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1. ABSTRACT

The incidence of non-melanoma skin cancer,
consisting of basa- and squamous- cell carcinoma,
continues to increase in the United States and elsewhere.
Solar ultraviolet (UV) B radiation has been implicated as
its main cause. This adverse effect of UVB has become a
major human health concern. Therefore, development of
novel strategies to reduce the occurrence of skin cancer isa
highly desirable goal. Because UV radiation is known to
cause excessive generation of reactive oxygen species
(ROS) thereby resulting in an oxidative stress condition,
the approaches aimed at counteracting ROS production
may be useful for the prevention of skin cancer. One
approach to reduce its occurrence is through
‘ Photochemoprotection’, which we define as ‘the use of
agents capable of ameliorating the adverse effects of UVB
on the skin’. Among many photochemoprotective agents,
botanical antioxidants are showing promise. We propose
that the use of botanical antioxidants, in combination with
the use of sunscreens and educational efforts to avoid
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excessive sun exposure, may be an effective strategy for
reduction of incidence of skin cancer and other UV-
mediated damage in humans.

2. INTRODUCTION

Ultraviolet (UV) radiation in sunlight is the most
prominent and ubiquitous physica carcinogen in our
natural environment and is divided into three categories
dependent on wavelength, short wave UVC (200-280 nm),
mid wave UVB (280-320 nm) and long wave UVA (320-
400 nm). UVC in solar radiation is effectively blocked by
ozone layer of the Earth’s atmosphere and therefore its role
in human pathogenesis is minimal. UVB and, to a much
lesser extent, UVA radiation are responsible for inducting
various skin disorders including skin cancer (1-3). Because
greater than 90% of the solar radiation at the earth’ s surface
is UVA (320-400 nm), in recent years the role of UVA in
skin carcinogenesis has begun to be appreciated. It has



Botanical antioxidants and photochemopr evention

become clear that UVA accounts for at least 10% of the
carcinogenic dose of sunlight. UV irradiation to skin results
in erythema, edema, hyperplasia, pigmentation, sunburn
cell formation, immunosuppression, photaging and
photocarcinogenesis (1, 4-7). UVB irradiation to skin has
direct effects on biomolecules, for example the formation
of cyclobutane pyrimidine dimers (CPDs) and pyrimidine
(6-4) pyrimidone photodimers (8), photoisomerization of
trans- to cis-urocanic acid (9) and generation of reactive
oxygen species (ROS) (7, 10-12). These effects of UVB
may result in a variety of skin disorders including skin
cancer. UVB damage may aso be mediated through the
production of molecular mediators of inflammation that
may contribute to the development of immunosuppression
(13,14). CPDs are located in keratinocytes and Langerhans
cellsfollowing UVB exposure, and also in dendritic cellsin
lymph nodes draining the irradiated sites (15). The
macrophages are CD1aCD11b" while Langerhans cells are
CD1a'CD11b (16). They produce high levels of IL-10 and
low levels of 1L-12, and express different co-stimulatory
molecules from Langerhans cells, thereby promoting
suppressed immune responses in the skin.

The skin serves as a protective defense barrier
from external environmental pollutants, including solar UV
radiation. The major role of skin is to provide a protective
covering at this crucia interface. Mammalian skin shows
an impressive variety of passive and active protective
features. The coordinated functions of multiple epidermal
and dermal cell population alows the skin immune system
to respond rapidly to a wide variety of insults occurring at
the interface of the organism and its environment. These
environmental factors may jeopardize the integrity of the
skin's oxidizable structures that are critica for cellular
homeostasis. UV exposure to the skin results in the
generation of ROS, such as singlet oxygen, superoxide
anion, peroxy radicals, and hydroxyl radicals that damage
DNA, proteins, and lipids (17-21). UV-induced generation
of ROS in the skin causes oxidative stress, when their
formation exceeds the antioxidant defense ability of the
cellular target system. The induction of oxidative stress,
and subsequent imbalance of the antioxidant defense
system, has been associated with the onset of severd
disease states including inflammation, premature skin
aging, immunosuppression, and skin cancer. Although the
skin possesses a complex and interlinked antioxidant
defense system to protect itself from damage by UV-
induced ROS, the capacity of this antioxidant defense
system is not unlimited and it can be overwhelmed by
excessive exposure to solar UV radiation (22).

UV radiation is the mgjor cause for the vast
magjority of cutaneous malignancies diagnosed in the
human population, more so in Caucasian individuals (23).
UV radiation, particularly UVB (280-320 nm), is
responsible for more than 1,000,000 cutaneous
malignancies diagnosed each year in the USA alone,
making it the most hazardous environmental carcinogen
(23, 24). Thus, chronic exposure of UV to the skin is the
leading cause of skin cancer the incidence of which is
roughly equivalent to the annual incidence of al other
malignancies combined (23, 24). Cutaneous malignancies
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are comprised manly of non-melanoma basa cell
carcinoma (BCC) and sguamous cell carcinoma (SCC)
derived from keratinocytes of the epidermis. SCC is
chronically more aggressive accounting for most of the
non-melanoma skin cancer deaths (25). Melanoma, the
malignant form of skin cancer, accounts for 1-3% of new
cancer cases diagnosed in the USA, totaling ~47,700 new
diagnosed cases and ~7,700 deaths in the year 2000 (24,
26). Recently, Godar et al. (27) have shown that the
average erythemal UV doses of Americans are about
25,000 Jm?/year, with 22,000 for females and 28,000 for
males. This average may increase to about 33,000 Jm?/year
when a conservative, continental US vacation (about 8000
Jm?lyear) isincluded.

Previous experimental studies have shown that
ROS can act as both initiator and promoter of tumors by
damaging critica cellular macromolecules such as DNA,
proteins, and lipids, and by acting as stimulator or inducer
of cell-signaing molecules (28,29). Skin is easly
accessible and constantly exposed to ROS-generating
agents such as solar radiation, ozone and other
environmental pollutants. It is well known that ROS are
associated with skin cancers, premature skin aging,
immunosuppression, and many other cutaneous
inflammatory disorders, although causes and effects are not
well known (30).

