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ABSTRACT

Ultraviolet radiation produces free radicals in Skh-1
mouse skin, contributing to photoaging and carcinogen-
esis. If a mouse model is a general indicator of free rad-
ical processes in human skin photobiology, then radical
production observed in mouse and human skin should be
directly comparative. In this work we show that UV ra-
diation (A > 300 nm, 14 pW/cm? UVB; 3.5 mW/cm?
UVA) increases the ascorbate free radical (Asc ) electron
paramagnetic resonance (EPR) signal in both Skh-1
mouse skin (45%) and human facial skin biopsies
(340%). Visible light (A > 400 nm; 0.23 mW/cm? UVA)
also increased the Asc~ signal in human skin samples
(45%) but did not increase baseline mouse Asc, indi-
cating that human skin is more susceptible to free radical
formation and that a chromophore for visible light may
be present. Using EPR spin-trapping techniques, UV ra-
diation produced spin adducts consistent with trapping
lipid alkyl radicals in mouse skin (a-[4-pyridyl 1-oxide]-
N-tert-butyl nitrone/alkyl radical adduct; aV 15.56 G
and a¥ 2.70 G) and lipid alkoxyl radicals in human
skin (5,5-dimethylpyrroline-1-oxide/alkoxyl radical ad-
duct; a¥ = 14.54 G and a¥ = 16.0 G). Topical application
of the iron chelator Desferal” to human skin significantly
decreases these radicals (=50%), indicating a role for
iron in lipid peroxidation; Desferal has previously been
shown to decrease radical production in mouse skin. This
work supports the use of the Skh-1 mouse as a predictive
tool for free radical formation in human skin. These re-
sults provide the first direct evidence for UV radiation-
induced free radical formation at near physiological tem-
peratures in human skin and suggest that iron chelators
may be useful as photoprotective agents.

INTRODUCTION

The ultimate test animal for therapeutic experiments is hu-
mans, but there are ethical limitations. The hairless mouse
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is a widely used model for studying photoaging of skin. Ul-
traviolet radiation produces free radicals in Skh-1 mouse
skin, contributing to photoaging and carcinogenesis (1). The
ascorbate free radical (Asc )i is detectable by electron par-
amagnetic resonance (EPR) spectroscopy at low steady-state
levels in a manifold of biological samples (2-6), including
skin (7-10). It has been demonstrated that Asc™, which is
naturally present in biological systems, can be used as a
noninvasive indicator of oxidative stress (11). As such, Asc™
has been useful in the study of free radical oxidations in
numerous biological systems (12—15) including mouse skin
(7—10). Because Asc'~ is a resonance-stabilized free radical,
it is detectable directly by EPR. However, the nonresonance-
stabilized free radicals initially produced in the skin by UV
radiation have very short lifetimes at room temperature.
Thus in this work Asc~ serves as a marker of UV radiation-
induced free radical formation in human skin, while EPR
spin-trapping techniques have been applied to detect the
nonresonance-stabilized radicals produced by UV radiation.

A common approach for studying free radicals in tissues
has been to use homogenized samples (16,17). But, homog-
enizing the sample may produce artifacts; thus, in this study
sections of mouse or human skin were examined ex vivo,
epidermis and dermis intact, to study real-time free radical
formation by UV radiation.§

There are significant biochemical and structural differ-
ences between mouse and human skin that could affect their
responses to UV radiation and other environmental insults.
If this mouse model is to be used as a general indicator of
free radical processes in human skin photobiology, then rad-
ical production observed in mouse and human skin should
be directly comparative. Thus, in this research we compare
standard Skh-1 hairless mouse skin to human facial skin bi-

tAbbreviations: Asc', ascorbate free radical; DMPO, §5,5-dimethyl-
pyrroline-1-oxide; EPR, electron paramagnetic resonance spec-
troscopy; POBN, a-(4-pyridyl 1-oxide)-N-tert-butyl nitrone.

