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Abstract

The ultraviolet (UV) components of sunlight induce damage to the DNA in skin cells, which is considered to be the initiating step in the
harmful biological effects of UV radiation. Repair of DNA damage results in the formation of single-strand DNA breaks, which activate
the nuclear poly(ADP-ribose) polymerase (PARP). Overactivation of PARP worsens the oxidative cell damage and impairs the energy
metabolism, raising the possibility that moderation of PARP activation following DNA damage may protect skin cells from UV radiation.
The topical effects of the novel PARP inhibitor O-(3-pyperidino-2-hydroxy-1-propyl) pyridine-3-carboxylic acid amidoxime mono-
hydrochloride (BGP-15M) were investigated on UV-induced skin damage in a hairless mouse model. For evaluation of the UV-induced
acute photodamage to the skin and the potential protective effect of BGP-15M, DNA injury was detected by measuring the formation of
single-strand DNA breaks and counting the resulting sunburn (apoptotic) cells. The ADP-ribosylation of PARP was assessed by Western
blot analysis and then quantified. In addition, the UV-induced immunosuppression was investigated by the immunostaining of tumor
necrosis factor alpha and interleukin-10 expressions in epidermal cells. The signs of inflammation were examined clinically and
histochemically. Besides its primary effect in decreasing the activity of nuclear PARP, topically applied BGP-15M proved to be protective
against solar and artificial UV radiation-induced acute skin damage. The DNA injury was decreased (P < 0.01). An inhibition of
immunosuppression was observed by down-regulation of the epidermal production of cytokines IL-10 and TNFo. In the mouse
skin, clinical or histological signs of UV-induced inflammation could not be observed. These data suggest that BGP-15M directly
interferes with UV-induced cellular processes and modifies the activity of PARP. The effects provided by topical application of the
new PARP-regulator BGP-15M indicate that it may be a novel type of agent in photoprotection of the skin. © 2002 Elsevier Science Inc.
All rights reserved.
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1. Introduction [1-4]. Skin cancer is the most common malignancy among
Caucasians [2,4-7]. Photodamage, specific damage pro-
duced in the skin tissue by single or repeated (cumulative)
exposure to UV light (290-400 nm), is considered to be the
initiating step of photocarcinogenesis [8]. UV radiation-

induced injury to the skin can be subdivided into acute (e.g.

The UV components of sunlight are now recognized as
major environmental factors deleterious to human health
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Abbreviations: UV (A, B), ultraviolet (A, B); TNFa, tumor necrosis
factor alpha; IL-10, interleukin-10; CPD, cyclobutane pyrimidine dimer;
ROS, reactive oxygen species; ATP, adenine triphosphate; IgG, immu-
noglobulin G; MED, minimal erythema dose; H&E, hematoxylin and
eosin; SCs, sunburn cells; F, fluorescence; D, percentage of double-
stranded DNA; ECL, enhanced chemiluminescence; TBS, Tris buffered
saline; AEC, aminoethylcarbazole; Th, T-helper; MHC, main histocom-
patibility complex.

sunburn) and chronic (e.g. photoaging, solar keratosis and
skin cancers) photodamage. At the molecular level, there is
evidence that UV radiation generates DNA damage to skin
cells either directly by producing cyclobutane pyrimidine
dimer (CPD) and pyrimidine (6—4) pyrimidone photopro-
ducts, or indirectly by increasing the level of reactive
oxygen species (ROS), which facilitate DNA oxidation.
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These processes are involved in many biological effects of
UV exposure, including photoaging, immunosuppression,
photocarcinogenesis, etc. [9—11]. High doses of UV irra-
diation (sunlight) induce extensive DNA damage that
impairs the DNA repair capacity, and results in permanent
DNA damage which can be responsible for the deleterious
effects of UV radiation [12,13]. These observations have
led to the development of new strategies (e.g. liposome-
encapsulated T4 endonuclease V, a bacterial DNA repair
enzyme) to facilitate DNA repair in human cells and
improve photoprotection [11]. The data suggest that other
enzymes and molecules which decrease DNA damage
and/or improve repair can be used as photoprotective
agents.

It is well known that PARP (EC 2.4.2.30, 113 kDa),
an evolutionarily conserved nuclear enzyme, is a consti-
tutive factor of the DNA damage surveillance network
developed by eukaryotic cells to cope with the numerous
environmental and endogenous genotoxic agents [14].
Nuclear PARP is activated by single-strand DNA breaks
when the enzyme is bound to broken ends of DNA, and
is inactivated when released as a result of auto-ADP-
ribosylation [15-17]. PARP uses NAD (B-nicotinamide
adenine dinucleotide) as its substrate to synthesize poly-
(ADP-ribose) and ADP ribosylates different nuclear
proteins. Extensive DNA damage leads to excessive
PARP activation, which induces the depletion of NAD*
and adenine triphosphate (ATP) finally resulting in cel-
lular dysfunction and necrotic cell death [17-19]. It is
now evident that PARP plays an essential role as a sur-
vival factor in replicating cells, which have suffered
limited DNA damage. In contrast, extensive DNA damage
seems to be directly related to the overactivation of
PARP, to the disturbance of the energy balance of the
cells, and to the manifestation of pathological processes
(e.g. ischemia-reperfusion injury, diabetes, septic shock,
etc.), which can be significantly ameliorated by genetic
inactivation or pharmacological inhibition of PARP
[14,17,20].

