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High personal UVR doses can be gained during leisure activities, causing intense self-resolving
inflammation (sunburn) of unprotected skin. UVR activates release of membrane fatty acids and
upregulates their metabolism by cyclooxygenases (COX) and lipoxygenases (LOX) to different
eicosanoids. While COX-derived prostaglandin (PG)E, is a potent mediator of sunburn vasodilatation,
LOX-derived 15-hydroxyeicosatetraenoic acid (HETE) and its lipoxin metabolites may contribute to
sunburn limitation. We explored the relationships between expression of these lipid mediators and the
clinical and histological outcomes, comparing responses of individuals prone and more resistant to
sunburn. An acute UVR exposure of 12 SED (standard erythema dose) was applied to buttock skin of
32 white Caucasians (n = 16 phototype 1/1II, n = 16 phototype III/IV), and over the subsequent 72 h
assessments were made of skin erythema, immunohistochemical expression of leukocyte markers,
COX-2, 12-LOX, 15-LOX and nitric oxide synthase (NOS), and eicosanoid levels by LC/ESI-MS/MS.
Evidence of a significant inflammatory response was seen earlier in phototype I/1I with regard to
expression of erythema (4h, p < 0.001), neutrophil infiltration (24 h, p = 0.01), epidermal COX-2 (24 h,
p < 0.05) and 12-LOX (24 h, p < 0.01), and dermal eNOS (24 h, p < 0.05) proteins, although CD3+
lymphocyte infiltration showed an earlier increase in phototype III/IV (24 h, p < 0.05). Although
erythema was equivalent at 72 h in both groups, phototype I/1I showed higher PGE, accompanied by
elevated 15-HETE, and a strong positive correlation was seen between these mediators (n =18, r =
0.805, p =0.0001). Hence anti-inflammatory eicosanoid 15-HETE may temper the pro-inflammatory
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milieu in sunburn, having greater influence in those prone to sunburn than those more resistant, given

the same high UVR exposure conditions.

1. Introduction

Excessive exposure to sunlight can cause a range of cutaneous
health problems, particularly in fair-skinned people. Solar ul-
traviolet radiation (UVR) is the major environmental factor
contributing to skin carcinogenesis, and while both UVA (320—
400 nm) and UVB (290-320 nm) contribute to acute and longer
term damage, UVB is the principal waveband inducing the acute
inflammatory response that is sunburn, and is believed to play a
larger role in skin cancer development.' A clinical classification of
four sun-reactive skin types (phototypes) in fair-skinned people

“Bradford School of Pharmacy, School of Life Sciences, University of

Bradford, Richmond Road, Bradford, UK, BD7 IDP. E-mail: a.nicolaou@
bradford.ac.uk; Fax: +44 1274 235600, Tel: +44 1274 234717

*Centre for Skin Sciences, School of Life Sciences, University of Bradford,
Bradford, UK

‘Photobiology Unit, Dermatological Sciences, School of Translational
Medicine, University of Manchester, Manchester Academic Health Science
Centre, Salford Royal NHS Foundation Hospital, Manchester, UK
‘Institute of Cellular Medicine, Dermatological Sciences, Newcastle Univer-
sity, Newcastle upon Tyne, UK

was developed based on an individual’s susceptibility to sunburn
and ability to tan.? Broadly, these can be divided into those who
sunburn easily and tan with difficulty (phototype I/11) and those
who tan readily and are less susceptible to sunburn (phototype
III/1V); a higher incidence of melanoma and non-melanoma skin
cancer is seen in phototype I/11.

Sunburn inflammation is characterised clinically by erythema,
as a consequence of cutaneous vasodilatation, and histologically
by the dermal infiltration of neutrophils and lymphocytes, and the
presence of apoptotic keratinocytes. Prostaglandins (PG), nitric
oxide (NO) and pro-inflammatory cytokines are soluble mediators
underlying some of these changes.*® Recently, it has become
apparent that a wider range of eicosanoids are involved in sunburn
inflammation.’ The skin demonstrates intense metabolism of
polyunsaturated fatty acids (PUFA), and an array of lipid
mediators are produced via cutaneous isoforms of cyclooxyge-
nase (COX), lipoxygenase (LOX) and cytochrome P450 (CYP)
oxygenases.'™ The omega-6 (n-6) PUFA, arachidonic acid, is
metabolised via COX-1/-2 to, predominantly, PGE,, PGF,, and
PGD,, via 12-LOX to 12-hydroxyeicosatetraenoic (HETE) acid,
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through 15-LOX to 15-HETE, and via uncertain pathways to 8-
HETE and 11-HETE. At low concentrations eicosanoids modu-
late physiological processes. However, following an inflammatory
stimulus such as UVR, production of PGE, and 12-HETE is up-
regulated and whilst these lipids elicit inflammatory, immunomod-
ulatory and chemotactic reactions, their impact could be tempered
by UVR-upregulation of anti-inflammatory mediators. In this
context, the UVR- upregulation of 15-HETE is of particular
interest: 15-HETE has been shown to inhibit 12-HETE in human
keratinocytes and skin sections,'!* whilst it is a precursor to
the anti-inflammatory lipoxins.'® Furthermore, PGE, can induce
15-LOX expression thus modulating the levels of 15-HETE
and, potentially, lipoxins."” These observations suggest interplay
between cutaneous pro- and anti-inflammatory eicosanoids in
sunburn meriting further investigation.

