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Fractional Sunburn Threshold UVR Doses
Generate Equivalent Vitamin D and DNA
Damage in Skin Types IeVI but with
Epidermal DNA Damage Gradient
Correlated to Skin Darkness

Barbara B. Shih1,7, Mark D. Farrar1,7, Marcus S. Cooke2, Joanne Osman1, Abigail K. Langton1,
Richard Kift3, Ann R. Webb3, Jacqueline L. Berry4, Rachel E.B. Watson1, Andy Vail5, Frank R. de Gruijl6

and Lesley E. Rhodes1
Public health guidance recommends limiting sun exposure to sub-sunburn levels, but it is unknown whether
these can gain vitamin D (for musculoskeletal health) while avoiding epidermal DNA damage (initiates skin
cancer). Well-characterized healthy humans of all skin types (IeVI, lightest to darkest skin) were exposed to a
low-dose series of solar simulated UVR of 20%e80% their individual sunburn threshold dose (minimal ery-
thema dose). Significant UVR dose responses were seen for serum 25-hydroxyvitamin D and whole epidermal
cyclobutane pyrimidine dimers (CPDs), with as little as 0.2 minimal erythema dose concurrently producing
25-hydroxyvitamin D and CPD. Fractional MEDs generated equivalent levels of whole epidermal CPD and
25-hydroxyvitamin D across all skin types. Crucially, we showed an epidermal gradient of CPD formation
strongly correlated with skin darkness (r ¼ 0.74, P < 0.0001), which reflected melanin content and showed
increasing protection across the skin types, ranging from darkest skin, where high CPD levels occurred
superficially, with none in the germinative basal layer, to lightest skin, where CPD levels were induced evenly
across the epidermal depth. People with darker skin can be encouraged to use sub-sunburn UVR-exposure to
enhance their vitamin D. In people with lighter skin, basal cell damage occurs concurrent with vitamin D
synthesis at exquisitely low UVR levels, providing an explanation for their high skin cancer incidence; greater
caution is required.
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INTRODUCTION
Solar UVR induces pivotal effects in skin cells with both
negative and positive impact on human health, primarily
through genotoxicity, which leads to skin carcinogenesis, and
vitamin D synthesis, which is important for musculoskeletal
health. Skin cancers are highly prevalent, cause morbidity,
and can be fatal (Lomas et al., 2012). The main cause of most
skin cancers is accumulation of mutations in genomic DNA
after UVR. The UVR damages DNA through photochemical
reactions with cyclobutane pyrimidine dimers (CPDs), the
prominent mutagenic form of damage. Conversely, UVB
(280e315 nm) (Commission Internationale de l’Eclairage,
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2011) is essential for photochemical conversion of skin
7-dehydrocholesterol to pre-vitamin D3, which is thermally
converted to vitamin D3; this is usually the body’s main
vitamin D source, with few foods naturally containing sub-
stantial quantities (Scientific Advisory Committee on
Nutrition, 2016). Vitamin D undergoes hepatic hydroxyl-
ation to 25-hydroxyvitamin D (25(OH)D), the major circu-
lating form and indicator of vitamin D status, then renal
hydroxylation to active hormone 1,25-dihydroxyvitamin D,
which promotes calcium absorption in gut and mobilization
in bone. Low vitamin D status contributes to rickets and
osteomalacia, and epidemiological and experimental studies
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link vitamin D with prevention of malignant and immune
disorders (Ashwell et al., 2010). However, low vitamin D
status is reportedly prevalent worldwide (Holick and Chen,
2008).

These issues highlight the desirability of identifying levels
of sun exposure that generate 25(OH)D with minimal skin
damage, which is further complicated by differences in skin
pigmentation. Genetic influence on vitamin D pathway
genes, as well as those for melanization, might affect serum
25(OH)D levels, but this is currently unclear (Batai et al.,
2014). Melanin effectively absorbs and scatters UVR, influ-
encing the magnitude of its health effects (Clemens et al.,
1982; Rijken et al., 2004; Tadokoro et al., 2003). Thus,
dark-skinned people are generally less prone to epidermal
CPD induction after UVR (Felton et al., 2016; Tadokoro et al.,
2003), and there is a higher incidence of melanoma and
keratinocyte cancer in light- than dark-skinned people
(Gloster and Neal, 2006; Lea et al., 2007). Also, vitamin D
deficiency (i.e., 25(OH)D < 25 nmol/L, 10 ng/ml) (Scientific
Advisory Committee on Nutrition, 2016) and insufficiency
(25(OH)D < 50 nmol/L, 20 ng/ml) (European Food Safety
Authority Panel on Dietetic Products, Nutrition and
Allergies, 2016; Institute of Medicine, 2011), as defined by
US/Canadian and European authorities, are more common in
those of South Asian and African/African Caribbean ethnicity
than in white Caucasians (Ford et al., 2006; Kift et al., 2013).
Intervention studies show that in contrast to white
Caucasians, few South Asians reach sufficiency after repeated
low-level simulated sunlight exposures set at an absolute
dose of 1.3 standard erythema dose (SED) per exposure
(Farrar et al., 2011; Rhodes et al., 2010), although a modest
increase in dose can prevent vitamin D deficiency (Farrar
et al., 2013).

Sunlight exposure guidance is to remain below levels
causing personal sunburn erythema (Cancer Research UK,
2018) while permitting brief exposures to gain vitamin D
and is particularly aimed at reducing skin cancer risk in light-
skinned people. However, the relationship between vitamin
D synthesis and skin cell DNA damage is poorly understood,
particularly at UVR doses related to individual sunburn
threshold, and across the range of human skin types. Thus,
Table 1. Volunteer demographics and baseline assessmen

Skin Type n Age, Years Sex, F:M MED,2 mJ/cm2 L* M

I 6 35 (5) 1:5 21 (1) 73 (1)

II 6 25 (2) 5:1 26 (1) 72 (1)

III 7 30 (3) 2:5 32 (1) 70 (0)

IV 7 30 (3) 5:2 56 (5) 63 (2)

V 7 30 (3) 2:5 75 (7) 50 (3) 4

VI 6 33 (4) 5:1 152 (20) 41 (2)

IeIII 19 30 (2) 8:11 27 (1) 72 (0)

IVeVI 20 31 (2) 12:8 91 (11) 52 (2)

All 39 30 (1) 20:19 60 (8) 62 (2)

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; F, female, M, male; S, south;
1Data are mean (standard error of the mean) unless otherwise stated.
2Minimal erythema doses are erythemally weighted UVR doses. Doses equate
3.2; IV, 5.6; V, 7.5; VI, 15.2.
3Percentage melanin stained of the whole epidermal area assessed; n ¼ 5, 6,
the primary aim of this study was to determine whether
25(OH)D can be gained without, or with minimal, DNA
damage induction after acute sub-sunburn UVR doses
personalized to sunburn threshold. Further aims were to
evaluate whether or not DNA damage persisted after these
doses and to examine whether 25(OH)D generation and
DNA damage induction and repair are influenced by skin
type, given these sunburn threshold individualized doses. To
address these, we performed an experimental dose-response
study related to personal minimal erythema dose (MED).
Well-characterized humans across the range of skin types
IeVI (very light to very dark skin) (Fitzpatrick, 1988) were
given acute UVR exposures, with direct comparison of re-
lationships for 25(OH)D and CPD production.

