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Background: Cholecalciferol (vitamin D3), produced in the skin by UVB irradiation (290-315 nm) of
7-dehydrocholesterol, is metabolized in the liver into 25-hydroxyvitamin D [25(OH)D] which is a major
circulating metabolite.

Aim: To examine changes in serum concentrations of cholecalciferol and its metabolites after UVB expo-
sure of different skin areas.

Methods: 21 healthy Caucasians (skin type Il and III, aged 23-47 years) were exposed to broadband UVB

Ié;{/) ';‘éocra‘ﬁl ferol (290-320 nm) and randomized to either exposure to one minimal erythema dose given as a single dose,
Vitamin D; or a suberythemic dose given for 3 subsequent days. The following areas were exposed: face and back of

hands, upper half of the body and the whole body, respectively. Serum cholecalciferol and 25(0OH)D were
measured immediately before start and 24 h after the 1st and last exposure, respectively.
Results: Subjects with whole body exposure had an average S-cholecalciferol increase per dose unit of
0.18 ng ml~' mJ~! cm?, 0.95 CI: (0.16, 0.20), upper body treatment 0.13 ng ml~' mJ~! cm?, 0.95 CI:
(0.10, 0.15) and face and hands exposure 0.013 ng ml~! mJ~! cm?, 0.95 CI: (—0.012, 0.037). The increase
in cholecalciferol correlated positively to the UVB dose and skin erythema and negatively to body mass
index (BMI) when controlling for other factors. Exposure of face and hands induces smaller cholecalcif-
erol production in comparison with exposure of larger skin areas.
Conclusion: Size of the exposed skin area, UVB dose, skin erythema and BMI were the major determinants
for serum levels of skin synthesized cholecalciferol. Exposure of hands and face induces smaller cholecal-
ciferol production in comparison with exposure of larger skin areas.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Vitamin Ds (cholecalciferol), produced in the skin by solar UVB
radiation (290-315 nm) of 7-dehydrocholesterol (7 DHC), is the
main source of vitamin D in humans [1,2]. The potential for skin

Abbreviations: UVB, ultraviolet radiation B; 25(OH)D, 25-hydroxyvitamin D
(calcidiol); 1,25(0H),D, 1,25-dihydroxyvitamin D (calcitriol); 7 DHC, 7 dehydroc-
holesterol; PTH, intact parathyroid hormone.
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production of cholecalciferol depends on factors affecting UVB
such as geographical latitude, season, time of the day, cloud cover
and pollution [2,3]. Aging and increased skin pigmentation reduce
the cutaneous production of cholecalciferol. During sun exposure
7-dehydrocholesterol is converted to previtamin D;. Once formed
it begins to isomerize to vitamin D3 over a period of several hours.
Continued exposure to sunlight converts previtamin D3 into lumis-
terol and tachysterol. These photoproducts are in photoequilib-
rium with each other and as a result during prolonged sun
exposure approximately 15-20% of the 7-dehydrocholesterol is
converted to previtamin D3 [2,4-6]. Skin synthesized cholecalcif-
erol enters the circulation and is bound to the vitamin D-binding
protein (DBP) and reaches the maximal level in the circulation after
about 24 h [5,7]. Cholecalciferol is then metabolized in the liver
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into 25-hydroxyvitamin D [25(OH)D or calcidiol], which is a major
circulating metabolite with a half time of ~2 weeks [8]. S-25(OH)D
is further hydroxylated in the kidneys into a biologically active
hormone 1,25-dihydroxyvitamin D [1,25(OH),D or calcitriol] with
a half time ~4h [8,9]. The concentration of circulating
S-25(0H)D shows a seasonal variation due to the influence of the
change in Zenith angle of the sun on the cutaneous production of
vitamin D3 [3,10-12]. Globally, the average of S-25(0OH)D concen-
trations is around 54 nmol/L, although large regions were identi-
fied with mean S-25(0OH)D values below 50 nmol/L [13-15].

Vitamin D deficiency has been associated with increased risk for
osteoporosis, infections, cancer, depressions, autoimmune- and
cardiovascular diseases [1,2]. The major source of vitamin D for
most children and adults is exposure to sunlight. Thus it is impor-
tant to know how much skin needs to be exposed to sunlight to
improve a person’s vitamin D status and whether any particular
area of skin is more effective in producing vitamin Ds.

