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ABSTRACT
Breast cancer is the second leading cause of cancer-related death in women in the United States
and discovery and development of safe chemopreventive drugs is urgently needed. The fruit
pomegranate (Punica granatum) is gaining importance because of its various health benefits. This
study was initiated to investigate chemopreventive potential of a pomegranate emulsion (PE)
against 7,12-dimethylbenz(a)anthracene (DMBA) rat mammary carcinogenesis. The animals were
orally administered with PE (0.2–5.0 g/kg), starting 2 wk before and 16 wk following DMBA
treatment. PE exhibited a striking reduction of DMBA-induced mammary tumor incidence, total
tumor burden, and reversed histopathological changes. PE dose-dependently suppressed cell
proliferation and induced apoptosis in mammary tumors. Immunohistochemical studies showed
that PE increased intratumor Bax, decreased Bcl2 and manifested a proapoptotic shift in Bax/Bcl2
ratio. In addition, our gene expression study showed PE-mediated upregulation of Bad, caspase-3,
caspase-7, caspase-9, poly (ADP ribose) polymerase and cytochrome c in mammary tumors. Thus, PE
exerts chemoprevention of mammary carcinogenesis by suppressing cell proliferation and inducing
apoptosis mediated through upregulation of Bax and downregulation of Bcl2 in concert with
caspase cascades. Pomegranate bioactive phytoconstituents could be developed as a
chemopreventive drug to reduce the risk of breast cancer.

Introduction

Breast cancer is the most frequently diagnosed cancer
and the primary cause of cancer-related death in women
worldwide (1). The highest breast cancer incidence rates
have been reported in North America, Western and
Northern Europe, as well as Australia and the incidence
and mortality of breast cancer have been rising in low-
to middle-income countries (1). In the United States, an
average woman has a 1 in 8 lifetime risk of breast cancer
(2). About 233,000 new cases of breast cancer and 40,000
deaths due to this disease have been estimated to occur
in women in the United States in 2014 (3). The estimated
cost of breast cancer management in the United States is
about 16.5 billion dollars per year and this cost is more
than any other cancer (4).

Risk factors of breast cancer include age, family his-
tory, and genetic abnormalities, such as mutations in
tumor suppressor genes BRCA1 and BRCA2 (5). Other

risk factors are related to hormones, including early age
of menarche, late onset of menopause, nulliparity, late
age of first parity, lactation, use of oral contraceptive and
hormone replacement therapy (6,7). Moreover, various
life style-related factors, such as alcohol consumption
and obesity, and disease conditions (e.g., diabetes), also
contribute to the occurrence of breast cancer (7–10).

In view of limited treatment options for advanced
stage breast cancer, preventing the development of breast
cancer represents the most effective and prudent mea-
sure to reduce the mortality and morbidity. According to
a recent consensus, preventive therapy needs to be inte-
grated into wider strategies of breast cancer risk reduc-
tion, including weight control and increase in physical
activity (11). Tamoxifen and raloxifene have been shown
to reduce the risk of developing primary invasive breast
cancer in high-risk women and accordingly approved by
the United States Food and Drug Administration.
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Nevertheless, the use of the aforementioned medications
is limited due to concern about adverse effects, including
endometrial cancer, cataract and thromboembolic
events, and poor ability to identify women at high risk
(12,13). In view of these limitations, discovery and devel-
opment of newer breast cancer chemopreventive drugs
with acceptable efficacy and toxicity is urgently needed
(14).

An increased understanding of the correlation
between healthy diet and reduced incidence of cancer,
including breast cancer, has led researchers to investigate
breast cancer preventive effects of dietary natural prod-
ucts (15–18). We and other investigators have provided
convincing evidence that various dietary agents and bio-
active phytoconstituents prevent the occurrence of breast
tumors or suppress the growth of existing tumors
through modulation of cell proliferation, cellular differ-
entiation, apoptosis, angiogenesis and several signaling
pathways (19–21). Nevertheless, breast cancer preventive
effects of a large number of dietary agents and phyto-
chemicals are either not investigated or not fully
understood.