RESULTS
Characterization of study volunteers

We performed detailed skin typing of volunteers (n ¼ 39).
This involved questions regarding their propensity to sun-
burn/tan after unprotected sunlight exposure and recording of
physical characteristics. Our assessment of skin types corre-
sponded with baseline noninvasive measurements of volun-
teers’ MEDs and skin lightness (L*; 0 ¼ black, 100 ¼ white)
and also with levels of epidermal melanin staining. Thus, a
rise in MED was seen, from a mean of 21 (standard error of
the mean [SEM] ¼ 1) to a mean of 152 (SEM ¼ 20) mJ/cm2

(erythemally effective UVR, equivalent to a mean of
2.1e15.2 SED) across skin types IeVI, accompanied by
decrease in L* from 73 (SEM ¼ 1) to 41 (SEM ¼ 2) (Table 1).
The wide-ranging L* values showed the inclusion of very
light- to very dark-skinned people. Skin biopsy sections
showed an increasing percentage of epidermis stained for
melanin with skin type (range ¼ 0%e60% in skin types IeVI)
(Figure 1) and a strong correlation with noninvasively
measured skin darkness, 100eL* (r ¼ 0.87, P < 0.0001).
Overall, melanin levels visibly decreased superficially, that
is, with distance from the dermal-epidermal junction.
Although there was little/no detectable melanin in the basal
and adjacent suprabasal layer and none in upper epidermal
layers of the lightest skin types, far higher melanin levels were
seen in skin types IVeVI, where melanin clearly persisted
ts1

elanin,3 % 25(OH)D, nmol/L Ethnicity/Origin

0 (0) 45 (6) White Caucasian

0.28 (0.28) 46 (5) White Caucasian

2.21 (1.44) 50 (8) White Caucasian

25.14 (4.09) 21 (3) SE Asian, S Asian, Central/S American

2.04 (10.15) 32 (6) S Asian, African Caribbean

59.70 30 (9) Black African, African Caribbean

0.88 (0.55) 47 (4) As above

34.61 (5.52) 28 (4) As above

12.56 (3.72) 37 (3) As above

SE, southeast.

to the following mean standard erythema doses: skin type I, 2.1; II, 2.6; III,

6, 5, 3, and 1 for skin types IeVI, respectively.
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Figure 1. Constitutive melanin level

increases with skin type (IeVI), with

differing distribution across the

epidermis. Sections of skin biopsy

samples from volunteers with skin

types IeVI were stained for melanin

using a modified Warthin-Starry

procedure. The percentage of

epidermis stained for melanin rose

with increasing skin type (IeVI). A

gradual decrease in melanin staining

was seen with increasing distance

from the dermal-epidermal junction,

although notable amounts of melanin

persisted across the full depth of the

epidermis in dark skin types. Scale

bar ¼ 50 mm.

Figure 2. Sub-sunburn UVR dose responses are seen for 25(OH)D gain and

whole epidermal CPD level across skin types IeVI. Volunteers received an

acute UVR exposure of 20%, 40%, 60% and 80% of their individual sunburn

threshold dose (MED), and post-UVR serum 25(OH)D change and cutaneous

CPD induction outcomes were assessed. A significant response was seen in a

mixed-effects regression across the 20%e80% MED dose range for 25(OH)D

gain (P < 0.001) and CPD level (P ¼ 0.01), with no influence of skin type (P ¼
0.23 and 0.63, respectively). There was no evidence of a minimum threshold

dose for 25(OH)D gain or CPD induction. Individual data are shown; n ¼
33e38 per dose for 25(OH)D and n ¼ 11e13 per dose for CPD. 25(OH)D,

25-hydroxyvitamin D; AU, arbitrary unit; CPD, cyclobutane pyrimidine

dimer; MED, minimal erythema dose.
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across the epidermis (Figure 1). Dietary vitamin D intake was
low in all skin types (mean ¼ 2.8 mg/day, SEM ¼ 0.4).

Gain in 25(OH)D occurs with detectable epidermal DNA
damage down to 0.2 MED

To address our primary aim, we performed a dose-response
study in which volunteers of all skin types were each
exposed to acute sub-sunburn UVR doses of 20%, 40%,
60%, and 80% of their individual MED (see Supplementary
Figure S1 online). This equated to the following mean dose
ranges of erythemally effective UVR and SED: skin type I,
4.2e16.8 mJ/cm2 (0.42e1.68 SED); skin type II, 5.2e20.8
mJ/cm2 (0.52e2.08 SED); skin type III, 6.4e25.6 mJ/cm2

(0.64e2.56 SED); skin type IV, 11.2e44.8 mJ/cm2

(1.12e4.48 SED); skin type V, 15e60 mJ/cm2 (1.5e6.0 SED);
and skin type VI, 30.4e121.6 mJ/cm2 (3.04e12.16 SED).
Serum 25(OH)D was assessed before and after each of the
four exposures in all volunteers, and epidermal CPD was
assessed after either the 20% and 60% or the 40% and 80%
exposures. A significant UVR-25(OH)D dose-response rela-
tionship was seen with exposures across this dose range (P <
0.001; all volunteers) (Figure 2). The observed mean (SEM)
gain in 25(OH)D was 1.2 (0.5), 3.3 (0.6), 5.6 (0.5), and 6.4
(0.7) nmol/L after 20%, 40%, 60%, and 80% MED, respec-
tively, with levels returning to baseline after each dose (see
Supplementary Table S1 online). Analysis using linear mixed-
effects regression showed that pre-UVR 25(OH)D level and
UVR dose (as percentage of MED) were significant predictors
of post-UVR 25(OH)D level (P < 0.001 for both). There was
no influence of skin type (P ¼ 0.23), with an equivalent
change in 25(OH)D seen across skin types. Dark skin-type
(IVeVI) volunteers had lower pre-UVR 25(OH)D levels than
those with light skin types (IeIII), as would be anticipated
(Renzaho et al., 2011) (Table 1, and see Supplementary
Table S1). The regression estimate of mean UVR effect over
Journal of Investigative Dermatology (2018), Volume 138
the dose range was a 1.6 nmol/L increase in 25(OH)D for
every 20% MED increment (95% confidence interval [CI] ¼
1.1e2.0, all volunteers, adjusted for pre-UVR 25(OH)D level).

