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Hepatocellular carcinoma (HCC), one of the most prevalent and
lethal cancers, has shown an alarming rise in the USA. Without
effective therapy for HCC, novel chemopreventive strategies may
effectively circumvent the current morbidity and mortality. Oxi-
dative stress predisposes to hepatocarcinogenesis and is the major
driving force of HCC. Pomegranate, an ancient fruit, is gaining
tremendous attention due to its powerful antioxidant properties.
Here, we examined mechanism-based chemopreventive potential
of a pomegranate emulsion (PE) against dietary carcinogen dieth-
ylnitrosamine (DENA)-induced rat hepatocarcinogenesis that
mimics human HCC. PE treatment (1 or 10 g/kg), started 4 weeks
prior to the DENA challenge and continued for 18 weeks there-
after, showed striking chemopreventive activity demonstrated by
reduced incidence, number, multiplicity, size and volume of he-
patic nodules, precursors of HCC. Both doses of PE significantly
attenuated the number and area of y-glutamyl transpeptidase-
positive hepatic foci compared with the DENA control. PE also
attenuated DENA-induced hepatic lipid peroxidation and protein
oxidation. Mechanistic studies revealed that PE elevated gene
expression of an array of hepatic antioxidant and carcinogen de-
toxifying enzymes in DENA-exposed animals. PE elevated protein
and messenger RNA expression of the hepatic nuclear factor E2-
related factor 2 (Nrf2). Our results provide substantial evidence,
for the first time, that pomegranate constituents afford chemo-
prevention of hepatocarcinogenesis possibly through potent anti-
oxidant activity achieved by upregulation of several housekeeping
genes under the control of Nrf2 without toxicity. The outcome of
this study strongly supports the development of pomegranate-
derived products in the prevention and treatment of human
HCC, which remains a devastating disease.

Introduction

Hepatocellular carcinoma (HCC), one of the most lethal cancers,
results in >1 million deaths worldwide per year. Most detected
HCC cases are found in the developing countries of Asia and Africa,
but recent trends show a rapid surge in the occurrence of this disease
in Japan, Western Europe as well as North America. The incidence of
HCC has dramatically increased in the USA by >70% in the past 25
years (1), with over 24 000 new cases and nearly 19 000 deaths
expected in 2010 (2). HCC develops most frequently in a milieu of
chronic oxidative stress and hepatic inflammation primarily due to

Abbreviations: CYP, cytochrome P-450; DENA, diethylnitrosamine; GGT,
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lar carcinoma; Keapl, Kelch-like ECH-associated protein 1; mRNA, messen-
ger RNA; NQO1, NAD(P)H:quinone oxidoreductase 1; Nrf2, nuclear factor
E2-related factor 2; PB, phenobarbital; PCR, polymerase chain reaction; PE,
pomegranate emulsion; TBARS, thiobarbituric acid-reactive substance.

viral infections (hepatitis B and C), alcohol abuse, metabolic diseases
and exposure to dietary carcinogens such as aflatoxins and nitros-
amines (3-5). Currently available treatment options, such as surgical
resection and liver transplantation have their own limitations, and the
only drug (sorafenib), approved by the United States Food and Drug
Administration for the treatment of advanced HCC, causes serious
adverse effects (6). Considering the limited treatment options and
dismal prognosis for HCC, chemoprevention has been considered
the best strategy to reduce its current morbidity and mortality.

The early stages of human as well as animal hepatocellular carci-
nogenesis are characterized by the appearance of preneoplastic le-
sions, including enzyme-altered liver cell foci and nodules, which
could be used as early tumor biomarkers for monitoring liver cancer
progression as well as chemopreventive efficacies of candidate agents.
The initiation—promotion or two-stage hepatocarcinogenesis model in
rodents resembles the early events of human HCC. The initiation
stage of rat liver cancer can be achieved by the administration of
diethylnitrosamine (DENA), a potent hepatotoxic carcinogen and mu-
tagen, which is metabolized to reactive electrophilic species known to
form genetic lesions as well as chromosomal aberrations. Adminis-
tration of promoting agents, for example, phenobarbital (PB), results
in selective enhancement of the proliferation and clonal expansion of
the initiated hepatocytes (7). The DENA/PB rodent model of hepato-
carcinogenesis has proved useful in the elucidation of the potential
chemopreventive properties of novel agents of dietary origin (8—11).

The pomegranate (Punica granatum, Punicaceae) fruit is extensively
cultivated today throughout the Mediterranean and in Afghanistan,
India, China, Russia, Japan, Mexico as well as the USA (mainly in
Arizona, California and Texas). Pomegranate’s importance to Bud-
dhism, Christianity, Islam, Judaism and Zoroastrianism has been
noted (12). ‘A pharmacy unto itself” pomegranate has been exten-
sively utilized in the Unani and Ayurvedic systems of medicine for
the treatment of various ailments. The ‘superfruit’ pomegranate is
gaining tremendous importance because of its potent antioxidant
properties (13,14) attributed primarily to polyphenolic constituents,
like anthocyanins, hydrolyzable tannins (ellagitannins and gallotan-
nins) and condensed tannins (proanthocyanidins) (13,15,16). Some of
these antioxidant constituents are bioavailable and safe (17). The
antioxidant activity of pomegranate extracts surpasses that of red
wine, green tea, tomatoes and vitamin E (13). Pomegranate extracts
and constituents exert numerous beneficial activities, e.g. protection
against and/or treatment of cancer, neurological damages, inflamma-
tion, ulcers, diabetes, dental disorders, high cholesterol, cardiovascu-
lar disease, obesity, bacterial infections, erectile dysfunction and male
infertility (18). Accordingly, consumption of pomegranate juice has
skyrocketed (17).

