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True vitamin D deficiency does exist… 
 
 

Mayoclinicproceedings.com 



Rickets & Vitamin D deficiency  



http://www.progressive-charlestown.com 



Cross Sectional 



Prospective Observational 



Randomized Trials 





But does it exist for > 50% of the 
population?  

Mayoclinicproceedings.com 



IOM on Calcium & Vitamin D 

• Assessed >1,000 studies/reports plus expert testimony 

related to various health outcomes: 

 

– cancer, CVD, hypertension, diabetes/metabolic 

syndrome, falls, immune response, 

neuropsychologic function, physical performance, 

preeclampsia and reproductive function 

 

– found evidence to be mixed and inconclusive 

 

• “Current evidence supports a role in bone health but 

not in other health conditions” 



25D and Circulating Proteins 

• 25D binds to DBP in circulation 

 

• 25D binds to Albumin 

 

• 25D circulates in a free form 

 

• [Total] = [D] + [DAlb] + [DDBP]   

25D 

DBP 

Albumin 

What is measured and reported today. 



Vitamin D Binding Protein  

• ~ 55kd protein that is glycosylated 

• 458 AA, 13 exons  

• t ½ ~ 2-3 days  

– 25D t ½ is ~2 weeks,  ligand recycling 

• Produced in the Liver 

• Negative acute phase reactant  

– binds actin in tissue damage 

– DBP-actin is rapidly cleared 

 

 

 



Bioavailable Vitamin D 



Target tissue Kidney epithelium 

Free T4 Free 25D 

TBG-bound T4 
(no exchange) 

Albumin-bound T4 
(bioavailable) 

VDBP-bound 25D 
(no exchange) 

Albumin-bound 25D 
(bioavailable) 

T4 deiodinase 
CYP27B1 

hydroxylase 

1,25D 

Thyroid hormone receptor 
VDR 



Hormones circulating bound to albumin or circulating in a 

free form (collectively known as Bioavailable Vitamin D) are 

more readily available to enter cells than hormones bound to 

their traditional binding proteins 

 

Albumin 



Without vitamin D binding protein, Vitamin D serum levels are very low, 

but mice have normal bones, normal calcium, normal PTH 

 

Ca (mg/dl) Phos (mg/dl) AlkPhos (U/l) 

DBP +/+ 8.0 ± 0.3  11.4 ± 1.0 74 ± 28 

DBP -/-  7.9 ± 0.8 10.3 ± 1.5 94 ± 26 

Safadi et al. JCI 1999 



Patients with nephrotic syndrome (gross proteinuria) develop vitamin D 

deficiency because DBP proteinuria leeches vitamin D in urine 

 



Bikle et al, JCI 1984 

Liver disease patients have low “total” but  

preserved “free” 1,25(OH)2D in the setting of low DBP 

Normal Liver disease 

Total 25D (ng/ml) 19.2 9.7 

Total 1,25D (pg/ml) 41.5 22.6 

% Free 0.42 1.09 

Free 174 209 

DBP (ug/dl) 404 188 



~ 550 MGH ICU patients 

Bajwa, Bhan – Unpublished 

 

 

DBP levels rise and Total 25D levels rise as illness subsides 



THE RACIAL PARADOX 

WHITES BLACKS 

25(OH)D High Low 

PTH Low High(er) 

Bone Mineral Density Low High 

Osteoporosis/Fracture High Low 



Barrett-Conner JMBR 2004 

Favorable bone health 

In Black Americans 





Factors associated with circulating 
levels of 25(OH)D 

• Diet 

• Season 

• Race 

• BMI 

• Genetics 

 



Nov 2013 



asp – ala – thr – pro – thr 

416 420 

glu – ala – thr – pro – thr 

asp – ala – thr – pro – lys 

Gc1F 

Gc1S 

Gc2 

rs7041 

rs4855 





Scientific American 2008 

Human Migration Patterns out of Africa  

F F 

X 



Healthy Aging in Neighborhoods of Diversity 
across the Life Span 

• NIH-supported population-based cohort 

 

• White and African-American adults (30-64 years old) from 
Baltimore (~ 48 years of age, BMI ~ 29) 

 

• 3,720 patients enrolled (2004 – 2008) 

 

• Randomly samples within age, race, gender, and 
socioeconomic status 



Total 25D Levels 

“Left Shifted” in Blacks 

D Binding Protein Levels 

“Left Shifted” in Blacks 



Serum DBP concentrations are influenced 

by Vitamin D binding protein genotype 

“African” variant 

“European”  variant 



Free Hormone Hypothesis may be 

answer to racial paradox 
Only UNBOUND hormones cross cell membranes and 

have biological action. 