This study evaluated concentration of S-25(0OH)D and cholecal-
ciferol, after exposure of different skin areas to different doses of
UVB at the end of the winter when the levels of S-25(OH)D are low-
est [10].

2. Material/methods
2.1. Participants

Healthy Caucasians, n = 21, (17 women and 4 men), skin photo-
type Il (n=5) and Ill (n=16), aged 23-47 years (median age 28)
were recruited from the hospital staff. Two subjects (nr 8 and 19)
did not follow the blood tests flow and dropped out from the study.
Skin phototype was determined according to Fitzpatrick scale [16].
The information about age, height, weight, sun behavior, food
intake including vitamin supplements, traveling to sunny countries
and use of medication or tan boxes during the last two months was
obtained by a questionnaire.

Body mass index (BMI) was calculated as weight divided by the
height in meter squared.

The participants were randomized to 2 groups: Group I (10 par-
ticipants) were exposed to a single one minimal erythema dose
(MED) and group II (9 participants) were given a suberythemic
dose (according to their skin phototype and clinical routines to
avoid sunburn and redness under treatment with broad band
UVB) for 3 subsequent days 24 h apart. The following areas were
exposed: face and back of hands (~5%), upper half of the body
(~45%) and the whole body (~90%), respectively.

2.2. Intervention

The participants were exposed to broadband UVB (290-
320nm) (Philips TL12/Corona 4 ESSHA Elagentur, Virnamo,
Sweden) in a standing position with a 30 cm distance from the
exposed area to the UVB source. The phototherapeutic device com-
prises of 28 Philips TL12 tubes & 100 W mounted on the walls of
the box, produced by ESSHA electricity agency in Virnamo,
Sweden. Minimal erythema dose was determined in all partici-
pants 24 h after UVB exposure of inner forearm prior to the study
start [17]. Erythema was evaluated clinically, by the same investi-
gator to minimise inter-observer disparity and improve
intra-observer agreement [18]. The lowest dose of UVB that pro-
duces uniform erythema within distinct borders was used as an
MED. Distinct redness within a well-demarcated border (all angles
of the exposed rectangular, pen-marked area, 3 x 2 cm) on the
inner forearm was assessed as erythema reaction. The median
MED was 115.5 mJ/cm? (min 49.5, max 165).

Ten subjects from group I were exposed once to 1 MED and 9
subjects (group II) were exposed 3 times, 24 h apart to a subery-
themic dose of UVB.

Six subjects (3 from group I and 3 from group II) exposed only
face (from the cheek to the hairline) and dorsal side of the hands;
7 subjects (4 from group I and 3 from group II) exposed the upper
body (from the midway including face and hands) and 6 subjects (3
from group I and 3 from group II) exposed the whole body (naked,
without clothes). All subjects used protecting sun glasses during
the UVB exposures.

UVB dose was measured by PUVA Combi light from ESSHA
Elagentur, Varnamo, Sweden.

A calibrated PUVA Combi light UV meter (model: DC0O003, serial
nr: 31000917) was used. The calibration of the sensor was per-
formed using established test procedures and equipment with
accuracy +5% with respect to the European standard.

The median obtained total UVB dose for group I was
132 mj/cm? (min 82.5, max 165) and the median UVB dose
(obtained from all 3 exposures) for group Il was 148.5 m]/cm?
(min 33, max 148.5). These doses are physical units and a weight-
ing factor to calculate the physical broad band UVB dose as CIE
weighted unit according to IEC 335-2-27 for broadband UVB
(290-320 nm, peaks at 313 nm) is 0.074.

The study was performed during the winter (December to
March) when S-25(OH)D are at their lowest levels in Gothenburg,
Sweden, latitude 57° North [11,12].

2.3. Biochemical tests

Venous blood samples were drawn from an antecubital vein
immediately before the 1st and 24 h after the first and last expo-
sure, respectively. Serum samples were frozen stored at —80 °C
until analysis.

