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Effects of Cholecalciferol vs Calcifediol on Total and
Free 25-Hydroxyvitamin D and Parathyroid Hormone
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Context: Vitamin D deficiency disproportionately affects nonwhite individuals. Controversy persists
over how to best restore low 25D levels, and how to best define vitamin D status [total (protein
bound plus free) vs free 25D].

Objective: To assess the effects of vitamin D3 (cholecalciferol, or D3) vs 25-hydroxyvitamin D3
(calcifediol, or 25D3) on total and free 25D in a multiethnic cohort of adults, and whether change in
parathyroid hormone (PTH) is more strongly associated with total vs free 25D.

Design: Sixteen-week randomized controlled trial. Biochemistries at 0, 4, 8, and 16 weeks.
Setting: Academic medical center.

Participants: Thirty-five adults =18 years of age with 25D levels <20 ng/mL.

Intervention: Sixty micrograms (2400 |U)/d of D3 or 20 pg/d of 25D3.

Main Outcome Measures: Total and free 25D, and PTH.

Results: Baseline total (16.2 + 3.7 vs 17.0 = 2.5 ng/mL; P=0.4) and free (4.2 = 0.8 vs 4.7 = 1.0 pg/mL;
P = 0.2) 25D were similar between D3 and 25D3 groups, respectively; 25D3 increased total (+25.5
vs +13.8 ng/mL; P = 0.001) and free (+6.6 vs +3.5 pg/mL; P = 0.03) 25D more than D3. By 4 weeks,
87.5% of 25D3 participants had total 25D levels =30 ng/mL, compared with 23.1% of D3 participants
(P =0.001). Change in PTH was associated with both total (P = 0.01) and free 25D (P = 0.04).

Conclusions: 25D3 increased total and free 25D levels more rapidly than D3, regardless of race/
ethnicity. Free and total 25D were similarly associated with change in PTH. (J Clin Endocrinol Metab
102: 1133-1140, 2017)

ow serum 25-hydroxyvitamin D (25D) is associated

with adverse skeletal health outcomes. In particular,
low 25D leads to decreased intestinal calcium absorption,
increased parathyroid hormone (PTH) secretion, and
increased bone resorption (1). At the present time, con-
troversy persists over (1) how to best raise low serum 25D
levels, and (2) whether vitamin D status is best assessed by
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measuring serum concentrations of total (protein bound
plus free) vs free 25D.

When serum total 25D levels are low, clinicians generally
recommend supplementation with either ergocalciferol
(D2) or cholecalciferol (D3) (2). Most studies report that
orally administered D3 raises 25D levels to a greater
extent than does D2 (3-7), but even supplementation with

Abbreviations: 1,25D, 1,25-dihydroxyvitamin D; 25D, 25-hydroxyvitamin D; 25D3, 25-
hydroxyvitamin D3, or calcifediol; BMI, body mass index; CV, coefficient of variation; D3,
vitamin D3 or cholecalciferol; DBP, vitamin D binding protein; LC/MS/MS, liquid
chromatography-mass spectrometry; PTH, parathyroid hormone; UCLA, University of
California, Los Angeles; VDR, vitamin D receptor.
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currently recommended D3 doses may not reliably increase
total 25D levels to >30 ng/mL (2). Whereas a 25D level
of >20 ng/mL is likely adequate for the general population
(8), a threshold of =30 ng/mL may be advisable for in-
dividuals with osteoporosis, especially if antiresorptive
therapy is used (2, 9). Although bolus D2 and D3 are
generally effective at raising total 25D levels to =30 ng/mL,
the safety of this approach has recently been called into
question because of its association with increased risk of
falls in elderly populations (10, 11). An alternative ap-
proach may therefore be required. Presumably owing to its
ability to bypass carbon-25 hydroxylation in the liver and
its relative affinity for the circulating vitamin D binding
protein (DBP), pharmacologic 25-hydroxyvitamin D3
(calcifediol, or 25D3) more rapidly and robustly raises
serum 25D levels than does parent D3 (12-18). Adminis-
tration of 25D3 also suppresses PTH secretion, whereas D3
does not (18). All recent human trials comparing D3 with
25D3 were conducted in predominantly white study
populations (16—18). However, given that low 25D is more
prevalent among individuals with increased skin pigmen-
tation (1, 2), it is important to identify optimal approaches
for restoring 25D stores to adequate levels in individuals of
all racial/ethnic backgrounds.

In addition to questions relating to the optimal ap-
proach to vitamin D supplementation, another area of
intensive research focuses on whether total vs free 25D
represents a superior marker of vitamin D status in vivo.
In serum, 25D is primarily bound to DBP and albumin,
with <1% of total 25D circulating in its free (unbound)
form (19). In classical vitamin D physiology, DBP-bound
25D is internalized by the renal epithelial cell via megalin
(a DBP receptor), and then activated to 1,25-dihydroxy-
vitamin D (1,25D) by the 1-a hydroxylase, CYP27B1 (20).
The 1,25D then acts in an endocrine fashion to facilitate
intestinal calcium absorption (21). On the basis of this
information, one would theorize that total 25D represents a
better marker of vitamin D status of classical vitamin D
bioactivity. In nonclassical vitamin D physiology involving
tissues that do not express megalin, it has been proposed
that free 25D is internalized by the target cell via simple
diffusion, and then converted to 1,25D by locally expressed
CYP27B1 (19, 22). On the basis of this concept, one would
hypothesize that free 25D represents a better marker of
vitamin D status of nonclassical vitamin D bioactivity.

