REVIEW

Rev Osteoporos Metab Miner. 2019;11(1):30-34

Free vitamin D: an increasing determination
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Summary

Vitamin D has long been a familiar concept for any professional working in clinical biology. Nowadays it is becoming known
to a large sector of the population. The great research efforts developed over the past decade have led to an explosion in
the number of determinations requested of the most qualified metabolite to express the body state of vitamin D, 25-OH vi-
tamin D (25-OHD) free, represents the small fraction not bound to transporter proteins. According to the free hormone
hypothesis, it should be considered the best representation of the body state of vitamin D. Unfortunately, limited attention
has been paid to this determination since, until recently, the scientific community only had tedious, indirect methods to

measure it.

A few years ago, a direct measurement method of free 25-OHD was already available to carry out research studies with

promising results.
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free, 1,25-dihydroxyvitamin D.

INTRODUCTION

In recent decades, vitamin D has attracted growing in-
terest, not only in the medical field, but also among the
general population. Initially, the evaluation of vitamin D
was part of bone metabolism assessment when, for
example, rickets or osteomalacia were suspected, or in
populations at risk of osteoporosis?. 25-hydroxyvitamin D
(25-OHD) is the circulating metabolite of higher concen-
tration and longer half-life, used to monitor the body sta-
tus of vitamin D. Patients with chronic kidney disease
and undergoing dialysis treatment are also controlled
by measurements of the evaluation of this state?. In this
case, in addition to 25-OHD, the active metabolite of vi-
tamin D, 1,25-dihydroxyvitamin D (1,25- (OH) 2D), pro-
duced mainly in the cells of the proximal tubule of the
nephron.

In the past, vitamin D measurements made by labo-
ratories were limited and almost always for research
purposes. For about ten years the situation has changed.
The request for determinations has drastically increased
and more than 4,500 articles® on vitamin D are currently
published every year, and the general public has been
sensitized. This is due to the knowledge of the involve-
ment of vitamin D metabolites in multiple physiological
processes?, its association with various diseases and the
dissemination of clinical studies, as well as the dissemi-
nation of the concept of 'vitamin of the sun' for the ge-
neral population.

Currently, about 90% of the determinations reques-
ted and carried out in the laboratory refer to the total

25-0OHD form. A concentration below 20 ng/mL is accep-
ted as a deficiency, and a concentration below 30
ng/mL is considered insufficient. The ideal levels are
higher than 30 ng/mL, while the toxicity levels are
above 100-150 ng/mL. This topic is currently the sub-
ject of debate, and real cases of intoxication have been
described, mainly due to formulation errors and/or
errors in the daily intake®¢. The remaining 10% of the
requests for metabolites of vitamin D are from the ac-
tive metabolite, 1,25- (OH) 2D, which are largely re-
quested by mistake, due to confusion between both
metabolites by the prescriber’. These test results, ca-
rried out to evaluate the vitamin D endocrine system
in healthy and sick populations, remain controversial
for numerous reasons®.

Several new trials have been developed to facilitate
the work of researchers and clinicians. The C3 epimer,
a stereo-isomer of 25-OHD, can now be easily measu-
red by liquid chromatography-mass spectrometry
(HPLC-MS/MS), although its clinical importance is not
clearly understood®. 24,25-dihydroxyvitamin D (24,25-
(OH) 2D), which is a catabolite of 25-OHD, can also be
measured by HPLC-MS/MS methods, and is useful in
the diagnosis of idiopathic childhood hypercalcemia’.
The measurement of bioavailable and free 25-OHD le-
vels have also been incorporated as new markers of vi-
tamin D status and, although the concept has been
known since the 1980s, it has not been used regularly,
due to the lack of an adequate method for its quantifi-
cation!!,
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PHYSIOLOGY OF FREE VITAMIN D

The free 25-hydroxyvitamin D (free 25-OHD) represents
the fraction of 25-OHD that is not bound to vitamin D
binding proteins. Due to its hydrophobic nature, the me-
tabolites of vitamin D, especially 25-OHD, bind to trans-
porter proteins. The main one is the vitamin D binding
protein ((VDBP or DBP), also known as GC-globulin,
which binds to all the metabolites of vitamin D but
with greater affinity for 25-OHD, binding approxima-
tely 90% of its circulating concentration. Albumin, due
to its high concentration in blood, although with a much
lower affinity than VDBP for 25-OHD, binds the remai-
ning 10%%*2. A small fraction, less than 0.1% of the total,
circulates freely, and not bound!®. The sum of free 25-
OHD and the bound fraction to albumin is called bioa-
vailable 25-OHD, since it is believed that the low-affinity
albumin-25-OHD complex allows 25-OHD molecules to
be readily available for produce their biological effects!*.

However, this concept tends to be abandoned in favor of
the free hormone hypothesis (Figure 1).