There is cross-talk between the COX and nitric oxide
synthase (NOS) pathways and PG/NO production,’** such
that the two mediators may work in synergy to mediate
sunburn vasodilatation.® Increased NO production following
UVR exposure may also contribute to melanogenesis and
immunosuppression.” Production of NO is mediated via the
different isoforms of NOS expressed in cutaneous cells, ie.
keratinocytes constitutively express the neuronal isoform (nNOS),
melanocytes in the basal layer of the epidermis express eNOS and
nNOS, fibroblasts express the endothelial isoform (eNOS), whilst
expression of the inducible isoform (iNOS) can be stimulated in a
range of skin cells.?**!

The objective of this study was to examine the relationships
between cutaneous pro- and anti-inflammatory lipid production
and accompanying inflammatory outcomes. We aimed to compare
patterns seen in phototypes I/II and III/IV under conditions
of high standardised (12 standard eythema doses, SED) UVR
exposure on unprotected skin, as people do not necessarily
limit their sun-exposure according to their propensity to burn.
Exposure to such a high UVR dose may occur during outdoor
activities including cycling, sailing and sunbathing.”** A detailed
lipidomics assessment was performed over a 72 h period post-
UVR, with focus on vasodilatory prostanoids (particularly PGE,),
leucocyte chemoattractants (particularly 8-, 11- and 12-HETE)
and anti-inflammatory lipids (particularly 15-HETE), alongside
expression of COX, LOX and NOS proteins, and clinical and
histological inflammation.

2. Materials and methods
2.1. Subjects

A total of 32 healthy adult white Caucasian subjects were recruited
for this study (20 females, 12 males; mean age 38 years, range 19-60
years). These comprised 16 subjects with a history of burning easily
and tanning poorly following sun exposure (phototype I/1II) and
16 subjects with a history of tanning easily and more resistance to
burning (phototype III/1V). Specifically, volunteers were asked the
question, “How does your skin typically react after approximately
30 min exposure to midday sun on the first sunny summer’s
day when you expose your skin”, with follow up questions
for clarification of sunburn and suntan tendency according to
Fitzpatrick.? Only individuals with clear responses placing them
into I/1I or ITI/IV were recruited to the study. Exclusions from the

study were: sunbathing or sunbed use in the previous 3 months;
use of photosensitizing or anti-inflammatory medication; history
of skin cancer or photosensitivity disorders. The study conformed
to the Declaration of Helsinki 2000, approval was obtained from
North Manchester Local Research Ethics Committee and all
volunteers gave written informed consent.

2.2. UV irradiation

The UV irradiation source used was a fluorescent UVB lamp,
(Waldmann UV6, emission 290-400 nm, peak 313 nm, Herbert
Waldmann GmbH, Villingen-Schwenningen, Germany). Lamp
output was measured before each irradiation using a cali-
brated sensor (Waldmann UV meter, Herbert Waldmann GmbH,
Villingen-Schwenningen, Germany) traceable to UK National
Physical Laboratory standards, and the UVR doses applied were
kept constant by adjusting the length of irradiation. Individual
sunburn threshold (minimal erythema dose, MED) was deter-
mined to confirm the differential burning tendency of the two
volunteer groups. A geometric series of UVR doses ranging from
13 to 128 mJ cm? of erythemally weighted UVR was applied in a
horizontal row to the upper buttock skin. The MED was assessed
at 24 h and defined as the lowest dose of UVR that resulted in
visually detectable erythema. Volunteers were given a standardised
high-dose UVR challenge of 12 SED, where 1 SED is equal to
100J m~ of erythemal UVR (approximately 4 x MED for skin type
IT).>* This dose may be gained on unprotected skin during outdoor
activities, including during the summer months in Europe and on
beach holidays.”>*** This was utilised for the purposes of erythema
time course determination (n = 32 subjects), suction blister fluid
sampling for lipidomic analysis (n = 18 subjects) or skin punch
biopsy sampling for immunohistochemical investigation (n = 12
subjects).

