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UV-irradiated skin and UV-induced tumors overex-
press the inducible isoform of cyclooxygenase-2
(Cox-2), and Cox-2 inhibition reduces photocarcino-
genesis. To evaluate photoprotective effects of Poly-
podium leucotomos extract (PL), hairless Xpc*/~
mice were fed for 10 days with PL (300 mg/kg) or
vehicle then UV-irradiated, once. By 24 hours, UV-
induced Cox-2 levels were increased in vehicle-fed
and PL-fed mice, whereas by 48 and 72 hours, Cox-2
levels were four- to fivefold lower in PL-fed mice (P <
0.05). p53 expression/activity was increased in PL-fed
versus vehicle-fed then UV-irradiated mice. UV-in-
duced inflammation was decreased in PL-fed mice, as
shown by ~60% decrease (P < 0.001) in neutrophil
infiltration at 24 hours, and macrophages by ~50%
(<0.02) at 24 and 48 hours. By 72 hours, 54 = 5%
cyclobutane pyrimidine dimers remained in vehicle-
fed versus 31 = 5% in PL-fed skin (P < 0.003). The
number of 8-hydroxy-2’-deoxyguanosine—positive
cells were decreased before UV irradiation by ~36%
(P < 0.01), suggesting that PL reduces constitutive
oxidative DNA damage. By 6 and 24 hours, the num-
ber of 8-hydroxy-2'-deoxyguanosine—positive cells
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were ~59% (P < 0.01) and ~79% (P < 0.03) lower in
PL-fed versus vehicle-fed mice. Finally, UV-induced
mutations in PL-fed-mice were decreased by ~25%
when assessed 2 weeks after the single UV exposure.
These data demonstrate that PL extract supplementa-
tion affords the following photoprotective effects:
P53 activation and reduction of acute inflammation
via Cox-2 enzyme inhibition, increased cyclobutane
pyrimidine dimer removal, and reduction of oxida-
tive DNA damage. (AmJ Pathol 2009, 175:1952-1961; DOI:
10.2353/ajpath.2009.090351)

Skin cancer accounts for at least 40% of all human
malignancies, more than 1 million cases annually in the
United States.”? Several pathobiologic processes are
responsible for increased cancer incidence in UV irradiated
skin.® Some of the harmful UV responses include, but are
not limited to: immunosuppression, which may allow tumor
cells to escape apoptosis; inflammation and erythema,
which produce reactive oxygen radicals that may pro-
mote tumor growth: and up-regulation of Cox-2.4-¢
Cox-2 protein is reported to be up-regulated in human
keratinocytes at 6 hours with peak expression at 24 hours
post-UV exposure.” Cox-2 is also reported to be actively
involved in the processes of cell differentiation and apo-
ptosis.? In addition, inhibition of Cox-2 expression leads
to suppression of epidermal cell growth.® A critical role of
Cox-2 in UV-induced carcinogenesis is further confirmed
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by approximately 55% to 90% decreases in the incidence
of UV-induced skin tumors after treatment of mice ad
libidum with specific Cox-2 inhibitors such as celecoxib
and nonsteroidal anti-inflammatory drugs (NSAIDs).%"©
Multiple endogenous and exogenous factors such as
UVB, interleukin-1a, epidermal growth factor, transform-
ing growth factor B, tumor necrosis factor «, and andro-
gens can induce Cox-2 expression.'"'? In addition to
specific inhibitors of Cox-2 (celecoxibs and other new
generation coxibs),' there are also several known sup-
pressors of Cox-2 including but not limited to p53 tumor
suppressor gene, antioxidants, estrogen, and fish oil.™*

Considerable data demonstrate the ability of various
prostaglandin synthesis inhibitors, such as indomethacin
and celecoxib, to reduce growth rate in vivo and prevent
UV-induced carcinogenesis through down-regulation of
Cox-2°. Moreover, oral administration of extracts of natural
compounds such Polypodium leucotomos (PL) had been
reported to induce photoprotective mechanisms through
reduction of UV-induced reactive oxygen species and for-
mation of free radicals, which in turn reduces post-UV in-
flammation, photodamage, and phototoxicity.>'®

