
Natural Agents: Cellular and Molecular Mechanisms of
Photoprotection

Farrukh Afaq
Department of Dermatology, University of Alabama, Birmingham, AL, USA

Abstract
The skin is the largest organ of the body that produces a flexible and self-repairing barrier and
protects the body from most common potentially harmful physical, environmental, and biological
insults. Solar ultraviolet (UV) radiation is one of the major environmental insults to the skin and
causes multi-tiered cellular and molecular events eventually leading to skin cancer. The past
decade has seen a surge in the incidence of skin cancer due to changes in life style patterns that
have led to a significant increase in the amount of UV radiation that people receive. Reducing
excessive exposure to UV radiation is desirable; nevertheless this approach is not easy to
implement. Therefore, there is an urgent need to develop novel strategies to reduce the adverse
biological effects of UV radiation on the skin. A wide variety of natural agents have been reported
to possess substantial skin photoprotective effects. Numerous preclinical and clinical studies have
elucidated that natural agents act by several cellular and molecular mechanisms to delay or prevent
skin cancer. In this review article, we have summarized and discussed some of the selected natural
agents for skin photoprotection.
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1. Introduction
Skin is the organ most accessible to sunlight, directly suffers from the deleterious effects of
ultraviolet (UV) radiation [1–3]. Solar UV radiation is the main cause for the vast majority
of cutaneous malignancies in the Caucasian populations. According to an estimate by the
American Cancer Society, the incidence of newly diagnosed skin cancer in the United States
alone is estimated to exceed 1 million per year [4]. The non-melanoma skin cancers
(NMSCs), comprising of the basal cell carcinomas (BCCs) and squamous cell carcinomas
(SCCs), are the most frequently diagnosed cutaneous malignancies and account for
approximately 80% and 16% respectively, of all skin cancers. However, melanoma the
malignant form of skin cancer accounts approximately 4% of all new cases of skin cancers
diagnosed in the USA [1,4]. In fact, NMSCs develop almost exclusively on sun-exposed
areas of the skin in individuals who burn easily and tan rarely. It is important to mention that
among all skin cancers; unquestionably NMSCs are readily treatable and most preventable.
Nonetheless, melanoma, while substantially less common, is often fatal.
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Earth is continuously irradiated by light photons coming from the sun such as infrared light
(780–5000 nm), visible light (400–780 nm), and UV light (290–400 nm). Approximately 5%
of the radiant energy from the sun is emitted in the UV range and is divided into three
categories dependent on wavelength, UVC (200–280 nm), UVB (280–320 nm) and UVA
(320–400 nm). Solar UV radiation is a potent mutagen and both epidemiological and
molecular evidence have established it as the main cause of human skin cancers [5,6]. UVC
is extremely damaging to the skin because these wavelengths have enormous energy and
induces genotoxic stress. Fortunately, UVC is prevented from reaching the earth, as it is
largely absorbed by atmospheric ozone layer. On the other hand, UV radiation, especially
UVA and UVB, which reaches the earth and penetrates the skin, causes variety of adverse
effects [7,8]. UVB constitutes only about 4–5% of UV radiation is thought to be the most
active constituent of solar radiation. UVB is more genotoxic and capable of causing much
more cell damage than UVA. However, it has less penetrating power than UVA and acts
mainly on the epidermal basal layer of the skin. Solar UVB radiation induces sunburn,
inflammation, DNA damage, oxidative stress, free radical production, immunosuppression,
photoaging and skin cancer [2,9–12].

Solar UVB radiation-induced skin cancer development is a multistage process involving
three distinct stages exemplified by initiation, promotion and progression (Figure 1). Each of
these stages is mediated by means of alterations in various cellular, biochemical and
molecular changes. Tumor initiation, the first step in the photocarcinogenesis process
involves genetic alterations that ultimately leads to DNA mutation in normal cells, is
essentially an irreversible process. Tumor promotion involves clonal expansion of initiated
cells by alterations in signal transduction pathways and is considered to be reversible.
Tumor progression involves malignant transformation of papillomas to carcinomas [13,14].
As initiation process occurs rapidly and therefore strategies to prevent initiation process by
intervention are difficult to envision. Solar UV radiation-induced skin cancer takes many
years or even decades to develop, the best opportunity to intervene might be in the tumor
promotion or progression phases of carcinogenesis as these steps are the slow and rate
limiting stages. This has raised the credibility of photoprotection as a serious and practical
approach to control skin cancers.