Pomegranate (Punica granatum, L.) fruit is widely
consumed fresh as well as in processed forms, such as
juice, jams, sauce, and wine. Pomegranate, a native of the
Himalayas in northern India, has been cultivated and
naturalized throughout the Middle East, Mediterranean
region, arid regions of Southeast Asia, tropical Africa,
and the drier areas of the United States, including Cali-
fornia, Arizona, and Texas. Known as “a pharmacy unto
itself” in the Ayurvedic and Unani systems of medicine,
pomegranate has been used for centuries for the preven-
tion and treatment of a large numbers of ailments,
including inflammation, diabetes, diarrhea, dysentery,
dental plaque, intestinal infection, and malaria (22).
Pomegranate has been gaining popularity as a functional
food due to reports on potential health benefits, such as
prevention and/or treatment of cancer, cardiovascular
disease, obesity, diabetes, inflammation, ulcer, arthritis,
microbial infection, acquired immune deficiency syn-
drome, neurological disorders, and erectile dysfunction
and male infertility (23–26). Pomegranate juice is known
to possess superior antioxidant property to that of other
common fruit juices and this effect has been linked to
the presence of polyphenols (27). Several pharmacologi-
cal effects of pomegranate are related to a large number
of phytochemicals, including hydrolyzable tannins and
related compounds (ellagitanin, punicalagin, peduncula-
gin, punicalin, gallagic acid, ellagic acid and gallic acid),
flavonoids (anthocyanins and catechins), flavonols
(quercetin and kaempferol), flavones (apigenin and
luteolin), and conjugated fatty acids (punicic acid), pres-
ent in discrete anatomical parts, such as peel (pericarp or

husk), juice, and seeds (26–28). Pomegranate juice,
extracts, and phytoconstituents have been extensively
studied preclinically for their anticarcinogenic and can-
cer chemopreventive effects in colon, lung, skin, and
prostate cancer (26,28,29). Interestingly, investigation on
pomegranate effects on breast cancer is limited mostly to
in vitro studies. Several pomegranate products and phy-
tochemicals inhibited the growth of both estrogen recep-
tor-positive (MCF-7 and BT-474) and -negative (MB-
MDA-231) breast carcinoma cell lines (30–35), mam-
mary organ culture (36), MMTV-Wnt-1 mouse mam-
mary cancer stem cells (37), suppressed the motility and
invasion of aggressive breast cancer cells, e.g., MDA-231
and SUM 149 (38), and stimulated adhesion and inhib-
ited the migration and chemotaxis (reminiscent of meta-
static behavior) of MCF-7 and MDA-231 cells (39).
Pomegranate juice concentrate was found to reduce the
volume and weight of xenografted BT-474 tumors in
athymic nude mice (34). There is no published report on
in vivo chemopreventive effect of pomegranate against
breast cancer to the best of our knowledge and belief.
Accordingly, the objectives of the current study were (a)
to evaluate the chemopreventive potential of a pome-
granate formulation (emulsion) containing most bioac-
tive constituents present in the whole fruit, and (b)
delineate the possible mechanism(s) of action in a well-
established, in vivo preclinical mammary carcinoma
model utilizing female Sprague-Dawley rats and 7,12-
dimethyl benz(a)anthracene (DMBA).

Materials and methods

Materials

Pomegranate emulsion (PE), a proprietary combination
of pomegranate aqueous phase extract and seed oil, was
purchased from Rimonest Ltd. (Haifa, Israel). Because
this product contained various phytochemicals present
in several parts (e.g., peels, juice, leaves, flowers and
seeds) of the whole fruit, it is used for this study to maxi-
mize the synergy of pomegranate phytoconstituents. The
detailed description on the preparation of this product
was reported previously (40). The chemical analyses of
this formulation revealed the presence of caffeic acid,
corilagin, ellagic acid, ferulic acid, gallic acid, 5-hydroxy-
methylfurfural, protocatechuic acid, punicalagins (A and
B) and trans-p-coumaric acid in the aqueous phase and
mixed octadecatrienoic acids, sterols, and steroids, espe-
cially 17-a-estradiol, and tocol and g-tocopherol in the
lipid phase (40). DMBA, a mammary gland carcinogen,
was procured from Sigma-Aldrich (St. Louis, MO). Para-
formaldehyde was obtained from Ted Pella (Redding,
CA). Primary antibodies, namely proliferating cell
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nuclear antigen (PCNA, sc-56), Bax (sc-70407), Bcl2 (sc-
7382), and b-actin (sc-47778), were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). TdT-
FragELTM DNA fragmentation detection kit was
obtained from EMD Biosciences, Inc. (San Diego, CA).
Quick RNA mini Prep kit and Verso cDNA synthesis kit
were procured from Zymo Research (Irvine, CA) and
Thermo Fisher Scientific (Waltham, MA), respectively.