The mouse homologue of the human gene xeroderma
pigmentosum group C (Xpc) has been cloned, and sub-
sequently, knockout and heterozygote mice have been
generated.'® The Xpc heterozygote mice display a skin
cancer proneness that is highly comparable with that
observed in mild human XP syndromes, which may also
model age-associated increase in skin cancer predispo-
sition due to decline in DNA repair capacity,’” as well as
exaggerated inflammation secondary to UV exposure.'®
Therefore, Xpc heterozygote mouse model appears ap-
propriate to study the effects of natural antioxidants, such
as PL on the prevention of skin cancer through inhibition
of UV-induced inflammation and possibly improved re-
moval of UV-induced DNA damage. We report in this
manuscript that oral administration of PL extract activate
tumor suppressor p53, inhibits UV-induced Cox-2 ex-
pression, reduces inflammation, enhances the removal of
UV-induced photoproducts, such as cyclobutane pyrim-
ide dimers (CPDs), as well as reduces oxidative DNA
damage and decreased UV-induced mutagenesis.

Materials and Methods
Animal Model

Hairless Xpc™/~ and wild-type-control SKH1 mice were

housed and breed at our Laboratory Animal Science
Center) for more than 6 years.'® Twenty-five male mice,
ages 2 to 3 months, were used in each group. Polypo-
dium Leucotomos (PL) extract was provided by Industrial
Farmacéutica Cantabria (Madrid, Spain) as a slightly
sweet but otherwise tasteless powder and was given to
mice fresh every day with drinking water. Polypodium
leucotomos is one of a species of tropical ferns found in
Central and South America and is a rich source of poly-
phenolic compounds, mainly 4-hydroxycinnamic acid
(caffeic acid), 3-methoxy-4-hydroxybenzoic acid (vanillic
acid), and 3-caffeoylquinic acid (chlorogenic acid) in
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addition to also being rich in monosaccharides and fla-
vonoids. Fernblock, a standardized extract of the tropical
fern Polypodium leucotomos has been used in humans for
over 20 years as a dietary supplement in more than 10
countries including Spain, ltaly, Austria, Singapore, and
New Zealand. To assure proper delivery of the PL in
water we supplemented mice (four in one cage) only with
5 ml of water containing PL (30 to 35 mg), a predeter-
mined volume of the water supply for 1 day for 4 mice (the
average mouse weight was 22 to 25 grams). We esti-
mated that mice in PL group were given ~300 mg/kg PL
in drinking water per day. Mice in both PL and control
groups were fed regular chow and mice in control group
were given regular water. All animal protocols were ap-
proved by the Institutional Animal Care and Use Commit-
tee at Boston University School of Medicine.

UV Irradiation

Mice were irradiated with six fluorescent American Phil-
lips F40 sunlamps permanently mounted above the ani-
mal cages. Irradiance was metered with a research radi-
ometer fitted with a UV probe, at 285 + 5 nm (model IL,
1700 A, International Light, Newburyport, MA), as de-
scribed.?® Mice received a single dose of UV (25 mJ/
cm?) after 10 days of being fed with ~300 mg/kg of PL.
We sacrificed mice before (no UV), immediately after UV
(time 0), 6, 24, 48, and 72 hours after exposure.

Western Blot Analysis

Mouse skin was harvested at different times and immedi-
ately was snap-frozen and stored at —80°C. Total protein
was isolated from mouse skin homogenates, and 25 ug of
total protein was run in each lane in a 10% SDS-polyacryl-
amide gel and was transferred to a polyvinylidene difluoride
membrane as described.* Antibody reactions were per-
formed with the following antibodies: total p53 (P53
(1:500 dilution) (DO-1, Santa Cruz Biotechnology, CA),
phospho-p53 Serine 15 (p53%°°) (1:1000 dilution) (Cell
Signaling Technology, MA), Cox-2 (1:250 dilution) (N-20,
Santa Cruz Biotechnology, CA), and Actin (1:2000 dilution)
(I-19, Santa Cruz Biotechnology, CA).

