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Context: Controversy persists over: 1) how best to restore low serum 25-hydroxyvitamin D (25D)
levels (vitamin D2 [D2] vs vitamin D3 [D3]); 2) how best to define vitamin D status (total [protein-
bound � free] vs free 25D); and 3) how best to assess the bioactivity of free 25D.

Objective: To assess: 1) the effects of D2 vs D3 on serum total and free 25D; and 2) whether change
in intact PTH (iPTH) is more strongly associated with change in total vs free 25D.

Design: Participants previously enrolled in a D2 vs D3 trial were matched for age, body mass index,
and race/ethnicity. Participants received 50 000 IU of D2 or D3 twice weekly for 5 weeks, followed
by a 5-week equilibration period. Biochemical assessment was performed at baseline and at 10 weeks.

Setting and Participants: Thirty-eight adults (19 D2 and 19 D3) �18 years of age with baseline 25D
levels �30 ng/mL were recruited from an academic ambulatory osteoporosis clinic.

Outcome Measures: Serum measures were total 25D, free 25D (directly measured), 1,25-dihy-
droxyvitamin D, calcium, and iPTH. Urine measure was fasting calcium:creatinine ratio.

Results: Baseline total (22.2 � 3.3 vs 23.3 � 7.2 ng/mL; P � .5) and free (5.4 � 0.8 vs 5.3 � 1.7 pg/mL;
P � .8) 25D levels were similar between D2 and D3 groups. Increases in total (�27.6 vs �12.2 ng/mL; P �

.001) and free (�3.6 vs �6.2 pg/mL; P � .02) 25D levels were greater with D3 vs D2. Percentage change
in iPTH was significantly associated with change in free (but not total) 25D, without and with adjust-
ment for supplementation regimen, change in 1,25-dihydroxyvitamin D, and change in calcium.

Conclusions: D3 increased total and free 25D levels to a greater extent than D2. Free 25D may be
superior to total 25D as a marker of vitamin D bioactivity. (J Clin Endocrinol Metab 101: 3070–3078,
2016)

Low serum 25-hydroxyvitamin D (25D) is associated
with adverse skeletal health outcomes. In particular,

low 25D leads to decreased intestinal calcium absorption,
increased PTH secretion, and increased bone resorption

(1, 2). When serum 25D levels are low (�30 ng/mL), cli-
nicians frequently recommend supplementation with ei-
ther ergocalciferol (D2) or cholecalciferol (D3). Based on
early studies demonstrating that both D2 and D3 reverse
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rickets in infants (3), current clinical practice guidelines
consider D2 and D3 to be therapeutically equivalent (2).
Over the last two decades, however, multiple studies have
assessed the equivalence of equimolar dosing regimens of
D2 vs D3 by comparing each supplement’s ability to raise
and maintain serum total 25D levels (4–11). Although
most completed studies have found orally administered
D3 to raise total serum 25D more robustly than D2 (4,
6–11), others have found them to be equivalent (5).

In serum, 25D is primarily bound to serum vitamin D
binding protein (DBP) and albumin, with less than 1% of
total 25D circulating in its free (unbound) form (12). In the
renal epithelial cell, filtered DBP-bound 25D is internal-
ized via a megalin-mediated mechanism and subsequently
converted to the active form of vitamin D (1,25-dihydroxyvi-
taminD[1,25D])viathe1-�-hydroxylase(CYP27B1)(13).On
the other hand, many extrarenal tissues express CYP27B1
and the vitamin D receptor; thus, intracrine regulation
could occur through intracellular conversion of 25D to
1,25D (14, 15). In these tissues, it has been postulated that
only free 25D (unbound to serum proteins) is available for
uptake and subsequent intracrine conversion to 1,25D.
Under these conditions, the free fraction of 25D represents
a more superior marker of vitamin D substrate bioavail-
ability than total 25D.