Previously, we observed the protective effect of O-(3-
pyperidino-2-hydroxy-1-propyl)  pyridine-3-carboxylic
acid amidoxime dihydrochloride (BGP-15), a new
PARP-regulator, against ischemia—reperfusion-induced
oxidative injury in a Langendorff-perfused heart model
system. Our data suggested that BGP-15 moderated ische-
mia-reperfusion-induced oxidative damage, down-regu-
lated the overactivation of PARP and improved the
recovery of macroerg phosphates [21,22].

In this paper we studied the protective effect of BGP-
I5M against artificial and natural UV radiation-induced
acute skin injuries. Using a hairless mouse model, we
investigated the effects of BGP-15M on UV-induced
DNA damage, PARP activation, sunburn cell formation
and immunosuppression raising the possibility that down-
regulation of PARP activity can produce photoprotection in
the skin.

2. Materials and methods
2.1. Chemicals

Test preparations of BGP-15 and BGP-15M for dermal
application, in a cream formulation (containing the active
ingredient BGP-15M in 5, 10, 15 or 20%) as its vehicle,
were obtained from N-Gene Research Laboratories Inc.
poly(ADP-ribose)-specific monoclonal antibody was a
kind gift from Alexander Buerkle (Heidelberg, Germany)
and Masanao Miwa (Tsukuba, Japan). Interleukin-10 (IL-
10)-specific serum (goat antimouse) and the antimouse
immunoglobulin G (IgG) peroxidase complex were pur-
chased from Sigma. Biotinylated antigoat antibody was
from Jackson. The Immunotech Universal Kit was from
Immunotech. Rabbit antimouse tumor necrosis factor
alpha (TNFo) polyclonal antibody was obtained from
Calbiochem, antirabbit IgG biotinylated species-specific
whole donkey antibody was from Amersham, Vectastain
Elite Kit and NovaRed Substrate Kit from Vector Co. were
used. '“C-labeled BGP-15 (total activity: 17.9 MBgq, spe-
cific activity: 443.6 MBq/g, radiochemical purity: 97.2%)
was provided by the Institute for Drug Research Ltd. The
Ultima-Gold liquid scintillation cocktail from Packard and
the Protosol tissue solubilizer from NEN Products were
used. All other reagents were of the highest purity com-
mercially available.

2.2. Experimental animals

The experiments were carried out on hairless (VAF/plus
CRL:hr/hr BR) mice (age: 6-8 weeks, weighing 21-25 g)
purchased from Charles River Ltd. The animals were
group-housed under pathogen-free conditions, with 12 hr
light/dark periods a day, at a temperature of 22-25° and a
humidity of 50-70%. They were provided with standard
chow for mice and water ad libitum. Individual animals
were identified by color painting of the ear. The cages were
identified by identity cards. The experiments performed
conformed to the European Community guiding principles
for the care and use of laboratory animals. All animal care
procedures and experimental protocols were approved by
the Committee for the Care and Use of Laboratory Animals
at the University of Pecs.

2.3. UV light source

A Waldmann UV 8001K light booth (Waldmann)
equipped with UV21 Philips lamps (13 tubes) was used
as UVB source. The major peak of these lamps is at 313 nm
(within the UVB range). The irradiance was measured with
a calibrated IL700 spectroradiometer with a cosine-cor-
rected SEE 400 detector and a WBS 320 filter (Interna-
tional Light). The animals were placed at a distance of
30 cm from the lamps. In some experiments, solar expo-
sure was used.
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2.4. Phototesting of mouse skin

The minimal erythema dose (MED) energy of UV
irradiation required to produce the minimally perceptible
erythema reaction of the skin [23] was determined on six
unprotected skin surface areas (0.25 cm?) of animals
exposed to increasing doses (0.07-0.32 J/cm?® with an
increment of 0.05) of UVB. All other body sites were
covered. Reading was carried out 24 hr after UV exposure
by the same physician in order to avoid interobserver
variations.

2.5. Treatment with BGP-15M cream or its vehicle

Test areas (1 cm? uncovered skin of mice) were treated
either with BGP-15M cream or vehicle (2 mg cream/cm?
of skin surface) 15 min prior to erythematogenic 2—4 MED
UV exposure. Native skin (from untreated and unexposed
animals) and BGP-15M cream-treated, but unexposed skin
samples served as controls. The experiments were carried
out under self-control circumstances. Tissue samples were
collected either immediately (e.g. to determine ADP-ribo-
sylation) or 24 hr after UV exposure. Skin samples were
either snap-frozen at the optimal cold temperature and
stored at —70°, or fixed in formalin.

