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Abstract

Eukaryotic cellular machineries including the genome face continuous challenge from environmental deleterious agents, as well
as from the by products of their own metabolism. Our skin is the most important barrier. It protects us from xenobiotic and geno-
toxic agents including ultraviolet (UV) solar radiation and potential carcinogens, which are notorious for causing skin cancer. There
is a rise in non-melanoma skin cancer (NMSC), which is diagnosed in more than a million people every year in the United States
alone, and is also prevalent in the other Western countries. In addition to sunscreens, chemoprevention of skin cancer by natural
non-toxic compounds is suggested as an effective strategy to prevent the incidence of skin cancer. Our extensive animal studies on
silibinin, a non-toxic bioactive component in milk thistle, suggest that it has a strong potential to prevent skin cancer incidence,
promotion and progression in response to chemical carcinogens and tumour promoters as well as UV radiation. Our data suggest
that silibinin has multiple targets in the cell, and can be protective against the harmful effects of cytotoxic agents such as reactive
oxygen species and inflammation. Further, silibinin modulates mitogenic and survival signalling, p53, Cip1/p21 and other cell cycle
regulatory molecules to prevent UVB-induced skin carcinogenesis. Our ongoing studies also suggest the positive effect of silibinin on
the repair of UVB-induced DNA damage in mouse skin. Overall, the protective efficacy of silibinin against skin cancer is supported
by sound mechanistic rationale in animal and cell culture studies, and suggests its potential use for humans.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Transformation of normal cells into the malignant
state is determined by a number of factors that influence
genetic as well as epigenetic molecular events. Muta-
genic agents primarily cause oncogenic mutations
including those in tumour suppressor genes that lead
to tumour initiation. This is followed by non-mutagenic
changes by endogenous and/or exogenous tumour
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promoters that increase the growth and proliferation
of initiated cells. At later stages, additional changes at
genetic as well as cellular level accelerate these processes
during tumour progression. Mouse skin has been used
as a standard paradigm to study all three stages – initi-
ation, promotion and progression of carcinogenesis.
Mouse models are also used to establish inflammatory
responses to various xenobiotic agents including ultravi-
olet (UV) radiations and chemical carcinogens [1]. Many
cell lines, representing initiation, promotion and pro-
gression of skin carcinogenesis have also been developed
to study the detailed biological mechanisms in vitro and
to identify critical targets for the prevention and better
therapeutic outcomes [1–3].
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Fig. 1. Chemical structure of naturally occurring flavanone, silibinin,
which is isolated from milk thistle (Silybum marianum).
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Although, awareness of the risk of skin cancer is
increasing, numbers of cases of non-melanoma skin can-
cer (NMSC) as well as melanoma are expected to rise
possibly due to increased popularity of outdoor activi-
ties such as sun-tanning; migration of fair-skinned indi-
viduals to more sun-intensive regions; and depletion in
atmospheric ozone [4,5]. UV solar radiation consists of
UVA (320–400 nm), UVB (280–320 nm) and UVC
(200–280 nm). About 1–10% of solar radiation reaching
the earth surface is comprised of UVB; the remainder is
UVA. UVB is known to initiate tumour development. It
is also a complete carcinogenic agent for the growth and
development of NMSC, which is diagnosed in more
than a million people each year in the United States of
America alone [5,6]. UVB radiation exerts its tumour
initiating effects primarily through the formation of cyc-
lobutane pyrimidine dimers and 6–4 photoproducts [7,8]
in DNA, in addition to generation of reactive oxygen
species leading to the damage of DNA and other molec-
ular targets [9]. UVB is also known to cause sunburn,
photoaging and immunosuppression depending on the
levels of exposure [10–14]. UV radiation is also causally
linked with melanoma development, which is influenced
by skin pigmentation as well as geographical parameters
such as latitude and altitude [15]. Sunscreens are com-
monly used to protect the skin from UVB radiation,
however, the incidence of morbidity from NMSC and
expenses for medical care are still increasing, suggesting
their ineffectiveness to protect from UVB radiation
[16,17]. Many epidemiological studies suggest that more
than two-thirds of cancer cases could be prevented by
modification in lifestyle factors including dietary pattern
[18–20]. In such scenario, it is most likely that the use of
non-toxic natural agents targeting initiation, promotion
and/or progression could be an additional and more
effective approach in controlling NMSC [21–25]. By
now, this hypothesis has been tested using many non-
toxic naturally occurring agents, including green tea,
black tea, epigallocatechin galate, silymarin and silibinin
against UVB-induced mouse skin carcinogenesis with
encouraging results [24,26–29].

