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ABSTRACT
Pretreatment of SKH-1 mice with p.o.-administered 0.6% green tea (6
mg of lyophilized tea solids/ml) or 0.044% caffeine (0.44 mg/ml; concentration present in 0.6% green tea) for 2 weeks enhanced UV-induced
increases in the number of p53-positive cells, p21(WAF1/CIP1)-positive
cells, and apoptotic sunburn cells in the epidermis. These effects of p.o.administered green tea or caffeine on early adaptive responses to UV
provide the first demonstration of in vivo up-regulation of a tumor suppressor gene by a chemopreventive agent. The stimulatory effect of green
tea and caffeine on UV-induced increases in the number of p53-positive
cells, p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells may
play a role in the inhibitory effects of tea and caffeine on UV-induced
carcinogenesis.

INTRODUCTION
Sunlight-induced nonmelanoma skin cancer is an important cancer
in many temperate parts of the world (1–3). UVB light (280 –320 nm)
and to a much lesser extent UVA light (320 – 400 nm) are responsible
for these cancers (4, 5), and molecular studies on mutations in human
skin cancers have also implicated UV as the major causative agent
(6 –9).
The incidence of skin cancer is increasing, and additional increases
are predicted because of an increase in recreational exposure to
sunlight and also because of the depletion of the stratospheric ozone
layer (7, 10). At the present time, skin cancer is the most common type
of human cancer, and its appearance is often as frequent as all other
cancers combined (11). Although most skin cancers seen by dermatologists are squamous cell carcinomas and basal cell carcinomas that
are easily cured if detected early, many people suffer significant
morbidity or die from these cancers as well as from the more dangerous sunlight-induced melanomas. The development of strategies to
prevent UV-induced cancers would have a major impact in decreasing
the total load of human cancer.
In 1991, Wang et al. (12) reported an inhibitory effect of a p.o.administered green tea polyphenol fraction on UV-induced complete
tumorigenesis in the skin of SKH-1 mice. Although the inhibitory
effect of the green tea polyphenol fraction on UV-induced tumorigenesis was attributed to the polyphenols, the green tea polyphenol
fraction used in this study also contained caffeine,3 which could have
contributed to the effect observed.4 In additional studies, our laboratory reported inhibitory effects of p.o.-administered green tea, black
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tea, decaffeinated green tea, and decaffeinated black tea on UVinduced formation of papillomas, keratoacanthomas, and squamous
cell carcinomas in mice initiated previously with 7,12-dimethylbenz(a)anthracene (13, 14). We observed that the decaffeinated teas were
somewhat less effective than the regular teas (14). In a recent study,
we evaluated the effects of p.o.-administered green tea, black tea,
decaffeinated green tea, decaffeinated black tea, and caffeine on
UV-induced complete carcinogenesis in the skin of SKH-1 mice. The
results of this study indicated inhibitory effects of p.o.-administered
green and black tea on UV-induced complete carcinogenesis, but the
decaffeinated teas were either inactive (at moderate-dose levels) or
they enhanced the tumorigenic effect of UV (at a high-dose level; Ref.
15). Oral administration of caffeine had a strong inhibitory effect on
UV-induced complete carcinogenesis (15). In another study, SKH-1
mice were treated with UV for 23 weeks, and UV was discontinued to
obtain tumor-free mice with a high risk of developing skin tumors.
Subsequent treatment of these high-risk mice with green tea, black
tea, or caffeine for several months inhibited carcinogenesis (16).
