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Treatment of SKH-1 mice orally with caffeine (0.1 mg/ml in the
drinking water), voluntary running wheel exercise, or a combination
of caffeine and exercise for 2 weeks (i) decreased the weight of the
parametrial fat pads by 35, 62, and 77%, respectively; (ii) decreased
the thickness of the dermal fat layer by 38, 42, and 68%, respectively;
(iii) stimulated the formation of UVB-induced apoptotic sunburn cells
in the epidermis by 96, 120, and 376%, respectively; and (iv) stimu-
lated the formation of UVB-induced caspase 3 (active form)-positive
cells in the epidermis by 92, 120, and 389%, respectively (average of
two experiments). Oral administration of caffeine (0.4 mg/ml in the
drinking water) in combination with voluntary exercise was less
effective than administration of the low dose of caffeine in combi-
nation with exercise in stimulating UVB-induced apoptosis. Although
orally administrated caffeine (0.1 mg/ml in the drinking water) or
voluntary exercise for 2 weeks caused only a small nonsignificant
stimulation of UVB-induced increase in the percentage of phospho-
p53 (Ser-15)-positive cells in the epidermis (27 or 18%, respectively),
the combination of the two treatments enhanced the UVB-induced
increase in phospho-p53 (Ser-15)-positive cells by 99%. The plasma
concentration of caffeine in mice ingesting caffeine (0.1–0.4 mg/ml
drinking water) is similar to that in the plasma of most coffee drinkers
(one to four cups per day). Our studies indicate a greater than additive
stimulatory effect of combined voluntary exercise and oral adminis-
tration of a low dose of caffeine on UVB-induced apoptosis.

methylxanthines � physical activity � programmed cell death �
skin cancer � sunburn

In earlier studies we demonstrated that oral administration of
caffeine or voluntary running wheel (RW) exercise decreased

tissue fat (1–3), stimulated UVB light-induced apoptosis (3, 4),
and inhibited UVB-induced carcinogenesis in SKH-1 mice (2, 5,
6). These treatments had no effect on body weight. It was of
interest that the proapoptotic effects of these treatments were
selective because they enhanced apoptosis in UVB-treated
epidermis and in UVB-induced tumors, but the treatments had
no effect on apoptosis in normal epidermis or in nontumor areas
in tumor-bearing mice (1–5). The results of these studies suggest
that the proapoptotic effects of caffeine administration and
voluntary exercise are important for the inhibitory effects of
these regimens on UVB-induced carcinogenesis.

In the present work, we determined the effects of a combi-
nation of voluntary RW exercise and oral administration of
caffeine on UVB-induced apoptosis in SKH-1 mice. The results
indicated a greater than additive stimulatory effect of voluntary
RW exercise, when combined with a low dose of caffeine, on
UVB-induced apoptosis.

Results
Effects of Voluntary RW Exercise and Oral Administration of Caffeine
on Body Weight, Food Consumption, and Fluid Consumption in SKH-1
Mice. Treatment of female SKH-1 mice with RW, caffeine (0.1
mg/ml in the drinking water), caffeine (0.4 mg/ml), RW �
caffeine (0.1 mg/ml) or RW � caffeine (0.4 mg/ml) for 2 weeks

did not have a statistically significant effect on body weight or
food consumption. In an earlier study, we found that voluntary
RW exercise for several months increased both food consump-
tion and fluid intake without having an effect on body weight (2).

In the present study, the average daily fluid consumption � SE.
by control mice or mice treated with RW, caffeine (0.1 mg/ml),
caffeine (0.4 mg/ml), RW � caffeine (0.1 mg/ml), or RW � caffeine
(0.4 mg/ml) for 2 weeks was 7.97 � 0.22 ml, 9.66 � 0.14 ml (21.3%
1; P � 0.006), 9.76 � 0.19 ml (22.5%1; P � 0.004), 8.53 � 0.42
ml (7.0%1; P � 0.1), 11.45 � 0.39 ml (43.7%1; P � 0.001), or
9.36 � 0.67 ml (17.4%1; P � 0.02), respectively (results from two
experiments). The daily dose of caffeine in mice treated with
caffeine (0.1 mg/ml), caffeine (0.4 mg/ml), RW � caffeine (0.1
mg/ml), or RW � caffeine (0.4 mg/ml) was 38, 130, 43, or 144 mg/kg,
respectively (average of two experiments). There was some varia-
tion in RW activity among different mice in the RW group, but the
relatively small SE among different mice for tissue fat reduction in
the RW group suggests relatively small interindividual differences
in RW activity among the different mice.