Histology, Immunohistochemistry, and
Immunofiluorescence

Tissue sections (6 to 8 um thick) were stained with H&E
and examined by a single dermatopathologist blinded to
the treatments. Each section was assigned a number
from O to 3 indicating an increasing quantity of inflamma-
tory infiltrate, where, score of 0 indicated normal mouse
skin; 1 — low inflammatory infiltrate; 2 — moderate inflam-
matory infiltrate; 3 — significant inflammatory infiltrate.
Fresh optimal cutting temperature-embedded and snap-
frozen samples of murine skin were cut into 6 to 8 um
thick sections and fixed in ethanol/acetic acid (2:1) at
—20°C for 20 minutes. To minimize background staining,
the sections were blocked for 30 minutes in goat normal
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serum (10%). The sections were then incubated over-
night at 4°C with antibodies against myeloperoxidase-1
(MPO-1) (1:100 dilution) (Abcam, Cambridge, MA),
CD-68 (Santa Cruz Biotechnology, CA), 8-hydroxy-2’-
deoxyguanosine (8-ox-dG) (1:250 dilution) (Trevigen,
Inc. Gaithersburg, MD), and CPDs (1:3000 dilution)
(MBL, Nagoya, Japan). Slides were then incubated with
the corresponding fluorescent-labeled secondary anti-
bodies and were later examined using fluorescent mi-
croscopy. To control for possible nonspecific staining of
primary and secondary antibodies, in all stainings as
negative control adjacent sections were either stained
with IgG-isotype specific antibodies (control for primary
antibody) or by skipping primary antibody staining and
using only secondary antibodies (control for nonspecific
binding of secondary antibodies). Results were quantified
by measuring the percentage of positive cells for each
staining using Image-J 1.34S computer software (Wayne-
Rasband, National Institutes of Health, Bethesda, MD).

Mutation Analysis

We performed mutation analyses using coded samples
from at least 7 to 8 hairless Xpc '/~ /lacZ+ (these mice in
addition of being Xpc heterozygous were also transgenic
for lacZ/pUR288 mutation-indicator gene) mice per treat-
ment condition, 14 days after a single UV exposure sim-
ilar to a mutagenic protocol previously described for
Xpa™*’~ mice.’® Genomic DNA was isolated by using
commercially available kit (Qiagen, Valencia, CA). We
isolated 30 to 40 ug of genomic DNA from each of the
approximately 1 X 2-cm tissue samples, which is enough
to perform mutation analyses of the integrated lacZ gene
as originally described by Boerrigter et al.?" The following
paragraph is a brief overview of transgenic mouse model
for mutagenesis studies based on analysis of muta-
tions in lacZ/pUR288 plasmid incorporated in the mouse
genome. The lacZ reporter-indicator gene is located on
the plasmids, which are integrated head to tail in the
mouse genome. To analyze the frequency of the muta-
tions in the lacZ reporter gene, the plasmids are rescued
from the mouse genomic DNA by Hindlll digestion and
magnetic bead separation. After elution and ligation, the
circularized plasmids are transfected to electrocompe-
tent Escherichia coli strain C (A lacZ/galE) cells. Two mi-
croliters (from 2 ml total) of bacterial suspension are
plated on nonselective titer plates, whereas the remain-
der is plated on selective plates containing phenyl-B-p-
galactoside (Pgal, Sigma). The lacZ mutant frequency is
calculated by dividing the number of colonies present on
the selective plate by those present on the titer plate (for
further technical details 2").

Statistical Analysis

Analysis of variance and unpaired t-test was performed
using StatView (SAS Institute Inc., Version 5.0). Statistical
significance was established at P < 0.05.
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Figure 1. Total p53“ and phospho-p53°“'!> expression in mouse skin
homogenates at 0, 6, 24, 48, and 72 hours after UV irradiation. Western blot
analysis showed marked increase of p53'?! protein expression in PL-fed
versus vehicle-fed mice at 0 and 6 hours after UVB irradiation. p53°<"*>
protein expression in PL-fed versus vehicle-fed mice were also increased at
0 and 6 hours and remained increased throughout 24 and 48 hours after UVB
radiation. By 24 hours for p53'° and by 72 hours for p53*™> levels were
similar between PL-fed and vehicle-fed mice. As control for totul—pSS“’“'l and
for phospho-p53*“™>, we used protein extracts of sham and y-irradiated (2
hours) human fibroblasts. Protein loading was assessed by probing mem-
branes with actin antibody (lower panel). This experiments were repeated
twice (biological replicates) and results were similar (N = 3 per treatment
group).

Results

Polypodium Leucotomos Increases
UV-Induced p53°°""° Expression in Mouse Skin

To quantify p53%°""® expression homogenized tissue of
mice fed with vehicle or PL was evaluated at O, 6, 24, 48,
and 72 hours after UVB irradiation. Compared with vehi-
cle, in PL-fed then UV-irradiated mice already by time 0
(constitutive protein level) p53©@ and p53°°'® levels
were increased two- to fourfold. These increases were
persistent throughout 6 hours for p53'° and throughout
48 hours for p53°°"'S. Maximal fourfold increase in
p53'°*@ jevels was observed 6 hours after UVB irradiation,
whereas p53%°"'® levels increased four- to sevenfold over
levels of vehicle-fed mice, with maximal sevenfold in-
crease at 6 hours after UVB irradiation (Figure 1).