Natural agents, with potential antioxidant, anti-inflammatory, anti-mutagenic, anti-
carcinogenic and immunomodulatory properties, and that have the ability to exert striking
inhibitory effects on diverse cellular and molecular events are gaining considerable attention
for the prevention of UV-induced skin damage [1,2,15]. Because of these properties natural
agents are gaining popularity as more and more skin care products containing botanical
ingredients are introduced in the market. Individuals can modify their dietary habits and
lifestyles in combination with a careful use of skin care products, because exposure to UV
radiation is difficult to avoid. It should be emphasized that the approach of using natural
agents could be an add-onto the existing strategies of preventing damage from excessive
exposure to sun because of their safety, low cost, and oral bioavailability. In this review
article the findings from preclinical and clinical studies of natural agents (tea polyphenols,
pomegranate, delphinidin, cyanidin, resveratrol, genistein, silymarin, quercetin, luteolin,
kampferol, lycopene, sulforaphane, honkiol, caffeine, grape seed proanthocyanidins, and
capsiate, etc.) in the photoprotection of skin at the cellular and molecular levels (Figure 2,
Table 1) are summarized and discussed.

2. Effect of natural agents on UVB-induced DNA damage
UVB-induced DNA damage has been documented as an important molecular trigger for the
initiation of UVB-induced carcinogenesis [16]. UVB is directly absorbed by cellular DNA
bases leading to the formation of DNA lesions mainly cyclobutane primidine dimers (CPDs)

Afaq Page 2

Arch Biochem Biophys. Author manuscript; available in PMC 2011 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and pyrimidyne-(6-4)-pyrimidone photoproducts [2,17]. Nucleotide excision repair (NER)
machinery plays and important role in the repair of these bulky DNA photo products formed
after UV irradiation [18]. In contrast, UVB has also been shown to cause oxidation of
guanine residues resulting in the formation of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-
oxodG) a process mediated by reactive oxygen species (ROS) and has been proposed as a
key biomarker of oxidative DNA damage relevant to carcinogenesis [19]. In response to
DNA damage elicited by UVB, cells respond by activation of surveillance mechanisms that
leads to cell cycle arrest and DNA repair to prevent genomic instability. However, highly
damaged cells are often eliminated by apoptosis as a protective mechanism. Furthermore,
cellular responses to DNA-damage by UVB radiation are usually multifaceted and often
regulated by multiple signaling pathways, which initiate DNA repair, cell cycle arrest and
apoptosis [20].

Recently, we have demonstrated that oral feeding of pomegranate fruit extract (PFE) in
drinking water to SKH-1 hairless mice resulted in marked reduction in the number of CPDs
and 8-oxodG positive cells and these may be due to enhanced DNA repair. In addition, PFE
also enhanced UVB-mediated increase in p53 and p21 proteins, thus shutting off cell
replication and DNA synthesis, allowing extended time for DNA repair [21]. Pretreatment
of human reconstituted skin with pomegranate-derived products resulted in reduction of
UVB-induced formation of CPDs and 8-oxodG [22]. PFE was also effective at protecting
human skin fibroblasts from cell death following UV exposure and this is likely related with
reduced activation of the pro-inflammatory transcription factor nuclear factor-kappa B (NF-
κB), a downregulation of caspase-3, and an increased G0/G1 phase associated with DNA
repair [23]. Treatment of HaCaT cells and mouse skin with delphinidin, an anthocyanidin
present in pigmented fruits and vegetables, reduced UVB-mediated DNA damage [24].
Pretreatment with anthocyanins reduced UVB-induced ROS levels and inhibited UVB-
induced apoptotic cell death through the prevention of caspase-3 pathway activation and
reduction of pro-apoptotic Bax protein levels both in vitro and in vivo [25].