Because the human serum DBP is reported to bind 25-
hydroxylated D2 (25D2) metabolites less avidly than 25-
hydroxylated D3 (25D3) metabolites (16–18), we theo-
rized that relatively more of the 25D2 metabolite would be
free and bioavailable to target cells. Indeed, among vita-
min D-deficient mice that are placed on diets containing
equal amounts of D2 or D3, those fed D3 had lower free
25D levels vs those provided D2 (19). Only one prior study
comparing the equivalence of D2 vs D3 has reported their
relative effects in terms of both total and “free” 25D levels
in humans. Instead of directly measuring free 25D con-
centrations, this study calculated free 25D levels from se-
rum levels of total 25D, DBP, and albumin using previ-
ously published equations (11, 20). Importantly, recent
studies demonstrated that calculated free 25D levels could
overestimate directly measured free concentrations (21).
Owing to discrepancies in the methodology for measuring
DBP concentrations in human serum and the varying avid-
ities with which different DBP isoforms bind 25D (21–23),
our study was designed to address the following questions:
1) what are the comparative effects of D2 vs D3 replace-
ment on total and directly measured serum 25D levels; and
2) does free 25D represent a superior in vivo marker of
vitamin D-mediated bioactivity above and beyond total
25D?

Subjects and Methods

Subjects
We evaluated 38 paired serum samples (before and after vi-

tamin D supplementation) from a parent trial (24) in which pa-
tients were randomized in a 1:2 ratio to receive a total dose of
500 000 IU D2 or 500 000 IU D3 (ClinicalTrials.gov Identifier:
NCT01848236). Patients from the original parent trial were re-
cruited from an ambulatory osteoporosis clinic at the University
of California, Los Angeles (UCLA). Inclusion criteria were age
�18 years and baseline 25D level �30 ng/mL. Exclusion criteria
included evidence of hypercalcemia, hypercalciuria, nephrolithi-
asis, primary hyperparathyroidism, intestinal malabsorption, or
dysregulated vitamin D metabolism (from underlying comor-
bidity or medication). Sera from 38 control participants (screen-
ing 25D level �30 ng/mL), matched for age, body mass index
(BMI) and race/ethnicity, were available. All participants gave
informed consent, and the study was approved by the UCLA
Institutional Review Board.

Intervention
Participants were those with a serum total 25D concentration

�30 ng/mL at baseline (24–26). Participants received 50 000 IU
of either D2 or D3 twice weekly for 5 weeks, followed by a
5-week period during which we allowed serum 25D concentra-
tions to equilibrate (24–26). The total vitamin D dose of 500 000
IU was chosen because it has been reported to successfully raise
serum total 25D levels to �30 ng/mL and reduce fracture risk
(26, 27). D2 and D3 were obtained from Swanson Health Prod-
ucts and Schwartz Pharma, respectively, at a concentration of
1000 IU (in vegetable oil) per drop. These were compounded into
capsules for distribution to study participants by the UCLA In-
vestigational Pharmacy. Equivalent D2 and D3 content was con-
firmed by liquid chromatography-mass spectrometry (LC/MS/
MS) (Heartland Assays). Adherence to supplementation was
assessed by patient interview at week 10, and only those who
reported �80% adherence (on a yes/no basis) were included in
this analysis.

