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Introduction

Apoptosis, a physiological model of cell death, in which
the cell itself executes the program for its own demise and
subsequent removal, is an active field of research worldwide
by scientists engaged in the search for cancer
chemopreventive agents. Recent studies have identified
several molecules common to the regulation of the cell cycle
and apoptosis. Dual roles of these molecules such as ras,
p53, survivin and bcl-2 provide a rational linkage between
cell cycle and apoptosis (Vermeulen et al, 2003; Lin et al,
2005, Stoklsa and Golab 2005; Garcia et al, 2003). Among
these factors, tumor suppressor p53 gene performs a pivotal
role switching between cell cycle regulation and apoptosis
induction (Vogelstein 2000). It is reported that differential
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Abstract

Many chemopreventive agents appear to target signaling intermediates in apoptosis-inducing pathways. Inherently,
the process of neoplastic conversion selects against apoptosis to initiate, promote, and perpetuate the malignant
phenotype. Thus, targeting apoptosis pathways in pre-malignant cells, in which these pathways are still relatively
intact, may be an effective module of cancer prevention. Diallyl sulfide (DAS), a naturally occurring organosulfide,
present in garlic, is reported to have   pleiotropic biological effects. DAS is known to inhibit chemically induced
tumors in a number of in vivo and in vitro studies. The aberration of tumor suppressor gene, p53 and the ras
oncogene have been linked to the induction of multiple signaling pathways and to the resistance offered by cancer
cells to the apoptosis. Therefore, the present study was carried out to investigate the role of DAS on modulation of
multiple p53 and ras-induced signaling pathways in 7,12-dimethylbenathacene (DMBA) induced skin carcinogenesis.
The results showed that DAS up regulates expression of tumor suppressor protein p53 (wt p53) and its downstream
target molecule p21/waf1. Proapoptotic protein, bax was upregulated by DAS supplementation. An opposite trend
was observed in DMBA induced antiapoptotic proteins expressions, survivin and bcl-2, which were significantly
downregulated by DAS supplementation. In the present study we also demonstrated that DAS supplementation
significantly reduces the expression of ras oncoprotein and to modulate expression of its signaling molecules including
PI3K/Akt and MAPKs. Western blot analysis demonstrated that DAS significantly reduced the DMBA induced
protein expressions of PI3K/Akt and p38MAPK. However, DAS supplementation did not alter the expression JNK1
and ERK1/2. Thus, our results confirm that DAS can adopt a multi-prong strategy to target multiple signaling
pathways leading to induction of apoptosis and inhibition of growth of DMBA induced skin tumors in Swiss albino
mice. Although studies of single pathways have been helpful in guiding investigations, new tools to study the integration
and multiplicity of signaling pathways hold the hope of improved understanding of the signaling pathway alterations
in cancer chemoprevention by naturally occurring compounds.
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transregulation by p53, which means transactivation or
transrepression of different subsets of p53 target genes, was
important to determine what downstream event would be
elicited (Szak et al, 2001). Nonetheless, more details about
the differential transregulation of p53 remains to be
elucidated.

Central to the development of a large percentage of
human cancers is the finding that the ras oncogene is
frequently mutated to encode for abnormal ras proteins (i.e.,
oncogenic ras) that promote excessive cell proliferation
(Cengel and McKenna, 2005; Illmer et al, 2005; Mammas
et al, 2005). This mutation is considered an early genetic
event in the development of various cancers and results in
constitutive activation of an intracellular pathway leading
to cellular proliferation. Several ras-induced signaling
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pathways such as the phosphatidylinositol 3-kinase (PI3K)
/Akt (protein kinase B pathway) and mitogen activated
protein kinases (MAPKs) pathways, have been linked to
chemo-resistance of cancer cells (Carpentier 2005; Jiang et
al 2005; Saleem et al, 2005). These findings suggest that
both ras oncoprotein as well as p53 tumor suppressor protein
could be important target for developing agents against
cancer.

A number of studies demonstrated that evasion of
apoptosis is one of the most important mechanisms of
uncontrolled growth of tumor cells and resistance to the
immune system. In the last decade, considerable attention
has been focused on manipulation of apoptosis by natural
products as a novel and promising strategy for cancer
chemoprevention and therapy (Liu et al, 2005; Jiang et al,
2005; Karunagaran et al, 2005). A lot of such compounds
exist in vegetables or fruits that are consumed by humans
on a daily basis. Therefore, apoptosis induction by these
agents in pre-cancerous and cancerous cells will undoubtedly
contribute to chemoprevention. Clarification of the
molecular mechanisms responsible for these effects may lead
to the development of novel chemopreventive agents.

