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ABSTRACT

Purpose Resveratrol, present in grapes and red wine, has
been found to prevent diethylnitrosamine (DENA)-initiated rat
liver tumorigenesis, though the chemopreventive mechanisms
are not completely elucidated. The current study was designed
to explore whether the antiinflammatory properties of resver-
atrol play a role in its antihepatocarcinogenic action.
Methods Liver samples were harvested from a 20-week
chemopreventive study in which resveratrol (50, 100 and
300 mg/kg) was shown to inhibit DENA-induced hepatocyte
nodules in Sprague-Dawley rats in a dose-responsive manner.
Hepatic preneoplastic and inflammatory markers, namely heat
shock protein (HSP70), cyclooxygenase-2 (COX-2) and
nuclear factor-kB (NF-kB), were studied using immunohisto-
chemical as well as Western blot techniques.

Results Resveratrol dose-dependently suppressed DENA-
induced increased expressions of hepatic HSP70 and COX-2.
Resveratrol also attenuated the DENA-mediated translocation
of NF-kB p65 from the cytosol to the nucleus with stabilization
of inhibitory kB.

Conclusion The present findings indicate that resveratrol
exerts chemoprevention of hepatocarcinogenesis possibly
through antiinflammatory effects during DENA-evoked rat liver
carcinogenesis by suppressing elevated levels of HSP70, COX-
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2 as well as NF-kB. These beneficial effects combined with an
excellent safety profile encourage the development of resver-
atrol for chemoprevention and intervention of human HCC
that remains a devastating disease.

KEY WORDS chemoprevention - hepatocarcinogenesis -
inflalnmation - NF-kB - resveratrol

ABBREVIATIONS
COX-2  cyclooxygenase-2

DENA  diethylnitrosamine

HBV hepatitis B virus

HCC hepatocellular carcinoma
HCV hepatitis C virus

HRP horseradish peroxidase
HSP70  heat shock protein 70
IkB inhibitor of kB

iINOS inducible nitric oxide synthase
NF-kB  nuclear factor-kappa B
PB phenobarbital

PBS phosphate-buffered saline
PGs prostaglandins

ROS reactive oxygen species
INTRODUCTION

Hepatocellular carcinoma (HCC) represents the majority of
all primary liver cancers. It is the sixth most common
cancer and the third leading cause of cancer deaths
worldwide (1). HCC has an extremely poor prognosis, with
the number of deaths almost equal to the number of cases
being diagnosed each year (more than 600,000), and the
five-year survival rate is below 9% (1,2). The incidence of
HCC has been steadily rising in several regions of the
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world, including southeast Asia, Japan, sub-Saharan Africa,
northern and southern Europe as well as North America. In
the United States, the incidence of HCC has increased by
more than 70% in the past quarter century (3). According
to the estimation of the American Cancer Society, there
will be more than 22,000 new cases and nearly 18,000
deaths in the United States in 2009 due to liver cancer (4).
The etiology of HCC includes infections caused by the
hepatitis B and C virus (HBV and HCV), alcohol abuse,
hemochromatosis, environmental pollutants as well as
several dietary carcinogens, such as aflatoxins and nitros-
amines (5-8). Although surgical resection is currently
considered to be the optimal treatment modality, only 10—
20% of patients qualify for this treatment due to tumor size,
multifocality, vascular invasion, or hepatic decompensation.
Moreover, the recurrence rates have been reported to be as
high as 50% for those undergoing surgery within several
years (9).
successful for the treatment of early-stage liver cancer

While liver transplantation appears to be

patients, unfortunately only a small number of patients are
candidates for this option. Again, potential of the surgical
approach is severely limited due to acute organ shortage as
well as frequent and rapid recurrence of the disease in the
transplanted liver. There is only one drug (sorafenib)
approved by the United States Food and Drug Adminis-
tration for the treatment of unresectable HCC. Neverthe-
less, a recent report indicates severe adverse effects that
include a significant risk of bleeding (10). Due to limited
treatment options and grave prognosis of HCC, chemo-
prevention has been considered to be the best strategy in
lowering the current morbidity and mortality associated
with this disease (11,12). An insight into understanding the
pathogenesis of HCC could hold the promise of finding an
effective and novel strategy for the chemoprevention and
treatment of liver cancer.

