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Polyphenols: Skin Photoprotection and Inhibition of Photocarcinogenesis
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Abstract: Polyphenols are a large family of naturally occurring plant products and are widely distributed in plant foods,
such as, fruits, vegetables, nuts, flowers, bark and seeds, etc. These polyphenols contribute to the beneficial health effects
of dietary products. Clinical and epidemiological studies suggest that exposure of the skin to environmental
factors/pollutants, such as solar ultraviolet (UV) radiation induce harmful effects and leads to various skin diseases
including the risk of melanoma and non-melanoma skin cancers. The incidence of non-melanoma skin cancer, comprising
of squamous cell carcinoma and basal cell carcinoma, is a significant public health concern world-wide. Exposure of the
skin to solar UV radiation results in inflammation, oxidative stress, DNA damage, dysregulation of cellular signaling
pathways and immunosuppression thereby resulting in skin cancer. The regular intake of natural plant products, especially
polyphenols, which are widely present in fruits, vegetables, dry legumes and beverages have gained considerable attention
as protective agents against the adverse effects of UV radiation. In this article, we first discussed the impact of
polyphenols on human health based on their structure-activity relationship and bioavailability. We then discussed in detail
the photoprotective effects of some selected polyphenols on UV-induced skin inflammation, proliferation,
immunosuppression, DNA damage and dysregulation of important cellular signaling pathways and their implications in
skin cancer management. The selected polyphenols include: green tea polyphenols, pomegranate fruit extract, grape seed
proanthocyanidins, resveratrol, silymarin, genistein and delphinidin. The new information on the mechanisms of action of
these polyphenols supports their potential use in skin photoprotection and prevention of photocarcinogenesis in humans.

Keywords: Polyphenols, photoprotection, photocarcinogenesis, proliferation, skin cancer, inflammation, immunosuppression,
DNA repair, cellular signaling pathway, reactive oxygen species, ultraviolet radiation.

1. INTRODUCTION

Since early in the history of medicine, an association
between diet and disease has persisted. Also, from the
ancient time, natural products, herbs and spices have been
used for preventing several diseases, including cancer. These
beliefs have been supported by the father of modern
medicine, Hippocrates. He proclaimed “Let food be thy
medicine and medicine be thy food”, and it is true. Plant
polyphenols are vital part of the human diet and the total
intake is approximately 1gm/day [1, 2]. The main dietary
sources of polyphenols are fruits, vegetables, dry legumes,
chocolate, cereals, and beverages (such as tea, coffee, juice,
wine and beer). The most common polyphenols are phenolic
acids, flavonoids, catechins, stilbenes, proanthocyanidins,
ellagitannins and anthocyanins. Phenolic acids are simple
molecules and form a diverse group that includes the widely
distributed hydroxybenzoic and hydroxycinnamic acids.
Hydroxycinnamic acid compounds occur most frequently as
simple esters with hydroxy carboxylic acids or glucose,
while the hydroxybenzoic acid compounds are present
mainly in the form of glucosides. Flavonoids are widely
distributed in nature and its polyphenolic structure renders
them quite sensitive to oxidative enzymes. Catechins are
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primarily found in tea leaves and grape seeds and have the
monomeric flavan-3-ols catechin, epicatechin, gallocatechin,
epigallocatechin, epicatechingallate and epigallocatechin-3-
gallate. Stilbene, such as resveratrol is found in the skin of
dark colored grapes. Proanthocyanidins are found in grape
seeds, red wine and pine bark, and share common properties
with other polyphenols, in particular their reducing capacity
and ability to chelate metal ions. Ellagitannins are large
molecules and are found in red wine, tea, nuts and
pomegranate. Anthocyanins are a large group of water-
soluble pigments found in pigmented fruits and vegetables
[3]. The biological properties of polyphenols depend on their
molecular structure.

The skin is the largest organ of the body situated at the
interface between the body and its environment. Skin
protects the internal organs of the body by acting as an
effective barrier against the deleterious effects of solar
ultraviolet (UV) radiation [3-5]. Solar UV radiation is the
main cause for the vast majority of skin disorders including
skin cancer. The incidence of UV-induced non-melanoma
skin cancer has increased dramatically worldwide accounting
for more than 40% of all human cancers in the United States,
with about 1.3 million new cases being diagnosed annually.
The basal cell carcinomas (BCCs) and squamous cell
carcinomas (SCCs) collectively known as non-melanoma
skin cancer, are by far the most common form of cancers in
humans and account for approximately 80% and 16% of all
skin cancers, respectively, [6]. Although the incidence of

© 2011 Bentham Science Publishers



Polyphenols and Skin Photoprotection

skin cancer is increasing constantly, it is imperative to
mention that among all the cancers, it is considered one of
the most preventable types of cancer [3-5].

In this review article, we have first discussed the impact
of polyphenols on human health based on their structure-
activity relationship, their bioavailability and the factors
controlling their bioavailability. Since experimental and
epidemiologic studies have suggested that polyphenols
protect the skin from the adverse effects of UV radiation [3,
7, 8], we have discussed this issue in detail. For this purpose,
we have selected some well known and extensively studied
polyphenols which have significant photoprotective effects.
These are: green tea polyphenols, pomegranate fruit extract,
resveratrol, silymarin, grape seed proanthocyanidins,
genistein and delphinidin. Molecular targets include: (i)
regulation of anti-inflammatory activity, (ii) modulation of
immunosuppression, (iii) prevention of DNA damage and
regulation of DNA repair, and (iv) modulation of cell
signaling pathways critically involved in different stages of
photocarcinogenesis  (i.e. initiation, promotion and
progression).

2. STRUCTURE-ACTIVITY RELATIONSHIP OF
POLYPHENOLS

The antioxidant activity of polyphenols is due to their
interactions with metal ions both in vitro and in vivo [9, 10].
Metal ions are the main cause of reactive oxygen species
(ROS) generation and play an important role in generation of
oxidative stress, DNA damage and cell death [10]. It is well
documented that catechol and gallol are effective metal ion
chelators [9, 10]. Polyphenols in tea chelate copper ions and
is known to protect low-density lipoproteins from
peroxidation [11]. Because of their chelating properties
polyphenols may also protect against heavy metal toxicity
[9]. The reactivities of proanthocyanidins and gallate esters
with hydroxyl radicals, azide radicals, or superoxide anions
correlate with catechol and pyrogallol groups in their
molecular structures that provide evidence of the antioxidant
properties of these agents [12, 13]. It is well known that the
scavenging activity of different tea catechin molecules is
related to the number of o-dihydroxy and o-hydroxyketo
groups, C,-C3 double bonds, concentration and solubility, the
accessibility of the active group to the oxidant and on the
stability of the reaction product [14]. Consumption of tea
polphenols lowers absorption of dietary iron and decreases
body iron balance indicating chelating activity [9].
Polyphenols also affect signal transduction pathways,
modulate many endocrine systems, and alter hormones and
other physiological processes as a result of their binding to
metal ions and enzyme cofactors [15]. Recently, Cao et al.
[16] have shown that green tea catechins and the
hydrolyzable tannins are effective in inhibiting DNA adduct
formation at least, in part, due to direct interaction of
adjacent hydroxyl groups in their molecular structures.