2.3. Assessment of erythemal responses

Erythemal responses were quantified using a reflectance instru-
ment (Diastron, Andover, UK) which gives an erythema index
related to the blood content of the superficial dermis. Triplicate
measurements were taken from the test sites and adjacent un-
irradiated skin, and the means calculated. UVR erythema dose
response modelling was performed using a dedicated data analysis
package (Regional Medical Physics Department, Gateshead &
Tyneside Authority, UK) to ascertain an individual’s D30, i.e. the
dose increasing the skin’s erythema index by 30 units compared
with unirradiated skin. The objective threshold value approxi-
mates the individual’s visually assessed MED.*

2.4. Suction blister sampling

Suction blister fluid was sampled from unirradiated skin (0 h)
and from skin at 24 and 72 h following exposure 12 SED of
UVR. Each volunteer provided a sample from an unirradiated
site on one buttock, and samples from two irradiated sites on the
contralateral buttock, each site being sampled on one occasion.
Suction blister cups with 1 cm central aperture were applied with
a vacuum pressure of 250 mm Hg as previously described.”” When
blisters had formed (after approximately 90 min) the fluid was
aspirated with a 23 gauge needle, snap frozen and stored at —80 °C
awaiting analysis.
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2.5. Lipidomic analysis

Lipidomic analyses were performed as described by Masoodi
et al.®®* Briefly, blister fluid samples (typical volumes 50-200 pl)
were diluted with methanol-water (15% w/w) to a final volume
of 3 ml. Internal standards (40 ng PGB,-d4 and 80 ng 12-HETE-
d8) (Cayman Chemicals, Ann Arbor, MI, USA) were added to
each sample. The resultant solutions were acidified to pH 3 and
immediately applied to pre-conditioned solid phase extraction
cartidges (C18-E, Phenomenex, Macclesfield UK) to extract
the lipid mediators. Chromatographic analysis was performed
on a C18 column (Luna 5 p, Phenomenex) using a Waters
Alliance 2695 HPLC pump coupled to an electrospray (ESI) triple
quadrupole Quattro Ultima mass spectrometer (Waters, Elstree,
Hertsfordshire, UK). Instrument control and data acquisition
were performed using MassLynx™ V4.0 software. The following
multiple reaction monitoring (MRM) transitions were used for the
assay of prostanoids, hydroxy fatty acids and other lipid mediators:
PGE, m/z 353 > 317; PGE, m/z 351 > 271; PGF,, m/z 353 >
193; 8-HETE m/z 319 > 155; 11-HETE m/z 319 > 167, 12-
HETE m/z 319 > 179; 15-HETE m/z 319 > 175; 13-HODE
m/z 295 > 195. Results are expressed as pg metabolite/mg of
protein based on calibration lines constructed with commercially
available eicosanoid standards (Cayman Chemicals, Ann Arbor,
USA). Protein content was estimated using the BioRad protein
assay kit with BSA as standard (BioRad, Hemel Hempstead, UK).

2.6. Immunohistochemical assessment

Skin punch biopsies (5 mm diameter) were sampled from unir-
radiated skin (0 h) and irradiated skin at 4, 24 and 72 h
following 12 SED of UVR. Biopsies were snap-frozen and
stored at —80 °C prior to immunohistochemical analysis. Frozen
sections (6 um) were air-dried before fixation in ice-cold acetone
(Fisher Scientific UK Ltd., Loughborough, UK) for 10 min.
Endogenous peroxidase was quenched in hydrated tissue sections
with 0.5% H,0, (Sigma-Aldrich Co. Ltd, Gillingham, UK) before
blocking with 10% goat serum (Sigma—Aldrich) for 1 h. Primary
antibody was added to the sections at the required dilution
and incubated overnight at 4 °C. The primary antibodies used
in this study were as follows. Neutrophil elastase: MAB 1056,
dilution 1:70 (Chemicon Europe Ltd, Chandlers Ford, UK);
CD3*: NCL-CD3, dilution 1:40 (NovoCastra™ Reagents, Leica
Biosystems Ltd, Newcastle upon Tyne, UK); 12-LOX: ab23678,
dilution 1:200 (Abcam plc, Cambridge, UK); 15-LOX: 10004454,
dilution 1:100 (Cayman Chemical, Boldon, UK); COX-1: 210-
710-1, dilution 1 : 100 (Alexis Biochemicals, Lausen, Switzerland);
COX-2: ALX-210-712-1, dilution 1:100 (Alexis Biochemicals,
Lausen, Switzerland); nNOS: SC-648, dilution 1:100 (Santa
Cruz Biotechnology, CA, USA); iNOS: SC-651, dilution 1:100
(Santa Cruz Biotechnology, CA, USA); eNOS: SC-653, dilution
1:100 (Santa Cruz Biotechnology, CA, USA). After washing
in PBS, skin sections were incubated with biotinylated anti-
mouse secondary antibody (DakoCytomation Ltd, Ely, UK) for
30 min, washed in PBS, and incubated with streptavidin peroxidase
(DakoCytomation) for 30 min. Sections were developed using
amino-ethylcarbazole chromogen (Vector Laboratories Ltd, Pe-
terborough, UK) for 5-10 min, washed in distilled water, lightly
counterstained in Meyers Haematoxylin (Sigma—Aldrich) with