The present review is focused on the efficacy and
mechanisms of silibinin mainly against UVB skin car-
cinogenesis, including studies done with its crude form
silymarin. In earlier studies, we used silymarin that
showed strong protection against photocarcinogenesis
in SKH-1 hairless as well as chemical carcinogenesis
in SENCAR mouse skin [27,30–33]. After identifying
silibinin as the major bioactive pure compound in fla-
vanolignan mixture silymarin, subsequent studies were
done with silibinin only. The encouraging photoprotec-
tive effect of which has formed the basis of our ongo-
ing research program �silibinin and skin cancer
prevention�. A brief background of silibinin is provided
below before discussing the details of its photoprotec-
tive effects.
2. Silibinin

Silibinin is a major bioactive flavanone (Fig. 1) pres-
ent in milk thistle seeds, which has been used as a tradi-
tional medicine for about 2000 years to treat various
liver conditions. It was first mentioned by Pliny in the
first century. At present, milk thistle extract is sold as
dietary supplement throughout Europe, Asia and the
USA as a remedy for liver-related ailments. The sale
of this dietary supplement is lucrative, amounting to
millions of dollars per year [34]. Milk thistle (Silybum
marianum (L.) Gaertn.; Family: Asteraceae or Compos-
itae) plant is a branching annual or biennial and 1–2 m
in height. It is indigenous to Mediterranean region,
southwest Europe; cultivated for centuries and natura-
lised in much of Europe and North America, especially
California. Silymarin, a flavanolignan complex, was first
isolated from milk thistle seeds in the late 1960s. It con-
stituted �5% of dry weight of ripe fruits and primarily
consisted of silibinin (silybin), silychristin (silichristin),
silidianin and dihydrosilybin [35]. Silymarin/silibinin is
clinically used as a hepatoprotective agent and to treat
alcoholic liver diseases in Europe and recently in Asia
also.

Several studies have shown that silibinin and silyma-
rin are very strong antioxidants, capable of scavenging
both free radicals and reactive oxygen species (ROS),
is approximately 10-fold more potent than vitamin E
and can strongly enhance cellular antioxidant defense
mechanisms. Their hepatoprotective activity has been
demonstrated in numerous experimental models of toxic
liver damage, which is based on different mechanisms of
action including interaction with hepatic cell mem-
branes, inhibition of malondialdehyde formation, block-
ing binding sites and hindering the uptake of toxins [36].
In clinical studies, silibinin has shown protective and
curative effects on liver damage resulting from highly
toxic compounds such as phalloidin and a-amanitin
(from Amanita phalloides) [37]. It has been used with
success in toxic-metabolic liver damage, ranging from
fatty liver through to hepatitis and actual hepatic cirrho-
sis, caused by toxic substances, drugs, or exposure to
irradiation [38,39].

In vivo studies of both silibinin and silymarin show
that these agents are well tolerated and do not cause
any significant adverse health effects. At different doses
and modes of administration to laboratory animals,



R.P. Singh, R. Agarwal / European Journal of Cancer 41 (2005) 1969–1979 1971
both agents have been shown to be non-toxic without
any known adverse health effect [36,40]. We also found
that silibinin feeding to nude mice at 0.1% (w/w) in diet
for 2 months does not result in any apparent sign of tox-
icity including change in body weight [41]. Similarly, we
observed that dietary feeding of silymarin at 0.01–1%
(w/w) doses to rats for two weeks and silibinin upto
2 g/kg dose for 16 days in SENCAR mice do not result
in any adverse change in body weight gain and diet con-
sumption [42]. These studies indicate the non-toxic nat-
ure of silibinin, which is an essential criterion for
potential chemopreventive agent.
3. Anticancer efficacy of silibinin against epithelial

cancers

Our earlier study identified silibinin as the anticancer
agent within silymarin [43]. Over the years, many inves-
tigations have used various sources of the primary com-
pound, silibinin, including those as silymarin. There are
extensive data, which support silibinin (including silym-
arin) use as a chemopreventive agent against skin cancer
in mouse models [33] and human prostate cancer xeno-
graft growth in nude mouse model [41]. Furthermore, in
cell culture studies, silibinin shows growth arrest in
many human epithelial cancer cell types including skin
[33], prostate [44], breast [43], cervical [43], bladder
[45], colon [42] and lung [46]. Recent studies by us also
found that silibinin feeding in diet inhibits human colon
tumour xenograft growth in nude mice. Others have
shown that dietary silymarin feeding prevents chemical
carcinogen-induced colon carcinogenesis in rats [47].
Additionally, we have also observed the inhibitory effect
of dietary silibinin on animal models of lung [48], blad-
der and pancreas (unpublished data) malignancies. Sev-
eral short-term cell culture and long-term animal studies
in the past have suggested that silymarin may be a po-
tent anticarcinogenic agent. For example, in in vitro car-
cinogenesis studies, silymarin has been shown to inhibit
the formation of transformed rat tracheal epithelial cell
colonies arising from exposure to the carcinogen ben-
zo(a)pyrene. Furthermore, it confounded phorbol-ester-
and other skin tumour promoter-mediated induction of
epidermal ornithine decarboxylase (ODC) activity and
mRNA expression in mouse skin, and tumour promo-
tion in the mammary gland organ culture initiation-
promotion protocol (reviewed in [33]). Overall, these
findings suggest a wide range of anticancer activities of
silibinin against epithelial cancers.
4. Skin cancer prevention by silibinin