3. BIOAVAILABILITY OF POLYPHENOLS

Biological activity of polyphenols largely depends on
their bioavailability. The molecular diversity influences the
bioavailability of the polyphenols and they differ by their
glycosylation, esterification, hydroxylation, and polymeri-
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zation. Studies have suggested that the rate and extent of
intestinal absorption and their levels in plasma depends on
the chemical structure of polyphenols. The maximum
concentration of polyphenols in human plasma is often
reached within 1 and 2 hours after ingestion [2, 17]. Studies
have shown that human consumption of 1.5, 3.0, or 4.5 g of
decaffeinated green tea in 500 ml of water resulted in the
maximum plasma concentrations of (-)-epigallocatechin-3-
gallate (EGCG), (-)-epigallocatechin (EGC) and (-)-
epicatechin (EC) to be 326 ng/ml, 550 ng/ml, 190 ng/ml
respectively, as observed at 1.4-2.4 h after ingestion [18].
Suganuma et al. [19] studied the distribution of radiolabeled
[PH]JEGCG in mouse by directly administering the solution
into the stomachs of CD-1 female or male mice.
Radioactivity was found in many organs, including skin.
These studies suggested that frequent consumption of green
tea enables the body to maintain a high level of tea
polyphenols, indicating a wide range of target organs for
cancer prevention in humans. Administration of EGCG or
Polyphenon E (EGCG rich green tea polyphenolic mixture)
at a daily dose of 800 mg (based on the EGCG content) for 4
weeks resulted in more than 60% increase in the systemic
availability of free EGCG, and is safe and also well tolerated
in healthy human subjects [20]. Female HWY/SIc hairless
rats reduced UVB-mediated increase in epidermal thickness
and transepidermal water loss and also restored UVB-
mediated decrease in total antioxidant capacity in both skin
and blood [21]. Administration of punicalagin (6%), an
antioxidant ellagitannin of pomegranate juice, in the diet of
mice is absorbed as such in animals and its level is detected
in plasma [22]. Pharmacokinetic studies carried out in 18
healthy volunteers that received 180 ml of pomegranate juice
concentrate showed ellagic acid metabolites, including
dimethylellagic acid glucuronidein and hydroxy-6H-
benzopyran-6-one derivatives in the plasma and urine, in
conjugated and free forms [23].

4. ULTRAVIOLET RADIATION AND MULTISTAGE
MODEL OF UV-INDUCED CARCINOGENESIS

Solar light is an indispensable commodity of life and
plays an important role in maintaining a balanced ecosystem.
Solar light provides energy needed for photosynthesis by
plant, a good source of vitamin D synthesis in human skin,
and several other beneficial effects in human life. However,
excessive exposure to solar light, especially its UV
component, has been linked to skin cancers and other skin
related disorders [4, 5, 7, 24]. Development of skin cancer
depends on the cumulative amount and form of the UV
radiation, as well as on the skin type of the individual
exposed. Factors that influence UV exposure include higher
altitude, close proximity to the equator, outdoor occupation,
recreational activity and use of tanning parlous.

Chronic exposure of the skin to solar UV radiation is a
major etiologic factor for the risk of non-melanoma skin
cancers comprising of BCCs and SCCs. According to the
International Commission on Illumination, UV radiation is
divided into three categories: short wave UVC (200-280
nm), mid wave UVB (280-320 nm) and long wave UVA
(320-400 nm). UVC is extremely damaging to the skin
because these wavelengths of light have enormous energy
and can penetrate the skin to a depth of approximately 60-80
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micrometer. However, UVC in solar radiation is prevented
from reaching the earth, as it is almost completely absorbed
by ozone layer and therefore its role in human pathogenesis
is minimal. Both UVB and, to a lesser extent, UVA radiation
are responsible for various skin disorders including skin
cancer [3, 25]. UVB radiation constitutes about 5% of UV
radiation and is thought to be the most active constituent of
solar radiation responsible for a variety of skin diseases
including nonmelanoma and melanoma skin cancers. UVB is
more genotoxic and capable of causing much more cell
damage than UVA and acts mainly on the epidermal basal
layer of the skin. It has a less penetrating power than UVA
and penetrates the skin to a depth of approximately 160-180
micrometer. UVB radiation can induce both direct and
indirect adverse biologic effects including DNA damage,
oxidative stress, depletion of cutaneous defense system,
inflammation, immunosuppression, and premature aging of
the skin. In addition, UVB can act as a tumor initiator, tumor
promoter, and co-carcinogen [3, 26]. UVA on the other hand
constitutes about 90-95% of solar radiation reaching the
earth and due to its longer wavelength has high penetrating
ability. UVA can penetrate deep into the skin to a depth of
approximately 1000 micrometer. UVA exposure also leads
to the generation of singlet oxygen, hydrogen peroxide
(H20,), and hydroxyl radical that can cause damage to
cellular proteins, lipids and DNA [3, 25].

Solar UV  radiation-induced  skin  cancer  or
photocarcinogenesis is a complex multistage phenomenon
involving three distinct stages initiation-promotion-
progression mediated via alterations in various cellular,
biochemical, and molecular changes. Tumor initiation, the
first step of carcinogenesis and irreversible process in which
genetic alterations occur in genes that ultimately leads to
DNA mutation in normal cells. These mutations are in the
form of C to T and CC to TT transition and have been
detected in tumor suppressor gene p53 in human SCCs,
BCCs and actinic keratosis. Tumor promotion is considered
to be slow and reversible process involving clonal expansion
of initiated cells giving rise to premalignant lesions,
essentially by alterations in signal transduction pathways.
Tumor progression involves the conversion of premalignant
lesions into an invasive and potentially metastatic malignant
tumor [3, 27].

5. SKIN PHOTOPROTECTION AND ANTI-PHOTO-
CARCINOGENIC EFFECTS OF POLYPHENOLS

Dietary polyphenols have gained considerable attention
for the prevention of UV-induced skin photodamage
including the risk of skin cancer. Polyphenols possessing
anti-inflammatory,  immunomodulatory, DNA  repair
capability, and can correct undesired cellular functions are
among the most promising group of compounds that can be
exploited as ideal chemopreventive agents. Chemo-
prevention offers a practical approach to delineate
substances, either components of food or pharmaceuticals,
which can prevent, delay or completely halt the process of
photocarcinogenesis. For a variety of reasons, among many
chemopreventive agents known, there is greater emphasis on
substances present in diet and beverages commonly
consumed by humans. In this respect, chemoprevention
offers a realistic strategy for controlling the risk of skin
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cancers because agents can be targeted for intervention at the
initiation, promotion, or progression stage of the multistage
photocarcinogenesis. An ideal chemopreventive agent for
human use should have: (i) little or no toxicity, (ii) anti-
mutagenic and anti-carcinogenic activities, (iii) striking
inhibitory effects on diverse cellular events associated with
multistage photocarcinogenesis, (iv) high efficacy in multiple
sites, (v) capability of oral consumption, (vi) a known
mechanism of action, (vii) affordable low cost, and (viii)
human acceptance [28]. Furthermore, the individuals can
modify their dietary habits and lifestyle in combination with
a careful use of skin care products to prevent UVB-mediated
skin damage. In this Mini Review Article, we have
summarized and discussed the molecular targets or
mechanism(s) of action of some of the selected polyphenols
(such as green tea polyphenols, pomegranate fruit extract,
grape seed proanthocyanidins, silymarin, resveratrol,
genistein and delphinidin) against UV radiation-induced
inflammation, immunosppression, prevention of DNA
damage, DNA repair, modulation of cell signaling pathways
critically involved in different stages of photocarcinogenesis
(Table 1).

