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Background: Diallyl sulfide (DAS) has been shown to have a preventive effect against various
cancers.

Aims and objectives: We evaluated the protective effects of DAS in regression of ultraviolet B
(UVB)-induced skin tumor formation in SKH-1 hairless mice and its underlying early
molecular biomarkers.

Methods: We examined the efficacy of DAS in UVB light-induced skin lesion in SKH-1 hairless
mice and the associated molecular events.

Results: Mice irradiated with UVB at 180m]J/cm® twice per week elicited 100% tumor
incidence at 20 weeks. The topical application of DAS before UVB irradiation caused a delay in
tumor appearance, multiplicity, and size. The topical application of DAS before and immediately
after a single UVB irradiation (180 mJ/cm”) resulted in a significant decrease in UVB-induced
thymine dimer-positive cells, expression of proliferative cell nuclear antigen (PCNA), terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling, and apoptotic sunburn cells,
together with an increase in p53 and p21/Cipl-positive cell population in the epidermis.
Simultaneously, DAS also significantly inhibited nuclear factor-kB (NF-«B), cyclooxygenase-2
(COX-2), prostaglandin E2 (PGE2), and nitric oxide (NO) levels.

Conclusions: The protective effect of DAS against photocarcinogenesis is accompanied by the
down-regulation of cell-proliferative controls, involving thymine dimer, PCNA, apoptosis,
transcription factors NF-kB, and of inflammatory responses involving COX-2, PGE2, and NO,
and up-regulation of p53, p21/Cip1 to prevent DNA damage and facilitate DNA repair.

ltraviolet (UV) light has been well documented as a
complete carcinogen responsible for the initiation and
promotion of both basal and squamous cell carcinomas (1).
Direct absorption of UV by DNA leads to the formation of
thymine dimers of DNA bases (2). Like many chemical tumor
promoters, UV also elicits inflammation, epidermal hyperplasia,
and changes in the expression of numerous genes associated with
proliferation and differentiation, eicosanoid and cytokine
production, and growth factor synthesis and responsiveness (3).
This diversity of responses suggests that there are probably
multiple processes that could be effective targets for prevention.
Garlic (Allium sativum Linn.) has been widely used as a flavoring
agent and as a traditional medicine to treat a variety of diseases in
many countries, notably the Near East, China, and India (4).
Garlic has been documented to exhibit a wide spectrum of

pharmacological effects including antioxidant with a radical
scavenging effect, a suppressive effect on lipoxygenase and
cyclooxygenase activities, anti-inflammatory activity, cellular
immunity enhancement, DNA-binding and synthesis inhibition,
DNA repair induction, antiproliferative effect, chemopreventive,
antimutagenic, and anticarcinogenic effects, and antiviral and
antibacteria activities (5). Garlic has already entered various
clinical trials (6). Dially sulfide (DAS) is one of the principal
components and is found exclusively in garlic (7). DAS and/or
other organosulfur compounds of garlic have been found to have
antioxidant, anti-inflammatory, and antitumor activities in a variety
of animal models of human diseases (5). The mechanisms by
which these compounds affect multiple biochemical and
inflammatory conditions appear to be cell- and stimulus-specific
and to involve effects on the cell’s transcriptional machinery such as
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nuclear factor-kB (NF-kB), cyclooxygenase-2 (COX-2), and redox
homeostasis (8—10). Several clinical studies indicated that DAS
exerted an anti-inflammatory activity due in part to the inhibition
of inducible isoforms of nitric oxide synthase (iNOS) and COX-2
enzymes (8-10). Nitric oxide (NO) has been proposed to be an
important mediator of tumor growth (11) and overexpressed iNOS
has also been detected in several human tumors (12). In particular,
the inhibition of COX-2 was significant in colon cancer cells, which
makes garlic important as a colon cancer preventive agent (13). The
inhibition of the COX-2 enzyme is achieved by suppressing the
activation of NF-KB, a eukaryotic transcription factor (13).