The aforementioned paradigm, however, may be an
oversimplification. In particular, it remains unclear
whether 25D enters only megalin-expressing tissues
bound to DBP, or if some 25D enters the target cell in free
unbound form. For example, DBP™/~ mice placed on a
vitamin D—containing diet maintain normal serum PTH
levels and develop normal skeletons (23). If 25D only
enters megalin-expressing renal epithelial cells bound to
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DBP, one would expect these mice to be incapable of
producing adequate amounts of 1,25D, which would
lead to secondary hyperparathyroidism and osteomala-
cia. This, however, was not seen, suggesting to us that, at
least in mice, both DBP-bound and free 25D enter the
megalin-expressing renal epithelial cell in vivo. In human
clinical trials, PTH is frequently used as a biomarker of
classical vitamin D physiology. Some cross-sectional
analyses report that bioavailable or free 25D is more
strongly associated with PTH (24, 25), whereas other
studies do not (26-28). Importantly, there are limited
longitudinal studies assessing the associations between
total vs free 25D and change in PTH. Finally, there are no
data reporting the effects of 25D3 supplementation on
circulating free 25D concentrations.

This study was therefore designed to address the two
following questions: (1) What are the comparative ef-
fects of D3 vs 25D3 on total and directly measured free
25D levels in a multiethnic cohort of healthy adults, and
(2) does free 25D represent a superior iz vivo marker of
vitamin D—-mediated bioactivity in maintenance of normal
calcium balance above and beyond total 25D?

Materials and Methods

Study subjects

We recruited a total of 35 individuals from the University of
California, Los Angeles (UCLA) student body, staff, and patient
population. Recruitment was carried out through e-mail adver-
tisements, social media postings, and direct patient contact. In-
clusion criteria were age =18 years and a baseline 25D level
<20 ng/mL. Exclusion criteria included history of hypercalcemia,
hypercalciuria, nephrolithiasis, intestinal malabsorption, or dys-
regulated vitamin D metabolism (from underlying comorbidity or
medication). Participants agreed to refrain from changing their
dietary calcium intake and from taking self-prescribed calcium or
vitamin D supplements for the study duration. All participants
provided informed consent. The study was approved by the UCLA
Institutional Review Board and was registered on ClinicalTrials.
gov under identifier NCT02091219.

Study intervention

Study participants were randomly assigned in blocks of four
(stratified by race/ethnicity) to either D3 [60 pg (2400 IU)/d] or
25D3 (20 wg/d) for 16 weeks. The 20 pg/d dose of 25D3 was
selected because it effectively and safely raises 25D levels
from <20 ng/mL to =30 ng/mL (16-18). The 60 pg/d dose of
D3 was selected because it represents a bioequivalent dose (17)
and corresponds to a daily intake level that, in dose-response
studies, maintains 25D levels =30 ng/mL (29). D3 and 25D3
were obtained from DSM Nutritional Products in powder form.
These were compounded by the UCLA Investigational Phar-
macy into capsules for distribution to study participants.
Expected D3 and 25D3 content was confirmed by liquid
chromatography-mass spectrometry (LC/MS/MS) (Heartland
Assays). Participants were evaluated at baseline and at 4, 8, and
16 weeks after initiation of D3 or 25D3 (four visits total). At
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each visit, participants were asked about possible adverse
events. Adherence was assessed by pill count.

Measurements

Biochemical assessment was performed at all four study
visits. Serum measurements included total 25D, free 25D, total
1,25D, calcium, and intact PTH. Urinary measurements
included a calcium:creatinine excretion ratio from an early
morning fasting sample. Total 25D was measured by chem-
iluminescence immunoassay (Diasorin; Liaison) in the UCLA
Department of Pathology and Laboratory Medicine; this lab-
oratory participates in the College of American Pathologists
Accuracy-Based Vitamin D Survey. Intra- and interassay co-
efficients of variation (CVs) were 2.1% to 2.2% and 4.0% to 4.5%,
respectively. Total 1,25D was measured by chemiluminescence
immunoassay (Diasorin; Liaison). Intra- and interassay CVs were
2.4% t0 3.9% and 4.5% to 7.8 %, respectively. Although LC/MS/MS
represents the gold standard for measuring vitamin D me-
tabolites, the Diasorin (Liaison) assay has acceptable perfor-
mance for measuring D3 metabolites (relevant to this study)
when compared with LC/MS/MS (30). Free 25D was measured
using an antibody-based assay from Future Diagnostics,
as previously described (28). The assay limit of detection is
1.9 pg/mL. In the range of concentrations measured, the CV
was =7%. PTH was measured by electrochemiluminescence
immunoassay (Cobas; Roche). Intra- and interassay CVs were
0.8% to 1.5% and 1.5% to 1.8%, respectively.