We used the same analytical approach to assess epidermal
DNA damage data obtained from immunofluorescent stain-
ing and quantification of CPD in skin biopsy sections.
Because fewer participants contributed biopsy samples, vol-
unteers were grouped into light (types IeIII, n ¼ 17) and dark
(types IVeVI, n ¼ 9) skin types on the basis of clear differ-
ences in skin melanization (Table 1 and Figure 1).



Figure 3. Gain in basal layer CPD and 25(OH)D occurs concurrently in

lighter but not darker skin types. Assessment of epidermal CPD level in the

basal layer alone and serum 25(OH)D was performed in volunteers before

and after acute UVR exposures of 20%e80% of their individual sunburn

threshold (MED). (a) In lighter skin types (IeIII), a simultaneous increase in

serum 25(OH)D (n ¼ 16e19 per dose) and CPD (n ¼ 7e9 per dose) in the

germinative basal layer was seen across the UVR dose range. (b) In contrast,

in darker skin types (IVeVI), although a similar, significant UVR-25(OH)D

dose response occurred, basal layer CPD level remained undetectable across

the dose range (25(OH)D n ¼ 17e19 per dose; CPD n ¼ 3e5 volunteers per

dose). Individual volunteer data are shown. 25(OH)D, 25-hydroxyvitamin D;

AU, arbitrary unit; CPD, cyclobutane pyrimidine dimer; MED, minimal

erythema dose.
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A significant UVR-CPD dose-response was seen for the
whole epidermis immediately (15 minutes) after exposure
(P ¼ 0.01, all volunteers) (Figure 2). As with 25(OH)D pro-
duction, linear mixed-effects regression showed no effect of
skin type (P ¼ 0.63) on CPD level, with UVR doses person-
alized to sunburn threshold. The estimated mean UVR effect
over the dose range was a 0.13 arbitrary unit increase in CPD
for every 20% increase in MED (95% CI ¼ 0.03e0.19, all
volunteers). The pattern of response for the 25(OH)D gain
and DNA damage were strikingly similar, with no threshold
dose seen for either (Figure 2).

Detectable basal layer CPD occurs concurrent with gain in
25(OH)D in light but not dark skin types after sub-sunburn
UVR doses

Having assessed UVR-induced CPD levels across the whole
epidermis, we then examined CPD levels in the germinative
basal epidermal layer. This layer is the most likely site of skin
cancer initiation, containing actively dividing, long-residing
cells as opposed to the short-lived, terminally differentiating
suprabasal cells moving outward. Regression analysis
showed that basal layer CPD level immediately after expo-
sure showed a significant UVR dose-response (P ¼ 0.02),
with an estimated mean increase of 0.08 arbitrary units for
every 20% MED increase (95% CI ¼ 0.01e0.14). In contrast
to whole epidermal CPD level, skin type was a significant
factor (P ¼ 0.03). Thus, both 25(OH)D and basal layer CPD
level showed a significant UVR dose-response relationship
down to 20% sunburn threshold in light skin types (IeIII)
(Figure 3a, and see Supplementary Table S2 online), whereas
in dark skin types (IVeVI), only 25(OH)D increased with
increasing UVR dose, with basal layer CPD being undetect-
able throughout the 20%e80% MED dose range (Figure 3b,
and see Supplementary Table S2).

CPD distribution shows a gradient across the epidermis that
strongly correlates with skin darkness

Because total CPD levels across the whole epidermis did not
differ among skin types but basal layer CPD levels were min-
imal/undetectable across the entire UVR dose range in dark
skin, we further explored the influence of skin darkness on the
epidermal distribution of DNA damage. For this, we calculated
each volunteer’s epidermal CPD gradient, defined as the
change (decrease) in CPD level with increasing epidermal
depth. In darker skin, the highest CPD levels were found near
the skin surface and lowest in the basal layer immediately after
UVR, while in lighter skin the CPD distribution was more
uniform across the epidermis (Figure 4a). Linear mixed effects
regression incorporating all UVR doses showed that this CPD
gradient was influenced by skin darkness (100eL*), with
steepness of the gradient estimated to increase by 0.0013
arbitrary units/mm for every unit increase in darkness (95%
CI ¼ 0.0009e0.0017). The CPD gradient was not influenced
by UVR dose (P ¼ 0.29). The strong correlation of CPD
gradient with skin darkness (r ¼ 0.74, P < 0.0001) is illustrated
for the higher (60% or 80% MED) UVR dose in Figure 4b.

Epidermal CPD repair is virtually complete and does not
differ between skin types after equivalent acute sub-sunburn
UVR doses

After examination of DNA damage induction immediately
after exposure to sub-sunburn UVR doses, we evaluated
whether this damage persisted and if this was influenced by
UVR dose or skin type. Assessment of CPD levels at 48 hours
after UVR showed that most CPD seen immediately after
UVR had been repaired (Figure 5, and see Supplementary
Table S2). The level of CPD at 48 hours showed no signifi-
cant difference from that in unexposed control skin for either
the whole epidermis or basal layer and was not influenced by
UVR dose (P ¼ 0.55 and 0.66, respectively) or skin type
(P ¼ 0.38 and 0.20, respectively).

DISCUSSION
The relationship between vitamin D synthesis and DNA
damage initiated by sub-sunburn doses of UVR, and how
these are influenced by skin type, was previously poorly
understood. Through our dose-response study, we have
shown that after receiving a range of directly comparable,
low sub-sunburn doses of UVR (20%e80% of their personal
sunburn threshold dose, MED), volunteers of all skin types
gained equivalent serum 25(OH)D and total epidermal CPD
www.jidonline.org 2247
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Figure 4. A gradient of CPD formation is seen across the epidermal depth

that strongly correlates with skin darkness. (a) Representative images of CPD

(red) and DAPI (blue) staining in skin from volunteers with light (skin type I)

and dark (skin type V) skin, immediately after a single 80% MED UVR

exposure and in corresponding unexposed control skin. The dashed line

indicates the dermal-epidermal junction, and the solid line indicates the skin

surface. CPD staining varied little with epidermal depth in light skin, whereas

dark skin showed a gradient of CPD formation, with strong staining in the

upper epidermis and very little in the basal layer after UVR. Scale bar ¼ 50

mm. (b) Total CPD levels were quantified according to epidermal depth by

determining the CPD/DAPI ratio within epidermal nuclei along lines

perpendicular to the skin surface to generate a CPD gradient value (AU/mm)

for each volunteer. The figure shows that the higher skin types had a steeper

CPD gradient from skin surface to dermal-epidermal junction than lower skin

types and that CPD gradient strongly correlated with skin darkness (100eL*)