Animals and diet

The animal study was conducted at Northeast Ohio
Medical University (NEOMED, Rootstown, OH) follow-
ing an animal protocol approved by the NEOMED Insti-
tutional Animal Care and Use Committee in line with
the Guide for the Care and Use of Laboratory Animals
(NIH publication No. 85–23, revised in 1996). Pathogen-
free virgin female Sprague-Dawley rats (approximately
36 days of age) were purchased from Harlan Laboratories
(Indianapolis, IN) and housed in an animal facility
accredited by the American Association for the Accredi-
tation of Laboratory Animal Care. The rats were accli-
matized to standard housing conditions, including
ambient temperature of 22 §2�C, relative humidity at
30–50%, and a 12-h light-dark cycle, in plastic cages
(maximum 4 animals/cage) with special bedding (Cell-
Sorb® Plus purchased from Fangman, Cincinnati, OH)
for 1 wk before initiation of the experiment. The animals
had free access to a well-defined, Constant Nutrition®
formula basal rodent diet (Formulab 5008 from LabDiet,
St. Louis, MO) and drinking water.

Animal treatment protocol

The potential chemopreventive role of PE was investi-
gated using a well-established and our previously pub-
lished DMBA-induced rat mammary tumorigenesis
model (41). The animal treatment protocol is depicted in
Fig. 1A. Following 1-wk acclimatization period, the rats
were divided into 6 groups. Two animal groups (Groups
A and B) were maintained on the basal diet. The remain-
ing 4 groups (Groups C–F) were fed with PE through
oral gavage (p.o.) 3 times per wk (Monday, Wednesday,
and Friday) in addition to being exposed to the basal
diet. PE was administered by gently securing an animal
by holding the skin at the back of its head and delivering
the emulsion slowly via an animal feeding needle (Pop-
per & Sons, Inc., New Hyde Park, NY). Three doses of
PE were used, such as 0.2 g/kg (Group C) or 1.0 g /kg
(Group D) and 5.0 g/kg (Groups E and F). These doses
were selected based on our previous study (40). Follow-
ing 2 wk of this feeding regimen and at approximately
57 days of age, mammary carcinogenesis was initiated in

all animals belonging to Groups B, C, D, and E by a sin-
gle administration of DMBA at 50 mg/kg body weight
(dissolved in corn oil) by oral gavage according to our
previous publication (41). The specific time for DMBA
exposure is based on carcinogenic bioassay that indicates
that rats at this age possess high frequency of terminal
end buds that are more sensitive to DMBA in initiating
mammary tumors (42). Feeding of rats with PE in
Groups C, D, E and F were continued for another
16 weeks following the DMBA administration (i.e., a
total period of 18 wk). Food and water intake as well as
behavioral patterns were monitored daily and body
weights of animals were recorded every other week. Pal-
pation of mammary tumors (twice a week) began 4 wk
following DMBA treatment. The experiment was termi-
nated and all animals were sacrificed at 16 wk post-
DMBA administration (i.e., 18 wk following the initia-
tion of the experiment).

Morphology and histopathology

Following an overnight fast, animals from each group
were anesthetized by intramuscular injection of 60 mg/
kg ketamine and 10 mg/kg xylazine. The skin was dis-
sected out to expose mammary gland tumors. The
tumors (approximated spheres) were separated from
mammary gland parenchyma, carefully excised, rinsed
with phosphate-buffered saline (pH 7.4) to flush out any
residual blood, blotted dry on a paper towel, weighed,
and photographed. Each mammary tumor was measured
in 2 perpendicular directions to the nearest mm with a
vernier caliper to obtain an average diameter. Photo-
graphs of tumors were captured by a digital camera
(PowerShot ELPH520HS, Canon, Tokyo, Japan). The
tumor incidence was calculated by dividing the number
of rats with tumors by the total number of rats for each
group and expressed as a percentage. The total tumor
burden for each group represents the sum of individual
tumor weights from all animals belonging to a group.
The tumor burden values of PE treated groups were
compared against that of control to calculate percentage
inhibition.

The representative tumor tissue was harvested and cut
into 2 halves. One half was immediately flash frozen in
liquid nitrogen, subsequently transferred to ¡70 �C
freezer and used for molecular work. The other half was
fixed in 4% paraformaldehyde and utilized for histopath-
ological and immunohistochemical analysis. The mam-
mary tumors were classified according the established
criteria (43). Transverse serial tumor sections (approxi-
mately 15-mm thick) were prepared using a microtome.
Subsequently, these tissue sections were used for
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histopathological assessment by hematoxylin and eosin
(H&E) staining.