Among the many established naturally occurring dietary
chemopreventive agents, the anticancer effects of sulfur-
containing compounds (OSC) such as garlic constituents
(GCs) and isothiocyanates (ITCs) have been widely reported.
Since the 1980s, scientists have discovered that garlic
possesses numerous medicinal properties. In particular,
antimutagenesis and anticarcinogenesis effects of sulfur-
containing compounds from garlic constituents received
considerable attention. DAS, one of the OSCs present in
garlic has shown to be effective both in vitro and in vivo
against cancer in a variety of target organs such as skin,
breast, lung, esophagus, colon and liver (Wu et al, 2001;
Singh and Shukla, 1998a; 1998b; Pinto et al, 2001; Gerhauser
et al, 2003; Boer et al, 2004; Gued et al, 2003; Singh et al,
2004). Recent studies showed that pleiotropic biological
effects of DAS might involve the modulation of gene
expression. DAS has been shown to enhance the expression
of CYP1A1, 2B1 & 3A1 genes for drug metabolizing
enzymes at the mRNA and protein levels (Wu et al, 2002).
It has also been shown to possess inhibitory effects on the
proliferation of tumor cells associated with induction of
apoptosis (Hong et al, 2000, Kirlin et al, 1999). Earlier we
reported that DAS could suppress DMBA induced skin
tumors through induction of apoptosis (Arora et al, 2002).
We further extended this work in the present study, taking
DMBA induced mouse skin carcinogenesis model, we show
that DAS is a potent multi-target anti-cancer agent and it
induces apoptotic cell death of tumor cells via modulation
of ras-induced PI3K/Akt, MAPKs and p53 mediated
signaling pathways.

Materials and Methods

Materials
DMBA, DAS and antibody specific for b-actin (clone

AC-74) were purchased from Sigma (St Louis, USA). The
mouse monoclonal p38 MAPK   survivin, phospho-Akt,
PI3KB(85), ERK1/2, JNK1 antibody were procured from
Cell Signaling Technology (Beverly, Massachusetts). Anti-
p53 mouse monoclonal antibody specific for wild type
protein (clone PAb 1620, ab-5), mouse monoclonal v-H-ras
(clone F111-85, a-2), p21/waf 1 (ab-5) rabbit polyclonal IgG,
bcl-2 (ab-2) rabbit polyclonal IgG and bax  (ab-1) rabbit
polyclonal IgG antibody were procured from Oncogene
Research Products (Cambridge, USA). The rabbit anti mouse
horseradish peroxidase or goat anti rabbit horseradish
peroxidase conjugate secondary antibodies were obtained
from Bangalore Genei (Bangalore, India). The nitrocellulose
membranes were obtained from Sartorious, (Goettingen,
Germany). The rest of the chemicals were of analytical grade
of purity and were procured locally.

Animals and Treatment
Swiss albino mice (body weight 10-12 gm) were taken

for the study from the Industrial Toxicology Research Centre
animal-breeding colony. Animals were quarantined for one
week on a 12/12 hr. light-dark cycle and were fed synthetic
solid pellet diet (Ashirwad, India) and water ad libitum. The
animals were divided into five groups comprising 25 animals
each. The treatments were given topically on shaved dorsal
skin as per dose and scheduled given below

Gr. I (Untreated) No Treatment
Gr.II  (ACE+DMBA) 100ml Acetone applied
topically followed 1 hr. later by 5mg DMBA/animal in 100ml
acetone, 3 times/wk for 28 wks.
Gr.III (DAS+DMBA) 10-mg/kg b.wt. DAS applied
topically in 100ml acetone followed 1 hr. later by 5mg
DMBA/animal in 100m l acetone, 3 times/wk for 28 wks.
Gr.IV. (DMBA+DAS) 5mg DMBA/animal applied
topically in 100ml acetone followed 1 hr. later by 10 mg/kg
b.wt. DAS in 100m l acetone, 3 times/wk for 28 wks
Gr.V (ACE+DAS) 100ml Acetone applied topically
followed 1 hr. later by 10-mg/kg b.wt. DAS in 100ml
acetone, 3 times/wk for 28 wks

Animals from all the groups were examined every week
for gross morphological changes including body weight
changes and development of tumors locally on the skin
during the entire study period. Skin from the painted area
(with or without tumors) was excised and stored at  –80˚C
until use.