Our studies have shown a strong protective effect of
silibinin and silymarin in cell culture as well as in
preclinical long-term UVB and chemical-induced skin
carcinogenesis mouse models (reviewed in [33]). Since,
the focus of this review is on photocarcinogenesis, only
a brief mention of the preventive and therapeutic effi-
cacy of silibinin/silymarin in chemical-induced skin car-
cinogenesis models is included. Our studies show that
silymarin inhibits both stages of tumour promotion in
DMBA (7,12-dimethylbenz(a)-anthracene)–TPA (12-O-
tetradecanoyl-13 phorbol acetate) and DMBA-MEZ
(mezerein) SENCAR mouse skin carcinogenesis models,
characterised by prolonged latency period of tumour
development; and inhibition of tumour incidence, multi-
plicity and volume [31]. In other studies where free rad-
ical generating agents, such as benzoyl peroxide (BPO)
or okadaic acid were used as tumour promoters after
DMBA treatment, a similarly strong antitumour pro-
moting effect of silymarin was observed as in the
DMBA-TPA protocol [49,50]. Further, in a therapeutic
protocol, dietary feeding of silymarin caused regression
of established skin tumours in the DMBA-TPA SEN-
CAR mouse model, which was accompanied by inhibi-
tion of cell proliferation and induction of apoptotic
cell death in tumour cells [32]. Overall, these findings
provide evidence for the preventive and therapeutic effi-
cacy of silibinin/silymarin against chemical-induced skin
carcinogenesis in mouse models.

The most frequently used and reliable preclinical ani-
mal model of photocarcinogenesis is the SKH-1 hairless
mouse strain [5]. This model allows the observation of
the initiation, promotion and progression stages of skin
carcinogenesis when mice are irradiated with UVB at
least twice or thrice a week at appropriate dose levels.
After UVB exposure, epidermal hyperplasia is evident
representing high-risk mice, further irradiation leads to
the development of benign papillomas and most of them
progress to squamous cell carcinomas (SCC). These
characteristics of the model closely mimic the human
form of NMSC development in response to sunlight
exposure representing 96% of human form of skin can-
cer (remaining 4% is melanomas). Therefore these mod-
els have been used extensively to study mechanisms as
well as prevention of photocarcinogenesis.

An early photocarcinogenesis study was done with
topically applied silymarin, in which it inhibited UVB-
induced tumour initiation, promotion and complete car-
cinogenesis in SKH-1 hairless mouse skin [27]. In this
study, silymarin caused an increase in the latency period
of tumour appearance; and a decrease in tumour inci-
dence, multiplicity and volume. In a recently completed
study, we used silibinin both via topical as well as die-
tary administration in order to investigate the interac-
tion of silibinin at the molecular level in skin
epidermal cells and assess the possible sunscreen effect,
if any, in its preventive efficacy against photocarcino-
genesis in SKH-1 hairless mouse skin [29]. Three differ-
ent protocols were used, in which silibinin was applied
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topically prior to or immediately after UVB, or fed in
diet. Silibinin treatments resulted in a moderate decrease
in tumour incidence and increased the latency period
(appearance of first tumour) by up to 4 weeks, and it af-
fected tumour multiplicity and tumour volume strongly
[29]. The most profound effect of silibinin was observed
on tumour volume in which silibinin showed a decrease
by 80–97% in volume per mouse or per tumour at the
end of 25 weeks of the study. These studies show con-
vincingly a strong protective effect of both topically ap-
plied (prior to or immediately after UVB) as well as
dietary-fed silibinin against UVB-induced tumourigene-
sis in mouse skin. We also observed that dietary silibinin
was well tolerated by mice in terms of food consumption
and did not show the loss in body weight, and that top-
ical and dietary silibinin treatments did not exert any ad-
verse health effects in mice. Moreover, dietary silibinin
also prevented the loss of body weight caused by UVB
treatment in these mice.
5. Silibinin inhibits UVB-induced DNA damage in mouse
skin