2.6. Clinical investigation

Clinical examinations were carried out immediately and
24 hr after UV exposure. Signs of acute UV damage,
erythema (e) and edema (ed) formation in unprotected
skin areas were assessed visually, compared to the controls
and evaluated by using the Draize score system, ranging
from 0 to 4 (0: no e, 1: very slight e, 2: well defined e, 3:
moderate e, 4: severe e; 0: no ed, 1: very slight ed (barely
perceptible), 2: slight ed (edge of area displays a well
defined raising), 3: moderate ed (raised approximately
1 mm), 4: severe ed (raised more than 1 mm) 24 hr after
UV irradiation. A dermatoscope was used and photodo-
cumentation was made.

2.7. Histological investigation

Tissue samples were fixed in 4% neutral-buffered for-
malin for undetermined lengths of time and were
embedded in paraffin. The formalin-fixed, paraffin-
embedded 4-6 um tissue sections were deparaffinized,
dehydrated in graded alcohol, and stained with hematox-
ylin and eosin (H&E) [24].

2.8. Detection of sunburn cells

Tissue samples were fixed in 4% buffered formalin,
embedded in paraffin, sectioned at 4 pm, and stained with
H&E. The specimens were examined microscopically for
sunburn cells (SCs) by the same observer. SCs (eosino-

philic cells with or without pyknotic nuclei) were counted
at 400x magnification in the interfollicular epidermis
located above a 0.25 mm long part of the basement mem-
brane (measured with a calibrated eyepiece micrometer),
in 16 fields per animal and 80 fields per group. Counts were
expressed as the mean number + SEM of SCs per mm
length of epidermis.

2.9. Determination of skin absorption of BGP-15

The BGP-15 contents in the skin, serum and muscle of
hairless mice were determined with *C-labeled BGP-15,
used as an aqueous solution containing 30% of BGP-15.
The animals were treated with a single topical application
of a 4 pL/cm? solution (radioactivity: 16,547,000 cpm per
mouse) for 6 hr. The '“C-labeled BGP-15-treated animals
were divided into two groups. One group was exposed to 1
MED UVB light immediately after the topical application
of the radioactive substance, while the animals in the other
group were unexposed. An untreated—unexposed (native)
group of mice served as controls. Each group contained
five animals. At the end of the treatment (after 6 hr), the
mice were anesthetized (100 mg ketamine/kg, i.p.) and
killed. From animals, blood samples (1 mL per mouse)
were collected; following centrifugation (10,000 rpm for
10 min, 4°), 50 pL. serum was added to 5 mL liquid
scintillation cocktail in a glass vial and the radioactivity
of each serum sample was determined on a beta-counter
(Beckman LS5000TD) for 5 min at room temperature.
After measurement of the wet weight (20-40 mg), the
collected skin and muscle samples were dissolved in
1 mL tissue solubilizer (48 hr, 60°) in glass scintillation
vials. Following solubilization, the yellow samples were
treated with 200 pL H,O, (32% w/v) for 1 hr at room
temperature, and finally 8 mL liquid scintillation cocktail
was added to the colorless dissolved samples. The radio-
activity of each sample was measured. The results were
expressed as cpm/mL or cpm/g wet tissue.

2.10. Determination of single-strand DNA breaks

Single-strand DNA breaks were determined by the alka-
line F analysis of DNA unwinding, as described by Birn-
boim and Jevcak [25]. DNA samples were prepared from
the native (untreated and unexposed), 15% BGP-15M-
containing cream-treated, 15% BGP-15M-containing
cream or vehicle-pretreated and sun-exposed (4 MED
UV) skin of mice. To estimate the quantity of undamaged
double-stranded DNA, samples were divided into three sets
of tubes. DNA F was determined under different condi-
tions. To determine the F value, the DNA was kept at pH
12.4 to permit its partial unwinding. To determine F;,, the
DNA was kept at pH 12.4, but at the beginning of the
incubation period the DNA sample was sonicated for 60 s.
To determine F\,,, the DNA sample was kept at pH 11.0,
which is below the pH needed to induce unwinding.
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Solutions were incubated for 30 min at 0°, followed by a
15 min incubation at 15°. Unwinding was stopped by
adjusting the pH to 11.0. Fluorescence was measured after
addition of the dye (ethidium bromide, 0.67 pg/mL) at an
excitation wavelength of 520 nm and an emission wave-
length of 590 nm on a Perkin-Elmer luminescence spec-
trometer. Results are expressed as D (percentage of
double-stranded DNA) = (F — Fuuin)/ (Fimax — Fmin) % 100.