In recent years, compelling evidence has accumulated
which provides an insight into the role of inflammation in
initiation, promotion and progression of HCC. Hepatic
inflammation, due to exposure to infectious agents includ-
ing hepatotropic viruses as well as toxic compounds, may
represent an early step in the development of malignancy
with genetic and epigenetic events occurring as a later
demonstration of a prolonged inflammatory process.
Despite fundamental differences among etiological factors
for HCC, a universal denominator of the genesis of
malignancy happens to be the perpetuation of a wound-
healing response triggered by parenchymal cell death as
well as the ensuing inflammatory reaction (13). The process
of chronic inflammation leads to a stressful condition, and
ubiquitous molecules like heat shock proteins (HSPs) are
induced in response to stressful stimuli, contributing to
hepatocarcinogenesis (14). One of the prominent members
of the HSP family is HSP70. Emerging evidence strongly

supports the link between expression of HSP70 and the
oncogenic potential of tumor cells, indicating HSP70 could
be an attractive target for not only cancer therapy but also
chemoprevention (15). Cyclooxygenase-2 (COX-2) catalyzes
the production of inflammatory mediators prostaglandins
(PGs) and is chronically overexpressed in chronic liver
inflammation and cirrhosis as well as experimental and
human HCC (reviewed in ref. (16)). Increasing evidence
suggests that COX-2 signaling may play a key role in
hepatocarcinogenesis (17,18), and blocking the COX-2 may
prove effective in chemoprevention of HCC. One of the
most ubiquitous eukaryotic transcription factors that regulate
expression of genes involved in controlling cell proliferation,
adhesion and inflammatory responses is nuclear factor-kappa
B (NF=«B). Recently, a link between inflammation and
cancer through the NF-xB pathway has been established
(19). It has been shown that almost 90% of HCC cases have
a natural history of unresolved inflammation and fibrosis or
cirrhosis (20). Hence, the molecular regulator of HCC has
been termed the “inflammation-fibrosis-cancer axis” (21),
and NF-kB has been implicated as a potential “master
orchestrator” of this axis (20). Accumulating evidence
suggests that suppression of proinflammatory pathways
regulated by NF-kB could lead to prevention and treatment
of cancers linked to chronic inflammatory diseases (22).

Dietary agents, obtained from several fruits, vegetables,
nuts and spices, have drawn tremendous attention due to
their demonstrated ability to inhibit carcinogenesis in
several animal models, with some of these substances able
to partially prevent or delay cancer formation in several
high-risk populations (23,24). A large number of bioactive
food components have consistently been shown to modify
molecular targets involved in inflammation and redox
signaling (25,26), which are implicated in the development
and progression of HCC. An impressive body of knowledge
based on i vitro assays and experiments involving animal
models support potential chemopreventive and chemother-
apeutic effects of several phytochemicals in HCC (27). In
this context, resveratrol, a naturally occurring antioxidant
and antiinflammatory agent, has been considered as one of
the promising molecules.

Resveratrol (3,4',5-trihydroxy-trans-stilbene, C4H,90s3,
molecular weight 228.2, Fig. 1) is a polyphenol found in
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Fig. I Chemical structure of trans-resveratrol. A, ring A; B, ring B.
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several dietary sources, such as grapes, berries, peanuts, and
red wine. It is best known as the most likely dietary agent
responsible for the French Paradox, a phenomenon in
which consumption of red wine is linked to the reduced
incidence of heart disease (28). An impressive number of
experimental findings reveal multiple cellular targets of
resveratrol affecting cellular proliferation and growth,
apoptosis, inflammation, invasion, angiogenesis and metas-
tasis (29,30). Resveratrol has been shown to suppress
proliferation of a wide variety of human tumor cells i vitro
(31,32), which has led to numerous preclinical animal
studies to evaluate the cancer preventive and therapeutic
potential of resveratrol (reviewed in ref. (33)). Although
compelling evidence has shown that resveratrol exerts
potent cytotoxic effects against various HCC cells i vitro
and inhibits growth of transplanted hepatic tumor cells i
vivo (reviewed in ref. (34)), the chemopreventive effects of
resveratrol on liver cancer have not been systematically
studied until recently.