Immunohistochemical assessment

Serial sections of tumor tissue were utilized for immuno-
histochemical analysis. Cell proliferation was investi-
gated by immunohistochemical detection of PCNA as a
proliferation marker following our published method
(44). Detection of apoptotic cells in tumor sections was
performed by TdT-FragELTM DNA fragmentation detec-
tion assay as described previously (44). The immunohis-
tochemical analysis of Bax and Bcl2 was performed by

methods we described elsewhere (44). The immunohis-
tochemical slides were observed under a light microscope
(BX43, Olympus, Center Valley, PA) and 1000 tumor
cells/animal were analyzed. The PCNA labeling index
(LI) was determined by counting the number of PCNA-
positive cells £ 100/total number of tumor cells. The
apoptotic index (AI) was expressed as the number of
positively stained tumor cells per 100 cells counted. All
other immunohistochemical results were expressed as
percentage of immunopositive cells.

Reverse transcription-polymerase chain reaction

The mRNA expression levels of the apoptosis-related
genes were analyzed by reverse transcription-polymerase
chain reaction (RT-PCR) using gene-specific primers
(45). Total RNA from 20 mg of tumor sample was
extracted using Quick RNA mini Prep kit following the
instructions provided by the vendor. The expression lev-
els of proapoptotic and anti-apoptotic genes were moni-
tored by RT-PCR using the cDNA verso kit with a
temperature scale of 42�C for 30 min for reverse tran-
scription, and 32 cycles of 94�C for 30 s, 56�C for 30 s,
and 72�C for 30 s. The RT-PCR was carried out using
the primers: BAD-F – 50-GAGCTGACGTA-
CAGCGTTGA-30, BAD-R – 50-GGGTAGGGTGTGTG-
GAAAAC-30; BAX-F – 50-AGGGGCCTTTTTGTTA
CAGG-30, BAX-R – 50-ACGTCAGCAATCATCCTC
TG-30; BCL2-F – 50- CTTTGCAGAGATGTCCAGT-
CAG-30, BCL2-R – 50- AACTTTGTTTCATGGTC
CATCC-30; CASP3-F – 50-AGGGTGCTACGATCCAC-
CAGCA-30, CASP3-R – 50-CCATGGCTCTGCTCCG
GCTC-30; CASP7-F – 50-GCCATGCCCAGGA-
CAAGCCA-30, CASP7-R – 50-GCACGCCGGAGGA-
CATGGTT-30; CASP9-F – 50- TGGGTC
TCGGCGGGATCAGG ¡30, CASP9-R – 50- TGGCTG
CTTGCCCACTGCTT ¡30; poly (ADP ribose) polymer-
ase (PARP)-F – 50-CGACACGTTAGCGGAGCGGAC-
30, PARP-R – 50-GCGCCCGCTCTTAGCGTA
CT-30; CYTC-F - 50- AGACTCACCCGTGCTTCAGT
¡30, CYTC-R - 50- ACTCCCAATCAGGCATGAAC-30;
and GAPDH-F – 50-AGACAGCCGCATCTTCT
TGT-30, GAPDH-R – 50-TACTCAGCACCAGCAT-
CACC-30. All primer sequences were designed using the
Primer3 online program and synthesized by Eurofins
MWG Operon (Huntsville, AL). The PCR products were
analyzed on 1% agarose gel and visualized by ethidium
bromide staining.

Statistical analysis

Data are presented as mean § SEM unless reported oth-
erwise. The incidence of mammary tumor development

Figure 1. Experimental protocol and animal growth during the
entire term of the study. A: Schematic representation of the
experimental design utilized to investigate the effect of pome-
granate emulsion (PE) on 7,12-dimethylbenz(a)anthracene
(DMBA)-induced rat mammary carcinogenesis. B: Effect of dietary
PE on body weight gain during DMBA-initiated mammary tumor-
igenesis in rats. Each data point indicates mean § SEM (n D 12
for Group A, 11 for Group B, 8 each for Groups C and D, 7 for
Group E, and 5 for Group F). No significant difference in body
weights was observed among various rat groups at any time-
point of the study.
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in various groups was analyzed by Fisher’s exact proba-
bility test. For other endpoint markers, significant differ-
ences among various groups were determined by one-
way analysis of variance followed by Holm-Sidak test. A
probability (P) level less than 0.05 was considered to be
statistically significant. The commercial software Sigma-
Plot 11.0 (Systat Software, Inc., San Jose, CA) was used
for all statistical analysis.

Results

General observations

No differences in water and food intakes were noticed
among various experimental groups during the entire
period of the study (18 wk). Likewise, no behavioral
changes were observed among various animal groups.
The growth pattern of animals remained unaffected by
any treatment during the entire study since no significant
difference was observed in the body weight between nor-
mal and any treated group at any time-point (Fig. 1B).