(r ¼ 0.74, P < 0.0001). Data points represent volunteers’ gradient values,

which are shown for individual skin types. The UVR dose was the highest

dose received, that is, 60% or 80% MED. AU, arbitrary units; MED, minimal

erythema dose; CPD, cyclobutane pyrimidine dimer.
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levels. Pivotally, however, we quantified the change in CPD
level with increasing epidermal depth, that is, the CPD
gradient, showing a gradual decrease in CPD level and
showing that the steepness of the gradient correlated strongly
with skin darkness (100eL*) across the skin types (Figure 4b).
Thus, although gaining equivalent 25(OH)D, people with the
Journal of Investigative Dermatology (2018), Volume 138
lightest skin showed little CPD gradient across the epidermis,
whereas those with the darkest skin showed a steep gradient,
with highest measured CPD levels in the superficial
epidermis and virtually no detectable damage in the germi-
native basal layer, where UVR is most likely to initiate skin
cancers. This lack of gradient and higher basal layer levels of
CPD in lighter-skinned individuals, despite receiving equiv-
alent sub-sunburn threshold exposures and accordingly far
lower absolute UVR doses (with mean doses down to only
4.2 mJ/cm2 erythemally effective UVR/0.42 SED in skin type
I), provides an explanation for this population’s higher skin
cancer incidence.

We found that even the lowest UVR dose (only one fifth of
a personal sunburn threshold dose, 0.2 MED) can result in
25(OH)D gain, indicating that very limited exposures can
benefit vitamin D status in humans. Our analysis showed that
for a single UVR exposure, the mean gain in 25(OH)D was
1.6 nmol/L for each 20% increment in MED, albeit with some
interindividual variation (95% CI ¼ 1.1e2.0 nmol/L). The
relative ability of dark- and light-skinned individuals to syn-
thesize vitamin D upon UVR exposure has become contro-
versial; although in general, intervention studies suggest that
darker-skinned people require higher absolute UVR doses
(Armas et al., 2007; Farrar et al., 2013; Xiang et al., 2015),
others report a similar response to the same absolute dose
(Bogh et al., 2010; Clemens et al., 1982). This discrepancy
may relate to protocol differences, including exposures to
usually unexposed skin or use of potent medical UVB lamps
with higher pre-vitamin Deeffective irradiance than sunlight.
In contrast to UVB’s role in vitamin D synthesis, the UVA
component of sunlight (315e400 nm) (Commission
Internationale de l’Eclairage, 2011) promotes reversible
conversion of pre-vitamin D3 to inactive isomers and even
photodegradation of formed vitamin D3 within skin (Webb
et al., 1989). A further consideration is the possibility that
serum 25(OH)D might be controlled at different levels in
different populations. Relevant to this concept, black Amer-
icans were reported to have lower levels of vitamin D-bind-
ing protein in addition to lower 25(OH)D levels than white
Americans (Powe et al., 2013). However, it is unclear if this
affects bioavailable 25(OH)D; the measurement technique
has been questioned (Nielson et al., 2016) and it is not a
consistent finding (Yao et al., 2017). We now show that in
carefully characterized humans of skin types IeVI, under
conditions mimicking natural sun exposure, 25(OH)D pro-
duction can be predicted and occurs equivalently down to
low fractions of individual sunburn threshold doses. This
involves higher absolute UVR doses with increasing skin
pigmentation (and thus skin type) due to higher MED
(Table 1).

Detailed examination of the quantity and distribution of
DNA damage (CPD) across the epidermal depth was per-
formed alongside assessment of 25(OH)D gain. We found a
dose-response relationship for whole epidermal CPD level at
UVR doses of 20%e80% MED. No dose could be identified
at which 25(OH)D was produced without detectable
DNA damage; CPD were detected even at 20% sunburn
threshold, a phenomenon present irrespective of skin type.
The UVR dose-response for epidermal CPD is consistent with
findings after higher UVR dose series (Fajuyigbe et al., 2018;



Figure 5. CPD repair is virtually

complete at 48 hours with no

difference between UVR doses or skin

types. Epidermal CPD level was

assessed immediately (15 minutes)

and 48 hours after UVR. Mean whole

epidermal CPD level in darker skin

types (IVeVI, n ¼ 3e5 per dose)

was similar to that in lighter skin types

(IeIII; n ¼ 7e9 per dose) at both (a)

the lower (20% or 40% MED) UVR

dose and (b) the higher (60% and 80%

MED) UVR dose with minimal/no

CPD detectable 48 hours after UVR

exposure. UVR-induced CPD in

the basal layer of lighter-skinned

volunteers was minimal/undetectable

at 48 hours, with CPD in the basal

layer of darker skin minimal/

undetectable at both time points.

Dotted line denotes baseline

(unexposed skin); data are mean �
standard error of the mean. AU,

arbitrary unit; CPD, cyclobutane

pyrimidine dimer; MED, minimal

erythema dose.
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Young et al., 1996) and shows that this relationship exists
even at very low sub-sunburn exposures. Our findings
contrast with a report of lower DNA damage in individuals
with skin type II than IV given an equivalent 65% MED
(Sheehan et al., 2002), although assessing the number of
CPD-positive nuclei is less quantitative than our estimation of
total CPD levels. Despite comparable total epidermal CPD
levels across skin types, the strong correlation we found
between skin darkness (100eL*) and epidermal CPD gradient
reflected that most damage occurred superficially in dark
skin. Although lower levels of DNA damage in the basal layer
of dark-skinned volunteers may explain their lower skin
cancer risk (Del Bino and Bernerd, 2013; Fajuyigbe et al.,
2018; Yamaguchi et al., 2006), further studies are needed
to examine the biological consequences of their higher CPD
levels occurring in the more superficial layers.

Because both induction and repair of DNAdamage influence
the risk of mutagenesis, we examined CPD levels immediately
(15minutes) and48hours afterUVR, a timepoint appropriate to
humanstudies (FajuyigbeandYoung, 2016).We found thatCPD
are largely repaired within 48 hours across all skin types; these
datawere previously lacking for a sub-sunburnUVR dose range
in vivo. Although complete repair was seen by this time point,
the induced damage could still potentially lead tomutagenesis;
future studies could examine the relationship of DNA damage/
repair to mutagenesis risk.