Recently, we reported for the first time that resveratrol
exerts chemopreventive effects against a two-stage rat model
of hepatocarcinogenesis 1nitiated with diethylnitrosamine
(DENA) promoted by phenobarbital (PB) (35). According to
this study, dietary resveratrol dose-dependently reduced the
incidence, total number, and multiplicity of visible hepatocyte
nodules, the precursors of HCC (36). Nevertheless, the
mechanisms of resveratrol inhibition of hepatic tumorigenesis
are not clearly understood. It is well known that resveratrol
possesses strong anti-inflammatory properties (reviewed in ref.
(37)), which might play an important role in protecting the
liver against carcinogen-induced neoplasia. However, an
experimental justification of this hypothesis is not found in
current scientific literature. In view of the aforementioned
caveat, the objective of the present study was to examine the
hypothesis that anti-inflammatory mechanisms contribute to
resveratrol-mediated chemoprevention of DENA-initiated rat
liver carcinogenesis. The current study was designed to
retrospectively measure several preneoplastic and inflamma-
tory markers, namely HSP70, COX-2 and NF-kB, in livers
from rats treated with DENA both in the presence as well as
absence of dietary resveratrol. The liver tissues were obtained
from our previously reported chemopreventive study in
which rats exposed to dietary resveratrol (50-300 mg/kg)
exhibited 22—60% hepatic tumor inhibition, respectively (35).

MATERIALS AND METHODS
Animals and Experimental Protocol
Liver samples for the present study were harvested from

our previously reported chemopreventive study (35) follow-
ing animal protocol approved by the Institutional Animal
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care and Use Committee of the Northeastern Ohio Univer-
sities Colleges of Medicine and Pharmacy. The animal
protocol was based on the “Principles of Laboratory Animal
Care” (NIH publication #85-23, revised in 1985). In short,
48 female Sprague-Dawley rats (Charles River Laboratory,
Wilmington, MA), weighing between 65 and 85 g at the
beginning of the study, were randomized into five groups of
6—13 animals each. While one group served as the vehicle
control (normal group), hepatocarcinogenesis in all other four
groups was induced by a single intraperitoneal (i.p.) injection
of DENA (Sigma-Aldrich, St. Louis, MO) at a dose of
200 mg/kg, followed by promotion with PB (Sigma-Aldrich)
at a concentration of 0.05% w/v in drinking water, which
was started 2 weeks following the DENA injection. All rats
had free access either to phytoestrogen-free pulverized
standard food (LabDiet, St. Louis, MO) for normal as well
as DENA control or the same food supplemented with
various amounts of trans-resveratrol (~98% purity; Organic
Herb, Inc., Changsha, Hunan, P.R. China), resulting in a
daily dose of 50, 100 or 300 mg/kg body weight (for three
resveratrol-treated groups). Resveratrol treatment was started
4 weeks before the initiation and continued for 20 successive
weeks. At the termination of the study (20 weeks), the livers
from all animals were perfused and subsequently excised
under anesthesia. The livers were examined for morphological
evaluation of visible hepatocyte nodules. The results on the
incidence and size distribution of hepatic nodules have already
been published (35). A portion of the non-nodular normal
liver tissue (confirmed by histopathology) from various groups
was collected and frozen immediately in liquid nitrogen and
subsequently stored in a freezer at —80°C. Serial sections
(~10-um) of liver tissue were prepared from different groups
and stored at —80°C freezer. These liver sections and liver
tissues were used for immunohistochemical analysis and
Western blotting, respectively, as described below.

