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Epidemiological and dietary studies suggest that nonsteroidal anti-inflammatory drugs (NSAIDs) reduce the risk of
colon cancer, possibly through a mechanism involving inhibition of cyclooxygenase (COX)-2, which is overexpressed in
premalignant adenomatous polyps and colon cancer. Because ultraviolet light (UV) can induce COX-2 and nonspecific
NSAIDs can decrease UV-induced skin cancer, we evaluated the ability of two compounds, celecoxib (a specific COX-2
inhibitor) and indomethacin (a nonspecific NSAID), to block UV-induced skin tumor development in SKH:HR-1-hrBr
hairless mice. Mice fed 150 or 500 ppm celecoxib showed a dose-dependent reduction (60% and 89%, respectively)
in tumor yield. Indomethacin (4 ppm) reduced tumor yield by 78%. Although both acute and chronic UV exposure
increased cell proliferation and edema, neither compound reduced these parameters. In contrast, UV-induced
prostaglandin synthesis in the epidermis was effectively blocked by both compounds. UV-induced increases in COX-2
expression in skin were also not altered in any of the treatment groups. Similarly, tumors that constitutively express
high levels of COX-2 displayed no reduction by treatment with celecoxib or indomethacin. The dramatic protective
effects of celecoxib suggests that specific COX-2 inhibitors may offer a way to safely reduce the risk of skin cancer in
humans. Mol. Carcinog. 25:231±240, 1999. # 1999 Wiley-Liss, Inc.
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INTRODUCTION

Exposure to ultraviolet light (UV) is the major etiologic
factor leading to the development of cutaneous squa-
mous and basal cell carcinomas and is also a risk factor for
melanomas [1]. The direct absorption of UV by DNA leads
to the formation of cyclobutane pyrimidine dimers and
pyrimidine-pyrimidone (6-4) dimers of DNA bases.
Reactive oxygen intermediates can also cause DNA
adducts and other types of oxidative damage [1]. Like
many chemical tumor promoters, UV also elicits in¯am-
mation, epidermal hyperplasia and changes in the
expression of numerous genes associated with prolifera-
tion and differentiation, eicosanoid and cytokine produc-
tion, and growth factor synthesis and responsiveness
[1,2]. This diversity of responses suggests that there are
probably multiple processes that could be effective
targets for prevention.

A characteristic dermal response to exposure to UVB
(290±320 nm) irradiation is acute in¯ammation, denoted
by erythema and edema. Although the mechanisms by
which UVB induces in¯ammation are not entirely clear,
one prominent class of mediators of UVB-induced
in¯ammation is the arachidonic acid metabolites,
referred to collectively as eicosanoids [3,4]. The prosta-
glandins (PGs) in particular were shown to be elevated in

parallel with the onset of erythema and have been
shown, through the use of inhibitors, to play a role in this
response [3,5]. These early studies raised several ques-
tions concerning the possible mechanisms for enhanced
PG synthesis (i.e., increased phospholipase A2 hydrolysis
of arachidonic acid or increased levels of PG-synthesizing
enzymes) as well as whether inhibition of PG synthesis
would inhibit UVB-induced skin tumor development.

The enzymes responsible for the production of PGs are
referred to as PG synthetases. The cyclooxygenase (COX)
moiety introduces two molecules of oxygen into arachi-
donic acid to form a hydroxy endoperoxide that is
reduced by the endoperoxidase moiety. Although PG
synthetases were originally thought to be one enzyme, it
was shown recently that there are two PG synthetases,
referred to as COX-1 and COX-2 [6]. These two distinct
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gene products exhibit similar COX and peroxidase
activities, although they are differentially regulated [6].
Both isoforms have been shown to be present in murine
epidermis and in chemically induced papillomas and
carcinomas. In most tissues, COX-1 is generally constitu-
tively expressed, whereas COX-2 is highly inducible by a
variety of tumor-promoting agents and is constitutively
overexpressed in carcinomas generated by chemical
initiation-promotion protocols [7]. The relative contribu-
tion of each isoform to total PG synthesis in skin tumors
or after exposure to in¯ammatory stimuli has not been
entirely elucidated.

One primary approach to understanding the function
and importance of PGs in any tissue has been through the
use of inhibitors of COX activity. These inhibitors, referred
to as nonsteroidal anti-in¯ammatory drugs (NSAIDs),
include drugs such as aspirin, indomethacin, and
piroxicam, which show activity against both COX iso-
forms [8,9]. In the carrageenan air-pouch model, for
example, indomethacin failed to show selectivity. It
blocked pro-in¯ammatory PG synthesis in the air pouch
[10] while it also produced gastric lesions, a major side
effect of COX-1 inhibition [11]. This problem of gastro-
intestinal toxicity associated with COX-1 inhibition and
the demonstration that COX-2 is highly expressed at sites
of in¯ammation have spurred the development of
speci®c COX-2 inhibitors [11,12]. One such example is
celecoxib (SC-58635), a speci®c inhibitor of COX-2 that
has signi®cant anti-in¯ammatory properties and no
adverse effects on the gastrointestinal tract [10].