3. PHOTOCHEMOPREVENTION
CANCER

OF  SKIN

For prevention of photodamage and skin cancer,
education about the harmful effects of solar UV light, the
need to avoid its excessive exposure, wearing protective
clothing and the use of sunscreen has been emphasized.
Sadly these effects are only partialy effective. Therefore,
additional efforts are needed to protect skin against the
deleterious effect of UVB exposure. Because of the
mortality and morbidity associated with skin cancer and
other UV radiation-mediated cutaneous damage, concerted
efforts are needed to design novel approaches for the
prevention of UV responses. One such approach to
ameliorate the occurrence of skin cancer is through
chemoprevention, which by definition is a means of cancer
control in which the occurrence of the disease can be
entirely prevented, slowed, or reversed by topical or ora
administration of naturaly occurring agents (31). An
expanded definition of cancer chemoprevention aso
includes the chemotherapy of precancerous lesions (31).
For chemoprevention of photodamage, including
photocarcinogenesis, we have coined the term
‘ photochemoprotection’ (32).

4. PHOTOCHEMOPREVENTION BY BOTANICAL
ANTIOXIDANTS

In recent years, naturally occurring compounds,
especially the botanical antioxidants, present in the
common diet and beverages consumed by the human
population have gained considerable attention as
chemopreventive agents against many cancers including
skin cancers (32-35). Studies from this laboratory and
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elsewhere have shown that many naturally occurring
botanicals present in the human diet and beverages afford
protection against the development of cutaneous
malignancies (11, 36-38). Thus, a chemopreventive
approach appears to have practical implications in reducing
skin cancer risk as, unlike the carcinogenic environmental
factors that are difficult to control, individuals can modify
their dietary habits and lifestyle in combination with careful
use of skin care products. Many studies from this
laboratory and elsewhere have shown the efficacy of
naturally occurring botanical antioxidants such as green tea
polyphenol, silymarin, curcumin, apigenin and resveratrol
against UV radiation-induced inflammation and cancer
(11,39-44). In this review, we will discuss the
photochemoprotective potential of some of the naturaly
occurring botanical antioxidants present in diet and
beverages against photocarcinogenesis.

4.1. Green tea

Tea is obtained from the leaves and buds of the
plant Camellia sinensis and is the most popular beverage
consumed by more than two thirds of the world's
population. Tealeaves are processed differentially and are
available as black, green, and oolong tea. Of the total tea
production, 78% is commercially available as black tea and
is consumed in many Asian and Western countries (41).
Green tea accounts for about 20% of the total tea
production and is consumed in some Asian countries like
Japan, China, Korea and India and in Middle East
countries. The remaining 2% is manufactured as oolong tea
and is consumed primarily in Southern china (41). Green
tea polyphenols gained considerable attention in recent
years due to their antimutagenic and anticarcinogenic
potential (45-46). Green tea contains four major types of
polyphenols: (-)-epicatechin (EC), (-)-epicatechin gallate
(ECG), (-)-epigallocatechin (EGC) and (-)-
epigallocatechin-3-gallate (EGCG). All of these
polyphenols act as a potent antioxidant and can scavenge
ROS, such as lipid free radicals, superoxide radical,
hydroxyl radicals, hydrogen peroxide and singlet oxygen.
However, their scavenging effect differs due to differences
in their structure. EGCG is the mgjor polyphenol in tea that
isresponsible for these effects (31, 47).

In severa publications from this laboratory, it has
been demonstrated that topical application or oral feeding
of green tea polyphenols (GTP) protects immune functions
and prevents photocarcinogenesis (48-54). Long-term oral
feeding of GTP in mice exposed chronicaly to UV
radiation resulted in lower tumor burden in these animals
compared to their non-GTP-fed control (50). Oral feeding
of GTP to SKH-1 hairless mice, followed by irradiation
with UVB, resulted in significant protection against UVB
radiation-mediated cutaneous edema; depletion of the
antioxidant-defense system in the epidermis; induction of
epiderma ornithine  decarboxylase (ODC) and
cycloxygenase (COX) enzymes activities that play an
important role in cutaneous inflammation and tumor
promotion (50, 55). Oral administration of green tea, black
tea, and decaffeinated green and black teas inhibited the
formation and size of malignant and nonmalignant tumors
(56). Wang et a. (57) have shown that oral consumption of
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green tea to mice with established tumors resulted in a
significant regression of these tumors. Oral feeding of GTP
to SKH-1 hairless mice enhanced UV B-induced increases
in epidermal wild type p53, p21 and apoptotic sunburn cells
in the epidermis (58). In arecent study, conducted by Lu et
al. (38), it was shown that orally administered green tea,
black tea, and caffeine decreased the size of the parametrial
fat pad, and the thickness of the dermal fat layer both
distant and directly under tumors. We have demonstrated
that topical application of EGCG (3 mg/mouse/3n? of skin
area) to C3H/HeN mice, before a single dose of UVB (90
mJ/cm?) irradiation, decreases hydrogen peroxide and nitric
oxide synthase-expressing cells and inhibits hydrogen
peroxide and nitric oxide production both in the dermis and
epidermis (53). Additionally, EGCG inhibits the migration,
depletion, or death of antigen presenting cells when
detected as class II MHC'la" cells (53). Polyphenols
extracted from both black and green teas were found to
possess an anti-inflammatory effect in the mouse skin and
inhibited epidermal lipid peroxidation (59). Recently, Kim et d
(60) demonstrated that EGCG trestment to guinea pig inhibits
lipid peroxidation and skin damage. These studies aso
suggested anti-photoaging properties of EGCG. Peuset al. (61)
have shown that physiologic doses of UVB irradiation is
involved in the activation and regulation of mitogen activated
protein kinase (MAPK) signd transduction pathways. EGCG
aso inhibits UVB-induced release of intracellular hydrogen
peroxide from norma human epidermal keratinocytes with
concomitant inhibition in the phosphorylation of MAPK (40).
Pretrestment of JB6 Cl 41 cells with tea polyphenol EGCG or
theaflavins inhibits UVB-induced phosphatidylinogitol 3-
kinase activation (62).