Serum cholecalciferol (vitamin Ds;) was analyzed by
high-performance liquid chromatography (HPLC) as previously
described [19].

S-25(0H)D, and S-1,25(0H),D were assessed by the 2] RIA
(RadiolmmunoAssay) at the Department of Clinical Chemistry,
Sahlgrenska University Hospital, Gothenburg, Sweden. Coefficient
of variation (CV) was 9.8% and 12.1% for intra-individual assays
and 11.3% and 10.9% for inter-individual assays for S-25(OH)D
and S-1,25(0H),D, respectively.

S-PTH was analyzed with an immunochemical method (mass
concentration) and a reference interval of 15-68. Photometry
600 nm was used to determine levels of S-calcium, reference value:
2.15-2.50 mmol/l. S-creatinine was analyzed with an enzymatic
method, reference values: 45-90 umol/l (women) and 60-
105 pmol/l (men).

2.4. Ethics

The study was approved by the Ethics committee at the
University of Gothenburg and the Swedish National Data
Inspection Board. The written consent form was obtained from
all participants.

2.5. Statistical analysis

All data was analyzed with R version 3.0.3 (The R Foundation for
Statistical Computing Vienna, Austria).

Multiple linear regression was used with increase in cholecalcif-
erol (vitamin D3) as the dependent variable and dose per area unit,
skin region (face and hands, upper body and full body respec-
tively), skin erythema (yes/no) and BMI as explanatory variables.
Different slopes were used for each combination of skin region
and erythema dose, respectively. Also an additive intercept was
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used in the model with BMI added as an additive explanatory vari-
able. In Fig. 1, a simpler model was used not including BMI and ery-
thema. Different slopes with respect to dose were used for each
skin region and a forced zero intercept was used.

All tests were two-tailed and P < 0.05 was considered statisti-
cally significant.

3. Results

Serum cholecalciferol (vitamin D3) levels increased (P = 0.0002)
in subjects who had UVB exposure on the whole body and the
upper body to both regiments as an acute 1 MED dose or to the
suberythemic dose fractionally given in 3 subsequent days. Those
with full body exposure had an average increase per dose unit of
0.18 ng ml~ ' mJ~! cm?, 0.95 CI: (0.16, 0.20), those with upper body
treatment a mean increase of 0.13 ng ml~! mJ~! cm?, 0.95 CI: (0.10,
0.15) while those with only face and hands exposure had no signif-
icant increase, 0.013 ng ml~' mJ~! cm?, 0.95 CI: (-0.012, 0.037)
(Figs. 1 and 2).

The increase in cholecalciferol correlated positively with the
total dose (per area) for those with upper body (P < 0.0001) and full
exposure (P <0.0001), respectively (Fig. 1) but not in those with
hands and face exposure (P=0.33) (Fig. 1).

A multiple linear regression model was used to examine if the
increase in cholecalciferol was due to the dose, exposed area, pres-
ence of erythema and/or BMI, respectively. The slopes of cholecal-
ciferol increase versus dose (Fig. 1) for the whole body and the
upper body were steeper compared to the slope for face and hands
(P<0.00001). The slope of increase in cholecalciferol versus dose
for the whole body was significantly larger than that for upper
body (P=0.001).

The patients who received 1 MED as a single exposure had sig-
nificantly larger cholecalciferol increase per dose than those with
no erythema reported (P = 0.04) when controlling for the other fac-
tors (skin region and BMI).

BMI was then included as an additive explanatory variable. BMI
correlated negatively with the residual increase of cholecalciferol
(P=0.02, —0.52 ng ml~"kg~' m?, 0.95 CI: (-0.91, —0.13)) in the
model including dose, skin region and erythema (Fig. 3).

The cholecalciferol levels at start were between <1 ng/ml and
4 ng/ml except for one person with level of 7 ng/ml (median
2 ng/ml).