It is well established that exposure of the skin to UV
radiation contributes to the development of skin cancers.
Epidemiological, clinical and pre-clinical studies have
implicated that solar UV radiation is the major etiological
factor in the development of cutaneous malignancy [4, 27,
29, 30], including the nonmelanoma skin cancers which
represent the most common malignant neoplasms in humans
[31, 32]. Various animal models have been employed to
examine the anti-photocarcinogenic effects of plant
polyphenols. The plant polyphenols possess anti-
inflammatory, immunomodulatory, anti-oxidant properties
and DNA repair activities, and that can be exploited for the
prevention of variety of skin disorders caused by excessive
exposure to solar UV light. Recent advances in our
understanding at the cellular and molecular levels of
photocarcinogenesis have led to the development of
promising strategies for the skin photoprotection including
photocarcinogenesis. Studies have shown the
photoprotective potential of several plant polyphenols, such
as green tea polyphenols (GTPs), silymarin, retinoids, grape
seed proanthocyanidins (GSPs), and delphinidin, etc. against
UV radiation-induced adverse effects [33-35]. Here, we will
summarize and discuss the recent developments in the area

of anti-photocarcinogenic potential of some selected
polyphenols which were studied extensively.
Following standard photocarcinogenesis protocols,

topical application or oral administration of green tea
polyphenols (GTPs) in drinking water of mice resulted in
lower tumor burden in terms of tumor incidence and tumor
multiplicity in these animals compared to non-GTPs-fed
control group of mice [36-40]. Oral feeding of green tea or
injection of GTPs fraction or EGCG to mice was found to
inhibit the growth and/or caused the regression of established
experimentally-induced nonmalignant skin papilloma in
mice [41]. Histopathological examination of each tumor
showed that oral administration of green tea had a marked
inhibitory effect on the formation of UVB-induced
keratoacanthomas and carcinomas [42]. Meeran et al. [43]
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Table 1. A Summary of Molecular Mechanism(s)/Cellular Targets of some Selected Polyphenols in Skin Photoprotection

Polyphenols, Structure & Source Category In vitro Studies In vivo Molecular Mechanism(s)/Cellular Targets References
Studies
Keratinocytes Inhibition of UVB-mediated phosphorylation of 52
ERK1/2, INK1/2 and p38 proteins.
Inhibition of UVB-mediated activation of NF-xB 53

signaling and NF-kB DNA binding activity.
Inhibition of UVB-induced AP-1 activity.

56
Fibrobl Reduction in UVB-mediated DNA damage through 43,109
ibroblasts ; i )
Green Tea Polyphenols/EGCG o IL-12 dependent functional NER mechanism.
XPA-proficient Inhibition of UVB-mediated phosphorylations of
o cells SKH-1 mice | MAPKs and activation of NF-kB and NF-xB/p65 54,55
on DNA binding activity.
Reduction in UVB-mediated increase in protein
Ho. SN, on expression of MMP-2, MMP-9, CD31, VEGF and
PCNA. 4055
Inhibition of UVB-mediated increase in infiltration
of leukocytes, protein oxidation and lipid 54,55
Catechins C3H/HeN peroxidation.
mice Reduction in UVB-induced infiltration of CD11b+ 85

cells and IL-10 production. Induction in UVB-
mediated decrease in I1L-12 production.

Inhibition of UVB-mediated increase in COX-2,
PGE,, cyclin D1, TNFa, IL-6, IL-1B. 39
Reduction in UVB-mediated increase in H,O,

producing cells, inducible nitric oxide synthase
expressing cells, H,O, and nitric oxide production.

72
Reduction in UVB-mediated DNA damage through
I1L-12 dependent functional NER mechanism.
Reduction in UVB-mediated formation of CPD*
XPA', cells. 43
. ) Human positive . .
Camellia sinensis i i mice Reduction in UVB-mediated DNA damage through
Reconstituted skin I1L-12 dependent induction of DNA repair. 109
i Inhibition of UVB-mediated increase in H,0, and 102
Humanskin | pitric oxide production.
Inhibition of UVB-mediated increase in the
production of PGE,, infiltration of leukocytes and &
myeloperoxidase activity.
74
Keratinocytes Inhibition of UVB-mediated phosphorylation
MAPKSs, degradation and phosphorylation of 1xBa, 57
activation of IKKa, nuclear translocation and
phosphorylation of NF-kB/p65 at Ser>®.
Fibroblasts Inhibition of UVB-mediated activation of NF-kB,
. downregulation of proapoptotic caspase-3, and 59
Pomegranate Fruit Extract accumulation of cells in GO/G1 phase of the cell
. cycle.
SKH-1 mice . . .
Inhibition of UVB-mediated phosphorylation of
i MAPKs, phosphorylation of STAT3 (Tyr'®) and 44,45
_ NF-kB/p65 (Ser™), activation of IKKo and
Anthocyanins, phosphorylation and degradation of IxBa.
_ hydrolyzable Inhibition of UVB-mediated expression of inducible 44
“Rpe me z s té\lr:nlrjs anq nitric oxide synthase and COX-2.
X VT agitannins Reduction in UVB-mediated formation of CPDs and
8-0x0dG and H,0,. 44
Human

i i Inhibition of UVB-mediated increase in protein
Reconstituted skin expression of c-Fos and phosphorylation of c-Jun,
Pomegranates collagenase (MMP-1), gelatinase (MMP-2, MMP-9), | g
stromelysin (MMP-3), marilysin (MMP-7), and
elastase (MMP-12).

Reduction in UVB-mediated formation of CPDs and
8-0x0dG.

58
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(Table 1). Contd.....

Polyphenols, Structure & Source Category In vitro Studies In vivo Molecular Mechanism(s)/Cellular Targets References
Studies
Grape Seed o Keratinocytes Inhibition of UVB-mediated phosphorylation of 30
Proanthocyanidins Fibroblasts MAPKSs and activation of NF-kB signaling.
XPA-proficient Reduction in UVB-mediated DNA damage through 80
cells I1L-12 dependent functional NER mechanism.
. Inhibition of UVB-mediated phosphorylation of
SKH-1mice | \apKs, activation and nuclear translocation of NF- | 60
xB.
Inhibition of UVB-mediated infiltration and
accumulation of activated macrophages and 75
neutrophils, myeloperoxidase activity, COX-2,
cyclin D1, PCNA, PGE,, TNF-a, IL-6 and IL-1p.
Proanthocyanidin C3H/HeN Reduction in the levels of CPD* cells through
mice through 1L-12 dependent induction of DNA repair. 80
Protection against UVB-mediated enhanced
production of IL-10 by the epidermal and dermal
cells of the skin, and in the draining lymph nodes. 84
Inhibition of UVB-induced immunosuppression by
activating CD8+ effector T cells and inhibiting CD4"
T regulatory cells.
80
Grapes
Silymarin/Silibinin Inhibition of UVB-induced mitogenic and cell 62
86 cells survival signaling involving AP-1 and NF-kB.
Inhibition of UVB-induced phosphorylation of 61
. MAPKSs and AKT.
SKH-1 mice i . .
Induction of UVB-mediated E2F1 protein
expression. 63
Suppression of UVB-mediated increase in inducible
nitric oxide synthase and COX-2 protein expression, 50
phosphorylation of STAT3 and NF-kB/p65.
Flavonoid Inhibition of UVB-induced infiltrating leukocytes, 78.79
myeloperoxidase activity, IL-10 producing cells and '
C3H/HeN is production.
mice L . L 79
Inhibition of UV-induced oxidative stress by
targeting CD11b* cell type in the skin.
Silybum marianum
Resveratrol
HO Keratinocytes Inhibition of UVB-mediated activation of IKKa and 29
NF-xB, and phosphorylation and degradation of
OH 1xBo.
7 A431 cell o ) 48
Reduction in the phosphorylation of Akt and
pCREB, and downregulation of TGF-p2.
Stilbene SKH-1mice | ynhipition in UVB-mediated infiltration of 6
OH leukocytes, H,0, production and PG metabolites, 48
p53*/’/SKH especially PGE, and PGD,,
-1 mice Reduction in UVB-mediated expression of TGF-p2.
Grapes
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(Table 1). Contd.....