UV radiation exerts its carcinogenic and cytotoxic actions primarily
through the direct formation of cyclobutane pyrimidine dimers (thymine dimers) and pyrimidine (6-4) pyrimidone photodimers (6-4
photoproducts) in DNA, but UV exposure also results in the formation
of reactive oxygen species that damage DNA and non-DNA targets
(17–22). To maintain genetic integrity after exposure to UV or other
DNA-damaging agents, several responses are activated, including
p53-dependent and -independent mechanisms for removal of DNA
damage, cell cycle delay, and apoptosis. The p53 tumor suppressor
gene has an important role in protecting cells from DNA-damaging
agents (23–29). DNA damage triggers a rapid increase in the level of
cellular wild-type p53 protein, which enhances the synthesis of
p21(WAF1/CIP1) and shuts off cell replication and DNA synthesis,
thereby allowing more time for DNA repair and/or apoptosis. This
blocking of the cell cycle by increased levels of wild-type p53 protein
prevents the replication of damaged DNA templates. The increased
level of p53 protein after DNA damage is also associated with
enhanced programmed cell death (apoptosis), presumably in those
cells that are too damaged for adequate DNA repair (30 –34). Several
studies have shown a transient stimulatory effect of UV light on the
level of wild-type p53 in cultured cells and in mouse and human
epidermis (35– 40). An important function of wild-type p53 is to act
as a transcription factor by binding to a p53-specific DNA consensus
sequence in responsive genes (33, 41), which would be expected to
increase the synthesis of p21(WAF1/CIP1) and Bax (42, 43).
p21(WAF1/CIP1) is a potent inhibitor of cyclin-dependent kinase (42,
44), and the up-regulation of p21(WAF1/CIP1) should inhibit proliferation by blocking the G1-to-S and the S-to-G2 phases of the cell
cycle (44). Increased levels of Bax should lead to increased apoptosis.
In an earlier study, we found that administration of black tea to
tumor-bearing mice inhibited proliferation and enhanced apoptosis in
the tumors (45).
In the present article, we describe the effects of p.o.-administered
green tea or caffeine on UV-induced early adaptive increases in
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epidermal wild-type p53, p21(WAF1/CIP1), and apoptosis as well as
effects on proliferation in SKH-1 mice. The results indicate that
pretreatment of mice with p.o.-administered green tea or caffeine for
2 weeks enhances UV-induced increases in epidermal p53,
p21(WAF1/CIP1), and apoptotic sunburn cells. A preliminary report
of these studies appeared earlier (46).
MATERIALS AND METHODS
The methods used for the studies described in this article are similar to those
described previously (40).
Exposure of Mice to UV and the Preparation of Serial Sections of Skin.
Female SKH-1 hairless mice, 6 – 8 weeks of age, were fed a Purina Laboratory
Chow 5001 diet and were irradiated with UV lamps that emit UVB (280 –320
nm; 75– 80% of total energy) and UVA (320 –375 nm; 20 –25% of total
energy) as described in our earlier studies (13). The UV lamps used (FS72T12UVB-HO; National Biological Corp., Twinsburg, OH) emitted little or no
radiation that was ⬍280 nm or ⬎375 nm. The dose of UVB was quantified
with a UVB Spectra 305 dosimeter (Daevlin Co., Bryan, OH) and then with a
Model IL-1700 research radiometer/photometer (International Light, Inc.,
Newburyport, MA). Skin samples (20 mm long; 5 mm wide), which also
contained associated dermis, were taken from the middle of the back and
placed in 10% phosphate-buffered formalin at 4°C for 18 –24 h. The skin
samples were then dehydrated in ascending concentrations (80, 95, and 100%)
of ethanol, cleared in xylene, and embedded in Paraplast (Oxford Labware, St.
Louis, MO). Four-m serial sections of skin containing epidermis and dermis
were made, deparaffinized, rehydrated with water, and used for H&E staining
or immunohistochemical staining. These sections were used for the measurement of morphologically distinct apoptotic sunburn cells and epidermal cells
with p53, p21(WAF1/CIP1), and BrdUrd4 incorporation into DNA.
All histological and immunohistochemical determinations were performed
with 400-fold magnification and scored blind by two investigators (Y-P. L. and
Y-R. L.), who evaluated coded samples randomly. Good agreement was obtained between the two investigators, and the mean value obtained from the
examination of multiple fields by each investigator was determined for each
mouse and used in the calculation of mean ⫾ SE for the mice in each group.
Each microscope field was approximately equivalent to a 0.5-mm length of
epidermis.