DNA damage is the foremost requirement for the ini-
tiation of photocarcinogenesis. In UV skin tumourigen-
esis, 80–90% of carcinogenic dose of sunlight is derived
Fig. 2. Effect of silibinin on UVB-induced DNA damage, alterations in p53
such as thymine dimer formation in mouse skin epidermal cells leading to
which, if not repaired, can form �initiated cells�. These cells can undergo thro
involving many biochemical and molecular changes to form basal and squam
increasing and inhibitory/decreasing effects of silibinin on different biochemica
respectively.
from UVB radiation [5]. UVB is known to directly inter-
act with DNA forming a variety of photoproducts
including thymine dimers, 6–4 photoproducts, cytosine
photohydrates, DNA-DNA or DNA-protein cross-links
and DNA strand breaks [5,7]. Moreover, the formation
of thymine dimers is frequent and the most frequently
studied form of UVB-induced DNA damage, and occurs
three times more often than other photoproducts [51].
Cyclobutane/thymine dimers, if left unrepaired, cause
CC to TT or C to T mutations after DNA replication,
which have been frequently observed in the tumour sup-
pressor p53 gene in NMSC, actinic keratoses and sun/
UV-damaged skin [5]. These studies suggest that inhibi-
tion of UVB-induced DNA damage by chemopreventive
agents could reduce the incidence of skin cancer.

In animal studies, thymine dimer formation usually
peaks at 1 h after UVB exposure, suggesting that the ini-
tiation step is quicker than the prolonged promotion
and progression steps in photocarcinogenesis [52]. In
our studies, silibinin showed strong inhibition of UVB-
induced thymine dimer formation in SKH-1 hairless
mouse skin epidermis as assessed by immunostaining.
More importantly, the inhibitory effect of silibinin was
almost similar irrespective of whether it was topically
applied prior to or immediately after UVB exposure of
mouse skin, accounting for 85% and 76% inhibition,
respectively [53]. Further, we have observed that dietary
and different stages of photocarcinogenesis. UVB causes DNA damage
mutations in tumour suppressor genes such as p53 and/or oncogenes,
ugh promotion and progression phases in response to UVB exposure
ous cell carcinoma of skin during photocarcinogenesis. The activation/
l and biological events are indicated by upward and downward arrows,
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fed silibinin also reduces the number of UVB-induced
thymine dimer-positive cells in mouse skin epidermis
[54]. These findings clearly suggest that silibinin interacts
at the molecular level to prevent UVB-induced DNA
damage in mouse skin and that could, in part, be
responsible for the inhibitory effect of silibinin on
UVB-induced skin tumour initiation (Fig. 2).
6. Silibinin inhibits skin inflammation

Skin inflammation is marked by the infiltration and
accumulation of neutrophils in response to UV radia-
tion and chemical tumour promoters [55]. Most of the
studies on skin inflammation were done with silymarin
where we observed strong inhibition of tumour pro-
moter-induced arachidonic acid metabolism accompa-
nied by inhibition of myeloperoxydase, lipoxygenase
and cyclooxygenase activities in mouse skin [30]. In-
creased myeloperoxydase activity is associated with neu-
trophil infiltration, while increased metabolism of
arachidonic acid via lipoxygenase and cyclooxygenase
(COX) forming hydroxyeicosatetrenoic acid (HETE)
and prostaglandin (PG) metabolites, is associated with
skin inflammation and tumour promotion [56,57]. Many
inflammatory agents and tumour promoters are known
to activate inducible COX (COX-2) leading to forma-
tion of PG metabolites in mouse epidermis. Silymarin
selectively inhibits TPA-induced COX-2 expression
and activity without affecting COX-1 expression in
mouse epidermis [30]. In additional studies, silymarin
inhibited tumour promoter-induced expression of
inflammatory cytokines TNFa and IL-1a in mouse epi-
dermis [30,49]. In a short-term study, silymarin also
inhibited the formation of UVB-caused cutaneous ede-
ma in mouse skin [27]. These findings showing inhibitory
effects of silymarin on arachidonic acid metabolism and
on the expression of inflammatory cytokines provide a
rationale for its anti-inflammatory effect, which might
also be linked to the inhibition of tumour promotion
in skin tumourigenesis.
7. Silibinin inhibits UVB-induced epithelial cell