Polyphenols, Structure & Source Category In vitro Studies In vivo Molecular Mechanism(s)/Cellular Targets References
Studies
Genistein
A431 cells Reduction in UVB-induced EGFR tyrosine 64
phosphorylation and PGE, synthesis.
Fibroblasts Inhibiatsion of UVB-mediated 3ehosphorylated peéShc | g5
at Ser”, and FKHRL1 at Thr*.
Reduction in UVB-mediated protein expression c-fos
Isoflavones SENCAR and c-i 64
- jun.
mice
Human ) Reduction in UVB-mediated formation of CPDs.
Reconstituted skin 111

Anthocyanidin

Berries

Soybeans
Delphinidin
JB6 P* cells Suppression of UVB-induced transactivation of AP-1 | 66
and NF-xB and phosphorylation of INKs, p38 and
Akt.
HaCaT cells 110

. Reduction in UVB-mediated formation of 8-oxodG.
SKH-1 mice L i i 110
Reduction in UVB-mediated DNA damage in the

form of CPDs and 8-0x0dG.

employed interleukin-12 knockout (IL-12 KO) mice to
elucidate whether the induction of IL-12 by EGCG is
associated for its protective effect against
photocarcinogenesis. It was tested because IL-12 has been
shown to have anti-tumor activity and DNA repair ability in
mice. Topical application of EGCG to wild-type mice
resulted in a significant reduction in UVB-induced skin
tumorigenesis in terms of tumor incidence and tumor
multiplicity compared with non—-EGCG-treated wild-type
mice. However, topical application of EGCG to IL-12 KO
mice did not protect photocarcinogenesis. These
observations suggest that chemopreventive effect of green
tea against photocarcinogenesis requires 1L-12 or mediated
through IL-12-based mechanism.

Pomegranate fruit extract (PFE) is a rich source of
anthocyanins, ellagitannins and hydrolyzable tannins and
possesses strong antioxidant activity [44]. Oral feeding of
PFE to SKH-1 hairless mice in a UVB initiation-promotion
protocol resulted in reduced tumor incidence, delay in the
latency period of tumor appearance, and lower tumor body
burden compared to that of non-PFE-treated and UVB-
irradiated control animals [45]. Dietary grape seed
proanthocyanidins (GSPs) supplemented with AIN76 control
diet significantly lowered the tumor multiplicity and growth
or size of the tumor in SKH-1 hairless mouse model in
UVB-induced complete (both initiation + promotion)

photocarcinogenesis protocol. Dietary GSPs also resulted in
prevention and delay of malignant transformation of UVB-
induced papillomas to carcinomas in terms of carcinoma
incidence, carcinoma multiplicity and carcinoma growth
[46]. Aziz et al. [47] have shown that topical application of
resveratrol both pre- and post-UVB irradiation of SKH-1
hairless mice resulted in a significant inhibition in tumor
incidence, and delay in the onset of tumorigenesis. Post-
application of resveratrol was found to impart almost equal
protection compared to pre-application, suggesting that
resveratrol-mediated chemopreventive effects may not be due
to sunscreen effects. Treatment of p53"~/SKH-1 mice with
resveratrol by oral gavage reduced the average number of
skin tumors and the average tumor volume compared with
non-resveratrol treated and UV-exposed control group of
mice. In addition, the number of SCCs in resveratrol-treated
mice was less than non-resveratrol treated control mice [48].

Topical treatment of SKH-1 hairless mouse skin with
silymarin, a flavonoid from milk thistle (Silybum marianum),
significantly reduced UVB-induced tumor incidence, tumor
multiplicity, and average tumor volume per mouse compared
to non-silymarin treated UVB-exposed mice. Silymarin was
effective in protecting the skin against all the stages of
photocarcinogenesis, such as UV-induced tumor initiation,
tumor promotion, and complete carcinogenesis (initiation +
promotion) protocols [49]. Topical treatment of mouse skin
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with silibinin, a major component of silymarin, before or
immediately after UVB irradiation or given in diet afforded
protection against photocarcinogenesis in terms of delay in
tumor appearance, tumor multiplicity and tumor volume [50,
51]. Multiple in vitro and in vivo studies suggest anti-
photocarcinogenic potential of plant polyphenols, we will
briefly summarize and discuss the molecular mechanisms
responsible for anti-photocarcinogenic effect of these
selected polyphenols.

6. MECHANISM AND CELLULAR TARGETS OF
PHOTOPROTECTION OF POLYPHENOLS

As the understanding of molecular mechanism(s) or
molecular targets is essential in designing strategies for the
skin photoprotection, we are describing some recent
developments associated with the mechanism of
photoprotection of the skin by selected polyphenols which
are extensively studied.

6.1. Modulation of Cellular Signaling Pathways
Responsible for Photocarcinogenesis

UV radiation is known to activate multiple cellular
signaling pathways responsible for various skin diseases. Of
particular has been the activation of nuclear factor kappa B
(NF-xB), and members of the activator protein-1 (AP-1)
complex, mitogen activated protein kinases (MAPKS),
phosphatidylinositol-3-kinase ~ (PI3K)/Akt, and signal
transducers and activators transcription 3 (STAT3) [4, 5, 8,
24, 50]. UV-induced responses depend on dose, cell type,
duration of activation of the pathways and crosstalk between
pathways that determine the course of direction (e.g. cell
survival, apoptosis, proliferation, invasion and migration)
adopted by the cells. Exposure of normal human epidermal
keratinocytes (NHEK) to UVB radiation resulted in the
phosphorylation of MAPKS, degradation and
phosphorylation of IkBao, activation of IKKo , nuclear
translocation of NF-xB/p65, and induction of NF-kxB DNA
binding activity. However, treatment of NHEK with EGCG
reduced UVB-mediated phosphorylation of MAPKs and
activation NF-xB signaling pathway. These findings
demonstrate that EGCG has the potential to inhibit UVB-
mediated activation of cellular signaling pathway in human
keratinocytes, and which are deleterious for the normal skin
cells [52, 53]. Studies were also designed to establish the
relevance of these findings in vivo situation in mouse model.
Topical treatment of the mouse skin with GTPs reduced
UVB-induced phosphorylation of MAPKSs, activation of
IKKa, and phosphorylation and degradation of loBa.. GTPs
also inhibited UVB-induced nuclear translocation of NF-
kB/p65 and NF-kB/p65 DNA-binding activity. These studies
suggest that beneficial or photoprotective effects of GTPs are
mediated through the inhibition of these pathways and
provide molecular basis for its photoprotective effect on the
skin [54]. Topical application of GTPs or its active
constituent EGCG in hydrophilic ointment-based topical
formulation resulted in marked inhibition of UVB-induced
phosphorylation of ERKZ1/2, JNK and p38 proteins of
MAPK family [55]. Administration of GTPs in drinking
water of mice reduced UVB-mediated increase in matrix
metalloproteinases (MMP)-2 and MMP-9, CD31 (a
biomarker of neo-vasculature), vascular endothelial growth
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factor, and proliferating cell nuclear antigen (PCNA). In
addition, there were more cytotoxic CD8" T cells and greater
activation of caspase-3 in the tumors of mice that received
GTPs, indicating the death of the tumor cells after treatment
with GTPs [40]. Using cultured human keratinocytes,
Barthelman et al. [56] have demonstrated that EGCG is
effective at inhibiting AP-1 activity when applied before,
after or both before and after UVB irradiation.

Similarly, treatment of NHEK with PFE resulted in a
dose- and time-dependent inhibition of UVB-induced
phosphorylation of ERK1/2, JNK1/2 and p38 proteins. PFE
treatment to NHEK also resulted in a dose- and time-
dependent inhibition of UVB-induced degradation and
phosphorylation of IkBa, activation of IKKa, nuclear
translocation and phosphorylation of NF-kB/p65 at Ser"*®
[57]. Similar effects were found when mice were given PFE
in drinking water [44]. These findings demonstrate that PFE
has a potential to inhibit UVB-induced oxidative stress-
mediated activation of MAPKs and NF-kB signaling
pathways both in vitro and in vivo models. Oral feeding of
PFE also showed decrease in the Ehosphorylation of STAT3
(Tyr'®) and NF-«B/p65 (Ser"®®) in UVB-induced skin
tumors and tumor uninvolved-skin compared to skin tumors
and tumor un-involved skin samples from non PFE-treated
and UVB-exposed animals. Additionally, a concomitant
decrease in the protein expression of inducible nitric oxide
synthase and cyclooxygenase-2 (COX-2) was observed in
UVB-exposed skin and tumors that are potential downstream
targets of STAT3 and NF-xB. There was a decrease in the
protein levels of hypoxia inducible factor-1a in skin tumors
of mice that received PFE compared to non-PFE-treated
animals [45]. The effect of PFE was also examined in human
reconstituted skin. Treatment of human reconstituted skin
with pomegranate derived products, such as juice, whole
extract and oil, reduced UVB-induced protein expression of
c-Fos and phosphorylation of c-Jun. In addition,
pomegranate derived products inhibited UVB-induced
expressions of collagenase (MMP-1), gelatinase (MMP-2,
MMP-9), stromelysin (MMP-3), marilysin (MMP-7), and
elastase (MMP-12) [58]. These observations indicate the
photoprotective potential of pomegranate derived products
against UVB-induced adverse effects on human skin.
Treatment of human skin fibroblasts with PFE decreased
UVB-induced cell death and this may be likely due to
reduced activation of NF-xB, downregulation of
proapoptotic caspase-3, and accumulation of cells in GO/G1
phase of the cell cycle [59]. This effect of PFE in UVB-
exposed human fibroblasts is viewed as a photoprotective
effect of PFE on normal cells

