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A B S T R A C T

A proportion of circulating 25-hydroxy vitamin D3 (25(OH)D3)) undergoes epimerization to form C3-epi 25(OH)
D3 and C3-epi 1,25(OH)2D3. These epimers have less calcaemic activity than non-epimerized metabolites and are
not differentiated by many immunoassays when reporting total 25(OH)D3 levels. This study aimed to compare
the effect of exposure to ultraviolet radiation (UVR) and oral vitamin D3 supplementation on vitamin D C3-
epimer levels. C57Bl/6 female mice were fed either vitamin D-sufficient (vitamin D3 2000 IU/kg) or -deficient
diets (no vitamin D3) for 4 weeks. Among the vitamin D-deficient group, the shaved backs of half were irradiated
daily for 4 days with 1 kJ/m2 UVR, followed by twice weekly irradiation for 4 weeks. Despite similar 25(OH)D3

levels, the UV-irradiated group had a lower proportion of C3-epi 25(OH)D3 at week 7 (p < 0.05) and week 9
(p < 0.01). C3-epimer concentrations and %C3-epi 25(OH)D3 were also analysed in serum samples from two
human clinical trials. These trials investigated the effect of high dose oral vitamin D3 supplementation and
narrowband UVB phototherapy, respectively. Serum 25(OH)D3 and the %C3-epi 25(OH)D3 levels measured at
12 months after oral vitamin D3 supplementation were not significantly different to those measured at the time
of maximal effect of phototherapy (2 months). Thus, the proportion of 25(OH)D3 that undergoes epimerization is
greater with oral vitamin D3 supplementation than exposure to UVR in mice, but not in humans. This important
difference between human and murine vitamin D metabolism warrants consideration when interpreting animal
studies.

1. Introduction

Vitamin D deficiency and insufficiency are global health issues, yet
it remains unknown if oral vitamin D supplementation is as effective as
cutaneous production of vitamin D after sunlight exposure for both
skeletal and non-skeletal actions. Exposure to ultraviolet radiation
(UVR) has benefits that are independent of vitamin D, including redu-
cing cardiovascular disease, obesity and modulation of systemic im-
mune responses [1–3].

The major source of vitamin D3 in humans is via skin exposure to

sunlight. People living in far northern and southern latitudes with less
UV exposure rely more on dietary sources of vitamin D [4]. In Australia,
traditionally 80–90% of vitamin D is obtained through sunlight ex-
posure, though special populations, such as those in residential care, are
more dependent on oral vitamin D [5]. In humans and many animals, 7-
dehydrocholesterol (provitamin D3) is converted into previtamin D3 in
the skin by UVR. Previtamin D3 is thermodynamically unstable and is
rapidly transformed to vitamin D3. Vitamin D3 whether from diet or
cutaneous production, undergoes 25-hydroxylation in the liver by the
cytochrome p450 enzyme, CYP2R1, to produce 25(OH)D3 which is then
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further hydroxylated in the kidney and extra-renal tissues by CYP27B1
to produce the metabolically active 1,25(OH)2D3 [6]. 1,25(OH)2D3

exerts its actions through binding to the nuclear vitamin D receptor
(VDR). These main metabolites also undergo epimerization to produce
C3-epi 25(OH)D3 and C3-epi 1,25(OH)2D3 [7].

Vitamin D epimers have traditionally been considered to be in-
active, but recent data suggest that C3-epi 25(OH)D3 has positive ef-
fects on growth and bone mineral density [8]. Sprague Dawley rats
supplemented with two different doses of C3-epi 25(OH)D3 for 8 weeks
demonstrated similar growth and bone mineral density to control mice
supplemented with vitamin D3 [8]. The authors concluded that C3-epi
25(OH)D3 clearly has biological activity, warranting further explora-
tion. C3-epi 1,25(OH)2D3 can stimulate gene transcription through the
vitamin D receptor (VDR), although it appears to have weaker binding
affinity for the VDR than 1,25(OH)2D3 [9].