Pomegranate suppresses the proliferation of human prostate, breast,
lung and colon cancer cells in vitro (16,19). In vivo and ex vivo studies
have also shown that pomegranate products prevent and/or reduce
chemically induced tumors in skin, breast, lung and colon (20-25).
Pomegranate-derived constituents suppress the growth and metastatic
potential of lung and prostate tumor cells implanted in rodents (26—
31). Finally, a phase II clinical trial linked oral consumption of pome-
granate juice with significant prolongation of prostate-specific antigen
doubling time for men with rising prostate-specific antigen after sur-
gery or radiotherapy for prostate carcinoma with no serious adverse
effects (32).

Nevertheless, the chemopreventive potential of this superfruit has
not been yet explored against experimentally induced liver tumori-
genesis. Recent studies showed pomegranate fruit and flower extracts
to exhibit free-radical scavenging properties with simultaneous potent
hepatoprotection against chemically induced liver damage in rodents
(33-35). Since oxidative stress is a key modulator of multistage
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hepatocarcinogenesis (36,37), pomegranate-derived antioxidant con-
stituents may protect against neoplastic hepatocellular transforma-
tion. Accordingly, the current study was initiated to investigate the
chemopreventive action of pomegranate against environmental and
dietary carcinogen DENA-initiated early events of rat hepatocarcino-
genesis that closely mimics the human disease. The antioxidant ef-
fects of pomegranate and related molecular events during
hepatocarcinogenesis were also monitored further to illuminate mech-
anisms of pomegranate action. This is the first study demonstrating
the chemopreventive efficacy of pomegranate against chemically in-
duced hepatic neoplasia, possibly through antioxidant signaling
mechanisms.

Materials and methods

Materials

Pomegranate emulsion (PE) was purchased from Rimonest Ltd (Haifa, Israel).
The emulsion is a proprietary combination of pomegranate aqueous phase
extract and pomegranate seed oil. The aqueous phase was fermented with
Rimonest strain 018 Saccharomyces cerevisiae with extracts of pomegranate
juice, peels, leaves and flowers, organically grown at Kibbutz Sde Eliahu (near
Beit Shan, Israel) in 2007 and 2008, and pomegranate seed oil was obtained by
mechanical extrusion of the clean, dried seeds without the addition of heat
(cold press). Chemical profiling has thus far revealed a preponderance of mixed
octadecatrienoic acids (38), sterols (Wiesman, Z, Lansky, E.P, unpublished
data) and steroids, especially 17-alpha-estradiol (39) and the tocol, gamma
tocopherol in the lipid phase and gallic acid, 5-hydroxymethylfurfural, ferulic
acid, punicalagins A and B, caffeic acid, corilagin, protocatechuic acid, trans-
p-coumaric acid and ellagic acid in the aqueous phase (40). The sham emulsion
(obtained from Rimonest Ltd) was prepared by emulsifying refined sunflower
seed oil with water using a proprietary emulsifying complex. DENA and PB
were purchased from Sigma—Aldrich (St Louis, MO), rabbit polyclonal nuclear
factor E2-related factor 2 (Nrf2) antibody and ABC staining systems from
Santa Cruz Biotechnology (Santa Cruz, CA) and OxyBlot Protein Oxidation
Detection kit from Chemicon (Temecula, CA).

Animals and treatment schedule

Male Sprague—Dawley rats, 50-74 g each, were purchased from Harlan Lab-
oratories (Indianapolis, IN). Animal housing, care and experiments were in
conformity with the guidelines of the Institutional Animal Care and Use Com-
mittee of Northeastern Ohio Universities Colleges of Medicine and Pharmacy.
The animals received well defined, Constant Nutrition® formula pulverized
diet (Formulab 5008 from LabDiet, St Louis, MO) and drinking water ad
libitum. The potential chemopreventive role of PE was investigated using
our well established and previously published DENA-initiated and PB-
promoted two-stage hepatocarcinogenesis rat model (10), with slight modifi-
cation (Figure 1A). Following 1 week acclimatization, the rats were randomly
divided into five groups of 6—12 animals each. Group A was maintained as
untreated normal group. Group B animals were fed a sham emulsion (10 g/kg
body wt) through oral gavage (per os) using a feeding needle (Popper & Sons,
New Hyde Park, NY) three times a week (Monday, Wednesday and Friday).
The remaining three groups were similarly administered (per os) PE at 1 g/kg
(group C) or 10 g/kg (groups D and E). These doses were based on a prelim-
inary study that showed inhibition of growth of xenografted tumor in rodents
(Wiesman, Z, Lansky, E.P, unpublished data). Following 4 weeks of this reg-
imen, hepatocarcinogenesis was initiated in all animals of groups B, C and D
by a single intraperitoneal injection of DENA (200 mg/kg body wt) in peanut oil.
Animals of groups A (normal group) and E (PE control) were injected with an
equal volume of peanut oil. Following a 2 week recovery, the promoter PB was
added into the drinking water of DENA-injected groups (i.e. groups B, C and D)
at a concentration of 0.05% wt/vol for 16 consecutive weeks. Feeding of rats
with PE (in groups C, D and E) and sham emulsion (in group B) continued
throughout the entire experimental period. Food and water intake as well as
behavioral changes were monitored twice weekly, and animal body weights
recorded every 2 weeks. All animals were killed 18 weeks following DENA
or vehicle injection, i.e. at 22 weeks following commencement of the study.