2.11. ADP-ribosylation assay

The ADP-ribosylation of nuclear proteins was deter-
mined as described previously [21]. Briefly, skin samples
(20 mg) were homogenized in 250 pL. 50 mM Tris at pH
7.8 with an Ultra Turrax, 250 mL 2x Laemmli sample
buffer containing 8 M urea was then added, and the
mixtures were homogenized with a Potter-Elvehiem homo-
genizer, and cleared by centrifugation (5 min, 10,000 rpm).
Samples were subjected to SDS-PAGE [26], using an 8%
gel, and blotted to a nitrocellulose membrane for Western
blot analysis. ADP-ribosylated proteins were detected with
anti-poly(ADP-ribose) monoclonal antibody and the anti-
mouse IgG peroxidase complex, and visualized by the
enhanced chemiluminescence (ECL) method. Western blot
signal intensities were quantitated with the ImageTool
(Version 1.27) image processing program (University of
Texas, Health Science Center, San Antonio).

2.12. Detection of ADP-ribosylation
by immunohistochemical analysis

Six micro-meter tissue sections were cut in a cryostat,
mounted on glass slides and fixed in cold acetone
(4°, 10 min). Slides stained with H&E were reviewed to
confirm the quality of tissue samples. Immunohistochem-
ical staining was carried out with the anti-poly(ADP-
ribose) monoclonal antibody (dilution of 1:1000 in Tris
buffered saline (TBS), room temperature, 60 min) accord-
ing to the streptavidin—biotin—peroxidase technique with
H,0,/aminoethylcarbazole (AEC) development, using
the Immunotech Universal Kit. Immunostaining with
ascites fluid from non-immunized mice served as negative
control [27].

Table 1

2.13. Detection of UV-induced immunosuppression
by immunostaining of TNFo. and IL-10

UV-induced immunosuppression in mouse skin was
determined via the TNFa and the IL-10 production by
epidermal cells. Immunohistochemical staining of forma-
lin-fixed paraffin-embedded tissue sections was carried out
with anti-TNFa polyclonal antibody (dilution of 1:100 in
TBS, room temperature, 60 min) or anti-IL-10 polyclonal
antibody (dilution of 1:1000 in TBS, room temperature,
60 min) according to the streptavidin—biotin—peroxidase
technique (with biotinylated antirabbit or antigoat anti-
body), using the Vectastain Elite Kit or Immunotech Uni-
versal Kit. Slides incubated with non-immune serum
served as negative control [27].

2.14. Data analysis

Statistical analysis was performed by ANOVA and all of
the data were expressed as means &= SEM. Student’s #-test
for unpaired comparison was used and P values <0.05 were
considered to be significant. Each experimental group
contained at least five animals.

3. Results

3.1. Effect of UV irradiation on dermal absorption
of *C-BGP-15

Radiolabeled-BGP-15 was used to provide information
on the dermal absorption of BGP-15 and to study the
potential influence of UVB radiation on the pharmacoki-
netic properties of the substance in the skin. In spite of the
high dose BGP-15 administration (1200-1400 mg/kg body
weight), the serum concentration of '*C-BGP-15 proved to
be very low (0.00097% of the applied total radioactivity:
16,547,000 cpm per mouse (100%)), determined 6 hr after
topical treatment. The mean net radioactivity of the serum
in animals exposed to UV light was significantly lower
(P < 0.01) than that observed in UV unexposed animals
(Table 1). However, UV light exposure significantly (P <
0.01) increased the radioactivity of the skin as compared to

Effects of UVB radiation on the dermal absorption of '*C-BGP-15 radioactivity in the skin

Treatment 14C-BGP-15 radioactivity and BGP-15 content in
Serum Skin Muscle
Radioactivity Content Radioactivity Content (ng/g) Radioactivity Content (ng/g)
(cpm/mL) (ng/mL) (cpm/g) (cpm/g)

14C-BGP-15 844 + 7.8 182 £ 1.7 1100000 % 60000 240000 £ 10000 140000 £ 11000 31000 =+ 2000

4C-BGP-15 + UVB 160 + 9.6" 35 +2.1°

3280000 + 130000"

710000 + 14000 180000 4 20000 39000 £ 2000

The dermal absorption and pharmacokinetic properties of BGP-15 were investigated by using the radiolabeled substance. For details, see Section 2.
Values are means + SEM for 10 samples per group. Values different from '*C-BGP-15-treated values at a significance level of *P < 0.001.
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Table 2

Protective ability of BGP-15M against erythema, edema and sunburn cell formation in hairless mouse skin

Treatment Erythema mean Edema mean Sunburn cells/mm epidermis
score + SEM score £ SEM mean score = SEM

Unexposed—untreated (control) None None 0.5+0.2

Vehicle + UV 28 +0.2 12+03 374+ 14

5% BGP-15M + UV 0.7 £ 03" 0.3+ 02 8.8 + 04"

>10% BGP-15M + UV None None 1.6 +£ 03"