PE inhibits DMBA-induced rat mammary
tumorigenesis

While there were no visible tumors in the mammary
glands of normal (Group A) as well as PE (5.0 g/kg) con-
trol (Group F) rats, macroscopic mammary tumors of
various sizes and shapes were detected in the mammary
glands of all DMBA-exposed groups. Table 1 summa-
rizes data on mammary tumor incidence, total tumor
burden and average tumor weight of DMBA-initiated
groups with or without PE treatment. PE at a dose of
0.2 g/kg (Group C) or 1.0 g/kg (Group D) exhibited 20%
reduction in tumor incidence compared to the DMBA
control (group B), but the results did not reach the level
of statistical significance. On the other hand, a signifi-
cantly (P < 0.05) reduced tumor incidence (54%) was
observed in the rat group that received PE at a dose of
5.0 g/kg (Group E) as compared to DMBA control
(Group B). Oral PE treatment also reduced the total
cumulative tumor burden (76–93%) in various DMBA-
initiated groups in a dose-responsive fashion. The aver-
age tumor weight was found to be 86–90% smaller in all
PE-treated groups compared to DMBA control (Group
B). Interestingly, all these results were found to be statis-
tically significant (P < 0.001).

Most of the mammary tumors in rats treated with
DMBA only were found to be large (Fig. 2A). Oral
administration of rats with PE at low dose (0.2 g/kg)
reduced the size of tumors in DMBA-treated animals
(Fig. 2B). A substantial decrease in the size of tumor was
observed in rats given PE at medium dose (1.0 g/kg)

(Fig. 2C). Interestingly, the tumors from the high dose
(5 g/kg) PE plus DMBA group exhibited remarkable
reduction in size compared to those from any other
DMBA-exposed animals (Fig. 2D).

PE changes intratumor histopathological
characteristics

Based on histopathological examination of H&E-stained
mammary tumor sections, the majority of tumors in
DMBA control rats showed extensive epithelial prolifera-
tion, resulting in a fused glandular pattern which indi-
cates low-grade ductal carcinoma (adenocarcinoma).
The cellular architecture exhibits substantial alteration
and enlargement of the alveolus, presence of uniformly
neoplastic ductal epithelial cells growing in cribriform
pattern and nuclear pleomorphism, characterized by
nuclear enlargement, prominent nucleoli and clumping
of chromatids. Moreover, epithelial cells demonstrate
gross variation in nuclear size and irregular chromatin
(Fig. 2E). Although the low dose (0.2 g/kg) of PE did not
alter intratumor histopathological features (Fig. 2F), a
medium (1.0 g/kg) dose of PE exhibited a marked
improvement of cellular architecture in mammary tumor
tissue which indicates only mild hyperplasia (Fig. 2G). A
further improvement of histopathological anomalies was
observed with high dose (5.0 g/kg) of PE treatment
(Fig. 2H). Tumor sections from this group showed
almost normal ductal and alveolar structure with uni-
form epithelial cells without any sign of hyperplastic
changes (Fig. 2H).

PE inhibits tumor cell proliferation

To determine whether PE impacts cellular proliferation
in DMBA-induced mammary tumors, PCNA protein
expression was assessed in serial tumor sections by
immunohistochemical technique. Tumor sections from
DMBA control rats showed an abundance of PCNA-pos-
itive cells, indicating extensive cell proliferation (Fig. 2I).
Although a negligible reduction in proliferating tumor
cells was observed in low dose PE group (Fig. 2J), a mod-
erate and extensive suppression of cell proliferation was
noticed in medium (Fig. 2K) and high dose PE group
(Fig. 2L), respectively. As illustrated in Fig. 3A, the
PCNA LI was found to be smaller in all PE-fed animals.
Interestingly, a statistically significant (P < 0.001) reduc-
tion in PCNA LI was found in medium or high dose PE
group exposed to DMBA compared to DMBA control
group.
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PE exerts apoptosis in mammary tumors

We used TdT-FragELTM DNA fragmentation detection
assay to investigate the extent of programmed cell death
(apoptosis) in mammary tumor samples. The chroma-
gen-generated brown staining was indicative of apoptotic

cells. The presence of apoptotic cells was sporadic in
tumor samples harvested from DMBA control (Fig. 2M)
and modest in low dose PE plus DMBA group (Fig. 2N).
In contrast, we observed a large number of positive stain-
ing overlapping the condensed chromatin of apoptotic
bodies in medium (Fig. 2O) or high dose PE plus DMBA
group (Fig. 2P). Fig. 3B presents intratumor AI of all
experimental groups. Although we did not observe any
difference in AI between DMBA control and PE (low
dose) plus DMBA group, there was a significant (P <

0.001) increase in AI in tumor sections obtained from 2
experimental groups that received PE at medium or high
dose compared to DMBA alone.