§Homogenization of the sample will disrupt and damage membranes
resulting in decompartmentalization of cell contents. In addition,
high levels of oxygenation are achieved that will amplify the ox-
idation process. Thus, many peroxides may be introduced into the
sample. By comparison, an intact biopsy will have only minor
decompartmentalization of cellular contents, but the lack of blood
flow will reduce nutrient levels; oxygenation will be lower than
when in vivo. This low oxygenation may actually blunt the oxi-
dative processes we are attempting to monitor.



opsies as models for UV radiation-induced free radical for-
mation.

MATERIALS AND METHODS

The Skh-1 hairless mice were obtained from Charles River Labo-
ratory, Portage, MI and were given a standard diet and water ad
libitum. Animal care strictly followed University of lowa and NIH
animal welfare policies. Mice were sacrificed, and whole dorsal skin
was harvested immediately and cut into EPR-usable pieces (=1
cm?).

Intact human facial skin sections (=1 cm?) were obtained from
pre- or postauricular regions of caucasian patients undergoing facial
surgery and were immediately frozen at 77 K. In our previous work
with murine skin we have demonsirated that this storage iechnique
does not significantly influence the UV light-mediated free radical
response (8,9). (All appropriate guidelines of the Helsinki Declara-
tion of 1975 as revised in 1983 were followed.) Because EPR sam-
ples of skin can be no more than approximately 500 pm thick, some
of the dermis was cut from the human skin samples prior to EPR
examination. In all experiments the same radiation source setup was
used for irradiating the epidermal surface of the skin sample in the
EPR cavity.

The radiation source was an Oriel 150 W Photomax® xenon arc
lamp operating at 30 W, The filtered light-fluence rate at the sample,
assuming the cavity grid transmits 75% of the incident radiation,
was estimated using a model IL 1400A International Light Inc. ra-
ulUlllClCl Wll.ll U Vl‘\ UCLCLLUI lllUuCl ODL 023 b VD UCLCLLU[ lllUUCl
SEL 240. In those experiments examining the effects of solar radi-
ation, wavelengths below =300 nm were filtered out using a Schott
WG305 filter. (This 305 nm cutoff filter provides 4% at 290 nm.
46% transmission at 305 nm and 79% at 320 nm. The resulting
fluence rates were 14 uW/(‘m UVB: 3.5 mW/cm?2 UVA. ) For visible
light experiments, wavelengths below 400 nm were filtered out using
an Oriel 59472 filter (0.23 mW/cm® UVA). Infrared radiation was
removed by a 5.0 cm quartz water filter. Typical ambient levels of
light in the laboratory produced no change in EPR-detectable free
radical levels.

For EPR examination, the skin samples =1 cm? (=500 pm thick)
were placed in the well of a Wilmad Glass Co. (Buena, NJ) tissue
call FW G R0 RY that had tha lawer nagitionine rad removed for

cell (WG-806-B) that had the lower positioning rod removed for
easier tuning of tissue samples. The epidermal surface was facing
“‘out.”” A coverslide over the sample was held in place with Parafilm
ties. In the ascorbate experiments the Bruker ESP-300 EPR spec-
trometer (Karlsruhe, Germany) settings were: microwave power, 40
mW; modulation amplitude, 0.66 G: time constant, 0.3 s; scan rate,
8 G/41.9 s; receiver gain, 2 X 10° For the spin-trapping experiments
50 pL of the stock spin trap in HyO (250 mM «-[4-pyridy] 1-oxide]-
N-ieri-buiyi nitrone {POBNj; 1.0 M 5,5-dimethyipyrroiine-i-oxide
[DMPO]) was topically applied to the epidermis for [0 min, then
blotted and immediately examined by EPR. No increase in back-
ground EPR signal occurred when the aqueous solutions of either
POBN or DMPO was exposed to UV radiation with identical pa-

rameters to that in the skin experiments. The EPR instrument set-
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tings for the POBN spin-trapping experiments were: microwave
power, 40 mW; modulation amplitude, 0.76 G; time constant, 0.3 s;
scan rate, 60 G/41.9 s; receiver gain, 1 X 10° The EPR spectrometer
settings for the DMPO experiments were: microwave power. 40
mW; modulation amplitude, 1.06 G; time constant, 0.3 s; scan rate,
80 G/84 s; receiver gain, 1 X 10°.