Preparation of Mouse Skin/Tumor Epidermal Lysates
The skin/tumor tissue was removed with sharp scalpel

blades, and subcutaneous fat was scrapped off, on ice,
epidermis from the whole skin was separated as described
by Katiyar et al, (1999) and was homogenized in ice-cold
lysis buffer (50mM Tris-Hcl, 150mM NaCl, 1mM EGTA, 1
mM EDTA, 20mM NaF, 100mM Na3VO4, 0.5% NP-40,
1% Triton X-100, 1mM PMSF (pH 7.4) with freshly added
protease inhibitor cocktail (Protease Inhibitor Cocktail Set
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III; Calbiochem, La Jolla, CA, USA). The homogenate was
then centrifuged at 14000g for 25min at 4˚C and the
supernatant (total cell lysate) was collected and aliquots were
stored at –80˚C.

Western Blotting
Western blots were carried out as described by Towbin

et al, (1979) in the mouse skin/tumor lysates mentioned
above. Protein concentration was estimated by the routine
method of Lowry et al, (1951) using BSA as a standard.
Proteins (50 mg) were resolved on 10% SDS-polyacrylamide
gels and electroblotted on nitrocellulose membranes. The
blots were blocked overnight with 5% nonfat dry milk and
probed with primary antibody at dilutions recommended by
the suppliers. Immunoblots were detected by horseradish
peroxidase conjugated anti mouse or anti rabbit IgG using
chromagen 3,3’-diaminobenzidine tetrahydrochloride. To
quantify equal loading, membranes were reprobed with b-
actin antibody. The intensity of the bands was quantitated
using Easy Win 32 software on Gel Documentation system
(Herolab, GmbH, Wiesloch, Germany). Data were
normalized to b-actin and expressed as mean values ±S.E.
of three separate sets of experiments.

Results

Modulation of p53 mediated signaling pathway by DAS
Induction of p53 can result in apoptosis or growth arrest

in cells with irreparable DNA damage (Levine, 1997). To
validate the contribution of p53 in the apoptosis induced by
DAS we first assessed the effect of DAS treatment on wild
type p53 protein expression. Western blot analysis followed
by densitometry analysis of the bands demonstrated that
DAS supplementation resulted in significant increase in wt
p53 protein expression (Figure 1) when given both prior
(Gr. III) and post (Gr. IV) to DMBA treatment in comparison
to untreated control Gr.I . It has been reported that wild type
p53 upregulate the expression of its downstream regulator
p21/waf1 (Murphy et al, 2002; Wang et al, 2003). To further
address above findings we assessed the effect of DAS
treatment on protein expression of p21/waf1 downstream,
regulator of p53 gene. Western blot analysis followed by

densitometry analysis showed significant increase in p21/
waf1 (Figure 1B) expression by DAS supplementation in
Gr III and Gr. IV in comparison to control Gr. I.  DAS alone
(Gr. V) had no effect on the levels of protein expression.

DAS induction of proapoptotic protein (bax) and
downregulation of antiapoptotic proteins (survivin, bcl-2)

Survivin is a member of IAP family involving in both
the apoptotic regulation and the cell-cycle control (Altieri
2003). It has been well documented that the expression of
survivin is down regulated by p53 (Hoffman et al, 2002,
Murphy et al., 2002, Yan 2005). Since our results showed
that p53 level was activated by DAS treatment, it is possible
that p53 can differentially regulate the survivin protein
expression in our in vivo experimental model. To check this
possibility we looked for the western blot analysis of survivin
protein. Westernblot analysis demonstrated that DMBA
treatment (Gr. II) resulted in significant upregulation of
survivin (Figure 2) protein expression in comparison to
control Gr. I. However DAS supplementation significantly
reduced the DMBA induced protein expression of survivin
in both Gr. III and Gr. IV.  DAS alone (Gr. V) did not alter
the expression survivin protein (Figure 2). p53 has been
shown to regulate the expression of bcl-2 family genes (Wada
et al, 2005; Wang et al, 2005). The ratio of proapoptotic bax
and antiapoptotic bcl-2 is critically balanced during cell
proliferation such that an increase in the level of bax or
decrease in the level of bcl-2 can shift the ratio and trigger a
signal initiating apoptosis (Antonsson et al, 1997; Katiyar
et al, 2005). Our results showed that expression of
proapoptotic protein bax was significantly increased by DAS
supplementation in comparison to control Gr. I  in both Gr.
III and Gr. IV. Western blot analysis of bands revealed that
DMBA caused significant increase in bcl-2 protein
expression in comparison to control Gr. I. However
significant decrease was observed in the DMBA induced
(Gr. II) expression of bcl-2 protein by DAS treatment in
both Gr. III and Gr. IV.  DAS alone (Gr. V) did not cause
any considerable change in proteins level. Thus DAS
increased the bax/bcl2 ratio in favor of apoptosis.