Measurements
Biochemical assessment was performed at baseline before ini-

tiation of D2 or D3 supplementation and repeated 10 weeks after
initiation of the supplementation regimen. Serum measurements
included total 25D, free 25D, total 1,25D, calcium, and intact
PTH (iPTH). Urinary measurement included a calcium:creati-
nine excretion ratio on an early morning fasting sample. Total
25D was measured by chemiluminescence immunoassay (Dia-
sorin Liaison) in the UCLA Department of Pathology and Lab-
oratory Medicine; this laboratory participates in the College of
American Pathologists Accuracy-Based Vitamin D Survey. The
assay is reported by the manufacturer to demonstrate equimolar
cross-reactivity with 25D2 (104%) and 25D3 (100%) and min-
imal cross-reactivity with 3-epi-25D3 (�1.0%). The equimolar
cross-reactivity of 25D2 and 25D3 with the detecting antibody
has been separately demonstrated (28). This assay has also been
shown to have acceptable performance for 25D2 cross-reactivity
when compared to HPLC and LC/MS/MS (29, 30). Intra- and
interassay coefficients of variation (CVs) were 2.1–2.2 and 4.0–
4.5%, respectively. In a subset of participants in whom addi-
tional serum was available, total 25D was also measured by
LC/MS/MS (Esoterix, Inc.). Interassay CV was 6%. Free 25D
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was measured using an antibody-based assay from Future Di-
agnostics as previously described (31, 32). In this assay, an an-
tibody that reacts with free 25D (25D2 and 25D3) is coated on
wells of a microtiter plate. Serum is added to a well, and free 25D
is captured by the anti-25D antibody. After washing, a fixed
amount of biotinylated 25D3 is added. After washing to remove
unbound biotinylated 25D3, a streptavidin peroxidase conju-
gate is added, followed by a tetramethyl benzidine chromogenic
substrate. The reaction is then stopped, and the absorbance
(A450 nm) of the sample is measured using a plate spectropho-
tometer. The free 25D (25D2 and 25D3) concentration is in-
versely proportional to the absorbance in the sample well. The
assay limit of detection is 1.9 pg/mL. In the range of concentra-
tions measured, the CV was �7%. Total 1,25D was measured by
chemiluminescence immunoassay (Diasorin Liaison). Intra- and
interassay CVs were 2.4–3.9 and 4.5–7.8%, respectively. iPTH
was measured by electrochemiluminescence immunoassay
(Roche Cobas; Roche Diagnostics). Intra- and interassay CVs
were 0.8–1.5 and 1.5–1.8%, respectively.

Statistical analyses
Descriptive statistics of relevant continuous clinical covari-

ates and biochemical measurements were generated and assessed
for normality. Differences in baseline characteristics between D2
and D3 groups were assessed by the independent samples t test
(continuous variables) or �2 test (categorical variables). Changes
in biochemical measurements within D2 and D3 treatment
groups were examined by the paired t test. Differences in bio-
chemical measurements at week 10 between D2 and D3 groups
were assessed by the independent samples t test. Associations
between change in iPTH (outcome) and change in total or free
25D (primary predictor) were examined using: 1) Lowess plots
(for visual inspection of unadjusted relationship); 2) simple lin-
ear regression (unadjusted); and 3) multiple linear regression
(adjusted). In adjusted models, we included supplementation
regimen, change in 1,25D, and change in calcium as covariates.
These covariates were chosen because they have been previously
reported to influence PTH secretion.

Results

Patient characteristics
Each supplementation group included 19 individuals

matched for age, BMI, and race/ethnicity. Age, BMI, and
race/ethnicity were not significantly different between D2
and D3 groups (Table 1). Baseline total 25D (22.2 � 3.3
vs 23.3 � 7.2; P � .5), free 25D (5.4 � 0.8 vs 5.3 � 1.7;
P � .8), calcium, and iPTH were similar in D2 and D3
groups. The proportion of participants with baseline total
25D levels �20 ng/mL (26.3 vs 21.1%; P � .7) and be-
tween 20 and 30 ng/mL (73.7 vs 78.9%, P � .7) was
similar between treatment groups. Baseline characteristics
between supplemented participants who received D2 or
D3 vs controls (screening total 25D �30 ng/mL) were
similar, except that controls had higher total 25D (40.2 �
10.2 vs 22.8 � 4.8; P � .0001) and lower iPTH (41.3 �
11.4 vs 50.6 � 18.2; P � .03) levels (Table 2).