We assessed the protective effects of DAS against photocar-
cinogenesis in the SKH-1 hairless mouse skin model (14-16).
We found that DAS is a potent inhibitor against UVB-induced skin
tumors. We further analyzed the effect of DAS on early
biomarkers (17-19) associated with photocarcinogenesis. Our
results suggest that DAS has a protective effect against UVB-
caused damage in the epidermis by decreasing thymine dimer
formation, increasing p53—p21/Cipl expression, and inhibiting
both NF-kB and COX-2, leading to suppressions of NO and
prostaglandin E2 (PGE2), and cell proliferation and apoptosis.

Materials and methods

Animals, UV light source and chemical

Inbred female SKH-1 hairless mice (5 weeks old) were purchased
from Charles River Laboratories (Wilmington, MA, USA) and
maintained in accordance with relevant guidelines and
regulations for the care and use of laboratory animals of China
Medical University.

The UVB light source consisted of four FS40T12/UVB sunlamps
(Philips, Amsterdam, the Netherlands), which emitted ~80%
radiation in the range of 280-340nm with a peak emission at
314nm as monitored using an SED240 photodetector with an
SPS300 filter, and a T input optic connected to an ILT1700 Research
Radiometer (International Light Technologies, Newburyport, MA,
USA). The SPS300 filter removes wavelengths shorter than 280 nm
and with the predominant emitting peak at 280-315nm. The
radiometer is calibrated on a regular basis against both a traceable
standard lamp and the laboratory radiation source.

Mice were exposed to UVB irradiation for 2 min and 40 s with
a distance of 23 cm between the light source and the target skin.

DAS was purchased from Sigma-Aldrich, Inc. (St Louis, MO,
USA) and was solubilized in acetone.

Experimental designs

Both long- and short-term studies were conducted to assess the
effect of DAS on UVB-induced skin photocarcinogenesis in female
SKH-1 hairless mice. The experimental design, variables, and
treatment groups are depicted in Table 1. The long-term regimen
was designed to assess the effect of DAS on UVB-induced skin
tumor incidence, whereas the short-term study was for assessing
early molecular biomarkers. 1-h samples were used for the analysis
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Table 1. Experimental design depicting the variables and treatment
groups both in the long-term and in the short-term study

Exposure No DAS DAS first DAS last
No UVR a b =
(Control) (DAS-T)
UVR c d e
(uv) (DAS-T+UYV) (UV-+DAS-T)

Mice were divided into five groups: a, b, ¢, d, and e. Twenty mice
per group were included for the long-term study and five mice per
group for the short-term study.

UVR, UVB irradiation (180 mJ/ cmz), twice/week for the long-
term study and single exposure for the short-term study.

DAS-T, topical application of DAS, twice/week for 26 weeks
(long-term study) and once for the short-term study.

DAS-T+UYV, topical application of DAS 30min before UVB;
UV+DAS-T, topical application of DAS immediately after UVB
irradiation.

DAS, diallyl sulfide; UV, ultraviolet.

of thymine dimer formation; 8-h samples for p53, p21/Cipl,
proliferative cell nuclear antigen (PCNA), NF-xB, COX-2, PGE2,
and NO; and 12-h samples for the TUNEL assay and apoptotic
sunburn cells.

Immunohistochemical analysis of biomarkers

The apoptotic cells were detected using the Dead End Colorimetric
TUNEL system (Promega Corporation, Madison, WI, USA) accord-
ing to the manufacturer’s instructions. The apoptotic sunburn cells
were stained conventionally with H&E and examined using light
MmiCroscopy.

To detect thymine dimer-positive cells, the antithymine dimer
antibody (Kamiya Biomedical Company, Seattle, WA, USA)
was used. Activities were then detected using the NovoLink
Polymer Detection System (Novocastra Laboratories, Newcastle
Upon Tyne, UK).

For the detection of p53, p21/Cipl, and PCNA, mouse
monoclonal anti-p53 (LifeSpan BioSciences, Seattle, WA, USA),
anti-p21/Cip! (Acris Antibodies GmbH, Herford, Germany), or
anti-PCNA (Biocare Medical, Concord, CA, USA) antibodies were
used. Activities were detected using the NovoLink Polymer
Detection System (Novocastra Laboratories).

