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Abstract

Ultraviolet B radiation (UVB) is a potent stimulator of epidermal cytokine production. In addition
to cytokines such as tumor necrosis factor-alpha (TNF-a), UVB generates bioactive lipids
including platelet-activating factor (PAF). Our previous in vitro studies in keratinocytes or
epithelial cell lines have demonstrated that UVB-mediated production of PAF agonists is due
primarily to the pro-oxidative effects of this stimulant, resulting in the non-enzymatic production
of modified phosphocholines (oxidized glycerophosphocholines). The current studies use human
skin to assess whether UVB irradiation generates PAF-receptor (PAF-R) agonists, and the role of
oxidative stress in their production. These studies demonstrate that UVB irradiation of human skin
results in PAF agonists, which are blocked by the antioxidant vitamin C and the epidermal growth
factor receptor inhibitor PD168393. Inasmuch as UVB-generated PAF agonists have been
implicated in animal model systems as being involved in photobiologic processes including
systemic immunosuppression and cytokine (TNF-a) production, these studies indicate that this
novel activity could be involved in human disease.

Introduction

Ultraviolet B radiation (290-320 nm; UVB) has profound effects on human skin. UVB
exerts many of its effects through its ability to stimulate the production of bioactive proteins
and lipids (1,2). Amongst the mediators produced by UVB is the lipid platelet-activating
factor (1-O-alkyl-2-acetyl glycerophosphocholine, PAF). PAF is an inflammatory
phospholipid mediator that exerts its effects through a single, specific G-protein coupled
receptor, the PAF receptor (reviewed in 3). The PAF receptor is expressed by cells of the
innate immune system, but also by keratinocytes (4). The PAF-R is linked to numerous
signal transduction pathways including activation of protein kinase C (PKC), nuclear factor
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kappa B, and mitogen-activated kinases. Moreover, activation of the PAF-R results in the
enzymatic synthesis of PAF (5).

PAF is synthesized in response to diverse stimuli including cytokines, endotoxin, and
calcium ionophores (5-7). Of note, direct damage to keratinocytes by either heat or cold
stimuli result in significant PAF production (8). PAF is produced enzymatically, yet PAF
and sn-2 short-chained acyl glycerophosphocholines with PAF-R agonistic activity can also
be produced via free radical-mediated damage (reviewed in 9). Through its ability to act as a
potent pro-oxidative stressor (10), UVB has been demonstrated to trigger production of PAF
and oxidized glycerophosphocholines (ox-GPC) with PAF-R agonistic activity (9,11,12).

Biological effects of UV irradiation occur as a consequence of absorption of electromagnetic
energy by certain molecules within cells. The photochemical activation of molecular oxygen
generates reactive oxygen species (ROS) that mediate many UV irradiation-induced
responses including apoptosis (10,13-15). Interestingly, activation of the epidermal growth
factor receptor (EGF-R) by UVB also results in the formation of ROS that subsequently
induces the growth arrest and DNA damage-inducible gene (GADDA45) (16). Several studies
have indicated that UVB-mediated production of ROS in human keratinocytes involves the
EGF-R and NADPH oxidase (10,16-18).

Several lines of evidence have indicated that keratinocyte-produced PAF species are
important in UVB-mediated effects. First, UVB-mediated production of cytokines including
TNF-a (19,20) and IL-10 (11) are due in part to subsequent PAF-R activation. Second,
UVB-mediated systemic immunosuppression has been demonstrated to be reproduced by
systemic treatment with PAF or UVB-irradiated glycerophosphocholine (11,21,22), and is
blocked by PAF-R antagonists and the PAF-metabolizing enzyme PAF-acetylhydrolase
(11,23) and absent in PAF-R-deficient mice (22). Thus, UVB-generated PAF species appear
to play an important role in UVB-mediated effects. Inasmuch as the ability of UVB to
generate PAF agonists in human skin has not been examined, these studies sought to assess
the ability of UVB irradiation of human skin explants to stimulate PAF agonists and assess
the role of ROS in their production.