There is strong evidence that PGs contribute to the
development of cancer in both humans and experimental
chemical carcinogenesis models, particularly in the colon
and skin [reviewed in 13]. This is based both on the
observations that PGs are elevated in many tumors and
that NSAIDs can prevent tumor development. With
regard to skin carcinogenesis, tumor promotion by
phorbol esters was shown to be reduced by the topical
application of indomethacin in most, but not all, strains of
mice [14]. However, because most human skin cancers
are induced by exposure to UV radiation, there is a need
to determine to what extent UV-induced tumor devel-
opment can be prevented by NSAIDs.

This study was designed to investigate the ability of
indomethacin and celecoxib to prevent UV-induced skin
cancer in SKH:HR-1-hrBr (SKH-1) hairless mice. The effect
of these compounds on edema, PG synthesis, and COX
expression was also assessed.

MATERIALS AND METHODS

Animals and UV Irradiation

Hairless SKH-1 mice 3±4 wk old were purchased from
Charles River Laboratories (Wilmington, MA) and were
used at 8 wk of age. Upon arrival, the mice were housed
in climate-controlled quarters (22� 1�C at 50% humid-
ity) with a 12-h light/dark cycle in yellow ¯uorescent
lights. The animals were allowed free access to water and
AIN-76A diet and were observed daily during UV

irradiation. Celecoxib (SC-58635; 4-[5-(4-methylphenyl)-
3-(tri¯uoromethyl)-1H-pyrazol-1-]benzene-sulfonamide)
was kindly provided by Searle Research and Development
(St. Louis, MO). Powdered AIN-76 diet was purchased
from Dyets, Inc. (Bethlehem, PA). The experimental diets
were prepared weekly by mixing celecoxib or indometha-
cin with an electric mixer. Random aliquots from each
weekly batch were extracted with ethyl acetate, and the
peak absorbance was measured spectrophotometrically
and compared with standard curves (celecoxib produces
a unique peak at 256 nm, and indomethacin at 258 and
268 nm). These values were used to assure even
distribution of the drugs in the diets. The diets were
stored at 4�C, and fresh diet was supplied three times
weekly in clean glass jars with stainless-steel lids. Food
consumption in all cages was estimated by determining
the differences in weight of the supplied food and the
amount remaining 48 h later. Individual body weights
were determined weekly for 20 wk.

The UV apparatus consisted of eight Westinghouse
FS40 sunlamps, an IL-1400 radiometer, and an attached
UVB photometer. The spectral irradiance for the UV
lamps was 280±400 nm, 80% of which was in the UVB
region and 20% in the UVA region. The peak intensity of
the light source was 297 nm. The ¯uence at 60 cm from
the dorsal surface of the mice was 0.48±0.50 mJ/cm2/s.
The mice were placed in individual compartments in an
open plastic cage on a rotating base to abrogate any
differences in ¯uence across the UV light bulbs.

For acute treatment studies, the mice were fed control
or celecoxib- or indomethacin-containing diets for
7±10 d before UV irradiation with 220 mJ/cm2. In chronic
treatment experiments, the mice were fed the control
or experimental diets for 6 wk during which time they
were UV-irradiated thrice weekly, with an initial dose of
90 mJ/cm2 that was increased by 25% weekly, up to
220 mJ/cm2. For the tumor study, 30 hairless SKH-1 mice
were placed on control or drug-containing diets 1 wk
before beginning the UV-irradiation protocol. The mice
were UV-irradiated three times a week with an initial
dose of 90 mJ/cm2 the ®rst week, followed by a weekly
25% increase until 275 mJ/cm2 was obtained. This
protocol induces skin tumors in hairless SKH-1 mice
within 9 wk [15]. Weekly tumor counts were performed
after the appearance of the ®rst tumor and were
continued until the termination of the experiment after
25 wk. The tumor data are expressed both as multiplicity
(i.e., mean number of tumors per mouse) and incidence
(i.e., percent of mice with tumors). At the termination of
the experiment, the diameters of the tumors were
measured and the tumors were assigned to either the 1
to 3 mm size category or the >3 mm category, and the
percentages of tumors in these categories were calcu-
lated. Random tumors were then processed for histolo-
gical analysis or used for the isolation of RNA and protein.