1.0     3.9      1.4       1.3      1.0

Figure 2. Effect of DAS Treatment on the Expression of
survivin, bax  and bcl-2 Proteins in Skin/Tumor Cells.
Lane a. control, b. DMBA, c. DAS + DMBA, d. DMBA+
DAS, e. DAS alone.

Figure 1. Effect of DAS Treatment on the Expression of
wtp53 (A) and p21/waf1(B) Proteins in Skin/Tumor cells.
Lane a. control, b. DMBA, c. DAS + DMBA, d. DMBA+
DAS, e. DAS alone.
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DAS decreasedthe expression of ras oncoprotein and
inhibited the PI3K/Akt signaling pathway (Figure 3). The
frequent aberration in Ras signalling is reported to cause
constitutive activation of PI3K/Akt during the development
of cancer in humans.  Thus we next investigated the effect
of DAS treatment on expression of ras oncorotein. Western
blot analysis of the bands showed that DMBA (Gr. II) caused
significant increase in ras oncoprotein, PI3K (p85) proteins
as well as phosphorylation of Akt protein levels in
comparison to control Gr. I. However, DAS significantly
downregulated the DMBA induced ras oncoprotein
expression in both Gr. III and Gr. IV. Similarly DAS
supplementation was found to cause a significant reduction
in the DMBA induced expression of regulatory subunit of
PI3K (p85) protein and significant decrease in the DMBA
induced phosphorylation of Akt protein in both Gr. III and
Gr. IV. However, the treatment of DAS alone (Gr. V) did
not cause any change in the protein levels. These results
suggest the inhibitory potential of DAS against PI3K/Akt
pathway.

Modulation of MAPKs by DAS Treatment
Studies have linked the dysregulation of mitogen-

activated protein kinases (MAPKs) with tumor cell survival
in various cancer types. Therefore we determined whether
MAPKs contributed to DAS-induced apoptosis in our
experimental model We addressed this question by observing
the effect of DAS treatment on expression levels of Erk1/2,
JNK1 and p38 MAPK proteins. DMBA treatment (Gr. II)
resulted in increased level of p38MAPK protein expression
compared to control Gr. I while DAS supplementation
resulted in significant decrease in the level of DMBA induced
total p38 MAPK protein expression (Figure 4A) both in Gr.
III and Gr. IV. However, DAS supplementation did not alter
the level of JNK1 protein and Erk1/2 protein expression.
Taken together, these observations indicate that activation
of decrease in total expression level of p38 protein might be
contributing towards apoptosis of tumor cells due to DAS.

Discussion

The balance between cell cycle procession and apoptosis
is crucial for normal tissue homeostasis. Any breaks of this
balance, which leads to inappropriate cell death and/or
abnormal proliferation, can result in diseases even
tumorigenesis (Giannetti et al, 2004; Sun et al, 2004).
Apoptosis is arguably the most potent defense against cancer
because it is the mechanism used by metazoans to eliminate
deleterious cells (Sun et al, 2004). One promising approach
could be identification of non-nutrient dietary constituents
that can target multiple pathways without causing any
undesirable toxicity. Here, we describe the usefulness of
DAS, a novel non-nutrient dietary agent compound present
in garlic.

Transformed cells have been shown to possess
deregulated apoptotic machinery (Igney et al, 2002). Several
pro-apoptotic proteins are either lost or diminished and many
anti-apoptotic proteins are activated during the development
of cancer (Igney et al, 2002). Other contributing molecular
changes includes activation of oncogenes and inactivation
of tumor suppressor genes. The tumor suppressor p53 protein
plays a pivotal role in determining the quality of the response
to DNA damage through its transcriptional activity. Upon
DNA damage, p53 is activated by post-translational
modifications, binds its cognate sequences on the promoters
of its target genes and stimulates transcription  (Papoutsaki
et al, 2005). In our study we found that DAS upregulated
the protein expression of wt p53 which in turn stimulate the
transcription of p21/waf1. p53 mediated induction of p21/
waf1 protein  is an accordance to the earlier reports available
in literature (Murphy et al, 2002; Wang et al, 2003). p21/
waf1 appears to be important in p53-dependent growth arrest
in cells that must undergo DNA repair (Waga et al, 1994)
and its upregulation could be due to role of DAS in cell
cycle arrest.