In humans, C3-epi 25(OH)D3 contributes substantially to the cir-
culating level of total 25(OH)D3 in newborns and infants but decreases
in the first year after birth [10]. The clinical significance of this remains
unknown. Both dietary and cutaneous production of vitamin D3 appear
to contribute to the concentration of C3-epi 25(OH)D3 in human serum
[11]. Supplementation with vitamin D at 800 IU/day in both men and
women ≥ 50yrs for 15 weeks increased C3-epi 25(OH)D3 by week 7
and these levels were maintained until week 15 [11]. The reported
proportion of epimer to total 25(OH)D varies widely from 0 to 26%
[12–14]. The physiological factors influencing epimer production re-
main unknown, including the impact of the source of vitamin D; i.e.,
dietary versus cutaneous production.

Using an experimental mouse model and samples from participants
in two clinical trials, the production of C3-epi 25(OH)D3 from dietary
vitamin D3 and via cutaneous production following skin exposure to
UVR was compared.

2. Materials and methods

2.1. Mice and diet

All experiments were performed according to the ethical guidelines
of the National Health and Medical Research Council of Australia with
the approval from the Telethon Kids Institute Animal Ethics Committee
(AEC #276). Mice were purchased from the Animal Resources Centre,
Western Australia.

Female 6-week-old C57Bl/6 mice were fed semi-pure diets sufficient
in vitamin D (SF05-34, Specialty Feeds, 2,280 IU/kg vitamin D3, 1%
calcium) or deficient in vitamin D (SF05-033, Specialty Feeds, 0 IU/kg
vitamin D3, 2% calcium).

Mice were housed under perspex-filtered fluorescent lighting, which
emitted no detectable UVB radiation (290–320 nm) as measured using a
UV radiometer (UVX Digital Radiometer, Ultraviolet Products Inc.,
Upland, CA, USA).

2.2. UV irradiation of mice

A bank of six 40W lamps (Philips TL UV-B, Eindhoven, The
Netherlands) emitting broadband UVR, 250–360 nm, with 65% of the
output in the UVB range (280–315 nm), was used to irradiate mice and
to deliver 1 kJ/m2 of UVR onto clean-shaven 8 cm2 dorsal skin. A new
sheet of PVC plastic film (0.22mm) was taped to the top of each per-
spex cage immediately before irradiation to screen wavelengths<
290 nm. Sunlamps were held 20 cm above the cages.

After 4 weeks on their respective diets, half of the mice from the
vitamin D deficient group received 1 kJ/m2 daily for four consecutive
days. After this they were irradiated bi-weekly with 1 kJ/m2 UVR for 4
weeks. Mice were sacrificed at Weeks 6, 7 and 9 (Fig. 1). Blood was
drawn by cardiac puncture at the time of sacrifice. The experiment was
repeated twice.

2.3. The pilot D-Health and PhoCIS trials

Serum samples were obtained from participants in two clinical
trials, the pilot D-Health [15,16] and PhoCIS trials [17], to analyse
25(OH)D3 and C3-epi 25(OH)D3 metabolites. An amendment to the
original D-Health ethics application was approved by the human re-
search ethics committee at the QIMR Berghofer Medical Research In-
stitute (trial 2010/0423). The PhoCIS trial (Phototherapy for Clinically
Isolated Syndrome) was approved by the Bellberry Human Research
Ethics Committee (2014-02-083) and endorsed by the Human Research
Ethics Office of the University of Western Australia (RA/4/1/6796).
Briefly, the D-Health trial was a population-based, randomized, pla-
cebo-controlled, double-blind chemoprevention trial of vitamin D3 in
older adults. In total, 644 individuals aged 60–84 in the eastern states of
Australia were recruited and randomly assigned to monthly doses of
placebo, 30,000 IU, or 60,000 IU vitamin D3 for 12 months [18]. Blood
samples were collected at baseline and within 2 weeks after the last
dose of vitamin D. The initial analysis of 25(OH)D3 for the study was
performed using the Diasorin Liaison platform immunoassay which
does not distinguish the C3-epi 25(OH)D3 when reporting total 25(OH)
D3 levels. In this sub-study, serum samples were reanalyzed from 11
subjects who were treated with 60,000 IU Vitamin D3 / month and had
demonstrated at least a 30% rise in 25(OH)D3 according to the Diasorin
assay, as these were most likely to demonstrate the differences in
epimer metabolites.