The relevance of the extensive in vitro and in
vivo laboratory data showing the protective effect of GTP
against UV radiation-mediated damage to human skin has
been considered. It was demonstrated that a topical
application of GTP or EGCG protects against 4 MED
(minimal erythema dose) of UVB radiation. This dose
normally induces: (i) erythema (sunburn), (ii) an influx of
inflammatory cells, (iii) prostaglandin synthesis, (iv)
myeloperoxidase activity, (v) production of hydrogen
peroxide and nitric oxide, both in the epidermis and dermis,
(vi) IL-10 positive cells, (vii) depletion of Langerhans cells,
(iii) alteration in endogenous antioxidant levels, and (ix)
induction of lipid peroxidation (11,42, 63, 64). GTP has
been shown to scavenge the ROS generated by UV
irradiation and prevent single stand breaks in DNA (47,65).
Topical application of GTP 30 min prior to UVB
irradiation resulted in reduced production of cyclobutyl
pyrimidine dimers (CPD) in the epidermis and dermis of
human volunteers (66). This reduction in CPD formation is
probably due to protection of the DNA repair enzyme from
inactivation of ROS and by the absorption of UV energy by
the antioxidant EGCG (I s 270-273 nm). The importance
of preventing DNA damage extends beyond preventing
mutation since production of CPD initiates UV-induced
immune suppression that plays a critical role in
photocarcinogenesis (67-69).

We have also examined the protective efficacy of
GTP against UVB radiation-induced local, as well as
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systemic, suppression of contact hypersensitivity and the
edema response in C3H/HeN mice. Among the four major
epicatechin derivatives known to be present in GTP,
EGCG, a mgjor constituent of green tea, was found to be
most effective in affording protection against UVB-
mediated contact hypersensitivity and inflammation (53).
UV-induced suppression of cutaneous immunity is
mediated in part through the cytokine IL-10, which is
produced by macrophages infiltrating into U V-irradiated
human (70,71) and murine (72) skin. The production of IL-
10 by UV-irradiated skin or by highly immunogenic skin
tumors is a major mechanism of escape from immune
destruction. Thus, reduction of these cells and their
products in UV-irradiated skin is expected to preserve
cutaneous immunity. Topical application of EGCG to the
skin of mice prior to UV irradiation, was found to preserve
the contact hypersensitivity response of the animals and
block 1L-10 production in their skin and draining lymph
nodes (52). The increased production of IL-12, which is
regarded as mediator and adjuvant for induction of contact
hypersensitivity, is increased in the draining lymph nodes,
thus enhancing T helper cell type 1 functions. Alterationsin
the IL-10/IL-12 cytokine balance by EGCG may be
mediated by the antigen presenting cells in the skin and
draining lymph nodes or by blocking the infiltration of IL-
10 secreting CD11b* macrophage into the UV-irradiated
site. These data, in concert with other data, suggest that
application of GTP to human skin reduces inflammation
and inhibits formation of several mediators that are
involved in immunosuppression that plays an important
role in skin cancer development. In addition, these data
suggest that certain green tea ingredients might be useful as
photoprotectantsin skin care products.

4.2. Silymarin

Silymarin, a flavonoid isolated from milk thistle
plant (Slybum marianum), is a mixture of different
flavonolignans, which includes silybin, silidianin,
silychristin and isosylibin (73,74). Silybin is the most
biologically active component with regard to its antioxidant
and anti-inflammatory properties (74). It is also known to
be an antioxidant compound with skin cancer
chemopreventive  properties  (75). In  short-term
experiments, the topical application of silymarin was found
to result in significant inhibition against UV B-induced (i)
skin edema, (ii) formation of sunburn and apoptotic cells, (
iii) depletion of catalase activity, and (iv) induction of COX
and ODC activities and ODC mRNA expression (30). This
study suggested that silymarin might provide protection
against different stages of UVB-induced carcinogenesis,
possibly via its strong antioxidant properties. Indeed, it was
shown that topical application of silymarin protects against
UVB radiation-induced non-melanoma skin cancer in mice
(30). In this study, SKH-1 hairless mice were subjected to
(i) UVB-induced tumor initiation followed by TPA-
mediated tumor promotion, (i) DMBA-induced tumor
initiation followed by UVB-mediated tumor promotion,
and (iii) UVB-induced complete carcinogenesis. In all three
protocols, topical application of silymarin prior to UVB
irradiation/DMBA exposure, significantly reduced tumor
incidence (% of mice with tumors), tumor multiplicity
(number of tumors per mouse), and average tumor volume
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per mouse (30). With respect to the potential molecular
basis of the photochemopreventive effects of silymarin,
Chatterjee et al, employing ¥P post-labeling technique,
demonstrated that topical application of silymarin or green
tea polyphenols, as well as sunscreen containing
ethylhexyl-p-methoxycinnamate, resulted in protection
against UVB-mediated formation of CPD in mouse skin
(76). Silymarin showed a protective effect against UV
induced oxidative damage by modulating the activation of
the transcription factors nuclear factor kappa B (NF-kB) in
HaCaT keratinocytes (77). NF-kB, a redox sensitive
transcriptional factor, plays an important role in regulating
the expression of various genes that participate in many
physiological processes such as inflammation, apoptosis,
and cellular proliferation. Silymarin was found to inhibit
NF-kB activation induced by UV radiation in a dose
dependent manner in human keratinocytes (77).