Hepatic nodulogenesis

Under anesthesia, livers were perfused with heparinized saline and subse-
quently excised. Each liver was examined macroscopically on the surface
and in 3 mm cross-sections for gross visible hepatocyte nodules. The nodules
(approximated spheres) were measured in two perpendicular planes with
a vernier caliper to the nearest millimeter to obtain an average diameter
of each nodule. Estimates of nodular volume were determined as described
recently (10).
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Fig. 1. Experimental design and animal growth during the entire term of the
study. (A) Schematic representation of the experimental protocol involving
the two-stage rat hepatocarcinogenesis initiated with DENA and promoted
by PB. (B) Effect of PE on body weight gain during DENA-induced
hepatocarcinogenesis in rats. Each data point indicates mean + standard error
of the mean. There were 6—12 animals in various groups. No significant
difference in body weights was observed among various rat groups at any
time point.

Histopathology

Representative liver specimens (~5 mm thick) were collected from several
lobes, immediately immersed in 4% paraformaldehyde and stored at 4°C. The
liver samples were embedded in embedding medium, and freeze-cut serial
sections (~10 pm thick) were prepared using a cryostat. Serial sections were
stained with hematoxylin and eosin and specific hepatocellular lesions were
recognized by light microscopy following established criteria (8).

Histochemical analyses of y-glutamyl transpeptidase-positive foci

Histochemical determination of y-glutamyl transpeptidase (GGT)-positive foci
was performed by the modified method of Rutenberg et al. (41). In brief,

889

220z 1snbny /| uo Jasn aonsnp jo Juswpedaq ‘S'N Ag 8GGE912/888/9/2E/a101He/UIdIed/w o9 dno olwapeoe//:sdiy wouy papeojumoq



A.Bishayee et al.

hepatic sections were incubated at room temperature in dark for 45 min with
0.1 M Tris solution (pH 7.4) containing y-glutamyl-4-methoxy-2-naphthyla-
mide (125 pg/ml), glycylglycine (500 pg/ml) and fast blue BB (500 pg/ml).
The slides were then rinsed with normal saline and incubated for 5 min with 0.1
M cupric sulfate solution. Finally, the slides were rinsed with saline, counter-
stained with hematoxylin, mounted and finally observed under a light micro-
scope. Single GGT-positive hepatocytes were ignored, whereas the numbers of
GGT-positive lesions >0.2 mm in diameter were counted. Four sections from
each liver were examined for quantitative evaluation of the GGT-positive foci.
The slides were coded so that the particular dietary treatment was unknown to
the individual performing the histochemical determinations.

Hepatic oxidative stress

Liver specimens were immediately flash frozen. Hepatic lipid peroxidation
was determined by estimation of thiobarbituric acid-reactive substances
(TBARS) and protein oxidation measured according to protein carbonyl levels
(42).

Reverse transcription—polymerase chain reaction

Several genes related to oxidative stress were evaluated by reverse transcrip-
tion—polymerase chain reaction (PCR). Total RNA was extracted from 20 mg
of flash frozen liver using Qiagen RNeasy plus mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. Complementary DNA was syn-
thesized from 0.5 pg of total RNA using Superscript II complementary DNA
synthesis kit (Invitrogen, Carlsbad, CA). The primer sequences were designed
as per supplementary Table S1, available at Carcinogenesis Online. The PCR
products were analyzed by agarose gel electrophoresis and visualized by ethi-
dium bromide staining under ultraviolet. The amount of transcripts of the target
genes was normalized to endogenous reference gene GAPDH.

Western blot

For Nrf2 western blotting analysis, whole-cell lysates were prepared from
frozen liver tissues. Samples containing 40 pg protein were run on 8-16%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis and transferred elec-
trophoretically to a nitrocellulose membrane. Following blotting, the membrane
was incubated overnight at 4°C in the presence of 1:200 dilution of anti-Nrf2
antibody (Santa Cruz Biotechnology) followed by incubation with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody at a dilution of
1:3000 at room temperature for 1 h. The transferred proteins were visualized
by using an enhanced chemiluminescence detection kit (Thermo Scientific,
Rockford, IL). Normalization of western blot was ensured by [-actin.

Immunohistochemistry

Immunohistochemical detection of Nrf2 in hepatic sections was performed by
standard immunohistochemical techniques (42).

Statistical analysis

Results are expressed as means + standard errors of the mean. One-way anal-
ysis of variance was used to estimate the overall significance followed by post-
hoc analysis using Student-Neuman—Keuls test. A P value of <0.05 was
considered significant. All statistical analyses were performed using commer-
cial software (SigmaStat 3.1; Systat Software, San Jose, CA).

Results

General observations

During the entire study period, no differences in food or water intake
were noted among the various experimental groups. There was no
treatment-related mortality of rats from any group before the termi-
nation of the study, i.e. 22 weeks.