Although it was difficult to determine the distance run by
individual RW mice because there were five mice per cage and
sometimes more than one mouse at a time was on the RW, we
estimate that the RW mice ran �2 miles per day, and this
distance was not significantly different from that run by the RW
� caffeine (0.1 mg/ml) or from the RW � caffeine (0.4 mg/ml)
group (average of two experiments).

Effect of Voluntary RW Exercise in Combination with Oral Adminis-
tration of Caffeine on Tissue Fat. Treatment of SKH-1 mice with
RW, caffeine (0.1 mg/ml), caffeine (0.4 mg/ml), RW � caffeine
(0.1 mg/ml), or RW � caffeine (0.4 mg/ml) for 2 weeks decreased
the weight of the parametrial fat pads by 62%, 35%, 58%, 77%,
and 83%, respectively (average of two experiments), and the
thickness of the dermal fat layer was decreased by 42%, 38%,
57%, 68%, and 77%, respectively (average of two experiments)
(Fig. 1). The results indicate that oral administration of the low
dose of caffeine together with RW has a greater effect on tissue
fat than either treatment alone.

Effect of Voluntary RW Exercise in Combination with Oral Adminis-
tration of Caffeine on UVB-Induced Increase in Apoptosis. A previous
study on the time course for UVB-induced apoptosis indicated that
peak effects occurred at 6–10 h after UVB, and caffeine admin-
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istration enhanced apoptosis at 6–10 h after UVB (4). Accordingly,
we studied the effects of caffeine administration and RW for 2
weeks on UVB-induced apoptosis at 6 h after UVB.

Treatment of SKH-1 mice with RW, caffeine (0.1 mg/ml),
caffeine (0.4 mg/ml), RW � caffeine (0.1 mg/ml), or RW � caffeine
(0.4 mg/ml) for 2 weeks stimulated UVB-induced increases in
apoptotic sunburn cells by 120%, 96%, 217%, 376%, and 258%,
respectively, at 6 h after UVB (average of two experiments), and
UVB-induced increases in caspase 3 (active form)-positive cells
were enhanced by 120%, 92%, 207%, 389%, and 237%, respectively
(average of two experiments) (Fig. 2). The results indicate that the
low dose of caffeine in combination with RW had a greater than
additive effect in enhancing UVB-induced apoptosis, whereas the
high dose of caffeine in combination with RW was less effective
than the low dose of caffeine in combination with RW.

Effect of Voluntary RW Exercise in Combination with Oral Adminis-
tration of Caffeine on UVB-Induced Increase in Phospho-p53 (Ser-15).
Treatment of SKH-1 mice with RW, caffeine (0.1 mg/ml), caffeine
(0.4 mg/ml), RW � caffeine (0.1 mg/ml), or RW � caffeine (0.4
mg/ml) stimulated UVB-induced increases in phospho-p53 (Ser-
15) in the epidermis by 18%, 27%, 74%, 99% and 90%, respectively
(average of two experiments) (Fig. 3). The results indicate that RW
exercise or the low dose of caffeine had only a very small stimu-
latory effect on UVB-induced increase in phospho-p53 (Ser-15)
(not statistically significant), but a combination of the two treat-
ments stimulated the UVB-induced increase by 99%.

Relationship Between the Thickness of the Dermal Fat Layer and
UVB-Induced Apoptosis. In two separate experiments, we used the
Pearson correlation coefficient for evaluating the relationship
between the thickness of the dermal fat layer and UVB-induced
increase in apoptosis in individual control mice and mice treated
with RW, caffeine (0.1 mg/ml), caffeine (0.4 mg/ml), RW �
caffeine (0.1 mg/ml), and RW � caffeine (0.4 mg/ml) (60 mice).

In experiment 1, we found a statistically significant inverse
relationship between the dermal fat thickness in individual mice
and UVB-induced increase in apoptotic sunburn cells (P �
0.0001; r � �0.50) and for fat thickness vs. caspase 3-positive
cells (P � 0.002; r � �0.39). In experiment 2, there was also a
significant relationship between dermal fat thickness in individ-
ual mice and UVB-induced increase in apoptotic sunburn cells
(P � 0.003; r � �0.37) or UVB-induced increase in caspase
3-positive cells (P � 0.003; r � �0.37). Although there was a
highly significant inverse relationship between the thickness of
the dermal fat layer and UVB-induced apoptosis, the relatively
low r value indicates that factors in addition to tissue fat may also
play a role in modifying UVB-induced apoptosis.