Treatment of NHEK with GSPs reduced UVB-mediated
phosphorylation of MAPKS, activation of IKKa, degradation
of IkBa, and phosphorylation and nuclear translocation of
NF-xB/p65 [30]. Administration of dietary GSPs inhibited
acute and chronic UVB irradiation-induced phosphorylation
of ERK1/2, JNK1/2 and p38 proteins of MAPK family,
which seems to be mediated through reactivation of MAPK
phosphatases in the mouse skin compared with non-GSP-
treated but UVB-exposed mice. It also reduced UVB-
induced activation and nuclear translocation of NF-xB/p65 a
downstream target of MAPK signal transduction pathways
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[60]. Topical application of silibinin, an active and major
constituent of silymarin, induced MAPKs cascades in UVB-
induced skin tumor, but reduced the phosphorylation of all
three MAPKSs in uninvolved skin. These data suggest that
silibinin is enhancing apoptotic death of tumorigenic skin
cells by further activating MAPKSs and protecting uninvolved
skin cells against UVB-caused MAPK activation that
coorelates with proliferation and transformation [51].
Topical treatment of silibinin prior to or immediately after
acute and chronic UVB exposure protected mouse skin from
UVB-induced phosphorylation of MAPKs and Akt
suggesting that these effects of silibinin possibly lead to a
decrease in UVB-caused proliferation and apoptosis [61].
Treatment of tumor promoter-sensitive JB6 mouse epithelial
cells with silibinin before or immediately after UVB
exposure reduced UVB-induced phosphorylation of ERK1/2
and Akt, and activation of AP-1 and NF-kB, suggesting that
silibinin possibly prevents skin tumor promotion by
inhibiting UVB-induced mitogenic and cell survival
signaling [62]. Topical treatment of mouse skin with
silibinin or dietary administration of silibinin increased the
levels of E2F1; however the expression of E2F2 and E2F3
proteins was decreased. Enhanced E2Flexpression may have
a role in inhibition of UVB-induced apoptosis in the
epidermis of chronically UVB-exposed mouse skin [63].

The photoprotective effect of resveratrol was also
examined using NHEK as an in vitro model. Similar to other
polyphenols, resveratrol also blocked UVB-induced
activation of NF-xB [29]. Kim et al. [48] have shown that
topical treatment of mice with resveratrol reduced UVB-
induced expression of transforming growth factor-p2 (TGF-
B2) in skin as well as in SCCs. Downregulation of TGF-p2
by resveratrol led to the inhibition of both TGF-B2/Smad-
dependent and -independent pathways. In addition,
resveratrol treatment reduced the phosphorylation of Akt and
pCREB in human epidermoid carcinoma A431 cells. These
data suggest that resveratrol decreased the invasiveness of
human A431 cells through Akt-mediated downregulation of
TGF-B2. Studies have shown that exposure of keratinocytes
to UVB increases prostaglandin (PG) synthesis through
tyrosine kinase dependent pathway, and treatment of cells
with genistein reduced the levels of UVB-induced epidermal
growth factor receptor (EGFR) tyrosine phosphorylation and
PGE, synthesis. Topical application of mouse skin with
genistein reduced UVB-enhanced expressions of c-fos and c-
jun in mouse skin [64]. This study suggests that suppression
of UVB-induced c-fos and c-jun expressions in mouse skin
by genistein, at least in part, may be due to inhibition of
tyrosine protein kinase activities and phosphorylation of
EGFR. Treatment of human dermal fibroblasts with
genistein also reduced UVB-mediated phosphorylated
p66Shc at Ser®®, and FKHRL1 at Thr® [65]. Treatment of
JB6 P* cells with delphinidin suppressed UVB-induced
transactivation of AP-1 and NF-xB and phosphorylation of
JNKs, p38 and Akt. The study also revealed that delphinidin
binds directly with MAPKK4 and PI3K in an adenosine
triphosphate-competitive manner [66]. Overall, these studies
suggest that polyphenols modulate UVB-mediated activation
of cellular signaling pathways both in vitro and in vivo
situations leading to photoprotection of skin cells.
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6.2. Anti-Inflammatory Activity

Erythema or redness of the skin is the most prominent
visible sign of inflammation in skin resulting from UVB
exposure. UV-induced inflammatory responses are
characterized by dilation of dermal blood vessels, vascular
hyperpermeability, cutaneous  edema, hyperplasia,
infiltration of leukocytes, increase in pro-inflammatory
cytokines, generation of ROS, increase in the enzyme and
protein expression of COX-2 and PG metabolites, especially
PGE; [3, 26, 67, 68]. PGE; is the primary mediator of
erythema in human skin, as demonstrated in its reduction by
specific inhibitors of prostaglandin synthesis [69]. UV-
induced inflammation plays a crucial role in all three stages
of tumor development, i.e., initiation, promotion and
progression [3, 68]. COX-2 is over expressed in hyperplastic
skin, benign papillomas and in SCCs after chronic UV
exposure of the mouse skin [70]. Similarly in human skin,
elevated levels of COX-2 is found in actinic keratoses, SCCs
and BCCs [71, 72]. UV irradiation of both cultured
keratinocytes and SKH-1 hairless mouse skin activates
numerous cellular pathways including MAPK, PI3K/AKT,
STAT and NF-kB leading to transcriptional activation of the
COX-2 gene [3, 26].

Studies conducted by Meeran et al. [39] have found that
the levels of biomarkers of inflammation (COX-2, PGE,,
PCNA, cyclin D1) and proinflammatory cytokines (TNF-a,
IL-6, IL-1B) were higher in chronically UVB-exposed skin
and skin tumors of 1L-12 KO mouse skin than in the UVB-
exposed skin of their wild-type counterparts. This study
suggests that IL-12 deficiency may be a contributing factor
to inflammation and that contribute to the early occurrence
and rapid development of skin tumors in IL-12 KO mice.
Oral administration of GTPs in drinking water of mice
significantly reduced the levels of inflammation and
proinflammatory cytokines in UVB-exposed skin and skin
tumors in the wild-type mice but had a non-significant effect
in IL-12-KO mice. This study indicates that photoprotective
effect of GTPs on UV-induced skin tumor development
requires 1L-12. Topical treatment of mouse skin with GTPs
resulted in reduction of UVB-mediated edema and
infiltration of leukocytes [54]. Topical treatment of mouse
skin with EGCG or GTPs significantly inhibited UVB-
induced protein oxidation (protein carbonyls formation) and
lipid peroxidation in mouse skin [55]. EGCG inhibited
UVB-induced infiltration of leukocytes (CD11b" cell type),
myeloperoxidase activity, the number of H,O,-producing
cells and inducible nitric oxide synthase-expressing cells as
well as the production of H,O, and nitric oxide in both
epidermis and dermis of the mouse skin [72]. Similar
photoprotective effects of EGCG were also found in human
skin [73]. Topical treatment of human skin with EGCG
inhibits  UVB-induced production of prostaglandin
metabolites, particularly PGE,, which play a critical role in
inflammatory disorders and in proliferative skin diseases
[74].