Effects of D2 vs D3 on vitamin D metabolites
Total 25D increased to a greater extent with D3 (�27.6

ng/mL) vs D2 (�12.2 ng/mL) (P � .001) (Figure 1). Final
total 25D was 34.3 � 9.4 ng/mL with D2, compared to
50.9 ng/mL � 18.2 ng/mL with D3 (P � .001). Among
those who received D2, the 25D2:25D3 ratio was 0.31 at
baseline and 1.12 at follow-up. Among those receiving
D3, the 25D2:25D3 ratio was 0.07 at baseline and 0.03 at
follow-up. Serum free 25D increased to a greater extent
with D3 (�6.2 pg/mL) than with D2 (�3.7 pg/mL) (P �
.02) (Figure 1). Final free 25D was 9.0 � 2.3 pg/mL with

Table 2. Descriptive Statisticsa for Baseline Clinical
Characteristics and Biochemical Measurements Between
Vitamin D (D2 or D3) Supplemented and Control
Participants

Supplemented Control
P
Valueb

n 38 38
Age, y 53.3 (19.2) 61.6 (18.2) .09
BMI, kg/m2 25.6 (5.2) 25.0 (4.0) .6
Ethnicity

Caucasian 22 (57.9) 22 (57.9) .9
African American 2 (5.3) 2 (5.3) .9
Asian American 6 (15.8) 6 (15.8) .9
Hispanic/Latino 8 (21.1) 8 (21.1) .9

25D, ng/mL 22.8 (4.8) 40.2 (10.2) �.0001
Free 25D, pg/mL 5.3 (1.3) N/A N/A
1,25D, pg/mL 60.6 (27.6) 62.6 (27.9) .8
Serum calcium, mg/dL 9.4 (0.3) 9.6 (0.4) .2
Serum PTH, pg/mL 50.6 (18.2) 41.3 (11.4) .03

Abbreviation: N/A, not available.
a Count (percentage) for categorical variables; mean (standard
deviation) for continuous variables.
b Difference between groups in count (percentage) for categorical
variables; mean (standard deviation) for continuous variables.

Table 1. Descriptive Statisticsa for Baseline Clinical
Characteristics and Biochemical Measurement

D2 D3
P
Valueb

n 19 19
Age, y 50.2 (18.8) 56.4 (19.6) .3
BMI, kg/m2 26.2 (5.6) 24.9 (4.8) .4
Ethnicity

Caucasian 11 (57.9) 11 (57.9) .9
African American 1 (5.3) 1 (5.3) .9
Asian American 3 (15.8) 3 (15.8) .9
Hispanic/Latino 4 (21.1) 4 (21.1) .9

25D, ng/mL 22.2 (3.3) 23.3 (7.2) .5
Free 25D, pg/mL 5.4 (0.8) 5.3 (1.7) .8
1,25D, pg/mL 60.0 (25.0) 61.2 (30.8) .9
Serum calcium, mg/dL 9.3 (0.3) 9.5 (0.4) .2
Serum PTH, pg/mL 50.3 (19.6) 50.8 (17.2) .6

a Count (percentage) for categorical variables; mean (standard
deviation) for continuous variables.
b Difference between groups in count (percentage) for categorical
variables; mean (standard deviation) for continuous variables.
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D2 compared to 11.5 � 4.4 pg/mL with D3 (P � .03).
Serum free 25D at 10-week follow-up remained signifi-
cantly higher with D3 than D2 supplementation, even af-
ter adjusting for baseline total or free 25D levels (P � .03
for both) (Figure 1). The increase in free 25D per ng/mL
increment in total 25D was similar between groups (�0.2
pg/mL for D2 and D3; P � .8) (Figure 2).

Total 1,25D increased to a greater extent with D3
(�15.1 pg/mL) than with D2 (�0.9 pg/mL) (P � .02)

(Figure 1). Serum total 1,25D at 10-week follow-up re-
mained significantly higher with D3 than with D2 sup-
plementation, even after adjusting for baseline total 1,25D
level (P � .01). The percentage change in 1,25D was sig-
nificantly associated with a change in total 25D (P � .02;
R2 � 0.28), but not a change in free 25D (P � .07; R2 �
0.21).