FREE HORMONE HYPOTHESIS

The hypothesis of the free hormone states that a hor-
mone’s biological activity is affected by its concentra-
tion not linked to protein (free) instead of the
concentration bound to plasma proteins. In 1989, Men-
del proposed that this hypothesis "is probably valid
with respect to all tissues for thyroid hormones, cortisol
and hydroxylated metabolites of vitamin D"'>. Later,
Chun et al.'® conjectured that "the binding of 25-OHD to
VDBP hinders the delivery of 25-OHD to the target tis-
sues, which ultimately prevents its metabolism to the
active form, 1,25- (OH) 2D On the contrary, it is the un-
bound and free form that can pass through the cell
membrane and, therefore, exercise the biological ac-
tions "(Figure 2).

Figure 1. Vitamin D free and bioavailable: 25-OH free vitamin D, bioavailable, and total. Union of 25-OH vitamin D to

albumin and DBP (vitamin D carrier protein)
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Figure 2. Transport mechanisms: Mechanisms mediated by membrane receptor and receptor-independent for the cellular uptake
of vitamin D. Vitamin D metabolites bind to DBP in serum and extracellular fluid. The entrance to the cell of metabolites vitamin D
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This free hormone hypothesis has been validated cli-
nically for thyroid hormones, with the emergence of
trials for free T3 and T4. These trials have replaced in
practice most of the total T3 and T4 determinations that
were previously made in clinical laboratories!’. The
story is similar, although to a lesser extent, for testoste-
rone and cortisol'8. For vitamin D, the situation is some-
what different, as the metabolite measured (25-OHD) is
not the hormonally active form (it is 1,25- (OH) 2D). Ho-
wever, as Chun et al.'® previously reported, the conver-
sion of 25-0OHD to 1,25- (OH) 2D, and, consequently, the
biological activity of vitamin D, is highly influenced by
the concentration of 25-OHD free in the plasma.

METHODS FOR THE MEASUREMENT OF FREE 25-OHD

Historically, free 25-OHD and 1,25- (OH) 2D metabolites
were measured by centrifugal ultrafiltration and equili-
brium dialysis using the tritiated metabolite, which
constitutes the classical immunoassay for the measuring
total concentrations. Simple equations have been used
to calculate the free hormone concentration'® and, al-
though these methods provide reliable results, they are
extremely complicated to assemble. They require consi-
derable time and a large sample volume, in addition to
involving the handling of material marked with tritium
and/or carbon-14. Therefore, other methods of quanti-
fication have been developed over time, based on the
measurement of the total metabolite of vitamin D and
the binding protein concentrations, using the related af-
finity constants?’. While in clinical laboratories the
quantification of albumin and total 25-OHD are part of
the routine analysis, the quantification of VDBP is based
on kits for use only in research (Research Use Only,
RUO), usually not validated. Trials using monoclonal an-
tibodies have proved unreliable, since they do not mea-
sure the different polymorphisms of VDBP equally.

However, trials and techniques that employ radial im-
munodiffusion using polyclonal antibodies produce ex-
cellent results?’. As different VDBP forms are found in
the different serum samples to be evaluated, and al-
though this is still a matter of debate since these diffe-
rent forms have different binding coefficients for
25-0OHD, the calculation of each sample should ideally
include the genotyping of the patient to use the appro-
priate coefficient?!. In clinical practice, this is done very
exceptionally (Figure 3).

In 2017, a new direct method was developed and
made available to the scientific community. The amount
of free 25-OHD is measured by the enzyme-linked im-
munosorbent assay (Enzyme-Linked ImmunoSorbent
Assay). The separation of the free and bound forms, as
well as the capture of the former; is achieved through the
use of a monoclonal antibody (anti-25-OHD), altering as
little as possible the balance between both forms??, ha-
ving validated the precision, sensitivity, accuracy and
specificity of the assay.

On the other hand, this methodology generates re-
sults similar to those obtained by centrifugal ultrafiltra-
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tion and has been used successfully in many clinical stu-
dies. The test obtained the European Union (CE) Euro-
pean Union mark of conformity in 2018, which allows
its use in in-vitro diagnostic laboratories (IVD).

25-OHD FREE IN CLINICAL STUDIES

Recently, Tsuprykov et al.?® published a direct measure-
ment method for free and total 25-OHD in a cohort of
297 healthy pregnant Caucasian women (gestational age
ranged from the fourth week to the fortieth week), along
with the 25- Total OHD, and other parameters (Table 1).
Free 25-OHD correlated better than the total with va-
rious parameters, so it was concluded that optimal mo-
nitoring of vitamin D status in pregnant women should
consist of free 25-OHD measurements at the beginning
and end of pregnancy.

The same year, Franasiak et al. studied free 25-OHD
in a small group of infertile patients?*. Free 25-OHD
was calculated using the DBP data obtained with an an-
tibody-based assay, and showed statistically significant
differences between the groups of infertile and control
(6.3+2.9 pg/mL vs. 4.3+1.8 pg/mL), differences that
were not observed for total 25-OHD (30.3£9.8 ng/mL
vs. 28.9+8.7 ng/mL). These results are explained by the
lower concentration of DBP in the infertile group,
which influences the balance between the free and
bound forms of 25-OHD. Although these data only re-
presented a pilot study, they concluded that the quan-
tification of total 25-OHD can be misleading when
assessing the status of vitamin D in situations of infer-
tility.

