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Abstract

Purpose Constitutive activation of the Wnt signaling
pathway and its downstream effectors plays a key role in
neoplastic transformation. The objective of this study was
to investigate the effect of ellagic acid, a plant-derived
polyphenol on Wnt/f-catenin signaling and its downstream
circuits- NF-xkB and mitochondrial apoptosis in the 7,12-
dimethylbenz[a]anthracene (DMBA)-induced hamster buccal
pouch (HBP) carcinogenesis model.

Methods Hamsters were divided into six groups. The
right buccal pouches of animals in groups 1-4 were painted
with 0.5% DMBA three times a week for 14 weeks. Ani-
mals in groups 2—4 received in addition basal diet con-
taining ellagic acid at a concentration of 0.1, 0.2, and 0.4%
in the diet. Group 5 animals were given 0.4% ellagic acid
alone. Group 6 animals served as control. The expression
of the members of Wnt and NF-xB signaling and intrinsic
apoptosis was evaluated by western blot analysis.

Results Dietary supplementation of 0.4% ellagic acid
suppressed the development of HBP carcinomas by pre-
venting the constitutive activation of Wnt pathway through
the downregulation of Fz, Dvl-2, GSK-3f and nuclear
translocation of f-catenin. Abrogation of Wnt signaling by
ellagic acid was also associated with inactivation of NF-xB
and modulation of key components of the mitochondrial
apoptotic network.

Conclusions Our findings suggest a functional crosstalk
between Wnt and NF-xB signaling pathways in HBP
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carcinomas that is blocked by ellagic acid supplementation.
Dietary ellagic acid that targets the Wnt/f-catenin pathway
as well as its downstream signaling mediators is a unique
candidate for cancer chemoprevention.
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Background

Whnt signaling plays a pivotal role in diverse cellular pro-
cesses such as cell fate determination, proliferation, and
motility [1]. A growing body of evidence suggests that
deregulation of the Wnt signaling cascade contributes to
the development of various human malignancies [2—4].
Activation of the canonical Wnt signaling pathway
involves binding of Wnt ligands to the frizzled receptor
(Fz), recruitment of the cytoplasmic phosphoprotein
dishevelled (Dvl), and disruption of the multiprotein
complex containing glycogen synthase kinase 3 (GSK-
3f). Inactivation of GSK-3f in turn results in the stabil-
ization and accumulation of free cytosolic f-catenin.
Consequently, f-catenin translocates to the nucleus, inter-
acts with TCF/lymphoid enhancer factor (LEF), a family of
high mobility group (HMG) box proteins, and regulates the
expression of several downstream target genes involved in
tumorigenesis [1].

More recently, activation of Wnt/f-catenin signaling has
been recognized to trigger signaling pathways associated
with cell survival and cell death, especially the canonical
nuclear factor kappa B (NF-xB) pathway by promoting the
phosphorylation and degradation of IxB-o by IxkB kinase
(IKK) [5-7]. Consequently, free cytosolic NF-xB translo-
cates to the nucleus, binds to the kB elements in DNA, and
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regulates the transcription of over 400 genes that eventu-
ally establish the oncogenic phenotype [8, 9].

Whnt/ff-catenin activation also plays a crucial role in
restraining the apoptotic machinery [10]. Apoptosis, a
form of programmed cell death, is tightly regulated by
the pro- and anti-apoptotic members of the Bcl-2 family,
and inhibitor of apoptosis proteins (IAPs) [11, 12]. The
pro-apoptotic Bcl-2 proteins such as Bax facilitate mito-
chondrial membrane permeabilization, with release of
cytochrome ¢ from the mitochondria and activation of the
caspase cascade, whereas the anti-apoptotic members Bcl-2
and Bcl-xL inhibit mitochondrial apoptosis thereby favor-
ing cell survival [13]. Survivin, a multifunctional IAP,
inhibits caspase-3 and inactivates Smac. Smac/DIABLO, a
mitochondrial protein upon efflux into the cytosol, poten-
tiates apoptosis by neutralizing survivin and other
IAP molecules. Opa-1, a nuclear-encoded mitochondrial
protein, involved in cristae remodeling functions as a
key component of the mitochondrial apoptotic network
[14, 15].