Measurement of Apoptotic Sunburn Cells. Identification of apoptotic
sunburn cells was based morphologically on cell shrinkage and nuclear condensation attributable to fragmentation of the cells (6, 47). Earlier studies
demonstrated that sunburn cells are indeed apoptotic cells (8). Apoptotic
sunburn cells were identified in the epidermis by their intensely eosinophilic
cytoplasm and small, dense nuclei, which were observed in H&E-stained
histological sections of the skin using light microscopy. The percentage of
apoptotic sunburn cells in the epidermis (basal plus suprabasal layers) was
calculated from the number of these cells per 100 cells counted from the entire
20-mm length of epidermis for each skin section. Two separate nonadjacent
skin sections from each mouse were analyzed, and an average value for the
percentage of apoptotic cells was calculated.
p53 and p21(WAF1/CIP1) Immunostaining. Polyclonal rabbit NCL-p53
CM5p antibody purchased from Novocastra Laboratories Ltd. (Newcastle
upon Tyne, United Kingdom) reacts with mouse wild-type or mutated p53
proteins (48, 49). Polyclonal rabbit anti-p21(WAF1/CIP1) antibody was purchased from Oncogene Research Products (Cambridge, MA). Skin sections
were stained by the Biotin-Streptavidin Amplified System (alkaline phosphatase-conjugated streptavidin) using StrAviGen Super Sensitive Universal
immunostaining kit purchased from Biogenex (San Ramon, CA), with some
modifications. Paraffin sections were first treated with 0.01 M sodium citrate
buffer (pH 6.0) in a microwave oven at high temperature for 10 min for p53
or p21 staining. The sections were then incubated with a protein block (normal
goat serum) for 10 min at room temperature (this procedure was carried out for
p21 staining but was omitted for p53). The sections were incubated with p53
antibody (1:500 dilution) or p21 antibody (1:100 dilution) for 1 h at room
temperature. The samples were then incubated with a biotinylated antirabbit
4
The abbreviations used are: BrdUrd, bromodeoxyuridine; EGCG, (⫺)-epigallocatechin gallate; AP-1, activator protein-1; DTT, dithiothreitol.

secondary antibody for 5 min at 37°C, followed by incubation with conjugated
streptavidin solution for 5 min at 37°C. Color development was achieved by
incubation with New Fuchsin Substrate Pack (containing 0.6 mg/ml levamisole
solution; Biogenex) for 20 min at room temperature. The slides were then
counterstained with hematoxylin and dehydrated, and coverslips were added
for permanent mounting.
A positive reaction was shown as a pink-to-red precipitate in the nuclei of
the cells. The percentage of p53- or p21-positive cells in the epidermis
(combined basal and suprabasal layers) was calculated from the number of
stained p53- or p21-positive cells per 100 cells counted from the entire 20-mm
length of epidermis for each skin section. The UV-induced transient increase
in p53-positive cells was shown earlier to be caused by an increased level of
wild-type p53 (39).
Western Blot Analysis. Dorsal skin samples were removed and immediately placed in a buffer solution containing 50 mM potassium phosphate (pH
7.4), 2 mM DTT, 0.1 mM EDTA, and a proteinase inhibitor cocktail (10 g/ml
aprotinin, 0.1 mM phenylmethylsulfonyl fluoride, and 2 M pepstatin; Ref. 50)
at 56°C–58°C for 20 s. The samples were then submerged immediately in an
ice bath containing the same buffer, and the epidermis was scraped from the
dermis and placed in 1 ml of the above buffer. The epidermis was homogenized with a Polytron homogenizer three times (each for 10 s at 4°C at 10-s
intervals). Samples were centrifuged at 17,800 ⫻ g for 20 min at 4°C. Equal
amounts of protein (40 g) were separated by SDS-PAGE (4% stacking and
10 –20% gradient) and electroblotted onto a poly(vinylidene difluoride) membrane. The blots were blocked in 5% nonfat milk in PBS-Tween 20 for 1 h and
incubated with p53 primary antibody at 1:1000 dilution. Blots were washed in
PBS-Tween 20 and then incubated with a 1:1500 dilution of peroxidaseconjugated secondary antibody (Amersham) in PBS-Tween 20 for 1 h at room
temperature. Blots were again washed in PBS-Tween 20 and then developed
by enhanced chemiluminescence (Amersham). ␣-Tubulin was used as an
indicator for equality of lane loading. The levels of p53 protein were quantified
using the Image-Pro PLUS imaging software (Media Cybernetics, Silver
Spring, MD).