4.3. Curcumin

Curcumin  (diferuloylmethane), a yellow
ingredient isolated from the rhizome of turmeric (Curcuma
longa), has been extensively investigated for its cancer
chemopreventive potential in many tumor model systems
(44). Curcumin possesses anti-inflammatory  and
antioxidant properties (78-81). Studies have shown that it
exhibits antimutagenic activity in the Ames Salmonella test
and possesses anticarcinogenic activity. It inhibits
chemically induced neoplastic lesions in many organs,
including skin, probably via an antioxidant mechanism
(82). Topical application of curcumin to mouse skin has
been shown to enhance glutathione content and
glutathione-S-transferase  activity and inhibits lipid
peroxidation and arachidonic acid metabolism in mouse
skin (83,84). Further, topical application of curcumin has
been shown to decrease the induction of ornithine
decarboxylase in mouse skin (85). The antioxidant and
anti-inflammatory properties of curcumin have been well
documented (86,87).

Because of these properties, curcumin was
evaluated for its photochemopreventive effects. Ishizaki et
al demonstrated that UVA irradiation significantly
enhanced ODC induction after topical application of TPA
in the epidermis of CD-1 mice and aggravated TPA-
mediated dermatitis (85). A pretreatment of skin with
curcumin was found to significantly inhibit these UVA-
enhancing effects (85). In another study, lersel et al.
demonstrated that curcumin was the most potent inhibitor
of glutathione S-transferase, the major pi-class GST subunit
P1 activity, towards 1-chloro-2, 4-dinitrobenzene in intact
human IGR-39 melanoma cells (88). Jee et al. have shown
that curcumin induces apoptosis in human basal cell
carcinoma cells in a dose- and time-dependent manner
where p53-associated signaling pathway is critically
involved in curcumin-mediated apoptotic cell death (89).
These studies suggest that curcumin may impart beneficia
effect against the responses of ultraviolet radiation in skin
and in in vitro models of skin cancer. Curcumin
supplemented cosmetics are sold in many parts of the world
especialy in India. More studies are needed to examine the
effect of curcumin on photodamage, including
photocarcinogenesis.
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4.4. Apigenin

Apigenin (5,7,4' -trihydroxyflavone) is a natural
flavonoid present in the leaves and stems of vascular plants,
including fruits and vegetables (90). Foods rich in apigenin
include apples, endive, beans, broccoli, celery, cherries,
cloves, grapes, leeks, onions, barley, parsley and tomatoes,
while plant-derived beverages containing apigenin include
tea and wine (91). Apigenin treatment was found to be
effective in the prevention of UV-induced skin
carcinogenesis in SKH-1 mice. When apigenin was applied
to mouse skin, it was found to inhibit UV-mediated
induction of ODC activity and resulted in reduction in
tumor incidence and an increase in tumor free survival (43).
With respect to mechanism of action, apigenin was found
to affect (i) G1 cell-cycle arrest by inhibiting cdk2 kinase
activity in human diploid fibroblasts, (ii) accumulation of
the hypophosphorylated form of retinoblastoma protein,
(iii) induction of the cdk inhibitor p2L/WAF1, and (iv)
stabilization of tumor suppressor gene p53 (92). These
studies suggest that apigenin may exert photoprotective
action by stimulating the p53-p21/waf 1 response pathway.

45. Resveratrol

Resveratrol (trans-3,4',5-trihydroxystilbene) is a
polyphenolic phytoalexin found largely in the skin and
seeds of grapes, but in many other plant species including
peanuts and mulberries. Resveratrol is a potent antioxidant
with ant-inflammatory, antiproliferative and anti-cancer
properties (93, 94). Recently, we demonstrated that topical
application of resveratrol (25 mmole/0.2ml acetone/mouse)
to SKH-1 hairless mice resulted in significant inhibition of
UVB-induced skin edema. As evaluated by histochemistry,
pre-application of resveratrol caused a significant decrease
in UVB-mediated generation of hydrogen peroxide and
infiltration of leukocytes. In addition, topical application of
resveratrol resulted in significant inhibition of UVB-
mediated induction of cyclooxygenase and ornithine
decarboxylase activities and protein expression of ornithine
decarboxylase (42). Ornithine decarboxylase is thought to
represent amarker of tumor promation.

5. CONCLUSIONS

Data are accruing that consistently support the
notion that many botanical agents, with antioxidant
properties, exert anti-inflammatory and anti-carcinogenic
effects in skin. This suggests the possibility that specific
botanicals might be used for the prevention and treatment
of avariety of human skin disorders. The use of skin care
products supplemented with botanicals, in conjunction with
the use of sunscreens and educational efforts, may be an
effective approach for reducing UV-generated ROS-
mediated photodamage, inflammatory responses, and skin
cancer in humans. Based on this information, many health
care products such as toothpastes, shampoos, depilatory
creams, cleansing lotions, scented sprays, body lotions,
bath and shower gels, and moisturizing lotions have been
supplemented with herbal extracts. Because of the role of
UVA and UVB in cutaneous damage, the agent(s) that can
protect against these radiations could be idea
photochemoprotective agent(s) for the skin.

788

6. REFERENCES

1. Mukhtar H. & C.A. Elmets. Photocarcinogenesis:
mechanisms, models and human hedth implications.
Photochem Photobiol 63, 355-447 (1996)

2. Cole CA., P.D. Forbes & R.E. Davies. An action
spectrum  for UV  photocarcinogenesis.  Photochem
Photobiol 43, 275-284 (1986)

3. De Gruijil F.R., HJ.C.M. Sterenborg, P.D. Forbes, R.E.
Davies, C. Cole, G. Kelfkens, H. van Weelden, H. Slaper &
J.C. van der Leun: Wavelength dependence of skin cancer
induction by ultraviolet irradiation of albino hairless mice.
Cancer Res 53, 53-60 (1993)

4. Goihman-Yahr M.: Skin aging and photoaging: an
outlook. Clin Dermatol 14, 153-160 (1996)

5. Young A.R.: Cumulative effects of ultraviolet radiation
on the skin: cancer and photoaging. Semin Dermatol 9, 25-
31 (1990)

6. Naylor M.F.: Erythema, skin cancer risk and sunscreens.
Arch Dermatol 133, 373-375 (1997)

7. Afag F. & H. Mukhtar: Effects of solar radiation on
cutaneous detoxification pathway. J Photochem Photobiol
B: Biology 1 63, 61-69 (2001)