Identification of dietary phytochemicals that can block
Whnt/f3-catenin pathway and its associated signaling circuits
has assumed significance in recent years as a promising
strategy for cancer chemoprevention [16]. Ellagic acid, a
plant-derived polyphenol found abundantly in raspberries,
strawberries, grapes, blackcurrants, and nuts, exhibits a
wide array of biological properties including antioxidant,
antiproliferative, antimutagenic, and anticarcinogenic
effects [17-20]. However, the effect of ellagic acid sup-
plementation on Wnt/f-catenin signaling and its down-
stream signaling circuits has not been explored. The
present study was designed to investigate the modulatory
effects of ellagic acid on Wnt/f-catenin signaling and its
associated networks- NF-kB and intrinsic apoptosis in the
7,12-dimethylbenz[a]anthracene (DMBA )-induced hamster
buccal pouch (HBP) carcinogenesis model. A panel of
markers reflecting Wnt signaling (Fz, Dvl-2, GSK-3f, and
p-catenin), NF-xB signaling (NF-kB p50 and p65, 1xB-a,
p-IkB-o and IKKp), and intrinsic apoptosis (Bcl-2, Bax,
survivin, Smac/DIABLO, Opa-1, cytochrome ¢, Apaf-1,
cleaved caspase-3 and PARP) was evaluated.

Materials and methods
Chemicals

Acrylamide, bovine serum albumin (BSA), bromophenol
blue, 7,12-dimethylbenz[a]anthracene (DMBA), ellagic
acid, 2-mercaptoethanol, sodium dodecyl sulfate (SDS),
and N,N,N’N’-tetramethylene diamine (TEMED) were
purchased from Sigma Chemical Company, St. Louis, MO,
USA. All other reagents used were of analytical grade.
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Primary and secondary antibodies were purchased from
Santa Cruz Biotechnology, USA.

Animals and diet

The experiment was carried out with male Syrian hamsters
aged 8-10 weeks weighing between 100 and 110 g
obtained from the Central Animal House, Annamalai
University, India. The animals housed four to a polypro-
pylene cage were provided with standard pellet diet (Kama-
dhenu Agencies, Bangalore, India) and water ad libitum.
The animals were maintained in a controlled environment
under standard conditions of temperature and humidity
with an alternating 12 h light/dark cycle. The animals were
maintained in accordance with the guidelines of the Indian
Council of Medical Research and approved by the ethical
committee of Annamalai University. The experimental diet
was prepared every day by mixing ellagic acid to pre-
weighed standard pellet diet containing crude protein
(22.12%), crude oil (4.12%), crude fiber (3.18%), ash
(5.17%), and sand silica (1.13%) with energy value of
3625 kcal/kg. The diet was replenished everyday, and the
food consumption was recorded.

Treatment schedule

The animals were randomized into experimental and control
groups and divided into 6 groups of 8 animals each. In group
1, the right buccal pouches of hamsters were painted with
0.5% DMBA in liquid paraffin as previously described [21,
22]. In groups 24, the right buccal pouches painted with
DMBA as in group 1 received in addition basal diet con-
taining ellagic acid at a concentration of 0.1, 0.2, and 0.4% in
diet corresponding to 57, 113, and 227 mg/kg body weight,
respectively [23]. Animals in group 5 were fed basal diet
containing ellagic acid (0.4% in diet). Group 6 animals
served as control. The experiment was terminated at
14 weeks, and all animals were sacrificed by cervical dis-
location after an overnight fast. Before an animal was sac-
rificed, the right pouch was grossly inspected to evaluate
premalignant lesions or tumor development and photo-
graphed. The mean tumor burden was determined by mul-
tiplying the number of tumors in each group by the mean
tumor volume in millimeters. Tumor volume was calculated
using 4/37r>, where r represents % tumor diameter in mm.
The buccal pouch tissues were subdivided and variously
processed for distribution to each experiment.