BrdUrd Incorporation into DNA and Mitotic Index. BrdUrd, a thymidine analogue that is incorporated into proliferating cells during the S-phase,
is detected by a biotinylated monoclonal anti-BrdUrd antibody and visualized
using streptavidin-peroxidase and 3,3⬘-diaminobenzidine, which stains
BrdUrd-containing nuclei a dark brown (staining kit from Oncogene Research
Products; Refs. 45, 48, and 51). Briefly, all animals received injections of
BrdUrd (50 mg/kg) i.p. and were killed 1 h later. Endogenous peroxidase was
blocked by incubating the tissue sections in 3% hydrogen peroxide in methanol
for 10 min at room temperature. The tissue sections were then incubated in a
moist chamber with 0.125% trypsin for 10 min at 37°C, rinsed in distilled
water, and incubated at room temperature for 30 min with denaturing solution
(Oncogene Research Products). The sections were incubated with blocking
solution for 10 min at room temperature and covered with biotinylated mouse
monoclonal anti-BrdUrd antibody (Oncogene Research Products) at room
temperature for 90 min. Sections were rinsed with PBS and incubated with
streptavidin-peroxidase for 10 min. Color development was achieved by incubation for 5 min at room temperature with a substrate solution containing
0.02% 3,3⬘-diaminobenzidine tetrahydrochloride and 0.02% hydrogen peroxide. The slides were weakly counterstained in Mayer’s hematoxylin (Sigma
Chemical Co.) for 2 min, cleared with xylene, mounted with a coverslip, and
scored under a light microscope. The percentage of BrdUrd-labeled cells in the
basal layer of the epidermis was calculated from the number of stained
BrdUrd-positive cells per 100 basal cells counted from the entire 20-mm length
of epidermis for each section (40, 48). The mitotic index (cells with mitotic
figures per 100 basal cells) was determined as described earlier (45).

RESULTS
Stimulatory Effect of Oral Administration of Green Tea on
UV-induced Increases in Epidermal p53, p21(WAF1/CIP1), and
Apoptotic Sunburn Cells in SKH-1 Mice. Oral administration of
0.6% green tea as the sole source of drinking fluid for 2 weeks before
a single application of 30 mJ/cm2 of UV enhanced the UV-induced
increase in the number of epidermal p53-positive cells by 115%
(above that which occurred with UV alone), enhanced the UV-
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Fig. 1. Effect of oral administration of green tea on UV-induced increases in p53-positive cells, p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells. Female SKH-1 mice
were treated with water (䡺) or green tea (6 mg of solids/ml; f) as their sole source of drinking fluid for 2 weeks. The mice were then treated with UV (30 mJ/cm2) and were killed
10 h later. Each value represents the mean from five mice; bars, SE. b, P ⬍ 0.05.

induced increase in the number of epidermal p21(WAF1/CIP1)-positive cells by 111%, and enhanced the UV-induced increase in the
number of apoptotic sunburn cells by 204% at 10 h after exposure to
UV (Fig. 1). In another experiment, we investigated the effect of oral
administration of 0.6% green tea for 2 weeks on the time course for
the effect of a 30-mJ/cm2 dose of UV on the number of epidermal
p53-positive cells, p21-positive cells, and apoptotic sunburn cells
(Fig. 2). A stimulatory effect of p.o.-administered green tea on UVinduced increases in the number of epidermal p53-positive cells,
p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells was observed (Fig. 2). Western blot analyses that were corrected for loading
of the gels by ␣-tubulin measurements indicated a UV-induced increase in the level of p53 in the epidermis, at 2 and 6 h after UV
irradiation, and prior treatment with 0.6% green tea for 2 weeks
enhanced the UV-induced increase in the levels of epidermal p53 by
severalfold at 2 h and by 87% at 6 h after UV exposure (Fig. 3).