proliferation and damage in skin

Basal cells in skin epidermis with sustained UV-
signature mutation represent �initiated cells� [58]. During
tumour promotion, these cells undergo clonal expansion
forming actinic keratoses in human or benign papillomas
in mouse skin [5]. In animal experiments, UVB is known
to cause increased cell proliferation in SKH-1 hairless
mouse skin leading to epidermal hyperplasia [59]. Prolif-
erating cell nuclear antigen (PCNA), a co-factor of DNA
polymerase, is a widely accepted qualitative as well as
quantitative molecular marker of cellular proliferation
[60]. Our studies show that silibinin strongly inhibited
UVB-induced PCNA-positive cells in mouse skin epider-
mis [53]. This inhibitory effect of silibinin on UVB-
induced cell proliferation was observed in both acute
and chronic UVB exposure protocols [29,53]. Further-
more, this antiproliferative effect on skin epithelial cells
was evident after topical application of silibinin, pre- or
post-UVB exposure, as well as in dietary feeding proto-
cols [29,53]. In one of our acute UVB exposure studies,
topical application of silibinin prior to or immediately
after UVB exposure at 180 mJ/cm2 resulted in up to
52% inhibition in UVB-induced epidermal cell prolifera-
tion after 1–12 h of UVB exposure in SKH-1 hairless
mice [53]. These results suggest that inhibiting cell prolif-
eration could be one of the mechanisms bywhich silibinin
inhibits UVB-induced skin tumour promotion.

Consistent with its inhibitory effect on UVB-caused
DNA damage, silibinin inhibits UVB-induced apoptotic
and sunburn cell formation in mouse skin. In acute
UVB exposure, silibinin treatment prior to or immedi-
ately after UVB exposure inhibited UVB-induced apop-
tosis, as observed by both TUNEL and H&E staining.
This accounted for up to 70% decrease in UVB-induced
apoptotic sunburn cell population [53]. UVB-mediated
apoptosis involves caspase-dependent pathway [61]. Un-
der similar condition and consistent with inhibition of
skin damage pre- or post-treatment with silibinin, a
remarkable decrease in the number of UVB-induced
cleaved caspase 3-positive cells in mouse skin was shown
[29,53]. Similar to the inhibitory effect of silibinin on
UVB-caused sunburn and apoptotic cells formation in
SKH-1 hairless mouse skin epidermis, in an earlier
short-term study, silymarin also showed comparable
responses [27]. Overall, these findings provide a solid
indication of the preventive effects of silibinin on
UVB-induced epidermal cell proliferation and skin dam-
ages, which could, in part, account for the chemopreven-
tive efficacy of silibinin against photocarcinogenesis
(Fig. 2).
8. Effect of silibinin on UVB-induced p53 activation

The tumour suppressor p53 is a tightly regulated pro-
tein, and known to play a crucial role in response to
DNA damage or oncogene activation by arresting cell
proliferation when the damage/stress is mild or by
inducing apoptosis when the damage/stress is severe
[62–64] (Figs. 2 and 5). One important cellular response
occurring after UVB exposure or UVB-caused DNA
damage is the phosphorylation of p53 at various serine
sites that increases the half-life of p53 causing its stabil-
ization and accumulation [59,64]. This is followed by an
increase in nuclear level of p53 where it forms a homo-
tetrameric complex, the active form of the transcription
factor, that binds to target genes having p53 specific
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DNA-binding sites and acts as transcriptional activator
or suppressor [64–66]. Ubiquitylation and degradation
by 26 s proteosome is another important post-transla-
tional modification that regulate the level of p53 [67].
Furthermore, p53 is highly mutated in its specific
DNA binding core domain during the cancer develop-
ment resulting in a full length inactive mutant p53 pro-
tein as observed in many different form of cancers
including skin cancer [68]. Mutations in p53 gene have
been observed in 50–60% of NMSC in humans, and
the mutation sites are mostly similar to that induced
by UVB in mouse skin as well as skin tumours [68].
These findings establish the critical role of p53 in initia-
tion as well as subsequent progression of photo-
carcinogenesis.