Treatment of SKH-1 hairless mice with green tea enhanced UVB-induced expression of p53,
p21, and apoptotic sunburn in the epidermis [26]. Oral feeding of green tea to mice as the
sole source of drinking fluid starting immediately after discontinuation of UVB treatment
enhanced the rate and extent of disappearance of the mutant p53-positive patches [27]. In
another study, Kramata et al. [28] have shown that mice treated with green tea during
chronic UVB irradiation changed the mutation profile of the p53 gene in early mutant p53
positive epidermal patches. Studies have demonstrated that green tea polyphenols (GTP),
and its major constituent (−)- epigallocatechin-3-gallate (EGCG), reduced the risk for skin
cancer in a murine model of photocarcinogenesis, and this was accompanied by a reduction
in UVB-induced DNA damage. These studies suggest that interleukin-12 (IL-12)-associated
reduction in UVB-specific CPDs is due to induction of DNA repair, and particularly
enhancement of NER [29,30]. Treatment of human skin with GTP before a single dose of
UVB exposure decreased dose dependently the formation of UVB-induced CPDs, and this
may be, at least in part, responsible for the inhibition of photocarcinogenesis [31]. Schwarz
et al. [32] demonstrated that GTP containing EGCG reduced UVB-induced DNA damage in
human cells and this effect appear to be mediated via IL-12, most likely through induction
of DNA repair.

Lu et al. [33] have shown that administration of caffeine enhances the removal of DNA-
damaged cells by inhibiting the ataxia-telangiectasia mutated- and Rad3-related (ATR)-
mediated phosphorylation of Chk1 and prematurely increasing the number of cyclin B1-
containing cells. Topical application of resveratrol to SKH-1 hairless mouse skin resulted in
inhibition of UVB-induced cellular proliferation, phosphorylation of survivin and
upregulation of pro-apoptotic Smac/DIABLO protein [34]. Oral or topical application of
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silibinin to SKH-1 hairless mice prior to, or immediately after, UV irradiation remarkably
reduced UVB-induced CPDs positive cells in epidermis via an activation of p53-p21/Cip1
cascade [35,36]. Pretreatment of human reconstituted skin with genistein prior to UVB
irradiation preserved cutaneous proliferation and repair mechanics [37]. Supplementation of
grape seed proanthocyanidins (GSPs) with AIN76A control diet significantly reduced the
levels of CPD+ cells in UVB-exposed mouse skin of wild type. However GSPs did not
significantly reduce UVB-induced CPD+ cells in the skin of IL-12 knockout mice,
suggesting that IL-12 is required for the repair of CPDs by GSPs. In addition, GSPs repaired
UV-induced CPD+ cells in xeroderma pigmentosum complementation group A (XPA)-
proficient fibroblasts from a healthy individual but did not repair in XPA-deficient
fibroblasts from XPA patients [38].

Topical application of Baicalin on Balb/C mice skin significantly decreased the amount of
epidermal CPDs after UVB irradiation as compared with untreated mice. UVB-induced
apoptosis was less pronounced in Baicalin-treated mouse epidermis, which was
accompanied by less p53 accumulation and higher Bcl-2/Bax ratio compared to control
group [39]. Topical application of olive oil on mouse skin effectively reduced UVB-
mediated formation of 8-oxodG, but had no effect on CPDs and (6-4) photoproducts. The
reduced formation of UV-induced 8-oxodG in epidermal cells can be attributed to the
scavenging activity of olive oil against ROS [40]. Treatment of HaCaT cells with Prunella
vulgaris extract and its main phenolic acid component, rosmarinic acid before and after
irradiation significantly reduced UVB mediated formation of single strand breaks [41]. Pre-
and post-treatment of keratinocytes with Litoria caerulea and Vaccinium myrtillus phenolic
fractions efficiently reduced the extent of DNA breakage [42].

3. Effect of natural agents on UVB-mediated formation of reactive oxygen
species and oxidative stress

UVB irradiation damages skin cells also through indirect mechanisms by the formation of
ROS. Overproduction of ROS results in oxidative stress a process that can serve as an
important mediator of damage to cell structures, including lipids and membranes, proteins,
and DNA [8,10]. A growing body of evidence suggests that ROS within cells can also act as
secondary messengers in intracellular signaling cascades that can induce and maintain the
oncogenic phenotype of cancer cells [43]. Paradoxically, the skin cells are rich in ROS
detoxifying enzymes and in low-molecular-mass antioxidant molecules, to protect cells
against ROS-induced oxidative stress and re-establish or maintain “redox balance” termed
also “redox homeostasis”.