To initiate biological effects, sufficient amounts of
UVR must reach the relevant epidermal site. Thus, for
vitamin D synthesis, UVB photons must be absorbed by
7-dehydrocholesterol for its photochemical conversion.
Although 7-dehydrocholesterol is reportedly situated princi-
pally within basal and adjacent layers, a smaller amount is in
higher epidermis (Holick et al., 1980). Similar amounts of
25(OH)D were produced in people through the skin type
range, despite no substantive UVB reaching the basal layer in
darker skin, as shown by lack of basal cell CPD. Thus, greater
7-dehydrocholesterol photoconversion appears to have
occurred in the upper epidermis, in tandem with evidence of
greater UVR effect, as shown by higher CPD levels in upper
epidermis of darker skin. Other UVR-induced effects besides
mutagenesis may be initiated by CPD, including sunburn
erythema (Young et al., 1998). However, although UVR-
induced erythema relates to total epidermal CPD level
(Fajuyigbe et al., 2018), we show that DNA damage occurs at
only 0.2 personal MED, that is, at UVR levels profoundly
lower than those causing visibly detectable erythema, high-
lighting the limitations of using clinical sunburn as a surro-
gate in sun exposure campaigns.

Melanocytes reside predominately in the basal layer of
epidermis, synthesizing melanin, which forms protective
caps over keratinocyte nuclei, absorbing and scattering UVR
and scavenging UVR-generated radicals (Nielsen et al., 2004;
Tadokoro et al., 2003). A recent re-evaluation queried the
suitability of melanin assessment by the commonly used
Fontana-Masson stain (Joly-Tonetti et al., 2016) and
confirmed the enhanced specificity and sensitivity of the
modified Warthin-Starry method (Warkel et al., 1980).
Combining the latter technique with detailed image analysis,
we found that total epidermal melanin levels (as percentage
of epidermal area stained) correlated strongly with increasing
skin type IeVI, reflecting reported findings for individual ty-
pology angle (Hurbain et al., 2018), and that an increasing
amount was found in the upper epidermal layers with skin
type. Although social/cultural factors (Kift et al., 2013;
Renzaho et al., 2011) can influence UVR health effects in
different populations, these differences in melanin content
across skin types IeVI may be responsible for the steepening
CPD gradient we discovered, protecting against risk of skin
cancer as skin darkness increases. This is supported by the
recent work of Fajuyigbe et al. (2018), who estimated the
www.jidonline.org 2249
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DNA damage protection factor conveyed by melanin in
volunteers at the extreme poles of skin type, that is, skin type
VI compared with I/II, after a higher dose series of localized
solar-simulated radiation (1.5e12 and 15e120 SED, respec-
tively, for I/II and VI). They found a DNA damage protection
factor of 8 for total epidermal CPD in skin type VI versus I/II,
and when they assessed the epidermis according to basal
layer, middle and upper epidermal regions, the DNA damage
protection factor rose to 59 for the basal layer, which was
related to the high basal layer melanin content in skin type
VI. These observations further suggest that the strong signifi-
cant correlation of epidermal CPD gradient with skin dark-
ness that we identified through the range of human skin types
with low sub-sunburn UVR exposures may also be relevant at
high UVR doses and that higher UVR doses may be safely
acquired in skin type VI.

Our original work has generated data showing that vitamin
D synthesis is initiated at UVR doses as low as one fifth of
a personal sunburn threshold dose, but unfortunately,
epidermal DNA damage is initiated in tandem. However, our
demonstration of a CPD gradient across the epidermis that
strongly correlates with skin darkness indicates an increas-
ingly favorable balance of vitamin D and DNA damage re-
sponses toward the darker skin types. In contrast, it was seen
in lighter skin types that exquisitely low UVR levels produce
DNA damage in basal cells, where carcinogenic risk is
greatest, offering an explanation for their high skin cancer
incidence and challenging guidance on gaining vitamin D
“safely” through brief sun exposures below their visible
sunburn level. This study informs those formulating public
health messages on sun exposure in relation to sunburn,
vitamin D acquisition, and skin cancer risk.

MATERIALS AND METHODS
Study protocol and volunteers

The University of Manchester Research Ethics Committee approved

the study (reference 11266). Participants gave written informed

consent, and the study adhered to Declaration of Helsinki principles.

All study procedures were performed at Salford Royal Hospital

between November and March (2012e2013 or 2013e2014) when

ambient UVB is negligible at northerly latitudes (Manchester,

53.5 �N). The study protocol is summarized (see Supplementary

Figure S1) and registered at www.isrctn.org as ISRCTN 97738113.

Baseline assessments

Detailed characterization of skin type was performed by a modified

Fitzpatrick classification (Fitzpatrick, 1988) (see Supplementary

Materials and Methods online). This determined history of pro-

pensity to sunburn/tan and physical characteristics and placed

individuals in categories from very light skin that burns easily and

does not tan (skin type I), to black skin (skin type VI). Each volun-

teer’s skin lightness (L*) (Commission Internationale de l’Eclairage,

2007) score and MED were assessed and confirmed to be consis-

tent with skin type. In dark skin, MEDs were verified using 785-nm

laser Doppler speckle contrast imaging (Shih et al., 2014). Epidermal

melanin was stained in 7-mm cryosections of unexposed skin using

the modified Warthin-Starry procedure (Joly-Tonetti et al., 2016) (see

Supplementary Materials and Methods). Melanin level was quanti-

fied as percentage of whole epidermis stained (excluding stratum

corneum) using Image J software (Abramoff et al., 2004). Oral
Journal of Investigative Dermatology (2018), Volume 138
vitamin D intake was estimated through dietary logs (see

Supplementary Materials and Methods).

Simulated sunlight intervention

A dose series of four UVR exposures related to each individual’s

sunburn threshold (i.e., 20%, 40%, 60%, and 80% MED) was given

with 1 month between exposures to avoid carryover. Blood was

sampled immediately before and 1 week after UVR exposure for

25(OH)D. Three 4-mm buttock skin punch biopsy samples were

taken relating to an exposure (unexposed control, 15 minutes and

48 hours after UVR). Because six biopsies were ethically approved

per volunteer, a set of three biopsy samples was taken for two

exposures (20% and 60% or 40% and 80%MED). Exposures were in

a horizontal whole-body cabinet (Philips HB598; Philips, Amster-

dam, The Netherlands) fitted with Arimed B (Cosmedico GmbH,

Stuttgart, Germany) fluorescent tubes with UVR emission spectrum

similar to UK midday June sunlight (95% UVA, 5% UVB); emission

was characterized and monitored spectroradiometrically (Rhodes

et al., 2010). Approximately 35% of skin surface area was

exposed, with volunteers wearing standardized T-shirt and knee-

length shorts, mimicking casual summer clothing. A 5 � 10-cm

cutout panel in the shorts permitted UVR exposure of an upper

buttock area for the purpose of skin biopsy (different buttocks used

for each of the two UVR doses, after which biopsy samples were

taken). All UVR doses (MED testing and UVR intervention) are given

in Commission Internationale de l’Eclairage erythemally weighted

mJ/cm2, that is, erythemally effective UVR, where 10 mJ/cm2 (100 J/

m2) ¼ 1 standard erythema dose (SED).