The microscopic examinations were performed by two
investigators in a blinded fashion. For every specimen, five to 10
randomly selected fields were examined and counted at x 400
magnification. Data were calculated as mean =+ standard error
(SE) of 25 fields/5 mice/group.

Biochemical analysis of NO, COX-2, and PGE2 activities

The frozen skin specimens were pulverized in liquid nitrogen.
The powder was suspended in cell lysis buffer (20) and sonicated
before centrifugation at 12 500 x g for 20 min. The supernatants
were collected and used for the quantitative analysis of NO
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(BioVision, Mountain View, CA, USA), COX-2 (USCN LIFE
(Wuhan, China), and PGE2 (R&D System, Minneapolis, MN,
USA), using ELISA kits following the manufacturer’s protocols.

Analysis of NF-xB DNA-binding activity

For analyzing transcription factor NF-kB-binding activity to
DNA, nuclear proteins were prepared as described previously
(20) and the binding activity was quantified using the TF ELISA
kit (Panomics, Fremont, CA, USA) following the manufacturer’s
protocol. This method is faster, easier, and more sensitive than
electrophoretic mobility shift assays and does not require the
use of radioactivity.

Statistical analysis

Data were presented as means £ SE. The evaluation of statistical
significance was determined by one-way analysis of variance
(ANOVA), followed by the Bonferroni t-test for multiple compa-
risons. A P value < 0.05 was considered statistically significant.
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Results

Protective effects of DAS on UVB-induced tumorigenesis in
SKH-1 hairless mouse

Figure 1 shows that the topical application of DAS delayed the
appearance of the first tumor. The first tumor appearance in UVB-
alone animals occurred in the 16th week, which was delayed by
3 weeks in the DAS-pretreated group (DAS-T+UV) and by
2 weeks in the post-treated group (UV+DAS-T). UVB
irradiation at 180 mJ/cm” twice per week caused 100% tumor
incidence after 20 weeks in the UVB-alone group, 23 weeks in
the post-treated group, and 24 weeks in the pretreated group
(Fig. 1a). Compared with the UVB-alone group (Fig. 1b), both
pre- and post-DAS treatment reduced the number of tumors per
mouse throughout the experiment and showed 49% and 38%
decrease (P < 0.001), respectively, in tumor multiplicity. Tumor
volume per tumor per mouse (Fig. 1c) was also decreased from
388 +44mm’ in the UVB-alone group to 136413 and
164+ 17 mm® in the DAS pre-treated and post-treated groups,
respectively, accounting for 65% and 58% decrease (P < 0.005).
No tumors were observed in the control and DAS-alone groups
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Fig. 1. Effect of diallyl sulfide (DAS) on ultraviolet B (UVB)-induced skin photocarcinogenesis in SKH-1 hairless mouse. The results were obtained from

the long-term regimen shown in Table 1. Experiment was terminated at 26 weeks after UVB exposure. Percentage of tumor incidence (a), tumor

multiplicity per mouse (b), tumor volume per mouse (c), and body weight per mouse (d) were recorded and analyzed. The data shown in (c) are

mean % SE (bars). In each case, the data shown are from 20 mice in each group. No tumors were observed in the control and the topically treated DAS-

alone groups; therefore, these data are not shown. *P < 0.005 versus the group.
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(data not shown). None of the DAS treatments caused any
significant decrease in diet consumption or body weight change
(Fig. 1d), indicating no observable toxicity in SKH-1 mouse skin.

