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Better preventive strategies are required to reduce ultraviolet
(UV)-caused photodamage, the primary etiological factor for
non-melanoma skin cancer (NMSC). Accordingly, here we exam-
ined the preventive efficacy of silibinin against UVB-induced pho-
todamage using mouse epidermal JB6 cells and SKH1 hairless
mouse epidermis. In JB6 cells, silibinin pretreatment protected
against apoptosis and accelerated the repair of cyclobutane py-
rimidine dimers (CPD) induced by moderate dose of UVB (50 mJ/
cm2), which we are at risk of daily exposure. Silibinin also re-
versed UVB-induced S phase arrest, reducing both active DNA
synthesizing and inactive S phase populations. In mechanistic
studies, UVB-irradiated cells showed a transient upregulation of
both phosphorylated (Ser-15 and Ser-392) and total p53, whereas
silibinin pretreatment led to a more sustained upregulation and
stronger nuclear localization of p53. Silibinin also caused
a marked upregulation of GADD45a, a downstream target of
p53, implicated in DNA repair and cell cycle regulation. Impor-
tantly, under p53 and GADD45a knockdown conditions, cells
were more susceptible to UVB-induced apoptosis without any
significant S phase arrest, and protective effects of silibinin were
compromised. Similar to the in vitro results, topical application of
silibinin prior to or immediately after UVB irradiation resulted in
sustained increase in p53 and GADD45a levels and accelerated
CPD removal in the epidermis of SKH1 hairless mice. Together,
our results show for the first time that p53-mediated GADD45a
upregulation is the key mechanism by which silibinin protects
against UVB-induced photodamage and provides a strong ratio-
nale to investigate silibinin in reducing the risk and/or preventing
early onset of NMSC.

Introduction

Non-melanoma skin cancer (NMSC) has the highest incidence in the
USA (1). Solar ultraviolet (UV) B is the major etiologic factor (2)
causing DNA lesions namely cyclobutane pyrimidine dimers (CPD)
and 6–4 photoproducts, which are formed between adjacent pyrimidine
residues in the DNA strand and considered ‘hot spots’ for UV-induced
mutations (3,4). Cellular surveillance machinery recognizes and re-
moves these lesions via nucleotide excision repair; however, if not effi-
ciently removed, they can cause C to T and CC to TT mutations
eventually leading to NMSC (3). Sunscreens offer only partial protection
against the deleterious effects of solar UV, suggesting that more efforts
are needed to prevent NMSC. In this regard, strategies that target oc-
currence and/or progression of preneoplastic lesions through natural or
synthetic agents carry translational potential in controlling NMSC (5–8).

Silibinin, isolated from milk thistle seeds, is widely consumed as
a dietary supplement for its anti-hepatotoxic efficacy. Extensive stud-
ies in the past have established its anticancer efficacy against various
epithelial cancers, and currently, silibinin is being evaluated clinically
for its usefulness against human pathological conditions (9). Impor-
tantly, it is extremely well tolerated and doses up to 1% w/w in diet or
750 mg/kg body wt fed to mice show no adverse effects (10,11).
Recently, we have reported the chemopreventive efficacy of silibinin
against UVB-induced skin carcinogenesis (12,13); however, the crit-
ical targets of silibinin, mediating its protective response against
UVB-induced cellular damages, are not yet identified.

The preservation of genomic stability is critical for cell survival,
and UVB-induced mutagenic lesions are the major threat to genomic
integrity of human skin cells (4,14). Following genotoxic stress, sev-
eral cellular responses are activated depending on the damage inten-
sity. For example, cell cycle checkpoints and DNA repair machinery
are upregulated to restrain and/or remove lesions, whereas apoptosis
is induced following severe damage (3). Tumor suppressor p53, the
most important cellular transcriptional factor for preserving genomic
stability, regulates cell cycle, DNA repair enzymes as well as apopto-
sis and plays a major protective role against UVB-induced photo-
damage (15–19). p53 also activates other transcriptional factors
including GADD45a (growth arrest and DNA damage-inducible pro-
tein alpha) (20), which also has pleiotropic functions; it could facil-
itate DNA repair through enhancing accessibility of the lesion for
repair proteins or through directly binding with DNA repair protein
proliferating cell nuclear antigen (21,22). GADD45a could also in-
duce growth arrest by interacting with p21/Cip1 and cyclin-Cdk com-
plex (23,24). Moreover, depending on cell type and extent of stress
induced, GADD45a could stimulate or inhibit UVB-mediated apo-
ptosis (25–27). Thus in light of the above discussion, here for the first
time, we examined the effects of silibinin treatment on the molecular
events involved in DNA damage repair following exposure to UVB
and studied the critical role of p53 and GADD45a therein.