Stimulatory Effect of Oral Administration of Caffeine on UVinduced Increases in Epidermal p53, p21(WAF1/CIP1), and Apoptotic Sunburn Cells in SKH-1 Mice. Oral administration of caffeine (0.44 mg/ml; the concentration of caffeine that is present in
0.6% green tea) to SKH-1 mice for 2 weeks before irradiation once
with 30 mJ/cm2 of UV enhanced the UV-induced increase in the

number of epidermal p53-positive cells by 227% (above that which
occurred with UV alone), enhanced the UV-induced increase in the
number of epidermal p21(WAF1/CIP1)-positive cells by 359%, and
enhanced the UV-induced increase in the number of apoptotic sunburn cells by 191% at 10 h after irradiation (Fig. 4). In a second
experiment, pretreatment of the mice with p.o.-administered caffeine
for 2 weeks stimulated UV-induced increases in the number of epidermal p53-positive cells, p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells by 221, 104, and 92%, respectively, at 10 h after
UV exposure.
In another study, we investigated the effect of oral administration of
caffeine (0.44 mg/ml) on the time course for the effect of a 30-mJ/cm2
dose of UV on the number of epidermal p53-positive cells, p21positive cells, and apoptotic sunburn cells (Fig. 5). A stimulatory
effect of p.o.-administered caffeine on UV-induced increases in the
number of epidermal p53-positive cells, p21(WAF1/CIP1)-positive
cells, and apoptotic sunburn cells was observed (Fig. 5).
Effect of Oral Administration of Green Tea or Caffeine on
UV-induced Increases in BrdUrd Incorporation into Epidermal
DNA in SKH-1 Mice. Treatment of the mice with UV (30 mJ/cm2)
increased BrdUrd incorporation into epidermal DNA by about 3-fold
at 16 h after UV administration (time of maximum stimulation), and

Fig. 2. Effect of oral administration of green tea on the time course for UV-induced increases in p53-positive cells, p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells.
Female SKH-1 mice were treated with water or green tea (GT; 6 mg of tea solids/ml) as their sole source of drinking fluid for 2 weeks. The mice were then treated with UV (30 mJ/cm2)
and were killed at the indicated times after UV. Each value represents the mean from five mice; bars, SE. a, P ⬍ 0.01; b, P ⬍ 0.05.
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UV (30 mJ/cm2), BrdUrd incorporation into epidermal DNA was
inhibited by 30% in mice pretreated with caffeine (Fig. 6). In a
separate experiment, pretreatment of SKH-1 mice with caffeine (0.44
mg/ml) for 12 weeks before irradiation with 90 mJ/cm2 of UV
inhibited BrdUrd incorporation into epidermal DNA by 58% at 48 h
after UV administration.
DISCUSSION

Fig. 3. Effect of oral administration of green tea on UV-induced increases in p53 protein
levels by Western blot analysis. Female SKH-1 mice were treated with water or green tea (6
mg of tea solids/ml) as their sole source of drinking fluid for 2 weeks before irradiation with
UV (30 mJ/cm2). Forty g of epidermal protein were electrophoresed on SDS-PAGE and
electroblotted onto a poly(vinylidene difluoride) membrane. The samples were incubated with
p53 primary antibody for 1 h at room temperature and then with a peroxidase-conjugated
secondary antibody. The samples were developed by enhanced chemiluminescence. ␣-Tubulin was used as an indicator of equality of zone loading. a from densitometer measurements
corrected for differences in loading of the different lanes.

this effect was not significantly influenced by pretreatment with green
tea (Fig. 6). At 48 h after exposure to UV (30 mJ/cm2), BrdUrd
incorporation into epidermal DNA was inhibited by 28% in mice
pretreated with 0.6% green tea for 2 weeks (P ⬍ 0.05; Fig. 6). The
epidermal mitotic index in these mice increased from 2- to 3-fold at
16 –24 h after UV irradiation and returned toward control values at
48 h. Pretreatment of the mice with green tea had no effect on these
UV-induced increases in mitotic index. In a separate experiment,
pretreatment of SKH-1 mice with 0.6% green or black tea for 12
weeks before irradiation with UV (90 mJ/cm2) inhibited BrdUrd
incorporation into epidermal DNA by 26 and 27%, respectively, at
48 h after UV irradiation (P ⬍ 0.05; data not shown). The results of
our studies indicate that oral administration of 0.6% green tea has
either no effect or only a small inhibitory effect on the incorporation
of BrdUrd into DNA. Administration of green tea had no effect on
UV-induced changes in the mitotic index.