Body, liver and relative liver weights

No statistical differences were noticed in the average body weights of
any of the treatment and normal groups at various time points (Figure
1B) or at the end of the study (supplementary Table S2 is available at
Carcinogenesis Online), suggesting that PE did not retard the ani-
mals’ growth. Average liver weight of DENA control (group B) was
significantly (P < 0.001) higher than that of normal group (group A)
(supplementary Table S2 is available at Carcinogenesis Online).
Though PE at 1 g/kg (in group C) did not alter liver weights compared
with group B, PE at 10 g/kg (in group D) significantly reduced liver
weights (P < 0.05) compared with group B. The relative liver weights
of group B were significantly (P < 0.001) higher than in group A
(supplementary Table S2 is available at Carcinogenesis Online).
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There was no significant difference in relative liver weights of all
DENA-treated animals in the presence or absence of PE, and PE at
a dose of 10 g/kg body wt (in group E) did not influence liver weights
relative to group A (supplementary Table S2 is available at Carcino-
genesis Online).

PE inhibits DENA-induced nodulogenesis

Though no visible hepatocyte nodules were found in the livers of
normal group (group A) or PE control (group E), macroscopic nodules
did arise from the livers of various DENA-treated groups (Figure 2A).
Table 1 summarizes nodule incidence, total number of nodules and
average number of nodules/nodule-bearing liver (nodule multiplicity)
of DENA-initiated groups with or without PE treatment. At 1 g/kg, PE
treatment reduced nodule incidence in group C compared with DENA
control (group B), but the result did not reach significance. Signifi-
cantly (P < 0.05) decreased nodule incidence occurred with PE at
adose of 10 g/kg (group D) compared with group B. The total number
of nodules was less in the two PE-treated groups (C and D) than in
group B. Both doses of PE significantly (P < 0.01 or 0.001) attenu-
ated nodule multiplicity relative to group B. Table I also highlights the
size distribution of visible nodules, mean nodular volume and nodular
volume as a percentage of liver volume of various experimental
groups. PE treatment at 1 or 10 g/kg significantly (P < 0.05 or
0.001) reduced appearance of nodules >3 mm compared with group
B. Mean nodular volume was significantly (P < 0.05 or 0.01) less in
PE-treated groups (C and D) relative to group B. Decreased nodular
volume as a percentage of liver volume, though not significant, was
observed in all PE-fed groups (C and D) compared with group B.
PE improves hepatocellular  architecture in DENA
hepatocarcinogenesis

While hepatic sections from normal animals (group A) revealed nor-
mal liver parenchymal architecture (Figure 2B, a), numerous hepatic
lesions, predominantly liver cell foci and nodules, were found
throughout the liver parenchyma in DENA-treated rats (group B).
The altered hepatic foci were of eosinophilic, basophilic, clear and
mixed cell types. A preponderance of eosinophilic foci (Figure 2B, b),
rather than mixed or clear cell foci, was prominently observed in the
hepatic sections from DENA control animals (group B). Liver sec-
tions from this group were enlarged and oval-shaped hepatocytes with
granular cytoplasm, extensive vacuolation and multinucleate (Figure
2B, c) were observed. Numerous abnormal hepatocytes were enlarged
with hyperchromatic nuclei and prominent, centrally located nucleoli.
Treatment with PE at a dose of 1 g/kg (group C) improved hepato-
cellular characteristics, i.e. more regular and less altered hepatocytes
compared with group B (Figure 2B, d). A predominant presence of
clear cell foci rather than eosinophilic or mixed cell foci was observed
in this group. The cellular architecture of liver sections from rats
receiving PE at 10 g/kg (group D) was almost comparable with that
of normal animals. The hepatocytes from this group exhibited a com-
pact cytoplasm and only limited clear cell foci. Furthermore, the size
of the nuclei resembled those of normal hepatocytes with
few binucleated cells (Figure 2B, e). Normal rats fed with PE at
10 g/kg (group E) showed normal hepatocellular architecture (Figure
2B, f), suggesting no hepatotoxicity from chronic PE treatment
(22 weeks).

PE suppresses the induction of GGT-positive foci

While no GGT-positive hepatic foci were detected in normal group
(group A) (Figure 2C, a) as well as PE control (group E) (figure not
shown), liver sections from all DENA-exposed groups exhibited var-
ious sizes of foci with positive GGT expression (Figure 2C, b—d). As
presented in Table II, a significant (P < 0.01 or 0.001) decrease in the
number of DENA-induced GGT-positive foci was observed in groups
receiving both doses of PE (groups C and D). Coadministration of PE
in DENA-treated groups also attenuated the GGT-positive focal area
as compared with DENA control. Interestingly, a significant (P < 0.01
or 0.001) result was achieved with PE at a dose of 1 or 10 g/kg.
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Fig. 2. Pomegranate chemoprevention of DENA-initiated hepatocarcinogenesis in rats. (A) Morphological examination of rat liver tissue at the termination of the
study. Macroscopically visible hepatic nodules are depicted by arrows. Representative livers were excised from several groups 22 weeks following the initiation of
the study: (a) normal (group A) showing absence of nodules; (b) DENA control (group B) showing a large nodule; (c) PE at 1 g/kg body wt + DENA (group C)
showing a small nodule and (d) PE at 10 g/kg body wt + DENA (group D) with no visible nodules. The animals fed PE at 10 g/kg only (group E) also showed no
visible nodules (figure not shown). (B) Histopathological analysis of representative liver tissue from various experimental animals as observed by H&E staining
(magnification: x250). (a) Normal untreated rat liver (group A) showing normal cellular architecture; (b) DENA control (group B) showing eosinophilic foci and
(c) areas of aberrant hepatocellular phenotype with irregular sinusoids and variation in nuclear size, shape and chromatin condensation; (d) liver section from PE
(1 g/kg body wt) + DENA (group C) showing moderate improvement of hepatic histopathological indices over group B; (e) section from PE (10 g/kg body wt) +
DENA (group D) showing hepatocytes exhibiting near-normal architecture and (f) section from PE (10 g/kg body wt) control group (group E) demonstrating
characteristics of normal liver. CV, central vein. (C) Histochemical detection of hepatic GGT-positive foci in various rat groups (magnification: x 100). (a) Absence
of foci in normal group; (b) a large GGT-positive focus in DENA control liver; (c) a medium size focus in low dose (1 g/kg) PE plus DENA-treated liver and (d)
a small focus in high dose (10 g/kg) PE plus DENA-treated liver. GGT-positive foci of various sizes are indicated by arrows.