Polypodium Leucotomos Decreases
UV-Induced Cox-2 Expression in Mouse Skin

To evaluate Cox-2 expression total protein from homog-
enized wild-type and Xpc™~ mouse skin was harvested
at 0, 24, 48, and 72 hours after UVB irradiation and was
processed for Western blot analysis. While constitutive
Cox-2 levels varied significantly in different animals, PL
treatment did not affect constitutive Cox-2 levels neither
in wild-type (see Supplemental Figure S1, A and B at
htto.//ajp.amjpathol.org), nor in Xpc*'~ mice (Figure 2A
and B). In Xpc™™ mice UV-induced Cox-2 levels in-
creased comparably in vehicle- and PL-fed mice up to 24
hours after irradiation (Figure 2, A and B). However,
between 48 and 72 hours, Cox-2 levels were significantly
down-regulated in PL-fed mice, suggesting that PL inhib-
its UV-induced Cox-2 expression in mouse skin in vivo
(Figure 2, A and B). We quantified Cox-2 expression by
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Figure 2. Cox-2 expression in homogenized tissue of mice fed with vehicle or PL for 10 days then UV irradiated once (25 mJ/cm?). A: Western blot analysis show
the expression of Cox-2 (upper panel) and actin (lower panel, loading control) in the skin of three mice per treatment group at 0, 24, 48, and 72 hours after
UV radiation. Please note that homogenates for 0 and 24 hours were run separately from 48 and 72 hours samples, and due to different exposure times of each
membrane 0-hour and 24-hour samples should not be compared with 48-hour and 72-hour samples; however, comparisons within one membrane are acceptable.
B: Densitometric analysis of Cox-2 Western blots (adjusted by actin expression) showed that compared with vehicle-fed mice, UV-induced Cox-2 levels were
decreased four- to fivefold in PL-fed mice at 48 and 72 hours (N = 3 per treatment group).

performing densitometric analysis of Cox-2 and actin
bands. After loading adjustment (by actin expression)
densitometric analysis showed that compared with vehi-
cle-fed mice, UV-induced Cox-2 levels were decreased
four- to fivefold in PL-fed mice (P < 0.04 and P < 0.05, 48
and 72 hours, respectively) (Figure 2, A and B).

Interestingly, in wild-type mice already by 6 hours
Cox-2 levels were decreased (compared with vehicle-
fed) more than fourfold (P < 0.001) in PL-fed mice and
remained 70% lower (P < 0.03) than in vehicle-fed mice
up to 24 hours (see Supplemental Figure S1, A and B,
at http://ajp.amjpathol.org), suggesting that similar to
Xpc*/~ mice PL inhibits UV-induced Cox-2 expression
in wild-type mice, however in difference with Xpc™*/~
mice significantly earlier (as early as 6 hours vs 48
hours, in wild-type versus Xpc™/~ mice) (Figure 2, A
and B, and see Supplemental Figure S1, A and B, at
http.//ajp.amjpathol.org). Please note that by 48 and 72
hours in wild-type mice Cox-2 levels returned to pre-UV
irradiated levels in both vehicle-fed and PL-fed mice
(data not shown).

Polypodium Leucotomos Reduces UV-Induced
Acute Inflammatory Responses in Mouse Skin

To quantify inflammatory infiltrate a single dermato-
pathologist blindfolded to treatment conditions examined
all slides and assigned inflammatory score using a scale
from O to 3. Representative images of H&E-stained UV-
irradiated mouse skin fed with vehicle or PL showed
~two- to threefold decreases in UV-induced inflamma-
tory infiltrate in PL-fed mice at 24 and 48 hours (P < 0.01
and P < 0.05, respectively) (see Supplemental Figure S2,
A and B, at http://ajp.amjpathol.org).

Polypodium Leucotomos Reduces UV-Induced
Neutrophil Infiltration

We evaluated the expression of MPO-1, a neutrophil
marker, in PL-fed and vehicle-fed mice. Of note, MPO is
an antimicrobial enzyme located in the primary granule of
neutrophils and MPO-1 is the main MPO isozyme.?? Rep-
resentative images of immunofluorescence of PL-fed or

vehicle-fed mouse skin harvested at 0, 6, and 24 hours
after UV irradiation are provided for MPO-1 immunostain-
ing (Figure 3A) and for propidium iodide (PI) nuclear stain
(see Supplemental Figure S3 at http://ajp.amjpathol.org).
Quantification of MPO-1 positive cells showed no differ-
ence immediately post-UVB (time 0), a 60% decrease
(p = NS) in number of cells with MPO-1 positive staining
in PL-fed mice at 6 hours and a 68% decrease of MPO-1
positivity in PL-fed mice at 24 hours (P < 0.001) (Figure
3B) after UV irradiation, suggesting that PL treatment
significantly reduces UV-induced neutrophil infiltration.