Pretreatment of normal human epidermal keratinocytes (NHEK) with EGCG inhibited
UVB-induced hydrogen peroxide (H2O2) production and H2O2-mediated phosphorylation of
mitogen activated protein kinases (MAPK) signaling pathways. These findings suggest that
EGCG could be useful in attenuation of oxidative stress-mediated and MAPK-caused skin
disorders in humans [44]. Topical application of EGCG to C3H/HeN mice before a single
dose of UVB exposure inhibited UVB-induced H2O2 and nitric oxide (NO) in both
epidermis and dermis [45]. Topical treatment of GTP or its most chemopreventive
constituent EGCG in hydrophilic ointment before single or multiple UVB exposures resulted
in significant prevention of UVB-induced depletion of antioxidant enzymes such as
glutathione peroxidase (GPx), catalase and glutathione (GSH) level. Furthermore, treatment
of GTP or EGCG also inhibited UVB-induced oxidative stress when measured in terms of
lipid peroxidation (LPO) and protein oxidation [46]. Mittal et al. [47] have demonstrated
that CD11b+ cell population from UV-irradiated skin resulted in higher production of total
H2O2 in both epidermis and dermis in comparison with CD11b− cell population, suggesting
a possible role of infiltrating CD11b+ cells in oxidative stress. EGCG treatment to human
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skin reduced UV-induced production of H2O2 and NO in both epidermis and dermis in a
time-dependent manner. In addition, EGCG was found to restore the UV-induced decrease
in GSH level and GPx enzyme activity [48].

We have show that pretreatment of human reconstituted skin with pomegranate-derived
products reduced UVB-mediated formations of carbonyl groups on proteins. [22]. Treatment
of HaCaT cells with delphinidin, inhibited UVB-mediated increase in LPO [24]. Treatment
of human dermal fibroblasts with genistein protected against UVB-induced senescence-like
characteristics via maintenance of antioxidant enzyme activities and modulation of
mitochondrial oxidative stress through down-regulation of a p66Shc-dependent signaling
pathway [49]. Caffeic acid, a dietary phenolic compound, treatment significantly reduced
the levels of LPO, lipid hydroperoxide, conjugated diene and maintained antioxidant status
in UVB-irradiated lymphocytes [50]. Feeding of dietary GSPs to mice exposed to either to
acute or chronic UVB irradiation resulted in inhibition of depletion of endogenous
antioxidant defense enzymes, such as GPx, GSH, and catalase; suppression of oxidative
stress in terms of H2O2 and NO production, and lipid and protein oxidation [51]. Treatment
of NHEK with GSPs inhibited UVB-induced H2O2 production, LPO, protein oxidation, and
depletion of antioxidant defense components, such as GPx, catalase, superoxide dismutase,
and GSH [52].

Application of topical formulations containing quercetin on the dorsal skin of hairless mice
inhibited UVB-mediated GSH depletion and proteinases secretion/activity [53]. Single
topical application of resveratrol to SKH-1 hairless mice prior to UVB irradiation reduced
UVB-mediated skin edema, generation of H2O2, infiltration of leukocytes and LPO [54].
Topical treatment of silymarin to C3H/HeN mice reduced UVB-induced H2O2 producing
cells and inducible nitric oxide synthase (iNOS) expressing cells concomitant with decrease
in H2O2 and NO production [55]. Prunella vulgaris extract and its main phenolic acid
component, rosmarinic acid, treatment reduced ROS production and decreased IL-6 release
in HaCaT cells exposed to UVB irradiation. [41]. Studies have shown that lutein
accumulated in the skin of mice following dietary supplementation was found to decrease
ROS generation following UVR exposure [56]. Dinkova-Kostova et al. [57] have shown
that topical application of broccoli sprout extracts containing sulforaphane to the skin of
mice and healthy human subjects elevates NAD(P)H:quinone oxidoreductase 1, a
representative cytoprotective enzyme.

4. Effect of natural agents on UVB-induced inflammation
UVB-induced inflammatory changes are characterized by the development of edema,
production of inflammatory mediators, and infiltration of inflammatory cells and ROS
production [2,15]. UVB-mediated inflammation plays an important role in the development
of skin cancer by enhancing epidermal hyperplasia through proinflammatory cytokines,
growth factors, and induction of the cyclooxygenase-2 (COX-2) enzyme resulting in
increased prostaglandin (PG) levels [2,15]. Studies have suggested that ROS produced by
UVB irradiation act as a second messangers in the signaling pathways that plays an
important role in inflammation [2,10,15]. NF-κB and activator protein-1 (AP-1), such as c-
Jun, c-fos act independently or coordinately to regulate expression of target genes involved
in inflammation. These transcription factors are regulated by upstream MAPK (such as
ERK1/2, p38 and JNK1/2). UVB-induced ROS production is involved in the activation of
MAPK in NHEK and is closely related to inflammation and carcinogenesis [1,2,15].