Proliferation and Vascular Permeability

Four mice from each treatment group were killed at
the indicated time points after either a single exposure to
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220 mJ/cm2 UV radiation or after 6 wk of thrice-weekly
irradiation. The mice were injected intraperitoneally with
a ®lter-sterilized solution of 2.0% 5-bromo-2-deoxyur-
idine (BrdU; Sigma Chemical Co., St. Louis, MO) at
0.1 mg/g body weight in phosphate-buffered saline. One
hour later, the mice were killed, and three to six 5 mm
� 1.5 cm sections were excised from the dorsal surface of
mouse and ®xed in 10% neutral-buffered formalin. The
tissue samples were paraf®n-embedded, and 4mm
sections were cut and immunohistochemically stained
for BrdU incorporation by using a monoclonal rat anti-
BrdU antibody (diluted 1:1; Accurate Chemical and
Scienti®c Corp., Westbury, NY). The staining was
visualized with 3,3'-diaminobenzidene (Sigma Chemical
Co.) through avidin±biotin±horseradish peroxidase (Vec-
tastain Elite ABC kit; Vector Laboratories) linked to an
af®nity-puri®ed biotin-labeled rabbit anti-rat immuno-
globulin. The BrdU-positive cells were counted in three to
®ve random areas of each section, and the mean
percentage and standard deviation (SD) of each treat-
ment group were determined.

To measure vascular permeability, a 1% saline solution
of Evans Blue dye at a dose of 250mL/30 g body weight
was injected intravenously into the tail of each mouse
23.5 h after irradiation with 220 mJ/cm2 UV, and the
mice were killed 30 min later. The skin was excised and
four 1-cm2 sections were cut out and minced in 600mL of
0.5% Na2SO4. Acetone (1.4 mL) was added to extract the
dye overnight in capped tubes, and the absorbance of the
dye was determined spectrophotometrically at 620 nm.
This assay is a modi®cation of that used by Nakadate et al.
[16].

Northern Analysis

Northern analysis of COX-1 and COX-2 was performed
on total RNA from whole skin or tumors excised from
mice in each of the treatment groups. Tumors were snap-
frozen in liquid N2 and stored at ÿ80�C until analyzed.
The frozen tumors were pulverized in liquid N2 and
immediately placed in guanidine isothiocyanate or Tri-
Reagent (Molecular Research, Cincinnati, OH) for isola-
tion of total RNA. Ten micrograms of RNA per sample was
electrophoresed through 1% agarose containing 0.65 M
formaldehyde and transferred onto a nylon membrane.
The membrane was UV cross-linked and hybridized to
random-primed 32P-labeled COX-1 and COX-2 cDNA
probes (speci®c activity, 1� 106 cpm/mL) in QuickHyb
solution (Stratagene, La Jolla, CA) for 1 h at 68�C. The
cDNA probes for COX-1 and COX-2 were products of
Oxford Biomedical Research (Oxford, MI). After hybridi-
zation, the membranes were washed two times in a low-
stringency buffer (2X standard saline citrate (SSC) and
0.1% sodium dodecyl sulfate (SDS)) for 15 min each at
room temperature and once in a high-stringency buffer
(0.2X SSC and 0.1% SDS) for 30 min at temperatures
recommended for each of the cDNA probes. Autoradio-
graphs were prepared by using XAR-5 ®lm (Eastman
Kodak, Rochester, NY) with intensifying screens at
ÿ80�C. As a control for loading, the blots were stripped

of the COX-1 and COX-2 probes by washing with boiling
in 0.1X SSC and 0.1% SDS and rehydridized with a probe
speci®c for 7S cytoplasmic RNA, which is present in the
same abundance in all tissues [17]. The autoradiograms
were scanned with a densitometer, and the band
intensities for COX-1 and COX-2 were normalized to
that of 7S RNA for each sample.

Western Analysis

Proteins were isolated from skin with Tri-Reagent
according to the manufacturer's instructions. Brie¯y, the
proteins were precipitated with isopropanol from the
phenol-ethanol supernatant obtained after the precipita-
tion of the DNA with ethanol. The pellet was washed
three times with 0.3 M guanidine HCl in 95% ethanol for
20 min with centrifugation at 7500 xg for 5 min. The
pellet was redissolved in 1% SDS plus 0.5% Triton X-100,
and protein content was determined by the BCA Protein
Assay (Pierce, Rockford, IL). Samples were electrophor-
esed on a 10% SDS-polyacrylamide gel and electro-
blotted onto nitrocellulose. COX-2 protein was detected
with an anti±COX-2 polyclonal antibody as recom-
mended by the manufacturer (Caymen Chemical, Ann
Arbor, MI). COX-1 protein was detected with a COX-1
polyclonal antibody (Santa Cruz Biotechnologies, Inc.,
Santa Cruz, CA) diluted 1:400 and goat anti-rabbit-
Immunoglobulin G±conjugated horseradish peroxidase
(diluted 1:25 000) used as a secondary antibody against
both the COX-1 and COX-2 antibodies. COX-1 and
COX-2 proteins were identi®ed after chemiluminescence
detection (Amersham Corp., Arlington Heights, IL) of
secondary antibodies by comparison to molecular weight
markers and ram seminal vesicle proteins (Oxford
Biomedical Research, Oxford, MI).