Statistical analyses

Descriptive statistics of relevant continuous clinical cova-
riates and biochemical measurements were generated and
assessed for normality. Differences in baseline characteristics
between D3 and 25D3 groups were assessed by the independent
samples ¢ test (continuous variables) or x* test (categorical
variables). Changes in biochemical measurements within D3
and 25D3 treatment groups were examined by the paired ¢ test.
Differences in biochemical measurements at 4, 8, and 16 weeks
between D3 and 25D3 groups were assessed by the independent
samples ¢ test. Associations between total or free 25D (primary
predictor in separate analyses) and change in PTH from time of
25D measurement to next follow-up visit (outcome variable)
were assessed using repeated-measures, mixed-effects regression.
All models were adjusted for factors that could influence
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change in PTH, including serum calcium, age, body mass index
(BMI), race/ethnicity, and supplementation regimen.

Results

Patient characteristics

A total of 16 and 19 subjects were randomly assigned
to receive D3 and 25D 3, respectively. Age, race/ethnicity,
and BMI were not significantly different between D3 and
25D3 groups. Baseline total 25D [16.2 = 3.7 (D3) vs
17.0 £ 2.5 (25D3); P = 0.5], free 25D [4.2 = 0.8 (D3) vs
4.7 + 1.0 (25D3); P = 0.2], 1,25D, calcium, and PTH
were also similar between groups (Table 1).

Effects of D3 vs 25D3 on serum vitamin
D metabolites

At the 16-week follow-up, total 25D increased to a
greater extent with 25D3 (+25.5 ng/mL) than with D3
(+13.8 ng/mL) (P = 0.008). Final total 25D was 42.4 =
15.9 ng/mL with 25D3 supplementation, compared with
29.6 = 4.1 ng/mL with D3 (P = 0.007). Along these lines,
free 25D also increased to a greater extent with 25D3
(+6.9 pg/mL) than with D3 (+3.6 pg/mL) (P = 0.03). Final
free 25D was 11.6 * 5.6 pg/mL with 25D3 supple-
mentation, compared with 7.8 * 1.9 pg/mL with D3
(P = 0.02) (Fig. 1). Total and free 25D were highly cor-
related (Fig. 2). Highlighting the rapidity with which 25D3
restores 25D levels, total and free 25D were already sig-
nificantly higher in the 25D3 group by 4 weeks (P = 0.004
for total 25D; P = 0.02 for free 25D). Furthermore, by
4 weeks, mean total 25D was >30 ng/mL in the 25D3
group (34.5 * 10.4 ng/mL), but not in the D3 group (25.4 +
4.3 ng/mL). In fact, by 4 weeks, 14 of 16 25D3 participants
had achieved total 25D levels =30 ng/mL, compared with
only 3 of 19 D3 participants (P = 0.001). Of note, at
16 weeks, mean total 25D remained =30 ng/mL in the D3
group (29.6 = 4.1 ng/mL). All trends were similar across
race/ethnic groups.

Table 1. Baseline Characteristics
Cholecalciferol (D3) (n = 16) Calcifediol (25D3) (n = 19) P Value

Age, y 36.9 (12.7) 34.8 (8.6) 0.6
Race/ethnicity

White 2(12.5) 3(15.8) 0.8
African American 6 (37.5) 5(26.3) 0.5
Asian American 6 (37.5) 6 (31.6) 0.7
Hispanic/Latino 2 (12.5) 5(26.3) 0.3
BMI, kg/m2 25.7 (6.1) 27.4(7.4) 0.5
Total 25D, ng/mL 16.2 3.7) 17.0 (2.5) 0.4
Free 25D, pg/mL 4.2 (0.8) 4.7 (1.0) 0.2
1,25D, pg/mL 51.8(14.2) 58.8 (17.6) 0.2
Calcium, mg/dL 9.3 (0.4) 9.6 (0.3) 0.1
Urinary calcium:creatinine 0.06 (0.04) 0.05 (0.04) 0.6
PTH, pg/mL 40.1 (18.6) 34.6 (13.9) 0.3

Continuous variables presented as mean (standard deviation). Categorical variables presented as count (percentage).
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Figure 1. Changes in vitamin D metabolites with D3 vs 25D3. (a) Total 25D and (b) free 25D.

From baseline to 16 weeks, total 1,25D increased with
both D3 (+15 pg/mL; P = 0.005) and 25D3 (+11.5 pg/mL;
P = 0.09). Final 1,25D concentrations were similar be-
tween groups [66.8 £ 13.9 (D3) vs 70.3 = 23.4 (25D3)
pg/mL; P = 0.6].