 

 

Yet, vitamin D deficiency is clinically defined as low TOTAL 

25(OH)D levels  

Albumin 



MACS Study: bioavailable 25D correlates with bone 

mineral density, total 25D does NOT 

r=0.441, p=0.002
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Powe et. al., J Bone Miner Res. 2011 PMID: 21416506 



Calculating Bioavailable D 

[Total D] = concentration of total 25-hydroxyvitamin D = [DDBP] + [DAlb] + [DFree] 

[Bio D] = concentration of bioavailable 25-hydroxyvitamin D = [DFree] + [DAlb] 

 

[DAlb] = concentration of albumin-bound 25-hydroxyvitamin D 

[DDBP] = concentration of D-binding protein-bound 25-hydroxyvitamin D 

[DFree] = concentration of free (unbound) 25-hydroxyvitamin D 

 

DBP1F = Gc1F variant of the D-binding protein 

DBP1S = Gc1S variant of the D-binding protein 

DBP2 = Gc2 variant of the D-binding protein 

 

Kalb = affinity constant between 25-hydroxyvitamin D and albumin = 6 x 105 M-1 

KDBP1S = affinity constant between 25-hydroxyvitamin D and DBP1S = 0.6 x 109 M-1 

KDBP1F = affinity constant between 25-hydroxyvitamin D and DBP1F = 1.12 x 109 M-1 

KDBP2 = affinity constant between 25-hydroxyvitamin D and DBP2 = 0.36 x 109 M-1 

 



Calculating Bioavailable D 
 

• 25(OH)D3 was measured by isotope dilutional 
LC-MS/MS in a CLIA-certified lab. 

• Vitamin D binding protein was measured by 
RUO sandwich immunoassay (R&D Systems). 

• Albumin was measured colorimetrically 
(Roche). 

• Vitamin D binding protein genotyping was 
performed by TaqMan 5’-nuclease assay on 
ABI PRISM analyzers.  

 



Bioavailable D levels similar in Blacks and Whites 

(calculated, and in a subset directly measured) 



For the same level 

of PTH, Blacks and 

Whites have 

similar Bioavailable 

D levels 

For the same level 

of PTH, Blacks have 

lower Total 25 D 

levels compared 

with Whites 

 





PTH and Total D 

r= - 0.37, p= 0.03 

 

 

 

 

 

 

 

 

PTH and Bioavailable D 

r= - 0.52, p= 0.001  

 

 

 

 

 

Unpublished 3
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Summary 

• Numerous therapeutic trials show benefits of vitamin D 
supplementation on bone mineral and cardiovascular health. 

• Evidence that measurements of total serum 25-
hydroxyvitamin D levels are predictive of disease is less 
consistent, especially in African Americans and other 
populations. 

• Bioavailable 25D may be a better indicator of vitamin D 
sufficiency. 

• Calculated bioavailable 25D assays are clinically impractical 
because of need for VDBP genotyping. 

• Direct measurement of bioavailable 25D is needed. 



Bioavailable Vitamin D Radioligand Competitive Binding Assay  
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Cold 25OHD competitor (nM) 

Competitive binding curve 



Figure S2. Direct measurement of % bioavailable 25-hydroxyvitamin D in presence of 

increasing concentrations of purified D-binding protein calibrator. Reactions contained 

fixed amount of 25-hydroxyvitamin D radioligand, 5% serum albumin, and increasing 

concentrations of purified D-binding protein calibrator (as indicated on x-axis). Y-axis 

shows % bioavailable 25-hydroxyvitamin D calculated from amount of adsorbed 

radioligand as a percentage of the total radioligand added to reaction. Each data point 

represents the average of triplicate measurements; error bars indicate standard 

deviation of replicates.   