Samples and analysis

All sample analyses were performed at the University of Manchester.

Total serum 25(OH)D (D2 þ D3) was determined by liquid chro-

matography tandem mass spectrometry (see Supplementary Methods

and Materials). Immunofluorescent staining for CPD was performed

on 3-mm wax-embedded skin sections, with slides blinded for

assessment (see Supplementary Materials and Methods). Masks for

both whole epidermis and basal cell layer were created, defining the

zone of high cellularity in each skin section using CellProfiler

(Lamprecht et al., 2007). The dermal-epidermal junction was traced

using Matlab (MathWorks, Massachusetts, USA). For each mask,

average CPD signal intensity/pixel was measured within each

identified nuclear object (DAPIþ). CPD level was the CPD fluores-

cence intensity/DNA (DAPI fluorescence) ratio. Six images were

taken per sample, three per stained section. CPD/DAPI ratios were

log-transformed and averaged to give geometric means; ratio for

control skin was subtracted from UVR-exposed samples.

For CPD gradient determination, signal intensity of each pixel (in

arbitrary units)was read intoMatlab. Second-degree polynomial curves

were fitted to the epidermal surface, and perpendicular lines were

generated every 10 pixels (image resolution ¼ 0.32 mm/pixel). CPD/

DAPI ratiowithin epidermalnucleiwasdeterminedalong these lines.K-

means clustering created two pixel groups depending on CPD/DAPI

ratio. The higher mean cluster was used to determine change in CPD/

DAPI ratio using linear regression between log [CPD/DAPI ratio] and

skin depth. Images and analyses were examined and quality checks

were performed manually; regions with artefacts were excluded.

Statistics

Primary outcomes were serum 25(OH)D and epidermal CPD levels.

Linear mixed-effects regression analyzed post-UVR 25(OH)D in

relation to pre-UVR 25(OH)D, UVR dose, and skin type. Linear

http://www.isrctn.org
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mixed-effects regression also analyzed CPD level and gradient in skin

15 minutes after UVR in relation to UVR dose and skin type and

explored effect of dose by skin type. Analyses were adjusted for

repeated measurement by including random effects for volunteers.

Because there are no reliable methods for prospective calculation of

statistical power for linearmixed-effectsmodels, the rule of thumbof 10

volunteers per parameter estimate was applied. This required a mini-

mumof30volunteers to allowsimultaneousexaminationof theeffect of

dose and skin type on the outcome measures when controlling for

baseline. We therefore targeted six volunteers per skin type to ensure a

full range and allow for attrition. Statistical analyses used R (www.r-

project.org) and Prism 7 (GraphPad Software, La Jolla, CA).

ORCIDs
Barbara B. Shih: http://orcid.org/0000-0002-3676-3304
Mark D. Farrar: http://orcid.org/0000-0001-8602-7279
Marcus S. Cooke: http://orcid.org/0000-0003-0369-862X
Abigail K. Langton: http://orcid.org/0000-0001-9567-9586
Richard Kift: http://orcid.org/0000-0003-1826-3653
Ann R. Webb: http://orcid.org/0000-0003-2173-0902
Jacqueline L. Berry: http://orcid.org/0000-0003-0107-8275
Rachel E.B. Watson: http://orcid.org/0000-0002-5162-7503
Andy Vail: http://orcid.org/0000-0001-8274-2726
Frank R. de Gruijl: http://orcid.org/0000-0001-6264-3982
Lesley E. Rhodes: http://orcid.org/0000-0002-9107-6654

CONFLICT OF INTEREST
The authors state no conflict of interest.

ACKNOWLEDGMENTS
This research was funded by Cancer Research UK Biomarkers and Imaging
Discovery and Development scheme (reference C30431/A13128) and was
supported by the National Institute for Health Research Manchester
Biomedical Research Centre. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.
We thank Donald Allan, Salford Royal Hospital, for assistance with UVR
dosimetry and the study volunteers.

SUPPLEMENTARY MATERIAL

Supplementary material is linked to the online version of the paper at www.
jidonline.org, and at https://doi.org/10.1016/j.jid.2018.04.015.

REFERENCES

Abramoff MD, Magelhaes PJ, Ram SJ. Image processing with ImageJ. Bio-
photonics Int 2004;11:36e42.

Armas LA, Dowell S, Akhter M, Duthuluru S, Huerter C, Hollis BW, et al.
Ultraviolet-B radiation increases serum 25-hydroxyvitamin D levels: the
effect of UVB dose and skin color. J Am Acad Dermatol 2007;57:588e93.

Ashwell M, Stone EM, Stolte H, Cashman KD, Macdonald H, Lanham-New S,
et al. UK Food Standards Agency Workshop Report: an investigation of the
relative contributions of diet and sunlight to vitamin D status. Br J Nutr
2010;104:603e11.

Batai K, Murphy AB, Shah E, Ruden M, Newsome J, Agate S, et al. Common
vitamin D pathway gene variants reveal contrasting effects on serum
vitamin D levels in African Americans and European Americans. Hum
Genet 2014;133:1395e405.

Bogh MK, Schmedes AV, Philipsen PA, Thieden E, Wulf HC. Vitamin D produc-
tion after UVB exposure depends on baseline vitamin D and total cholesterol
but not on skin pigmentation. J Invest Dermatol 2010;130:546e53.

Cancer Research UK. Vitamin D, http://www.cancerresearchuk.org/about-
cancer/causes-of-cancer/sun-uv-and-cancer/vitamin-d; 2017 (accessed 16
May 2018).

Clemens TL, Adams JS, Henderson SL, Holick MF. Increased skin pigment
reduces the capacity of skin to synthesise vitamin D3. Lancet 1982;1:74e6.

Commission Internationale de l’Eclairage. Colorimetry—part 4: 1976 L*a*b*
colour space, http://cie.co.at/publications/colorimetry-part-4-cie-1976-lab-
colour-space-0; 2007 (accessed 16 May 2018).