The PhoCIS trial examined 20 people with clinically isolated syn-
drome, which refers to a first episode of neurologic symptoms lasting at
least 24 h and caused by inflammation or demyelination in the central
nervous system. This may be part of the multiple sclerosis disease
course. Participants were randomized in a non-blinded 1:1 fashion to
receive, or not receive, narrow band UVB phototherapy (24 sessions
total, 3 exposures/week for 8 weeks) [19]. Blood samples were col-
lected at months 1, 2, 3, 6 and 12. As published, three subjects in the
phototherapy group and 5 subjects in the control group (no photo-
therapy) had a baseline 25(OH)D3 level< 80 nmol/L requiring sup-
plementation [19]. If baseline 25(OH)D3 levels were< 80 nmol/L, then
participants in both groups were supplemented with low dose oral vi-
tamin D3 (800 IU/day) to achieve serum 25(OH)D3 levels> 80 nmol/L
[17].

2.4. 25(OH)D3 and C3-epi 25(OH)D3 measurement

All blood samples from the murine and human studies were ana-
lyzed using liquid chromatography tandem mass spectroscopy at the
University of Western Australia, Centre for Metabolomics. This assay
has been certified by the Centre for Disease Control (NIH, USA) for both
precision and accuracy of 25(OH)D3 measurement with a correlation
(R2) of 0.9979. For 3-epi-25(OH)D3 measurement, the correlation was
0.9961 [20].

2.5. Real-time PCR for measurement of enzymes involved in vitamin D
metabolism

Messenger RNA expression of key enzymes in the synthesis and
metabolism of vitamin D were examined to determine if any differences
with UV-irradiation compared to oral vitamin D supplementation exist.
mRNA was extracted from snap-frozen kidney and liver tissue with
cDNA synthesised and real-time assays performed as previously de-
scribed [21]. Real-time PCR primers included CYP27B1 cat #
301447280210/0&1, CYP24A1 cat # 3014472802-20/0&1 (Sigma-Al-
drich co., St. Louis, MO), CYP2R1 cat # QT0005750 and GC cat #
QT00267799 (Qiagen, Hilden, Germany), with elongation factor 1α
(eEF1α) as the housekeeping gene for all samples (Sigma-Aldrich co.,
St. Louis, MO). Quantitect SYBRGreen was used for qPCR on the
AB17900HT instrument. Fold-change in mRNA was determined by
using the 2−ΔΔCt method.
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2.6. Statistical analysis

IBM® SPSS® Statistics Version 22 (IBM Corp. Armonk, NY) was used
for statistical analysis of the animal model. Homogeneity of variances
was tested with Levene’s test. Means were compared using student’s
unpaired t-tests for murine data, and paired t-test analysis for paired
human data. Pearson correlations were performed for relation between
25(OH)D3 and its metabolites.

The change in absolute C3-epi 25(OH)D3 and %C3-epi 25(OH)D3

was calculated between baseline and subsequent visits (month-2, -3,
and -12) for all participants in the Phototherapy group (PhoCIS trial)
and between baseline and month-12 for participants in D-Health trial.
The changes in both absolute and %C3-epi 25(OH)D3 between baseline
and subsequent visits were compared using generalized linear models,
under the assumption that participants in the D-Health study reached
their month-12 level of epimer and %C3-epi 25(OH)D3 by month-2.
Clinical data were analysed using SAS version 9.4. P-values< 0.05
were considered statistically significant.

3. Results

3.1. Murine serum 25(OH)D3 levels

C57Bl/6 female mice were fed diets with sufficient (D+) or no (D-)
vitamin D3 for a total of 9 weeks. The mean serum 25(OH)D3 con-
centration after 4 weeks on the vitamin D deficient (D-) diet was
6.4 ± 3.4 nmol/L. After daily UVR exposure at 1 kJ/m2 for 4 days
followed by biweekly treatment with 1 kJ/m2, 25(OH)D3 concentra-
tions rose significantly to 33.1 ± 3.7 nmol/L (mean ± SD) at week 6
(Fig. 2A). The mean 25(OH)D3 concentration was not significantly
different to levels measured in the vitamin D-sufficient (D+) group,
33.4 ± 6.8 nmol/L (mean ± SD).

3.2. Epimer and percentage epimer levels in mice

The correlation between C3-epi 25(OH)D3 and 25(OH)D3 con-
centrations was 0.833 (p < 0.001) (Fig. 3). This indicates that a
greater proportion of 25(OH)D3 is measured in the epimerized form
with increasing 25(OH)D3 concentration.