“blueing” in Scott’s tap water, and mounted in glycergel mounting
medium (DakoCytomation). The sections were assessed using a
Nikon Eclipse 80i microscope at X200 original magnification and
a Nikon Digital Sight DS-U1 camera (Nikon UK Ltd., Kingston
upon Thames, UK).

2.7. Assessment of immunohistochemical staining

Slides were blinded prior to assessment. Neutrophils and CD3*
cells were counted in 3 randomly selected epidermal and dermal
high power fields (hpf) at x400 original magnification and mean
cell number was calculated. This technique was employed for
each individual at each of the 4 time points. COX-1,-2/12-,
15-LOX/nNOS, iNOS, eNOS staining was quantified in terms
of relative staining intensity, according to the following scoring
system: 0 = no staining, 1 = weak staining, 2 = moderate
staining, 3 = intense staining. 12-LOX, 15-LOX, COX-1 and
COX-2 were graded in epidermal and dermal hpf at X200 original
magnification. nNOS, iNOS, eNOS were graded in suprabasal and
basal epidermal and in dermal hpf at X200 original magnification
due to the clear differences in staining patterns for these enzymes
at these locations. Assessment was made for each individual at
each of the 4 time points.

2.8. Statistical analysis

Data were analysed with StatsDirect and PASW Statistics 18.
Normal distribution was assessed by the Shapiro-Wilks test. Non-
parametric data were analysed using the Kruskal-Wallis test with
adjustment for multiple comparisons. Parametric data were anal-
ysed using unpaired -test or one-way ANOVA with Bonferroni’s
correction for multiple comparisons, as appropriate. Correlations
between levels were examined by the Pearson Correlation test.
All results are compared with levels in un-irradiated tissue unless
otherwise stated. Statistical significance was accepted at the p <
0.05 level.

3. Results
3.1. MED testing

Since the criteria used for assigning skin phototype are subjective,?
direct testing of each individual’s sunburn threshold, i.e. MED
to UVR was performed. As shown in Fig. 1A a statistically
significant difference (p = 0.037, unpaired z-test) was noted
between the skin type I/II and III/IV individuals, indicating
the two groups were distinct in their erythemal response to
UVR.

3.2. UV-erythema dose response

A UV-erythema dose response was also plotted from the measured
erythema index of the geometric series of UV doses (n = 18);
from this a further, objective, threshold dose for erythema, i.e.
the D30 which approximates the visually assessed MED, was
calculated. This also showed a statistically significant difference
(p = 0.02, unpaired ¢-test) between the two skin type individuals
(Fig. 1B).
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Fig. 1 Minimal erythema dose (MED) (A), UV threshold dose (B), and
time course of the erythemal response (erythema index) following exposure
to 12 SED of UVR (C), in subjects of phototypes I/1I and II1/IV. Results
are expressed as mean = SEM (n = 16 subjects per phototype group). #
p < 0.05 comparing phototype 1/1I to III/IV; * p < 0.001 comparing all
data to un-irradiated skin (0 h).

3.3. Time course of the erythema response in phototypes I/1I and
11/1v

All subjects received a standardised dose of 12 SED of UVR in
order to compare responses of the phototypes to the same intense
UVR dose that could be gained by unprotected skin during leisure
activities. Both subject groups showed a peak erythema at 24 h
and erythema was maintained at 72 h post irradiation (Fig. 1C),
with no statistically significant differences when comparing the
two groups. However, a greater clinical inflammatory response

A. neutrophils in dermis

was apparent in phototype I/II at the earliest time point, with
a statistically significant elevation of the erythema index in
phototype I/11 after 4 h (»p < 0.001) whilst in phototype III/IV
the erythema index became statistically significantly different from
baseline at 24 h post UVR (p < 0.001). The erythema index of the
2 groups was equivalent at 72 h.