PE regulates apoptosis-related gene expressions

To better understand the possible mechanism(s) of apo-
ptosis-inducing activity of PE, the expression of apopto-
sis-related proteins, such as Bax and Bcl2, was evaluated
in mammary tumors by immunohistochemical tech-
nique. The occurrence of Bax-immunopositive cells was
found to be extremely low in tumors sections harvested
from DMBA control rats (Fig. 2Q) or low dose PE plus
DMBA group (Fig. 2R). On the other hand, an obvious
increase in the expression of Bax was noticeable in the
cytoplasm of tumor sections obtained from medium
(Fig. 2S) or high dose of PE (Fig. 2T). According to
quantitative analysis, these 2 doses of PE significantly (P
< 0.001) increased Bax-immunopositive cells in DMBA-
initiated rats compared to DMBA control animals
(Fig. 4A). The mammary tumor sections from DMBA
control rats showed extensive expression of cytoplasmic
Bcl2 protein (Fig. 2U) which was only slightly altered by
the low dose of PE (Fig. 2V). Interestingly, other 2 doses
of PE exhibited considerable reduction of Bcl2 immuno-
positive cells (Fig. 2W and 2X). The quantitative analysis
of Bcl2-positive cells revealed a significant (P < 0.001)
decrease in immunopositive cells in tumor sections from
rats received medium or high dose of PE (Fig. 4B). Oral
administration of PE before and after DMBA exposure
elevated the Bax/Bcl2 ratio in a dose-responsive fashion
(Fig. 4C). However, a statistically significant (P < 0.05 or

Table 1. Effect of oral PE administration on DMBA-induced mammary tumorigenesis in Sprague-Dawley rats.

Treatment groups
No. of rats with
tumors/total rats

Tumor incidence
(%)

Total tumor burden
(g)

Inhibition
(%)

Average tumor
weight (g)

Inhibition
(%)

Group B: DMBA 9/11 82 89.0 — 14.8§4.8 —
Group C: PE (0.2 g/kg) C DMBA 5/8 62 21.7 76 2.0§0.3�� 86
Group D: PE (1 g/kg) C DMBA 5/8 62 16.8 81 1.4§0.3�� 90
Group E: PE (5 g/kg) C DMBA 2/7 28� 5.9 93 1.5§0.9�� 90

Rats from normal (Group A, n D 12) and PE (5 g/kg) control group (Group F, n D 5) did not show any visible mammary tumor. PE D pomegranate emulsion;
DMBAD 7,12-dimethylbenz(a)anthracene.

�P < 0.05 compared with DMBA (Group B) by Fisher’s exact probability test.
��P < 0.001 compared with DMBA (Group B) by analysis of variance followed by Holm-Sidak test.

Figure 2. Chemoprevention of 7,12-dimethylbenz(a)anthracene
(DMBA)-initiated rat mammary tumorigenesis by pomegranate.
Effects of pomegranate emulsion (PE) on the size of mammary
tumors (A–D), intratumor histopathological profiles (E–H), cell
proliferation (I–L), apoptosis (M–P), Bax (Q–T), and Bcl2 (U–X)
protein expression. The rats were treated with oral PE 2 wk prior
to and 16 wk following DMBA administration. All animals were
sacrificed 16 wk following DMBA exposure. The mammary tumors
were subjected to morphological observation as well histopatho-
logical (H&E) and immunohistochemical analysis using anti-
PCNA, anti-Bax, and anti-Bcl2 antibodies. Apoptosis was detected
by DNA fragmentation assay. Magnification: 100£ for tumor and
H&E and 200£ for PCNA, apoptosis, Bax, and Bcl2.
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0.001) increase in of Bax/Bcl2 ratio was observed in the
group that received the medium or high dose of PE com-
pared to DMBA control, respectively.

Mammary tumor samples harvested from various
experimental groups were used to perform RT-PCR to
confirm our immunohistochemical data on apoptosis-
related proteins. As depicted in Fig. 5, dietary treatment
of PE at low and medium doses elevated the mRNA
expression of BAX and reduced the mRNA expression of

BCL2 compared to DMBA control. In addition, a clear
up-regulation of BAD, CASP3, CASP7, CASP9, PARP,
and CYT C was noticed at transcriptional level due to TE
administration. Most of these results showed a dose-
responsive pattern. Our gene expression data clearly
indicate a proapoptotic mechanism of PE-mediated pre-
vention of rat mammary tumorigenesis.