Mice in the D-UVR+ group had lower C3-epi 25(OH)D3 and %C3-
epi 25(OH)D3 compared to D+UVR- at week 6 (p < 0.05 and 0.08,
respectively) (Fig. 2A–C). These changes were also seen at weeks 7 and
9. These data suggest that either less C3-epi 25(OH)D3 is produced, or it

is more efficiently metabolized, when vitamin D3 originates from cu-
taneous production compared to dietary sources.

3.3. mRNA expression of vitamin D enzymes

Given the lower absolute and percentage levels of C3-epi 25(OH)D3

Fig. 1. The experimental approach. 6-week-old
C57BL/6 female mice were fed diets with suf-
ficient (D+) or no (D-) vitamin D3 for 4 weeks.
Half of the mice on the vitamin D deficient (D-)
diet were UV-irradiated with 1 kJ/m2 daily for
4 days, followed by biweekly UV exposures for
the remainder of the study. Mice continued on
their respective diets until 9 weeks, and were
sacrificed at weeks 6, 7 and 9. The experiment
was repeated twice. Total n= 20/group.

Fig. 2. Vitamin D metabolite levels. Vitamin D metabolites were analysed at
weeks 6, 7 and 9. A. 25(OH)D3 B. C3-Epi 25(OH)D3 C. %C3-Epi 25(OH)D3. For
C, data for D-UVR- group were not plotted as the absolute values were close to
limit of detection and thus percentages aberrantly high. Values are expressed as
mean ± SEM, from at least two experiments, n= 5–8/group. Significance
values are in reference to the D-UV+ group. *P < 0.05, **P < 0.01,
***P < 0.001.
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among the D-UVR+group compared to D+UVR- group, differences
in mRNA expression of key enzymes in the synthesis and metabolism of
vitamin D were explored. Among UV-irradiated mice (D-UVR+),
CYP2R1 mRNA levels were 0.5 ± 0.1 (mean ± SEM) fold that of vi-
tamin D-supplemented, non-irradiated mice (D+UVR-), p= 0.003
(Fig. 4A). Vitamin D3 and 25(OH)D3 are predominantly bound to the
vitamin D binding protein (VDBP) in the circulation. VDBP is encoded
by the GC gene and synthesised in the liver. The liver GC mRNA ex-
pression among UV-irradiated mice (D-UVR+) was a 0.5 ± 0.1
(mean ± SEM) fold that of D+UVR- mice, p= 0.003 (Fig. 4B). The
circulating concentration of VDBP, however, was not different between

the two groups (Fig. 4C). Renal CYP27B1 was expressed similarly by
mice in the D-UVR+and D+UVR- groups (Fig. 4D). 1,25(OH)2D3 and
25(OH)D3, including their epimer forms, induce the expression of renal
CYP24 A1 which is the main catabolic enzyme which completes a
classical endocrine negative feedback loop. Renal CYP24 A1 was ex-
pressed 1.4 times more in the D-UVR+group compared to the
D+UVR- group, p=0.07 (Fig. 4E), but despite this similar
1,25(OH)2D3 levels were measured between the two groups (Fig. 4F). In
summary, while mRNA expression of CYP2R1, GC protein and
CYP24 A1 were altered with UVR exposure, an effect on VDBP and
1,25(OH)2D3 production was not observed.

3.4. Human data

After 12 months of supplementation with 60,000 IU of vitamin D3/
month, the 25(OH)D3 concentration in the D-Health participants rose
from a mean (± SD) of 68.9 ± 22.6 to 120.5 ± 16.1 nmol/L post
supplementation, (p < 0.001); the change in mean 25(OH)D3 con-
centration is shown in Fig. 5A. Similarly, there was a significant rise in
the C3-epi 25(OH)D3 (mean difference 8.5 units, 95% CI 4.3,12.8,
p= 0.01) and %C3-epi 25(OH)D3 (mean difference 3.9, 95% CI 1.6,6.1,
p= 0.03) (Fig. 5B and C).