Clinical signs (erythema and edema) were evaluated with the Draize score system in vehicle- or BGP-15M-pretreated, UV exposed skin and compared
with the untreated—unexposed native control. Sunburn cells were detected in H&E-stained specimens, using 80 fields per group. For details, see Section 2.
Values are means = SEM for six animals per group. Values different from vehicle-pretreated. UV exposed values at a significance level of “P < 0.01. UV

exposed values at a significance level of **P < 0.001.

that determined in UV unexposed animals. There was no
significant difference (P > 0.05) in the contents of BGP-15
measured in muscle samples taken from UV exposed or
unexposed animals (Table 1). On topical application, the
radioactivity levels of '*C-BGP-15 and its metabolites
determined in the sera were negligible. The data showed
that topically applied '*C-BGP-15 was predominantly
retained in the skin and UV light exposure further
increased the skin content of BGP-15 in hairless mice.

3.2. BGP-15M cream pretreatment prevented the clinical
and histological signs of sunburn in mouse skin

The photoprotective ability of BGP-15M cream (con-
centration: 5-20%) was tested in groups of hairless mice
(six animals per group) exposed to a single erythemato-
genic 2 MED UVB radiation. Mice with untreated—unex-
posed (native control) and 20% BGP-15M cream-treated
unexposed (irritancy—control) test areas served as controls.
A single 2 MED UVB exposure produced an intense red
discoloration (score for erythema: 3) with slight edema
(score: 2) in the vehicle-pretreated skin areas of five of the
six animals (Table 2). One animal exhibited well defined
erythema (score: 2) without edema. In the group of mice
pretreated with 5% BGP-15M cream prior to UV exposure,
“well defined” erythema with “very slight” edema (scores:
2 and 1, respectively) were detected in one case, and a slight
pink discoloration (score for erythema: 1) with very slight
edema (score: 1) in the test areas in two animals. The skin
in test areas of animals pretreated with >10% BGP-15M
cream prior to UV exposure proved to be unchanged. The
mean sum scores of the clinical signs are listed in Table 2.
Under the given circumstances, the 10% BGP-15M cream
furnished complete protection against acute UV damage to
the skin. No signs of irritation were observed.

BGP-15M cream was tested at concentrations >10% for
its effects on solar exposure (4 MED) in groups of animals
(five mice per group). The 10% BGP-15M cream protected
the skin from the establishment of the clinical and histo-
logical signs of sunburn (Figs. 1 and 2). In the test areas of
mice pretreated with the vehicle and exposed to the Sun,
lilac-red erythema with edema was observed 24 hr after
exposure (Fig. 1). Histological examination revealed an

exulcerated epidermis with bandlike inflammatory infil-
trates in the dermal connective tissue (Fig. 2C). Skin
samples of mice pretreated with BGP-15M cream prior
to UV exposure were histologically unaffected (Fig. 2B).
The substance BGP-15M proved to be photoprotective.
The photoprotective concentration of this novel PARP
inhibitor on topical application was >10%.

3.3. BGP-15M cream reduced the number of sunburn
cells in UV irradiated skin

The formation of sunburn cells (apoptotic keratinocytes)
in the skin following UV irradiation is thought to be a

10 % BGP
+

Fig. 1. Effects of BGP-15M cream on clinical signs of sunburn. The proxi-
mal skin surface area of the animal was pretreated with 10% BGP-15M
cream, and the distal one with vehicle 15 min prior to solar exposure
(4 MED UV). Clinical investigation was made 24 hr after solar exposure.
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Fig. 2. Effect of BGP-15M cream on histological signs of sunburn.
Histological samples derived from untreated—unexposed control skin (A),
from 10% BGP-15M-pretreated, 4 MED UV exposed skin (B), and from
vehicle-pretreated, UV exposed skin (C). Observations were made 24 hr
after UV exposure (H&E, 200x).

consequence of UV-induced DNA damage [9]. Study of the
DNA-protective ability of topically applied BGP-15M by
the determination of SC-formation in H&E-stained speci-
mens derived from vehicle- and BGP-15M cream-pre-
treated 2 MED UVB exposed skin samples, such as
from native control skin revealed the following findings:
in UVB exposed samples pretreated with >5% BGP-15M
cream, the mean number of SC formed was statistically
significantly decreased (P < 0.01) as compared to the
number observed in vehicle-pretreated samples (Table 2;
Fig. 3). The reduced extent of formation of SCs in the BGP-

Fig. 3. BGP-15M cream reduced the number of sunburn cells in UV
irradiated skin. Sunburn cells (apoptotic keratinocytes) were investigated
in H&E-stained specimens derived from untreated—unexposed control (A),
10% BGP-15M cream-pretreated, 2 MED UVB exposed (B), and vehicle-
pretreated, UV exposed (C) skin samples counted at 400x magnification in
the interfollicular epidermis located above a 0.25 mm long part of the
basement membrane. Formation of SCs, indicated by arrows, is revealed in
vehicle-pretreated, UV exposed mouse skin (C) (H&E, 400x).