8. Pfeifer G.P.,, SD. Steigerwald, R.S. Hansen, S.M.
Gartler & A.D. Riggs. Polymerase chain reaction-aided
genomic sequencing of an X chromosome-linked CpG
island: methylation patterns suggest clona inheritance,
CpG site autonomy, and an explanation of activity state
stability. Proc Natl Acad Sci USA 87, 8252-8256 (1990)

9. Noonan F.P. & E.C. De Fabo: Immunosuppression of
ultraviolet B radiation: initiation by urocanic acid. Immunol
Today 13, 250-254 (1992)

10. Katiyar SK. & C.A. Elmets. Green tea polyphenol
antioxidants and skin photoprotection. Inter J Oncol 18,
1307-1313 (2001)

11. Katiyar SK., F. Afag, A. Perez & H. Mukhtar: Green
tea polyphenol (-)-epigallocatechin-3-gallate treatment to
human skin inhibits ultraviolet radiation-induced oxidative
stress. Carcinogenesis 22, 287-294 (2001)

12. Kligman L.H., F.J. Akin & A.M. Kligman: Sunscreens
prevent ultraviolet photocarcinogenesis. J Am Acad
Dermatol 3, 30-35 (1980).

13. Cruz J P.D. Ultraviolet B (UVB)-induced
immunosuppression:  biologic, cellular, and molecular
effects. Adv Dermatol 9, 79-94 (1994)

14. Shreedhar V., T. Giese, V.W. Sung & S.E. Ullrich: A
cytokine cascade including prostaglandin E,, I1L-4, and IL-



Botanical antioxidants and photochemopr evention

10 is responsible for UV-induced systemic immune
suppression. J Immunol 160, 3783-3789 (1998)

15. Sontag Y., C.L.H. Guikers, A.A. Vink, F.R. de Gruijil,
H. van Loveren, J. Garssen, L. Roza, M.L. Kripke, J.C. van
der Leun & W.A. van Vloten. Cells with UV-specific
DNA damage are present in murine lymph nodes after in
vivo UV irradaiation. J Invest Dermatol 104, 734-738
(1995)

16. Meunier L., Z. Csorgo & K.D. Cooper: In human
dermis, ultraviolet radiation induces expansion of a
CD36"CD11b"CD1 macrophage subset by infiltration and
proliferation; CD1" Langerhans-like antigen-presenting
cells are concomitantly depleted. J Invest Dermatol 105,
782-788 (1995)

17. Cadet J., M. Berger, C. Decarroz, JR. Wagner, JE.
Van Liet, Y.M. Ginot & P. Vigny: Photosensitized
reactions of nucleic acids. Biochimie 68, 813-834 (1986)

18. Peak M.J, A. Ito, CS. Foote & JG. Pesk:
Photosensitized inactivation of DNA by monochromatic
334-nm radiation in the presence of 2-thiouracil: genetic
activity and backbone breaks. Photochem Photobiol 47,
809-813 (1988)

19. Beehler B.C., J. Przybyszewski, H.B. Box & M.F.
Kulesz-Martin: Formation of 8-hydroxydeoxyguanosine
within DNA of mouse keratinocytes exposed in culture to
UVB and H,0,. Carcinogenesis 13, 2003-2007 (1992)

20. Berton T.R., D.L. Mitchell, S.M. Fischer & M.F.
Locniskar: Epidermal proliferation but not the quantity of
DNA photodamage is correlated with UV-induced mouse
skin carcinogenesis. J Invest Dermatol 109, 340-347 (1997)

21. Li G, D.L. Mitchell, V.C. Ho, J.C. Reed & V.A. Tron:
Decreased DNA repair but normal apoptosis in ultraviolet-
irradiated skin of p53-transgenic mice. Am J Pathol 148,
1113-1123 (1996)

22. Berg RJW., F.R. de Gruijl & J.C. vander Leun:
Interaction between ultraviolet-A and ultraviolet-B
radiations in skin cancer induction in hairless mice. Cancer
Res 53, 4212-4217 (1993)

23. Miller D.L. & M.A. Weinstock: Nonmelanoma skin
cancer in the United States. incidence. J Am Acad Dermatol
30, 774-778 (1994)

24. Greenlee R.T., T. Murray, S. Bolden & P.A. Wingo.
Cancer Statistics, 2000. CA Cancer J Clin 50, 7-33 (2000)

25. Weber R.S, SM. Lippman & M.D. McNeese:
Advanced basal and squamous cell carcinomas of the skin
of the head and neck. In: Carcinoma of the head and the
neck. Evaluation and Management. Ed., C. Jacobs. Boston:
Kluwer Academic. 61-81 (1990)

26. Lang P.G. Jr.: Malignant melanoma. Med Clin North A.
82, 1325-58 (1998)

789

27. Godar D.E., S.P. Wengraitis, J. Shreffler & D.H.
Sliney: UV doses of Americans. Photochem Photobiol 73,
621-629 (2001)

28. Ahmad N., SK. Katiyar & H. Mukhtar: Antioxidantsin
chemoprevention of skin cancer. In: Oxidants and
antioxidants in cutaneous biology. Eds. J. Thiele & P.
Elsner. Curr Probl Dermatol, Basel, Karger, 128-139
(2001)

29. Kripke M.L.: Latency, histology, and antigenicity of
tumors induced by ultraviolet light in three inbred mouse
strains. Cancer Res 37, 1395-1400 (1977)

30. Katiyar S.K., N.J. Korman, H. Mukhtar & R. Agarwal:
Protective effects of silymarin against photocarcinogenesis
in a mouse skin model. J Natl Cancer Inst 89, 556-566
(1997)

31. Mukhtar H. & N. Ahmad: Cancer chemoprevention:
Future holds in multiple agents: Contemporary issues in
Toxicology. Toxicol Appl Pharmacol 158, 207-210 (1999)

32 Ahmad N. & H. Mukhtar: Cutaneous
photochemoprevention by green tea: A brief review. Skin
Pharmacol Appl Skin Physiol 14, 69-76 (2001)