Effects of D2 vs D3 on markers of calcium
homeostasis

Changes in serum calcium (�0.03 vs �0.1 mg/dl; P �
.5) and fasting urinary calcium:creatinine (�0.02 vs
�0.02; P � .9) were not significantly different with D2 vs
D3 supplementation. The change in iPTH was also similar
(�5.8 vs �6.0 pg/mL; P � .5) with D2 vs D3
supplementation.

Association between percentage change in iPTH
and total vs free 25D

The associations between percentage change in iPTH
and change in total vs free 25D were examined via Lowess
plots, as well as unadjusted and adjusted linear regression
models (Figure 3 and Table 3). Percentage change in iPTH
was not significantly associated with change in total 25D
alone or after adjustment for supplementation regimen,
change in total 1,25D level, and change in calcium. In
contrast, the percentage change in iPTH was significantly
associated with a change in free 25D alone and after ad-
justment for the same covariates. Change in iPTH was not
significantly associated with a change in 1,25D or calcium.

Discussion

The aims of this study were to characterize the effects of
D2 vs D3 supplementation on changes in total and free
25D and to assess whether a change in PTH with supple-
mentation is more strongly associated with a change in

Figure 1. Effects of D2 vs D3 supplementation on serum vitamin D
metabolites. A) D2 vs D3 on total 25D. B) D2 vs D3 on free 25D. C) D2
vs D3 on total 1,25D.

Figure 2. Associations between changes in free and total 25D after
D2 vs D3 supplementation.
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total vs free 25D. We found that D3 increased total and
free 25D levels to a greater extent than D2. We also report
that change in serum iPTH is more strongly associated
with change in free vs total 25D, independent of changes
in serum 1,25D and calcium, suggesting that free 25D
is indeed a useful marker of vitamin D-mediated bioac-
tivity in vivo.

Our first key finding is that follow-up 25D levels were
higher with 50 000 IU D3 than with D2 twice weekly.
Prior studies have examined the effects of D2 vs D3 on
total serum 25D using various supplementation regimens.
With the exception of one study that found 1000 IU/d of
D2 and D3 to be comparable in raising total 25D levels (5),
D3 has been shown to increase serum total 25D levels to
a greater extent than D2 when administered at 50 000
IU/mo, 50 000 IU/wk, 2000 IU/d, and 4000 IU/d (4,
6–11). In fact, most studies comparing D2 with D3 report
a greater incremental increase in total 25D levels with D3,
even if the regimen was not always successful in achieving
a final total 25D level that was in the “normal” range (�30
ng/mL) (11). One factor that accounts for the greater in-

cremental increase in total 25D levels with D3 is the rel-
atively longer half-life of 25D3 in the serum. On average,
the 25D3 half-life is 8% longer than 25D2, owing to the
greater avidity of DBP for 25D3 than 25D2 (33). Another
factor that may also account for the greater incremental
increase in 25D levels with D3 compared to D2 is that
studies differed in attempts to minimize endogenous
synthesis of D3 (and 25D3) during the course of the trial
(5, 8, 34).

A second key finding in this study is that measured free
25D levels increased to a greater extent with D3 than with
D2. This is consistent with emerging evidence to suggest
that free and total 25D levels are highly correlated, such
that the rise of free 25D is proportional to the rise in total
25D (31, 32, 34). This is in contrast to our understanding,
however, that 25D2 is bound less avidly by DBP than is
25D3 (16–18). Based on the above, one would speculate
that for a given total 25D level, the free fraction would be
greater if a greater percentage of the total 25D pool is
composed of 25D2. Indeed, we have shown that mice re-
ceiving a D2-containing diet had higher free 25D (all
25D2) concentrations compared to those receiving a D3-
containing diet (all 25D3) (19). In humans, one prior study
comparing 1000 IU/d of D2 and D3 found that despite
achieving higher total 25D levels with D3, calculated free
25D levels were similar (11). One possible explanation for
this observed discrepancy is related to our supplementa-
tion regimen. We gave patients 50 000 IU of D2 or D3
twice weekly for 5 weeks, followed by a 5-week period