Based on our results showing inhibition of UVB-
caused DNA damage by silibinin, the role of p53 in pre-
ventive efficacy of silibinin against photocarcinogenesis
was anticipated. Similar to earlier reports showing p53
accumulation in mouse epidermis following 8–12 h of
UVB exposure [52], we also observed an increase in
p53-positive cells in SKH-1 mouse skin after UVB expo-
sure, which was further increased by pre- or post-topical
application or dietary feeding of silibinin on mouse skin
[29,53]. Silibinin also increased the level of p53 in UVB-
induced tumours in long-term study [29]. In cell culture
experiments, we have observed that silibinin increases
UVB-induced p53 protein by serine 15 phosphorylation
and stabilization in tumour promoter sensitive epider-
mal JB6 cells, which are associated with apoptotic cell
death [69]. However, at lower UVB dose, silibinin pro-
tects HaCaT cells from under going apoptosis suggest-
ing its role in cell cycle arrest for possible DNA repair
[70]. This is in accord with the reports showing that
the level of p53 accumulation depends on the extent of
DNA damage and that lower levels of p53 correspond
to cell cycle arrest [71]. In animal experiments, we have
also observed inhibitory effect of silibinin on mutant p53
protein (unpublished data). In our ongoing studies, now
we have focused our attention to dissect out the detail
mechanisms of p53 regulation by silibinin in response
to UVB and its biological significance in cell cycle regu-
lation, apoptosis and DNA repair. Nonetheless, these
findings suggest that p53 could be an important media-
tor of preventive efficacy of silibinin against photocarci-
nogenesis (Figs. 2 and 5).
Fig. 3. Differential effects of silibinin on UVB-induced MAPKs
signalling in normal skin and UVB-induced skin tumours. According
to our proposed hypothesis, inhibition of UVB-induced MAPKs
signalling in skin by silibinin would lead to its antiproliferative action;
while its further activation in skin tumours would cause apoptotic
death of tumour cells. The activating/increasing and inhibitory/
decreasing effects of silibinin on different biochemical and biological
events are indicated by upward and downward arrows, respectively.
MAPK, mitogen-activated protein kinase; ERK, extracellular signal-
regulated protein kinase; JNK, c-Jun amino-terminal kinase.
9. Effect of silibinin on UVB-induced mitogenic signalling

Mitogen-activated protein kinases (MAPKs) are acti-
vated by a wide variety of extracellular stimuli, including
UVB. They are important upstream regulators of many
transcription factors including AP1, and control cellular
events such as proliferation and apoptosis [72–74].
MAPKs are serine/threonine protein kinases and consist
of extracellular signal-regulated protein kinase (ERK)
1/2, c-Jun amino-terminal kinase (JNK)1/2 and p38,
which are activated individually or in tandem depending
on the nature of the stimuli [72]. MAPKs signalling reg-
ulate the extent and nature of UVB radiation-induced
cellular responses [74]. In this context, ERK1/2 activa-
tion causes both cell proliferation and survival, and
JNK1/2 and p38 are known to exert both anti- and
pro-apoptotic functions [72–74]. JNK1/2 and p38 also
mediate various forms of cellular stress including dam-
age repair mechanisms and cell growth arrest [72,75].
Overall, UV radiation-caused activation of MAPK fam-
ily protein kinases and their roles in cell proliferation,
cell cycle, apoptosis and cell survival regulation influenc-
ing UVB-induced tumourigenesis, have been well stud-
ied in recent years by many investigators (Fig. 3).

In an acute UVB exposure protocol, we observed that
topical or dietary silibinin inhibited UVB-induced acti-
vation of ERK1/2, JNK1/2 and p38 signalling in
SKH-1 hairless mouse skin [76]. However, in a chronic
UVB exposure protocol, topical or dietary silibinin
showed further increase in UVB-induced activation of
ERK1/2, JNK1/2 and p38 kinases in tumour samples,
but also inhibited activation of these molecules in chron-
ically-UVB exposed non-tumour bearing skin [29]. Since
ERK1/2 activation has been reported to inhibit cell cy-
cle progression via cyclin-dependent kinase inhibitors
(CDKIs) upregulation [77], and activation of JNK1/2
and p38 is widely reported to accompany apoptosis
induction [75], our findings suggest dual roles of MAPK
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pathways in silibinin efficacy against photocarcinogene-
sis (Fig. 3).
Fig. 4. Effect of silibinin on UVB-induced survival signalling in
photocarcinogenesis. UVB activates Akt signalling and survivin for
tumour cell survival, which are inhibited by silibinin for resulting in
cellular apoptotic death through caspase-mediated pathway. The
activating/increasing and inhibitory/decreasing effects of silibinin on
different biochemical and biological events are indicated by upward
and downward arrows, respectively.
10. Effect of silibinin on UVB-induced apoptotic and

survival signalling

Photocarcinogenesis involving DNA damage could
generate enough stress to induce apoptotic deletion of
the damaged cells through activation of apoptotic pro-
teins such as Bax or by down-regulation of antiapopto-
tic proteins such as bcl-2 and cellular inhibitor of
apoptosis in p53-dependent or -independent manner
[66,78,79]. Apoptotic pathways are presumably acti-
vated when cellular response pathways are failed for
DNA repair and cell survival [79,80]. Failure to trigger
apoptosis in DNA damaged cells do not only predis-
pose to the development of malignancies, but also in-
creases resistance of growing tumours to irradiation
and chemotherapeutic as well as chemopreventive
agents [79]. UVB-induced apoptosis is mainly executed
through the activation of intracellular caspases, which
cause cleavage of substrates leading to final demise of
the cell.