15M-pretreated UV exposed mouse skin confirms the
photoprotective ability of this substance.

3.4. BGP-15M cream reduced single-strand DNA
break formation in UV exposed skin

The high dose of UV radiation involved in exposure to
sunlight generates DNA damage in the skin by producing
pyrimidine dimers and increasing the level of ROS [28].
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Table 3
Effects of BGP-15M on UV irradiation-induced single-strand DNA break
formation in mouse skin

Table 4
Effects of topically applied BGP-15M on the ADP-ribosylation of PARP
in the skin

Type of treatment Non-damaged DNA (%)

Untreated—unexposed (control) 80.7 £ 6
15% BGP-15M 78.1 £ 7
Vehicle + UV 26.5 + 4"
15% BGP-15M + UV 524+ 5

Single-strand DNA breaks were determined by the alkali unwinding
assay as described in Section 2. Values are means + SEM for five skin
preparations. Values different from the UV exposed, vehicle-pretreated
values at a significance level of "P < 0.01. Values different from the
control values at a significance level of **P < 0.001.

Under our experimental conditions, most of the DNA in
unexposed—untreated (native) skin was undamaged,
although UV exposure did induce a large amount of
single-strand DNA breaks (undamaged DNA <30%)
(Table 3). As shown in Table 3, BGP-15M pretreatment
decreased the amount of single-strand breaks and signifi-
cantly increased the quantity of undamaged DNA in the
UV exposed skin. Topically applied BGP-15M provides
protection by preventing the formation of DNA damage.

3.5. BGP-15M reduced ADP-ribosylation

Under the experimental conditions applied, the ADP-
ribosylation level in the untreated—unexposed (native con-
trol) skin of the animals (n = 5) was hardly detectable,
indicating that the number of DNA breaks (the signal for
PARP activation) under these circumstances is extremely
low (Table 4; Fig. 4). Although erythematogenic, 4 MED
UV exposure induced an excessive activation of the self-
ADP-ribosylation of PARP in the vehicle-pretreated skin of
mice, as determined by Western blot analysis, pretreatment
of the mouse skin with >10% BGP-15M-containing cream
decreased the UV-induced ADP-ribosylation of PARP
(Fig. 4). The quantitative analysis of Western blot signals
demonstrated that topical treatment with BGP-15M at the
applied concentrations resulted in more than 50% inhibi-
tion of the self-ADP-ribosylation of PARP (Table 4).

The immunohistological analysis of the epidermal cells
from the vehicle-pretreated, UV exposed skin showed an
intensive nuclear staining when anti-poly(ADP-ribose)
antibody was used (Fig. 5B). In accordance with the results

Type of skin treatment Signal intensity in

arbitrary units £ SD

Untreated—unexposed (negative control) 2+1
Vehicle-UV exposed 51+£6
10% BGP-15M cream + UV 23 +£2
Vehicle-UV exposed 48 £ 4
20% BGP-15M cream + UV 21 +£3
Vehicle-UV exposed 47+ 5
PARP (positive control) 52 +4

Western blot signal intensities were quantitated with IT-Tools image
processing program. For details, see Section 2.

of Western blot analysis of the BGP-15M-pretreated sam-
ples, the number of epidermal cells with nuclear staining in
the BGP-15M-pretreated UV exposed samples was
reduced (Fig. 5A).

3.6. BGP-15M cream reduced the UVB exposure-induced
production of TNFo and IL-10 in epidermal cells

Skin exposed to UVB radiation suppresses the induction
of T cell-mediated responses, such as contact hypersensi-
tivity and delayed-type hypersensitivity, by altering the
function of the immune cells and causing the release of
immunoregulatory cytokines (e.g. TNFo, IL-10, etc.)
[29,30]. TNFa and IL-10 production in UV irradiated
mouse skin was determined by immunohistological stain-
ing. A strong cytoplasmic and membrane TNFo expression
could be observed in the UV exposed vehicle-pretreated
epidermal cells 24 hr after UVB radiation of hairless
mouse skin (Fig. 6C). Epidermal TNFa expression in skin
samples taken from >10% BGP-15M-pretreated UV irra-
diated skin was not observed (Fig. 6B). The cytoplasmic
staining for IL-10 in keratinocytes of the UV exposed
vehicle-pretreated skin was intensive (Fig. 7C) comparing
to the untreated—unexposed control (Fig. 7A). Only very
rare cytoplasmic staining for IL-10 was observed among
the epidermal cells in samples derived from >10% BGP-
15M-pretreated UV irradiated skin (Fig. 7B). These mean
that topically applied BGP-15M (>10%) suppresses the
UV-induced TNFo and IL-10 production of the epidermal
cells, suggesting that BGP-15M treatment may prevent
UV-induced immunosuppression in the mouse skin.