SDS-PAGE and western blot analysis
Approximately 50 mg of each tissue sample was subjected

to lysis in a sample buffer containing 62.5 mM Tris (pH 6.8),
2% sodium dodecyl sulfate (SDS), 5% 2-mercaptoethanol,
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10% glycerol, and bromophenol blue. Nuclear and cyto-
plasmic extracts were prepared as described by Legrand-
Poels et al. [24]. Tissue samples were homogenized
with 1 mL of a buffer containing 10 mM 4-(2-hydroxy-
ethyl)piperazine-1-ethanesulfonic acid (HEPES), 10 mM
potassium chloride (KCl), 0.1 mM ethylenediamine tetra-
acetic acid (EDTA), 0.1 mM ethylene glycol tetraacetic
acid (EGTA), 1 mM dithiothreitol (DTT), 0.5 mM phen-
ylmethylsulfonyl fluoride (PMSF), and 10 pL protease
inhibitor cocktail. The lysate was then centrifuged at
8,000xg for 2 min at 4 °C, the cytoplasmic supernatant
was removed, aliquoted, and frozen at —80 °C. The nuclear
pellet was reconstituted in 1 mL of buffer containing
20 mM HEPES (pH 7.9), 0.4 M sodium chloride (NaCl),
I mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF,
and 10 pL protease inhibitor cocktail, followed by vigor-
ous vortexing for 20 min at 4 °C. The nuclear lysate was
then centrifuged at 14,000xg for 5 min, and nuclear
extracts were aliquoted and stored at —80 °C. For the
isolation of the mitochondrial fraction, the tissue lysate was
centrifuged at 1,000xg for 5 min to remove the nucleus
and unbroken cells. The supernatant was centrifuged at
23,100xg for 30 min at 4 °C, and the resulting pellet
containing the mitochondria was resuspended in lysis
buffer (150 mM NaCl, 0.5% Triton X-100, 50 mM Tris,
20 mM EGTA, 1 mM DTT, 1 mM sodium orthovanadate,
and protease inhibitor cocktail) [25]. The protein concen-
tration of the lysate and extracts was determined by the
method of Bradford [26].

SDS-PAGE was performed using equivalent protein
extracts (55 pg) for each sample according to Laemmli
[27]. Proteins separated by SDS-PAGE were electropho-
retically transferred to polyvinylidene difluoride mem-
branes. The blots were incubated in 1x PBS containing 5%
non-fat dry milk for 2 h to block non-specific binding sites.
The blots were incubated with primary antibodies diluted
as per the instructions from the manufacturer and incubated
overnight at 4 °C. The blots were washed thrice with high
salt buffer followed by low salt buffer. The blots were then
incubated with 1:1,000 dilution of horseradish peroxidase-
conjugated secondary antibodies for 45 min at room tem-
perature. After extensive washes with high and low salt
buffers, the immunoreactive proteins were visualized using
enhanced chemiluminescence (ECL) detection reagents.
Densitometry was performed on IISP flat bed scanner and
quantitated with Total Lab 1.11 software.

Colorimetric estimation of caspase-3 and caspase-9
activity

The activities of caspases were assayed using caspase-3
(Sigma, St. Louis MO, USA) and caspase-9 (Calbiochem,
USA) colorimetric assay kits as per the manufacturer’s

instructions. Cytosolic extracts were prepared by homog-
enizing tissues in lysis buffer containing 50 mM HEPES
(pH 7.4), 5 mM 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulfonate (CHAPS) and 5 mM DTT. The
supernatant was collected as an enzyme source. The assays
are based on the hydrolysis of the peptide substrate acetyl-
Asp-Glu-Val-Asp-nitroanilide (Ac-DEVD-pNA) by cas-
pase-3, and Leu-Glu-His-Asp-nitroanilide (LEHD-pNA)
by caspase-9 and subsequent release of the chromophore
p-nitroaniline (pNA). The concentration of pNA released
from the substrate was calculated from the absorbance
values at 405 nm.

Statistical analysis

Statistical analysis was carried out using a nonparametric
Mann—Whitney test (Statsdirect, United Kingdom). A prob-
ability value of less than 0.05 was considered significant.

Results
Body weight and food consumption

Table 1 shows the body weight gain, food consumption,
and intake of ellagic acid in different experimental groups.
The average weight gain was significantly decreased in
group 1 animals compared to control (group 6). Dietary
administration of ellagic acid increased the final body
weight in groups 2—4 animals compared to group 1. No
significant differences in the body weights were observed
in groups 5 and 6. The average food intake per day was
approximately 7.7 g. Although the amount of diet consumed
by hamsters in groups 1 through 6 was not significantly
different, the water intake was significantly decreased in
group 1 (DMBA) animals compared to control. Water intake
in all the other groups was recorded to be approximately
80 mL/day. The intake of ellagic acid was 57, 113, 228, and
227 mg/kg body weight respectively in groups 2-5, directly
reflecting the dose levels.