Discussion
In earlier studies, we showed that voluntary RW exercise or oral
administration of caffeine for 2 weeks stimulated UVB-induced
apoptosis in SKH-1 mice (3, 4). In the present work, we
demonstrated that combined exercise and oral administration of
a low dose of caffeine (0.1 mg/ml in the drinking water) for 2
weeks resulted in a greater than additive increase in UVB-
induced apoptosis compared with the effects of exercise or
caffeine alone (Fig. 2). Although we cannot do a formal evalu-
ation for synergistic effects because there was only one intensity
of voluntary exercise, the results suggest that treatment of mice
with a combination of RW exercise and an orally administered
low dose of caffeine (0.1 mg/ml) may have had a synergistic
stimulatory effect on UVB-induced apoptosis. It will be of
interest to do additional studies with lower dose levels of caffeine
in combination with exercise.

It is difficult to extrapolate the effect of caffeine in mice to that
in humans based on dose because of differences in the rates of
metabolism of caffeine in mice and humans. Mice metabolize
caffeine with a half-life of �45 min (7, 8), whereas humans
metabolize caffeine with a half-life of �5 h (9). Because of these
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Fig. 1. Effect of voluntary RW exercise, oral administration of caffeine, or a combination of exercise and caffeine on tissue fat. SKH-1 mice (10 per group) were
treated with RW exercise, oral caffeine [0.1 or 0.4% in the drinking water (0.1 or 0.4 CF)], or a combination of RW and CF for 2 weeks. The weight of the parametrial
fat pads and the thickness of the dermal fat layer were determined. Using Tukey’s multiple comparison test for parametrial fat pad measurements, we found
that the CF (0.1) � RW group was different from the CF (0.1) group in experiments 1 and 2. For the thickness of the dermal fat layer, the CF (0.1) � RW group
was different from the CF (0.1) group in experiment 1 and from the RW group in experiments 1 and 2. When we combined data from experiments 1 and 2, the
dermal fat thickness from animals treated with CF (0.1) � RW was significantly different from the dermal fat thickness in animals treated with CF (0.1) (P � 0.01).
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considerations, it is better to compare the action of caffeine in
animals and humans based on blood levels rather than on dose.

In an earlier study, we found that oral administration of caffeine
(0.4 mg/ml in the drinking water) to SKH-1 mice resulted in an
average caffeine plasma concentration of 16 �M (10), which is
equivalent to the plasma concentration of caffeine observed in
people drinking three to five cups of coffee per day (11). In the
present work, oral administration of caffeine (0.1 mg/ml) would be
expected to have a plasma concentration similar to that observed
in people drinking only one or two cups of coffee per day.

Previously, we showed that the stimulatory effect of caffeine
administration on UVB-induced apoptosis was via a p53-
dependent as well as a p53-independent pathway (4, 12). In
additional studies, we showed that the stimulatory effect of volun-
tary exercise on UVB-induced apoptosis was predominantly via a
p53-independent pathway (3). Although voluntary exercise or oral
administration of a low dose of caffeine (0.1 mg/ml in the drinking
water) had only a very small nonsignificant stimulatory effect on
UVB-induced formation of phospho-p53 (Ser-15), a greater than
additive effect was observed in exercising mice that were also
treated with a low dose of caffeine (Fig. 3). The mechanism of the
greater than additive effect of exercise and caffeine administration
on UVB-induced apoptosis is not known.

In recent studies, we found that oral administration of caffeine
inhibited the UVB-induced increase in epidermal phospho-Chk1

(Ser-345) and prematurely increased the level of epidermal cyclin
B1 as well as the number of mitotic cells with cyclin B1.¶ The time
course for these effects was similar to the time course for the effect
of caffeine on UVB-induced apoptosis, suggesting that caffeine
abrogated the G2/M checkpoint thereby causing lethal mitosis and
apoptosis in UVB-treated animals.¶ In the present work, we found
that voluntary exercise or oral administration of caffeine (0.1 mg/ml
in the drinking water) also prematurely increased the level of cyclin
B1 in the epidermis of UVB-treated mice, and a combination of
RW exercise and caffeine administration had a greater effect for
prematurely increasing the level of epidermal cyclin B1 than
exercise or caffeine administration alone (Western blot study; data
not shown). These results suggest that both caffeine administration
and voluntary exercise may modulate the effect of UVB on the
ATR/Chk1/cyclin B1 pathway and override the G2/M checkpoint to
cause lethal mitosis and apoptosis. The results of our studies suggest
that the greater than additive effects of voluntary exercise and
administration of caffeine on UVB-induced apoptosis may result
from an increased level of phospho-p53 (Ser-15) combined with a
premature increase in cyclin B1 that results in mitotic catastrophe
and apoptosis. Further mechanistic studies are needed.