3.4. Infiltration of neutrophils and CD3+ lymphocytes post UVR

Dermal infiltrations of neutrophils and CD3+ lymphocytes were
observed post UVR (Fig. 2A, 2B). In skin phototype I/1I the
neutrophil infiltration reached its peak at 24 h post UVR (p =
0.01); in phototype III/IV this also appeared to peak at 24 h but
did not reach statistical significance. In skin type I/1I the CD3+
cell infiltration peaked at 72 h post UVR (p = 0.009), while in
skin type III/1V a statistically significant increase was observed
at the earlier time point of 24 h (p = 0.014) and persisted at 72 h
(p=0.043) post UVR.

3.5. Expression of cyclooxygenase-1 and -2 post UVR

Cyclooxygenase expression was assessed in the epidermis and
dermis of skin punch biopsies. The expression of constitutive
COX-1 in non-irradiated skin (0 h) of phototypes I/II and ITI/IV
was similar (Fig. 3A, 3B). COX-1 expression increased in the
epidermis and dermis of phototype III/IV at, respectively, 72 h
(p =0.006) and 24 h (p = 0.013) post UVR. Conversely, there was
no statistically significant change in the expression of COX-1 in
phototype I/11, in epidermis or dermis.

We did not detect inducible COX-2 in the epidermis of unirra-
diated (0 h) phototype I/1I although it was present in phototype
ITI/1V (Fig. 3C). UVR upregulated COX-2 in the epidermis and
dermis of skin phototype 1/11, its expression peaking at 24 h (p =
0.019 and p = 0.032, respectively) post UVR. COX-2 expression
did not significantly alter after UVR in phototype III/IV (Fig.
3G, 3D).

B. CD3+ cells in dermis
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Fig. 2 Immunohistochemical assessment of neutrophil (A) and CD3+ lymphocytic (B) infiltrate in dermis of unirradiated (0 h) and irradiated (4, 24
and 72 h) human skin phototype I/1I and III/IV, following 12 SED of UVR. Representative photomicrograms show cell infiltration at 24 h post UVR, in
both skin phototypes. Results are expressed as mean + SEM (n = 6 subjects per phototype group). * p < 0.05, ** p < 0.01 comparing data to un-irradiated

skin (0 h).
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Fig. 3 Immunohistochemical assessment of COX-1 and COX-2 expression in skin punch biopsies of unirradiated (0 h) and irradiated (4, 24 and 72 h)
human skin phototype I/1I and III/IV, following 12 SED of UVR. Expression of COX-1 in epidermis (A) and dermis (B); expression of COX-2 in
epidermis (C) and dermis (D). Results are expressed as mean = SEM (n = 6 subjects per phototype group). * p < 0.05, ** p < 0.01 comparing data to

un-irradiated skin (0 h).

3.6. [Expression of 12- and 15-lipoxygenase post UVR

The expression of 12- and 15-LOX was also assessed in the epider-
mis and dermis of skin punch biopsies. Epidermal expression of
12-LOX was upregulated following UVR and reached statistical
significance for phototype I/1II at 24 h (p = 0.002) and 72 h (p =
0.007; Fig. 4A). A similar trend was noted for phenotype I11/1V,
but the increase did not reach statistical significance. In phototype
1/11, dermal 12-LOX expression increased at 4 h (p = 0.016) and
24 h (p = 0.005) post UVR, but there was no difference in the
expression of this protein in phototype III/IV (Fig. 4B).

Epidermal expression of 15-LOX was similar in both phototype
groups (Fig. 4C) and, although appeared upregulated post UVR,
the increase did not reach statistical significance. However, dermal
15-LOX expression increased in both phototype groups, peaking
at 24 h post UVR (p = 0.026 for phototype I/1I and p = 0.001 for
phototype III/1V) (Fig. 4D).

3.7. Expression of nitric oxide synthase post UVR

The expression of three isoforms of NOS, namely nNOS (consti-
tutive, neuronal type), iNOS (inducible) and eNOS (endothelial
cell type) was assessed in the epidermis and dermis of skin punch
biopsies.

Neuronal NOS was detected in the basal layer of the epidermis
and in the dermis of unirradiated skin (0 h) in both phototype
groups (Fig. 5B, 5C). Its expression increased in the suprabasal
level of the epidermis post UVR (Fig. 5A), but not in the basal
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Fig.4 Immunohistochemical assessment of 12-LOX and 15-LOX expres-
sion in skin punch biopsies of unirradiated (0 h) and irradiated (4, 24 and
72 h) human skin phototype I/1I and III/1V, following 12 SED of UVR.
Expression of 12-LOX in epidermis (A) and dermis (B); expression of
15-LOX in epidermis (C) and dermis (D). Results are expressed as mean
+ SEM (n = 6 subjects per phototype group). * p < 0.05, ** p < 0.01
comparing data to un-irradiated skin (0 h).