Materials and methods

Reagents

p53 and GADD45a antibodies, goat serum, p53-small interfering RNA (siRNA),
fluorescein isothiocyanate (FITC)-conjugated secondary antibody were from
Santa Cruz Biotechnology (Santa Cruz, CA), BrdU-FITC antibody was
from Becton Dickinson (Franklin Lakes, NJ), BrdU and actin antibody were
from Sigma (St Louis, MO), phosphorylated p53 (Ser-15 and Ser-392), cleaved
Caspase 3, cleaved PARP and total PARP antibodies were from Cell Signaling
(Beverly, MA). Genomic DNA purification kit was from Promega (Madison,
WI), GADD45a-siRNAwas from Dharmacon (Lafayette, CO) and CPD antibody
was from MBL International (Woburn, MA).

Cell culture and UVB irradiation

JB6 cells were maintained under standard conditions of the cell culture in
modified Eagle’s medium containing 5% fetal bovine serum and 25 lg/ml
gentamicin. Cells were grown to 80% confluency and treated with 100 lM
silibinin for 12 h followed by UVB exposure as detailed earlier (28). The
100 lM dose of silibinin was selected based upon our earlier published results
in JB6 cells (28,29) and the rationale that this concentration of silibinin could
be achieved in human plasma (30).

Cell cycle synchronization assays and western blotting

For cell synchronization, 50–60% confluent JB6 cells were incubated with
0.5% fetal bovine serum-containing media for 12 h and then incubated in
serum-free media for 24 h and subsequently released in 5% fetal bovine se-
rum-containing media with or without silibinin. Cells were then sham- or UVB
irradiated after 8 or 16 h when they were maximally at G1 or S phase, re-
spectively, and then harvested at various time points for cell cycle distribution
and immunoblot analyses as detailed earlier (28). The immunoblots shown are
representative of at least two independent experiments, and protein loading

Abbreviations: CPD, cyclobutane pyrimidine dimer; FITC, fluorescein iso-
thiocyanate; NMSC, non-melanoma skin cancer; siRNA, small interfering
RNA; UV, ultraviolet.
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was monitored by stripping and reprobing the membranes with b-actin anti-
body. The densitometry values presented below the bands are ‘fold change’
compared with appropriate control after loading control normalization.

BrdU incorporation

After desired treatment, cells were labeled with BrdU for 1 h, fixed with ice
cold ethanol and subsequently incubated with BrdU-FITC antibody. Cells were
resuspended in Propidium iodide solution and BrdU incorporation was ana-
lyzed by FACS.

siRNA transfection

JB6 cells were transfected with specific siRNAs for p53 or GADD45a along
with control siRNA using Trans-IT TKO transfection reagent as per manufac-
turer’s protocol (Mirus Bio LLC, Madison, WI). Transfected cells were sub-
sequently treated with dimethyl sulfoxide or 100 lM silibinin for 12 h and then
UVB irradiated.

Immunofluorescence

p53 expression and localization were also studied by immunofluorescence as
described earlier (31). Images were captured at �1000 magnification on
a Nikon inverted confocal microscope using 488/402 nm laser wavelengths
to detect FITC (green) and 4#,6-diamidino-2-phenylindole (blue) emissions,
respectively.

Animal treatment protocol

Five-week-old SKH1 hairless mice (Charles River Laboratories, Wilmington,
MA) were divided into following treatment groups: (i) unexposed and un-
treated, (ii) topically applied with 9 mg silibinin in 200 ll acetone per mouse,
(iii) irradiated once with 180 mJ/cm2 UVB dose, (iv) topically applied with
9 mg silibinin in 200 ll acetone per mouse 30 min prior to UVB and (v)
topically applied with 9 mg silibinin in 200 ll acetone per mouse immediately
after UVB. The dose of silibinin was chosen based on our earlier dose–
response studies where the same dose showed significant protection against
UVB-induced DNA damage and photocarcinogenesis without any adverse
effects on body weight or food intake (32–36). The UVB exposure details have
been reported earlier (33,34,36). Experiment was terminated at desired time
points, animals killed, dorsal skin epidermis collected and immunoblotting
performed (33,34,36).