Treatment of SKH-1 hairless mice to GTP resulted in significant decrease in UVB-induced
bifold-skin thickness, skin edema and infiltration of leukocytes [58]. Administration of GTP
in drinking water to mice significantly reduced UVB-induced markers of inflammation and
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pro-inflammatory cytokines in chronically UVB-exposed skin and skin tumors [59]. Topical
application of EGCG before UVB exposure to human skin significantly blocked UVB-
induced infiltration of leukocytes and reduced myeloperoxidase activity. In addition, EGCG
significantly reduced PG metabolites, particularly PGE2 [60]. Administration of
standardized black tea extract prior to UVB exposure reduced the incidence and severity of
erythema in murine and human skin [61].

Kaempferol, a flavonoid, reduced UVB-induced COX-2 protein expression and
transcriptional activities of COX-2 and AP-1 in mouse skin epidermal JB6 P+ cells.
Furthermore, in vivo data from mouse skin demonstrated that kaempferol suppressed UVB-
induced COX-2 expression by blocking Src kinase activity [62]. Capsiate, one of the major
capsaicinoids, treatment inhibited UVB-mediated increase in intracellular ROS and
phosphorylation of ERK1/2 and phosphorylation and nuclear translocation of NF-κB/p65 in
keratinocytes. Capsiate was also found to inhibit UVB-induced expression of COX-2, pro-
inflammatory cytokines and potent angiogenic factors in vitro and in vivo [63]. Orally
administered lutein and zeaxanthin decreased significantly the edematous cutaneous
response as determined by the reduction of the UVB-induced increase of ear bifold
thickening. In addition, dietary carotenoids were efficient in reducing the UVB-induced
increases in the percentage of PCNA, bromodeoxyuridine and terminal dUTP nick end-
labeling-positive cells [64]. Luteolin diminished UVB-induced release of PGE2 and IL-1α in
keratinocytes, indicating a protection against the UVB-induced sunburn response [65].
Topical or dietary silibinin treatment to SKH-1 hairless reduced UVB-mediated iNOS and
COX-2. In addition, there was a concomitant decrease in phospho-signal transducers and
activators of transcription 3 (STAT3) (Tyr705) and phosphoNF-κB/p65 (Ser536), which are
potential up-stream regulators of iNOS and COX-2 in mice that received silibinin treatment
[66]. Treatment of HaCaT cells with curcumin inhibited COX-2 mRNA and protein
expressions, p38 MAPK and JNK activities, as well as DNA-binding activity of AP-1
transcription factor. These results collectively suggest that curcumin may inhibit COX-2
expression by suppressing p38 MAPK and JNK activities [67]. Kang et al. [68] have
recently shown that that Fyn, one of the members of the non-receptor protein tyrosine kinase
family, is required for UVB-induced COX-2 expression. However, caffeic acid treatment
inhibited UVB-induced COX-2 expression and PGE2 production by directly targeting Fyn,
both in JB6 P+ cells and mouse skin. In addition, caffeic acid treatment induced the
downregulation of COX-2 expression at the transcriptional level through the inhibition of
AP-1 and NF-κB transcription activities.

Treatment of HaCaT cells with anthocyanins inhibited UVB-induced COX-2 and PGE2
production through a nuclear NF-κB-dependent pathway and regulation of the PI3K/Akt
pathway. Furthermore, topical application of anthocyanins prior to UVB irradiation of
hairless mice also reduced induction of COX-2 and PGE2 [69]. Delphinidin treatment
suppressed UVB-induced COX-2 expression and PGE2 production in JB6 P+ mouse
epidermal cells. These effects were mediated by blocking the MAPKK4 and PI3K pathways
and subsequently suppressing AP-1 and NF-κB activities [70]. Cyanidin inhibited UVB-
induced COX-2 expression and PGE2 secretion in the JB6 P+ cells by suppressing the
transactivation of NF-κB and AP-1 which are regulated by MAPK. Furthermore, this study
demonstrates that cyanidin inhibits UVB-induced COX-2 expression in JB6 P+ cells by
blocking the MKK4, MEK1, and Raf-1 pathways [71]. Topical treatment of mice with
honokiol in a hydrophilic cream-based topical formulation before or after UVB irradiation
resulted in significant inhibition of UVB-induced expression of COX-2, PGE2, proliferating
cell nuclear antigen and pro-inflammatory cytokines, such as tumor necrosis factor α (TNF-
α, interleukin (IL)-1β, and IL-6 in the skin as well as in skin tumors. These results suggest
that honokiol hold promise for the prevention of UVB-induced skin cancer by targeting
inflammatory mediators [72]. Treatment of HaCaT cells with sulforaphane reduced UVB-
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induced IL-6, IL-1β, COX-2 and PGE2 levels. Furthermore, sulforaphane also inhibited
UVB-mediated activation of p38, ERK and SAPK/JNK, indicating that the inhibition of
MAPK by sulforaphane would attenuate the expression of COX-2, thereby reducing
inflammatory responses [73].