Materials and Methods

Reagents and UVB irradiation source

All chemicals were obtained from Sigma unless indicated otherwise. PD168393, a specific
EGF-R inhibitor (24) was obtained from Calbiochem (La Jolla, CA). PAF-acetylhydrolase
and phospholipase A; were kind gifts of Dr. Thomas Mclntyre (Cleveland Clinic, Cleveland
OH). The UV source was a Philips F20T12/UV-B lamp (270-390 nm; containing 2.6%
UVC, 43.6% UVB, and 53.8% UVA) (19,22). The intensity of the UVB source was
measured prior to each experiment using an 1L1700 radiometer and a SED240 UVB detector
(International Light, Newburyport, MA) at a distance of 8 cm from the UVB source to the
skin tissue. All chemicals used in the irradiation protocols were first tested to ensure there
was no ability to absorb UVB (i.e., sunblock effect) by testing the intensity of UVB (as
measured by detector) irradiation underneath a Kodacel membrane with/without application
of the dose used in the protocols.

KBPAF-R model system

The human epidermoid cell line KB cells were grown in Dulbecco’s modified Eagle’s
medium (Life Technologies, Inc.; Grand Island, NY) supplemented with 10% fetal bovine
serum (Intergen; Purchase, NY), 2 mM L-glutamine, and 100 pg/ml penicillin and
streptomycin. A KB PAF-R model system was created by transduction of PAF-R-negative
KB cells with the MSCV 2.1 retrovirus encoding the human leukocyte PAF receptor as
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described previously (25). KB cells stably transduced with the PAF receptor (designated as
KBP cells) or with the control MSCV2.1 retrovirus (defined as KBM cells) were
characterized by Southern, Northern, radioligand binding and by calcium transient studies
that demonstrate the presence of a functional PAF-R signaling system in these cells.

Lipid extraction and PAF-R activity measurement

Human Caucasian foreskin tissue were collected and used in these studies within 48 h. The
explants were warmed to 37 °C before treatment with various doses of UVB. In some
experiments the tissue was left on the bench top for a similar amount of time to serve as a
sham control. Following UVB treatment, epidermal part of the skin explant was scraped off
using a 5 mm curette after having the skin frozen with liquid nitrogen. In some experiments
the residual dermal tissue was used. Scraped epidermal or dermal tissue specimens were
weighed and lipids extracted, the reactions were quenched with ice-cold methanol and total
lipids extracted by the method of Bligh and Dyer (26). In some experiments, the lipid extract
was treated with PAF-acetylhydrolase (10 mg), phospholipase A1 (5 mg) or PBS overnight
at 37 °C, and then lipids re-extracted (23). The effectiveness of phospholipase A; was
confirmed by treatment of the PAF-R agonist 1-palmitoyl-2-acetyl-glycerophosphocholine.
We have examined residual scraped skin fixed in formalin, embedded in paraffin and stained
with hematoxylin and eosin to histologically verify removal of the epidermis. In some
experiments, skin explants were treated with topical application of 50 ul of 10 mM vitamin
C, 4 mM PD168393, or vehicle alone (10% DMSO in ethanol) for 30 min before UVB
irradiation.

The presence of PAF-R agonists in the lipid extracts were measured by their ability to
induce an intracellular Ca?* mobilization response in KBP cells as previously described
(23). In brief, PAF-R-expressing KBP or control PAF-R-negative KBM cells were
preloaded with the Ca2*-sensitive indicator, FURA-2-AM (2 uM in HBSS) at 37 °C for 90
min, followed by washing, re-suspending and maintained in HBSS at room temperature
before use. Lipid extracts dissolved in ethanol (adjusted to 10 mg wet tissue weight/20 pl)
were added to an aliquot of KBP cells (1.0-1.5 x 108 cells/2 ml) in a cuvette at 37 °C with
constant stirring. FURA-2-AM fluorescence was monitored in a Hitachi F-4010
spectrophotometer with excitation and emission wavelengths of 331 and 410 nm,
respectively. The Ca?* influx was calculated as described (23) and shown as percentage of
maximal peak calcium flux induced by 1 uM CPAF.