Discussion

The results of our study provide evidence for the first
time that a pomegranate formulation (PE) exerts a strik-
ing chemopreventive activity against classical DMBA
mammary tumorigenesis in female Sprague-Dawley rats.
Although PE at low (0.2 g/kg) and medium dose (1.0 g/
kg) registered inhibition of mammary tumor develop-
ment in statistically insignificant manner, the tumor-
inhibitory effect of PE at high dose (5.0 g/kg) was found
to statistically significant. The potential chemoprotective
response of PE was also reflected in the reduced total
tumor burden and smaller average tumor weight in
DMBA-initiated rats. Interestingly, all 3 doses of PE
manifested reduction in average tumor weight in statisti-
cally significant manner. The chemopreventive effect of
PE administration was also reflected in the results of our
histopathological study that shows functional differentia-
tion, decreased cell density and infiltration as well as
non-invasiveness of tissue architecture due to PE treat-
ment. The mammary tumor-inhibitory effect of PE
against DMBA-initiated rats as observed in our present
study is in agreement with several previously reported
anti-breast cancer effects of pomegranate. For example,
fermented pomegranate polyphenols, pomegranate juice
polyphenols and pomegranate seed oil were found to
substantially reduce (42–87%) the number of mammary
lesions inflicted by DMBA in a murine mammary gland
culture model (30,36). Moreover, an oral pomegranate
juice concentrate significantly depressed the volume of
BT474 xenografts in nude mice (34). Our present results
on anti-breast carcinogenic effect of PE in vivo are in
agreement with our previous findings that PE exhibits
substantial chemopreventive action against chemically
induced rat liver carcinogenesis through multiple cellular
and molecular mechanisms (40,46,47).

Another interesting observation of our study was that
PE treatment did not alter food intake, water intake,
behavioral patterns, and growth rate of experimental ani-
mals. This finding may indicate that the observed che-
mopreventive effect of PE is devoid of any toxic
manifestation. A prior subchronic toxicity study also
showed that oral administration of a pomegranate
extract at 600 mg/kg/d for 3 mo in rats did not exhibit
any significant adverse effects based on body weight

Figure 3. Quantitative analysis of mammary tumor cell prolifera-
tion and apoptosis during 7,12-dimethylbenz(a)anthracene
(DMBA)-induced mammary carcinogenesis in rats in the presence
or absence of pomegranate emulsion (PE). Effects of PE on intra-
tumor PCNA LI as determined by immunohistochemistry (A) and
apoptotic index (AI) as measured by DNA fragmentation assay
(B). The labeling index (LI) or AI was expressed as the number of
immunopositive cells 100£/total number of tumor cells analyzed.
Results are expressed as mean § SEM (n D 4). �P < 0.001 com-
pared with DMBA control.
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gains, feed consumption, organ weights, hematological,
and gross histopathological evaluation (48).

To gain insight into the mechanism(s) by which PE
abrogated mammary tumorigenesis in rats, we deter-
mined cellular proliferation in mammary tumors excised
from DMBA-exposed rats with or without PE treatment.
The extent of cell proliferation is routinely used in clini-
cal situations for assessment of tumor prognosis and
analysis of response of malignant cells to anticancer
treatment (49). PCNA, a 36-kDa nuclear protein, func-
tions as a cofactor for DNA polymerase d and serves as
an important proliferative marker for mammary carcino-
genesis (50). In this study, we have used rat mammary
tumor samples to analyze the expression of PCNA by
immunohistochemical technique. An elevated expression
of PCNA in mammary tumors of DMBA control animals
indicates accelerated proliferation of tumor cells. Orally
administered PE resulted in reduced expression of
PCNA in conjunction with lower PCNA LI in tumor sec-
tions which strongly suggests antiproliferative mecha-
nisms involved in the observed reduction of the
incidence and growth of mammary tumors.

The progression of carcinogenesis selects against apo-
ptosis to initiate, promote, and perpetuate the malignant
phenotype and apoptosis-inducing ability is considered
to be a major factor in evaluating the chemopreventive
potential of a candidate agent. We have detected apopto-
sis in mammary tumor tissues by DNA fragmentation
assay with immunohistochemistry. Our findings clearly
demonstrate a substantial increase in DNA fragmenta-
tion with increasing doses of PE, indicating induction of
apoptosis during mammary carcinogenesis. The higher
frequency of apoptosis due to PE administration as
observed in our study may curtail the progression of
mammary carcinogenesis as reflected in the reduced

incidence and growth of mammary tumors. Our obser-
vation on in vivo apoptosis-inducing effect of PE during
mammary tumorigenesis is in accordance with other in
vitro studies showing proapoptotic activities of pome-
granate phytoconstituents in human breast cancer cells
(30,32,35,38,51).