RESULTS

Previous work, using room temperature EPR, has demon-
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strated the presence of the endogenous, resonan tabil

ascorbate free radical at a low steady-state le
(Skh-1) skin (7,8). In the present work we have for t
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Figure 1. The Asc™ increases in mouse skin when exposed to UV
radiation but not visible light. I8, Asc signal intensity from skin
that was exposed to UV and visible light (305 nm cutoff filter); A,
Asc’ signal intensity from skin exposed to visible light only (400
nm cutoff filtery: [ Ascr

nm Culoil mier); s ASC

posed to room light only. The data represent the mean of four sep-
arate experiments. The light was turned on after the third data point.
After UV radiation exposure, a paired comparison of each curve
showed the visible light-exposed samples not to be statistically dif-
ferent from those samples exposed to room light.
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time demonstrated the presence of Asc™
1.8 G") in human skin biopsies.
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combined UVA and UVB radiation source results in an ap-
proximately twofold increase in the Asc™ signal height rel-
ative to unirradiated mouse skin, indicating that during UV
radiation exposure the skin is undergoing free radical oxi-
dative stress (Fig. 1). However, when human skin is exposed
to the same UV radiation source there is an approximate
fourfold increase in the Asc EPR signal intensity (Fig. 2).
The kinetics of the observed changes in Asc~ EPR signal
height between human and mouse skin also differed, as did
the patterns of spontaneous Asc™ radical accumulation in

¢
0

nonirradiated skin.

Visible light photons have generally been considered in-
nocuous because of their low energies; however, in skin nat-
arally occurring photosensitizers could produce free radicals
in the presence of visible light. Thus, the potential involve-
ment of visible light in free radical production was exam-
ined. Using only wavelengths above =400 nm, we observed
that exposure of mouse skin to visible light does not increase
the Asc™ EPR signal above ambient light levels (Fig. 1).
llllb lllulcates Llldl. VlblUlC llg,lll, Ildb no detecldblC Ullb‘bl on
free radical formation in mouse skin.

However, in human skin, visible light was found to in-
crease Asc’ ; an approximate twofold increase was observed
(Fig. 2). In these Caucasian facial skin biopsies there may

be a visible light chromophore that is not significantly pres-

[|[Each line of the ascorbate radical doublet is actually a triplet of
doublets: a™ = 1.76 G, aM® (2) = 0.19 G and a®® = 0.07 G (18).
However, these EPR instrument settings were selected for maxi-
mum sensitivity (19); thus, only a doublet with a"* = 1.8 G is
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Figure 2. The Asc™ in human skin increases on exposure to UV
radiation and visible light. I, Asc™~ signal in biopsies exposed to
UV radiation (305 nm cutoff and IR filters); A, Asc'~ signal in bi-
opsies exposed to visible light (400 nm and IR filters); [, Asc™
signal in biopsies exposed to room light only. The samples were
exposed to light after collection of the third data point. Each data
point represents the mean of four samples * SEM. All Asc'~ data
represent two signal-averaged scans.

ent in Skh-1 mouse skin, such as flavins and melanin, which
when excited may produce an oxidizing species that can re-
act directly with AscH™ producing Asc~. This would be an-
other indication of the oxidation processes that can be ini-
tiated in skin by light.