Polypodium Leucotomos Reduces UV-Induced
Macrophage Infiltration

We evaluated the expression of CD-68, a glycoprotein
normally expressed on macrophages, also known in mice
as macrosialin,?® in PL-fed or vehicle-fed mice. Repre-
sentative images of CD-68 immunostained PL or vehicle-
fed mouse skin harvested at 0, 6, 24, 48, and 72 hours
after UV irradiation (Figure 4A) and for Pl nuclear stain
(see Supplemental Figure S4 at http://ajp.amjpathol.org).
Quantitative evaluation of the percentage of CD-68 pos-
itive cells showed a 48% decrease in CD-68 positive cells
in PL-fed versus vehicle-fed mice 24 hours post-UVB
(P < 0.01). This twofold decrease in PL-fed versus vehi-
cle-fed mice had persisted throughout 48 and 72 hours
(51% and 41%, P < 0.01 and P < 0.02, respectively)
(Figure 4, A and B).

Polypodium Leucotomos Accelerates the
Removal of UV-Induced Photoproducts (CPDs)
in Mouse Skin

Adjacent sections of tissue samples from the same mice
shown in Figure 4A were reacted with fluorescently
tagged antibodies to CPDs. The abundant CPD positivity
persisted in the skin of vehicle—fed Xpc™/~ mice up to 72
hours post-UVB, whereas by 72 hours there were fewer
CPD+ nuclei in PL-fed mice, suggesting improved CPD
removal in PL-fed then UV-irradiated Xpc*/~ mice (Figure
5A). Graphic representation of CPD+ nuclei per 200
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Figure 3. A: Representative images of immunostained (green fluorescence)
MPO-1 positive (+) cells (neutrophils) in mice treated with PL or vehicle at
0, 6, and 24 hours after UV radiation. Please note that by 48 and 72 hours after
UV irradiation the number of MPO-1+ cells were negligible in PL-fed and
vehicle-fed mice (data not shown), which did not permit quantification of
MPO-1+ cells to allow comparison of the effects. B: Graphic representation
of the number of MPO-1+ cells per 200 linear um of epidermal length
showed threefold significant decrease (IV = 5 per treatment group, of six to
eight visual fields/mouse) of MPO-1+ cells in PL-fed mice 24 hours after UV
irradiation. Dermo-epidermal junctions (D-E) were identified by PI nuclear
staining (see Supplemental Figure S3 at htip://ajp.amjpathol.org) and are
outlined by white dotted lines. Scale bar = 200 um.

linear um of epidermal length (Figure 5B). For each treat-
ment condition at each time point percent remaining
CPDs were determined as the ratio of the CPD+ nuclei at
that time, as compared with that immediately after irradi-
ation (time 0). Maximum CPDs were detected immedi-
ately post-UV and initial CPD+ nuclei were comparable
in two treatment groups. The removal of UV-induced
photoproducts was not different in vehicle-fed versus
PL-fed mice, up to 48 hours post-UV. However, by 72
hours (the last time point examined) there was a nearly
twofold decrease (P < 0.05) in CPD+ cells in PL-fed
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Figure 4. A: Representative images of immunostained (green fluore
CD-68+ cells (macrophages) in mice treated with PL or vehicle at 0, 6, 24, 48,
and 72 hours after UV irradiation. B: Graphic representation of the number of
CD-68+ cells per 200 linear um of epidermal length showed a marked
decrease of these cells in PL-fed mice at 24, 48, and 72 hours after UV
irradiation (V= 3 to 5 per treatment group, of six to eight visual fields per
mouse). D-E junctions were identified by PI nuclear staining (see Supple-
mental Figure S4 at http.//ajp.amjpathol.org) and are outlined by dotted
lines. Scale bar = 200 pm.