PGE2 Analysis

Groups of mice were killed 6 h after a single UV
treatment, their dorsal surfaces were quickly frozen on
dry ice, and the animals were immersed in liquid nitrogen
and stored at ÿ70�C. To assay for PGE2, a 1.5-cm2 area
of epidermis was chipped from the frozen skin into
1.5 mL of ice-cold methanol with 5mg/mL indomethacin.
After homogenization for 1 min on ice, a 200-mL aliquot
was reserved for protein measurement and 300 mL for
extraction of PGE2. The extraction procedure was
modi®ed from a method previously reported [18]. Brie¯y,
the homogenate was diluted 25% with methanol and
centrifuged at 3000 xg for 10 min. The supernatant was
acidi®ed with 0.1 M phosphate buffer, pH 4, and applied
to a preconditioned C18 Extract-Clean column (Alltech,
Deer®eld, IL). After washes with 5 mL each of deionized
water and hexane, PGE2 was eluted with 5 mL of ethyl
acetate containing 1% methanol. The solvent was
evaporated under nitrogen, and PGE2 was reconstituted
in 1 mL of enzyme immunoassay buffer (Amersham
Corp.) After a 1:5 dilution, PGE2 was measured accord-
ing to the room-temperature method outlined in the
manufacturer's instructions and quantitated by enzyme
immunoassay. The level of epidermal PGE2 was deter-
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mined by using the multiple linear regression program
AssayZap and was expressed as ng PGE2/mg protein.

Statistics

Analysis of variance was performed on all sets of data,
and inhibitor effect was analyzed by Fisher protected
least signi®cance analysis to determine signi®cance
between groups (Statview, Abacus Concepts, Inc).
Signi®cance was measured at P � 0:05.

RESULTS

Food Consumption and Body Weight

The effect of chronic celecoxib and indomethacin
consumption on body weight was determined weekly. A
similar and steady weight gain was observed in all the
groups for the ®rst 2 mo of the experiment. At this time,
the body weights ranged from a high of 30.4 g� 2.9
(mean� SD) in the 500-ppm celecoxib group to a low of
27.1 g� 2.2 (mean� SD) in the 1500-ppm celecoxib
group. However, after this time the animals in the
1500 ppm celecoxib group maintained a slightly reduced
average body weight compared with the other groups.
At 19 wk the mice in this group weighed 26.8 g� 1.6
(mean� SD) and the control mice 31.1 g� 2.6
(mean� SD). None of the other treatment groups, i.e.,
celecoxib (150 or 500 ppm) or indomethacin, displayed
body-weight differences of >8% at this time relative to
the control group. The animals were not weighed beyond
19 wk because of the differential contribution of tumor
burden in the different treatment groups. The reduced
body weight in the latter part of the experiment in the
1500-ppm celecoxib group was not the result of
decreased food intake, which was approximately
6.64� 0.343 (mean� SD) g of diet/mouse/d for all
groups.

Starting at week 4, one or more mice in the 1500-ppm
celecoxib group died each week during the remainder of
the study. Deaths did not occur in the UV control group,
indicating that mice died as a result of a combination of
treatment with UV and the highest dose of celecoxib,
although the cause of death was not determined.

Tumor Development

The tumor data were calculated in terms of incidence
(percentage of mice bearing tumors) and multiplicity
(average number of tumors/mouse). Tumors were ®rst
observed in the control group after 10 wk of UV
irradiation and continued to appear throughout the
course of the experiment. For all the treatment groups,
there was a marked increase in latency of at least 5 wk,
with tumors not appearing in the 1500-ppm celecoxib
group until week 19. The control group reached the
100% incidence level at 21 wk, whereas the experimen-
tal groups had incidences of 82% or less at this time
(Figure 1, top panel).

At the time of termination at wk 25, the control mice
had approximately 18 tumors per mouse (Figure 1, top
panel). The lowest-dose (150 ppm) celecoxib group had

approximately seven tumors per mouse, which is 40% of
the control level. The indomethacin group had four
tumors per mouse, which is 22% of the control level. The
greatest protection in terms of latency and tumor yield
was achieved by 500 ppm celecoxib, with an 89%
reduction from control levels. Although shown in Figure
1, the data for the high dose (1500 ppm) of celecoxib
could not be fully evaluated because nearly 50% of the
animals died by the end of the experiment. However,
both in terms of incidence and, especially, multiplicity,
500 ppm celecoxib and 4 ppm indomethacin offered
signi®cant protection against tumor development, and
in fact the 500-ppm dose of celecoxib was more effective
at inhibiting tumor development than the 1500-ppm
dose.