Free 25-OHD has also been studied in elderly healthy
African-American women over 60 years of age?®, analy-
zing the relationship between physical performance and
osteoporosis prevention with vitamin D in this popula-
tion. This is a 3-year, randomized, double-blind, placebo-
controlled study that examined the effect of vitamin D on
physical performance and bone loss in 260 women. Free
25-0HD significantly predicted the grip strength in a
linear regression model (R?=0.02, F=5.22, regression
coefficient [$]=1.52, p=0.023), suggesting that for each
an increase of 1 pg/mL of free 25-OHD produced an
increase in the grip strength of 1.52 1b, this association
not being found for the total 25-OHD. These results
suggest the usefulness of free 25-OHD as a predictor of
physical performance with the aging of African-American
women. The association of free 25-OHD with perfor-
mance measures of the upper and lower extremities
supports further examination of the role of serum-free
25-0HD in physical performance to prevent frailty and
fractures in older adults (Figure 4).

Another application, in oncology, was proposed by
the Yang group?¢. The aim of this study was to exhausti-
vely evaluate the prognostic value of VDBP, total and free
25-0HD and its bioavailability in patients with colorectal
cancer in stages I-III. The results showed that the eleva-
tion of free 25-OHD and its bioavailability was signifi-
cantly associated with a better survival at 5 years, after

Figure 3. Calculation of 25-0OH of free vitamin D. BC: binding coefficient. DBP: vitamin D transporter protein

25-0OHD total

25-0OHD free =

BC albumin x [albumin] + BC DBP x [DBP]
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Table 1. Metabolites of vitamin D 25-OH total vitamin D, 25-OH free vitamin D and 1,25 (OH) 2 vitamin D with pregnancy pa-
rameters and other biochemical parameters. In bold, the results are statistically significant

Gestational age (days) p=0.957 p=0.003 p<0.001
Maternal age (years) p<0.001 p<0.001 p=0.564
PTH (pg/mL) p<0.001 p=0.010 p=0.014
Calcium (mmol/L) p=0.238 p=0.006 p<0.001
Phosphate (mmol/L) p=0.119 p=0.920 p=0.867
Alkaline phosphatase (pg/mL) p=0.037 p<0.001 p<0.001
Albumin (g/dL) p=0.101 p=0.010 p<0.001
LDL (mg/dL) p=0.527 p<0.001 p<0.001
Urea (mg/dL) p=0.860 p=0.028 p<0.001
Adiponectin (pg/mL) p=0.302 p=0.009 p=0.001
Sodium (mmol/L) p=0.335 p=0.505 p=0.588
Vitamin B12 (pg/mL) p=0.055 p<0.001 p<0.001
TSH (uU/mL) p=0.319 p=0.089 p=0.816
Free thyroxine (ng/dL) p=0.183 p=0.033 p<0.001
Triodothyronine (pg/mL) p=0.028 p=0.001 p=0.401
HDL (mg/dL) p=0.001 p=0.449 p<0.001
LDL/HDL ratio p=0.161 p=0.003 p<0.001
Vitamin B6 (ng/mL) p=0.024 p<0.001 p<0.001
Zinc (umol/L) p=0.822 p=0.090 p<0.001
Hemoglobin (g/dL) p=0.382 p=0.065 p<0.001
Hematies (10¢/pL) p=0.841 p=0.313 p=0.002
Leukocytes (103/pL) p=0.789 p=0.024 p<0.001

Figure 4. Relationship between free 25-OHD and grip strength?¢
r=0.14, p=0.023
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carrying out a univariate statistical analysis. Upon com-
pletion of the study using a multivariate Cox analysis, they
also found that high levels of free 25-OHD (HR=0.442,
95% CI=0.238-0.819, p<0.010) could be identified as an
independent factor to predict better survival. In conclu-
sion, the study suggested that higher levels of free and
bioavailable 25-OHD were associated with greater sur-
vival in patients with colorectal cancer in stages I-1II. In
addition, free 25-OHD could be considered as an inde-
pendent prognostic biomarker for survival. More re-
cently, many other articles have been published,
including reviews and clinical studies, which highlight
the importance of free 25-OHD?".
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CONCLUSION

Although the concept of free hormone and its physiologi-
cal and clinical importance has been known for a long time,
the free 25-OHD metabolite is still a relatively new subject
of research. The absence of a direct measurement proce-
dure has probably been one of the reasons for explaining
this situation. With the direct immunoassay now available,
the number of studies is growing rapidly and possible cli-
nical applications are appearing in the literature. The true
potential of this parameter has yet to be established in
routine clinical practice, through broader clinical studies
in relevant areas, mainly in pregnancy, fertility, renal and
hepatic diseases, as well as in critical patients.
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declares no conflict of interest.
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