Immunohistochemical Analysis

Immunohistochemical detection of HSP70, COX2, NF-kB
p65 and inhibitor of kB (IkBa) in ~10-um-thick liver
sections was performed by standard immunohistochemical
techniques. In short, the sections were hydrated in 1X
phosphate-buffered saline (PBS) for 5 min followed by
incubation for 10 min at 80°C in 10 mM sodium citrate
buffer (pH 6.0) for antigen retrieval. The sections were
cooled to room temperature for 20 min. All subsequent
steps were carried out at room temperature. Following a
5-min wash with 1X PBS; the endogenous peroxidases were
blocked by 1% hydrogen peroxide in PBS for 5 min. The
sections were washed as before and blocked for 1 h in PBS
containing 5% normal serum. The slides were then
incubated overnight with primary antibodies at a dilution
of 1:100 at 4°C in a humidified chamber. Rabbit polyclonal
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anti-NF-kB p65, rabbit polyclonal anti-IkBa, goat poly-
clonal antu-COX2 antibody, mouse p-actin monoclonal
antibody, and ABC staining systems were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Mouse ant-
HSP70 monoclonal antibody was the product of Stressgen
(Victoria, Ganada). After washing with PBS, the sections
were incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibody (anti-rabbit and anti-mouse
secondary antibodies from Invitrogen, Carlsbad, CA) at
1:200 dilution for 30 min at 37°C. The chromogenic
reaction was developed with 3,3'-diaminobenzidine tetrahy-
drochloride solution. Negative control sections were pro-
cessed simultancously with the omission of the primary
antibodies. All sections were dehydrated and mounted with
cover slips and viewed under a light microscope. One-
thousand hepatocytes from at least four separate fields were
analyzed per animal, and four animals per group were used
for immunohistochemical analysis. The results were
expressed as percentage of positive cells.

Western Blot Analysis

Liver tissue samples were homogenized in ice-cold lysis
buffer containing protease inhibitors and phenylmethylsul-
phonyl fluoride (PMSF). Homogenized liver tissue (10% w/
v) was centrifuged at 14,000 ¢ for 15 min at 4°C. The
supernatant was used for quantification of HSP70 and
COX-2. The pellet was subsequently used to prepare the
nuclear protein extract for the NF-kB p65 assay. Nuclear
proteins were isolated following the technique of Dignam et
al. (38) with modifications. In short, the pellet was
resuspended 1n ice-cold low-salt buffer (pH 7.9) containing
1.0 mM DTT, 0.2 mM EDTA, 25% (v/v) glycerol, 20 mM
Hepes, 20 mM KCI, 1.5 mM MgCl, and 0.2 mM PMSF.
The release of nuclear proteins was achieved by adding a
high-salt buffer (pH 7.9) containing 1.0 mM DTT, 0.2 mM
EDTA, 25% (v/v) glycerol, 20 mM Hepes, 1.2 M KCI,
1.5 mM MgCl, and 0.2 mM PMSF drop by drop to a final
KCl concentration of 0.4 M (38). Following 30 min
incubation on ice with smooth shaking, the soluble nuclear
proteins were recovered by centrifugation at 25,000 g for
30 min at 4°C. The samples were stored at —80°C until
assayed. Protein content was quantified using a Pierce BCA
protein assay kit (Thermo Scientific, Rockford, IL). Ap-
proximately 60 pg protein sample was run on a 4-12%
NuPage™ Bis-Tris gel (Invitrogen, Carlsbad, CA) at 200 V
for 35 min. The samples were then transferred to Protran
Whatman nitrocellulose membrane (Schleicher and
Schuell, Dassal, Germany) at 20 V for 7 min on an iBlot™
Dry Blotting System (Invitrogen, Carlsbad, CA). The
transferred protein was subjected to 1 h incubation in 2%
blocking solution. A mouse anti-HSP70 monoclonal anti-
body (1:1000), goat anti-COX-2 polyclonal antibody

(1:1000), or rabbit anti-NF-kB p65 polyclonal antibody
(1:500) was then applied overnight at 4°C and followed by
1 h application of HRP-conjugated anti-mouse or anti-goat
secondary antibody (1:1000). Each blot was then exposed to
the ECL substrate (GE Healthcare, Little Chalfont, Buck-
inghamshire, UK) and read on a Kodak Digital Science
Image Station 440CF analyzer (NEN™ Life Science
Products Inc, Boston, MA). The nitrocellulose membrane
was then soaked in TBS with 1% Tween-20 overnight at 4°
C followed by 1 h incubation in 2% blocking solution. A
monoclonal anti-B-actin or anti-laminin antibody (1: 1000)
was applied overnight at 4°C.. This step was followed by 1 h
application of HRP-conjugated secondary antibody
(1:1000). Each blot was then developed and read on the
Kodak analyzer.