layer. In phototype I/1I, dermal expression of nNOS increased
24 h post UVR (p = 0.034) whilst no such significant change was
noted in phototype III/IV.
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Fig. 5 Immunohistochemical assessment of neuronal, inducible and endothelial NOS (nNOS, iNOS and eNOS respectively) expression in skin punch
biopsies of unirradiated (0 h) and irradiated (4, 24 and 72 h) human skin phototype 1/1I and III/1V, following 12 SED of UVR. Expression of nNOS
in suprabasal (A) and basal (B) epidermis and dermis (C); expression of eNOS in suprabasal (D) and basal (E) epidermis and dermis (F); expression of
eNOS in suprabasal (G) and basal (H) epidermis and dermis (I). Results are expressed as mean £ SEM (n = 6 subjects per skin phototype group). * p <
0.05 comparing data to un-irradiated skin (0 h) and # p < 0.05 comparing skin phototype 1/1I to III/IV.

Inducible NOS was not detected in unirradiated skin in either
phototype (Fig. SE, 5F), except in the basal epidermis of skin
phototype III/IV (Fig. SE). UVR upregulated the expression of
iNOS in the suprabasal layer of the epidermis in phototype III/IV
(p=0.013). Finally, some expression of iNOS was noted 24 h post
UVR in the dermis of both skin types (Fig. 5F).

Endothelial NOS was present in the basal epidermis of both
phototypes pre UVR exposure (Fig. 5G, 5H). UVR did not
have any statistically significant effect in the expression of eNOS
in the epidermis of either phototype, although a trend towards
increased expression was noted (Fig. SH). In contrast, dermal
eNOS was detected mainly in skin phototype I/1I (Fig. SH).
Skin types I/1II and III/IV differed in terms of dermal eNOS
expression post UVR (p = 0.011 at 24 h and 0.034 at 72 h);
whilst phototype 1/II showed a consistent expression of eNOS
principally in association with the dermal microvasculature for up
to 72 h, in phototype IT11/IV this was detected only at 4 h post UVR
(Fig. 5I).

3.8. Production of lipid mediators post UVR

The production of lipid mediators was assessed in cutaneous
blister fluid using a lipidomic (LC/ESI-MS/MS) assay.*** The n-6
PUFA arachidonic acid (AA)- derived prostaglandins PGE, and
PGF,,, and the dihomo-gamma linolenic acid (DGLA)-derived
PGE, were upregulated at 24 h post UVR in both phototype
groups (p < 0.05) (Fig. 6A, B and C). However, in phototype I/11,
PGE, and PGE, were still elevated at 72 h post UVR (p = 0.02,
p=0.003 respectively), whilst in skin type III/IV their production
had returned to baseline levels (Fig. 6A and B).

The LOX product 12-HETE was upregulated at 24 h post
UVR and its levels were still elevated at 72 h post UVR, with
similar results in both phototype groups (p = 0.004) (Fig. 7A).
However, 15-HETE was produced at higher levels in phototype
I/11 at 72 h post UVR (p = 0.0008) (Fig. 7B) and a strong
positive correlation was shown between PGE, and 15-HETE at
this time point (n = 18, r = 0.805, p = 0.0001). 15-HETE levels
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Fig. 6 Levels of prostaglandins PGE, (A), PGE, (B) and PGF,, (C) in
cutaneous blister fluid from unirradiated (0 h) and UVB irradiated (24 and
72 h) human skin phototype I/1I and III/1V, following 12 SED of UVR.
Results are expressed as mean £ SEM (n = 9 subjects per skin phototype
group). * p < 0.05 comparing data to un-irradiated skin (0 h).

in phototype III/1V also appeared increased but the trend failed
to reach statistical significance. A pattern similar to 15-HETE
expression was also followed by the linoleic acid (LA)-derived 15-
LOX product 13-hydroxyoctadecadienoic acid (HODE), which
was upregulated post UVR (Fig. 7E). Interestingly, levels of
13-HODE were significantly higher at 24 and 72 h post UVR
compared with baseline in skin type I/II (p =0.03), whilst there was
no statistically significant rise in skin type III/IV (Fig. 7E). Finally,
11-HETE was elevated at 24 h and 72 h post UVR in both skin
groups (Fig. 7C), whilst increased production of 8-HETE reached
statistical significance at 72 h post UVR, in both phototypes (p =
0.02) (Fig. 7D).

