.9528 + 0.0357, R2 = 0.7200, p<0.001) (Fig 3B). Although the methods correlated

strongly, close inspection shows that methods differed significantly in some samples, suggest-

ing that factors other than DBP concentration (e.g., DBP protein variant type) influenced the

true bioavailability of 25OHD. When absolute concentrations of bioavailable 25OHD were

determined based upon the product of total 25OHD concentrations and 25OHD % bioavail-

ability, as shown in Fig 4A, we observed that measured bioavailable 25OHD assay produced

values that were strongly correlated, but not identical to calculated bioavailable 25OHD

(y = 1.2403 + 0.1221, R2 = 0.8913, p<0.001). Lastly, we also found that measured bioavailable

25OHD concentrations were also correlated to concentrations of “Free 25OHD” measured by

a commercial immunoassay method (Fig 4B, R2 = 0.2567, p<0.001).

Relationship between changes in concentrations of DBP and measured

bioavailable 25OHD over time in acutely ill patients

Previously we have reported that concentrations of total 25OHD and DBP were significantly

correlated in acutely ill patients, and often changed in parallel over time, whereas concentra-

tions of free 25OHD measured by immunoassay remained comparatively more stable during

hospitalization [4]. We investigated whether this same pattern was observed for measured bio-

available 25OHD in these sample patient samples. As shown in Fig 5A, the % changes in

25OHD over time amongst hospitalized patients were significantly correlated with % changes

in serum DBP. To further illustrate this trend, subjects who experienced significant changes in

serum DBP often experienced parallel changes in 25OHD, whereas the changes seen in bio-

available 25OHD were comparatively less, consistent with what had been observed previously

for free 25OHD measured by immunoassay (Fig 5B) [4]. When we correlated the % change of

25OHD to the % change in DBP in serially collected samples (e.g. % change in 25OHD and

DBP measured in samples from Patient 1 collected on day 1 compared to day 2, etc.), there

was a significant correlation between % change in 25OHD and % change in DBP (r2 = +0.53,

p<0.001). In contrast, there was no significant correlation between % change in DBP and %

PLOS ONE Development and analytical validation of a novel bioavailable 25-hydroxyvitamin D assay

PLOS ONE | https://doi.org/10.1371/journal.pone.0254158 July 9, 2021 9 / 17

https://doi.org/10.1371/journal.pone.0254158


Fig 3. Linearity of relationships between serum DBP, DBP binding equivalents, and calculated % bioavailability

of 25OHD. (A) Linear relationship between DBP binding equivalents measured by DBP-binding assay and serum

DBP measured by LC-MS/MS. (B) Linear relationship between 25OHD % bioavailability measured by DBP-binding

assay and calculated 25OHD % bioavailability.

https://doi.org/10.1371/journal.pone.0254158.g003
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Fig 4. Linearity of relationships between calculated and measured concentrations of serum bioavailable 25OHD.

(A) Linear relationships between bioavailable 25OHD measured by direct binding assay and calculated bioavailable

25OHD. (B) Linear relationships between bioavailable 25OHD measured by direct binding assay and free 25OHD

measured by immunoassay.

https://doi.org/10.1371/journal.pone.0254158.g004
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Fig 5. Relationship between changes in concentrations of DBP and measured bioavailable 25OHD over time in

acutely ill patients. (A) Correlation between % changes over time in total 25OHD and % changes in DBP

concentrations in ICU patients. (B) Time course graphs comparing changes in concentrations of DBP, Total 25OHD,

and Bioavailable 25OHD during the weeklong study period in three representative patients.

https://doi.org/10.1371/journal.pone.0254158.g005
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change in bioavailable 25OHD concentrations (r = 0.014, p = 0.27). Lastly, intra-individual

variability in measured bioavailable 25OHD over time in these acutely ill patients was less pro-

nounced compared to variation in total 25OHD (average coefficients of variance over time

within individual patients of 12.3% vs. 18.6% for bioavailable vs. total 25OHD, respectively).