versus vehicle-fed mice (Figure 5B), indicating substan-
tial reduction of detectable UV-induced photoproducts in
PL-fed then UV irradiated partially DNA repair-deficient
Xpc™*'™ mice.
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Figure 5. A: Representative images of immunostained (green fluorescence) CPDs+ cells in Xpc™ ™ mice treated with PL or vehicle at 0, 6, 24, 48, and 72 hours
after UV radiation. In vehicle-fed Xpc™/™ mice, CPD positivity persisted up to 72 hours post-UVB, whereas by 72 hours there was noticeably less detectable CPDs
remained in PL-fed Xpc™ ™ mouse skin (in epidermis as well as dermis). Percentage of remaining detectable CPDs were determined as the ratio of the CPD+
nuclei at that time compared with that immediately after irradiation (time 0). D-E junctions are outlined by dotted lines. Scale bar = 200 wm. B: Graphic
representation of CPD+ nuclei per 200 linear um of epidermal length showed a statistically significant decrease of percent remaining CPDs in PL-fed Xpc™*’™ mice
at 72 hours. C: Representative images of immunostained (green fluorescence) CPDs+ cells in wild-type mice treated with PL or vehicle at 0, 6, 16, and 24 hours
after UV irradiation. In vehicle-fed wild-type mice more than 80% CPD positivity persisted up to 24 hours post-UVB, whereas by 16 and 24 hours there was
noticeably less detectable CPDs remained in PL-fed wild-type mouse skin (in epidermis as well as dermis). Percentage of remaining detectable CPDs were
determined as the ratio of the CPD+ nuclei at that time compared with that immediately after irradiation (time 0). D-E junctions are outlined by dotted lines.
Scale bar = 200 uwm. D: Graphic representation of CPD+ nuclei per 200 linear um of epidermal length showed statistically significant decrease of percent
remaining CPDs in PL-fed wild-type mice (clear bars) at 16 and 24 hours.

To determine the effect of Xpc gene heterozygosity on difference with Xpc™/~ mice significantly earlier (as early
removal of UV-induced photoproducts we evaluated re- as 16 hours vs. 72 hours, in wild-type vs. Xpc*’~ mice)
moval of CPDs after a single irradiation in hairless wild- (Figure 5, D, C vs. Figure 5, A, B).

type mice, also. The abundant CPD positivity persisted in
the skin of vehicle-fed wild-type mice up to 6 hours post-
UVB, whereas there were 43% (P < 0.01) and 69% (P < Polypodium Leucotomos Decreases

0.0004) fewer CPD+ nuclei in PL-fed mice already by 16 UV-Induced Oxidative DNA Damage
and 24 hours, respectively (Figure 5, C and D), suggest-
ing that similar to Xpc™~ mice PL accelerates the re- We evaluated the oxidative DNA damage using antibod-

moval of UV-induced CPDs in wild-type mice, however in ies against 8-ox-dG, in PL-fed or vehicle-fed mouse skin
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Figure 6. A: Representative images of immunostained (green fluorescence)
8-ox-dG (marker of oxidative damage) positive cells in mice treated with PL
or vehicle at 0, 6, and 24 hours after UV radiation. As for MPO-1+ cells, the
number (N = 5/treatment group of 6 to 8 visual fields/mouse) of 8-ox-dG+
cells were negligible at 48 and 72 hours post-UVB. We used isotope-specific
IgG staining as negative control for 8-0x-dG (see Supplemental Figure SSA at
bttp://ajp.amjpathol.org). D-E junctions were identified by PI staining (see
Supplemental Figure S5B at http://ajp.amjpathol.org) and are outlined by
white dotted lines. Scale bar = 200 wm. B: Graphic representation of the
number of 8-ox-dG+ cells per 200 linear wm of epidermal length showed
a marked decrease of these cells in PL-fed mice at 0, 6, and 24 hours after
UV radiation (N = 5 per treatment group, of six to eight visual fields per
mouse).

0, 6, and 24 hours after UVB irradiation. Representative
images of 8-ox-dG positive cells are provided (Figure
6A). Representative images of nuclear (Pl) staining and
control samples were also taken (see Supplemental Fig-
ure S5, A and B, at http.//ajp.amjpathol.org). Quantifica-
tion of the number of 8-ox-dG+ cells showed a statisti-
cally significant 37% (P < 0.01) decrease of 8-ox-dG+
cells in PL-fed versus vehicle-fed mice already by 0 hours
(presumably constitutive levels). Further 67% and 78%
decreases in PL-fed versus vehicle-fed mice was ob-
served at 6 and 24 hours after UV irradiation (P < 0.001,
P < 0.003, respectively) (Figure 6, A and B).
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Figure 7. Hairless Xpc™/™ mice also transgenic for lacZ mutation-indicator
gene were fed with vehicle or PL for 10 days and then were irradiated with
a single dose of UVB (25 mJ/cm?). Two weeks after UVB, we evaluated
mutation frequency (MF) in the lacZ mutation-indicator gene (seven to eight
mice per treatment condition). Plotted values are MF per transgene in the
harvested and homogenized epidermis (N = 7 to 8 per treatment group).