4. Discussion

Bioactive lipid mediators contribute to the initiation, maintenance
and also potentially the resolution of sunlight-induced cutaneous
inflammation. The susceptibility of human skin to sunburn when
exposed to solar UVR is reflected in the phototype classification.
The easy burning phototype I/II is a strong risk factor for
the longer term damage of photocarcinogenesis,! and is also
associated with photoageing and certain types of photosensitivity
disorders.*® A range of eicosanoids are upregulated in skin
following UVR," and as well as expressing pro and/or anti-
inflammatory properties, they potentially contribute to other
UVR-induced deleterious health effects through their additional
properties including effects on cell proliferation, differentiation
and immune function.’®3' We have recently reported that UVB-
induced PGE, production in epidermal melanocytes is positively
correlated with low skin phototype of cell donor, suggesting
that epidermal melanocytes may contribute to UVR-induced
erythema.*
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Fig. 7 Levels of the hydroxy fatty acids 12-HETE (A), 15-HETE (B),
11-HETE (C), 8-HETE (D) and 13-HODE (E) in cutaneous blister fluid
from unirradiated (0 h) and UVB irradiated (24 and 72 h) human skin
phototype I and IV, following 12 SED of UVR. Results are expressed as
mean = SEM (n =9 subjects per phototype group). * p < 0.05, ** p < 0.01
and *** p < 0.001 comparing data to un-irradiated skin (0 h).

In this study, subjects were phototyped in the traditional manner
by means of a standardised short interview focusing on personal
experience of susceptibility to sunburn and suntan.? Since these
are subjective criteria, we confirmed a significant difference in
sunburn threshold between phototype groups following direct
phototesting, phototype I/II exhibiting a lower MED than
phototype III/1V (Fig. 1). The response of each group to intense
UVR was then studied over a period of 72 h, following a
single 12 SED exposure, as may be attained on unprotected
skin sites during leisure activities in the summer months or on
beach holidays.”**® The same dose was applied to all subjects,
rather than using a traditional MED-related dosing scheme, as
people do not necessarily regulate or always have the ability to
regulate, their sun exposure according to their propensity to burn.
This also assisted our exploration of the relationships between
anti-inflammatory and pro-inflammatory lipid mediators, and
inflammatory outcomes.

Our erythemal data confirm that all subjects achieved a maximal
erythema at 24 h, in keeping with previous studies of the UV-
erythemal time course.> Interestingly, while phototype I/11
showed a greater inflammatory response at early time points, the
groups equilibrated in their responses at the later time point of 72 h
(Fig. 1C). Prostaglandins are important mediators of UV-induced
cutaneous erythema,*>'* with recent evidence that PGE, receptors
EP2 and EP4 constitute a signalling system intimately involved in
mediating the enhanced blood flow.** Our findings confirm that
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PGE,, PGE, and PGF,, production was upregulated 24 h post
UVR in both groups. However, the raised production of PGE, and
PGE, was considerably more prolonged in phototype I/11, i.e. to
72 h (Fig. 6), reflecting the overall greater inflammatory response
as anticipated in this group. Immunohistochemical analysis con-
firmed significant UVR-upregulation of the inducible COX-2, in
the epidermis and dermis of phototype I/11; this isoform of COX
produces high concentrations of prostaglandins and can therefore
explain the observed prolonged production of PGE, and PGE,.
Conversely, phototype II11/1V was characterised by upregulation
of the housekeeping isoform COX-1 in epidermis and dermis (Fig.
3), believed to contribute lower levels of prostaglandins.

Nitric oxide synthase expression was examined in addition
to lipid metabolising enzymes, as NO may also contribute
significantly to acute UVR-induced erythema production.** While
the exact role of each NOS isoform in the UV response is
unresolved® there is evidence that UVR-induced NO may be
largely attributable to dermal rather than epidermal production,
with high levels found in dermal microdialysate, rather than in
suction blister fluid, of human skin following UVR.® Our analysis
of the three NOS isoforms revealed that dermal expression of the
endothelial-type, i.e. eNOS, was almost exclusively in phototype
I/11 (Fig. 5I), and a similar pattern of higher dermal expression
was noted for the neuronal type, i.e. nNOS. This upregulation of
two NOS isoforms in the dermis of skin phototype 1/11, could
lead to production of higher concentrations of NO by cells close
to or within dermal blood vessels, thus enhancing vasodilatation®*
and potentially contributing to the early appearance and trend
for higher levels of erythema shown in phototype I/1I (Fig.
1). In contrast, the inducible form, i.e. iNOS, was significantly
upregulated only in the epidermis of skin phototype III/IV and
not in type I/II (Fig. 5SD-E); this finding may speculatively be
linked to the melanogenic properties of NO and could facilitate
the ability of phototype III/IV to tan.*

Neutrophil and lymphocyte influx post UVR was seen in both
phototypes, although with notable differences. Phototype I/11 was
characterised by a significant infiltration of neutrophils at 24 h
post UVR (Fig. 2A) whilst phototype III/IV instead showed
a conspicuous infiltration of CD3+ lymphocytes at this early
time point (Fig. 2B). Neutrophils are potent pro-inflammatory
cells, releasing reactive oxygen species and chemokines that
further augment the leucocytic infiltration, while HETE are
potent leucocyte chemoattractants®**” that may have contributed
to the dermal neutrophil influx. Indeed, our findings indicate
a trend for higher expression of 12-HETE, 11-HETE and 8-
HETE in phototype I/1I than III/IV, accompanied by significant
upregulation of cutaneous 12-LOX expression, all consistent with
the greater inflammatory status of this group (Fig. 4, 7).