DAS inhibits UVB-induced apoptosis and apoptotic sunburn
cell formation

Compared with unexposed control mice (Fig 2a), the topical
application of DAS (DAS-T) (Fig. 2c) did not induce apoptotic cells
per se. UVB exposure significantly induced TUNEL-positive
apoptotic cells (Fig. 2b). Both DAS-T+UV and UV+DAS-T (result
not shown) revealed a significant suppression in UVB-induced
apoptosis. Consistent with the above results, quantitative analysis
(Fig. 2e) revealed that UVB irradiation resulted in 28.8 £2.61%
TUNEL-positive apoptotic cells, while a low level of these apoptotic
cells was observed in the unirradiated control or in the DAS-T
group (2.7 £0.49% and 2.5+ 0.35%, respectively). Both DAS-
T+UV and UV+DAS-T groups decreased the TUNEL-positive
apoptotic cells to 11.4+1.97% and 15.2 & 2.12%, respectively,
accounting for 60% and 47% inhibition (P < 0.006).

Prevention of photocarcinogenesis by dially sulfide

Characteristic dyskeratotic sunburn cells with pyknotic nuclei
were detected by histomorphologic analysis using H&E staining.
Compared with unexposed control mice, UVB exposure alone
significantly increased UVB-induced H&E-positive apoptotic
sunburn cells from 0.94+0.16% (control) or 0.92+0.11%
(DAS-T) to 11.5+ 1.63% (Fig. 2f). DAS-T+UV and UV+DAS-T
resulted in 3.6 & 0.42% and 4.7 £ 0.64% apoptotic sunburn cells,
respectively, accounting for 68% and 59% inhibition (P < 0.005).

Protective effects of DAS on UV-induced thymine dimers

Thymine dimers are considered as an early important biomarker
for UVB-induced DNA damage (21). Compared with sham-
irradiated controls (Fig. 3a), 1h after a single exposure of mice to
UVB, the formation of thymine dimer-positive cells was strongly
induced (Fig. 3b). However, in the DAS-T+UV group (Fig. 3c) and
in the UV+DAS-T group (data not shown), a similar level of
reduction in the thymine dimer-positive population was found.
UVB alone resulted in 91 £ 4.9% thymine dimer-positive cells in
the epidermis, while negligible levels of these cells were observed
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Fig. 2. Inhibition of ultraviolet B (UVB)-induced apoptosis by diallyl sulfide (DAS). The apoptotic cells were detected using the TUNEL assay and H&E
staining. (a) Control; (b) UV; (c) DAS-T+UV; (d) UV+DAS-T. Arrows show apoptotic cells with brown staining. The quantitative results of TUNEL-
positive cells () and H&E-positive cells (f) were statistically analyzed. Data were calculated as mean = SE of 25 fields/5 mice/group. *P < 0.006

(TUNEL), *P < 0.005 (H&E).
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Fig. 3. Inhibition of ultraviolet B (UVB)-induced thymine dimer formation by diallyl sulfide (DAS). (a) Control; (b) UV; and (c) (DAS-T+UV). Arrows
show thymine dimer-positive cells with brown staining. The results of UV+DAS-T treatment were similar to that of DAS-T+UV (data not shown). Thus,
the data of UV+DAS-T in the subsequent figures are not shown but are presented in the quantitative data. (d) Quantitative results of thymine dimer-

positive cell populations. *P < 0.002.

in unirradiated controls (1.1 40.14%) or topical (1.2 4+ 0.13%)
DAS-T alone (Fig. 3d). In contrast, DAS-T+UV and UV+DAS-T
resulted in a similar level of reduction in thymine dimer-positive
cells (19.3+2.5 vs 14.8 = 1.8), accounting for 79% and 84%
inhibition (P < 0.002).

Effects of DAS on UVB-induced upregulation of the
p53-p21/Cip1 cascade

Compared with unexposed and untreated controls showing almost
no reactivity for p53 immunostaining (Fig. 4a, d), UVB exposure
alone remarkably increased the p53-positive cells (Fig. 4b), which
were seen primarily in the basal layer, but some were also observed
in the suprabasal layer of the epidermis near the basal layer. Further
increase in the numbers of p53-positive cells was observed in the
DAS-T+UV group (Fig. 4c). Quantitative analysis (Fig. 4d) revealed
that UVB irradiation resulted in 33.5 % 3.5% p53-positive cells in
the epidermis, while low levels of these cells were observed in the
unirradiated control (1.85+£0.21), or DAS-T (1.9540.21%).
Moreover, both DAS-T+UV and UV+DAS-T resulted in
61+£7.1% and 54.8 £6.0%, p53-positive cells, accounting for
79% and 62% enhancement (P < 0.02).