Data analysis

Results

Data from the tissue studies are presented as mean + standard error of the mean (SEM).
Student's t-tests were used to assess statistical significance for differences in means.
Significance was set at p<0.05.

UVB irradiation of human skin generates PAF-R agonistic activity

UVB irradiation of human epithelial cells in vitro (11,12,27) or murine skin in vivo (23) has
been shown to stimulate the production of PAF agonists. Thus, our first studies assessed
whether UVB irradiation of human skin resulted in the production of PAF-R agonistic
activity. Inasmuch as PAF-R agonists consist of both native PAF as well as ox-GPCs with
PAF-R agonistic activity, we measured total PAF-R agonistic activity using the biochemical
assay of intracellular calcium mobilization response in PAF-R-expressing KBP cells
(23,25). Discarded human foreskins were treated with UVB or sham-irradiated. At various
times, the epidermis was removed from the irradiated area via a curette, and the tissue was
weighed, then lipids extracted and tested for the ability to trigger a calcium mobilization
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response in PAF-R-expressing KBP versus control PAF-R-negative KBM cells. As shown
in Fig 1A, lipid extracts derived from UVB-irradiated human epidermis triggered an
intracellular calcium mobilization response in PAF-R-expressing KBP cells. Lipid extracts
derived from sham-treated skin did not contain appreciable PAF-R agonistic activity (Fig
1A). Treatment of PAF-R-negative KB cells transduced with the MSCV2.1 vector (KBM)
with lipid extracts derived from UVB-irradiated human epidermis did not result in an
intracellular calcium mobilization response (Fig. 1B). It should be noted that no appreciable
PAF-R agonistic activity was found in the dermis following UVB irradiation of skin (Fig
1C).

Studies characterizing the PAF-R activity found in oxidized low density lipoproteins (28,29)
and the UVB-irradiated PAF-R-deficient human epithelial cell line KB (12) have
demonstrated that the majority of the PAF-R activity is sensitive to the enzyme PAF
acetylhydrolase. Moreover, the presence of an sn-1 ether linkage was inferred by the
insensitivity of this activity to the enzyme phospholipase A; (PLA7). The next studies
examined the effect of these enzymes on UVB-generated PAF-R agonists derived from
human epidermal skin. As shown in Figure 2A, treatment with PAF acetylhydrolase
completely ablated the PAF-R activity. However, the lipid extracts derived from UVB-
irradiated human epidermal skin were essentially insensitive to PLA; treatment (Fig. 2B).
These studies indicate that the UVB-generated PAF-R activity is an sn-1 ether-linked
glycerophosphocholine.

Dose- and time-dependence of UVB-generated PAF-R agonistic activity

UVB irradiation of human skin resulted in epidermal PAF-R activity in a dose-dependent
manner with significant responses measured at 1000 J/m? and above (Fig 3). UVB-generated
PAF-R agonistic activity was measured by 10 minutes and was maximal at 1 hour following
UVB treatment (Fig 4). By 4h the levels of PAF-R agonists were still elevated above
baseline, but were greatly decreased in comparison to 1 h post-UVB. In two explants tested,
the levels of PAF species 24 h post UVB were similar to sham-irradiated tissues (data not
shown). These findings fit closely with our previous studies examining the time course of
UVB-generated PAF-R agonists in epithelial cells (23). The present studies indicate that
UVB irradiation of human skin ex vivo at physiologically relevant doses (eg, 1000 J/m?)
results in the production of PAF-R agonistic activity which is contained in the epidermis.