Among participants in the PhoCIS control group (no phototherapy),
there was no significant change in the mean 25(OH)D3 concentration
between baseline and any time point to 12 months (Fig. 5A). As pre-
viously reported [19], after phototherapy the 25(OH)D3 concentration
was significantly higher by month 2 (p < 0.001) and month 3
(p < 0.01) compared to baseline, including after adjustment for season
of blood draw (Fig. 5A).

In the phototherapy group, there was higher C3-epi 25(OH)D3

(p < 0.001) and % C3-epi 25(OH)D3 (p < 0.01) at month 2 compared
to baseline (Fig. 5B & C). At 3 months, there was no longer any sig-
nificant difference in absolute or %C3-epi 25(OH)D3 levels compared to

Fig. 3. Serum 25(OH)D3 levels correlate with C3-Epi 25(OH)D3 levels. Scatter
plot of serum C3-Epi 25(OH)D3 and 25(OH)D3 from collected samples from all
groups during the experiment period (n=60).

Fig. 4. Effect of UVR on mRNA expression of vitamin D metabolic enzymes, serum VDBP and 1,25(OH)2D3 concentrations at week 6. Female C57Bl/6 mice were
sacrificed at week 6 after being established on vitamin D-sufficient (D+) or -deficient diets (D-). The D- mice were then either treated (UVR+) or not treated with UV
irradiation (UVR-). Vitamin D deficient mice treated with UVR (D-UVR+), had similar 25(OH)D3 levels to D+mice, and thus these two groups were compared to
determine the effect of UVR on vitamin D metabolic pathway. Livers, kidneys and blood were harvested to determine A. Liver CYP2R1 mRNA, B. Liver GC protein
mRNA, n=3/group, C. Serum vitamin D binding protein (VDBP) concentration, n=5–7/grp D. Renal CYP27B1 mRNA, E. Renal CYP24 A1 mRNA, n=3/group and
F. Serum 1,25(OH)2D3 concentration, n=3–6/group. mRNA gene expression by qtPCR was calculated using the 2−ΔΔCT method with eEF1α as the housekeeping
gene. The D+UVR- group is shown as the reference control. Values are expressed as mean fold-change ± SEM. **P < 0.01.
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baseline in the phototherapy group. No changes from baseline in ab-
solute or % C3-epi 25(OH)D3 were detected in the control group at any
timepoint.

To compare the effect of phototherapy versus high dose oral sup-
plementation, the data from the two trials were combined. Specifically,
the effect of 12 months of Vitamin D3 supplementation with 60,000 IU/
month was compared to the 2 and 3-month data from the PhoCIS trial.
These two timepoints in the PhoCIS trial were selected as representative
of times close to maximal effect of phototherapy on vitamin D meta-
bolism (see above).

Comparing the epimer levels from baseline to 12 months in parti-
cipants from the two trials, both the absolute and %C3-epi 25(OH)D3

concentrations were greater with high-dose oral supplementation
compared to phototherapy, even after adjusting for the baseline con-
centration, and in the case of %C3-epi 25(OH)D3 after adjusting for
baseline 25(OH)D3 and the change in 25(OH)D3 concentration
(Table 1). This is expected as the effect of phototherapy had diminished
by 12 months. Comparing 12 months of oral supplementation to 2
months of phototherapy (i.e. at the time of maximal effect of both
therapies), there was no difference in absolute C3-epi 25(OH)D3 levels
or %C3-epi 25(OH)D3 between the two groups. At 3 months, when the
acute effects of phototherapy would have diminished, the C3-epi
25(OH)D3 levels and %C3-epi 25(OH)D3 unadjusted, adjusted for
baseline levels and adjusted for both baseline and change in 25(OH)D3,

were significantly higher with high dose oral vitamin D supplementa-
tion at 12 months compared to phototherapy (Table 1).

4. Discussion

To date, it has been presumed that 25(OH)D3 and 1,25(OH)2D3

acquired from diet or oral supplements are physiologically equivalent
to that obtained by cutaneous production after sunlight exposure. This
study has identified a difference in vitamin D epimer levels in mice
depending on the source of vitamin D. Differences in epimer levels were
not confirmed in humans, suggesting interspecies variation in vitamin D
metabolism.