The activation of proapoptotic Bcl2 family members,
such as Bax and Bad, stimulates apoptosis by causing
pore formation in the mitochondrial membrane, result-
ing in the release of cytochrome c (cyt c). Subsequently,
cyt c binds with apoptotic protease activating factor-1
which in turn binds to procaspase-9 to create a protein
complex called apoptosome. The apoptosome cleaves the
procaspase-9 to its active form caspase-9, which subse-
quently activates the effector caspase-3. Caspase-7,
another downstream effector, is activated by both death
receptor- (extrinsic) and mitochondrial-mediated
(intrinsic) pathways. Activated caspase-3 and caspase-7
participate in a cleavage cascade of a number of cellular
proteins, resulting in the characteristic biochemical and
morphological hallmarks of apoptosis (52). Overexpres-
sion of Bcl2 promotes cell survival by suppressing apo-
ptosis, whereas enhanced expression of Bax accelerated
cell death. An increase in Bax/Bcl2 ratio is considered to
be a reliable indicator of the overall propensity of a cell
to undergo apoptosis. It is noteworthy that dysregulation
of apoptosis due to imbalance in Bax/Bcl2 ratio has been
implicated in the pathogenesis and progression of mam-
mary gland carcinoma (53). In the current study, dietary
treatment with PE increased Bax expression and
decreased Bcl2 expression in mammary tumors induced
by DMBA with a proapoptotic shift in Bax/Bcl2 ratio.
Our gene expression study further supported immuno-
histochemical assessment of Bax and Bcl2. It also indi-
cates transcriptional upregulation of Bad, cyt c., caspase-

Figure 4. Effects of pomegranate emulsion (PE) on intratumor Bax and Bcl2 expression as determined by immunohistochemistry. Quan-
titative analysis of Bax-immunopositive cells (A), Bcl2-immunopositive cells (B), and Bax/Bcl2 ratio (C) in mammary tumors induced by
7,12-dimethylbenz(a)anthracene (DMBA) in rats. Each bar represents the mean § SEM (n D 4). A,B: �P < 0.001; C: CP < 0.05 and �P <
0.001 as compared to DMBA control.
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3, caspase-7, caspase-9, and PARP. All these results sug-
gest that pomegranate bioactive phytoconstituents
induce apoptosis in experimentally induced mammary
tumors, at least, through mechanisms involving upregu-
lation of proapoptotic genes, downregulation of antia-
poptotic genes, and caspase cascade pathway.

The precise bioactive phytoconstituents of the pome-
granate formulation responsible for the observed mam-
mary tumor-suppressive and underlying mechanistic
effects are not known at the present time and require
additional thorough investigation. Various pomegranate
phytochemicals present in the formulation used in this
study showed synergistic interactions in inhibiting pro-
liferation of and inducing apoptosis in human cancer
cells (54,55). Hence, it is tempting to speculate that
pomegranate phytochemicals may confer the observed
antitumor, antiproliferative and proapoptotic activities

through promotion of multifactorial effects and chemical
synergy. One of the limitations of this study is that
pomegranate emulsion was administered before, during,
and after exposure to the carcinogen. Therefore, it is not
possible to ascertain at what stage the pomegranate bio-
active compounds are mostly active. However, it is possi-
ble that the observed effect may be due to either
detoxification or reduced metabolic activation of DMBA.

In conclusion, the present study demonstrates for the
first time that oral administration of PE 3 times a week
for 18 wk exhibits a significant chemopreventive effect in
DMBA classical rat model of chemically induced breast
cancer. The dose-responsive chemopreventive effect of
PE is evidenced from its ability to inhibit the develop-
ment of mammary tumors, reduce tumor burden and
alter tumor histopathological characteristics. Inhibition
of abnormal cell proliferation and induction of apoptosis
may explain, at least in part, the fundamental cellular
mechanisms of mammary tumor-inhibitory efficacy of
PE. Our data also suggest that downregulation of anti-
apoptotic protein Bcl2 and upregulation of proapoptotic
protein Bax in concert with caspase cascades may
account for apoptosis-inducing activity of PE during
DMBA-induced mammary carcinogenesis. All interest-
ing results coupled with a safety profile may advance the
development of pomegranate phytoconstituents as a
complex chemopreventive drug to reduce the risk of
breast cancer which is a complex disease.
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