UVB-generated PAF-R agonistic activity in human skin involves ROS

UVB irradiation is a potent inducer of ROS including superoxide radical, hydrogen peroxide
and hydroxyl radical (10). Previous studies have provided evidence that UV-mediated ROS
in keratinocytes can involve the EGF-R and subsequent NADPH oxidase activation (16-18).
Our next studies assessed whether this pathway is involved in UVB-mediated PAF-R
agonist production in human epidermal skin. Skin explants were pre-incubated with the
antioxidant vitamin C or EGF-R inhibitor PD168393 or DMSO vehicle applied topically 30
min prior to UVB irradiation (5,000 J/m2). As shown in Fig. 5, both Vitamin C and
PD168393 pre-treatment inhibited UVB-mediated PAF agonist formation in response to
UVB at 1 h. It should be noted that pre-treatment with DMSO did not significantly affect the
ability of UVB to generate PAF-R agonists (compare Figure 5 and Figure 4). These studies
indicate that UVB mediates PAF-R agonists in human epidermal skin in part through ROS.

Discussion

The present studies demonstrate that UVB irradiation of human skin results in the
production of PAF-R agonists and implicate ROS in their formation. UVB-mediated PAF-R
agonists were only found in the epidermal compartment of human skin, which indicates that
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keratinocytes are the cell type responsible for their generation. That the time course of UVB-
generated PAF agonists in human skin (Fig. 4) resembles that seen in epithelial KB cells
(23), also suggests keratinocyte involvement.

The synthetic pathway for PAF consists of two enzymes: phospholipase A2 generates the
lysolipid backbone by releasing the sn-2 fatty acyl residue from alkyl phosphocholine and
PAF acetyltransferase transfers an acetyl residue from acetyl-CoA to this newly generated
lysolipid (reviewed in 30). The activities of these two enzymes are tightly regulated, with
increased intracellular calcium levels being the premier regulator. The limited amounts of
free lyso-phosphocholine and acetyl-CoA in a cell thus limits the production of bioactive
PAF. In addition, PAF-R agonists can also be produced through non-enzymatic oxidation,
which is not subjected to cellular control (9,31). UVB irradiation generates a variety of ROS
that oxidizes phospholipids. Oxidation of esterified fatty acyl residues introduces oxy
functions, rearranges bonds and results in fragmentation of carbon-carbon bonds by B-
scission that generates a myriad of phospholipid reaction products including PAF-R agonists
(28,32). In this regard, cellular membranes serve as the source of oxidized phospholipids
and are thus the sources of ROS-mediated PAF-R agonist formation.

Several lines of evidence indicate that the ability of UVB to act as a pro-oxidative stressor is
involved in the ability of this agent to generate PAF-R agonists. First, UVB-generated PAF-
R agonistic activity is blocked by pre-incubation with the anti-oxidant vitamin C. It should
be noted that systemic treatment with vitamin C inhibits PAF-R agonists formed in response
to pro-oxidative stressors UVB (23) or cigarette smoke (33) in rodents. Second, the ability
of an EGF-R inhibitor to inhibit UVB-generated PAF-R agonists in human skin also fits
with involvement of ROS in their formation. Indeed, keratinocyte EGF-R activation has
been shown to be critical for UVB-mediated ROS formation (16,18,23). Finally, the time
course of UVB-generated PAF agonists in human skin also resembles the time course of
UVB-mediated ROS in keratinocytes (23).

Though oxidatively-modified glycerophosphocholines with PAF-R agonistic activity were
first described 20 years ago, only several of the structures of these bioactive lipids have been
reported (12,21,34). Of interest, our previous studies have shown that PAF (1-hexadecyl-2-
acetyl-GPC) itself is formed following UVB irradiation of KB cells or purified 1-
hexadecyl-2-arachidonoyl-GPC (12). Other known ox-GPCs with PAF-R activity first
described as being associated with oxidized LDL that are GPC with an sn-1 ether lipid and
sn-2 of butanoy! (C 4:0) or butenoyl (C 4:1) have also been shown to be formed following
UVB (12,28,29). Our ongoing studies are attempting to use mass spectrometry to more fully
characterize UVB-generated ox-GPCs and have found more than 10 separate species with
PAF-R agonistic activity. Inasmuch as UVB-generated PAF-R agonists appear complex, the
use of our intracellular calcium biochemical assay to measure total PAF-R activity using
FURA-2-loaded KBP cells is warranted for the present studies.