Similarly, compared with the unexposed control (Fig. 5a),
UVB exposure alone significantly increased the p21/Cip-1-
positive cells (Fig. 5b), which were further enhanced in the
DAS-T+UV group (Fig. 5c). Quantitative analysis revealed that
UVB irradiation resulted in 13.02£0.71% p21/Cipl-positive
cells in the epidermis (Fig. 5d), while a low level of these cells
was observed in the unirradiated control (1.25 £ 0.07%) or DAS-
T (1.34£0.08%). In contrast, the p21/Cipl-positive cells were

significantly increased in the DAS-T+UV and UV+DAS-T
groups, 23.2 £ 1.2% and 24.5 £ 1.4%, respectively, accounting
for 78% and 88% enhancement (P < 0.003).

DAS suppresses UV-induced cell proliferation

PCNA-positive cells were low in the unexposed control (Fig. 6a),
but were markedly increased upon UVB exposure (Fig. 6b).
However, these cells were significantly decreased in the
DAS-T+UV group (Fig. 6c). Quantitative analysis (Fig. 6d)
showed 1.9 £0.14% and 2.17 £ 0.24% of PCNA-positive cells
in the control and DAS-T groups. In contrast, these cells were
markedly increased to 28.1 £ 1.6% by UVB irradiation, but were
decreased in the DAS-T+UV (13.6£0.6) and UV+DAS-T
(15.7 £1.0%) groups, accounting for 51% and 44% inhibition
(P < 0.002).

DAS inhibits UVB-induced activation of NF-xB, COX-2, NO,
and PEG2 levels

We next examined the effects of UVB exposure without or with
DAS treatments on the activities of cellular factors associated with
skin tumorigenesis. Figure 7a shows that UVB exposure alone
significantly increased the activity of NF-xB from 0.15 £ 0.01 in
control and 0.16 +0.01 in DAS-T to 0.58 £ 0.04. However, NF-
KB activity was decreased to 0.25+0.03 and 0.314+0.04 in
DAS-T+UV and UV+DAS-T, respectively (P < 0.004).

Figure 7b shows an increased COX-2 activity (0.93 £0.06) in
response to UVB irradiation, but was significantly decreased by
DAS-T+UV  (0.61 £0.04) and UV+DAS-T (0.5640.03).
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Fig. 4. Diallyl sulfide (DAS) enhances ultraviolet B (UVB)-induced p53 expression. (a) Control; (b) UV; (c) DAS-T+UV. Arrows show p53-positive cells
with brown staining. (d) Quantitative results of p53-positive cell populations under five different experimental conditions. *P < 0.02.
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Fig. 5. Diallyl sulfide (DAS) enhances ultraviolet B (UVB)-induced p21/Cip1 expression. (a) Control; (b) UV; (c) DAS-T+UV. (d) Quantitative results of
p21-positive cell populations under five different experimental conditions. *P < 0.003.

Similar background levels of COX-2 activity were observed in the
unirradiated control (0.35+£0.02) or DAS-T (0.33 £0.02);
thus, DAS treatment resulted in 34% and 39% inhibition of
COX-2 activity, respectively.

Similarly, UVB exposure alone resulted in an NO activity
of 470+£28.3% relative to that in the unirradiated control
(102 £ 12), accounting for an approximately 3.7-fold increase
(Fig. 7¢). DAS-T did not affect the NO per se. However, both

DAS-T+UV and UV+DAS-T resulted in a significant reduction of
NO activity.