In the animal model, similar circulating 25(OH)D3 and 1,25(OH)2D3

concentrations were measured after vitamin D3 supplementation or
exposure of shaved skin to “physiological” sub-erythemal UV radiation;
however, higher absolute levels of the C3-epi 25(OH)D3 and %C3-epi
25(OH)D3 levels were observed with oral supplementation. This change
persisted over time and is consistent with a study of hairless mice (Skh-
1) fed vitamin D-containing diets or irradiated with UVB (2.24 kJ/m2)
three times weekly for 25 weeks [22]. The investigators of that study
found less C3-epimer production in the UV-irradiated, compared to
non-irradiated groups. In our study, the mechanism for reduced epimer

levels with exposure to UV radiation is not clear, but a number of other
changes were observed that may contribute to epimer production or
breakdown. First, the expression of the liver 25-hydroxylase CYP2R1
was significantly less in the UV-irradiated compared to vitamin D-
supplemented but not UV-irradiated mice. One hypothesis is that UVR-
derived cholecalciferol (vitamin D3) is hydroxylated with other, yet to
be identified 25-hydroxylases to a greater degree than orally ingested
vitamin D3. The existence of unidentified hydroxylases has been

Fig. 5. Vitamin D and epimer levels in serum from participants in the D-Health and PhoCIS studies. Serum samples from the D-Health trial were collected at baseline
and at 12 months after monthly dosing with 60,000 IU Vitamin D3. In the PhoCIS trial subjects were treated, or not, with narrowband UVB phototherapy (3 sessions/
week) for 8 weeks versus controls, and blood collected at baseline, 1,2,3,6 and 12 months. Vitamin D metabolites were analysed using the LC/MS/MS method to
determine A. 25(OH)D3, B. C3-Epi 25(OH)D3 and C. %C3-Epi 25(OH)D3. Data shown as mean ± SEM, n=11in D-Health and 7–10/group in PhoCIS. Significance
values represent mean difference relative to the baseline values for each individual group. *P < 0.05, **P < 0.01 ***P < 0.001.

Table 1
Difference in mean change of Vitamin D epimer at different time points with
Oral vitamin D supplementation versus Phototherapy.

Models Baseline and month
2

Baseline and month
3

Baseline and month
12

Estimate
(95%CI)

p-value Estimate
(95%CI)

p-value Estimate
(95%CI)

p-value

C3-epi 25(OH)D3

Unadjusted
HighdoseDa 2.2 (−1.7

to 6.1)
0.27 6.9

(2.8–11.0
0.001 7.4

(3.3–11.5)
0.0005

Phototherapy Reference Reference Reference
Adjusted for baselineb

HighdoseD 1.9 (−1.9
to 5.7)

0.33 7.0
(2.9–11.2)

0.0009 7.1
(2.9–11.3)

0.001

Phototherapy Reference Reference Reference
Adjusted for baselineb and change in vit Dd

HighdoseD 2.4 (−1.2
to 5.9)

0.19 6.3
(2.5–10.1)

0.001 5.0
(0.8–9.1)

0.08

Phototherapy Reference Reference Reference

%C3-epi 25(OH)D3

Unadjusted
HighdoseD 1.1 (−1.5

to 3.7)
0.4 3.7

(0.8–6.6)
0.01 3.7

(0.6–6.8)
0.02

Phototherapy Reference Reference Reference
Adjusted for baselinec

HighdoseD 1.6 (−1.0
to 4.1)

0.23 7.1
(2.8–11.3)

0.001 4.6
(1.5–7.6)

0.003

Phototherapy Reference 0.23 Reference Reference
Adjusted for baselinec and change in vit Dd

HighdoseD 1.5 (−1.0
to 4.1)

0.24 4.2
(1.5–7.0)

0.003 4.4
(1.1–7.7)

0.009

Phototherapy Reference Reference Reference

a “HighdoseD” refers to the D-Health trial where participants are supple-
mented with Vitamin D3 60,000 IU/month.