Southwestern slot blot

For slot blot assay, genomic DNA was isolated from JB6 cells or SKH1 mouse
epidermis using genomic DNA purification kit from Promega and transferred
to positively charged nitrocellulose membrane by vacuum slot blotting (Bio-
Dot Apparatus; Bio-Rad, Hercules, CA). The membranes were baked at 80�C,
blocked overnight with 5% non-fat milk and incubated with anti-CPD antibody
followed by secondary antibody, and bands detected by chemiluminescence.
DNA loading was verified by methylene blue staining.

Statistical analysis

Statistical analysis was performed using SigmaStat 2.03 software (Jandel Sci-
entific, San Rafael, CA). Data were analyzed using analysis of variance and
a statistically significant difference was considered at P , 0.05.

Results

Silibinin inhibits UVB-induced apoptosis and enhances DNA repair in
JB6 cells

We first quantified the extent of apoptosis induced by 30–100 mJ/cm2

doses of UVB and found that 50 mJ/cm2 dose induces moderate levels,
whereas 75–100 mJ/cm2 doses induce high level of apoptosis in JB6
cells (data not shown). Since the aim of present study was to study the
protective efficacy of silibinin against the moderate damage caused by
physiologically relevant dose of UVB, we selected 50 mJ/cm2 UVB
dose for subsequent experiments. Next, we assessed the effect of sili-
binin (100 lM) pretreatment (for 12 h) and posttreatment (immediately
after irradiation) on UVB-induced apoptosis. We found that 50 mJ/cm2

UVB induces 18% apoptosis and silibinin pretreatment reduced the
apoptotic population to 11% (P , 0.001; Figure 1A). Silibinin pre-
treatment also reversed the PARP and caspase 3 cleavage caused by
UVB in JB6 cells (Figure 1A). Silibinin posttreatment, however, did
not show any significant effect on UVB-induced apoptosis under these
conditions (data not shown), and therefore, only silibinin pretreatment
regimen was followed in subsequent cell culture experiments.

To investigate whether inhibition of UVB-caused apoptosis by sil-
ibinin correlates with reduction of DNA lesions, we next analyzed
CPD expression. UVB-irradiated cells showed a gradual time-
dependent disappearance of CPD expression, whereas silibinin pre-
treatment significantly accelerated this response (Figure 1B). After
48 h, about 77% reduction (P, 0.001 versus reduction in UVB alone-
irradiated cells) was observed in silibinin pretreated cells, while UVB
alone-irradiated cells showed 50% reduction in CPD expression com-
pared with 0 h time point (Figure 1B). Since comparable CPD levels
were observed in both treatment groups immediately after irradiation
(i.e. at 0 h), it could be concluded that the greater reduction in CPD
expression with silibinin pretreatment is due to an enhanced DNA
repair and not lesser damage to begin with. In other words, silibinin
pretreatment did not exhibit any ‘sunscreen’ effect under experimen-
tal conditions in cell culture and actually accelerates the repair of
UVB-damaged DNA.

Silibinin reverses UVB-induced accumulation of JB6 cells in S phase

Next, we examined the effect of UVB exposure on cell cycle pro-
gression and the influence of silibinin pretreatment therein. Fluores-
cence activated cell sorting analyses showed that UVB causes a strong
accumulation of cells in the S phase of cell cycle 12–24 h following
irradiation, which was strongly inhibited by silibinin pretreatment
(Figure 1C and Supplementary Figure 1 is available at Carcinogenesis
Online). To understand the status of DNA synthesis in S phase cells
following UVB irradiation, we next measured BrdU incorporation and
found that while 56% cells accumulated in S phase at 12 h after UVB
irradiation, only 17% were actively synthesizing DNA and silibinin
pretreatment decreased both active DNA synthesizing (BrdU positive)
and inactive (BrdU negative) S phase population (Figure 1D). These
results suggest that UVB exposure induces a replication-dependent S
phase arrest in JB6 cells and silibinin pretreatment reverses this by
reducing the overall S phase population, especially with stronger
effect on the replicating population, thereby ensuring that DNA dam-
age is not carried over to the next generation.