As is evident from our data, induction of both
antiapoptotic proteins expression (survivin and bcl-2)  by
DMBA treatment during the course of tumorigenesis were
found to be repressed by DAS supplementation. Induction
of proapoptotic bax protein  by DAS indicates that DAS
may rectify the errors in apoptotic machinery of cancer cells.
Earlier DAS was reported to induce wtp53 mediated
apoptosis by modulating the bax/bcl2 ratio in non-small cell
lung cancer cell lines (Hong et al, 2002). Another apoptotic
protein, survivin taken in the present study, has been reported
as a p53-regulated gene. Survivin is negatively regulated
by wild-type p53 and participates in p53-dependent apoptotic
pathway (Murphy et al, 2002, Hoffman et al, 2002). Thus
increase in proapoptotic protein with concomitant decrease
in apoptotic proteins expression can be well correlated with
induction of wt p53 pathway by DAS supplementation.

Since DAS is a multi-target agent, other mechanisms of
apoptosis could not be ruled out. Therefore we further studied
the effect of DAS treatment on ras signaling pathway. The
effects mediated by aberrantly activated ras in human cancers
are likely to be very complex and are currently not

ras

b-actin
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   Akt

PI3KB(85)

Figure 3. Effect of DAS Treatment on the Expression of
ras (A), phospho-Akt (B) and PI3KB (85) (C) Proteins
in Skin/Tumor Cells. Lane a. control, b. DMBA, c. DAS +
DMBA, d. DMBA+ DAS, e. DAS alone.
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completely understood. The ras mutation results in the
accumulation of ras oncoprotein and constitutive activation
of various intracellular signaling pathways including PI3K/
Akt and MAPKs, leading to cell proliferation (Sun et al,
2003, Asano et al, 2004). The growth-promoting potential
of the PI3K/Akt pathway and its anti-apoptotic properties
are closely linked to the resistance of cancer cells to a broad
spectrum of apoptotic stimuli and several studies have
demonstrated that treatment with the PI3K inhibitors
substantially enhances apoptosis (Ng et al, 2000; Stoll et al,
2005; Poh and Parvez 2005, Mandal et al, 2005). Our
findings clearly show that DAS inhibits overexpression of
ras oncoprotein  and ras induced PI3K/Akt  signaling
pathway. Recent reports are available in which ras signaling
pathway has been targeted in induction of apoptosis (Saleem
et al, 2005; Chang et al, 2003; Arase et al, 2000). Further
both ras and PI3K/Akt signaling pathways have been
reported to regulate the expression of MAPKs during the
progression of various cancers (Kirschner 2002; Saleem et
al, 2005, Xu et al, 2004). It has been demonstrated that p38
MAPK activation triggers an anti-apoptotic response to
tumor cells, although there have also been some contrasting
reports that p38 MAPK activation is central to the pro-
apoptotic effects in some cancer cell lines (Grethe and
Promeres , 2005, Engelbrecht et al, 2005). Recent reports
have demonstrated a link between the ras oncoprotein and
p38 MAPK activation in transformed cell  (Shin et al, 2005,
Saleem et al, 2005). It is evident from our data also that

diallyl sulfide treatment significantly decreases the
expression of p38 MAPK  in mouse skin tumors leading to
their apoptotic death. However DAS supplementation had
no effect on the levels of JNK1 and ERK1/2 proteins
expression. On the basis of the above findings we have
proposed the model (Figure 5) showing involvement of
multiple pathways in DAS induced apoptosis of mouse skin
tumors. This study and the pathway that we have described
herein is novel and have not been elucidated before. These
pathways are interrelated and one cannot rule out role of
these molecules in activating each other. Based on the
outcome of this study, we suggest diallyl sulfide could
provide a multi-prong beneficial strategy for targeting
multiple signaling pathways leading to apoptosis.
Identification of these mechanisms offers the possibility of
designing novel targeted therapies for cancer in the future.
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