¶Lu, Y-P., Lou, Y-R., Peng, Q-Y., Xie, J-G., Nghiem, P., and Conney, A. H. (2007) Proc. Am.
Assoc. Cancer Res. 48:821 (abstr.).
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Fig. 2. Effect of voluntary RW exercise, oral administration of caffeine, or a combination of exercise and caffeine on UVB-induced apoptosis in the epidermis.
SKH-1 mice (10 per group) were treated with RW exercise, oral caffeine [0.1 or 0.4% in the drinking water (0.1 or 0.4 CF)], or a combination of RW and CF for
2 weeks. Apoptotic sunburn cells and caspase 3 (active form)-positive cells in the epidermis were determined at 6 h after irradiation with UVB (30 mJ/cm2). Using
Tukey’s multiple comparison test for apoptotic sunburn cell measurements, we found that the CF (0.1) � RW group was different from the CF (0.1) group in
experiments 1 and 2 and from the RW group in experiments 1 and 2. For the caspase 3 measurements, the CF (0.1) � RW group was different from the CF (0.1)
group in experiments 1 and 2 and from the RW group in experiments 1 and 2.
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In an earlier study in which we evaluated the effects of admin-
istration of regular teas, decaffeinated teas, and caffeine on carci-
nogenesis in UVB-pretreated high risk mice, we found a significant
inverse relationship between the number of tumors per mouse and
the thickness of the dermal fat layer in individual mice (n � 179; P �
0.0001; r � 0.34) (1). Mice with a thick dermal fat layer had more
tumors than mice with a thin dermal fat layer, suggesting a
tumor-promoting effect of tissue fat. In the present work, there was
also a significant relationship between the effects of RW exercise
and caffeine administration to decrease the thickness of the dermal
fat layer and to increase UVB-induced apoptosis in individual mice
(described in Results). In a separate study, we examined the effects
of tissue fat on UVB-induced apoptosis more directly by surgical
removal of the parametrial fat pads, and we found that UVB-
induced apoptosis was enhanced in these mice compared with
sham-operated animals (3). The results of our studies suggest that
tissue fat secretes antiapoptotic substances that inhibit DNA dam-
age-induced apoptosis and possibly apoptosis in tumors. Only
moderately strong correlation coefficients were observed for the
relationship between tissue fat and carcinogenesis (tumors per
mouse) (ref. 1) or for the relationship between tissue fat and
UVB-induced apoptosis (described above). These results suggest
that although tissue fat is an important modulator of UVB-induced
apoptosis and carcinogenesis, other factors are also important.

An obesity epidemic in the United States and elsewhere has
important health consequences, including an increased risk for
cancer at several organ sites. Possible reasons for the current
obesity epidemic are discussed by Potter (13) and Daniels (14).
Obesity has been associated with an increased risk of colon
cancer (15–19), postmenopausal breast cancer (20–23), pancreas
cancer (21), renal cell carcinoma (19), aggressive prostate cancer
(24, 25), lower esophageal cancer (19, 26), gastric cardia cancer
(26), and melanoma (19, 26, 27), so that decreasing tissue fat may
inhibit the formation of these cancers. The results of our studies
suggest that lowering the level of tissue fat by exercise, by
decreasing dietary fat, by lipectomy, or by administration of
caffeine or other substances that decrease tissue fat may inhibit
the formation of these cancers by selectively enhancing apoptosis
in DNA-damaged cells and in tumors.