b Baseline C3-Epi 25(OH)D3.
c Baseline %C3-Epi 25(OH)D3.
d Change in vitamin D between the corresponding time points; values re-

presents differences in mean changes (95%CI) between HighDoseD vs
Phototherapy at corresponding time points.
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proposed by others, largely due to elimination of only 75% of the cir-
culating 25(OH)D in CYP2R1 knockout mice [23,24]. One may then
speculate that a change in hydroxylation reduces the susceptibility to
epimerization. Secondly, the enzyme involved in epimerization is not
known, and it is also not known whether it occurs before or after 25-
hydroxylation or both. Epimerization occurs in different cell lines from
bone, colon, kidney and liver tissue, though the amount of epimeriza-
tion differs between different tissue types [7]. Thus, it is likely that
epimerization also occurs in skin. It is possible that if pre-vitamin D3 in
the skin is epimerized, then this may be less susceptible to 25-hydro-
xylation, explaining reduced expression of CYP2R1 and production of
C3-epi 25(OH)D3. Finally, as in another study, a non-statistically sig-
nificant increase in renal CYP24 A1 gene expression in UV-irradiated
compared to vitamin D-supplemented but not UV-irradiated mice was
observed [22]. As CYP24 A1 catabolises 25(OH)D3, 1,25(OH)2D3 and
its epimers, increased activity of this enzyme could explain the lower
proportion of C3 epi-25(OH)D that was detected in our study, though
the levels of 25(OH)D3 and 1,25(OH)2D3 were similar and one would
expect these also to fall with increased CYP24 A1 activity.

It must be acknowledged that our understanding of the vitamin D
metabolic pathways are incomplete and continue to evolve. CYP11A1
can also hydroxylate vitamin D3 and D2, and the resultant products,
20(OH)D3/2 and 20,22(OH)2D3/2 can be further hydroxylated by
CYP27B1, CYP27A1 and CYP24 A1 [25,26]. CYP11A1 activity has been
detected in different organs/ cell types including epidermal keratino-
cytes where it can produce 22(OH)D3 and 20,22(OH)D3 [27]. This re-
presents an alternative pathway for vitamin D metabolism but the
physiological importance of these products remains unknown. It is
possible that if UVB exposure regulates the activity of CYP11A1, then
there could be less substrate vitamin D3 available for classical 25 hy-
droxylation in the skin or liver to form 25(OH)D3, and the C3 epi-
25(OH)D3 measured by our assay. Further, the possibility cannot be
excluded that alternative D3 hydroxy compounds have co-migrated
with C3 epi-25(OH)D to interfere with the assay of C3 epi-25(OH)D.
However, this is highly unlikely as the Centres for Disease Control and
Prevention (CDC) certified assay used in this study has consistently
demonstrated clean transition from 25(OH)D3 to C3 epi-25(OH)D3.
Novel compounds would have to have the same retention time and
fragmentation profile as C3 epi-(25)OHD3 to co-migrate with it.

This study confirms in a prospective controlled trial setting that
narrowband UVB phototherapy can induce vitamin D epimers. To our
knowledge this is the first report of epimer production with photo-
therapy as an intervention. The results are consistent with previous
reports including a post hoc analysis of vitamin D metabolites from a
vitamin D3-supplementation randomised-controlled trial [11]. The au-
thors reported that during winter months, the 25(OH)D3 and C3-epi
25(OH)D3 levels fell among people randomised to the placebo group.
This demonstrated that with reduced sunlight exposure, epimer levels
will fall.

At the time of steady state with oral vitamin D supplementation (12
months) and peak effect of phototherapy (2 months), there was no
significant difference in epimer concentration and %C3-epi 25(OH)D3.
These findings are in contrast to the differences seen in the murine
studies. Further, the absolute and %C3-epi 25(OH)D3 were significantly
higher in the mouse, up to 20%, compared with 10% of total 25(OH)D3

in the serum of human participants. The limited human studies avail-
able report that between 0 to 26% of 25(OH)D3 can exist in the C3-epi
form [13,14,28,29]. It is possible that in humans, epimerization was not
sufficiently high to discriminate differences due to vitamin D supple-
mentation or skin exposure to UVR. However, the current data suggest
differences in vitamin D metabolism between rodents and humans, with
higher circulating epimerized metabolite concentrations that are in-
fluenced in mice by the source of vitamin D. This is relevant as murine
models have been used for the study of the effects of vitamin D and
exposure to UVR in a number of non-skeletal disease states including
inflammatory bowel disease and multiple sclerosis. While vitamin D

therapy in a number of these studies have shown benefit, subsequent
human interventional trials have failed to observe benefit [30,31].
There are fundamental differences between mice and humans that can
affect vitamin D metabolism. These include a different skin structure,
where human melanocytes are found at the basal layer of the epidermis
while in the mouse melanocytes reside in the hair follicle and the
dermis. Pelage density is much higher in rodents than humans, and the
stratum corneum of rodents is generally more permeable and fragile
[32–34]. Further, mice are nocturnal animals and rely predominantly
on oral intake of vitamin D where as humans are diurnal animals that
synthesize vitamin D in the skin on exposure to UVR.