Figure 3. Lowess plots of change in iPTH as a function of change in
total 25D (A) vs free (B) 25D after D2 and D3 supplementation. The
slope of the relationship between change in iPTH is greater (indicating
a stronger association) with change in free compared to total 25D.

Table 3. Associations Between Percentage Change in
iPTH and Change in Total vs Free 25D

Percentage Change in iPTH
(95% CI) per Unit Increment
Change in Serum Total vs Free
25D

� Coefficienta (95% CI)
P
Value

Total 25D
Unadjusted �0.507 (�1.124, 0.110) .2
Adjusted for D2 vs D3 �0.516 (�1.230, 0.197) .2
Adjusted for D2 vs D3,

change in 1,25D and
calciumb

�0.498 (�1.269, 0.273) .2

Free 25D
Unadjusted �3.383 (�6.247, �0.519) .02
Adjusted for D2 vs D3 �3.366 (�6.463, �0.268) .03
Adjusted for D2 vs D3,

change in 1,25D and
calciumb

�3.384 (�6.594, �0.175) .03

a The � coefficient should be interpreted as follows: for each ng/mL
increase in total 25D or pg/mL increase in free 25D, PTH changes by
“�” percent.
b Adjusted for covariates that have previously been reported to
influence PTH secretion.
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during which we allowed serum vitamin D metabolite lev-
els to equilibrate (24–26). Given that the serum half-life of
25D2 is shorter than 25D3 (33), it is possible that the total
25D2 fraction of the total 25D pool diminished over the
equilibration period such that any advantage in serum free
25D that may have existed at week 5 was lost by week 10.
In addition, total serum 25D3 concentrations remained
constant and represented 50% of all total 25D at fol-
low-up in the D2 group. This is in contrast to our prior
mouse study in which D2- or D3-fed mice had exclusively
25D2 or 25D3 in the circulation. This is also in contrast to
prior human studies in which D2 supplementation de-
creased circulating 25D3 concentrations, possibly owing
to competition by D2 for 25-hydroxylation, the presence
of multiple 25-hydroxylases with varying avidity for D2
and D3, or increased metabolic degradation of 25D3 (4, 8,
9, 35). However, whereas the above studies were con-
ducted in more northern latitudes (4, 8, 9) and asked par-
ticipants to wear sunscreen when outside for more than 15
minutes (8), we conducted our study in Southern Califor-
nia where sun exposure and therefore endogenous pro-
duction of D3 and 25D3 remained relevant. As such, any
advantage in serum free 25D level that could be obtained
from D2 supplementation would be attenuated. Taken
within the context of the available literature, it seems that
whereas D2 may have theoretical advantages in human
and nonhuman species (17–19), an equivalent dose of D3
is more likely to increase free 25D levels to a greater extent
than D2 in “real-world” community-dwelling individu-
als. Because 1,25D2 and 1,25D3 have similar biological
activity at the vitamin D receptor (36), the supplement that
most efficiently raises total and free 25D levels (D3 in this
case) without causing toxicity would seem preferable.
Nonetheless, it would be informative to replicate this clin-
ical experiment at a more northern latitude during winter,
while ensuring minimal sunlight exposure to participants.