In another study, treatment of the mice with UV (30 mJ/cm2)
increased BrdUrd incorporation into DNA by about 2.4-fold at 16 h
after UV administration, and this effect was not influenced by pretreatment of the mice with caffeine (Fig. 6). At 48 h after exposure to

A search for safe agents that enhance the levels of wild-type p53 and
other tumor suppressor proteins is a worthwhile but relatively underexplored approach to cancer chemoprevention, and this concept is also
discussed elsewhere (28, 52, 53). In the present study, we have shown
that oral administration of green tea or caffeine as the sole source of
drinking fluid for 2 weeks enhanced UV-induced increases in the number
of p53-positive cells, p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells in the epidermis of SKH-1 mice. The concentrations of green
tea (6 mg of lyophilized tea solids/ml) or caffeine (0.44 mg/ml) administered to the mice in the present study or in additional studies where these
concentrations were given for several months had no effect on food
consumption or body weight, but these concentrations were ⬃50% higher
than those commonly ingested by humans. Additional studies are needed
to determine whether lower dose levels of tea and caffeine are also
effective enhancers of UV-induced increases in p53, p21(WAF1/CIP1),
and apoptotic sunburn cells. It should be noted that the 30 mJ/cm2 dose
of UV used in our study is within the range of normal human exposure.
An erythemic sunburn dose of UV in humans is ⬃40 mJ/cm2 (54).
Outdoor occupational exposure of humans to UV or a sunbathing exposure in the summer was reported to range from 50 to 100 mJ/cm2 per day
(55, 56).
It is of interest that the effect of a single 30 mJ/cm2 dose of UV on
epidermal BrdUrd incorporation into DNA of epidermal cells (BrdUrdpositive-staining cells) described in Fig. 6 differs markedly from what we
observed earlier for a 180 mJ/cm2 dose of UV. With the low dose of UV,
there was a gradual 2- to 3-fold increase in BrdUrd incorporation into
DNA that started at 10 h and peaked at 16 h after irradiation and then fell
toward control values by 48 h (Fig. 6). When mice were exposed to 180
mJ/cm2 of UV, there was a profound inhibition (⬎90%) in BrdUrd
incorporation into DNA at 8 –12 h after UV irradiation, followed by a
dramatic increase in BrdUrd incorporation into DNA that was ⬃30-fold
above the control value by 48 h after UV exposure (40). The marked
inhibition in DNA synthesis that occurs shortly after the high dose of UV

Fig. 4. Effect of oral administration of caffeine on UV-induced increases in p53-positive cells, p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells. Female SKH-1 mice
were treated with water (䡺) or caffeine (0.44 mg/ml; f) as their sole source of drinking fluid for 2 weeks. The mice were then treated with UV (30 mJ/cm2) and were killed 10 h later.
Each value represents the mean from five mice; bars, SE. b, P ⬍ 0.05.
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Fig. 5. Effect of oral administration of caffeine on the time course for UV-induced increases in p53-positive cells, p21(WAF1/CIP1)-positive cells, and apoptotic sunburn cells.
Female SKH-1 mice were treated with water or caffeine (CAF; 0.44 mg/ml) as their sole source of drinking fluid for 2 weeks, and the mice were killed at the indicated times after
UV (30 mJ/cm2). Each value represents the mean from five mice; bars, SE. a, P ⬍ 0.01; b, P ⬍ 0.05; c, P ⬍ 0.1.

allows extra time for the repair of damaged DNA before enhanced DNA
synthesis and replication.