Differences in the sizes of the tumors in the treatment
groups were also observed. Among the celecoxib groups,

Figure 1. Effect of celecoxib and indomethacin on UV-elicited
tumor incidence and yield in SKH-1 mice. Groups of 30 SKH-1 mice
were placed on diets containing celecoxib or indomethacin 1 wk
before the beginning of thrice weekly UV irradiation. Tumors were
counted weekly, and tumor yield was calculated as the average
number of tumors/mouse for each treatment group (top panel). Tumor
incidence was calculated as the percentage of animals having tumors
in each treatment group (bottom panel).
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there was a signi®cant dose-response decrease in the
percentage of tumors that were >3 mm in diameter at
25 wk (Table 1). The indomethacin group also had a
reduced (by 50%) number of large tumors. Whether the
decrease in tumor size in the celecoxib and indomethacin
groups was due to the later appearance of these tumors
or to reduced growth rate is unknown. Histological
analysis of the tumors showed that most of them were
papillomas, although often they had one or more areas
displaying invasion (carcinoma in situ). No differences in
histological appearance were noted among the different
treatment groups.

Proliferation and In¯ammation

In an effort to understand whether the NSAID or
COX-2 inhibitor exerted an anti-proliferative or anti-
in¯ammatory effect on UV-irradiated skin, mice that had
been fed celecoxib or indomethacin for 1 wk were
irradiated once, and groups of animals were killed at
designated times for histological analysis or vascular
permeability assays. As shown in Figure 2, UV induced
the expected hyperplastic response and mild in®ltration
of in¯ammatory cells into the dermis. Examination of the
skins of mice from the celecoxib and indomethacin
treatment groups revealed no reduction in hyperplasia or
in¯ammation. The absence of an effect on proliferation
was also supported by the BrdU labeling index (Table 2).
Groups of animals irradiated thrice weekly for 6 wk were
killed 24 h after the last exposure, and their skins were
processed for proliferation and histological analyses. No
differences were seen in the extent of hyperplasia or
in®ltration of in¯ammatory cells between the UV-only
group and any of the experimental diet groups (data not
shown). There were also no signi®cant differences in the
BrdU labeling indices in this chronic-treatment experi-
ment (Table 2).

The edema component of in¯ammation was assessed
by the Evan's Blue dye assay, as we have previously
described for phorbol ester±treated skin [19]. A pilot
study (data not shown) indicated that vascular perme-
ability measurably increased 6 h after UV exposure and

remained high for more than 24 h. By using the 24-h time
point, groups of mice exposed to UV either once or
repeatedly for 6 wk were evaluated for dye leakage. As
shown in Table 2, UV caused signi®cant edema, and this
was not abrogated by either the low dose of celecoxib or
indomethacin. The high dose of celecoxib slightly
enhanced UV-induced vascular permeability. With
chronic exposure to UV, the extent of edema was
approximately half that seen with a single exposure,
but again no signi®cant differences were observed
between the UV-only group and any of the experimental
diet groups.

PG Synthesis and COX Expression

A previous study showed that UV irradiation results in
an increase in PGE2 synthesis in keratinocytes [3]. We
show here (Figure 3) that UV caused a more than tenfold
increase in PGE2 accumulation in the epidermis by 6 h. In
drug-treated mice, there was a signi®cant reduction
(approximately 60%) in PGE2 levels with 500 ppm
celecoxib, whereas 1500 ppm celecoxib and 4 ppm
indomethacin both reduced levels by >80% (150 ppm
celecoxib was not evaluated). It is evident that dietary
consumption of these drugs is effective in signi®cantly
inhibiting the synthesis of PGs in the epidermis.

To determine whether the increase in PGE2 after UV
irradiation was associated with elevated COX-1 or COX-2
levels, the levels of COX-1 and COX-2 expression were
determined in animals from each group. Untreated skin
has almost undetectable levels of COX-2; however, by 4 h
after UV exposure, the steady-state levels of COX-2
mRNA were increased by approximately 20-fold (Figure
4). The effect of celecoxib and indomethacin on COX-2
expression was assessed because in vitro studies on
keratinocytes showed that PGE2 could induce COX-2
expression (data not shown). Thus, there was a possibility
that inhibitors of PG synthesis could reduce the expres-
sion of COX-2. There was, however, little consistent
difference among the treatment groups, suggesting that
the reduction in PGE2 by either celecoxib or indometha-
cin was not due to reduction in COX-2 expression. In
agreement with previous work [7], COX-1 was constitu-
tively expressed in untreated murine skin, and its
expression was also increased slightly (approximately
twofold) by UV exposure. There were no consistent
differences due to drug treatment; the apparent increase
in COX-1 expression in the celecoxib groups and one of
the UV-only mice was probably due to slight variations in
gel loading.