Silibinin significantly delays the cell cycle progression of UVB-
irradiated JB6 cells

One of the cellular defense mechanisms against UVB-induced DNA
damage is cell cycle arrest providing damaged cells additional time to
repair the lesions and thereby avoiding transfer of lesions to the prog-
eny. Since silibinin pretreatment significantly reversed S phase accu-
mulation of cells following UVB exposure, we next addressed the
question whether this effect is due to delay in the G1 to S phase transit
of damaged cells. To do so, we synchronized the cells at G1 (84% cells
in G1 at 0 h) and then UVB irradiated in the presence or absence of
silibinin, followed by cell cycle progression analysis (Figure 2A).
Unirradiated cells readily came out of G1 phase (85% cells in S phase
within 6 h) and UVB-irradiated cells arrested in G1 phase only tran-
siently (�6 h) and then progressed through the cell cycle (the G1

population reduced to 33% and 14% in 12 and 24 h, respectively)
(Figure 2B and Supplementary Figure 2 is available at Carcinogenesis
Online). However, silibinin pretreated cells showed a more sustained
and prolonged G1 arrest and �73% (P, 0.001 versus UVB) and 32%
(P , 0.001 versus UVB) cells remained in G1 phase in 12 and 24 h,
respectively (Figure 2B and Supplementary Figure 2 is available at
Carcinogenesis Online). Next, as UVB irradiation resulted in signif-
icant increase in S phase population of asynchronous cells, we also
synchronized the cells in S phase (80% at 0 h) and exposed them to
UVB in the presence or absence of silibinin, followed by cell cycle
progression analysis. As shown in Figure 2C and Supplementary Fig-
ure 3 (available at Carcinogenesis Online), UVB exposure caused
a stronger retention of cells in S phase and silibinin pretreatment
further prolonged their stay in S phase (58% cells in S phase com-
pared with 38% in UVB alone group after 24 h). Together, these
results suggest that silibinin treatment causes a generalized delay in
cell cycle progression in UVB-irradiated cells.
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Silibinin pretreatment enhances p53 and GADD45a levels in UVB-
irradiated JB6 cells

As mentioned earlier, p53 plays a major role in response to UVB-
caused photodamage; therefore, next we examined the effect of sili-
binin pretreatment on both phosphorylated and total p53 levels in JB6
cells exposed to UVB. A time kinetics study revealed that UVB
causes a strong and early (6 h) induction of phosphorylated (Ser-15
and Ser-392) and total p53, but this effect diminished with time
(Figure 3A). On the contrary, silibinin pretreatment caused a lesser
increase in both phosphorylated and total p53 levels at earlier time
points (up to 12 h) compared with UVB alone; however, at later time
point of 24 h, silibinin pretreatment maintained higher levels of both
phosphorylated and total p53 (Figure 3A). GADD45a is one of the

downstream targets of p53 and is reported to play an important role in
the regulation of cell cycle, DNA repair and apoptosis (37). We,
therefore, next studied the effect of UVB and silibinin pretreatment
on GADD45a levels. UVB exposure alone caused only a moderate
increase in GADD45a, whereas silibinin pretreatment followed by
UVB exposure strongly upregulated the GADD45a level at all time
points studied (Figure 3A).

Next, we studied the effect of UVB and silibinin pretreatment on G1-
synchronized JB6 cells and observed that UVB causes a strong increase
in p53 protein level after 6 h (Figure 3B), which also corroborated with
the observed maximal accumulation of cells in G1 phase 6 h after UVB
exposure (Figure 2B). However, p53 level gradually declined with time
as cells started to progress through the cell cycle in UVB alone group

Fig. 1. Silibinin inhibits UVB-induced apoptosis, accelerates CPD repair and reverses UVB-induced accumulation of cells in S phase. JB6 cells were pretreated with
dimethyl sulfoxide or 100 lM silibinin for 12 h and then sham irradiated or irradiated with 50 mJ/cm2 UVB, and (A) after 24 h, apoptosis was measured by Yo-pro/
Propidium iodide and by western blotting for cleaved PARP, total PARP and cleaved caspase 3. Densitometric values for cleaved PARP bands were normalized with
respective total PARP values, and cleaved caspase 3 densitometric values were normalized with respective b-actin values. (B) CPD expression was analyzed by
Southwestern slot blot assay after 24 and 48 h of UVB irradiation. The densitometric values for CPD bands were normalized with respective DNA loading on the
membrane. (C and D) JB6 cells were treated as described in Materials and methods and thereafter analyzed for cell cycle distribution and BrdU-FITC-positive cells by
Fluorescence activated cell sorting. The quantitative data shown are mean ± SEM of two independent experiments done in triplicates. Sb, silibinin; Cont, control; �P,
0.001;