The third key (and perhaps most novel) finding in this
study is that dynamic change in serum iPTH was signifi-
cantly associated with change in free, but not total, 25D
even after adjusting for supplementation regimen, change
in 1,25D, and change in serum calcium. Interestingly,
change in iPTH was not significantly associated with
change in 1,25D, suggesting that PTH suppression may
have been more strongly driven by free 25D. It is classically
understood that 1,25D suppresses PTH secretion, but this
was demonstrated by studies that reported PTH response
to intravenous 1,25D administration (37). This represents
a different physiological context than the present study.
To our knowledge, this is the first study to date to show
this, and it argues that free 25D is indeed a useful bio-
marker of vitamin D-mediated bioactivity in vivo above
and beyond total serum 25D. In serum, nearly 90% of 25D

is bound to DBP, and approximately 10% of 25D is bound
to albumin. As is evidenced in our studies (Table 1 and
Figure 1), less than 0.1% circulates free, unbound to se-
rum proteins (12, 19). The “free-hormone” hypothesis
postulates that free 25D represents a superior marker of
vitamin D substrate bioavailability than total 25D (12, 20,
38, 39). The cross-sectional association between total and
free 25D and markers of skeletal health, such as serum
iPTH, bone turnover markers, and bone mineral density,
has been assessed in multiple studies (20, 21, 31, 32, 34,
38–42). Although some studies have reported a stronger
correlation with free 25D levels (20, 34, 38, 39), others
have not (21, 31, 32, 40–42). These observed inconsis-
tencies may be due to differences in study populations and
differences in methodologies for determining bioavailable
and/or free 25D levels; whereas some studies directly mea-
sured free 25D concentrations by assay technology similar
to that used here (21, 31, 32, 34, 41), others calculated
bioavailable 25D indirectly with algorithms based on DBP
quantity and circulating isoforms harboring varying af-
finities for 25D (20, 38–40, 42). Importantly, recent stud-
ies have called into question the accuracy of a commonly
used monoclonal antibody-based assay for measuring
DBP levels, as well as the frequent practice of using a single
DBP affinity constant when calculating free 25D levels.
One study reported an approximately 1.5-fold overesti-
mation of calculated compared to directly measured free
25D level (21). Given their cross-sectional nature and het-
erogeneity in methodology for assessing free 25D levels, as
well as the questionable accuracy of calculating free 25D
levels, it is difficult to draw cause-and-effect outcome con-
clusions from the above studies. In particular, it is chal-
lenging to infer the mechanism by which 25D is internal-
ized by a target cell (DBP-bound or free).