Our extensive studies with UVB irradiation show dif-
ferential effects of silibinin on apoptosis induction in
UVB-exposed mouse skin and UVB-induced mouse
skin tumours [29,53]. In the former case, it inhibits
apoptosis while in the latter it promotes apoptosis;
and both these events most likely predispose for chemo-
preventive efficacy of silibinin against photocarcinogen-
esis. Our studies involving topical application of
silymarin or both topical and dietary administration
of silibinin show strong protection from acute exposure
of UVB-caused sunburn and apoptotic cell formation in
SKH-1 hairless mouse skin [27,53]. However, silibinin
was found to promote apoptosis in mouse skin when
mice were chronically exposed to UVB for 25 weeks
[29]. Similarly, the number of apoptotic cells was in-
creased following silibinin treatment in UVB-induced
skin tumours [29]. These observations are based on both
terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) and cleaved-caspase 3
immunostaining of uninvolved skin and skin tumours
that showed 2–4-fold increase in apoptotic cells in silib-
inin plus UVB groups as compared to UVB group alone
[29]. A thorough analysis of these findings engenders the
suggestion that silibinin may act as sensor for apoptotic
induction depending on levels of DNA damage by UVB
exposure.

In addition to antiapoptosis, survival signalling plays
a prominent role in the development of cancer. PI3K-
Akt signalling is known to render the survival of tumour
cells exquisitely responsive to levels of growth factors
[81,82]. It has been observed that p53 also plays an
important role in Akt-down regulation predisposing
cells to rapid apoptosis in response to a combination
of cellular stress and decreased survival signals [83]. In
a recent study, we have shown high levels of Akt
(Ser473) phosphorylation in UVB-induced skin tu-
mours, and almost complete down-regulation of Akt
(ser473) activation in the tumours obtained from the
silibinin-treated groups. This suggests the possible
involvement of down-regulation of Akt signalling in
apoptosis upregulation by silibinin, in its efficacy against
photocarcinogenesis [29] (Fig. 4). Survivin, an inhibitor
of apoptosis, is another molecule known to interact with
caspases and suppress apoptosis (reviewed in [84,85]).
Survivin expression in mouse skin is reported to prevent
papilloma regression and promote tumour progression
[86]. In our studies, silibinin decreased survivin level in
UVB-induced tumours (Fig. 4), suggesting the involve-
ment of multi-signalling pathways, including p53, Akt
and survivin in apoptosis regulation by silibinin in
photocarcinogenesis.
11. Effect of silibinin on UVB-induced cell cycle

progression-related events

There is evidence that enhanced expression of cell
cycle regulatory proteins such as cyclin-dependent
kinases (CDKs) and cyclins, and/or decreased or loss
of expression of CDKIs are causally involved in



Fig. 5. Effect of silibinin on UVB-induced cell cycle regulatory
proteins in photocarcinogenesis. UVB alters CDKI–CDK–cyclin as
well as p53 and PCNA in favor of G1-S phase cell cycle progression
and increased cell proliferation in tumour cells, which are modulated
by silibinin to halt cell cycle progression as well as cell proliferation in
its anti-photocarcinogenic efficacy. The activating/increasing and
inhibitory/decreasing effects of silibinin on different biochemical and
biological events are indicated by upward and downward arrows,
respectively. CDK, cyclin-dependent kinase; CDKI, CDK inhibitor;
PCNA, proliferation cell nuclear antigen.
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photocarcinogenesis [62,87,88] (Fig. 5). Cell cycle regu-
lation plays an important role in maintaining the genet-
ic integrity of the cell, when it is challenged by
biological or environmental genotoxins such as UVB
radiation [62]. A prolonged G1 phase of the cell cycle
is characteristic of UVB-induced DNA damaged cells,
which allows cells enough time to repair DNA damage
[62,65]. This is usually accompanied by an increase in
CDKI, Cip1/p21 protein, the universal inhibitor of cell
cycle progression, in p53-dependent or -independent
manner, which plays a crucial role in the adaptive
response after UVB exposure to prevent the progres-
sion of cells through the S phase of cell cycle and inhi-
bit proliferation in DNA defective cells [78]. Therefore,
it has been suggested that the agents causing increase in
G1 arrest after UVB exposure could be helpful in
allowing sufficient time to cells for the correction of
UVB-induced DNA damage.