Association between change in PTH and
vitamin D metabolites

The associations between higher total vs free 25D and
subsequent decrease in PTH were examined in adjusted
mixed-effects regression models (Table 2). After adjusting
for covariates that could influence PTH level (ie., age,
BMI, race/ethnicity, serum calcium, and supplementation

regimen), we found that both higher total and free 25D
were significantly associated with declines in PTH from the
time of 25D measurement to the next follow-up visit. More
specifically, for every nanogram per milliliter increase in total
25D, PTH decreased by 0.8% over the ensuing 4 weeks
(P = 0.01). Along the same lines, for every picogram per
milliliter increase in free 25D, PTH decreased by 2.5% over
the ensuing 4 weeks (P = 0.04). Of note, PTH did not de-
crease significantly over the course of the study with either
supplementation regimen (P > 0.6 for all). However, PTH
was already relatively low at study baseline [40.1 *= 18.6
(D3) vs 34.6 = 13.9 (25D3) pg/mL; P = 0.4]. Higher 1,25D
was not significantly associated with decrease in PTH.
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Figure 2. Relationship between free and total 25D levels, stratified by supplementation regimen.

Adherence
Adherence to supplementation was determined by pill
count. Adherence was 90.1% and 91.9% in the D3 and

25D3 groups, respectively.

Safety

Serum calcium and urinary calcium excretion did not
change significantly from baseline to 16 weeks with either
D3 or 25D3 (P > 0.4 for all). There were no reports of
hypercalcemia, hypercalciuria, or nephrolithiasis.

Discussion

The aims of this 16-week study were to (1) compare the
effects of D3 vs 25D3 on circulating levels of total and free
25D in a multiethnic cohort of healthy adults, and (2) de-
termine if increases in total or free 25D are more strongly

Table 2. Adjusted? Associations Between Total vs
Free 25D and Percent Decrease in PTH From Time of
25D Measurement to Next Follow-Up Visit

Percent Decrease in PTH per Unit
Increase in Total vs Free 25D

B coefficient® (95% ClI) P Value
Total 25D 0.804 (1.475-0.134) 0.01
Free 25D 2.512 (4.976-0.048) 0.04

? Adjusted for serum calcium, age, BMI, race/ethnicity, and supplementation
regimen.
bThe B coefficient should be interpreted as follows: For each nanogram

per milliliter increase in total 25D or picogram per milliliter increase in free
25D, PTH decreases by “B" percent.

associated with decrease in PTH, a marker of vitamin D
bioactivity. As hypothesized, we found that 25D3 more
rapidly and robustly increases total and free 25D levels
than does D3; this was true regardless of race/ethnicity.
Among those who received 25D3, the mean total 25D
increased to =30 ng/mL by 4 weeks. In contrast, among
those who received D3, the mean total 25D remained
<30 ng/mL for the entire study. We also found that higher
levels of both total and free 25D were significantly asso-
ciated with future decline in serum PTH.

Our first key finding was that 20 pg/d of 25D3 in-
creases total 25D levels more rapidly and robustly than
does 60 pg/d of D3. These data are consistent with prior
studies that have compared the effects of D3 and 25D3 on
total serum 25D levels. In a four-month trial of 20 post-
menopausal women, 20 pg/d of 25D3 increased mean se-
rum total 25D levels to =30 ng/mL by ~35 days. The final
total 25D at study completion was 69.5 ng/mL. In contrast,
20 pg (800 TU)/d of D3 did not reliably increase total 25D
levels to =30 ng/mlL, given that levels in ~50% of partic-
ipants remained below this threshold at the end of 16 weeks;
the final total 25D was 30.1 ng/mL (16). Another 10-week
trial of 56 adults =50 years of age compared placebo against
20 pg (800 TU)/d of D3, 7 ng/d of 25D3, and 20 pg/d of
25D3. Again, 20 pg/d of 25D3 increased mean total 25D
to =30 ng/mL by 5 weeks; the final total 25D at 10 weeks
was 53.6 ng/mL. As was the case in the prior study (18),
20 pg/d of D3 did not raise mean total 25D levels to
=30 ng/mL even by the completion of the study presented here.

Our second key finding was that 25D3 increases free
25D levels more quickly and to a greater extent than does
D3, and that both free and total 25D were similarly
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associated with a subsequent decline in serum PTH. To our
knowledge, the free 25D response to 25D3 supplementa-
tion has not been previously reported. Our data are con-
sistent with prior cross-sectional and longitudinal studies
demonstrating that free and total 25D levels are strongly
correlated, such that changes in both track closely together
(7,26,28, 31-33). With respect to the question of whether
free vs total 25D is a superior marker of vitamin D bio-
activity, multiple studies have assessed the cross-sectional
association between total vs free 25D and markers of
skeletal health, e.g., serum PTH, bone turnover markers,
and bone mineral density (24-27, 34, 35). Some studies
have reported a stronger association with free 25D levels
(24, 25, 34), but others have not (26, 35). These in-
consistencies may result from differences in study pop-
ulations and methodologies for determining bioavailable or
free 25D levels. In particular, free 25D levels can be directly
measured by antibody-based assays (as we have done here)
or indirectly calculated from total 25D, albumin, DBP
quantity, and DBP isoform (which affects DBP affinity for
25D) (19). Of note, recent studies have questioned both 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 concentrations (31, 33, 36). Given
their cross-sectional nature, heterogeneity in methodology
for assessing free 25D levels, and possibly biased approach
for calculating free 25D levels, these studies do not allow
us to draw cause-and-effect conclusions.