Topical application of lycopene inhibited UVB-induced ornithine decarboxylase and
myeloperoxidase, and significantly reduced bifold skin thickness [74]. Dietary GSPs
inhibited UVB-induced infiltration of pro-inflammatory leukocytes and the levels of
myeloperoxidase, COX-2, and PGE2 in mouse skin and skin tumors [75]. Oral feeding of
PFE to SKH-1 hairless was found to inhibit single and multiple UVB exposure-mediated
epidermal hyperplasia, infiltration of leukocytes, LPO, and protein oxidation [21,76].
Studies have shown that a water extract of Zingiber officinale, gingerol, and shogaol
inhibited production of cytokines in UVB-irradiated HaCaT cells. In addition, treatment
with Z. officinale attenuated UVB-induced hyperplasia, infiltration of leukocytes, and
dilation of blood vessels in the dermis of mice [77]. Topical application of standardized
black raspberry extract to mice significantly reduced UVB-induced edema and neutrophil
activation [78].

Topical application of sulforaphane-rich extracts of broccoli sprouts protected against UVR-
induced inflammation and edema in mice, and reduced susceptibility to erythema in humans
[79]. Studies have shown that a carotenoid supplement and a combination of the carotenoid
supplement and vitamin E provided protection against erythema in humans [80]. A natural
dietary tomato paste rich in lycopene protected against UV-induced erythema in humans
[81]. Supplementation with tomato-based products increases lycopene levels in human
serum and protects against UV-light-induced erythema [82].

5. Effect of natural agents on UVB-mediated immunosuppression
As UVB penetrates into the epidermis, the energy from the photons is absorbed by
chromophores (such as DNA, RNA, urocanic acid, protein aromatic amino acids, lipids,
melanin, quinones, flavins and porphyrins) in the skin that modify gene expression profiles
and alters the immune system [83]. UVB induces immunosupression by formation of
pyrimidine dimer and isomerization of trans-urocanic acid to cis-urocanic acid. CPDs
formation is the initial molecular step that leads to immune suppression. It is well
documented that cis-urocanic acid affects keratinocytes, fibroblasts, Langerhans cells,
fibroblasts, T lymphocytes, macrophages and natural killer cells [12,84]. UVB radiation
alters cellular redox equilibrium leading to ROS formation and membrane LPO and may
also contribute to immunosuppression [12,15,84]. UV exposure has also been shown to
suppress wide variety of immune responses, including contact hypersensitivity (CHS) to
chemical haptens [85], and delayed-type hypersensitivity to bacterial [86], fungal [87] and
viral [88] antigens. CHS is a special experimental form of delayed-type hypersensitivity
(DTH) where haptens (e.g. dinitrofluorbenzene or oxazolone) are applied epicutanously to
the skin. UVB-induced immunosuppression is generally defined as local and systemic. In
local immunosuppression the hapten is applied directly to the UVB-irradiated skin. In
systemic immune suppression, the UVB radiation is applied to one site, and the hapten or
antigen is applied to unexposed site. It is generally believed that local and systemic
immunosuppression may share common mechanisms in the initial stage, however may differ
in some later aspects. Experimental evidence suggests that the production of IL-10 from
keratinocytes and other target cells in the skin plays a critical role in UVB radiation-induced
immune suppression. It has also been shown that IL-10 plays a key role in UVB-mediated
systemic suppression of DTH by preventing the secretion of interferon (IFN)-γ by T helper 1
cells or by the preferential expansion of T helper 2 cells [89,90].
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Pre- and Post-application of GTP resulted in significant protection against local and
systemic suppression of CHS in mouse skin [91]. Topical application of EGCG before a
single low dose UVB exposure to C3H/HeN mice prevented UVB-induced inhibition of the
contact hypersensitivity response and tolerance induction to the contact sensitizer 2,4-
dinitrofluorobenzene (DNFB). In this study, topical application of EGCG blocked UVB-
induced infiltration of CD11b+ cells into the skin, and also reduced IL-10 production in skin
as well as in draining lymph nodes (DLN). In addition, EGCG markedly increased IL-12
production in DLN [60]. In another study, topical application application of EGCG before
UVB exposure inhibited the migration, depletion, or death of antigen presenting cells
(APCs) (Ia1cells). This observation suggests that EGCG protects APCs from the adverse
effect of UVB irradiation [45].