Figure S3. Vitamin D radioligand competitive binding assay standard curve for conversion of radioligand binding 

measurements into equivalent calculated bioavailable 25-hydroxyvitamin D values. % bioavailable 25-hydroxyvitamin 

D values for the D-binding protein calibrator mixtures shown in Fig. S2 were calculated based upon these solutions’ 

known concentrations of serum albumin, 25-hydroxyvitamin D radioligand, and purified D-binding protein. Calculated 

% bioavailable 25-hydroxyvitamin D values were plotted against the directly measured % bioavailable 25-

hydroxyvitamin D values shown in Fig. S2. Each data point represents the average of triplicate measurements; error 

bars indicate standard deviation of replicates.   

 

 



Figure S4. Correlations between calculated bioavailable 25-hydroxyvitamin D concentrations in homozygous subjects compared 

to measurements by radioligand competitive binding assay. Direct measurement of % bioavailable 25-hydroxyvitamin D 

concentrations were performed using radioligand binding assay on a subset of 46 HANDLS subjects homozygous for Gc1F or 

Gc1S. Direct measurements were transformed into their calculated bioavailable 25-hydroxyvitamin D equivalents using the 

calibrator curve obtained in Fig. S2 (y = 0.598x + 0.087). Absolute concentrations of bioavailable 25-hydroxyvitamin D (in ng/mL) 

were obtained by multiplying % bioavailable 25-hydroxyvitamin D values by the subjects’ LC-MS/MS measured serum total 25-

hydroxyvitamin D concentrations. The directly measured bioavailable 25-hydroxyvitamin D concentrations (y-axis) were then 

plotted against their corresponding calculated bioavailable 25-hydroxyvitamin D values (x-axis).  



Future of Bioavailable Vitamin D 

• Evidence is growing that bioavailable 25D may 
be better indicator of vitamin D sufficiency. 

• Direct assay for bioavailable 25D needed 
because calculated methods 
impractical/biased 

• Although radioligand binding assays may 
work, clinical labs are unlikely to bring this 
technology back. 

• We are continuing to work on this! 



Bioavailable 25D separation techniques 

Equilibrium dialysis 



Bioavailable 25D separation techniques 

Centrifugal ultrafiltration 
(Steve Soldin – NIH) 



Bioavailable 25D separation techniques 

Extraction with beads coated with FLAG-
tagged recombinant DBP 

Albumin 



Bioavailable 25D separation techniques 

Extraction with magnetized charcoal 



Microtiter well 

Patient VDBP in 

solution 

Competitive binding between 

patient VDBP and FRET VDBP 

25D labeled with FRET acceptor Patient sample with VDBP and endogenous D diluted and added to 

well 

Proportion of FRET-25D binding to FRET-VDBP  is proportional to % bioavailable 25D 

VDBP labeled with FRET donor  



Vitamin D 
Metabolism 

Are levels of 24,25D3 or the ratio of 24,25D3-to-25D3 
another marker of vitamin D adequacy? 



Patients with functional deficiency of active 1,25D3 
have decreased ratio of 24,25D3 to 25D3  



Although Black Americans have much lower serum 25D 
concentrations, their 24/25D ratios are same as whites 

Unpublished 





Summary (cont.) 

• Vitamin D supplements are beneficial for health. 

• Measurement of total serum 25-hydroxyvitamin D levels may 
not predict vitamin D deficiency 

• Bioavailable 25D may be a better indicator of vitamin D 
sufficiency. 

• Calculated bioavailable 25D assays are clinically impractical 
because of need for VDBP genotyping. 

• Direct measurement of bioavailable 25D are needed. 

• Measurement of 24/25D ratio may be alternative functional 
marker for Vitamin D deficiency 

 



Summary of clinical implications 

• Vitamin D supplements are beneficial for health. 

• Measurement of total serum 25-hydroxyvitamin D levels may 
not predict vitamin D deficiency in all populations. 

• Bioavailable 25D or other vitamin D metabolite 
measurements may be better indicators of vitamin sufficiency. 

• In light of new evidence, especially with regards to patients 
with African ancestry, we need to reconsider the significance 
of our reference intervals – but further investigation is 
needed before clinical recommendations can be made. 

 



How do we answer these questions, 
how do we advance this field? 

Collaborate  



Team 