Table I. Effects of pomegranate treatment on the development and growth of macroscopic hepatocyte nodules induced by DENA-PB in rats

Groups Rats with Nodule Total no. of  Average no. of Nodules relative to Mean Nodular
nodules/total  incidence  nodules nodules/nodule- size (% of total no.) nodular volume/liver
rats (%) bearing liver volume® volume® (%)

(nodule multiplicity) >3mm <3t >Imm <lmm (cm’)

B—Sham + 11/12 92 199 18.1 + 1.4° 462 272 272 010001  0.52%0.04
DENA

C—Pomegranate  8/12 66 112 14.0 £ 0.7¢ 37+48 3123 32+3  0.08£0008 039004
(1 g/kg) + DENA

D—Pomegranate  5/12 42¢ 56 112 £0.7" 30£3  35+2 35+4  0.06+000° 040 =005

(10 g/kg) + DENA

Animals from normal (Group A) and pomegranate (10 g/kg) control group (Group E) did not show any visible hepatocyte nodule.
“Individual nodule volume was calculated from two perpendicular diameters on each nodule. For details, please see Material and Methods.
°One gram of liver was assumed to occupy 1 cm? for this calculation.

“Values are presented as means = SEMs.

dP < 0.05 compared with Group B by Fisher’s exact probability test. P < 0.01, P < 0.001 and &P < 0.05 compared with Group B.

PE exerts antioxidant effects during hepatocarcinogenesis PE dose dependently inhibited oxidative damage, specifically DENA-
Hepatic TBARS levels reflect the extent of lipid peroxidation and index induced hepatic lipid peroxidation. At 10 g/kg, PE not only abrogated
magnitude of oxidative stress in the liver. DENA treatment significantly DENA-induced lipid peroxidation but also returned the TBARS levels to
(P < 0.001) increased the generation of TBARS in rat liver (Figure 3A). normal. To explore the effects of PE feeding on oxidative modifications
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Table II. Effects of pomegranate on the induction of GGT-positive foci
during DENA/PB hepatocarcinogenesis in rats

Groups No. of foci/cm? Focal area (mm?>/cm?)
B—Sham + DENA 344 +2.9° 4.32 +0.36
C—Pomegranate (1 g/kg) + DENA  20.2 = 2.5° 2.53 +0.32°
D—Pomegranate (10 g/kg) + DENA 12.3 + 1.1°¢ 1.55 £ 0.14¢

Animals from normal (Group A) and pomegranate (10 g/kg) control group
(Group E) did not show any GGT-positive foci.

“Values are presented as means + SEMs of four animals.

®P < 0.01 and °P < 0.001 compared with Group B.

of hepatic proteins during DENA hepatocarcinogenesis, the carbonyl
content of proteins in various experimental groups was measured. DENA
administration significantly (P < 0.05) increased the protein carbonyl
levels as measured by the immunoblotting technique, compared with
normal animals (Figure 3B). Both doses of PE limited DENA-induced
protein carbonyl content. No difference between protein carbonyl levels
in the livers of rats fed the highest dose of PE and normal animals
occurred.

PE upregulates antioxidant genes during hepatocarcinogenesis

Consistent with the crucial role of oxidative stress hepatocarcinogenesis
(36,37), PE suppressed lipid and protein oxidation as mentioned above.
Reverse transcriptase-PCR analysis of several phase 2 xenobiotic-
metabolizing genes involved in oxidative stress response showed
messenger RNA (mRNA) levels of glutathione S-transferase (GST)
isozymes alpha2, alphaS, mul, mu7 and thetal (Gsta2, Gsta5, Gstml,
Gstm7 and Gsttl, respectively) either marginally induced or unaltered
in the livers of DENA-exposed rats compared with untreated normal
rats (Figure 3C). PE treatment at 1 or 10 mg/kg in DENA-exposed
animals substantially increased mRNA levels of these genes compared
with DENA controls, though mRNA expression of the aforementioned
genes remained significantly elevated in livers of rats treated only with
PE compared with their normal counterparts. Similarly, the mRNA
levels of genes of other phase 2 enzymes, i.e. NAD(P)H:quinone oxi-
doreductase 1 (Nqol), uridine diphosphate-glucuronosyltransferase
isoforms alphal and betal7 (Ugtlal and Ugt2bl7, respectively) did
not differ significantly from DENA control or normal animals. On the
other hand, clear upregulation of these genes was noticed following
chronic treatment with PE in DENA-challenged animals. Transcription
levels of these genes were significantly elevated in the livers of PE
control compared with normal animals.