��
P , 0.05.
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(Figure 3B). As shown in Figure 3B with silibinin pretreatment fol-
lowed by UVB exposure, p53 expression was comparable with UVB
alone group after 6 h (where both the groups have comparable G1

population, Figure 2B); however, p53 level remained strongly upregu-
lated up to 24 h with silibinin pretreatment; it should be noted that G1

population was also higher till 24 h in this group (Figure 2B).
Both transcriptional and non-transcriptional activities of p53 are

induced in response to DNA damage (38). Nuclear localization of
p53 is responsible for its transcriptional activity, whereas its cytosolic
and mitochondrial localization have been implicated mainly in apo-
ptotic response (39). We therefore also examined the localization of
p53 in different treatment groups via immunofluorescence. At 12 h
(data not shown) and 24 h, compared with UVB alone-irradiated JB6
cells showing both nuclear and cytosolic staining for p53, silibinin
pretreatment resulted in a marked increase in nuclear accumulation of
p53 (Figure 3C). These different subcellular localizations of p53
might account for the differential biological responses observed in
with or without silibinin pretreatment groups exposed to UVB.

Silibinin inhibits UVB-induced apoptosis, modulates cell cycle events
and regulates GADD45a in a p53-dependent manner

Studies in human fibroblasts have shown that p53 deficient cells have
impaired nucleotide excision repair and are more susceptible to apo-
ptosis (40). In order to dissect out the role of p53 in the current
experimental milieu, we knocked down p53 expression by RNA in-
terference and then investigated the effects of silibinin on cell cycle
and apoptosis. UVB exposure with or without silibinin pretreatment
failed to induce GADD45a under p53 knockdown conditions, clearly
suggesting that the observed GADD45a upregulation is p53 depen-

dent in these experimental conditions (Figure 4A). Cell cycle analyses
revealed that compared with control siRNA-transfected cells, when
p53 knockdown cells were UVB irradiated, there was no significant
increase in S phase population and silibinin pretreatment only mar-
ginally reversed S phase population (Figure 4B). Additionally, knock-
ing down p53 level significantly enhanced the cytotoxic effect of UVB
(50% apoptosis in p53-siRNA cells compared with 29% in control-
siRNA cells; P , 0.001) (Figure 4C). Moreover, most of the pro-
tective effect of silibinin against UVB-induced apoptosis was lost in
p53-siRNA cells (Figure 4C). These results suggested that the pro-
tective efficacy of silibinin against UVB-induced cellular damage is
mainly through modulating p53 level.

GADD45a plays a key role in silibinin-mediated cell cycle arrest and
inhibition of apoptosis in UVB-exposed JB6 cells

Several studies in the past have suggested that GADD45a expression is
primarily regulated by p53; however, there are other reports suggesting
its regulation independent of p53 (27,37). On the contrary, Jin et al. (41)
showed that GADD45a could also regulate p53 through affecting its
phosphorylation at Ser-15 site signifying the complexity of GADD45a
and p53 interaction. As mentioned above, in our experimental condi-
tions, GADD45a seems to act downstream of p53 (Figure 4A); how-
ever, in order to further confirm that we knocked down GADD45a
using specific siRNA. As shown in Figure 5A, even under GADD45a
knockdown condition, p53 level was induced with UVB in the absence
or presence of silibinin pretreatment suggesting that indeed p53 is
upstream of GADD45a and not its downstream target.

Next, we performed cell cycle analyses using control- and
GADD45a siRNA-transfected cells. Unlike p53 knockdown cells,

Fig. 2. Silibinin delays cell cycle progression of synchronized JB6 cells after UVB irradiation. (A) Schematic representation of the treatment protocol for cell
synchronization. (B and C) Cells were synchronized as described in Materials and methods. Briefly, cells were synchronized in G0/G1 phase by incubating in 0.5%
fetal bovine serum-containing media for 12 h followed by serum-free media for 24 h. The cells were subsequently released in 5% fetal bovine serum-containing
media with or without silibinin and irradiated with UVB after 8 h and after 16 h when cells were maximally in G1 phase and S phase, respectively. Cells were
harvested 6, 12 and 24 h after UVB irradiation and analyzed for cell cycle distribution through Fluorescence activated cell sorting. The quantitative data shown are
mean ± SEM of two independent experiments done in triplicates. Sb, silibinin; Cont, control; �P , 0.001.
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GADD45a reduction itself did not cause a significant increase in S
phase population (Figure 5B). In GADD45a knockdown cells, UVB
exposure caused only a marginal increase in S phase population, which
was moderately inhibited by silibinin pretreatment (Figure 5B). In-
terestingly, compared with si-control JB6 cells, UVB exposure of
si-GADD45a cells resulted in significantly lesser S phase cells, suggest-
ing the importance of GADD45a in UVB-caused increase in S phase
population (Figure 5B). We also observed that cells with GADD45a
knockdown are more sensitive to apoptosis induction by UVB (29%
apoptotic cells in si-GADD45a versus 18% in control-siRNA group;
P , 0.001) and silibinin pretreatment completely fails to inhibit
UVB-caused apoptosis in GADD45a-reduced cells (Figure 5C); thereby,

supporting the importance of GADD45a in the protective efficacy of
silibinin against UVB-caused photodamage.