Commission Internationale de l’Eclairage. International lighting vocabulary.
Vienna: CIE; 2011.
Del Bino S, Bernerd F. Variations in skin colour and the biological consequences
of ultraviolet radiation exposure. Br J Dermatol 2013;169(Suppl. 3):33e40.

European Food Safety Authority Panel on Dietetic Products, Nutrition and
Allergies. Dietary reference values for vitamin D. EFSA J 2016;14:4547.

Fajuyigbe D, Young AR. The impact of skin colour on human photobiological
responses. Pigment Cell Melanoma Res 2016;29:607e18.

Fajuyigbe D, Lwin SM, Diffey BL, Baker R, Tobin DJ, Sarkany RPE, et al.
Melanin distribution in human epidermis affords localized protection
against DNA photodamage and concurs with skin cancer incidence dif-
ference in extreme phototypes [e-pub ahead of print]. FASEB J 2018. https://
doi.org/10.1096/fj.201701472R (accessed 16 May 2018).

Farrar MD, Kift R, Felton SJ, Berry JL, Durkin MT, Allan D, et al. Recom-
mended summer sunlight exposure amounts fail to produce sufficient
vitamin D status in UK adults of South Asian origin. Am J Clin Nutr
2011;94:1219e24.

Farrar MD, Webb AR, Kift R, Durkin MT, Allan D, Herbert A, et al. Efficacy of
a dose range of simulated sunlight exposures in raising vitamin D status in
South Asian adults: implications for targeted guidance on sun exposure.
Am J Clin Nutr 2013;97:1210e6.

Felton SJ, Cooke MS, Kift R, Berry JL, Webb AR, Lam PM, et al. Concurrent
beneficial (vitamin D production) and hazardous (cutaneous DNA damage)
impact of repeated low-level summer sunlight exposures. Br J Dermatol
2016;175:1320e8.

Fitzpatrick TB. The validity and practicality of sun-reactive skin types I
through VI. Arch Dermatol 1988;124:869e71.

Ford L, Graham V, Wall A, Berg J. Vitamin D concentrations in an UK inner-city
multicultural outpatient population. Ann Clin Biochem 2006;43:468e73.

Gloster HM Jr, Neal K. Skin cancer in skin of color. J Am Acad Dermatol
2006;55:741e60.

Holick MF, MacLaughlin JA, Clark MB, Holick SA, Potts JT Jr, Anderson RR,
et al. Photosynthesis of previtamin D3 in human skin and the physiologic
consequences. Science 1980;210:203e5.

Holick MF, Chen TC. Vitamin D deficiency: a worldwide problem with health
consequences. Am J Clin Nutr 2008;87:1080Se6S.

Hurbain I, Romao M, Sextius P, Bourreau E, Marchal C, Bernerd F, et al. Mela-
nosome distribution in keratinocytes in different skin types: melanosome
clusters are not degradative organelles. J Invest Dermatol 2018;138:647e56.

Institute of Medicine. Dietary reference intakes for calcium and vitamin D.
Washington, DC: The National Academies Press; 2011.

Joly-Tonetti N, Wibawa JI, Bell M, Tobin D. Melanin fate in the human
epidermis: a reassessment of how best to detect and analyse histologically.
Exp Dermatol 2016;25:501e4.

Kift R, Berry JL, Vail A, Durkin MT, Rhodes LE, Webb AR. Lifestyle factors
including less cutaneous sun exposure contribute to starkly lower vitamin
D levels in U.K. South Asians compared with the white population. Br J
Dermatol 2013;169:1272e8.

Lamprecht MR, Sabatini DM, Carpenter AE. CellProfiler: free, versatile software
for automated biological image analysis. Biotechniques 2007;42:71e5.

Lea CS, Scotto JA, Buffler PA, Fine J, Barnhill RL, Berwick M. Ambient UVB
and melanoma risk in the United States: a case-control analysis. Ann
Epidemiol 2007;17:447e53.

Lomas A, Leonardi-Bee J, Bath-Hextall F. A systematic review of worldwide
incidence of nonmelanoma skin cancer. Br J Dermatol 2012;166:1069e80.

Nielson CM, Jones KS, Chun RF, Jacobs J, Wang Y, Hewison M, et al. Role of
assay type in determining free 25-hydroxyvitamin D levels in diverse
populations. N Engl J Med 2016;374:1695e6.

Nielsen KP, Lu Z, Juzenas P, Stamnes JJ, Stamnes K, Moan J. Reflectance
spectra of pigmented and nonpigmented skin in the UV spectral region.
Photochem Photobiol 2004;80:450e5.

Powe CE, Evans MK, Wenger J, Zonderman AB, Berg AH, Nalls M, et al.
Vitamin D-binding protein and vitamin D status of black Americans and
white Americans. N Engl J Med 2013;369:1991e2000.

Renzaho AM, Halliday JA, Nowson C. Vitamin D, obesity, and obesity-related
chronic disease among ethnic minorities: a systematic review. Nutrition
2011;27:868e79.

Rhodes LE, Webb AR, Fraser HI, Kift R, Durkin MT, Allan D, et al.
Recommended summer sunlight exposure levels can produce sufficient
(�20 ng ml-1) but not the proposed optimal (�32 ng ml-1) 25(OH)D levels
at UK latitudes. J Invest Dermatol 2010;130:1411e8.
www.jidonline.org 2251