The mechanisms by which decreased tissue fat levels enhance
apoptosis in DNA-damaged cells remain to be explored but may
be related to a decreased serum level of inflammatory cytokines
such as TNF� and other substances that are secretory products
of fat cells such as leptin or adiponectin or by a decreased level

of insulin-like growth factor 1 (IGF-1). It is of interest that
exercise stimulates cellular antioxidant effects, has an anti-
inflammatory effect, suppresses the formation of TNF�, and
increases the level of IL-6 (an antiinflammatory cytokine)
(28–41). IL-6 is thought to be derived primarily from muscle and
has lipolytic activity (41). In accord with the lipolytic activity of
this cytokine, IL-6 knockout mice develop late-onset obesity
(42). The serum level of leptin is directly related to tissue fat
mass, and leptin has been shown to inhibit apoptosis in cultured
HT29 colon cancer cells (43) and in human neuroblastoma cells
(44). Adiponectin is another fat-derived hormone, and this
hormone is decreased in obesity and possesses an antiapoptotic
effect in MCF7 breast cancer cells (45). Further studies are
needed to determine the effects of voluntary exercise and
caffeine administration on the levels of leptin, TNF�, IL-6,
adiponectin, and IGF-1 in the serum and epidermis of SKH-1
mice.

Recent studies showed that serum from exercising men or
from exercising men on a low-fat diet inhibited the growth of
human prostate LNCaP cells and stimulated apoptosis com-
pared with serum from control subjects (46). This effect was
associated with decreased serum IGF-1 and increased IGF-
binding protein 1 (IGFBP-1) (46). Adding IGF-1 to serum from
the low-fat diet/exercising group reversed the effects of the
serum on growth and apoptosis in LNCaP cells, and adding
IGFBP-1 to serum from control subjects enhanced the ability of
the serum to reduce the growth of LNCaP cells and to stimulate
apoptosis (47). Whether the stimulatory effects of exercise or
administration of caffeine on UVB-induced apoptosis or apo-
ptosis in tumors of tumor-bearing mice is associated with a
decreased serum level of IGF-1 remains to be investigated.

Case control or prospective epidemiology studies in humans
suggest that increased exercise is associated with a decreased risk
of melanoma (48), colon cancer (49, 50), breast cancer (51–53),
and advanced prostate cancer (54–56). The effects of exercise
and dietary fat on the risk of prostate cancer were recently
reviewed (57). In other studies, coffee ingestion, which provides
a good source of caffeine, is associated with a decreased risk of
nonmelanoma skin cancer (58), liver cancer (59, 60), and breast
cancer in BRCA1 and BRCA2 mutation carriers (61), but more
detailed confirmatory studies are needed. Although low-dose
levels of caffeine or caffeine-containing beverages are believed
to be safe, side effects as well as health benefits have been
observed with high-dose levels (62, 63).

Fig. 3. Effect of voluntary RW exercise, oral administration of caffeine, or a combination of exercise and caffeine on UVB-induced increase in phospho-p53 (Ser-15).
SKH-1 mice (10 per group) were treated with RW exercise, oral caffeine [0.1 or 0.4% in the drinking water (0.1 or 0.4 CF)], or a combination of RW and CF for 2 weeks.
Phospho-p53 (Ser-15)-positive cells in the epidermis were determined. Using Tukey’s multiple comparison test for phospho-p53 (Ser-15)-positive cell measurements, we
found that the CF (0.1) � RW group was different from the CF (0.1) group in experiments 1 and 2 and from the RW group in experiments 1 and 2.
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In summary, the results presented here suggest that oral
administration of a low physiologically relevant dose of caffeine
(0.1 mg/ml in the drinking water) together with voluntary
exercise has a greater than additive stimulatory effect on UVB-
induced apoptosis. These results suggest a need for further
studies to determine the effects of combinations of voluntary
exercise and orally administered low-dose levels of caffeine on
UVB-induced carcinogenesis in animal models as well as studies
to determine the effects of caffeine or caffeine-containing
beverages in combination with exercise on the formation of
sunlight-induced actinic keratoses and squamous cell carcinomas
in humans.

Materials and Methods
Animals. Female SKH-1 hairless mice (6–7 weeks old) were
purchased from the Charles River Breeding Laboratories (Wil-
mington, MA), and the animals were kept in our animal facility
for at least 1 week before use. Mice were housed in a temper-
ature- and humidity-controlled room with free access to water
and a Purina laboratory chow 5001 diet from the Ralston Purina
Co. (St. Louis, MO), and they were kept on a 12-h light/12-h dark
cycle.

Exposure to UVB. The UV lamps used (FS72T12-UVB-HO; Na-
tional Biological Corp., Twinsburg, OH) emitted UVB (280–320
nm; 75–80% of total energy) and UVA (320–375 nm; 20–25% of
total energy). The dose of UVB was quantified with a UVB Spectra
305 dosimeter (Daavlin Co., Byran, OH). The radiation was further
calibrated with a model IL-1700 research radiometer/photometer
(International Light, Inc., Newburyport, MA).