Figure 7d showed that PGE2 activity (376 £ 22.7) markedly
increased above the control level in response to UVB irradiation,
but was significantly decreased in DAS-T+UV (217.5+17.7)
and UV+DAS-T (246 & 19.8), resulting in net reductions of
42% and 35% of PGE2 activity. Topical DAS treatment by itself did
not affect the activity of PEG?2 per se.
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Fig. 6. Inhibition of ultraviolet B (UVB)-induced proliferative cell nuclear antigen (PCNA)-positive cells by diallyl sulfide (DAS). (a) Control; (b) UV;
(c) DAS-T+UV. (d) Quantitative results of PCNA-positive cell populations under five different experimental conditions. *P < 0.002.

(a) .
g 077
€ 0.6
o
2 05
T 0.4 *
8 03 *
8 024
3 0.1
Ke)
< 0-
> S Q Q A
& S 2 o
& X S N
SN
(c)
S 600
§ 500
o 400+
@ 300 . X
(6]
3 200 -
£ 100
z o
A\ A Q Q ~
o’~‘<\c> N o
C el QF
XS

(b)
g 1.2+
o 17
Lé_') O 8 4
® * "
o 0.6
e
c 0.44
£
S 02-
Ke)
< 0 -
> A Q Q <
&f‘o 28 N X N
® Q g A"Q
XS
(d)
S 500
<
8 400 +
& 300 - X
K] *
€ 200 A
o
100 -
Ll
€ o-
> A Q Q A
(ao(&o Q\{? > ‘—;’Q(\) x?‘?
NN

Fig. 7. Inhibition of ultraviolet B (UVB)-induced activation of nuclear factor-kB (NF-kB), cyclooxygenase-2 (COX-2), nitric oxide (NO), and prostaglandin
E2 (PGE2) expressions by diallyl sulfide (DAS). Skin lysates were analyzed for NF-kB, COX-2, NO, and PGE2 activities. (a) NF-kB; (b) COX-2; (c) NO; and (d)
PGE2. Activities were calculated as mean + SE (n= 5). *P < 0.004 (NF-kB), *P < 0.007 (COX-2), *P < 0.002 (NO), *P < 0.006 (PGE2).

Discussion

The major findings in the present study are that topical
application of DAS caused a delay and a reduction in UVB-
induced tumor appearance, multiplicity, and size in hairless mice
without any toxicity. Based on the results showing an inhibition

of tumor growth by DAS in UVB-induced tumorigenesis, we then
investigated the early molecular events associated with the
inhibitory effects of DAS by using immunohistochemical and
morphological methods, which allowed multiple measures on
serial sections from the same skin samples.
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The results indicated that the administration of DAS to SKH-1
mice inhibits UVB-induced carcinogenesis at several mechanis-
tically different levels. Previous reports showed that UV irradiation
exerts its cytotoxic and carcinogenetic effects mainly through the
direct formation of cyclobutane pyrimidine dimmers (22, 23).
Thymine dimers are considered as an early and important
biomarker for UVB-induced DNA damage. In the present study,
we observed that the application of DAS both before and
immediately after UVB irradiation inhibited UVB-induced
formation of thymine dimers and sunburn lesions to a similar
extent. These results indicated that DAS can inhibit UVB-induced
carcinogenesis by mechanisms independent of its possible ‘sun-
screening’ effects.

A previous report indicated that in response to DNA damage
by UV irradiation, p53 and p21/Cipl are up-regulated for cell
cycle arrest to facilitate DNA repair (24). Peak increases in the
number of p53-positive epidermal cells occurred at 8—12 h after
exposure to UVB (24). UV-induced increase in p53 protein
accumulation is known to be accompanied by the enhanced
synthesis of p21/Cip!l protein, which plays a crucial role in the
adaptive responses after UV exposure of the skin by inhibiting
cell proliferation (25). The antiproliferative effect of DAS against
UVB-induced tumor growth might also involve cell cycle
regulatory mechanisms. Our results showed that DAS increased
the protein expression of the Cdk inhibitor, p21/Cip1, which is
well known to interact with and inhibit the kinase activity of the
Cdk—cyclin complex. In our study, DAS treatment resulted in a
further increase in UV-induced p53 accumulation with a
concomitant increase in the p21/Cipl protein levels, which is
in agreement with the inhibition of UV-induced cell proliferation
and apoptosis by DAS, suggesting their possible role in cell
growth inhibition rather than apoptosis induction. Thus, UVB-
induced DNA damage, cell proliferation, and apoptotic sunburn
cell formation are prevented by DAS possibly via further
induction in the p53—p21/Cipl cascade.