PE induces Nrf2 expression during DENA hepatocarcinogenesis

Since Nrf2 signaling is known to play a crucial role in the suppression
of oxidative stress (43), we next investigated the role of Nrf2 in the
observed antioxidant responses of PE during DENA hepatocarcino-
genesis. Very limited expression of Nrf2 in liver sections of normal
(Figure 4A, a) or only DENA-treated animals (Figure 4A, b) con-
trasted with numerous Nrf2 expression in the two DENA plus PE-
treated groups (Figure 4A, c and d) or PE control group (Figure 4A, e).
Most of the immunopositivity for N1f2 in these groups was observed in
the nucleus, indicating activation of Nrf2 and its subsequent nuclear
translocation. Quantitative analysis of Nrf2 immunopositive cells
showed limited number of hepatic Nrf2-positive cells in normal or
DENA control group (Figure 4B). PE dose dependently increased
Nrf2-positive cells in DENA-treated animals and significantly (P <
0.01) with the highest dose of PE compared with DENA control.
These results are supported by Nrf2 western blot analysis, which in-
dicate either lack of expression or very weak expression of hepatic
Nrf2 protein in normal or DENA control animals (Figure 4C). PE
treatment dose dependently elevated the level of Nrf2 in DENA-
initiated animals. A drastic elevation of this protein level was also
noticed in the group that received only the highest dose of PE. We
have also determined the Nrf2 gene expression by measuring mRNA
levels of Nrf2 in hepatic tissues of various experimental animals.
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DENA treatment alone did not influence hepatic Nrf2 mRNA expres-
sion compared with normal animals, but both doses of PE elicited
augmented Nrf2 mRNA expression in the livers of DENA-challenged
animals compared with DENA control (Figure 4D). Transcription of
Nrf2 in PE control animals was significantly upregulated relative to
normal counterparts. All these results highlight the involvement of
Nrf2 in the chemopreventive effects of PE against DENA-initiated
hepatocarcinogenesis in rats.

Discussion

Experimental liver cancer in rodents induced by DENA, an environ-
mental and dietary hepatocarcinogen, has been considered as one of
the best-characterized experimental models of HCC, allowing for the
screening of potential anticancer compounds at various stages of neo-
plastic transformation and development (8,9). DENA-induced preneo-
plastic foci and preneoplastic and neoplastic nodule formation in
rodents closely mimics HCC development in humans (44). Cross-
species comparison of gene expression showed DENA-induced liver
tumors in rodents to closely mimic a subclass of human HCC (45),
allowing for the extrapolation of potential clinical chemopreventive
effects of candidate agents.

Here, chemopreventive action of a complex (aqueous and lipid
phase) pomegranate product on development and growth of early he-
patic preneoplastic lesions was established in a two-stage model of rat
hepatocarcinogenesis initiated with DENA and promoted by PB. The
results demonstrate a potent chemopreventive effect of PE against
chemically induced rat liver tumorigenesis. Pomegranate constituents
have been previously reported to inhibit chemically induced tumors in
skin, breast, lung and colon (20-25), and here, we present evidence, for
the first time, of pomegranate-mediated chemopreventive action against
experimental hepatocarcinogenesis. Feeding of DENA-exposed rats
with PE resulted in fewer animals with visible hepatocyte nodules
and smaller nodule multiplicity (the principal endpoint for evaluating
the chemopreventive potential of a candidate agent) compared with
DENA-treated animals fed a sham emulsion. Furthermore, PE dose
dependently mediated reduction of the number of nodules >3 mm
and a parallel attenuation of nodular volume. Though not all hepatocyte
nodules become malignant during the lifespan of animals, several lines
of evidence indicate that the nodules are precursors of hepatic cancer
(46). Moreover, experience in both experimental and human disease
correlates both frequency and size of nodular hyperplasia to hepatic
carcinoma (47). Thus, PE-mediated inhibition of hepatic nodule for-
mation and suppression of nodule growth as observed here are impor-
tant steps for liver cancer chemoprevention. Our histopathology
findings further lend credence to the chemopreventive potential of
pomegranate-derived constituents against hepatic cancer.