Tumor incidence, multiplicity, burden,
and histopathological observations

Table 2 shows the tumor incidence, multiplicity, burden,
and histopathological changes in control and experimental
groups. In DMBA-painted animals, the tumor incidence
was 100%. These tumors were large and exophytic with a
mean tumor burden of 82.25 mm® histologically identified
as well-defined squamous cell carcinoma. Ellagic acid
administration effectively suppressed the development of
HBP carcinomas. In group 2 and 3 animals, ellagic acid
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Table 1 Body weight gain, food consumption, and intake of ellagic acid in control and experimental animals

Group Treatment Average weight Food consumed Daily intake of ellagic acid
gained (g) (g/hamster/day)

mg/hamster/day mg/kg bw/day
1. DMBA 50.0 £4.9 7.52 £ 0.7 - -
2. DMBA + ellagic acid (0.1% in diet) 58.0 £5.6 7.64 £0.8 7.64 £ 0.7 57.01 £5.1
3. DMBA + ellagic acid (0.2% in diet) 620+ 59 7.69 £ 0.6 15.38 £ 0.9 113.08 + 8.2
4. DMBA + ellagic acid (0.4% in diet) 63.7 £ 6.2 7.80 £ 0.9 3120 £ 2.5 227.70 + 14.4
5. Ellagic acid alone (0.4% in diet) 65.0 £ 6.3 7.84 £0.8 3136 £ 2.3 227.24 + 13.8
6. Control 66.0 + 6.4 7.92 £ 0.7 - -

Table 2 Tumor incidence, tumor multiplicity, tumor burden, and histopathological changes in control and experimental animals

Group  Treatment Tumor incidence  Tumor multiplicity®  Tumor burden® (mm?) Hyperplasia Dysplasia  SCC (%)
. DMBA 8/8 (100) 26+ 1.1 82.3 £ 8.1 +++ +++ 8/8 (100)
2. DMBA + ellagic acid  5/8 (62.5) 0.6 £04 13.7 £ 1.3 +++ +++ 5/8 (62.5)
(0.1% in diet)
3. DMBA + ellagic acid  3/8 (37.5) 03 +£0.2 10.5 £ 1.0 +++ ++ 3/8 (37.5)
(0.2% in diet)
4. DMBA +-ellagic acid - - - ++ - -
(0.4% in diet)
5. Ellagic acid alone - - - - - -
(0.4% in diet)
6. Control - - - - - -

+ mild, ++ moderate, +++ severe, — no change, SCC squamous cell carcinoma

# Tumor multiplicity = number of tumors per hamster

 Mean tumor burden was calculated by multiplying the mean tumor volume (4/37r°) with the mean number of tumors (+ = 1/2 tumor diameter

in mm)

decreased the incidence of SCC to 62.5 and 37.5% with a
mean tumor burden of 13.65 and 10.52 mm?>, respectively.
Histopathological examination of the pouches in group 2
and 3 animals revealed varying degrees of preneoplastic
and neoplastic lesions. Although no tumors were observed
in group 4 animals, histopathological examination revealed
mild to moderate hyperplasia. In groups 5 and 6 animals,
the epithelium was normal, intact, and continuous.

Dose-response effect of ellagic acid administration
on key proteins involved in Wnt pathway, NF-xB
signaling, and intrinsic apoptosis

Western blot analyses of key proteins involved in Wnt
pathway, NF-xB signaling, and intrinsic apoptosis revealed
increased expression of GSK-3f, fS-catenin, NF-xB (p50
and p65), and Bcl-2 associated with downregulation of Bax
in DMBA-painted hamsters (group 1) compared to control.
Although administration of ellagic acid at 0.1% did not
show any significant differences in the expression of the
above-mentioned proteins, a dose response effect was
observed in the expression of these markers in groups 3 and
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4, with 0.4% ellagic acid exerting more significant effects
(Fig. 1). Since the higher dose of ellagic acid (0.4% in diet)
showed significant tumor inhibitory effects as well as
modulation of protein expression, we used only this group
for further analysis.