Here, our longitudinal data show that higher total and
free 25D levels were similarly associated with future decline
in PTH, and that free 25D did not provide any additional
information above and beyond total 25D. PTH secretion is
regulated by two principle mechanisms, the calcium-sensing
receptor and the vitamin D receptor (VDR) (37-39). The
calcium-sensing receptor detects changes in circulat-
ing calcium concentrations, which are partly deter-
mined by 1,25D-mediated intestinal calcium absorption
(37). Under normal physiologic conditions, circulating
1,25D is principally produced by megalin-expressing renal
epithelial cells (40). One would therefore expect total 25D
to be more strongly associated with decline in PTH. The
parathyroid cell also expresses CYP27B1 and VDR (38),
suggesting that it possesses the cellular machinery necessary
to convert internalized 25D to 1,25D; this locally produced
1,25D then engages the VDR, leading to suppression of
PTH production. Because parathyroid cells also express
megalin (19, 40), one would similarly expect total 25D to
be the physiologically relevant metabolite. There is evi-
dence, however, to suggest that megalin-expressing tissues
internalize not only DBP-bound, but free 25D as well
(23). For example, DBP-null mice placed on a vitamin
D—containing diet have a normal serum PTH level and
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develop normal skeletons (23). If the renal epithelial cell
exclusively internalizes DBP-bound 25D, one would expect
these mice to exhibit secondary hyperparathyroidism and
osteomalacia. Given that this was not seen, we presume
that, at least in mice, both DBP-bound and free 25D enters
megalin-expressing renal epithelial and/or parathyroid cells
in vivo. Our current data do not definitively allow us to
discern whether this is similarly the case in humans. Of note,
some investigators suggest that free 25D levels in the range
observed in this study are too minuscule to accomplish
meaningful biological functions (19, 41). This may be true
for megalin-expressing target cells, given that DBP-bound
25D concentrations far exceed free 25D. However, in
nonmegalin-expressing cells, free 25D may be more bio-
logically active because DBP-bound 25D does not have a
mechanism for cellular entry. Future studies will be required
to determine whether concentrations of circulating free
25D achieved in vivo are adequate to influence either
skeletal and/or nonskeletal vitamin D physiology.

Our study has several clinical implications. First, 25D3 is
more reliable at increasing total 25D levels to =30 ng/mL.
Whereas a 25D level =20 ng/mL is likely sufficient to
maintain skeletal health in the generally healthy population
(8),a 25D level =30 ng/mL may be preferable among those
with osteoporosis, especially if antiresorptive therapy is
prescribed (2, 9). In fact, some even recommend restoring
25D levels to this threshold prior to initiating osteoporosis
pharmacotherapy (9, 42). To this end, identifying an ap-
proach for raising inadequate 25D levels to target threshold
levels reliably and quickly is important for preventing delay
of therapy and possibly optimizing response to therapy.
Although one could argue that bolus D2 or D3 fills this role
adequately, this approach has recently been called into
question, given its association with increased risk of falls
(10, 11). In this setting, daily 25D3 may be advantageous
compared with D3. Despite its more potent effects on
raising serum 25D levels, 25D3 increased 1,25D concen-
trations to a similar extent as D3. This suggests that
pharmacologic 25D3 does not overwhelm the body’s
compensatory mechanisms for maintaining normal calcium
homeostasis, and risk of developing hypercalcemia may not
be increased with 25D3. However, it does warrant men-
tion that parent vitamin D may have important physiological
effects that were not previously recognized (e.g., endothelial
stabilization) (41, 43). When targeting these tissues, D3 may
be preferable. Future studies are necessary to assess when D3
vs 25D3 is indicated. Finally, our data suggest that with
respect to skeletal health, measuring free 25D is likely not
superior to measuring total 25D in instances in which DBP
and/or albumin synthesis is not altered (36).

Several weaknesses of this study warrant mention.
First, the study sample size was relatively small. This,
however, would bias our results toward null. Therefore,
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the differences between D3 and 25D3, and the associa-
tions seen between change in PTH and change in total and
free 25D, would likely only be strengthened with in-
creased sample size. Second, our study participants were
not severely vitamin D deficient, as suggested by the
relatively low PTH levels observed at baseline. This may
be one reason that PTH did not decrease significantly
even with 25D3, as was previously reported (18). Perhaps
if we had included exclusively patients with both low 25D
levels and frank secondary hyperparathyroidism, a more
pronounced biomarker benefit would have been seen.
Finally, our study focused on the association between
total vs free 25D and a marker of skeletal health/calcium
homeostasis. Because nonskeletal vitamin D-mediated
bioactivity is generally carried out by cells that do not
express megalin, free 25D may be a superior marker of
these physiologic functions.