Although the present report describes the first in vivo example of a
stimulatory effect of a chemopreventive agent on the level of a tumor
suppressor protein and on downstream effectors, the effects of several
chemopreventive agents on the level of p53 and/or downstream effectors in vitro in cell culture systems were reported recently (52, 53,
57– 63). Treatment of cultured cells with the cancer chemopreventive
agents N-acetylcysteine, phenethyl isothiocyanate, or resveratrol increased p53 levels and enhanced p53-dependent apoptosis (52, 53, 57,
58). Treatment of cultured cells with oltipraz also increased the level
of p53 (59), and treatment of cultured human mammary epithelial
cells with benzo(a)pyrene together with indole 3-carbinol, EGCG, or
genestein increased the level of p53 compared with cells treated only
with benzo(a)pyrene (60). Additional studies showed that treatment of
cultured Hep G2 cells with the chemopreventive agents prolinedithiocarbamate and diethyldithiocarbamate or their reactive metabolites
prolinethiuramdisulfide and tetraethylthiuramdisulfide (disulfiram)
increased the level of p53, and the later two compounds also enhanced
apoptosis (61). In another study, treatment of cultured cells with the
plant flavonoid apigenin caused the accumulation of the hypophosphorylated form of the retinoblastoma (Rb) protein and an increased
level of p21(WAF1/CIP1) (Ref. 62). The possible effect of apigenin
on the level of p53 was not measured. A recent study indicated that
treatment of cultured MCF-7 cells with EGCG increased the ratio of
hypo- to hyperphosphorylated Rb, and this treatment also increased
the levels of p53, p21(WAF1/CIP1), and p27 proteins (63). It should
be noted that many of the cell culture studies with chemopreventive

agents described above used concentrations that were considerably
higher than those expected to occur after the in vivo administration of
these compounds. Accordingly, the relevance of these in vitro cell
culture studies for animals and humans is uncertain.
The mechanism by which tea administration enhances UV-induced
increases in the level of epidermal wild-type p53 protein is not known.
Irradiation of cultured cells with UV increases the level of wild-type p53
by inhibiting breakdown of the protein. Tea administration could enhance
UV-induced stabilization of p53, or it could also stimulate its synthesis.
The effect of tea to stimulate UV-induced increases in the level of
wild-type epidermal p53 protein could be mediated by: (a) an effect of tea
to enhance UV-induced DNA strand breaks (or other DNA lesions) that
result in a signal to increase the level of wild-type p53 (64); (b) an effect
of tea to inhibit p53-induced increases in p300 and mdm-2 formation
(p300 functions in mdm-2 formation; mdm-2 enhances p53 breakdown);
(c) an effect of tea to up-regulate ARF (a protein that inhibits the action
of mdm-2 on p53; Ref. 65); (d) an effect of tea to stimulate the synthesis
of p53; and/or (e) an effect of tea to enhance the formation of functionally
active phospho-p53 (Ser 15), which has a longer half-life than nonphosphorylated p53 because of impaired interaction with mdm-2. Enhanced
synthesis of p53 has been observed after treatment of cultured papilloma
cells with N-acetylcysteine (53). Studies on these and other potential
mechanisms of tea-induced up-regulation of UV-induced increases in the
level of p53 are needed.
An additional important question is whether the stimulatory effect
of tea on UV-induced increases in apoptotic sunburn cells is mediated
via p53. Examination of apoptotic sunburn cells from tea-treated
animals failed to show elevated levels of p53-positive staining in these

Fig. 6. Effect of oral administration of green tea
or caffeine on the time course for UV-induced
increases in BrdUrd-positive cells. Female SKH-1
mice were treated with water, green tea (GT; 6.0
mg of tea solids/ml), or caffeine (CAF; 0.44 mg/ml)
as their sole source of drinking fluid for 2 weeks,
and the mice were killed at the indicated times after
UV (30 mJ/cm2). BrdUrd was injected i.p. 1 h
before mice were killed. Each value represents the
mean from five mice; bars, SE. b, P ⬍ 0.05.
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cells, which suggests that tea administration may stimulate UVinduced increases in the number of apoptotic sunburn cells by a
mechanism that is independent of p53. Additional studies in p53
knockout mice are being pursued to evaluate the possible role of p53
for the stimulatory effect of tea administration on UV-induced increases in apoptotic sunburn cells. The possible effects of green tea
administration on p53-mediated DNA repair are also being evaluated.