In summary, these studies document the ability of UVB radiation to stimulate PAF agonists
in human skin. Given that the PAF system has been implicated in UVB-mediated processes
ranging from optimal cytokine production to systemic immunosuppression, these studies
have potential clinical implications.

Nonstandard abbreviations used

PAF Platelet-activating factor
PAF-R platelet-activating factor receptor
CPAF 1-hexadecyl-2-N-methylcarbamoyl glycerophosphocholine
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glycerophosphocholine

ox-GPC oxidized glycerophosphocholine

TNF-a tumor necrosis factor alpha
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Figure 1. Detection of PAF-R agonistic activity in UVB-irradiated human skin

Stimulation with lipid extracts from epidermis of UVB-irradiated (2,000 J/m2, 1 h) but not
unirradiated (SHAM) human skin results in calcium mobilization response in PAF-R-
positive KBP cells (A) but not in control PAF-R-negative KBM cells (B). Lipid extracts
from dermis of UVB-irradiated (5,000 J/m2, 1 h) skin does not result in a significant calcium
mobilization response in KBP Cells (C). Stimulation with 1 uM of CPAF or endothelin-1
(ET-1) were used as positive controls.
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Figure 2. Partial enzymatic characterization of PAF-R agonistic activity from UVB-irradiated
human skin

Lipid extracts from epidermis of UVB-irradiated (5,000 J/m2, 1 h) human skin were
pretreated with PAF-acetylhydrolase (UVB + PAF-AH) or PBS as control (UVB + PBS)
(A) or phospholipase A; (UVB + PLA;) (B) before PAF-R agonistic activity was assessed
in KBP cells loaded with FURA-2-AM. Stimulation with 1 uM CPAF was used as control.
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Figure 3. Dose-dependency of UVB-mediated PAF-R agonist production in human skin

Human skin explants were sham or UVB-irradiated with various doses of UVB. The
epidermis was removed at t = 1 h and lipids extracted and tested for PAF-R agonist activity
in FURA-2-AM-loaded KBP cells. Data are the mean * SE percentage of maximal peak
calcium flux induced by 1 puM CPAF and numbers of explants tested from each treatment
noted in parentheses. * Denotes statistically significant (p < 0.05) differences in comparison
to sham control.
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Figure 4. Time course of UVB-mediated PAF-R agonist production in human skin

Human skin explants were sham or UVB-irradiated with 5000 J/m2 UVB. The epidermis
was removed at various times and lipids extracted and tested for PAF-R agonist activity in
FURA-2-AM-loaded KBP cells. Data are mean + SE percentage of maximal peak calcium
flux induced by 1 uM CPAF and numbers of explants tested from each treatment noted in
parentheses. * Denotes statistically significant (p < 0.05) differences in comparison to sham
control.
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Figure 5. Effects of antioxidant and EGF-R inhibitor on UVB-mediated PAF-R agonist
production in human skin
Human skin explants were pretreated with 50 pL of a 10 mM solution of the antioxidant
vitamin C, 4 mM of the EGF-R inhibitor PD168393, or vehicle alone (10% DMSO in
ethanol) for 30 min before UVB (5,000 J/m?) irradiation. The epidermis was removed at one
hour post-UVB treatment and lipids extracted and tested for PAF-R agonist activity in
FURA-2-AM-loaded KBP cells. Data are the mean * SE percentage of maximal peak
calcium flux induced by 1 uM CPAF and numbers of explants tested from each treatment
noted in parentheses. * Denotes statistically significant (p < 0.05) differences in comparison
to DMSO vehicle control.
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