In conclusion, this study compared the effects of D3 to
25D3 on both total and directly measured free 25D levels
in a multiethnic cohort of vitamin D-deficient healthy
adults. Compared with D3, 25D3 more rapidly and ro-
bustly increases serum concentrations of total and free
25D, and more reliably increases total 25D to levels of
=30 ng/mL by the fourth week of supplementation. These
findings may have clinical implications for both skeletal
and nonskeletal health outcomes. With respect to osteo-
porosis, 25D3 may have an important therapeutic role,
given that higher 25D thresholds may be warranted, es-
pecially among those receiving pharmacologic therapy. In
terms of nonskeletal health outcomes, 25D3 may be sim-
ilarly beneficial because higher 25D levels are likely nec-
essary to optimize local vitamin D bioactivity (22, 44). We
also found that the association between higher total and
free 25D levels and subsequent declines in PTH were
similar, adding to the emerging consensus that free 25D
may not provide additional information above and beyond
total 25D for skeletal health measures. Future studies will
be necessary to determine if free 25D is a superior marker
of nonskeletal vitamin-mediated bioactivity.

Acknowledgments

We thank Michelle Liao for assistance with Figure preparation.

Address all correspondence and requests for reprints to:
Albert Shieh, MD, Department of Medicine, Division of Ge-
riatrics, University of California, Los Angeles, 10945 Le Conte,
Suite 2339, Los Angeles, California 90095-1687. E-mail: ashieh@
mednet.ucla.edu.

This work was supported by National Institutes of Health
National Center for Advancing Translational Science Grant
UL1TR000124 to the UCLA Clinical and Translational Science
Institute; National Institute of Arthritis and Musculoskeletal
and Skin Diseases Grants RO1AR063910 and PSOAR063020;

https://academic.oup.com/jcem 1139

and the UCLA Specialty Training and Advanced Research Pro-
gram. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National
Institutes of Health.

Clinical trial registry: ClinicalTrials.gov no. NCT02091219
(registered 12 March 2014).

Disclosure Summary: The authors have nothing to disclose.

References

1. Holick MF. Vitamin D deficiency. N Engl ] Med. 2007;357(3):
266-281.

2. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley
DA, Heaney RP, Murad MH, Weaver CM; Endocrine Society.
Evaluation, treatment, and prevention of vitamin D deficiency: an
Endocrine Society clinical practice guideline. | Clin Endocrinol
Metab. 2011;96(7):1911-1930.

3. Binkley N, Gemar D, Engelke J, Gangnon R, Ramamurthy R,
Krueger D, Drezner MK. Evaluation of ergocalciferol or chole-
calciferol dosing, 1,600 IU daily or 50,000 IU monthly in older
adults. | Clin Endocrinol Metab. 2011;96(4):981-988.

4. Heaney RP, Recker RR, Grote J, Horst RL, Armas LA. Vitamin D
(3) is more potent than vitamin D(2) in humans. | Clin Endocrinol
Metab. 2011;96(3):E447-E452.

5. Lehmann U, Hirche F, Stangl GI, Hinz K, Westphal S, Dierkes ].
Bioavailability of vitamin D(2) and D(3) in healthy volunteers, a
randomized placebo-controlled trial. J Clin Endocrinol Metab.
2013;98(11):4339-4345.

6. Glendenning P, Chew GT, Inderjeeth CA, Taranto M, Fraser WD.
Calculated free and bioavailable vitamin D metabolite concen-
trations in vitamin D-deficient hip fracture patients after supple-
mentation with cholecalciferol and ergocalciferol. Bone. 2013;
56(2):271-275.

7. Shieh A, Chun RF, Ma C, Witzel S, Meyer B, Rafison B, Swinkels L,
Huijs T, Pepkowitz S, Holmquist B, Hewison M, Adams JS. Effects
of high-dose vitamin D2 versus D3 on total and free 25-hydroxy-
vitamin D and markers of calcium balance. | Clin Endocrinol Metab.
2016;101(8):3070-3078.

8. Institute of Medicine Food and Nutrition Board. Dietary Reference
Intakes for Calcium and Vitamin D. Washington, DC: National
Academies Press; 2011.

9. Carmel AS, Shieh A, Bang H, Bockman RS. The 25(OH)D level
needed to maintain a favorable bisphosphonate response is =33 ng/ml.
Osteoporos Int. 2012;23(10):2479-2487.

10. Bischoff-Ferrari HA, Dawson-Hughes B, Orav E]J, Stachelin HB,
Meyer OW, Theiler R, Dick W, Willett WC, Egli A. Monthly high-
dose vitamin D treatment for the prevention of functional decline:
a randomized clinical trial. JAMA Intern Med. 2016;176(2):
175-183.

11. Gallagher JC. Vitamin D and falls - the dosage conundrum. Nat Rev
Endocrinol. 2016;12(11):680-684.

12. Francis RM, Peacock M, Storer JH, Davies AE, Brown WB, Nordin
BE. Calcium malabsorption in the elderly: the effect of treatment
with oral 25-hydroxyvitamin D3. Eur | Clin Invest. 1983;13(5):
391-396.

13. Hahn TJ, Halstead LR, Teitelbaum SL, Hahn BH. Altered mineral
metabolism in glucocorticoid-induced osteopenia. Effect of 25-
hydroxyvitamin D administration. | Clin Invest. 1979;64(2):655-6635.

14. Peacock M, Liu G, Carey M, McClintock R, Ambrosius W, Hui S,
Johnston CC. Effect of calcium or 250H vitamin D3 dietary
supplementation on bone loss at the hip in men and women over the
age of 60. | Clin Endocrinol Metab. 2000;85(9):3011-3019.