In an acute UVB exposure protocol, our studies
showed that silibinin up-regulates UVB-induced level
of Cip1/p21 protein in SKH-1 hairless mouse skin epi-
dermis [53]. Cip1/p21 is also known to inhibit cell prolif-
eration by direct binding with PCNA thereby inhibiting
the expression of growth responsive genes [89]. As ex-
pected, silibinin also inhibited UVB-induced cell prolif-
eration in skin epidermal cells [53]. Since silibinin
caused similar increases in p53 protein and in Cip1/
p21, there is a strong possibility that the increase by sil-
ibinin in UVB-activated p53–Cip1/p21-mediated events
impact on its antiphotocarcinogenic efficacy.

In a chronic UVB exposure protocol, tumour tissues
from the UVB group showed an increase in levels of cyc-
lins A, E and D1 and CDK2; which were decreased
when mice were treated with silibinin prior to or imme-
diately following UVB, or fed in diet [29]. Silibinin also
increased the protein levels of CDKIs, Cip1/p21 and
Kip1/p27 in tumours, which are known to negatively
regulate G1-S transition by inhibiting CDK–cyclin ki-
nase activity [29,90]. Kip1/p27 is upregulated in re-
sponse to antiproliferative signals [91]. Overall,
silibinin-induced expression of Cip1/p21 and Kip1/p27
was accompanied by a decrease in CDK2, CDK4, cyclin
A, cyclin E and cyclin D1 levels, and decreased CDK–
cyclin kinase activity leading to cell cycle arrest in tu-
mour cells. These findings suggest that inhibition of cell
cycle progression with a concomitant decrease in cell
proliferation might be one of the mechanisms of chemo-
preventive efficacy of silibinin against UVB-induced skin
tumourigenesis (Fig. 5).
12. Silibinin accelerates repair of UVB-induced DNA

damage in skin

One of the most important characteristics of UVB-
caused carcinogenesis is DNA damage and mutagenesis,
as exemplified by the formation of thymine dimers, better
known as �hot spots� of UVB mutagenesis [8,92]. The pri-
mary biological response to DNA damage in living cells
is DNA repair. A dynamic equilibrium is maintained be-
tween the extent of DNA damage and the efficiency of
DNA repair [92,93]. If the DNA repair system is faulty
or inefficient, the mutation frequency increases leading
to an enhanced susceptibility of cancer risk [94]. This
phenomenon is best understood in a hereditary form of
human disease called xeroderma pigmentosum (XP), in
which DNA repair system (nucleotide excision repair)
is defective with a striking increased risk of individuals
to develop skin cancer upon exposure to sunlight.

In our study, silibinin treatment resulted in a remark-
able decrease in UVB-caused thymine dimer-positive
cells in mouse skin as early as 1 h after UVB irradiation
[53]. We also observed an enhanced rate of decrease in
thymine dimer-positive cells in presence of silibinin after
a single UVB exposure in mouse skin (unpublished data).
The decrease in DNA damage kinetics by silibinin sug-
gests the possible involvement of the DNA repair system
in the chemopreventive efficacy of silibinin against
photocarcinogenesis. However, more studies are needed
to investigate the effect of silibinin on DNA repair mech-
anisms such as nucleotide excision repair, base excision
repair and mismatch repair, which operate in the pres-
ence of base damage caused by UVB radiation [92].
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13. Conclusions

Plants and plant-products have been in use by hu-
mans throughout the world for centuries as traditional
cure for various diseases including cancer. In recent
times, many dietary and non-dietary phytochemicals
are being investigated to explore and provide scientific
basis for their possible anticancer effects at different lev-
els in various models of carcinogenesis. Extensive stud-
ies with silibinin for its cancer chemopreventive
efficacy suggest that it modulates many cellular, bio-
chemical and molecular events causally liked with the
development of cancer including photocarcinogenesis.
The strong protective effect of silibinin against photo-
carcinogenesis is the corollary of favorable chemopre-
ventive effects including; (a) inhibition of skin
inflammation, DNA damage, epithelial cell proliferation
and sunburn; (b) alteration of mitogenic, apoptotic and
survival signalling; (c) activation of p53; (d) induction of
cell cycle arrest; and (e) enhanced repair of DNA dam-
age. These mechanism-based non-toxic photoprotective
effects of silibinin form a genuine case supporting its
clinical evaluation in high-risk human populations,
and its further development as a skin cancer chemopre-
ventive drug. In our current research program, studies
are in progress to further define and explore the different
molecular events involved in the prevention of skin can-
cer by silibinin.
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