The membrane-bound enzyme GGT has been widely accepted as
a marker of biochemical alteration in hepatocellular foci, nodules and
tumors in rats. It is well known that induction of GGT in preneoplastic
foci represents an early event in hepatocarcinogenesis, and GGT-
positive foci appear to be the first discernible evidence for the occur-
rence of tumor initiation (48). Elevated metabolism of extracellular
glutathione by GGT results in a radical-rich microenvironment in
close proximity to the foci, leading to oxidative damage that further
fuels the carcinogenic process. Immunohistochemical detection and
morphometric analysis directed at GGT-positive foci has become es-
tablished in quantitative assessment of the process of hepatocarcino-
genesis and is widely considered a useful tool for evaluation of
modulation of hepatocarcinogenesis by dietary constituents. The re-
sults of the present study demonstrated that PE not only exerted
a striking inhibitory effect on the formation of GGT-positive foci
(number) but also caused a significant attenuation of focal area. Ac-
cording to the well-accepted hypothesis of Pitot et al. (49), the number
and size of altered hepatocyte foci signify initiating and promoting
activities, respectively. In view of these observations, our results sug-
gest that PE not only affects the initiation phase of DENA hepatocar-
cinogenesis but also suppress the promotional stage by restricting the
growth of preneoplastic foci.
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Fig. 3. Antioxidant effects of PE during DENA-induced hepatocarcinogenesis in rats. Rats were killed 22 weeks following the commencement of the study. (A)
Effects of PE on hepatic lipid peroxidation measured by TBARS in DENA-challenged animals. Each bar represents the mean + SEM (n = 4-6 livers). *P < 0.001
as compared with normal group. ®P < 0.001 as compared with DENA control. (B) Effects of PE on hepatic protein carbonyl formation in rats subjected to DENA
hepatocarcinogenesis. Each bar represents the mean + SEM (n = 46 livers). *P < 0.05 as compared with normal group. ®P < 0.05 as compared with DENA
control. (C) PE-mediated upregulation of the genes of phase 2 xenobiotic-metabolizing enzymes related to oxidative stress in DENA-initiated
hepatocarcinogenesis in rats. Total RNA was extracted from the livers of several groups. The resultant complementary DNA following reverse transcription was
subjected to PCR using specific primer sequences for each gene. Representative reverse transcriptase—PCR gel pictures are shown with GAPDH as the

housekeeping gene.

Oxidative stress, an imbalance between generation of reactive ox-
ygen species and antioxidant defense mechanisms, predisposes to
hepatocarcinogenesis and drives HCC in chronic liver ailments. DE-
NA initiates hepatocarcinogenesis through production of reactive ox-
ygen species, including DNA-binding ethylcarbonium ions, resulting
in adducts and superoxide radicals via lipid peroxidation of phospho-
lipid membrane fatty acids (50) and continuous administration of PB
effects release of free radicals. Here, DENA initiation followed by PB
promotion induced dramatic hepatic lipid peroxidation in rats as evi-
denced by a drastic increase in TBARS levels, indicating severe ox-
idative stress. Reactive oxygen species could modify the chemical
structure of proteins with formation of protein carbonyls due to oxi-

dative cleavage of the main peptide backbone or by oxidation of
amino acids, including arginine, lysine, proline and threonine. Protein
carbonyls, the most ubiquitously used markers of protein oxidation,
are elevated in the plasma of HCC patients due to oxidative stress
(51). In addition to lipid peroxidation, we also observed elevated
hepatic protein carbonyl formation in DENA-treated animals, indicat-
ing oxidative protein damage. Our data also show that PE reversed
DENA-induced lipid peroxidation, suggesting the ability of pome-
granate constituents to scavenge free radicals produced by the hep-
atocarcinogen DENA. PE completely abrogated DENA-induced
enhanced protein carbonyl formation, implicating the ability of pome-
granate-derived agents to suppress hepatic oxidative stress. These
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Fig. 4. Effects of PE on hepatic Nrf2 expression during DENA-induced hepatocellular carcinogenesis in rats. Rats were killed and estimations were performed 22
weeks following the commencement of the study. (A) Immunohistochemical staining of Nrf2 (magnification: x 100). Arrowheads indicate immunohistochemical
staining of Nrf2. Representative observation of Nrf2 immunoreactivity in different groups: very limited expression in (a) normal and (b) DENA control liver; (c)
moderate induction in PE (1 g/kg) plus DENA; (d) substantial induction in PE (10 g/kg) plus DENA and (e) PE (10 g/kg) control group. (B) Immunochemical
quantification of Nrf2-positive cells in livers of various groups. One thousand hepatocytes were counted per animal and the results were based on four animals per
group. Each bar represents the mean + standard error of the mean (n = 4 livers). *P < 0.01 as compared with DENA control and °P < 0.01 as compared with
normal group. (C) Representative western blot analysis of hepatic Nrf2 protein expression. Total cellular protein was separated and blotted with anti-Nrf2
antibody. (D) The mRNA levels Nrf2 in several rat groups. Total RNA was isolated from liver and subjected to reverse transcription. The resulting complementary
DNA was subjected to PCR using specific primer sequences for Nrf2. Representative reverse transcriptase—PCR gel pictures are shown with GAPDH as the

housekeeping gene.

results support numerous studies showing that inhibition of lipid per-
oxidation and oxidative damage figures prominently in the hepatopro-
tective effects of pomegranate against chemically induced hepatic
damage in rodents (33-35). Nevertheless, our present results provide
the first experimental evidence that antioxidant properties of pome-
granate products play a valuable role in the inhibition of chemically
induced hepatocarcinogenesis in rats.

Antioxidant and detoxifying enzymes, e.g. NQO1, GST and uridine
diphosphate-glucuronosyltransferase, protect mammalian cells from
oxidative stress, and consequently, reduce the propensity of tissues to
develop malignancy (52). To delineate the underlying mechanism of
the antioxidant effect of PE during DENA hepatocarcinogenesis, re-
verse transcriptase—PCR analysis was performed to monitor the
mRNA expression of the aforementioned genes associated with oxi-
dative stress. The mRNA levels of Nqol, Gsta2, Gsta5, Gstml,
Gstm7, Ugtlal and Ugt2b17 were elevated in parallel with suppres-
sion of lipid and protein oxidation by coadministration of PE with
DENA. The observation that oral feeding of rats with PE alone upre-
gulated mRNA levels of these genes, suggests that pomegranate con-
stituents exert antioxidant properties through transcriptional regulation
of antioxidant and phase 2 enzymes.