Spin-trapping techniques were applied to further identify
the short-lived initial free radicals produced by UV radiation
in skin. Using the spin-trap POBN, a carbon-centered POBN
spin adduct as well as Asc’~ is observable in UV radiation-
exposed mouse skin Fig. 3. The spectra exhibit hyperfine
splittings characteristic of POBN/alkyl radicals, a¥ = 15.56
G and a¥ = 2.70 G, possibly generated from membrane lip-
ids as a result of B-scission of lipid alkoxyl radicals causing
generation of alkyl radicals, such as ethyl and pentyl radicals
(20,21).

The spin-trap DMPO was used in our mouse skin model
to further identify the radicals involved in UV radiation-
induced free radical formation. The DMPO was topically
applied to the skin in the same manner as the POBN; how-
ever, no spin-trapped adduct was observable in the absence
or presence of UV radiation. Only the ascorbate radical was
observed (data not shown).

These spin traps were also applied to the human skin bi-
opsies. When POBN was topically applied to the human skin
biopsies no EPR signal was observable in the absence of UV
radiation. Exposure to UV radiation resulted in a triplet of
doublets as well as the ascorbate free radical signal. The
hyperfine splittings of the POBN adduct were a¥ = 15.62 G
and a" = 3.1 G, possibly indicating a carbon dioxide radical
anion (21,22). This signal was very weak, thus further spin-
trapping experiments were done using DMPO.

When human skin biopsies were treated with DMPO, no
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Figure 3. The POBN spin traps a carbon-centered radical upon UV
radiation exposure of mouse skin. The lower spectrum is from skin
exposed to room light. The upper spectrum is from skin exposed o
the combined UV A and UVB radiation source (305 nm cutoff filter).
When skin was exposed to UV radiation a carbon-centered POBN
spin adduct (*) (aN = 15.56 G, al = 2.70 G) as well as the ascorbate
radical ( ) (aB* = 1.8 G) were observed.

EPR signal was detected in room light alone. Upon UV ra-
diation exposure, Asc’~ as well as a six-line DMPO adduct
signal were observed, (Fig. 4). The hyperfine splittings (a™
= 14.54 G and aP = 16.0 G) are characteristic of DMPO/
SO, and DMPO/alkoxyl radical adducts (10,21,23); how-
ever, a lipid-derived alkoxyl radical is more likely in this
system. The presence of lipid-derived radicals is consistent
with our previous observation of UV radiation-induced lipid
alkyl radicals in mouse skin (8,9).

Because lipid peroxidation products were indicated in
both our mouse and human skin spin-trapping experiments,
iron may be involved in these free radical processes. Skin is
a significant site of iron excretion. In addition chronic ex-
posure of skin to UV radiation has been found to cause a
significant increase in the basal levels of non-hemoglobin
iron (24). This excess iron could lead to increased free rad-
ical damage (25). Indeed, using the Skh-1 mouse model top-
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Figure 4. The EPR spectra of UV radiation-induced DMPO radical
adducts in human skin biopsies. The top spectrum is of human skin
exposed to UV radiation; the lower spectrum is of human skin ex-
posed to room light. The upper spectrum results from two radical
species: a central Asc™ doublet (a'* = 1.8 G) and a six-line DMPO
adduct (@™ = 14.54 G, a = 16.0 G). Both spectra are the result of
10 signal-averaged scans.
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Figure 5. Desferal® decreases the UV radiation-induced DMPO ad-
duct signal in human skin biopsies. The lower spectrum is of the
DMPO signal adduct from human skin exposed to UV radiation.
The upper spectrum is of human skin treated with Desferal and
exposed to UV radiation. The spectral species and parameters are
the same as observed in Fig. 4. Both spectra are the result of five
signal-averaged scans.