Voluntary Exercise, Caffeine Administration, and the Preparation of
Skin Sections. For studies on the effect of voluntary RW exercise
and caffeine administration on UVB-induced apoptosis in the
epidermis of SKH-1 mice, female SKH-1 mice (7–8 weeks old,
10 mice per group) were placed in cages with a RW (13.75-cm
diameter; 7 cm width) with free access to the wheel 24 h/day for
2 weeks (five mice per cage). Other mice with matched body
weights and age were placed in cages without a RW and served
as controls. The wheels were attached to a permanent magnetic
switch that activated a digital counter to count wheel revolutions.
Total wheel revolutions were recorded daily, with total distance
run per day determined by multiplying the number of wheel
rotations by the circumference of the wheel. A water bottle
containing water or caffeine (0.1 or 0.4 mg/ml) was attached at
the top of the cage unit. After 2 weeks of voluntary RW exercise
with or without caffeine administration, the treated mice and
their controls were irradiated once with 30 mJ/cm2 of UVB and
killed 6 h later. Our previous studies showed that 6–10 h after
a single irradiation with UVB is the peak time for the formation
of UVB-induced apoptotic sunburn cells (4, 64). The two
parametrial fat pads were removed and weighed. The skin
samples (�2 cm long and 0.5 cm wide), were taken from the
middle of the back, stapled flat to a plastic sheet and placed in
10% phosphate-buffered formalin at 4°C for 18–24 h. The skin
samples were then dehydrated in ascending concentrations of
ethanol (80%, 95%, and 100%), cleared in xylene, and embed-
ded in Paraplast (Oxford Labware, St. Louis, MO). Four-
micrometer serial sections of skin containing epidermis and

dermis were made, deparaffinized, rehydrated with water, and
used for regular H&E or immunohistochemical staining. The
thickness of the dermal fat layer was measured by using an ocular
micrometer with an Olympus BHTU light microscope (Olympus
America, Inc., Melville, NY) under �100 magnification at 5–10
representative areas per slide and averaged (1). Apoptotic
sunburn cells and caspase 3-positive cells labeling were deter-
mined as described previously (64).

Measurement of Apoptotic Sunburn Cells. Identification of apopto-
tic sunburn cells was based morphologically on cell shrinkage
and nuclear condensation as we have done previously (64).
Apoptotic sunburn cells were identified by their intensely eo-
sinophilic cytoplasm and small, dense nuclei, which was observed
in H&E-stained histological sections of the skin by 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.

Caspase 3 Immunostaining. Affinity-purified polyclonal rabbit an-
tibody that reacts with the mouse p20 subunit of caspase 3 but
does not react with the precursor form was purchased from R&D
Systems, Inc. (Minneapolis, MN). Skin sections used for the
measurement of caspase 3 were stained by the horseradish
peroxidase-conjugated avidin method as described previously
(64). Endogenous peroxidase was blocked by incubating the
tissue sections in 3% hydrogen peroxide in methanol for 30 min
at room temperature. Sections were then treated with 0.01 M
sodium citrate buffer (pH 6.0) in a microwave oven at high
temperature for 10 min. The sections were incubated with a
protein block (normal goat serum) for 10 min followed by avidin
D for 15 min and biotin blocking solution for 15 min (avidin/
biotin blocking kit from Vector Laboratories, Burlingame, CA)
at room temperature. The sections were incubated with caspase
3 primary antibody (1:2,000 dilution) for 30 min at room
temperature followed by incubation with a biotinylated anti-
rabbit secondary antibody for 30 min and incubation with
conjugated-avidin solution (ABC elite kit purchased from Vec-
tor Laboratories) for 30 min. Color development was achieved
by incubation with 0.02% 3,3	 diaminobenzidine tetrahydrochlo-
ride containing 0.02% hydrogen peroxide for 10 min at room
temperature. The slides were then counterstained with hema-
toxylin and dehydrated and coverslips were added for permanent
mounting. A positive reaction was shown as a light brown to dark
brown precipitate in the cytoplasm and/or perinuclei of the cells.

The percentage of caspase 3-positive cells in the epidermis was
calculated from the number of stained caspase 3-positive cells
per 100 epidermal cells counted from the entire 20-mm length
of epidermis.

Statistics. The statistical evaluation of differences between different
groups was done with Tukey’s multiple comparison test (65).
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