The level of COX-2 mRNA in mature tumors was also
assessed. Based on previous studies with chemically
induced skin tumors, overexpression was expected [7]. As
shown in Figure 5, a sample of randomly selected tumors
from mice in each treatment group (a total of six were
analyzed from each treatment group; three are shown
here) showed that all tumors had elevated COX-2 levels
compared with untreated skin. The variability in the level
of expression of COX-2 between tumors shown here is
representative of that observed for all the tumors

Table 1. Size Distribution of Tumors on Mice in the Experi-
mental Groups �

Groups % Tumors

1±2 mm >3 mm

UV only 87.5 12.5
UV� celecoxib 150 94.0 6.0
UV� celecoxib 500 98.7 1.3
UV� celecoxib 1500 100.0 0
UV� indomethacin 94.0 6.0

�Groups of SKH-1 hairless mice were placed on diets containing
celecoxib or indomethacin and exposed to UV thrice weekly for
25 wk, as described in Materials and Methods. At 25 wk, the
diameters (mm) of all tumors were measured. The number of tumors
in each size range was used to calculate the percentage, based on
tumor number.

CHEMOPREVENTIVE ACTIVITY OF CELECOXIB 235



examined and was also observed in chemically induced
tumors (data not shown). However, all tumors examined
so far have shown elevated levels of COX-2 expression,
compared with normal skin. The high COX-2 levels were
not due to UV exposure per se because these tumors
were removed several weeks after the cessation of UV

irradiation. The expression of COX-2 in tumors from
UV-only mice was approximately 160% of that of
untreated skin. While 150 and 500 ppm celecoxib had
little effect on the induced levels of COX-2 (188% and
140% induction, respectively), indomethacin caused an
additional increase (300±600% over control levels) in

Figure 2. Effect of dietary test compounds on UV-induced hyper-
plasia. Groups of four SKH-1 mice were irradiated with 220 mJ/cm 2

UV light and killed 24 h later. Section of dorsal skin were formalin

®xed, processed for hematoxylin and eosin staining, and photomicro-
graphed at 400�. (A) UV only; (B) 500 ppm celecoxib; (C) 1500
celecoxib; (D) indomethacin.

Table 2. No Effect of Celecoxib or Indomethacin on Proliferation or In¯ammation �

Group Labeling index Edema

1x UV 6 wk of UV 1x UV 6 wk of UV

Untreated 5.1� 0.4 5.1� 0.4 0.054� 0.011 0.049� 0.022
UV only 33.3� 2.0 33.3� 1.9 0.235� 0.029 0.116� 0.012
UV� 500 ppm celecoxib 32.9� 2.0 32.1� 3.3 0.205� 0.021 nd
UV� 1500 ppm celecoxib 33.6� 0.8 26.6� 0.2 0326� 0.039 0.110� 0.018
UV� indomethacin 31.8� 0.7 29.9� 0.4 0.200� 0.051 0.124� 0.036

�Groups of SKH-1 hairless mice were exposed either one time (1x) or chronically (thrice weekly for 6 wk) to UV light and killed 24 h later. For
measurement of proliferation, the mice were injected intraperitoneally with BrdU 1 h before they were killed. Three to six sections of skin were
excised, formalin ®xed, and embedded in paraf®n. The sections were immunohistochemically stained for BrdU, and the number of BrdU-positive
basal cells were counted. The values represent the mean percentage (labeling index)� standard error of the mean. For the measurement of
edema, Evan's Blue dye was injected into the tail veins 30 min before the mice were killed. Their skins were removed, and the dye, extracted from
1-cm 2 sections, was measured spectrophotometrically. The values represent the mean absorbance of four samples from each of four
mice� standard error of the mean. For both labeling index and edema, all UV groups were signi®cantly different from control (P < 0:05) but did
not differ signi®cantly from one another. nd, not determined.
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COX-2 expression. The reasons for this are not known. In
contrast to the dramatically high COX-2 mRNA levels,
COX-1 mRNA levels in tumors from UV-only mice were
elevated only very slightly (up to twofold). However, in
some tumors from drug-treatment groups, there was a

moderate elevation in COX-1 mRNA. Tumors from
the 150- and 500-ppm celecoxib groups showed dose-
response increases ®vefold and sevenfold, respectively.
The largest difference was seen with indomethacin:
COX-1 expression was tenfold more than that of

Figure 3. PGE 2 levels in UV-irradiated mice fed celecoxib- or
indomethacin-containing diets. Mice fed one of the drug-containing
diets for 10 d were exposed to 220 mJ/cm 2 UV. After 6 h the mice
were killed, and PGE 2 was extracted from the epidermis and

analyzed by enzyme immunoassay. The bars represent the mean ng
PGE 2/mg protein� SD. UNT, untreated skin; UV, UV only; cel 150,
150 ppm celecoxib; cel 500, 500 ppm celecoxib; indo, indomethacin.