Polypodium Leucotomos Reduces Mutations in
Murine Skin after a Single UV Exposure

Because PL accelerates the removal of UV-induced pho-
toproducts (CPDs) (Figure 5, A-D) and decreases the
UV-induced oxidative DNA damage (Figure 6, A and B) in
mouse skin, we wanted to determine whether feeding
mice with PL for 2 weeks, before a single UV exposure
may also reduce mutations in mouse skin in vivo, as
anticipated from the known reciprocal relationship be-
tween decrease in DNA repair capacity and increase in
mutations.?* Sham-irradiated mice had only a back-
ground level of mutations (24 = 0 X 107°) as reported
previously for this assay.'®?® And this level increased
nearly fivefold (121.5 = 10 X 107°) after a single UV
exposure (Figure 7). Compared with vehicle control, UV-
induced mutations in PL-fed-mice were decreased by
~25% (121.5 + 10.05 X 107° vs. 90.9 + 10.6 X 107°,
vehicle vs. PL, P < 0.058) when assessed 2 weeks after
the single UV exposure (Figure 7).

Discussion

UV light is known to be the principal causative agent in
most skin cancers.?® Exposure of the skin to UV has
been shown to cause inflammation, accumulation of
reactive oxygen species, and photoproducts, such as
CPDs.®2627 Each of these UV and other environmental
carcinogen-induced biological responses taken sepa-
rately or in combination are known etiological factors in
processes of mutagenesis and carcinogenesis.® 82728
In addition, compared with young skin, there is an age-
dependent increase in constitutive and UV irradiation-
induced prostaglandin E, production and Cox-2 expres-
sion in adult human skin.?® This may result in chronic low
grade inflammation that may have crucial pathophysio-
logic implications for many age-associated inflammatory
processes, including but not limited to development of
cutaneous malignancies,®®3° as well as tumors of colon,

lung, prostate, breast, urinary bladder, pancreas, and
liver,”31733



In the current work, we examined the photoprotective
and anti-inflammatory role of a hydrophilic extract of PL in
the prevention of UV-induced photocarcinogenesis.

Previous findings have indicated that PL has signifi-
cant antioxidant activity when administered orally in hu-
mans (in limited number of subjects).®* PL has also been
shown to reduce phototoxicity by decreasing inflam-
mation (acute sunburn and depletion of Langerhans
cells) and photoaging in both humans and an animal
model.®5% |n addition, PL has been reported to pre-
vent the loss of cell viability (apoptosis) and prolifera-
tion induced by UVA.3” Moreover, PL has also been
proven to reduce inflammation through down-regula-
tion of tumor necrosis factor-a.®® Our present findings
support and significantly extend the current knowledge
of PL’s photoprotective effects.

UV-induced p53 mutations are known to play a key role
in the development of skin cancers.?® Conversely, when
p53 is activated through post-translational modifications
such as phosphorylation, tumor suppressive activities are
shown.®® UV-induced photoproducts (CPDs), reactive
oxygen species, and inflammation have been implicated
not only with initiation, but also with promotion and pro-
gression of mutagenesis and carcinogenesis.*® Interest-
ingly, p53 upregulation and activation has been reported
to play direct role in modulation of key regulatory genes in
DNA damage repair and inflammation.*"#? Indeed, up-
regulation of active p53 has been reported to play a role
in the removal of oxidative DNA damage thereby reduc-
ing UV-induced carcinogenesis.® In addition, activation
of p53 is known to accelerate the removal of UVB-in-
duced photoproducts—most importantly CPDs, which
are considered to be the most significant mutagenic pho-
toproducts based on their abundance and slow repair.*®

Activation of p53 has been shown to decrease the
expression of Cox-2, thereby reducing the inflammatory
response.***4% We* and others*®4” have previously dem-
onstrated that several biologically active substances, ' in-
cluding p53 tumor suppresser gene, can induce tran-
scriptional repression of Cox-2, as well as decrease
Cox-2 protein levels. In this study we found that levels of
phospho-p53%¢™'®, presumably active form of p53, were
increased in the skin of PL-fed mice, which inversely
correlated with decreased Cox-2 levels, suggesting that
orally administered PL reduces UV-induced Cox-2 levels
in mouse skin through, at least in part, by activating tumor
suppressor protein p53. In addition, we also found sig-
nificant decrease in UV-induced inflammatory infiltrate in
the skin of PL-fed mice strongly implying PL-mediated
p53 activation and decrease in Cox-2 levels in reduction
of UV-induced inflammatory responses in PL-fed mice.