Vitamin D epimer production in humans is relevant because of its
biological activity and impact on the interpretation of total 25(OH)D3

concentrations with current assays which often do not discriminate
epimerized from non-epimerized 25(OH)D3. Both C3-epi 25(OH)D3 and
C3-epi 1,25(OH)2D3 bind, albeit relatively weakly, to both VDBP and
the vitamin D receptor. In two in vitro experiments, the epimers have
shown both calcemic and non-calcemic effects [35]. In a large Norwe-
gian study incorporating data from eight trials and over 2000 partici-
pants, the mean %C3-epi 25(OH)D3 was 4.4% [36]. The investigators
found a strong correlation between 25(OH)D3 and C3-epi 25(OH)D3.
The %C3-epi 25(OH)D3 increased with increasing serum 25(OH)D3 but
plateaued at ∼7% when 25(OH)D3 concentration reached ∼120-
140 nmol/L. Furthermore, the investigators reported no relationship
between %C3-epi 25(OH)D3 and serum VDBP level, VDBP phenotype or
single nuclear polymorphisms related to serum 25(OH)D3 levels. In the
current study, while most people had %C3-epi 25(OH)D3 levels of less
than 10%, in four participants from the D-Health study, the epimer
made up between 10–20% of total 25(OH)D3. Thus, while at a popu-
lation level, vitamin D epimers may not lead to significant mis-
interpretation, it appears there are people who are more predisposed to
higher vitamin D epimer levels than others. It is in these people that
interpreting current assays may be misleading. Additional work to un-
derstand the variability between people and production and/or break-
down of epimerized vitamin D metabolites is needed. Moreover, mul-
tiple lines of evidence have established the additional benefits of UVR
that are independent of vitamin D. These include cutaneously induced
cytokines, corticotropin-releasing hormone, urocortins, proopiomela-
nocortin-peptides, enkephalins, that when released into the circulation
exert systemic effects, including activation of the central hypothalamic-
pituitary-adrenal axis, opiodiogenic effects, and immunosuppression
[34,37]. Thus, at a population level there is a strong argument to en-
courage “physiological” sun exposure rather than universal oral sup-
plementation regardless of the effect on epimer production.

While this is the first study to examine the comparative effects of UV
radiation in a prospective fashion in both humans and mice, several
limitations warrant mentioning. First, the sample size of human sub-
jects in the PhoCIS trial was relatively small, due to the stringent in-
clusion criteria requiring recruitment within the first 120 days of their
demyelinating event. Despite the small sample size, a statistically sig-
nificant increase in 25(OH)D3 was detected with phototherapy. The
second limitation was the analysis of data from two separate clinical
studies, which enrolled different populations with different interven-
tion duration (8 weeks in PhoCIS and 12 months in D-Health). In D-
Health, an elderly general population was recruited, while PhoCIS en-
rolled younger participants with clinically isolated syndrome. In both
populations, however, there was an expected increment in 25(OH)D3

with the respective treatment, so one would expect changes in epimer
levels to be detected. Finally, in the animal study, the involvement of
only female mice limits the generalisability of the findings. Female
C57Bl/6 mice were selected because in previous work from our group,
exposure to UV radiation did not increase 25(OH)D3 levels in male
mice, likely due to reduced 7-dehydrocholesterol in the skin [38].

In conclusion, higher concentrations of vitamin D epimers were
found in mice compared to humans, and in mice oral vitamin D sup-
plementation compared to UV-irradiation was associated with a greater
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proportion of epimers in serum, either due to increased epimer synth-
esis with oral vitamin D or greater breakdown with UV radiation. There
is variability in the proportion of vitamin D epimer production in hu-
mans, so further work is needed to better understand the reasons for
this variability and the role of vitamin D epimers in both health and
disease.
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