Figure 4. No effect of celecoxib or indomethacin on the induction
of COX-2 by UV irradiation. Groups of SKH mice fed test agent-
containing diets for 1 wk were exposed to 220 mJ/cm 2 UV light. After
4 h, the mice were killed and total RNA was isolated. Northern blots of
10 mg of total RNA from each skin were hybridized sequentially with
cDNA probes for COX-1, COX-2, and 7S RNA (used as a control
for loading). UNT, untreated skin; UV, UV only; C150, 150 ppm
celecoxib; C1500, 1500 ppm celecoxib; Indo, indomethacin.

Figure 5. Overexpression of COX-2 mRNA in UV-elicited tumors.
Tumors from mice in the tumor experiment (Fig. 2) were randomly
selected from each treatment group, RNA was isolated and Northern
blots of 10 mg total RNA were sequentially hybridized with cDNA
probes for COX-1, COX-2, and 7S RNA (used as a control for
loading). UV, UV only; C150, 150 ppm celecoxib; C500, 500 ppm
celecoxib; Indo, indomethacin.
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untreated skin. COX-2 protein levels, as shown in Figure
6, were clearly elevated over those of normal skin in most
of the tumors from all of the treatment groups. As with
the message levels of COX-2, there was no apparent
relationship between treatment and expression level,
suggesting that neither celecoxib nor indomethacin alters
the level of expression of the enzyme.

DISCUSSION

Numerous experimental rodent studies as well as
recent epidemiological studies have shown an inverse
relationship between NSAID intake and colon cancer
development [20±24]. However, administration of
NSAIDs such as aspirin, piroxicam, and indomethacin is
associated with gastrointestinal ulceration, because of
their COX-1±inhibitory actions [24]. COX-1 appears to
have a housekeeping function in the gastrointestinal
tract, insofar as the PGE2 it produces is essential for
maintaining the integrity of the mucosa. The develop-
ment of speci®c COX-2 inhibitors, such as celecoxib,
offers the advantage of retaining COX-1 activity while
inhibiting COX-2 [9]. In the azoxymethane model of rat
colon carcinogenesis, Reddy et al. [24] found that
1500 ppm celecoxib inhibits aberrant crypt foci multi-
plicity by 40±49% without gross changes in the
intestines. More recently Kawamori et al. [25] reported
that celecoxib signi®cantly inhibits both incidence and
multiplicity of colon tumors and that the extent of
inhibition is greater than or equal to that seen in earlier
studies with aspirin, ibuprofen, sulindac, and piroxicam
[22±24,26,27]. Thus, in the colon model celecoxib is a
very potent and nontoxic chemoprotective agent.

Experimental models of skin cancer in mice also have
shown that COX inhibitors are effective in reducing
tumor multiplicities and incidence [14]. However, most of
these studies were performed with the chemical initia-
tion-promotion protocol, which may not be an appro-
priate model for UV-induced human skin cancer.
Indomethacin was previously shown to inhibit UV-
induced mouse skin carcinogenesis both in terms of
average tumor multiplicity and of increasing the prob-
ability of remaining tumor free [28]. Thus, the goal of this
study was to compare the ef®cacy of a speci®c COX-2
inhibitor (celecoxib), and an NSAID (indomethacin) [10].

It is of interest that neither celecoxib nor indomethacin
had signi®cant anti-in¯ammatory activities, based on

their ineffectiveness in reducing edema and in¯ammatory
cell in®ltration. This suggests that UV-induced in¯amma-
tion is different from that in the carrageenan-injected rat-
paw model, in which celecoxib blocks edema and
hyperalgesia [29]. The lack of an anti-in¯ammatory effect
may also be due to elevated levels of lipoxygenase
products, which are known to be necessary for at least
the edema component of phorbol ester±induced in¯am-
mation in skin [19]. This is suggested by a previous study
in which indomethacin was found to elevate levels of
lipoxygenase products after application of phorbol esters
[30].