Caffeine, theophylline, and pentoxifylline are methylxanthines that
sensitize cultured cancer cells to the toxic effects of radiation and/or to
certain chemotherapeutic agents, but low millimolar concentrations are
needed (66 – 69). The peak plasma concentrations of caffeine in humans
after ingestion of a single 7.5-mg/kg dose of caffeine (equivalent to ⬃7
cups of tea) was about 50 M (70), and considerably lower steady-state
plasma levels would be expected in moderate/heavy tea or coffee drinkers. It is believed that caffeine sensitizes cultured cancer cells to DNAdamaging agents by blocking the normal checkpoint control of the cell
cycle, thereby allowing replication and apoptosis of the caffeine-treated
cells [discussed in Sarkaria et al. (71)]. Recent studies suggest that
caffeine-induced checkpoint defects are caused by an inhibitory effect of
caffeine on kinase activities (ATM and ATR kinases) that are needed for
the phosphorylation of p53 at Ser (15) and for the phosphorylation of
other proteins that are important for checkpoint control of the cell cycle
(71). The relationship between these in vitro studies on the inhibitory
effects of high concentrations of caffeine on cell cycle checkpoint control
and our in vivo studies indicating that p.o.-administered caffeine inhibits
UV-induced carcinogenesis (15) and enhances UV-induced increases in
p53, p21(WAF1/CIP1), and apoptotic sunburn cells without any effect
(or a small inhibitory effect) on BrdUrd incorporation into DNA is not
known.
Neoplastic epidermal JB6 RT101 cells were used recently as a model
for studies on the reversion of the transformed phenotype. Elevated AP-1
activity was required for tumor promoter-induced forward progression of
epidermal JB6 P⫹ cells to a tumor phenotype (72). Three AP-1 inhibitors
(retinoic acid, fluocinolone acetonide, and the cAMP elevator, forskolin)
were active in inducing reversion of JB6 RT101 cells to a normal
phenotype, and synergistic effects of the three AP-1 inhibitors were found
(72). Because caffeine is a potent cAMP elevator because of its strong
inhibitory effects on phosphodiesterase activity, it may have an effect
similar to that of forskolin. The investigators suggested that inhibition of
AP-1 activity may be one of the molecular mechanisms associated with
reversion of the transformed phenotype. Tumor promoters such as 12O-tetradecanoylphorbol-13-acetate and epidermal growth factor induce
AP-1 activity in several cell types (73–75), and expression of AP-1
activity and transformation is dependent on upstream mitogen-activated
protein kinase (76). It was found that blocking AP-1 activity in two
radiation-induced, malignant mouse epidermal cell lines induced the
reversion of these cell lines to a nontumorigenic phenotype (77). Treatment of a human keratinocyte cell line, HaCaT, with UV increased the
levels of phospho-Erk, phospho-JNK, phospho-p38, and c-fos (78), and
these effects were associated with activation of AP-1 (78, 79). EGCG
inhibited UV-induced activation of AP-1 in HaCaT cells (79), and this
effect was associated with an inhibitory effect of EGCG on UV-induced
increases in c-fos and phospho-p38 MAP kinase (78). EGCG was also
shown to inhibit AP-1 activity by inhibiting the formation of phosphoERK and phospho-c-jun in ras-transformed JB6 mouse epidermal cells,
but the levels of phospho-JNK and phospho-p38 were not reduced (80).
High concentrations of EGCG were used in many of the cell culture
studies described above, and the relevance of these studies for the in vivo
effects of tea and tea constituents is unknown.
In summary, we have shown that oral administration of green tea or
caffeine to SKH-1 mice for 2 weeks before irradiation with a low 30
mJ/cm2 dose of UV greatly enhances UV-induced increases in the
number of wild-type p53-positive cells, p21(WAF1/CIP1)-positive

cells, and apoptotic sunburn cells. These effects of green tea and
caffeine may play a role in the inhibitory effects of these agents on
UV-induced carcinogenesis. Additional studies are needed to determine whether the effects of green tea and caffeine described here for
mice also occur in humans.
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