Statistical Analysis

Data are presented as means + SDs. One-way analysis of
variance (ANOVA) was used to determine overall signifi-
cance followed by post-hoc analysis using the Student-
Neuman-Keul test. A probability level of 5% (P<0.05) was
considered statistically significant. A commercially available
software program (SigmaStat 3.1, Systat Software, Inc.,
San Jose, CA) was used for all statistical analyses.

RESULTS

Resveratrol Suppresses Hepatic HSP70 Induction
During DENA-Mediated Hepatocarcinogenesis

HSP70 has an anti-apoptotic role and is found to be
induced in response to a variety of stressful situations,
including hepatocarcinogenesis. Our immunohistochemical
results reveal no immunostaining or only faint expression of
HSP70 in the livers of normal animals (Fig. 2A-a). On the
other hand, a substantial increase in HSP70 immunoreac-
tivity was noticed in both the nucleus as well as cytoplasm
of the liver sections derived from DENA-initiated animals
(Fig. 2A-b). Although resveratrol at 50 mg/kg did not
modify HSP70 expression (figure not shown), a moderate
reduction of immunoreactivity by 100 mg/kg (Fig. 2A-c)
and a maximum inhibition by 300 mg/kg resveratrol
(Fig. 2A-d) were observed. Fig. 2B shows percentage of
hepatic HSP70-positive cells in various groups of animals.
There was a significant (P<0.001) increase in HSP70-
positive cells in DENA control group. Resveratrol treat-
ment significantly attenuated the hepatic HSP70 protein
expression in animals challenged with DENA at a dose of
100 mg/kg (P<0.01) or 300 mg/kg (P<0.001), respectively.
To confirm our immunohistochemical results on HSP70,
livers from various groups were subjected to Western blot
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Fig. 2 Effects of resveratrol on hepatic HSP70 expression during DENA-initiated hepatocarcinogenesis in female Sprague-Dawley rats. (A) Representative
immunohistochemical localization of HSP70 (magnification: 100x). Rats were sacrificed 20 weeks following the commencement of the study and
immunohistochemistry was performed to detect HSP70. Arrows indicate immunohistochemical staining of HSP70. Near absence of immunopositivity in
normal liver (a), intense immunoreactivity in DENA control liver (b), decreased HSP70 expression in 100 mg/kg resveratrol group (c), and near absence of
HSP70 expression in 300 mg/kg resveratrol group (d) are noticed. (B) Quantification of HSP70-positive cells in rat livers of several experimental groups.
One-thousand hepatocytes were counted per animal, and the results were based on 4 animals per group. Each bar represents the mean = SD (n=4
livers). P <0.001 as compared to normal group; ®°P<0.01 and P<0.001 as compared to DENA control. (C) Representative Western blot and (D)
related densitometric analysis of hepatic HSP70 expression in various groups of rats. Total cellular protein was separated and blotted with anti-HSP70
antibody. Each bar represents the mean = SD (n=4-5). *P<0.01 as compared to normal group; P <0.01 as compared to DENA control.

analysis. As depicted in Fig. 2C and D, there was a
significant (P<0.01) up-regulation of HSP70 in DENA
control animals compared to normal group. Again, DENA-
induced overexpression of HSP70 was suppressed in rats
fed resveratrol-supplemented diet. However, a statistically
significant (P<0.01) result was obtained with the highest
dose of resveratrol (300 mg/kg). Another interesting finding
stemming from this study is that there is no difference in the
levels of HSP70 protein expression between DENA-treated
rats in the presence of resveratrol at 300 mg/kg compared
to that of normal rats. Taken together, all these results
indicate that resveratrol is able to completely reverse the
high levels of HSP70 expression during DENA-initiated
hepatocarcinogenesis in rats.