Lutein-supplemented diet protected C3H/HeJ mice from UVB-induced reduction of the
CHS response to DNFB in the local model of UV-induced immune suppression. However,
dietary lutein does not prevent the deleterious effects of UVR on CHS in the systemic model
of UV-induced immunosuppression [56]. Topical application of silymarin to C3H/HeN mice
inhibited UVB-induced suppression of CHS response to contact sensitizer DNFB and was
found to be associated with the inhibition of infiltrating leukocytes, particularly CD11b+ cell
type, and myeloperoxidase activity as well as suppression of cytokine IL-10 producing cells
and its production [55]. Meeran et al. [92], have demonstrated that treatment of C3H/HeN
mice with topically applied silymarin or silibinin, a major component of silymarin, markedly
inhibited UVB-induced suppression of CHS response in a local model of
immunosuppression and had a moderate inhibitory effect in a systemic model of contact
hypersensitivity. Silymarin was found to reduce UVB-induced expression of
immunosuppressive cytokine, IL-10 in the skin and draining lymph nodes and enhanced the
levels of the immunostimulatory cytokine, IL-12. In addition, silymarin treatment did not
prevent UVB-induced suppression of the contact hypersensitivity response in IL-12
knockout mice but prevented it in their wild-type counterpart. Dietary GSPs was also found
to be effective in reducing UVB-induced increase in the production of IL-10 in skin and
draining lymph nodes and enhanced the level of IL-12 in the draining lymph nodes
compared with mice that did not receive GSPs [93].

Feeding of lyophilized aged garlic extract incorporated into semipurified powdered diet to
hairless mice protected from UVB-induced suppression of CHS [94]. Topical application of
black raspberry extract reduced the number of tumor-infiltrating CD4+ T-cells within tumors
when compared to vehicle treated mice. However, there was no significant difference in the
number of infiltrating CD8+ T-cells in any tumor [78]. Oral administration of quercetin
prevented the UV-induced suppression of the CHS and the reduction of the percentage of
CD8+ cells in spleen and lymph nodes [95].

6. Effect of natural agents on UVB-mediated modulation in cellular
signaling targets

Several studies have shown that UV radiation induces signal transduction pathways, some of
which lead to apoptotic cell death while others protect against this process [1,2]. UV-
induced responses depend on the type, dose and mode of UV-irradiation, cell type, duration
of activation of the pathways and signal crosstalk between pathways. UV radiation causes
the activation of members of the MAPK or MAPK family, including ERK1/2, JNK, and
p38. UV-induced cell apoptosis and skin-damage are mediated by MAPKs while PI3K/AKT
negatively regulates this process. UV can modulate signal transduction through the release
of latent growth factors and cytokines from epidermal cells or infiltrating leukocytes that act
in an autocrine or paracrine fashion to stimulate intracellular signaling or by modifying the
activity of growth factor and cytokine receptors [14,16]. The UV response cause activation
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of the immediate early genes c-fos and c-jun and transcription factors including AP-1 and
NF-κB. UV regulates the immediate early genes by activation of c-Jun and related
transcription factors by members of the MAPK family, although many additional signaling
pathways and transcription factors are now known to be activated [60,70,71].

Pretreatment of NHEK with PFE inhibited UVB-mediated phosphorylation of ERK1/2,
JNK1/2 and p38 proteins, degradation and phosphorylation of IκBα, activation of IKKα,
nuclear translocation and phosphorylation of NF-κB/p65 [96]. Oral administration of PFE
protected the mouse skin from the adverse effects of single and multiple UVB radiation by
modulating UVB-induced signaling pathways including NF-κB, MAPK, c-Jun as well as
decreased expression of gelatinase (MMPs-2 and -9), and stromelysin (MMP-3) [21,76]. For
relevance of this work to human skin we utilized three dimensional full thickness
reconstituted human skin equivalent. Pretreatment of human skin equivalent with PFE
resulted in inhibition of UVB-induced phosphorylation of c-Jun, protein expression of c-Fos
and various MMPs protein expression [22]. More recently, we reported that PFE protected
against UVB-induced skin tumorigenesis in in mouse model of photocarcinogenesis, at least
in part, by modulating transcription factors STAT3, NF-κB and HIF-1α leading to decrease
in inflammatory and angiogenic responses, and provide a molecular basis for its
photochemopreventive effect [97].