Effect of ellagic acid administration on Wnt/f-catenin
signaling

We first analyzed the effect of ellagic acid supplemen-
tation on the expression of the members of Wnt sig-
naling pathway. We found that the expression of Fz,
Dvl-2, and GSK-3f was significantly increased in
DMBA-painted animals compared to control. Dietary
administration of ellagic acid to DMBA-painted animals
significantly decreased the expression of these markers.
In addition, ellagic acid supplementation also reduced the
expression of nuclear f-catenin and simultaneously
increased cytosolic f-catenin expression. Administration
of ellagic acid alone did not induce any significant
alterations in the expression of Wnt family members
(Fig. 2).
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Fig. 1 Western blot analysis of the dose-responsive effect of ellagic
acid on proteins involved in Wnt pathway, NF-xB signaling, and
apoptosis. a Representative immunoblots of GSK-3f, f-catenin,
NF-kB (p50 & p65), Bax and Bcl-2. Protein samples (50 pg/lane)
resolved on SDS-PAGE were probed with corresponding antibodies.
b Densitometric analysis for western blots. The protein expression
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Fig. 2 Western blot analysis of proteins involved in Wnt signaling.
a Representative immunoblots of frizzled receptor (Fz), Dvl-2, GSK-
3f and f-catenin (cytosol and nucleus). Protein samples (50 pg/lane)
resolved on SDS-PAGE were probed with corresponding antibodies.
b Densitometric analysis for western blots. The protein expression

Effect of ellagic acid administration on NF-xB
signaling

In view of the fact that canonical Wnt and NF-xB signaling
pathways are reciprocally activated in several malignan-
cies, we next evaluated the effect of ellagic acid on NF-xB
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from control lysates for eight determinations was designated as 100%
in the graph. Each box plot represents the protein expression of eight
determinations. f-actin was used as loading control. *Significantly
different from control (p < 0.05) by Mann—Whitney test. *Signifi-
cantly different from group 1 (p < 0.05)

activation. Our results demonstrated increased expression
of p-IxB, and IKKpf, with downregulation of IxB in
DMBA-painted animals. In addition, DMBA-painted ani-
mals showed increased expression of nuclear NF-xB (pS0
and p65). Dietary supplementation of ellagic acid to
DMBA-painted animals significantly downregulated p-IxB

@ Springer



80

Eur J Nutr (2013) 52:75-84

and IKKf with increase in IxB expression, associated with
decreased expression of NF-xB (both p5S0 and p65) in the
nucleus. However, ellagic acid administration alone did not
significantly alter the expression of NF-xB signaling pro-
teins compared to control (Fig. 3).

Effect of ellagic acid administration on intrinsic
apoptosis

Since modulation of aberrant Wnt and NF-xB signaling by
phytochemicals is generally accompanied by apoptosis
induction, we next examined the effect of ellagic acid on
intrinsic apoptosis. Analysis of Bcl-2 family members and
survivin revealed increased expression of Bcl-2 with

DMBA D+EA EA  Control
A
S0kDa | s NFkB-p50 (Nucleus)
65 kD —
a | — “s& === | NFxB-p65 (Nucleus)
BhD: | e TR W W | |
V0| G S w— - i
87kDa | N MR s we | KKp
D1 | o — w— - | [t
B
300 . .
250 4 ' I
S I L B
~ *
=]
3 " *
% 200 .
W
¢ : g
: -
© 150 *
g
8 %
]
= -
&~ 100 — -—— - =— -
.
50 | é

T T

T T T
NFkB-p50 NFkB-p65 IxB p-IkB-ou IKKB

3 D+EA
DMBA (01 P EA alone @ Control

Fig. 3 Western blot analysis of NF-xB family members. a Represen-
tative immunoblots of NF-«xB (p50 and p65), IxB, p-IxB, and IKKp.
Protein samples (50 pg/lane) resolved on SDS-PAGE were probed
with corresponding antibodies. b Densitometric analysis for western
blots. The protein expression from control lysates for eight determi-
nations was designated as 100% in the graph. Each box plot represents
the protein expression of eight determinations. f-actin was used as
loading control. *Significantly different from control (p < 0.05) by
Mann—Whitney test. *Significantly different from group 1 (p < 0.05)
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decreased expression of bax associated with an increase in
cytosolic survivin relative to nuclear survivin in DMBA-
painted animals. Ellagic acid supplementation significantly
downregulated Bcl-2 and upregulated bax and enhanced
nuclear survivin with concomitant downregulation of
cytosolic survivin expression compared to group 1 animals
(Fig. 4).