It is well known that DENA undergoes metabolic activation con-
ferred by phase 1 cytochrome P-450 (CYP) enzymes to yield electro-
philic reactive products that mediate hepatocarcinogenesis. Moreover,
PB induces hepatic CYP activity linked to promotion of DENA-
initiated hepatocellular transformation. CYP1A2 and CYP2EI, iso-
enzymes constitutively expressed in the liver, have been shown to
activate both DENA and PB (50,53). Although the effects of PE on
phase 1 hepatic enzymes have not yet been elucidated, PE-derived
constituents probably attenuate DENA activation through inhibition
of CYP isoenzymes and thereby reduce the formation of active me-
tabolites. Similarly, pomegranate juice consumption decreased total
hepatic CYP content as well as CYP1A2 expression in rodents (54).
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As the transcription factor Nrf2, a member of the basic leucine
zipper family, plays an essential role in the antioxidant-response
element-mediated expression of many antioxidant and phase 2 de-
toxifying enzymes, including NQO1, GST-alpha2, GST-alpha5 and
GST-ml (55), possible involvement of Nrf2 in the observed upregu-
lation of the genes of these enzymes by PE was investigated. Nrf2 is
normally sequestered in the cytosol by the Kelch-like erythroid Cap
‘n’ collar homolog-associated protein 1 (Keapl). Upon oxidative or
electrophilic stress or stimulation by compounds with ability to oxi-
dize or covalently modify thiol groups of Keapl, Nrf2 dissociates
from Keapl and undergoes nuclear translocation, binding to the an-
tioxidant-response element in the promoter regions of target genes
(56), effecting synthesis of the aforementioned antioxidant and de-
toxifying enzymes. Recent studies with Nrf2-deficient mice high-
lighted the role of Nrf2 in protecting liver from xenobiotic-initiated
hepatocarcinogenesis (57). Thus, Nrf2 could be a key target of chemo-
prevention of HCC. In the present study, we have observed for the first
time an increased hepatic Nrf2 protein with enhanced nuclear trans-
location in rats pretreated with PE and subsequently exposed to the
potent hepatocarcinogen DENA. A parallel increase in the transcrip-
tion of Nrf2 gene and protein by PE during rat liver carcinogenesis
further supported the immunohistochemical findings. In view of these
observations, the inhibitory effects of PE against DENA-induced lipid
peroxidation and protein oxidation as observed here could be
achieved by the induction of antioxidant and phase 2 conjugating
enzymes via upregulation of Nrf2. Pomegranate bioactive constit-
uents may act by induction of Nrf2-regulated cytoprotective en-
zymes, putatively resulting in enhanced excretion of electrophilic
carcinogen and reduced formation of free radicals that initiate
hepatocarcinogenesis.

Identification of the active component(s) of PE responsible for the
results presented remains to be elucidated, but studies on pomegranate
clearly showed synergistic interactions of phytochemicals present in
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three anatomically discrete sections of pomegranate fruit (peel, juice
and seeds) in inhibiting the growth of cancer cells of human origin.
Therapeutically, beneficial pomegranate constituents include gallic
acid and ellagic acid, ellagitanins including punicalagins, octadeca-
trienoic fatty acids including punicic acid and flavonoids, including
anthocyanidins, anthocyanins and estrogenic flavonols and flavones.
Specific combinations of phytochemicals may be more effective
against cancer than isolated compounds (reviewed in ref. 58). As
single plants evolve complex means for fighting their own enemies,
cancer clones also evolve complex mechanisms for attaining advan-
tage over their hosts. The chemical complexity used by plants for their
own purposes may also be, in part, transferable to the drug designer
for resolving physiological ailments, including cancer (39), leading to
a complex, synergistic drug for the prevention of cancer. The PE used
in the present study has been developed by combining the extract of
the whole fruit (including peel) with seed oil to maximize the prod-
uct’s inherent bioactive synergy.

In conclusion, the results here clearly demonstrate that pomegran-
ate bioactive constituents exert a striking chemopreventive effect
against DENA-induced rat liver carcinogenesis by suppressing he-
patic oxidative insult without any toxic manifestation. The present
study also demonstrates that attenuation of oxidative stress could be
mediated through induction of antioxidant and phase 2 xenobiotic-
metabolizing enzymes. The PE-mediated upregulation of Nrf2 at the
transcriptional as well as the translational level could be attributed to
elevation of housekeeping enzymes. The steady-state induction of
these cytoprotective enzymes may lead to a move and shift of the
metabolic profile and reduction of intercellular levels of carcinogen-
derived reactive intermediates and consequent initiation of hepatocar-
cinogenesis. Since oxidative stress begets both the development and
progression of human liver cancer, our findings underscore the tre-
mendous potential of alleviating oxidative injury through modulation
of Nrf2 signaling as a putative strategy for liver cancer chemopreven-
tion and treatment by pomegranate-derived products.

Supplemental material

Supplementary Tables S1 and S2 can be found at http://carcin
.oxfordjournals.org/.
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