33. Ames B.N.: Dietry carcinogens and anticarcinogens.
Science 221, 1256-1264 (1983)

34. Block G.: Micronutrients and cancer: Time for action?
J Natl Cancer Inst 85, 846-848 (1993)

35. Katiyar SK. & H. Mukhtar: Tea antioxidants in cancer
chemoprevention. J Cell Biochem 27 (Suppl.), 59-67
(1997)

36. Mukhtar H. & R. Agawal: Skin cancer
chemoprevention. J Investig Dermatol Symp Proc 1, 209-
214 (1996)

37. Ley RD. & V.E. Reeve: Chemoprevention of
ultraviolet radiation-induced skin cancer. Environ Health
Perspect 105 (Suppl.), 981-984 (1997)

38. Lu Y-P, Y-R. Lou, Y. Lin, W.J. Shih, M-T. Huang,
C.S. Yang & A.H. Conney: Inhibitory effects of oraly
administered green tea, black tea, and caffeine on skin
carcinogenesis in mice previously treated with ultraviolet B
light (high-risk-mice): relationship to decreased tissue fat.
Cancer Res 61, 5002-5009 (2001)

39. Birt D.F., JC. Peling, S. Nair & D. Lepley: Diet
intervention by modifying cancer risk. Prog Clin Biol Res
395, 223-234 (1996)

40. Katiyar SK., F. Afag, K. Azizuddin & H. Mukhtar:
Inhibition of UVB-induced oxidative stress mediated
phosphorylation of mitogen-activated protein  kinase
signaling pathways in cultured human epiderma



Botanical antioxidants and photochemopr evention

keratinocytes by green tea polyphenol (-)-epigallocatechin-
3-gallate. Toxicol Appl Pharmacol 176, 110-117 (2001)

4]1. Katiyar SK. & H. Mukhtar: Teain chemoprevention of
cancer: epidemiologic and experimental studies. Int J
Oncol 8, 221-238 (1996)

42. Afag F., H. Mukhtar & N. Ahmad: Protective effects of
resveratrol against short-term markers of
photocarcinogenesis in a mouse skin model. J Invest
Dermatol 117, 505 (2001)

43. Birt D.F.,, D.L. Mitchell, B. Gold, P. Pour & H.C.
Pinch: Inhibition of ultraviolet light induced skin
carcinogenesis in SKH-1 mice by apigenin, a plant
flavonoid. Anticancer Res 17, 85-92 (1997)

44, Huang M.T., H.L. Newmark & K. Frenkel: Inhibitory
effects of curcumin on tumorigenesis in mice. J Cell
Biochem Suppl 27, 26-34 (1997)

45. Mukhtar H., Z.Y. Wang, SK. Katiyar & R. Agarwal:
Tea components: antimutagenic and anticarcinogenic
effects. Prev Med 21, 351-360 (1992)

46. Dong Z., W.Y. Ma, CS Huang & C.S Yang:
Inhibition of tumor promoter-induced activator protein 1
activation and cell transformation by tea polyphenols, (-)-
epigallocatechin galate, and theaflavins. Cancer Res 57,
4414-4419 (1997)

47. Katiyar SK., N. Ahmad & H. Mukhtar: Green tea and
skin. Arch Dermatol 136, 989-994 (2000)

48. Wang Z.Y., R. Agarwal, D.R. Bickers & H. Mukhtar:
Protection against ultraviolet B  radiation-induced
photocarcinogenesis in hairless mice by green tea
polyphenols. Carcinogenesis 12, 1527-1530 (1991)

49. Katiyar SK., R.R. Mohan, R. Agarwa & H. Mukhtar:
Protection against induction of mouse skin papillomas with
low and high risk of conversion to malignancy by green tea
polyphenols. Carcinogenesis 18, 497-502 (1997)

50. Agarwa R., SK. Katiyar, S.G. Khan & H. Mukhtar:
Protection against ultraviolet B radiation-induced effects in
the skin of SKH-1 hairless mice by a polyphenolic fraction
isolated from green tea. Photochem Photobiol 58, 695-700
(1993)

51. Katiyar SK., CA. EImets, R. Agarwal & H. Mukhtar:
Protection against ultarviolet B radiation- induced local and
systemic suppression of contact hypersensitivity responses
in C3H/HeN mice by green tea polyphenols. Photochem
Photobiol 62, 855-861 (1995)

52. Katiyar SK., A. Challa, S. McCormick, K.D. Cooper &
H. Mukhtar: Reversal of ultraviolet B-induced
immunosuppression in mice by green tea polyphenol (-)-
epigalloctechin-3-gallate may be associated with alterations
in IL-10 and IL-12 production. Carcinogenesis 20, 2117-
2124 (1999)

790

53. Katiyar S.K. & H. Mukhtar: Green tea polyphenol (-)-
epigallocatechin-3-gallate treatment to mouse skin prevents
UVB-induced infiltration of leukocytes, depletion of
antigen presenting cells, and oxidative stress. J Leukoc Biol
69, 719-726 (2001)

54. Mukhtar H & N. Ahmad: Green teain chemoprevention
of cancer. Toxicol Sci 52 (Suppl.), 111-117 (1999)

55. Agarwad R., SK. Katiyar, SI1.A. Zaidi & H. Mukhtar:
Inhibition of tumor promoter-caused induction of ornithine
decarboxylase in SENCAR mice by polyphenolic fraction
isolated from green tea and its individua epicatechin
derivatives. Cancer Res 52, 3582-3588 (1992)

56. Wang Z.Y ., M.T. Huang, Y.R. Lou, J.G. Xie, K. Reuhl,
H.L. Newmark, C.T. Ho, C.S. Yang & A.H. Conney:
Inhibitory effects of black tea, green tea, decaffeinated
black tea, and decaffeinated green tea on ultraviolet B light-
induced skin carcinogenesis in 7, 12-
dimethylbenz[a]anthracene-initiated SKH-1 mice. Cancer
Res 54, 3428-3435 (1994)