To confirm apoptosis induction by ellagic acid supple-
mentation, we next investigated the expression of apopto-
genic molecules, caspases, and PARP cleavage. We found
overexpression of Opa-1 with downregulation of Smac/
DIABLO associated with an increase in mitochondrial
cytochrome c relative to the cytosolic fraction in DMBA-
painted animals. Dietary supplementation of ellagic acid
significantly decreased Opa-1 and mitochondrial cyto-
chrome ¢ with concomitant increase in the expression of
Smac/DIABLO and cytosolic cytochrome ¢ compared to
group 1 animals. In addition, ellagic acid significantly
increased the expression of Apaf-1, and cleaved caspase-3
and induced PARP cleavage compared to group 1 animals.
Assay of caspase-3 and -9 enzyme activities further con-
firmed the results of western blot analysis (Fig. 5).

Discussion

Ellagic acid has been documented to exert antimutagenic
and anticarcinogenic effects against a wide variety of
carcinogens and functions as both a blocking and sup-
pressing agent in carcinogenesis [20, 28-31]. In particular,
ellagic acid inhibits the metabolism of polycyclic aromatic
hydrocarbons such as DMBA [32]. Despite the large body
of evidence demonstrating the chemopreventive potential
of ellagic acid, a few studies have shown that intravenous
injection of ellagic acid induces a hypercoagulable state
and cerebral thromboembolism in some animal models [33,
34]. However, no adverse effects have been reported when
ellagic acid was administered in the diet [31, 35]. The no
observed-adverse-effect level (NOAEL) of ellagic acid was
found to be 5% (3,254 mg/kg/day) based on a subchronic
toxicity study performed in F344 rats, a dose that is more
than ten times used in this study [36]. Thus, both the route
of administration and the dose levels of ellagic acid sup-
plementation used in the present study may be considered
safe for chemopreventive purpose.

In the present study, we report for the first time the
inhibition of DMBA-induced HBP carcinogenesis by die-
tary ellagic acid based on the modulation of Wnt pathway
and its downstream signaling cascades- NF-xB and mito-
chondrial apoptosis. Constitutive Wnt signaling has been
documented as a key factor in the development of various
cancers [37-41]. Recently, we have demonstrated the
aberrant activation of Wnt/f-catenin signaling during the
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stepwise evolution of DMBA-induced HBP carcinogenesis
[42].

Ellagic acid-mediated suppression of the Wnt pathway
during DMBA-induced HBP carcinogenesis is evidenced
by downregulation of Fz, Dvl-2, GSK-3f, and f-catenin
expressions. An in vitro study on a panel of human cancer
cells has demonstrated that cancer cells secrete Wnt family
ligands that subsequently activate the Wnt pathway

through the frizzled receptors [43]. Thus, the downregu-
lation of frizzled receptors and Dvl-2 observed in the
present study implies that ellagic acid prevents the con-
stitutive activation of Wnt pathway by averting the acti-
vation of frizzled receptors and subsequent relay of Wnt
signals from Fz receptors to downstream effectors through
Dvl-2. Furthermore, downregulation of GSK-3f and
p-catenin expression by ellagic acid could inhibit the
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dissociation of GSK3f from the multiprotein complex,
thereby preventing the accumulation of free cytosolic
p-catenin and its nuclear translocation, a critical event
essential for the transactivation of downstream target genes
and signaling cascades. Consistent with this observation,
ellagic acid is also documented to inhibit canonical Wnt
signaling in HEK 293T colon cancer cells [44].

Suppression of the constitutive activation of Wnt by
ellagic acid was associated with inhibition of NF-xB sig-
naling. The mechanism underlying NF-xB inactivation
involved downregulation of IKKp with consequent
decrease in p-IxB that prevents nuclear translocation of
NF-xB. Several chemopreventive agents such as resvera-
trol, curcumin analog, and eugenol are known to inactivate
NEF-kB via direct inhibition of IKKf in a manner similar to
ellagic acid [45-47]. Our findings are in line with recent
reports of modulation of NF-xB expression by ellagic acid
in 1,2-dimethylhydrazine (DMH)-induced rat colon carci-
nogenesis and in human umbilical vein endothelial cells
(HUVECs) exposed to oxidized low-density lipoprotein
[29, 48]. The results of the present study also suggest a
functional crosstalk between Wnt and NF-xB signaling
pathways in HBP carcinomas that is blocked by dietary
ellagic acid. Reduced nuclear beta-catenin expression has
been documented to be associated with inhibition of NF-
kB signaling [49]. GSK-3f, a key intermediate in Wnt
signaling as a multiprotein complex, is reported to block
NF-xB activation by preventing the degradation of IxB [7].