Western blot signal intensities of PARP
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Fig. 4. ADP-ribosylation of PARP, determined by Western blot analyses. ADP-ribosylation of PARP was studied in skin specimens taken immediately after
erythematogenic UV exposure, using Western blot analyses. For details, see Section 2. ADP-ribosylation levels of unexposed—untreated (native) skin (lane 1),
UV irradiated, vehicle-pretreated mouse skin (lanes 2, 4 and 6), 10% BGP-15M-pretreated (lane 3) or 20% BGP-15M-pretreated (lane 5), UV exposed skin.

ADP-ribosylated PARP was used as a positive control (lane 7).
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(B)

Fig. 5. ADP-ribosylation of PARP determined by immunochemical
staining. ADP-ribosylation of PARP was studied in skin specimens taken
30 min after erythematogenic UV exposure. Immunohistochemical stain-
ing of frozen tissue sections was carried out with anti-poly(ADP-ribose)-
specific monoclonal antibody. For details, see Section 2; 20% BGP-15M-
pretreated, UV irradiated skin (A), and UV exposed, vehicle-pretreated
skin (B). The immunostaining of connective tissue and inflammatory cells
is non-specific (result of a cross-reactivity of a second antisera on murine
tissue) (magnification: 400x).

4. Discussion

The UV rays of sunlight penetrate into the skin as a
function of their wavelengths. Radiation of shorter wave-
lengths (UVB, 290-320 nm) is mostly absorbed in the
epidermis and interacts predominantly with keratinocytes.
Radiation of longer wavelengths (UVA, 320-400 nm)

Fig. 6. TNFu staining of epidermal cells in UV exposed skin. UV-induced
immunosuppression in mouse skin was determined by the production of
TNFua in epidermal cells. Immunohistochemical staining of formalin-fixed,
paraffin-embedded tissue sections was carried out with anti-TNFo
polyclonal antibody. For details, see Section 2. Untreated—unexposed
control (A), 15% BGP-15M-pretreated, UV irradiated skin (B), and UV
exposed, vehicle-pretreated skin (C) (magnification: 400x).

penetrates deeper, affecting the epidermal and dermal
cells. Convolution of the spectra with biological damage
action spectra shows that, despite the significantly greater
incidence of UVA radiation (95% of the UV reaching the
Earth), the predominant acute and chronic damages to the
skin are associated with the UVB portion of the solar
spectrum [31-33].

The skin is vulnerable to the ROS produced by photo-
chemical reactions with UV light and ionizing radiation
[34,35]. The ROS are involved in various pathological
conditions of the skin (e.g. inflammation, phototoxic
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Fig. 7. IL-10 staining of epidermal keratinocytes in UV exposed skin. UV-
induced immunosuppression in mouse skin was examined via the IL-10
protein expression by the epidermal keratinocytes. Immunohistochemical
staining of formalin-fixed, paraffin-embedded tissue sections was carried
out with anti-IL-10 polyclonal antibody. For details, see Section 2.
Untreated—unexposed control (A), 10% BGP-15M-pretreated, UV irra-
diated skin (B), and UV exposed, vehicle-pretreated skin (C) (magnifica-
tion: 200x).

reactions, photoaging, photocarcinogenesis, etc.) [28,35—
37]. Cellular DNA has been considered to be the principle
molecular target for most of the biological effects of UV
radiation [1,38,39]. It has been shown that UVA rays
mostly act indirectly, by generating ROS which can sub-
sequently exert a multitude of effects, such as lipid per-
oxidation, activation of transcription factors and
generation of DNA strand breaks [40]. While UVB light
can also generate ROS, it is most effective in direct
interaction with DNA, with the formation of DNA photo-

products (thymine dimers), which are converted into sin-
gle-strand DNA breaks via DNA repair enzymes
[2,3,28,41,42]. The acute effects of UV light such as
sunburn and the role of UV radiation in immunosuppres-
sion and in the induction of non-melanoma skin cancers
(squamous and basal cell carcinomas) developed from
keratinocytes, are overwhelmingly attributed to UVB por-
tion of the solar spectrum [31,33]. It can be assumed,
therefore, that the exposure of mouse skin to UV radiation
may induce the formation of a detectable amount of single-
strand DNA breaks, which, in turn, activate PARP. Exces-
sive PARP activation (very rapid synthesis and degradation
of poly(ADP-ribose) chains) may exhaust the energy pools,
and are characterized by rapid cell injury [43-46].

It is well known that PARP inhibitors protect different
types of cells against ROS-induced injury, but little infor-
mation is available on the role of PARP inhibitors in UV-
induced photodamage to the skin [47-50]. We therefore
designed experiments to investigate the potential protec-
tive function of a novel non-toxic PARP-regulator, BGP-
15M, in the mechanism of action involving epidermal cells
in UV radiation (solar or artificial)-induced skin injury.