http://www.r-project.org
http://www.r-project.org
http://orcid.org/0000-0002-3676-3304
http://orcid.org/0000-0001-8602-7279
http://orcid.org/0000-0003-0369-862X
http://orcid.org/0000-0001-9567-9586
http://orcid.org/0000-0003-1826-3653
http://orcid.org/0000-0003-2173-0902
http://orcid.org/0000-0003-0107-8275
http://orcid.org/0000-0002-5162-7503
http://orcid.org/0000-0001-8274-2726
http://orcid.org/0000-0001-6264-3982
http://orcid.org/0000-0002-9107-6654
http://www.jidonline.org
http://www.jidonline.org
https://doi.org/10.1016/j.jid.2018.04.015
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref1
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref1
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref1
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref2
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref2
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref2
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref2
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref3
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref3
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref3
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref3
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref3
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref4
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref4
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref4
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref4
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref4
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref5
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref5
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref5
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref5
http://www.cancerresearchuk.org/about-cancer/causes-of-cancer/sun-uv-and-cancer/vitamin-d
http://www.cancerresearchuk.org/about-cancer/causes-of-cancer/sun-uv-and-cancer/vitamin-d
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref7
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref7
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref7
http://cie.co.at/publications/colorimetry-part-4-cie-1976-lab-colour-space-0
http://cie.co.at/publications/colorimetry-part-4-cie-1976-lab-colour-space-0
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref9
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref9
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref10
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref10
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref10
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref11
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref11
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref12
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref12
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref12
https://doi.org/10.1096/fj.201701472R
https://doi.org/10.1096/fj.201701472R
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref14
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref14
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref14
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref14
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref14
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref15
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref15
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref15
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref15
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref15
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref16
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref16
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref16
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref16
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref16
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref17
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref17
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref17
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref18
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref18
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref18
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref19
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref19
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref19
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref20
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref20
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref20
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref20
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref21
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref21
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref21
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref22
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref22
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref22
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref22
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref23
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref23
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref24
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref24
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref24
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref24
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref25
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref25
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref25
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref25
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref25
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref26
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref26
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref26
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref27
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref27
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref27
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref27
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref28
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref28
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref28
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref29
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref29
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref29
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref29
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref30
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref30
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref30
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref30
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref31
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref31
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref31
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref31
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref32
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref32
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref32
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref32
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref33
http://www.jidonline.org


BB Shih et al.
UVR Impact on 25(OH)D and CPD in Skin Types IeVI

2252
Rijken F, Bruijnzeel PL, van Weelden H, Kiekens RC. Responses of black and
white skin to solar-simulating radiation: differences in DNA photodamage,
infiltrating neutrophils, proteolytic enzymes induced, keratinocyte activa-
tion, and IL-10 expression. J Invest Dermatol 2004;122:1448e55.

Scientific Advisory Committee on Nutrition. Vitamin D and health, https://
www.gov.uk/government/publications/sacn-vitamin-d-and-health-report;
2016 (accessed 16 May 2018).

Sheehan JM, Cragg N, Chadwick CA, Potten CS, Young AR. Repeated ultra-
violet exposure affords the same protection against DNA photodamage and
erythema in human skin types II and IV but is associated with faster DNA
repair in skin type IV. J Invest Dermatol 2002;118:825e9.

Shih BB, Allan D, de Gruijl FR, Rhodes LE. Robust detection of minimal
sunburn in pigmented skin by 785 nm laser speckle contrast imaging of
blood flux. J Invest Dermatol 2014;135:1197e9.

Tadokoro T, Kobayashi N, Zmudzka BZ, Ito S, Wakamatsu K, Yamaguchi Y,
et al. UV-induced DNA damage and melanin content in human skin
differing in racial/ethnic origin. FASEB J 2003;17:1177e9.

Warkel RL, Luna LG, Helwig EB. A modified Warthin-Starry procedure at low
pH for melanin. Am J Clin Pathol 1980;73:812e5.

Webb AR, DeCosta BR, Holick MF. Sunlight regulates the cutaneous pro-
duction of vitamin D3 by causing its photodegradation. J Clin Endocrinol
Metab 1989;68:882e7.

Xiang F, Lucas R, de Gruijl F, Norval M. A systematic review of the influence
of skin pigmentation on changes in the concentrations of vitamin D and 25-
Journal of Investigative Dermatology (2018), Volume 138
hydroxyvitamin D in plasma/serum following experimental UV irradiation.
Photochem Photobiol Sci 2015;14:2138e46.

Yamaguchi Y, Takahashi K, Zmudzka BZ, Kornhauser A, Miller SA,
Tadokoro T, et al. Human skin responses to UV radiation: pigment in the
upper epidermis protects against DNA damage in the lower epidermis and
facilitates apoptosis. FASEB J 2006;20:1486e8.

Yao S, Hong CC, Bandera EV, Zhu Q, Liu S, Cheng TD, et al. Demographic,
lifestyle, and genetic determinants of circulating concentrations of
25-hydroxyvitamin D and vitamin D-binding protein in African American
and European American women. Am J Clin Nutr 2017;105:1362e71.

Young AR, Chadwick CA, Harrison GI, Hawk JL, Nikaido O, Potten CS. The in
situ repair kinetics of epidermal thymine dimers and 6-4 photoproducts in
human skin types I and II. J Invest Dermatol 1996;106:1307e13.

Young AR, Chadwick CA, Harrison GI, Nikaido O, Ramsden J, Potten CS. The
similarity of action spectra for thymine dimers in human epidermis and
erythema suggests that DNA is the chromophore for erythema. J Invest
Dermatol 1998;111:982e8.
This work is licensed under a Creative Commons
Attribution 4.0 International License. To view a

copy of this license, visit http://creativecommons.org/
licenses/by/4.0/

http://refhub.elsevier.com/S0022-202X(18)31950-X/sref34
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref34
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref34
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref34
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref34
https://www.gov.uk/government/publications/sacn-vitamin-d-and-health-report
https://www.gov.uk/government/publications/sacn-vitamin-d-and-health-report
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref36
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref36
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref36
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref36
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref36
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref37
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref37
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref37
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref37
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref38
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref38
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref38
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref38
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref39
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref39
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref39
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref40
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref40
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref40
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref40
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref42
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref42
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref42
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref42
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref42
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref43
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref43
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref43
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref43
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref43
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref44
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref44
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref44
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref44
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref44
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref45
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref45
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref45
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref45
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref46
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref46
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref46
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref46
http://refhub.elsevier.com/S0022-202X(18)31950-X/sref46
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Fractional Sunburn Threshold UVR Doses Generate Equivalent Vitamin D and DNA Damage in Skin Types I–VI but with Epidermal D ...
	Introduction
	Results
	Characterization of study volunteers
	Gain in 25(OH)D occurs with detectable epidermal DNA damage down to 0.2 MED
	Detectable basal layer CPD occurs concurrent with gain in 25(OH)D in light but not dark skin types after sub-sunburn UVR doses
	CPD distribution shows a gradient across the epidermis that strongly correlates with skin darkness
	Epidermal CPD repair is virtually complete and does not differ between skin types after equivalent acute sub-sunburn UVR doses

	Discussion
	Materials and Methods
	Study protocol and volunteers
	Baseline assessments
	Simulated sunlight intervention
	Samples and analysis
	Statistics

	ORCIDs
	Conflict of Interest
	Acknowledgments
	Supplementary Material
	References