Attenuation of canonical Wnt and NF-xkB pathways is
recognized to facilitate apoptotic cell death [50, 51]. In the
present study, dietary administration of ellagic acid was
associated with an augmentation of mitochondrial apopto-
sis, as evidenced by modulation of the expression of pro-/
anti-apoptotic, and apoptogenic molecules. An increase in
the expression of Bax relative to Bcl-2 facilitates confor-
mational changes in Bax, thereby initiating oligomerization
and integration of Bax into the outer mitochondrial mem-
brane. Opa-1, a dynamin-related protein present in the
inner mitochondrial membrane, functions as a molecular
staple between the adjacent membranes of the cristae,
preventing cristae widening and cytochrome c release from
the mitochondria [52]. Downregulation of Opa-1 together
with increased expression of Smac/DIABLO, mitochon-
drial cytochrome c, Apaf, and caspases observed in the
present study indicates that loss of Opa-1 expression
facilitates mitochondrial apoptosis by promoting Smac/
DIABLO and cytochrome ¢ release into the cytosol, for-
mation of the casposome complex and subsequent activa-
tion of the caspase cascade. Recently, ellagic acid was
shown to modulate Bcl-2, Bax, and cytochrome c¢ and
activate caspase-3 in DMH-induced rat colon carcinomas
through inhibition of AKT-phosphoinositide-3 kinase
pathway substantiating our observations [53].
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In addition to the Bcl-2 family proteins, IAPs, pre-
dominantly survivin, play a pivotal role in determining
mitochondrial apoptosis. While cytosolic survivin inhibits
intrinsic apoptosis by directly or indirectly interfering with
the function of caspases, nuclear survivin is believed to
control cell division and displays pro-apoptotic activity
[12, 54]. Thus, the antiapoptotic activity of survivin
essentially depends on its cytosolic or nuclear compart-
mentalization. Synchronized upregulation of nuclear sur-
vivin together with downregulation of cytosolic survivin
observed in the present study on ellagic acid treatment
demonstrates that enforced nuclear localization of survivin
could be a key factor in apoptosis induction.

The results of the present study provide evidence that
ellagic acid effectively attenuates the Wnt/fS-catenin path-
way and its downstream events- NF-xB signaling and
apoptosis evasion to inhibit the development of DMBA-
induced HBP carcinomas. Interestingly, the results also
demonstrate the differential sensitivity of HBP carcinomas
and normal pouch to ellagic acid supplementation. Con-
sistent with these findings, Losso et al. [55] demonstrated
that ellagic acid selectively induced apoptosis in Caco-2,
MCEF-7, Hs578T breast, and DU 145 human prostatic
cancer cells without exerting any cytotoxic effects on the
viability of normal human lung fibroblast cells.

Of late, agents that coordinately target canonical Wnt/
f-catenin and NF-xB signaling pathways and induce apop-
tosis have emerged as effective chemopreventive agents
[22, 45, 50, 51]. Recently, the curcumin analog GO-Y030
was reported to induce apoptosis in PK-1, 8505c, and
HuCCT-1 cancer cells and suppress nuclear translocation
of NF-xB p65 by inhibition of IKKf [46]. Dimethoxy-
flavone, a chrysin derivative, and the plant flavonoid fisetin
were found to induce apoptosis in cancer cells by simul-
taneously attenuating Wnt and NF-xB signaling pathways
[50, 51]. Taken together, these studies provide evidence
that agents such as ellagic acid that target Wnt/f-catenin
pathway- a hub in intracellular signaling, as well as its
downstream signaling mediators NF-«xB family members
and proteins involved in intrinsic apoptosis offer ample
opportunities for new anti-cancer drug development.
Although 5 portions a day containing ellagic acid-rich
berries, pomegranates, grapes, and nuts could theoretically
provide 0.2-0.4% ellagic acid, factors such as environ-
mental conditions, extent of ripeness, site of cultivation,
cultivar, processing and storage that could influence ellagic
content in foods must be taken into consideration while
extrapolating the results of studies using free ellagic acid to
human nutrition [56, 57].
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