To date, attention has been mostly directed toward
developing therapies that can inhibit Cox-2 enzyme ac-
tivity, non-selectively using NSAIDs (aspirin, ibuprofen,
naproxen)*® and selectively using Cox-2 inhibitors (cele-
coxib and other coxibs),®>4° and minimal attention has
been given to modulation of Cox-2 protein levels, known
to be constitutively increased in many tumors.*® Indeed,
recent studies suggest that regular oral administration of
NSAIDs has preventative effect against colon, breast,
prostate, and melanoma.’*®° In addition, in murine mod-
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els of skin carcinogenesis, it has been shown that admin-
istration of NSAIDs, especially selective Cox-2 inhibitors,
reduces the prevalence and multiplicity of UV light-in-
duced neoplasms®®'52 strongly implying direct involve-
ment of Cox-2 in cutaneous carcinogenesis. Furthermore,
specific inhibitors of Cox-2 such as celecoxib have been
shown not only to decrease tumorigenesis and increase
tumor latency in hairless mice models,®® but also to de-
crease tumor growth in hairless mice with pre-existing
UVB-induced tumors.>* However, chronic long-term use
of these medications has been associated with a number,
in some cases life-threatening, side effects including de-
creased gastric protection that may lead to gastrointes-
tinal bleeding, impairment of renal function, and inhibition
of platelet aggregation®® and most recently, increased
incidence of myocardial infarction in elderly.%%57

These negative findings of long-term use of NSAIDs
and selective Cox-2 inhibitors underscores significantly
the necessity to identify safer natural products capable of
affording protections after UV damage to reduce UV-
induced inflammation, improve DNA damage repair and
ultimately prevent mutagenesis and carcinogenesis. In
this regard, UV protective effects of PL can be compared
with other widely used natural product such as green tea.
In many studies it has been shown that administration of
green tea polyphenols in drinking water or topical appli-
cation of their major and most chemopreventative com-
pound, (—)-epigallocatechin-3-gallate, inhibits UV-
induced immunosuppression and macrophage/
neutrophil infiltration, hence inhibiting generation of
reactive oxygen species and generation of prostaglandin
metabolites (eg, Cox-2) thereby preventing UV-induced
skin carcinogenesis.®®5° Moreover, similar to PL (—)-
epigallocatechin-3-gallate has been shown to improve
DNA repair capacity after UV radiation through improve-
ment of repair or removal of CPDs, major UV-induced
photoproducts.®® However in difference with PL (p53 ac-
tivation) UV-protective effects of (—)-epigallocatechin-3-
gallate are mediated mainly through activation of inter-
leukin-12.58:9 Despite of different photoprotective
mechanisms afforded by (—)-epigallocatechin-3-gallate
or PL both natural substances demonstrate numerous
biologically relevant UV damage protective and anti-
cancer effect including: (a) enhanced repair of UV-
induced major photoproducts, CPDs; (b) prevention of
generation of reactive oxygen species and free radi-
cals,®"%2 and improved repair of oxidative DNA damage;
and (c) inhibition of generation/production of various me-
diators of inflammation such as prostaglandins, hista-
mines, leukotrienes, and other cytoxines.®® Due to these
significant UV damage-preventative effects on several well-
recognized harmful UV-damaging mechanisms, it is
strongly indicative that these natural substances may be of
great use and importance in our efforts to minimize acute
UV irradiation mediated harmful genotoxic responses.

In summary, oral supplementation of the natural anti-
oxidant Polypodium Leucotomos extract supplementation
affords the following photoprotective effects: (a) increase
in the expression of active p53; (b) inhibition of UV-
induced Cox-2 enzyme levels; (c) reduction UV-induced
acute inflammatory responses; (d) acceleration of the
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removal of UV-induced photoproducts (CPDs); (e) de-
crease of UV-induced oxidative DNA damage; and (f)
decrease of UV-induced mutations. The results of our
study strongly suggest that oral administration of Polypo-
dium leucotomos extract could offer significant photopro-
tective effects essential to the treatment and prevention
of UV-induced skin cancer. Furthermore, we propose that
PL supplementation may also be useful for prevention
and treatment of low-grade inflammation that accompa-
nies aging process.?®
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