Persistent inflammation causes hyperproliferation in the
epidermis and an enhanced proliferation rate is the hallmark of
tumor cells. UV-induced increase in cell proliferation is an early
necessary event associated with UV-caused carcinogenesis that
helps the initiated cells to proceed further into the cell cycle (26);
this response, however, could be prevented by arresting the cells
at the G1 or the S phase of the cell cycle. We observed that UVB-
induced PCNA-positive cells were strongly inhibited by DAS
treatment. These results suggest that inhibiting cell proliferation
could be one of the mechanisms by which DAS protects damaged
cells by providing additional time for repair and preventing their
entry into the apoptotic pathway in case the damage is severe.
This suggestion is in agreement with the observation that DAS
treatment further up-regulates p21/Cip1 levels, which is known
to inhibit cell proliferation by direct binding with PCNA (27).

Previous reports indicated that transcription factor NF-kB
plays a central role in the early events of UV-induced skin
damage such as general inflammatory as well as immune
responses. Several chemopreventive phytochemicals have been
shown to inhibit COX-2 and iNOS expression by blocking
improper NF-kB activation (28-30). In addition, it has been
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suggested that UV-induced prostaglandin (PGE) synthesis may
also be a significant contributing factor in UV-induced skin
tumorigenesis (31). iNOS produces biological NO that plays a
pivotal role in UV-induced inflammation and is implicated in the
pathogenesis of various inflammatory diseases, including
sunburn and pigmentation, as well as in different stages of
tumorigenesis (32). Our study showed that a single exposure of
UVB strongly induced NO expression in mouse skin, which is
clinically relevant, as in humans, photosensitivity is shown to be
positively associated with the level of iNOS expression (33).
Thus, down-regulation of UVB-induced nitrite expression by
DAS was possibly associated with its photoprotective effects.

COX-2 is a key enzyme required for PGEs syntheses that
mediate inflammatory responses. Recent studies indicate a link
between iNOS and COX-2 expression (34). Consistent with this
report, our study showed increased COX-2 and PGE2 levels in
UVB-exposed mouse skin and DAS treatments substantially
lowered COX-2 and PGE2 protein levels. Together, these
findings suggest that a single exposure of UVB induces iNOS
and COX-2 to mediate inflammatory and related processes in vivo
and that topical DAS treatment could effectively suppress them.

The transcription factor NF-kB is associated with diverse
activities linked to growth-promoting potential and antiapoptotic
responses of cells to a broad spectrum of stimuli that may result in
the malignant transformation of cells acquiring drug resistance and
metastatic potential. The activation of NF-kB by UVB shown in this
study suggests that it could be a clinically relevant target to protect
from photodamage and photocarcinogenesis. The inhibitory effect
of DAS reported in the present study supported this notion.

In summary, our results in this study suggest that DAS not only
reduces DNA damage with the activation of the p53—p21/Cipl
cascade but also inhibits NF-kB and COX-2 with suppression of
NO and PGE2, resulting in decreased cell proliferation and
apoptosis in UV-irradiated SKH-1 hairless mouse epidermis. The
present study provides fundamental information on the effects of
DAS on mechanistically important early biomarkers for UVB-
caused effects in vivo, suggesting a model for the evaluation of
potential protective pharmacological modulators against UVB-
induced damages. More mechanistic studies are needed in future
to further clarify the effect of DAS on UV-induced damage, and
their biological significance in both the overall efficacy and the
safety of DAS against UV-induced skin damage. Our results
warrant the development of DAS as a safe and effective
chemopreventive agent against UV-induced photoaging and
photocarcinogenesis.
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