Discussion

This report describes the development and analytical validation of a novel assay for bioavailable

25OHD which utilizes affinity chromatography to separate bioavailable 25OHD from DBP-

bound 25OHD. Theoretical advantages of the assay are that it bypasses the caveats of porous

membrane separation and uses DBP protein as a binding reagent which responds to effects of

temperature, pH, and matrix in the same way as patients’ endogenous DBP. The relationship

between concentrations of DBP in the sample and amounts of 25OHD tracer recovered from the

binding assay are reproducibly linear, avoiding analytical challenges associated with non-linear

assays, and allowing confident interpolation of results over the analytical measuring range. Ana-

lytical validation experiments on patient samples found that DBP binding equivalents correlated

strongly with serum DBP concentrations, measured % bioavailability of 25OHD correlated with

calculated % bioavailability, and absolute concentrations of measured bioavailable 25OHD corre-

lated significantly with calculated concentrations of 25OHD. Importantly, differences in calcu-

lated vs. measured % bioavailable 25OHD in individual samples suggest that additional factors

beyond DBP concentration (such as variability in DBP protein variant binding affinities or addi-

tional 25OHD binding factors) influence the true bioavailability of 25OHD.

We recently reported that concentrations of 25OHD parallel changes in concentrations of its

primary plasma carrier protein in acutely ill patients [4]. This previous report as well as the data

reported herein provide evidence suggesting a dependent relationship between circulating con-

centrations of 25OHD and DBP. In addition to binding 25OHD, DBP is also an actin binding

protein that may be consumed during critical illness [33, 34]. In our study, the average concen-

trations of DBP measured using our LC-MS/MS assay was lower compared to the healthy con-

trol group (Table 1), and lower than the previously published average values in healthy patients,

consistent with reports that DBP is decreased during critical illness [35]. The unusually low con-

centrations of total 25OHD seen in some of these patients are also similar to previous reports

observing low 25OHD levels amongst acutely ill patients [35, 36], and in many of our patients,

dramatic increases and decreases of 25OHD were seen even though no changes in vitamin D

intake occurred during the study. We also observed that changes in DBP over time were often

associated with parallel changes in total 25OHD within individual patients, that percent changes

in DBP were strongly correlated with % changes in total 25OHD, and % changes in bioavailable

25OHD within subjects over time tended to be smaller than % changes in total 25OHD during

hospitalization. Together these findings imply that acute changes in DBP may influence circu-

lating concentrations of 25OHD in acutely ill patients, independent of vitamin D intake or bio-

synthesis, and acute changes in bioavailable 25OHD during acute illness may be comparatively

smaller than the dramatic changes in total 25OHD that may be seen.

It was notable that comparison of ICU patients to healthy controls found that although

average serum DBP concentrations were significantly lower in ICU patients compared to

healthy controls (Table 1), the average % bioavailability of 25D measured using the DBP-bind-

ing equivalents assay did not differ significantly between groups. This may reflect the fact that

ICU patients had not only lower DBP concentrations, but also significantly lower serum albu-

min; according to previously published models of hormone bioavailability [2], albumin-bound

hormones are considered to be bioavailable, and thus when both DBP and albumin concentra-

tions are low, there may be no net effect on % bioavailability.
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The medical relevance of these findings may have important significance for testing and inter-

pretation of 25OHD levels in acutely ill patients. Similar to evaluation of thyroid function in ICU

patients, measured concentrations of 25OHD may be difficult to interpret in the ICU setting.

Importantly, the majority of clinical trials testing the benefits of vitamin D supplementation in

acutely ill patients with hypovitaminosis have not shown consistent benefits [37, 38]. Although

this report constitutes an intriguing analytical validation of our assay for bioavailable 25OHD

and its responsiveness to serum DBP concentrations, future studies in larger cohorts with well

annotated clinical endpoints are required to determine whether bioavailable 25OHD is a better

indicator of vitamin D adequacy and calcium homeostasis in acutely ill patients. It will be espe-

cially important to study whether assays for measured bioavailable 25OHD more accurately

reflect Vitamin D sufficiency in patients known to have abnormally high or low DBP levels, for

example in patients who are pregnant or have liver cirrhosis [10, 39, 40]. It is also important to

note that these findings did not test the significance of bioavailable 25OHD concentrations

amongst healthy patients who have generally stable and non-limiting concentrations of circulat-

ing DBP [41]; future studies are needed to determine whether bioavailable or total 25OHD con-

centrations best reflect vitamin D adequacy amongst genetically heterogenous populations.

Conclusions

The DBP-binding assay for bioavailable 25OHD shows expected changes in 25OHD % bio-

availability in response to changes in DBP concentrations and concordance with calculated

bioavailable 25OHD concentrations in calibrators made with purified DBP as well as in real

patient serum samples.
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