57. Wang Z2.Y., M.T. Huang, C.T. Ho, R. Chang, W. Ma,
T. Ferraro, K.R. Reuhl, C.S. Yang & A.H. Conney:
Inhibitory effect of green tea on the growth of established
skin papillomas in mice. Cancer Res 52, 6657-6665 (1992)

58. Lu Y.P, Y.R. Lou, X.H. Li, J.G. Xie, D. Brash, M.T.
Huang & A.H. Conney: Stimulatory effect of oral
administration of green tea or caffeine on ultraviolet light-
induced increases in epiderma wild type p53, p2l
(WAFL/CIP1), and apoptotic sun burn cellsin SKH-1 mice.
Cancer Res 60, 4785-4791 (2000)

59. Katiyar SK., R. Agarwa & H. Mukhtar: Inhibition of
spontaneous and photo-enhanced lipid peroxidation in
mouse epidermal microsomes by epicatechin derivatives
from green tea. Cancer Lett 79, 61-66 (1994)

60. Kim J., J.S. Hwang, Y.K. Cho, Y. Han, Y.J. Jeon &
K.H. Yang: Protective effects of (-)-epigallocatechin-3-
gdlate on UVA- and UVB-induced skin damage. Skin
Pharmacol Appl Skin Physiol 14, 11-19 (2001)

61. Peus D., RA. Vasa, A. Beyerle, A. Meves, C.
Krautmacher & M.R. Pittelkow: UVB activates ERK1/2
and p38 signaling pathways via reactive oxygen species in
cultured keratinocytes. J Invest Dermatol 112, 751-756
(1999)

62. Nomura M., A. Kgji, Z. He, W-Y. Ma, K. Miyamoto,
CS. Yang & Z. Dong: Inhibitory mechanisms of tea
polyphenols on the ultraviolet B-activated
phosphatidylinositol 3-kinase-dependent pathway. J Biol
Chem 276, 46624-46631 (2001)

63. Katiyar SK., M.S. Matsui, C.A. Elmets & H. Mukhtar:
Polyphenolic  antioxidant  (-)-epigallocatechin-3-gallate
from green tea reduces UVB-induced inflammatory
responses and infiltration of leukocytes in human skin.
Photochem Photobiol 69, 148-153 (1999)



Botanical antioxidants and photochemopr evention

64. Elmets C.A., D. Singh, K. Tubesing, M. Matsui, S.K.
Katiyar & H. Mukhtar: Cutaneous photoprotection from
ultraviolet injury by green tea polphenols. J Am Acad
Dermatol 44, 425-432 (2001)

65. Lane D.: p53, guardian of the genome. Nature 358, 15-
16 (1992)

66. Katiyar SK., A. Perez & H. Mukhtar: Green tea
polyphenol treatment to human skin prevents formation of
ultraviolet light B-induced pyrimidine dimersin DNA. Clin
Cancer Res 6, 3864-3869 (2000)

67. Kripke M.L., PA. Cox, L.G. Las & D.B. Yarosh:
Pyrimidine dimers in DNA intiate systemic
immunosuppression in UV-irradiated mice. Proc Natl Acad
Sci USA 89, 7516-7520 (1992)

68. Burren R.C., B. Scaletta, E. Frenk, R.G. Panizzon &
L.A. Applegate: Sunlight and carcinogenesis. expression of
p53 and pyrimidine dimers in human skin following UVAL,
UVA | + Il and solar simulating radiations. Int J Cancer
76, 201-206 (1998)

69. Brash D.E., A. Ziegler, A.S. Jonason, JA. Simon, S.
Kunala & D.J. Leffell: Sunlight and sunburn in human skin
cancers. p53, apoptosis, and tumor promotion. J Invest
Dermatol Symp Proc 1, 136-142 (1996)

70. Cooper K.D., L. Oberhelman, T.A. Hamilton, O.
Baadsgaard, M. Terhune, G. LeVee, T. Anderson & H.
Koren: UV exposure reduces immunization rates and
promotes tolerance to epicutaneous antigens in humans:
relationship to dose, CDla-DR+ epiderma macrophage
induction and Langerhans cell depletion. Proc Natl Acad
Sci USA 89, 8497-8501 (1992)

71. Kagan K., C. Hammerberg, L. Meunier & K.D. Cooper:
CD11b" macrophages and infiltrate human epidermis after
in vivo ultraviolet exposure potently produce I1L-10 and
represent the major secretory source of epidermal IL-10
protein. J Immunol 153, 5256-5264 (1994)

72. Cooper K.D., N. Duraiswamy, C. Hammerberg, E.
Allen, C. Kimbrough-Green, W. Dillon & D. Thomas:
Neutrophils, differentiated macrophages, and
monocyte/macrophage antigen presenting cells infiltrate
murine epidermis after UV injury. J Invest Dermatol 101,
155-163 (1993)

73. Mereish K.A., D.L. Bunner, D.R. Ragadand & D.A.
Creasiaz Protection against microcystin-LR-induced
hepatotoxicity by silymarin: biochemistry, histopathology
and lethality. Pharm Res 8, 273-277 (1991)

74. Wagner, V.H., P. Diesel & M. Seitz. Chemistry and
analysis of silymarin from Slybum marianum Gaertn.
Arzeimittelforschung 24, 466-471 (1974)

75. Comoglio A., G. Leonarduzzi, R. Carini, D. Busolin, H.
Basaga, E. Albano, A. Tomasi, G. Palio, P. Morazzoni &
M.J. Magistretti: Studies on the antioxidant and free radical

791

scavenging properties of 1dB 1016: a new flavanolignan
complex. Free Radic Res Commun 11, 109-115 (1990)

76. Chatterjee M L., R. Agarwal & H. Mukhtar: Ultraviolet
B radiation-induced DNA lesions in mouse epidermis: an
assessment using novel 32P-postlabelling technique.
Biochem Biophys Res Commun 229, 590-595 (1996)