Recently, Olsen et al. [98] reported that quercetin induces c-Fos mRNA and protein
expression through activation of p38 and cAMP-responsive element binding protein, and
also potentiates UVB-induced c-Fos expression in human keratinocyte cell line, HaCaT.
However, addition of ascorbic acid in cell culture media stabilizes quercetin and completely
prevented both quercetin- and UVB-induced c-fos expression, a cellular event important for
the promotion phase of tumor development. Pretreatment of JB6 cells with quercetin
reduced UVB-induced transactivation of AP-1, NF-κB and phosphorylation of MAPK. This
study suggests that quercitrin contributes to the inhibition of neoplastic transformation by
blocking activation of the cellular signaling pathway [99]. Luteolin treatment increased the
survival of keratinocytes upon UVB irradiation through inhibition/suppression of the
mitochondrial intrinsic apoptotic pathway. However, in malignant keratinocytes luteolin did
not affect UVB-induced apoptosis [65]. Silibinin treatment before or immediately after UVB
exposure inhibited both mitogenic and survival signaling involving AP-1 and NF-κB
transcription factors in JB6 cells [100]. Genistein treatment of cultured human keratinocytes
prevented UV-induced enhancement of the DNA-binding activity of AP-1 by acting as a
tyrosine kinase inhibitor, thus limiting LPO and increase in ROS formation [101]. Topical
application of genistein prior to UVB radiation was found to reduce c-fos and c-jun
expression in the SENCAR mouse skin in a dose-dependent manner [102]. Adhami et al.
[103] have shown that pretreatment of keratinocyes with resveratrol reduced UVB-mediated
activation of NF-κB, phosphorylation and degradation of IκBα, and activation of IKKα in a
dose- and time-dependent manner. Treatment of NHEK with EGCG prior to UVB
irradiation inhibited UVB-induced oxidative stress mediated phosphorylation of MAPK
[44]. In addition, EGCG also suppressed UVB-induced phosphorylation and degradation of
IκBα and activation of IKKα and NF-κB in NHEK [104]. Topical application of GTP to
SKH-1 hairless mice suppressed UVB-mediated phosphorylation of MAPK and activation
of NF-κB [58]. EGCG treatment of human epidermal fibroblasts blocked the UV-induced
increase of collagen secretion and collagenase mRNA level and the promoter-binding
activities of AP-l and NF-κB [105]. Topical application of honokiol to SKH-1 hairless mice
reduced skin cancer development possibly by activating pro-apoptotic proteins through both
intrinsic and extrinsic pathways [106]. Recently, Byun et al. [107] have shown that luteolin
exerts significant protective effects against UVB-induced skin tumorigenesis in SKH-1
hairless mice by directly suppressing PKCε and c-Src kinase activities and also subsequently
inhibited UVB-induced phosphorylation of MAPK and the Akt signaling pathways.
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Treatment of HCL14 cells with sulforaphane reduced UVB-induced AP-1 activation, and
this appears to be at least, in part, due to the direct inhibition of AP-1 DNA-binding activity
[108].

7. Conclusions
UV radiation is one of the major and permanent environmental insults to the skin and is
thought to contribute to a multiplicity of pathological consequences such as DNA damage,
inflammation, ROS production, immunosuppression and photocarcinogenesis. Increased
production of ROS results in oxidative stress, a process that can serve as an important
mediator of damage to cell structures. Dysregulation of signaling pathways, disturbances in
the apoptotic machinery, DNA damage and mutations in critical target genes and
immunosuppression thereby results in photocarcinogenesis. The natural agents discussed in
this review article abrogate dysfunction of the cellular signaling pathways, disturbances in
the apoptotic machinery and various cellular and biochemical processes induced or mediated
by the solar UVB radiation. Based on the laboratory and epidemiological studies, it is
suggested that natural agents could be effective approach for reducing UV-induced
photodamage and other skin disorders in humans by using as dietary sources, and/or
supplementing skin care products or sunscreens.
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Figure 1.
Stages of solar UV radiation-induced skin cancer
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Figure 2.
Natural agents have the ability to inhibit/reduce the adverse biological effects of UVB
radiation.
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