In this study, celecoxib and indomethacin were both
very effective in preventing the development of skin
cancer. There are several possible mechanisms for this. In
normal murine skin, the level of COX-1 is high relative to
that of COX-2, which is expressed at essentially
undetectable levels [7]. However, UV induces COX-2
signi®cantly, as shown here. In cultured human kerat-
inocytes, UV irradiation was found to induce COX-2
mRNA maximally at 12 h, and the protein peaked at 24 h,
with a decline thereafter [31]. However, the level of PGE2

is controlled not only by the level of the COX enzymes but
also by the activity of phospholipase A2. UV has been
reported to activate phospholipase A2 in keratinocytes
and thus increase substrate availability for the COX
enzymes [32]. Thus while both COX-1 and COX-2
probably contribute to the high PGE2 levels seen after
UV irradiation inhibition of either one may be suf®cient
for reducing tumor development. Interestingly, while
1500 ppm celecoxib PGE2 inhibited synthesis to a greater
extent than did 500 ppm, it was no more ef®cacious in
reducing tumor number. Furthermore, a dose of 500 ppm
celecoxib appeared less effective than indomethacin,
which more effectively blocked PGE2 production in UV-
treated normal skin. In normal UV-irradiated skin, it
appears that both COX-1 and COX-2 play signi®cant
roles in PGE2 synthesis.

The signi®cance of reduced PGE2 levels on keratino-
cyte proliferation is not entirely clear. While prostaglan-
dins have not been shown to be involved in normal
murine keratinocyte proliferation in vivo, PGE2 was
found to be a required co-mitogen for phorbol ester±
elicted hyperproliferation or mechanical wounding [33].
In vitro, however, several studies suggested an involve-
ment of PGs even in unstimulated proliferation. In human
keratinocytes, a correlation between endogenous PGE2

production and DNA synthesis was observed. Inhibition
of proliferation of these cells by indomethacin can be
overcome by the addition of PGE2, leading to the
conclusion that PGE2 may be a growth-promoting
autocoid for epidermis [34]. The extent to which
lipoxygenase products can substitute for PGs in support-
ing a proliferative response is currently unknown. Perhaps
the strongest support for a role for PGs in tumor
promotion comes from initiation-promotion studies with
COX-1± and COX-2±de®cient mice, in which a 70±80%
reduction in papilloma number compared with wild type
was observed [35,36]. The work of Oshima et al. [37] also

Figure 6. Immunoblotting of COX-2 protein in UV-elicited tumors.
Tumors from mice in the tumor experiment (Figure 2) were randomly
selected from each treatment group, protein was isolated, and
immunoblots of 50 mg protein were immunostained with antibodies
against COX-1 and COX-2, as described in Materials and Methods
Unt, untreated skin; UV, UV only; C150, 150 ppm celecoxib; C500,
500 ppm celecoxib; Indo, Indomethacin; �, positive control.
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suggested that PGs may have a tumor-promoting
function in colon, based on the observed reduction in
tumor yield in crosses of APC-knockout mice with COX-2-
de®cient mice. To address the question of the role of
elevated PGs in the growth of human colon cancer cells,
Sheng et al. [38] treated mice implanted with trans-
formed human colon cancer lines expressing either no or
high levels of COX-2 with a selective COX-2 inhibitor.
Tumor development from the COX-2 expressing cells was
reduced 85±90%, while no reduction was seen in the
non-expressers [38].

In addition to proliferation, one of the other events
in which PGs have been implicated in tumors is apoptosis.
Apoptosis was shown to be induced by NSAIDs in the
colonic epithelium of familial adenomatous polyposis
patients [39]. More directly, Tsujii and DuBois [40]
showed that increasing COX-2 expression experi-
mentally in rat intestinal cells caused them to become
resistant to butyrate-induced apoptosis, which can be
overcome by addition of the nonspeci®c COX inhibitor
sulindac sul®de. It was proposed that reduced apoptosis
contributes to the carcinogenic process in that
prolonged survival of abnormal cells could allow the
accumulation of sequential genetic mutations [40]. On
the other hand, Chan et al. [41] recently reported that
NSAIDs cause apoptosis by increasing arachidonic acid
levels, which in turn increases the level of ceramide, a
mediator of apoptosis. It is not clear, however, whether
the observation of NSAID-induced apoptosis is relevant
to skin. While keratinocytes in skin must undergo a
de®ned program of terminal differentiation that is
balanced with proliferation, the differentiation process
is not an apoptotic event as de®ned by nuclear
condensation, segmentation, and blebbing. Thus, apop-
tosis is not an event that occurs in normal keratinocytes
in vivo; this is a difference between keratinocytes and
colon epithelium.

In conclusion, we have shown that indomethacin, a
nonspeci®c NSAID, and a speci®c COX-2 inhibitor had
signi®cant chemoprotective activity against UV-induced
skin carcinogenesis. The latter ®nding implies that most
of the chemopreventive ef®cacy of both agents is by
COX-2 inhibition. Because there was no overt reduction
in in¯ammation, the PGs appear to be critical to other
processes in the skin. It will be of interest to determine at
what level UV-induced PGs play a role, e.g., in prolifera-
tion and differentiation of the keratinocytes and/or in
angiogenesis.
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