15. Stamp TC, Haddad ]G, Twigg CA. Comparison of oral
25-hydroxycholecalciferol, vitamin D, and ultraviolet light as
determinants of circulating 25-hydroxyvitamin D. Lancet. 1977;
1(8026):1341-1343.

$20Z 1snBny f| U0 Josn weplanoy AlsiaAlun snwselg Aq Zy8zZ862Z/SE L L/y/Z0 1 /21o1de/wadl/woo dno-oiwspese//:sdny wolj papeojumoq


mailto:ashieh@mednet.ucla.edu
mailto:ashieh@mednet.ucla.edu
http://dx.doi.org/10.1210/jc.2016-3919
https://academic.oup.com/jcem

1140

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shieh et al Effects of D3 vs 25D3 on 25D and PTH

Bischoff-Ferrari HA, Dawson-Hughes B, Stocklin E, Sidelnikov E,
Willett WC, Edel JO, Stahelin HB, Wolfram S, Jetter A, Schwager J,
Henschkowski J, von Eckardstein A, Egli A. Oral supplementation
with 25(OH)D3 versus vitamin D3: effects on 25(OH)D levels,
lower extremity function, blood pressure, and markers of innate
immunity. | Bone Miner Res. 2012;27(1):160-169.

Jetter A, Egli A, Dawson-Hughes B, Stachelin HB, Stoecklin E,
Goessl R, Henschkowski J, Bischoff-Ferrari HA. Pharmacokinetics
of oral vitamin D(3) and calcifediol. Bone. 2014;59:14-19.
Cashman KD, Seamans KM, Lucey A]J, Stocklin E, Weber P,
Kiely M, Hill TR. Relative effectiveness of oral 25-hydroxy-
vitamin D3 and vitamin D3 in raising wintertime serum
25-hydroxyvitamin D in older adults. Am | Clin Nutr. 2012;
95(6):1350-1356.

Chun RF, Peercy BE, Orwoll ES, Nielson CM, Adams JS, Hewison
M. Vitamin D and DBP: the free hormone hypothesis revisited.
J Steroid Biochem Mol Biol. 2014;144(Pt A):132-137.
Christensen EI, Birn H. Megalin and cubilin: synergistic endocytic
receptors in renal proximal tubule. Am | Physiol Renal Physiol.
2001;280(4):F562-F573.

Aloia JF, Chen DG, Yeh JK, Chen H. Serum vitamin D metabolites
and intestinal calcium absorption efficiency in women. Am J Clin
Nutr. 2010;92(4):835-840.

Rosen CJ, Adams JS, Bikle DD, Black DM, Demay MB, Manson JE,
Murad MH, Kovacs CS. The nonskeletal effects of vitamin D: an
Endocrine Society scientific statement. Endocr Rev. 2012;33(3):
456-492.

Safadi FF, Thornton P, Magiera H, Hollis BW, Gentile M, Haddad
JG, Liebhaber SA, Cooke NE. Osteopathy and resistance to vitamin
D toxicity in mice null for vitamin D binding protein. | Clin Invest.
1999;103(2):239-251.

Bhan I, Powe CE, Berg AH, Ankers E, Wenger JB, Karumanchi SA,
Thadhani RI. Bioavailable vitamin D is more tightly linked to
mineral metabolism than total vitamin D in incident hemodialysis
patients. Kidney Int. 2012;82(1):84-89.

Schwartz JB, Kane L, Bikle D. Response of vitamin D concentration
to vitamin D3 administration in older adults without sun exposure:
a randomized double-blind trial. | Am Geriatr Soc. 2016;64(1):
65-72.

Aloia J, Dhaliwal R, Mikhail M, Shieh A, Stolberg A, Ragolia L,
Fazzari M, Abrams SA. Free 25(OH)D and calcium absorption,
PTH, and markers of bone turnover. | Clin Endocrinol Metab.
2015;100(11):4140-4145.

Powe CE, Evans MK, Wenger J, Zonderman AB, Berg AH, Nalls
M, Tamez H, Zhang D, Bhan I, Karumanchi SA, Powe NR,
Thadhani R. Vitamin D-binding protein and vitamin D status of
black Americans and white Americans. N Engl | Med. 2013;
369(21):1991-2000.

Aloia J, Mikhail M, Dhaliwal R, Shieh A, Usera G, Stolberg A, Ragolia
L, Islam S. Free 25 (OH) D and the vitamin D paradox in African
Americans. | Clin Endocrinol Metab. 2015;100(9):3356-3363.
Gallagher JC, Sai A, Templin T II, Smith L. Dose response to vi-
tamin D supplementation in postmenopausal women: a random-
ized trial. Ann Intern Med. 2012;156(6):425-437.

Hsu SA, Soldo ], Gupta M. Evaluation of two automated immu-
noassays for 25-OH vitamin D: comparison against LC-MS/MS.
J Steroid Biochem Mol Biol. 2013;136:139-145.