Participants from group I, exposed to a personalized dose of
MED, determined on their inner forearm, showed a difference in
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Fig. 2. Changes in serum cholecalciferol (Vitamin D3) (ng/ml) versus time in
healthy subjects divided into groups defined by skin erythema and exposed skin
region.

their erythema response. Seven of ten participants from group I,
exposed to 1 MED, experienced distinct erythema 24 h after a sin-
gle UVB exposure. Erythema occurred in 3 persons who exposed
their face and hands, 2 individuals who exposed upper body and
2 subjects who exposed the whole body. Three participants
exposed to 1 MED did not experience distinct erythema as others
in the same group and therefore they were counted as
non-erythema responders. As expected, none of those exposed to
a suberythemic dose of UVB showed skin erythema.
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Fig. 1. Increase of serum cholecalciferol (Vitamin D3) (ng/ml) in healthy subjects in relation to the obtained UVB dose (m]/cm?) for each skin region.
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Fig. 3. Residual increase in cholecalciferol (Vitamin D3) (ng/ml) in correlation to
body mass index (BMI, kg/m?) controlling for UVB dose, skin region and skin
erythema (P=0.02).

The median BMI was 22.0 kg/m? (min 17.3, max 30.1).

The median concentration of S-25(0OH)D at baseline was
25.5ng/ml (min 14.1, max 48.3). The median concentration of
S-25(0H)D 24 h after UVB exposure was 26.9 (min 13.9, max
48.9.), no significant increase from baseline (P = 0.41).

Levels in S-25(OH)D after exposure of different skin regions are
presented in Fig. 4. The median baseline S-1,25(0OH),D concentra-
tion for all subjects was 48.1 pg/ml (min 32.2, max 85.) After
24h the median S-1,25(0OH),D concentration was 44.2 pg/ml
(min=32.4, max =79.4), no significant increase from baseline
(P=0.71).

S-PTH, S-calcium, S-ionized calcium and S-creatinine did not
change significantly during UVB exposures.

One man had high S-calcium before and after one UVB exposure
and was referred to the department of Endocrinology and familiar,
hypercalcemic hypocalciuria was diagnosed.

4. Discussion

Increase in S-cholecalciferol (vitamin D3) after UVB exposure in
healthy volunteers was independently due to the size of the
exposed skin area, the dose of UVB radiance and BMI, respectively.

In a previous study the size of exposed area was the main deter-
minant when the low UVB dose (0.75 standard erythema dose
(SED)) was applied [20]. However, in the present study, the size
of the exposed skin area was important irrespective of UVB expo-
sure, i.e. single MED or suberythemic dose. UVB exposure of the
whole body gave higher serum levels of S-cholecalciferol compared
to the exposure of upper body or the face and hands (Figs. 1 and 2).

In previous studies the skin vitamin D equilibrium after UVB
exposure seemed to be achieved [2,5,6,20]. The vitamin D response
after UVB irradiation reached a plateau when more than 33% of
body surface area was irradiated [21]. Around 35% of skin area
was proposed to be exposed to avoid vitamin D deficiency (i.e.
S-25(0H)D concentrations <10 ng/ml) according to a dose finding
study of simulated summer sunlight [22].
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Fig. 4. Changes in serum 25(0OH)D (ng/ml) versus time in healthy subjects divided
into groups defined by skin erythema and exposed skin region.

In concordance with a previous study, UVB exposure of smaller
body surface areas, such as face and hands induced less cholecalcif-
erol production. Nevertheless, a significant increase of S-25(0OH)D3
was noticed 3 days after the first UVB exposure [23].

It has been shown that the minimal UVB radiation dose of
18 mjjcm? was necessary to produce an increase in
S-cholecalciferol [24]. However, smaller doses as 7.5 mJ/cm? and
15 mJ/cm? SED could increase serum 25-(OH)D [20]. In the present
study there was a strong positive correlation between skin ery-
thema, UVB dose, skin area and amount of synthesized cholecalcif-
erol. Skin erythema as a measure of the obtained UVB dose might
be a predictor of skin produced vitamin D while BMI was negative
for vitamin D. Even if the purpose was to give an individualised
dose of MED, in terms of erythema response to a single dose, to
participants in group 1, some inter-personal differences were seen.
Three subjects did not respond with distinct erythema after UVB
exposure as expected. This observation might be due to physical
characteristics other than MED and skin type. These differences
indicate some difficulties in the MED measurement used in this
study and response to the experimental UVB dose given according
to this measurement. This is in line with results from previous
studies that phototesting is based on subjective assessment of ery-
thema and is not as precise and reproducible as expected [18]. It
might be more beneficial to use “barely perceptible erythema reac-
tion” than erythema with a well-defined border for measurement
of the MED [18]. Regional differences in UV sensitivity of the skin
must also be considered. Therefore, the skin area of the
inner-forearm is not the optimal site to test MED on. This site
may show wide inter-individual variation and the lower back or
buttocks had probably been more reliable [25]. However, an
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obtained total UVB dose in terms of physical units was measured
and calculated in the analysis.