Interestingly, the anti-inflammatory 15-HETE, reported to in-
hibit 12-LOX activity in human platelets,® HaCaT keratinocytes'
and skin sections,'® appears significantly raised at 72 h post UVR
in phototype I/II. Furthermore, PGE,, that has been shown
to induce production of 15-HETE in clinical and experimental
exudates,"” was also elevated in this phototype at 72 h post UVR.
Whilst the pattern of 15-LOX expression appeared similar for
both phototype groups, the significant elevation of AA-derived
15-HETE and LA-derived 13-HODE in phototype I/1I (Fig. 7B
and 7E) indicated increased 15-LOX activity in this subject group.
The rise in 15-HETE at 72 h might therefore explain the reduction

in neutrophil numbers at this later time point in phototype 1/1I,
potentially through inhibition or attenuation of the activity of
12-LOX-derived chemoattractant 12-HETE. Moreover, both 15-
HETE and 13-HODE are anti-inflammatory endogenous ligands
of PPARY,** whilst 13-HODE can be incorporated into sub-
stituted diacylglycerols with anti-inflammatory/anti-proliferative
effects! and 15-HETE is the biochemical precursor of lipoxins.'¢
Consequently, the anti-inflammatory profile of these 15-LOX-
derived lipids found upregulated in phototype I/11, suggests they
may play role in modulating the degree of inflammation.

The earlier accumulation of CD3+ lymphocytes in phototype
III/1V compared with I/1I is an intriguing finding warranting
further investigation. While CD3+/CD4+ lymphocytic infiltra-
tion has been reported to occur later in the sunburn reaction
relative to neutrophil influx,”*'® we are unaware of previous
studies dissecting out differences in phototype responses, or under
greater or lesser UV-induced inflammatory states. Further work
is thus indicated to characterise these cells and examine their
specific role in the modulation of the inflammation/immune
response to UVR. In contrast to the observed differences in
inflammatory characteristics between phototypes during the early
phase of the sunburn response, i.e. 4-24 h post-UVR, both
the histological (leukocytic infiltrate) and clinical (erythema)
evidence of inflammation were equivalent between phototypes
I/11 and III/1V in the late phase, i.e. at 72 h. This, however, may
result from a balanced higher expression of both pro- and anti-
inflammatory eicosanoids, including pro-inflammatory PGE, and
anti-inflammatory 15-HETE, in phototype I/II. Furthermore,
detailed examination of the EP receptors in skin types I/II and
ITI/1V may potentially assist elucidation of the mechanism of the
differing roles of this potent mediator during the UV response.

In conclusion, our data indicate that human skin predisposed
to sunburn shows greater inflammation in the early phase (4—
24 h) following UVR, with contributions by 12-LOX, COX-
2 and eNOS, than those that are more resistant to sunburn,
when exposed to the same intense UVR challenge. While in the
later phase (72 h) the clinical and histological inflammation is
similar in the two groups, there is higher expression of both pro-
inflammatory (PGE,, PGE,) and anti-inflammatory (15-HETE)
eicosanoids in those with a tendency to sunburn. Although some
of these differences are small, COX-2, 12-LOX and PG have
tumour promoting and/or immunomodulatory properties!#*#
which may become increasingly relevant with repeated UVR
exposures. Due to the multiple sampling procedures in this
study, the subgroups for histological analysis are necessarily of
limited size and further differences might be found with a larger
sample; further studies should also aim to directly demonstrate
the anti-inflammatory role of 15-HETE under these experimental
conditions. This study highlights potential lipid targets for phar-
macological intervention, which may help reduce the elevated risk
of UVR-related adverse health events in phototypes I/11.

List of abbreviations

AA arachidonic acid

COX cyclooxygenase

CYP cytochrome P450 oxygenase
ESI electrospray ionisation
HETE hydroxyeicosatetraenoic acid
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HODE hydroxyoctadecadienoic acid

LC-MS/MS liquid chromatography coupled to tandem mass
spectrometry

LOX lipoxygenase

MED minimal erythema dose

MRM multiple reaction monitoring

NO nitric oxide

NOS nitric oxide synthase

PG prostaglandins

PUFA polyunsaturated fatty acids

SED standard erythema dose

UVR ultraviolet radiation
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