Nielson C, Jones K, Chun R, Jacobs J, Wang Y, Hewison M, Adams
J, Swanson C, Lee C, Vanderschueren D, Pauwels S, Prentice A,
Smith R, Shi T, Gao Y, Schepmoes A, Zmuda ], Lapidus J, Cauley J,
Bouillon R, Schoenmakers I, Orwoll E. Free 25-hydroxyvitamin D:

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

J Clin Endocrinol Metab, April 2017, 102(4):1133-1140

impact of vitamin D binding protein assays on racial-genotypic
associations. | Clin Endocrinol Metab. 2016;101(5):2226-2234.
Nielson CM, Jones KS, Bouillon R, Chun RF, Jacobs J, Wang Y,
Hewison M, Adams ]S, Swanson CM, Lee CG, Vanderschueren D,
Pauwels S, Prentice A, Smith RD, Shi T, Gao Y, Zmuda JM,
Lapidus ], Cauley JA, Schoenmakers I, Orwoll ES; Osteoporotic
Fractures in Men (MrOS) Research Group. Role of assay type in
determining free 25-hydroxyvitamin D levels in diverse pop-
ulations. N Engl ] Med. 2016;374(17):1695-1696.

Denburg MR, Hoofnagle AN, Sayed S, Gupta J, de Boer IH, Appel
L], Durazo-Arvizu R, Whitehead K, Feldman HI, Leonard MB;
Chronic Renal Insufficiency Cohort study investigators. Compar-
ison of two ELISA methods and mass spectrometry for measure-
ment of vitamin D-binding protein: implications for the assessment
of bioavailable vitamin D concentrations across genotypes. | Bone
Miner Res. 2016;31(6):1128-1136.

Powe CE, Ricciardi C, Berg AH, Erdenesanaa D, Collerone G,
Ankers E, Wenger J, Karumanchi SA, Thadhani R, Bhan L. Vitamin
D-binding protein modifies the vitamin D-bone mineral density
relationship. | Bone Miner Res. 2011;26(7):1609-1616.
Jemielita T, Leonard M, Baker ], Sayed S, Zemel B, Shults J,
Herskovitz R, Denburg M. Association of 25-hydroxyvitamin D
with areal and volumetric measures of bone mineral density and
parathyroid hormone: impact of vitamin D-binding protein and its
assays. Osteoporos Int. 2015;10:1-10.

Schwartz JB, Lai J, Lizaola B, Kane L, Markova S, Weyland P,
Terrault NA, Stotland N, Bikle D. A comparison of measured and
calculated free 25(OH) vitamin D levels in clinical populations.
J Clin Endocrinol Metab. 2014;99(5):1631-1637.

Brown EM, Pollak M, Hebert SC. Sensing of extracellular Ca2+ by
parathyroid and kidney cells: cloning and characterization of an
extracellular Ca(2+)-sensing receptor. Am | Kidney Dis. 1995;
25(3):506-513.

Segersten U, Correa P, Hewison M, Hellman P, Dralle H, Carling T,
Akerstrom G, Westin G. 25-hydroxyvitamin D(3)-1a-hydroxylase
expression in normal and pathological parathyroid glands. J Clin
Endocrinol Metab. 2002;87(6):2967-2972.

Ritter CS, Brown AJ. Direct suppression of Pth gene expression by
the vitamin D prohormones doxercalciferol and calcidiol requires
the vitamin D receptor. ] Mol Endocrinol. 2011;46(2):63-66.
Lundgren S, Carling T, Hjdlm G, Juhlin C, Rastad ], Pihlgren U,
Rask L, Akerstrom G, Hellman P. Tissue distribution of human
gp330/megalin, a putative Ca(2+)-sensing protein. | Histochem
Cytochem. 1997;45(3):383-392.

Hollis BW, Wagner CL. Clinical review: the role of the parent
compound vitamin D with respect to metabolism and function: why
clinical dose intervals can affect clinical outcomes. | Clin Endo-
crinol Metab. 2013;98(12):4619-4628.

Camacho PM, Petak SM, Binkley N, Clarke BL, Harris ST, Hurley
DL, Kleerekoper M, Lewiecki EM, Miller PD, Narula HS, Pessah-
Pollack R, Tangpricha V, Wimalawansa SJ, Watts NB. American
Association of Clinical Endocrinologists and American College of
Endocrinology Clinical Practice Guidelines for the Diagnosis and
Treatment of Postmenopausal Osteoporosis - 2016—Executive
Summary. Endocr Pract. 2016;22(9):1111-1118.

Gibson CC, Davis CT, Zhu W, Bowman-Kirigin JA, Walker AE,
Tai Z, Thomas KR, Donato AJ, Lesniewski LA, Li DY. Dietary
vitamin D and its metabolites non-genomically stabilize the en-
dothelium. PLoS One. 2015;10(10):e0140370.

Adams JS, Hewison M. Update in vitamin D. | Clin Endocrinol
Metab. 2010;95(2):471-478.

$20Z 1snBny f| U0 Josn weplanoy AlsiaAlun snwselg Aq Zy8zZ862Z/SE L L/y/Z0 1 /21o1de/wadl/woo dno-oiwspese//:sdny wolj papeojumoq