Dietary GSPs inhibited UVB-mediated infiltration and
accumulation of activated macrophages and neutrophils,
myeloperoxidase activity, expression of COX-2, cyclin D1
and PCNA proteins, and the levels of PGE, in the skin and
skin tumors. Dietary GSPs also inhibited the levels of
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proinflammatory cytokines such as TNF-a, IL-6 and IL-1p in
the skin and skin tumors [75]. These data collectively
suggest that anti-photocarcinogenic activity of GSPs is
associated with the inhibition of UVB-induced inflammation
and inhibition of inflammatory mediators in mouse skin.
Topical application of resveratrol to SKH-1 hairless mouse
skin reduced UVB-mediated infiltration of leukocytes, skin
edema, H,O, production and PG metabolites, especially
PGE, and PGD, [76]. Dietary supplement and topical
formulations  containing oligomeric  proanthocyanidins
reduced erythema and skin hydration in humans [77].
Treatment of JB6 P* mouse epidermal cells with delphinidin
reduced UVB-induced COX-2 expression and PGE,
production, and this was associated with the suppression of
AP-1 and NF-xB transcriptional activities [66].

Topical treatment of mouse skin with silymarin inhibited
UVB-induced oxidative stress through inhibition of
infiltrating CD11b"* cells. UV radiation induced infiltrating
leukocytes are the major source of ROS production [78]. In
addition, the analysis of myeloperoxidase level also
indicated that silymarin significantly decreased UVB-
induced infiltration of leukocytes, and this effect of
silymarin was similar to that of intraperitoneal treatment of
mice with CD11b monoclonal antibodies. Analytical data
revealed that CD11b" cell population from UV-irradiated
skin are the major source of ROS production in both
epidermis and dermis than CD11b" cell population, and
silymarin inhibited UV-induced oxidative stress by targeting
CD11b" cell type in the mouse skin [79]. Topical or dietary
silibinin treatment reduced UVB-induced inducible nitric
oxide synthase and COX-2 protein expression by targeting
STAT3 and NF-kB/p65 [50]. All these studies suggest that
the photoprotective effects and anti-photocarcinogenic
activity of polyphenols are associated with the inhibition of
UVB-induced inflammatory mediators and associated
signaling molecules that regulate these events.

6.3. Prevention of Photocarcinogenesis Through the
induction of cytokine Interleukin-12

UVB-induced immunosuppression has been implicated in
photocarcinogenesis and the role of [IL-12 in
photocarcinogenesis has been extensively studied with GTPs
and GSPs. Topical treatment of the skin with EGCG
inhibited UVB-induced immunosuppression in mice through
the induction of IL-12, an immunoregulatory cytokine. To
verify the role of IL-12 in skin photoprotection by GSPs and
GTPs, IL-12 KO mouse model was used. Topical application
of EGCG resulted in a significant reduction in UVB-induced
skin tumor development compared to non-EGCG treated
wild-type mice of IL-12 KO mice. However, the treatment of
IL-12 KO mice with EGCG did not inhibit tumor
development in these mice [43]. The analysis of tumor data
indicates that mice deficient in IL-12 are at greater risk of
photocarcinogenesis, and suggest that the chemopreventive
effect of EGCG against skin cancer is mediated through the
induction of 1L-12. Identical information were also observed
when IL-12 KO and their wild-type counterparts were given
GTPs in drinking water of mice and subjected to
photocarcinogenesis  protocol [39]. Similar to the
polyphenols from green tea, the effect of GSPs was also
examined on photocarcinogenesis using the identical 1L-12
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KO mouse model [80]. To examine the effect of dietary
GSPs on photocarcinogenesis, GSPs were supplementation
with AIN76A control diet. Using identical
photocarcinogenesis protocol, it was noticed that dietary
GSPs did not prevent photocarcinogenesis in those mice
which were deficient in IL-12 [80]. These data suggest that
IL-12 is required for the prevention of photocarcinogenesis
by GTPs or GSPs.

6.4. Prevention of UVB-Induced Immunosuppression

The immunosuppressive effects of solar UVB radiation
are well established and have been implicated in skin cancer
[81, 82]. Some of the adverse effects of solar UV radiation
on human health, including exacerbation of infectious
diseases and initiation of skin cancer, are mediated at least in
part by the ability of UV radiation to induce
immunosuppression [24]. This assumption is supported by
the facts that chronically immunosuppressed patients living
in regions of intense sun exposure experience an
exceptionally high rate of skin cancer [83]. Therefore, the
prevention of UV-induced immunosuppression can be
considered as a potential strategy for the prevention of
photocarcinogenesis. In that context the effect of dietary
GSPs was examined on UVB-induced immunosuppression
in C3H/HeN mice. Intake of dietary GSPs resulted in
significant protection against UVB-induced suppression of
contact hypersensitivity (CHS) response [84]. Topical
application of EGCG on the UVB-exposed skin of mice also
inhibited UVB-induced suppression of CHS response to
contact sensitizer, 2,4-dinitrofluorbenzene (DNFB) [85].
Topical treatment of EGCG or consumption of GTPs in
drinking water of mice also resulted in inhibition of UV-
induced inflammation, which suggests an association
between the induction of inflammation and CHS after UV
irradiation of mouse skin [39, 85]. Topical treatment of
mouse skin with silymarin inhibited UVB-induced
suppression of CHS response and this was found to be
associated with the inhibition of infiltrating leukocytes,
particularly CD11b* cell type, and myeloperoxidase activity
[78, 86, 87]. In addition, silymarin was found to reduce
UVB-mediated increase in the immunosuppressive cytokine
IL-10-producing cells and the levels of I1L-10 cytokine [78].
This study was further extended to determine whether topical
application of silymarin or silibinin, a major component of
silymarin, has effect on UVB-induced suppression of CHS
response in local and in systemic models of CHS. Both
silymarin and silibinin inhibited UVB-induced local and
systemic immunosuppression. However, the magnitude of
the immunoprotective effect of silymarin or silibinin in the
systemic CHS model was lower than that in the local CHS
model [86]. Topical application of silymarin was found to
reduce UVB-mediated increase in the level of IL-10 in the
skin and draining lymph nodes and enhanced the levels of
IL-12. In addition, treatment of mice with anti-IL-12
antibody abrogated the ability of silymarin to protect against
UVB-induced suppression of the CHS response in a local
model of CHS. Moreover, topical application of silymarin to
mice did not protect against UVB-induced
immunosupression of the CHS response in IL-12 KO mice
but prevented it in their wild-type mice [86]. These studies
suggest that prevention of UVB-induced immunosuppression
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by silymarin requires IL-12. This mechanism of protection
by silymarin is identical with the mechanism found with
GTPs and GSPs.

6.5. Prevention of UVB-Induced Immunosuppression
through Adoptive Transfer of T-Cells

To further elucidate the mechanisms by which GSPs
counteract UVB-induced immunosuppression, it was
determined whether immune cells were capable of
transferring this protection. In vivo experiments suggested
that the GSPs-induced prevention of immunosuppression is
transferable to naive mice [88]. Further, adoptive transfer
approaches were used to characterize the cells that mediate
the chemopreventive effects of GSPs on immune system in
vivo. Studies revealed that dietary GSPs prevent UVB-
induced immunosuppression through stimulation and/or
enhanced development of CD8" effector T cells and that the
dietary GSPs enhance the ability of the CD8" T cells to
secrete Thl cytokines. Thus, these results suggest that GSPs
stimulate the development and the activity of CD8" effector
T cells. The studies conducted by these authors also
suggested that inhibition of the development of regulatory T-
cells and/or inactivation of CD4" suppressor T cells also
plays a role in the prevention of UVB-induced suppression
of the CHS response by GSPs and this was borne out by the
significant inhibitory effects of dietary GSPs on the ability of
the CD4" T cells to produce Th2 cytokines (IL-4 and IL-10).
Thus, CD8" T cells are the critical effector cells, a finding
that is in accordance with the findings of other investigators
[89, 90]. Xu et al. [89] reported that CHS is mediated
through CD8" T cells, whereas CD4" Th2 cells exhibit an
inhibitory effect on CHS, and this observation was supported
by the findings of Gocinski and Tigelaar [90] and Anderson
et al. [91] who reported that depletion of CD4" T cells before
sensitization results in an enhanced ear swelling response.
Moreover, the transfer of CD4" regulatory T cells from those
donor mice that were treated with IL-12 into naive mice
resulted in an enhanced CHS response further suggests that
IL-12 plays a role in inhibiting CD4" T cells with this
concept being supported by the inhibitory effects of IL-12 on
the secretion of Th2 type cytokines, and this effect was
found to be similar in magnitude to the effects of treatment
of donor mice with GSPs+ UVB treatment.