ical application of iron chelators to skin has been found to
be photoprotective by delaying the onset of UV light-in-
duced skin tumor formation (24). In previous work we dem-
onstrated that topical application of Desferal”, an iron-che-
lating agent, to mouse skin significantly reduced UV-indu-
ced free radical formation (8). Desferal has no significant
UV absorption at wavelengths greater than =280 nm. In our
experiments a 305 nm UV cutoff filter was used, thus Des-
feral would not act as a simple UV blocking agent. There-
fore, to determine if the action of Desferal is similar in hu-
man skin to that observed in mouse skin we examined the
effect of topically applied Desferal on protection against UV
radiation-induced free radical production in human skin. Us-
ing DMPO spin-trapping techniques, Desferal or vehicle was
topically applied to the human skin prior to EPR examina-
tion. After exposure to UV radiation the same six-line
DMPO adduct, as well as Asc™, was observable in both
treatment groups. Desferal reduced the DMPO radical signal
by =50% (Fig. 5), which is parallel to our earlier observa-
tions in mouse skin (8).

DISCUSSION

The data presented in this work demonstrate that in both
mouse and human skin biopsies the ascorbate free radical
signal intensity increases with UV radiation exposure, indi-
cating oxidative stress. Visible light also caused a modest
increase in free radical formation in the human biopsies,
which is in contrast with our findings in the mouse model.
Direct detection of Asc'™ by EPR is consistent with ascor-
bate’s role as the terminal small-molecule antioxidant. Due
to ascorbate radical’s low reduction potential, +282 E°* mV
(26), nearly every oxidizing radical that can arise in a bio-
logical system will react with ascorbate forming the semi-
dehydroascorbate radical (Asc ™), a resonance-stabilized, tri-
carbonyl free radical species. It has been demonstrated that
the ascorbate radical EPR signal can serve as an indicator
of oxidative events (5,8,11). Thus, UV light increases the
flux of radicals in both mouse and human skin.

Using EPR spin-trapping techniques we have for the first
time detected, in situ, a free radical spin adduct during UV
radiation exposure of human skin. The trapped radical in
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human biopsies appears to be different from the radicals
trapped from mouse skin, i.e. an alkoxyl versus an alkyl
radical. Timmins et al. used DMPO to trap organic peroxide-
induced radicals in pieces of mouse skin (10). They observed
spin adducts characteristic of trapping peroxyl, alkoxyl and
alkyl radicals, consistent with our findings here.
Photooxidation of lipids may be one of the initial steps
involved in UV radiation-induced skin damage (27). The
spin-trapping of alkyl and alkoxyl radicals indicates that iron
may be involved in the lipid peroxidation processes occur-
ring in skin.
Fe’ + LOOH — Fe** + LO" + OH-

B-scission
LO" — ethyl or pentyl radicals
+ aldehydic products
DMPO/LO"

POBN/"CH,R

LO® + DMPO —
‘CH,R + POBN —

Both human and mouse skin naturally have a basal level of
non-heme iron; sun-exposed sites have significantly in-
creased levels of this iron (24,28). Iron can serve as a cat-
alyst to enhance lipid peroxidation. Thus, sequestration of
this iron by chelators should lead to a reduction in free rad-
ical formation. This scenerio is consistent with our obser-
vation of reduced spin adducts in skin treated with Desferal.
Desferal, not chelated to metals, can be a donor antioxidant.
However, we see no hint of the aminoxyl radical that would
be expected, but this of course does not completely rule out
this possibility. However, we favor the iron sequestration
hypothesis because other iron chelators have been shown to
be effective in skin protection (24). Thus, the inclusion of
appropriate metal chelators in topical skin formulations may
be beneficial.

Although our results indicate definite differences between
the free radical response in mouse and human skin, the in-
crease in Asc™ and the presence of lipid-derived radical
products with UV light exposure in both models indicate that
the mouse model can be a predictive tool for the study of
human skin photochemistry. In addition this work demon-
strates that human skin biopsies can directly be used as an
ex vivo indication of UV-induced free radical processes oc-
curring in skin and may be a useful tool in studying other
dermato-oxidation events.
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