77. Sdliou C., M. Kitazawa, L. McLaughlin, J.P. Yang, J.K.
Lodge, T. Tetsuka, K. Iwasaki, J. Cillard, T. Okamoto & L.
Packer: Antioxidants modulate acute solar ultraviolet
radiation-induced NF-kappa-B activation in a human
keratinocyte cell line. Free Rad Biol Med 26, 174-183
(1999)

78. Sharma O.P.: Antioxidative activity of curcumin and
related compounds. Biochem Pharmacol 25, 1811-1812
(2976)

79. Srima R.C. & B.N. Dhawan: Pharmacology of
diferuloyl methane (curcumin), a non-steroidal anti-
inflammatory agent. J Pharm Pharmacol 25, 447-452
(1973)

80. Lin JK. & C.A. Shih: Inhibitory effect of curcumin on
xanthine dehydrogenase/oxidase induced by phorbol-12-
myristate-13-acetate in NIH3T3 cells. Carcinogenesis 15,
1717-1721 (1994)

81. Sugiyama Y., S. Kawakishi & T. Osawa: Involvement
of the b-diketone moiety in the antioxidative mechanism of
tetra-hydrocurcumin. Biochem Pharmacol 52, 519-525
(1996)

82. Shah R.G. & M.S. Netrawali: Evaluation of mutagenic
activity of turmeric extract containing curcumin, before and
after activation with mammalian cecal microbial extract of
liver microsomal fraction, in the Ames Salmonella test.
Bull Environ Contam Toxicol 40, 350-357 (1988)

83. lersel M.L., J.P. Ploemen, I. Struik, C. van Amersfoort,
A.E. Keyzer, JG. Schefferlie & JP. van Bladeren:
Inhibition of glutathione S-transferase activity in human
melanoma cells by alphabeta-unsaturated carbonyl
derivatives. Effects of acrolein, cinnamaldehyde, citral,
crotonaldehyde, curcumin, ethacrynic acid, and trans-2-
hexenal. Chem Biol Interact 102, 117-132 (1996)

84. Ishizaki C., T. Oguro, T. Yoshida, C.Q. Wen, H. Sueki
& M. lijima: Inhibition of glutathione S-transferase activity
in human melanoma cells by aphabeta-unsaturated
carbonyl derivatives. Effects of acrolein, cinnamaldehyde,
citral, crotonaldehyde, curcumin, ethacrynic acid, and
trans-2-hexenal. Chem Biol Interact 102, 117-132 (1996)

85. Ishizaki C., T. Oguro, T. Yoshida, C.Q. Wen, H. Sueki
& M. lijima: Enhancing effect of of ultraviolet A on
ornithine decarboxylase induction and dermatitis evoked by
12-O-tetradecanoyl phorbol-13-acetate and its inhibition by
curcumin in mouse skin. Dematol 193, 311-317 (1996)

86. Cheng A.L., C.H. Hsu, JK. Lin, M.M. Hsu, Y.F. Ho,
T.S. Sen, JY. Ko, JT. Lin, B.R. Lin, W. Ming-Shiang,



Botanical antioxidants and photochemopr evention

H.S. Yu, SH. Jeg, G.S. Chen, T.M. Chen, C.A. Chen, M .K.
Lai, Y.S. Pu, M.H. Pan, Y.J. Wang, C.C. Tsai & C.Y.
Hsieh: Phase | clinicd trall of curcumin, a
chemopreventive agent, in patients with high-risk or pre-
malignant lesions. Anticancer Res 21, 2895-2900 (2001)

87. Stoner G.D. & H. Mukhtar: Polyphenols as cancer
chemopreventive agents. J Cell Biochem 22(Suppl.), 169-
80 (1995)

88. Van lersel M.L., J.P. Ploemen, M. Lo Bello, G. Federici
& P.J. van Bladere: Interactions of alpha, beta-unsaturated
aldehydes and ketones with human glutathione S
transferase P1-1. Chem Biol Interact 108, 67-78 (1997)

89. Jee SH., SC. Shen, C.R. Tseng, H.C. Chiu & M.L.
Kuo: Curcumin induces a p53-dependent apoptosis in
human basal cell carcinoma cells. J Invest Dermatol 11,
656-661 (1998)

90. Lepley D..M., B. Li, D.F. Birt & J.C. Pdling: The
chemopreventive flavonoid induces G,/M arrest in
keratinocytes. Carcinogenesis 17, 2367-2375 (1996)

91. Janssen K., R.P. Mensink, F.J. Cox, J.L. Harryvan, R.
Hovenier, P.C. Hollman & M.B. Katan: Effects of the
flavonoids quercetin and apigenin on hemostasis in healthy
volunteers; results from an in vitro and a dietary
supplement study. Am J Clin Nutr 67, 255-262 (1998)

92. McVean M., H. Xiao, K. Isobe & J.C. Pelling: Increase
in wild-type p53 stability and transactivational activity by
the chemopreventive agent apigenin in keratinocytes.
Carcinogenesis 21, 633-639 (2001)

93. Tsa SH., SY. Lin-Shiau & JK. Lin: Suppression of
nitric oxide synthase and the down-regulation of the
activation of NF-kB in macrophage by resveratrol. Br J
Pharmacol 126, 673-680 (1999)

94. Subbaramaiah K., W.J. Chung, P. Michauart, N.
Telang, T. Tanabe, H. Inoue, M. Jang, JM. Pezzuto & A. J.
Dannenberg:  Resveratrol  inhibits  cyclooxygenase-2
transcription and activity in phorbol ester-treated human
mammary epithelial cells. J Biol Chem 273, 21875-21882
(1998)

Key words: Ultraviolet radiation, Photochemoprevention,
Photocarcinogenesis, Reactive oxygen species, Skin cancer,
Botanical antioxidants, Reivew

Send correspondence to: Hasan Mukhtar, Ph.D., Department
of Dermatology, Case Western Resarve University, 11100 Eudid
Avenue, Clevdand, Ohio 44106. Td: 216-368-1127, Fax: 216-
368-0212, E-mail: hxm4@po.cwru.edu

792