As cytokines play a critical role in immune system, the
cytokine profiles of CD8" and CD4" T cells obtained from
mice that were exposed to UVB but not treated with GSPs
and those that were GSPs treated and UVB exposed were
determined, and to delineate the relationship of these profiles
with the inhibitory effect of dietary GSPs on the UVB-
induced immunosuppression [88]. It was observed that the
levels of Thl cytokines (IFNy, IL-2) were much higher in
CD8" T cells from GSPs-treated mice, whereas the Th2
cytokines (IL-4 and IL-10) were hardly detectable. These
alterations in cytokine profile of CD8" T cells under the
influence of GSPs may have a role in the enhancement of
immune reactions. IFNy-producing T cells are important
effector cells in the CHS response and also are involved in
reducing the development of UVB-induced skin tumors [88].
These observations also suggest that the immunopreventive
effect of GSPs against UVB-induced immunosuppression are
mediated, at least in part, through the inhibition of the
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development and/or inactivation of CD4" regulatory T cells,
which was evident in the significant reduction of Th2
cytokine (IL-4 and IL-10) levels in the cell supernatants
obtained from bone marrow derived dendritic cells-
stimulated CD4" T cells as compared to the CD4™ T cells
obtained from UVB irradiated mice that were not treated
with GSPs. The Th2 cytokines, IL-4 and IL-10, have been
implicated in the immunosuppressive effects and the
development of Th2 or CD4" cells [68]. This property of
GSPs can be used as an alternative strategy to augment the
induction of CD8" effector T cells and to diminish the
development of CD4" regulatory T cells and that may lead to
the prevention of photocarcinogenesis in humans.

6.6. UV-Induced DNA Damage: A Molecular Trigger for
Immunosuppression and Initiation of Photocarcino-
genesis

UV irradiation results in DNA damage or DNA
photoproducts in the skin which initiates an important
cascade of signaling. The DNA photoproducts are altered
DNA structures that activate a cascade of responses,
beginning with the initiation of cell cycle arrest and
activation of DNA repair mechanisms. The biologically
harmful effects associated with UV irradiation are largely the
result of errors in DNA repair, which can lead to oncogenic
mutations [reviewed in 92]. UV-induced DNA damage in the
form of cyclobutane pyrimidine dimers (CPDs) is a
molecular trigger for the induction of immunosuppression
and initiation of photocarcinogenesis [93, 94]. The CPDs
form immediately in the skin after the interaction of photons
with the DNA molecule.

Camouse et al. [95] found that topical application of
green tea or white tea extracts provided human skin
protection from solar-simulated UV light. These tea extracts
were shown to provide protection against the detrimental
effects of UV light on cutaneous immunity. These
investigators also concluded that these protective effects
were not due to direct UV absorption or sunscreen effects.
Studies on the effects of GTPs and GSPs on the DNA repair
kinetics and repair mechanisms of UV-induced CPDs have
been carried out using in vitro cell culture and in vivo models
[39, 43, 80]. Studies showed that dietary GSPs do not inhibit
UVB-induced CPDs formation immediately after UVB
irradiation. However; in skin samples obtained at 24 h or 48
h after UVB exposure, the numbers of CPD-positive cells
were significantly reduced or repaired in the GSPs-treated
mouse skin compared to the control group of mice which
were not treated with GSPs [80]. Studies of the DNA repair
mechanisms suggested that the rapid repair of UV-induced
CPDs by GSPs was mediated through stimulation of 1L-12
on treatment of the mice with GSPs [80]. IL-12 has been
shown to possess potent antitumor activity in a wide variety
of tumor models [96-98], and has the capacity to induce
DNA repair [99-101] and this concept was verified by
testing the effect of GSPs on UV-induced CPDs formation in
IL-12 knockout mice. Dietary GSPs do not remove or repair
UV-induced CPDs in the skin of 1L-12 KO mice but repaired
in the skin of their wild-type counterparts, further confirming
the role of IL-12 in rapid repair of DNA damage by GSPs
[80]. Studies were also conducted with the oral
administration of GTPs in the drinking water of mice on
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UVB-induced DNA damage, and it was found that UV-
induced DNA damage in the form of CPDs was resolved
rapidly in the GTPs-treated mice compared to non-GTPs-
treated mice [39]. Schwarz et al. [102] observed that
treatment of normal human keratinocytes and “human skin
equivalent” with GTPs reduced UVB-induced DNA damage
in the form of CPDs and that this effect was mediated
through the stimulation of IL-12 production. These
investigations suggest that the difference in the DNA repair
capacity between IL-12 knockout mice and their wild-type
counterparts may be due to the absence of IL-12 in the IL-12
KO mice. Zhao et al. [103] demonstrated that application of
green tea extract to Epiderm, a reconstituted human skin
equivalent, also inhibited psoralen-UVA-induced formation
of 8-methoxypsoralen-DNA adducts. Morley et al. [104]
have shown that EGCG or drinking green tea protects human
cellular DNA from UV and visible radiation-induced DNA
damage, and also protect DNA damage in human peripheral
blood cells after tea ingestion. These observations
demonstrate the potential chemopreventive effects of plant
polyphenols against UVB-induced DNA damage.

UV-induced DNA damage is also an important molecular
trigger for the migration of antigen presenting cells from the
skin to the draining lymph nodes. DNA damage in antigen
presenting cells impairs their capacity to present Ag, which
in turn results in a lack of sensitization [97]. CPD-containing
epidermal antigen presenting cells have been found in the
draining lymph nodes of UV-exposed mice [98], and
exhibited an impaired Ag presentation capacity. As the
treatment of EGCG induces IL-12 in mice [85], and IL-12
has the capacity to induce DNA repair [100, 101, 105], the
effect of EGCG on the migration of CPD-positive cells from
the UV-exposed skin to the draining lymph nodes was
studied [106]. Immunohistochemical analysis of CPD-
positive cells in lymph nodes after UV irradiation revealed
that the numbers of CPD-positive cells in the lymph nodes of
the UV-exposed IL-12 KO mice were higher than in the
lymph nodes of their wild-type counterparts. The lower
numbers of CPD-positive cells in the lymph nodes of UV-
exposed wild-type mice compared to 1L-12 KO mice may be
attributable to the presence of endogenous IL-12 in the wild-
type mice at levels that are capable of partial repair of the
damaged DNA in the migrating cells. Treatment of mice
with EGCG resulted in a significant reduction in the
numbers of CPD-positive cells in the lymph nodes of UV-
exposed wild-type mice compared to UV-exposed wild-type
mice that did not receive EGCG. In contrast, there was no
significant difference in the number of CPD-positive cells in
the lymph nodes between EGCG-treated and non-EGCG-
treated 1L-12 KO mice which were exposed to UV radiation.
This observation supports the evidence that the reduction in
the numbers of CPD-positive cells in the lymph nodes of
wild-type mice after EGCG treatment may be due to
stimulation of 1L-12 and IL-12-mediated DNA repair.