To provide information on the dermal absorption of
BGP-15 and the influence of UV radiation on the pharma-
cokinetic properties of the substance in mouse skin, a
14C-BGP-15 solution was used. '*C-BGP-15 applied topi-
cally is predominantly retained in the skin. Furthermore,
UV light exposure promoted the accumulation of BGP-15
in the skin (Table 1). Systemic side-effects of the substance
proved to be negligible (Table 1).

In skin samples exposed to erythematogenic (4 MED)
UV radiation, the poly-ADP-ribosylation of PARP was
intensive, which is likely the consequence of the excessive
DNA break formation. This process could be significantly
reduced by using BGP-15M topically in a concentration of
>10% (Table 4; Fig. 4). This finding was in agreement with
our previous observations that in vitro BGP-15 inhibited
isolated PARP with 1cs) = 120 uM at 1 mM NAD" in
Langendorff-perfused hearts [21].

PARP activation is generally considered to be a con-
sequence of the oxidative cell damage mediated by single-
strand DNA break formation [15,19]. Under our experi-
mental conditions, UV radiation induced a large amount of
single-strand breaks in the vehicle-pretreated hairless
mouse skin, which could be decreased by topical treatment
with BGP-15M prior to UV exposure (Table 3). There are
data suggesting that PARP inhibitors partially protect
mitochondrial respiration from externally added oxidant,
but these inhibitors failed to protect the genome from
single-strand DNA breaks [51,52]. Contrary to these obser-
vations BGP-15M significantly decreased the amount of
DNA breaks in mouse skin (Table 3). It is likely that the
ROS are generated predominantly by mitochondrial res-
piration and the protection of respiratory complexes by
PARP inhibitors (regulators) can decrease the UV-induced
mitochondrial ROS production [21,53]. However, it is also
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possible that BGP-15M treatment by entrapping hydroxyl
radicals (BGP-15 in 0.1-5 mM concentration range shows
significant reactivity with hydroxyl radicals formed in
Fenton reaction (unpublished data)) decreases oxidative
cell damage and therefore lowers the amount of single-
strand DNA breaks in epidermal cells.

There are observations suggesting that disruption of
PARP gene makes mice more sensitive to DNA damage
induced by nitrosamines than PARP™* mice, inspite of the
fact that PARP™'~ mice develop normally without signs of
genetic defects [54]. Our model is quite different from the
PARP ™/~ systems, since BGP-15M in the applied concen-
tration is appropriate to suppress the UV radiation-induced
overactivation of PARP but actual PARP activity still
remains significantly higher than that in UV unexposed
(native) control skin (Table 4). Therefore, the present
results support studies showing that the down-regulation
of excessive overactivation of PARP prevent the NAD™
and ATP depletion and necrotic cell death without com-
promising the DNA repair [47,55-60].

Since a correlation exists between the UV dose delivered
and the formation of sunburn cells in the epidermis, the
increase in the number of these apoptotic cells was simply
regarded as a marker of the severity of solar damage [9,61-
63]. Different molecular pathways (e.g. activation of tumor
suppressor gene p53, triggering of cell death receptors
either directly by UV or by autocrine release of death
ligands, mitochondrial damage and cytochrome c release,
etc.) and their interplay are thought to be involved in the
UV-mediated apoptosis of keratinocytes [9,64—67]. It is
known that the formation of sunburn cells is linked to
the severity of UV-induced DNA damage [9]. Therefore,
the observation that BGP-15M treatment significantly
reduced the number of sunburn cells in UV exposed skin
to that found in native (control) epidermis (Table 2; Fig. 3),
supports the DNA-protective effect of BGP-15M applied
topically.

UV  radiation-induced ROS formation activates
inflammatory reactions in the skin and contributes to
the development of immunosuppression as a promoter
of photocarcinogenesis [29,68-70]. Recent studies have
demonstrated that the immunosuppressive and inflamma-
tory reactions following UV radiation are regulated by the
modulation of cytokines (e.g. IL-10, TNFa, IL-6, IL-1, IL-
12) production of epidermal cells [71-75]. The up-regula-
tion of TNFa and IL-10 induced by UVB radiation is
known to have a central role in skin immunosuppression
[73,74,76,77]. A correlation has been found between the
restoration of immunity and the reduction in the levels of
these cytokines [78,79]. TNFa and IL-10 production by the
epidermal cells was therefore utilized to test the effects of
BGP-15M on UV-induced immunosuppression. BGP-15M
pretreatment prior to solar exposure reduced the level of
TNFa and IL-10 in the mouse epidermis close to the con-
trol value (Figs. 6 and 7), suggesting that BGP-15M treat-
ment prevents UV-induced immunosuppression in the skin.

The data suggest that BGP-15M, directly interfering
with UV-induced cellular processes and modifying the
activity of PARP, may be a novel type of skin protective
agent against UV-induced photodamage.
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