This question is better assessed by examining the asso-
ciations between dynamic changes in markers of vitamin
D bioactivity and change in total vs free 25D after a prov-
ocation to the human system (ie, vitamin D supplemen-
tation wherein each subject serves as his/her own control).
Here, we had two outcome measures of note: 1) percent-
age change in serum 1,25D; and 2) percentage change in
serum iPTH. Change in 1,25D is mediated by DBP-bound
25D entry into the renal tubular epithelial cell (13),
whereas change in iPTH may be mediated by free 25D
entry into the parathyroid cell (43). In the human renal
tubular epithelial cells that house most human CYP27B1,
entry of substrate 25D into the target cell is dependent on
megalin-mediated endocytosis of DBP-bound 25D from
the glomerular filtrate (13). Megalin is also expressed in
several extrarenal tissues, including the placenta, mam-
mary gland, and parathyroid gland, suggesting the possi-
bility of a DBP-megalin interaction at these sites (12).
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However, the functional significance of this is unclear.
Megalin-mediated entry of DBP-bound 25D into renal ep-
ithelial cells likely explains why supplementation with D3,
which is bound more avidly by DBP than is D2, was as-
sociated with a significant increase in total serum 1,25D,
whereas treatment with D2 was not (Figure 1C). Along
these lines, percentage change in 1,25D was significantly
associated with change in total, but not free 25D after
adjustment for supplementation regimen. The source of
increased 1,25D was likely renal because the vast majority
of CYP27B1 is expressed in the kidney under normal phys-
iological conditions (44–47). This is in contrast to path-
ological conditions (eg, lymphoma) in which dysregulated
CYP27B1 expression in cells outside of the kidney leads to
substantial extrarenal 1,25D synthesis (48). At extrarenal
tissue sites (in this study, the parathyroid gland), the pre-
ferred mechanism of 25D (and 1,25D) entry may be dif-
fusion of free unbound metabolite into the target cell, fol-
lowed by subsequent CYP27B1-mediated conversion to
1,25D in an intracrine fashion (12, 14, 43). Indeed, the
parathyroid cell has previously been shown to express
CYP27B1 and therefore possesses the requisite machinery
to convert internalized free 25D to 1,25D, which in turn
can direct suppression of PTH expression (49–51). Of
note, megalin is known to be expressed in parathyroid
gland cells (52); however, the extent to which 25D enters
the cell bound to DBP (via a megalin-mediated mecha-
nism) vs free remains an open question. A prior animal
study showed that DBP�/� mice placed on a vitamin D-
containing diet had serum iPTH levels similar to that of
DBP�/� mice. In contrast, when the DBP�/� mice were
placed on a vitamin D-deficient diet, their serum iPTH
levels doubled (53). These findings suggest to us that, at
least in mice, entry of free 25D into the parathyroid cell
occurs in vivo. Consistent with this report in mice, we
found that the percentage change in iPTH after supple-
mentation was significantly associated with a change in
free, but not total, 25D. This remained significant even
after adjusting for supplementation regimen and factors
known to influence iPTH secretion, namely change in se-
rum 1,25D and calcium. Based on our findings, we posit
that: 1) movement of free 25D into the parathyroid cell
represents a physiologically relevant mechanism of target
cell entry; and 2) free 25D can serve as a useful in vivo
biomarker of vitamin D-mediated bioactivity above and
beyond total 25D. Future studies should aim to clarify:
1) whether entry of free 25D into target cells occurs via
simple diffusion vs other mechanisms; and 2) whether
the association between a broader range of free 25D
levels and different markers of vitamin D bioactivity is
different.

This study has several weaknesses that warrant men-
tion. First, the sample size was relatively small. This
would, however, bias our results toward null. Therefore,
the significant association seen between change in iPTH
and change in free 25D would likely only be strengthened
with increased sample size. Second, our study participants
were not severely vitamin D deficient. Nonetheless, we
found that supplemented subjects (baseline total 25D �30
ng/mL) had significantly higher iPTH levels than their ex-
ternal controls (baseline total 25D �30 ng/mL). This sug-
gests that whereas individuals with lower total 25D levels
did not have frankly elevated iPTH levels, they had a “rel-
ative” secondary hyperparathyroidism compared to those
with 25D levels �30 ng/mL. Perhaps if our study had
included patients with baseline total 25D levels �20
ng/mL and frankly elevated serum iPTH (ie, secondary
hyperparathyroidism) exclusively, a more pronounced
biomarker benefit would have been observed with sup-
plementation. Third, our study was only 10 weeks in du-
ration. This may explain why iPTH levels at follow-up
were not significantly lower in D3- vs D2-treated subjects,
despite achieving higher total and free 25D levels. It has
previously been shown that among patients with vitamin
D deficiency and secondary hyperparathyroidism, iPTH
levels may remain persistently elevated even up to 17
months after initiation of vitamin D supplementation (54).
If our study duration had been longer, perhaps an advan-
tage in iPTH suppression would have become evident with
D3 vs D2.

Despite these limitations, we are the first to: 1) compare
the effects of D2 vs D3 on serum total and directly mea-
sured free 25D; and 2) evaluate whether changes in iPTH,
a recognized biomarker of the host’s calcium homeostasis,
with vitamin D supplementation is significantly more
strongly associated with a change in free vs total 25D. We
conclude that D3 increased both total and free 25D levels
more robustly than D2 and that change in iPTH was more
strongly associated with change in free 25D, independent
of changes in serum 1,25D and calcium.
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