Topical application of silibinin enhances p53 and GADD45a levels
and prevents UVB-induced DNA damage in mouse skin epidermis

Based on above cell culture findings and to relate their in vivo signif-
icance, first we examined p53 protein levels as a function of time in the
skin epidermis obtained from SKH1 hairless mice in different treatment
groups. UVB exposure of mice caused a strong upregulation of p53 in
12 h; however, the induced p53 level diminished at 24 h (Figure 6A). In
both silibinin pre- and posttreatment groups, p53 induction was mod-
erate and lower compared with UVB alone group at 12 h (Figure 6A);
however, at 24 h, it was much stronger and higher in silibinin pre- and
posttreatment groups compared with UVB alone (Figure 6A). These
results are in keeping with the in vitro studies, where silibinin pretreat-
ment caused a delayed but sustained upregulation of p53 in JB6 cells
compared with UVB alone-irradiated cells. Furthermore, similar to
in vitro observation, UVB exposure of SKH1 hairless mice caused an
induction in GADD45a level in epidermis, and silibinin pre- or post-
treatment further enhanced its expression (Figure 6B). We also ana-
lyzed CPD expression in epidermis 12 h after UVB irradiation. As

Fig. 3. Silibinin enhances p53 and GADD45a levels in UVB-irradiated JB6
cells. (A) JB6 cells were pretreated with silibinin and exposed to UVB, and
cell lysates were prepared after 6, 12 and 24 h and immunoblotted for p53,
p53-Ser-15, p53-Ser-392 and GADD45a. (B) JB6 cells were synchronized in
G1 phase as detailed in Materials and methods and irradiated with UVB in the
presence/absence of silibinin, cellular lysates were prepared after 6, 12 and
24 h and immunoblotted for p53. The densitometric values presented below
the bands are ‘fold change’ as compared with relevant control (dimethyl
sulfoxide or UVB) at each time point after normalization with respective
loading control i.e. b-actin. (C) p53 subcellular localization was analyzed by
immunofluorescence. Images were captured using Nikon confocal
microscope at �1000 magnification with FITC-green staining for p53 and
4#,6-diamidino-2-phenylindole representing nuclei. Sb, silibinin; ND, not
detectable.

Fig. 4. p53 role is critical in silibinin’s protective response against UVB-
induced cellular damage. JB6 cells were transfected with control siRNA or
p53 siRNA, pretreated with or without silibinin for 12 h and then sham or
UVB irradiated. The cells were harvested after 24 h and (A) immunoblotted
for p53 and GADD45a; and (B and C) analyzed for cell cycle distribution
and apoptosis. The quantitative data shown are mean ± SEM of two
independent experiments done in triplicates. Sb, silibinin; ND: not
detectable; NS, not significant; �P , 0.001;

��
P , 0.05.
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shown in Figure 6C, CPD expression was quite high at 12 h post-UVB
irradiation; however, both pre- and posttreatment of silibinin dramati-
cally reduced the CPD expression by 60% (P , 0.001) and 43% (P ,
0.05), respectively (Figure 6C). Together these results show that similar
to cell culture, silibinin exerts its preventive efficacy against UVB-
caused photodamage at least in part by upregulation of both p53 and
GADD45a levels in mouse skin epidermis.

Discussion

UV-caused photodamage is the primary etiological factor for NMSC,
the most common malignancy in the USA. UVB primarily causes
CPD and 6–4 photoproducts in the epidermis and these lesions, if left
unrepaired or mis-repaired, result in cancer initiation (42). Subse-
quent selection and multiplication of these initiated cells and further
accumulation of mutations finally lead to the development of skin
tumors (2). Thus for a non-transformed cell, the defense against
DNA damages, induced by physiologically relevant UVB dose, in-
cludes activation of DNA repair machinery as well as cellular check-
points to cause cell cycle arrest, thereby, providing the damaged cells
sufficient time to repair the lesion and also to ensure that damaged
DNA is not replicated and passed onto the next generation (43,44).
Therefore, agents that could enhance the DNA repair process as well
as prolong cell cycle arrest would be both novel and ideal for protect-
ing the UVB-caused skin photodamage, and thereby, in preventing
NMSC. In the present study, we analyzed the protective efficacy of
a natural agent silibinin against the photodamage caused by UVB both
in vitro and in vivo and studied its effect on the molecular events
related to DNA repair and cell cycle progression.