The influence of the MED test on the results, especially in sub-
jects who exposed the hands and face could not be comparable
with subjects who exposed the upper-body and whole body, since
hands and face are chronically exposed to ambient sun light.

Some differences between acute dose and more frequent low
dose might be expected if we consider the utilisation of cholecalcif-
erol over 3 days versus 1 day.

Cholecalciferol is a fat-soluble molecule and it is primarily
deposited and sequestered in adipose tissue [26]. S-25(OH)D is
lower in obese compared with leaner subjects [27,28]. Another rea-
son for lower serum vitamin D in overweight subjects might be
volumetric dilution of cholecalciferol in a fat pool [29]. This is fur-
ther supported by the work of Wortsman et al., indicating that the
skin of normal weighed and obese subjects does not differ in the
amount of the 7 DHC or the functional capacity to produce chole-
calciferol [28]. In the same study the increase in cholecalciferol
synthesis 24 h after whole-body UVB irradiation (with a single
suberythemic dose) was 57% lower in obese than in nonobese sub-
jects. In another study, S-25(OH)D was positively related to skin
thickness and negatively to BMI [30]. The greater seasonal varia-
tion of serum 25(0OH)D in lean than in fat subjects was attributed
to the larger fat mass and consequently, larger pool size in the lat-
ter group [30]. The negative correlation between increase in
S-cholecalciferol and BMI found in our study (Fig. 3) is in accor-
dance with these findings.

S-25(0OH)D is commonly used to measure vitamin D status but
in this study we have added analysis of S-cholecalciferol which
better reflects cutaneous production of vitamin D. Peak
S-cholecalciferol concentrations occur 24 h after acute UVB expo-
sure [5,7]. Thus, blood samples were obtained before (basal deter-
mination) and 24h after UVB irradiation. Changes in
S-cholecalciferol concentrations over this period reflected the syn-
thesis and transport of vitamin Ds from the skin into the blood
stream. S-25(OH)D and S-1,25(0OH),D were fairly unaltered during
this study. This indicates that the measurement of the vitamin D
metabolites is insufficient to reflect effects of UVB on vitamin D
status after such a short time interval (24-72 h). To measure the
peak of S-25(0OH)D after UVB exposure the period of 7 days would
be preferable [5,7].

A limitation of this study was that S-25(0OH)D was measured
only 24 h after received UVB dose. Additional measurements up
to 1 week after exposure might have given additional information
about the effects over time on S-25(0OH)D. Another limitation was
the relatively small sample size. None of the participants was vita-
min D deficient. The increase of S-25(0OH)D after UVB exposure has
been shown to correlate negatively with baseline calcidiol [20].

Nevertheless, the present results contribute to the evaluation of
commonly used recommendations on the proposed skin area
needed to be exposed to UVB in order to obtain an optimal vitamin
D production. Furthermore, it seemed that skin synthesis of vita-
min D might be differently regulated whether UVB doses caused
skin erythema or not. Moreover, larger skin areas are needed to
be exposed to UVB in order to obtain maximal vitamin D from
UVB rather than to increase exposure time. The risk linked to
excessive UV exposures, such as cutaneous carcinogenesis, could
thereby be diminished. Repeated sun exposure of small skin areas
can rise S-25(OH)D concentrations, although face and hands
should not be overexposed to sunlight.

In conclusion, size of the exposed skin area, obtained UVB dose,
skin erythema and BMI are the major determinants for serum
levels of cholecalciferol produced after UVB exposures. Exposure
of small body surface areas such as face and hands induces smaller
cholecalciferol production compared with exposure of larger skin
areas.
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