6.7. Polyphenols Repair UV-Induced DNA Damage
through Enhancement of Nucleotide Excision Repair
(NER) Genes

Studies revealed that application of DNA repair enzymes
that reduce the numbers of CPD-positive cells prevents UV-
induced immunosuppression and risk of skin cancer [107,

Afaqg and Katiyar

108]. It was found that administration of GTPs in drinking
water of mice has the ability to prevent UVB-induced
immunosuppression in xeroderma pigmentosum complemen-
tation group A-positive (XPA™*) mice but not in XPA-
deficient mice, which are devoid of NER genes and that is
necessary for the repair of UV-induced DNA damage in
mammalian cells. Further studies were conducted to examine
whether the GTPs-mediated repair of UV-induced DNA
damage requires NER gene. For this purpose, XPA-positive
and XPA-deficient mice were exposed to UVB with and
without the treatment of mice with GTPs in drinking water,
and mice were sacrificed 72 h later. In skin samples obtained
from XPA-deficient mice, no significant difference in the
staining pattern of CPDs was observed whether or not they
were treated with GTPs. In contrast, in UVB-exposed skin
samples obtained from XPA-positive mice, the numbers of
CPD" cells were significantly lower in the GTPs-treated
mice than those mice which were not treated with GTPs
[109]. To determine whether the NER mechanism is required
for the polyphenols-enhanced repair of UVB-induced DNA
damage, NER-deficient fibroblasts from a person suffering
from xeroderma pigmentosum complementation group A
(XPA) and NER-proficient fibroblasts from a healthy person
(XPA-proficient) were exposed to UVB with or without prior
treatment with EGCG. It was found that the numbers of
CPD-positive cells were significantly lower in EGCG-treated
group at 24 h after UVB exposure in the XPA-proficient cells
compared to non-EGCG-treated cells. However, EGCG did
not significantly remove or repair UVB-induced CPDs" cells
in NER-deficient cells [109]. This in vitro observation

indicated that EGCG-induced DNA repair requires
functional NER mechanism.
6.8. Polyphenols Prevent UVB-Induced Immuno-

suppression Following NER Mechanism

To determine whether NER-mediated mechanism is
required in the prevention of  UVB-induced
immunosuppression by GTPs, XPA-deficient and their wild-
type XPA-proficient mice were subjected to CHS experiment
with and without the treatment of GTPs in drinking water of
mice [109]. Following the CHS protocol, it was observed
that in the absence of treatment with GTPs, the CHS
response was significantly lower in XPA-deficient mice that
were UVB-irradiated than those XPA-deficient mice that
were not UVB-irradiated, indicating the immunosuppressive
effect of UVB radiation in XPA-deficient mice. The group of
mice that were treated with GTPs in drinking water also
exhibited a significant UVB-induced suppression of CHS
response which was similar to non-GTPs-treated UVB-
exposed mice. It suggests that administration of GTPs did
not prevent UVB-induced suppression of CHS response to a
contact sensitizer in XPA-deficient mice. In contrast, the
administration of GTPs to the wild-type counterparts
significantly induces contact sensitization reaction and ear
swelling response to contact sensitizer was significantly
higher than those mice which were not given GTPs in
drinking water and exposed to UVB radiation [109]. The
change in ear skin thickness in XPA-deficient mice in
response to contact sensitizer in GTPs +UVB was also
compared to the change in ear skin thickness in XPA-
proficient mice in response to GTPs +UVB. The increase in



Polyphenols and Skin Photoprotection

ear skin thickness was greater in the XPA-proficient mice
treated with GTPs +UVB as compared to increase in ear skin
thickness after sensitization to contact sensitizer in XPA-
deficient mice treated with GTPs +UVB. These observations
suggest that prevention of UVB-induced immunosuppression
by GTPs requires NER genes, which have a role in DNA
repair.

NER is the main mechanism of repair in mammalian
cells for the removal of UV radiation-induced DNA damage.
Since the treatment of GTPs enhances the removal or repair
of UVB-induced DNA damage, it was of interest to examine
whether the removal or repair of UV-induced CPDs by GTPs
is mediated via induction of NER genes. Subsequent analysis
of data reveals that treatment of mice with GTPs in drinking
water of mice increases the levels of some NER genes (e.g.,
XPA, XPC and RPA1) in UVB-exposed skin sites compared
to non-GTPs-fed mice and that may have contributed to the
rapid repair of damaged DNA in mouse skin [109]. The role
of NER was further confirmed by assessing the effect of
GTPs on UVB-induced immunosuppression in XPA-
deficient mice and data were compared with the XPA-
proficient mice. Administration of GTPs prevents UVB-
induced suppression of CHS response in XPA-proficient
mice but do not prevent in XPA-deficient mice further
support the observations that inhibition of UVB-induced
immunosuppression by GTPs requires functional NER
genes. This observation was important as the treatment of
GTPs do not remove or repair UVB-induced DNA damage
in XPA-deficient or NER-deficient mice but repair in XPA-
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proficient (NER-proficient or wild-type) mice which were
exposed to UVB. These findings have important implications
for the chemopreventive mechanism of photocarcinogenesis
by GTPs, and identify a novel mechanism by which GTPs
prevent UV-induced immunosuppression.

Together, the studies conducted with green tea
polyphenols indicate that the prevention of UV radiation-
induced immunosuppression and  subsequently  the
prevention of photocarcinogenesis by GTPs either through
topical application or in drinking water of mice are mediated
through rapid repair of UVB-induced DNA damage, as
summarized in Fig. (1). As UV-induced DNA damage and
immunosuppression  play an  important role in
photocarcinogenesis, it is tempting to suggest that the role of
polyphenols discussed in this communication should be
further investigated for the photoprotection of the skin in
humans, and their possible use in future practice of
complementary and alternative medicine.

Employing human reconstituted skin, Afaq et al. [58]
determined the effect of pomegranate derived polyphenolic
products against UVB-induced DNA damage using
reconstituted human skin. It was found that pomegranate
derived products were effective in reducing UVB-induced
CPDs and 8-oxodG formation. Oral feeding of PFE to SKH-
1 hairless mice reduced the number of CPDs-positive and 8-
oxodG-positive cells in the mouse skin and that may be due
to enhanced DNA repair. PFE was also found to enhance
UVB-mediated increase in p53 and p2l1 proteins in the
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Genomic instability

|

Initiation of
carcinogenesis
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Fig. (1). Schematic diagram depicting the chemopreventive mechanism of plant polyphenols on photocarcinogenesis. Exposure of the skin to
solar UV radiation results in suppression of immune system and DNA damage of the skin cells, which may result in the development of UV
radiation-induced skin cancer. Experimental evidences suggest that regular dietary intake or topical application of polyphenols may inhibit
UVB-induced immunosuppression and initiation of skin cancer through rapid repair of UVB-induced DNA damage in the skin.
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mouse skin, therefore shutting off cell replication and DNA
synthesis and allowing extended time for DNA repair [44].
Similar effects of delphinidin were also observed when
HaCaT cells were treated with delphinidin and exposed to
UV radiation [110]. Treatment of human reconstituted skin
with isoflavone genistein prior to UVB irradiation reduced
UVB-mediated formation of CPDs [111].

6.9. Polyphenols:
protection

Future Prospects in Skin Photo-

The mechanistic studies which have been described
briefly in this mini review article indicate the potential
beneficial effects of polyphenols in the skin photoprotection
including photocarcinogenesis in laboratory animals.
Depending on the nature of the compounds, polyphenols
showed beneficial effects in the animal models whether they
were administered in the drinking water, as dietary
supplements, or applied topically. Based on extensive in
vitro and in vivo data, it is suggested that the
supplementation of sunscreens with these polyphenols may
provide an effective strategy for skin photoprotection in
humans. The dietary polyphenols which have been discussed
are considered to be non-toxic and pharmacologically safe
for human consumption. Clinical trials are needed to validate
the photoprotective and anti-photocarcinogenic potential of
these plant polyphenols, either alone or in combination with
existing therapies for skin cancers, in high-risk human
populations.
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