All our previous in vitro studies have been performed with high
doses of UVB (100–400 mJ/cm2) where silibinin was found to inhibit
cell survival (28,29). In the present study, we used a much lower and
physiologically relevant dose of UVB (50 mJ/cm2) and observed that
silibinin inhibits UVB-induced apoptosis in JB6 cells, even though it
accelerates lesion removal. This dichotomy in silibinin’s effect led us
to consider that silibinin’s biological response is dependent upon the
extent of cellular damage caused by UVB. Furthermore, we also
observed that silibinin-mediated lesion removal is gradual and rela-
tively more effective at later time points. These results suggest that in
cells that have undergone moderate DNA damage, silibinin does not
promote apoptosis, rather orchestrates cell cycle checkpoint-mediated
growth arrest allowing more time for the cellular repair machinery to
remove the damage. Indeed, we observed a significant modulation of
cell cycle events with silibinin pretreatment including a decreased

Fig. 5. Silibinin mediates growth arrest and protects against apoptosis via
GADD45a induction. JB6 cells were transfected with control siRNA or
GADD45a siRNA and irradiated with UVB in the presence/absence of
silibinin and (A) immunoblotted for GADD45a and p53 and (B and C)
analyzed for cell cycle distribution and apoptosis. The quantitative data
shown are mean ± SEM of two independent experiments done in triplicates.
Sb, silibinin; ND, not detectable; NS, not significant; �P, 0.001;

��
P, 0.05.

Fig. 6. Effect of silibinin topical application on p53, GADD45a and CPD levels in SKH1 hairless mice skin epidermis. Silibinin was applied topically to SKH1
hairless mice pre- or post-UVB exposure as mentioned in Materials and methods. The dorsal skin was collected and analyzed for (A) p53 after 12 and 24 h of UVB
irradiation and (B and C) GADD45a and CPD levels after 12 h of UVB exposure. The mean densitometric values after normalization with respective loading
control i.e. b-actin is presented below the bands for p53 and GADD45a immunoblots. The densitometric values for CPD bands were normalized with respective
DNA loading and presented as mean ± SEM of two independent experiments.
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level of cyclin A and Cdk2 (data not shown). Indeed, in synchronized
cells, silibinin pretreatment clearly mediated a promiscuous delay in
cell cycle progression of UVB-irradiated cells, thereby rendering
damaged cells more time for DNA repair.

Upon formation of bulky lesions by UV, the cell ‘senses’ the dam-
age by means of phosphoinositide-3-kinase-related kinase family of
protein kinases like ataxia telangiectasia mutated, ataxia telangiecta-
sia mutated and Rad-3 related, DNA-dependent protein kinase, which
initiate signal transduction cascades involving Chk1 and Chk2 ulti-
mately leading to phosphorylation and stabilization of p53 protein
(45). In our earlier study, we have also reported the critical role of
phosphoinositide-3-kinase-related kinase family of protein kinases in
p53 activation in UVB-exposed JB6 cells (28). We also identified that
silibinin promotes the interaction between DNA-dependent protein
kinase and p53, and that DNA-dependent protein kinase plays an
important role in silibinin-enhanced p53 phosphorylation in UVB-
irradiated JB6 cells (28).

The protective role of p53 against diverse genotoxic stress, includ-
ing UV radiation, is well recognized. Remarkably, of all the hotspot
mutation sites identified in the p53 gene, five of them have the dipyr-
imidine sequence context (5#CCG and 5#CTG), which makes this
gene a particularly vulnerable target of UVB (46). p53 knockout mice
develop earlier and more aggressive skin tumors compared with their
wild-type littermates upon chronic UVB irradiation (47). Though well
known for its proapoptotic role, p53 actually has pleiotropic functions
and depending on the extent of damage it can induce apoptosis, cell
cycle arrest or even senescence. However, the selectivity of p53 re-
sponse i.e. preference for cell cycle arrest to apoptosis or vice versa is
still not clear (20). Speidel et al. showed that moderate expression of
p53 protein was associated with cellular senescence in NIH3T3 cells
upon exposure to Ionizing Radiation; however, upon ectopic over-
expression of p53 in these cells, the same dose of Ionizing Radia-
tion-induced apoptotic response (39). Therefore, the cellular response
mediated by p53 could be varied, but the underlying purpose is to
preserve genomic integrity, because of which it has been coined ‘the
guardian of the genome’. In our study, UVB-caused increase in p53
expression was transient, whereas the p53 level induced by silibinin
treatment and then UVB exposure was sustained even at much later
time points. This finding suggests that UVB-irradiated cells were
committed to apoptosis shortly after irradiation, whereas silibinin plus
UVB-treated cells were still arrested in G1/G2M phase via sustained
increase in p53 expression, in order to repair DNA damage efficiently.

Under normoxic conditions, p53 maintains the basal expression of
p21 and other cell cycle regulatory proteins necessary for proper
control of cell cycle progression, thus, its ablation might compromise
the cellular G1 checkpoint (40). This might explain why we observe
a spontaneously higher S phase population in p53 siRNA-transfected
cells. Moreover, in our studies, p53 ablation caused a marked sensi-
tization of JB6 cells toward apoptosis. This is contrary to the common
observation where ablation/mutation of p53 is often shown to confer
resistance against apoptosis in response to DNA damage and to en-
hance carcinogenesis in vivo (48). However, there are also studies in
fibroblasts where lack of p53 sensitizes them to UVB-mediated cyto-
toxicity (40). This effect has been linked to p53-mediated global
genomic repair (40,49). In the present study, p53 ablation might be
inactivating the G1 checkpoint as well as decreasing the repair capac-
ity of the cells and thereby sensitizing them toward apoptosis. Since
p53 knockdown cells were so sensitized to UVB-mediated apoptotic
death, we could not estimate the CPD level; however, our in vivo
findings do support the role of p53 induction in the protective effect
of silibinin against UVB-caused photodamage including CPD levels.

In our previous reports, we have consistently shown that p53 is
upregulated with UVB and silibinin (32,33,36); however, the down-
stream effector molecules involved have not yet been clearly identi-
fied. Interestingly, in the present study, p21/Cip1, the most widely
studied downstream target of p53, was shown to be downregulated with
silibinin pretreatment compared with UVB alone group (data not
shown). In fact, p21 ubiquitination is considered necessary for optimal
DNA repair in response to low but not high doses of UV (50). Thus,

silibinin pretreatment-mediated down regulation of p21 might actually
be promoting DNA repair of the damaged cells. However, this obser-
vation led us to investigate other p53 downstream molecule that might
be preferentially upregulated with silibinin pretreatment. GADD45a,
a member of the GADD45 family, was originally identified as a p53
effector gene since it harbors a p53-responsive element (51).
GADD45a knockout mice show similar characteristics as p53 knock-
out mice, such as chromosomal instability and increased radiation-
induced carcinogenesis (52). Recent in vivo and in vitro studies have
shown a tumor suppressive role of GADD45a in both NMSC and
melanoma, and GADD45 has been used as a biomarker to predict the
survival of melanoma patients (25,53,54). The present study is the first
report on the role of GADD45a in silibinin’s protective response and
warrants detailed studies to further characterize the relative importance
of this molecule in silibinin’s skin cancer preventive efficacy.

In conclusion, the present study is novel as it establishes for the first
time the preventive effects of silibinin against moderate dose of UVB-
mediated DNA damage and apoptosis, which are dependent upon p53
as well as its downstream target GADD45a induction. We propose
that silibinin treatment leads to a promiscuous delay in cell cycle
progression of irradiated cells via p53 and GADD45a upregulation,
which subsequently allows more time for CPD repair. Further mech-
anistic studies are warranted to understand silibinin’s effect on up-
stream events leading to p53 activation as well as to define its effect on
nucleotide excision repair machinery. Also, future studies are needed
in p53/GADD45a knockout mice to further support and confirm the
role of p53 and GADD45a in the preventive efficacy of silibinin
against UVB-induced photodamage. Nevertheless, our results clearly
establish the usefulness of silibinin against UVB-induced photodam-
age and suggest that silibinin use could be an effective strategy to
prevent accumulation of mutagenic lesions upon daily exposure to
UVB and therefore could be a practical strategy for the control of
early stages of NMSC.

Supplementary material

Supplementary Figures 1–3 can be found at http://
carcin.oxfordjournals.org/
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