Resveratrol Inhibits Elevated Hepatic COX-2
Expression During DENA Hepatocarcinogenesis

As chronic inflammation plays a vital role in hepatocarcino-
genesis, the ability of resveratrol to suppress the induction
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of inflammatory marker COX-2 has been investigated in
the present study. Accordingly, we have determined the
immunostaining for the COX-2 protein in the hepatic
sections of rats injected with DENA and maintained on
normal or resveratrol-supplemented diet. As Iig. 3A-a
shows, a near absence of COX-2-positive hepatocytes was
noticed in normal rat liver. On the contrary, a dramatic
increase in hepatic COX2 expression was observed in both
perinuclear region as well as cytoplasm of hepatocytes from
DENA control animals (Fig. 3A-b). Hepatic Kupffer,
sinusoidal as well as endothelial cells were found to be
immunopositive for COX-2. Resveratrol at a dose of
50 mg/kg did not alter the extent of COX-2 immunopo-
sitivity compared to DENA alone (data not shown). On the
other hand, a moderate and drastic suppression of COX-2
expression was noticed following resveratrol treatment at a
dose of 100 mg/kg (Fig. 3A-c) as well as 300 mg/kg
(Fig. 3A-d), respectively. Fig. 3B depicts percentage of
COX-2-positive hepatocytes in all experimental groups. A
15-fold increase (P<0.001) in the percentage of COX-2-
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Fig. 3 Effects of resveratrol on hepatic COX-2 expression during DENA-induced hepatocarcinogenesis in female Sprague-Dawley rats. (A)
Immunohistochemical localization of COX-2 (magnification: 100x). Rats were sacrificed and immunohistochemistry was performed 20 weeks following
the commencement of the study to detect COX-2 immunopositivity. Arrows indicate immunohistochemical staining of COX-2. Absence of COX-2-
containing protein in normal liver (a), intense COX-2 immunoreactivity in DENA control liver (b), decreased COX-2 expression in 100 mg/kg resveratrol
group (c), and very limited expression of COX-2 in 300 mg/kg resveratrol group (d) are observed. (B) Quantification of COX-2-positive cells in rat livers
of different experimental groups. One-thousand hepatocytes were counted per animal, and the results were based on 4 animals per group. Each bar
represents the mean + SD (n=4). *P<0.00 as compared to normal group; °P<0.01 and P<0.001 as compared to DENA control.

positive cells in DENA-treated rats compared to their
normal counterparts was noticed. There was a significant
inhibition of percentage of COX-2-positive cells in rats fed
with either 100 (P<0.01) or 300 mg/kg (P<0.001)
resveratrol compared to DENA control group. These
results have been confirmed and validated by Western blot
analysis. As depicted in Fig. 4A and B, a significantly (P<
0.001) elevated hepatic expression of COX-2 was observed
in DENA control group compared to normal. Interestingly,
resveratrol treatment registered a decline in COX-2
expression in all DENA-initiated animals as compared to
DENA alone. Nevertheless, a statistically significant (P<
0.001) result was obtained in the group that received 100 or
300 mg/kg resveratrol.

Resveratrol Attenuates NF-kB Activation
During DENA-Initiated Rat Liver Carcinogenesis

To elucidate the mechanism by which resveratrol modu-
lates the COX-2 gene expression, we investigated the
influence of resveratrol on the activation of transcription
factor NF-xB that regulates COX-2. Our immunostaining
data show either absence or minimal expression of NF-xB
p65 protein in nuclei of normal rat livers (Fig. 5-a), whereas
a substantial amount of immunoreactivity was noticed in
the cytoplasm (data not shown). A high expression of NF-
kB p65 in nucleus (Fig. 5-b) and low expression of the same
in cytoplasm was noticed in the livers of DENA-initiated
animals, indicating activation and subsequent translocation
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Fig. 4 Hepatic COX-2 protein expression in rats subjected to DENA
hepatocarcinogenesis with or without resveratrol treatment. (A) Repre-
sentative Western blot and (B) related densitometric analysis of hepatic
COX-2 expression in various groups of rats. Total cellular protein was
separated and blotted with anti-COX-2 antibody. Each bar represents the
mean + SD (n=4). *P<0.00! as compared to normal group; °P < 0.00
as compared to DENA control.
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Fig. 5 Effects of resveratrol on hepatic NF-kB p65 expression during DENA-evoked hepatic neoplasia in female Sprague-Dawley rats. Representative
immunohistochemical localization of NF-kB p65 in nucleus (magnification: 100x). Rats were sacrificed 20 weeks following the commencement of the
study, and immunohistochemistry was performed to detect NF-kB p65. Arrows indicate immunohistochemical staining. Different experimental groups are
(@) normal control; (b) DENA control; (c) resveratrol 100 mg/kg + DENA and (d) resveratrol 300 mg/kg + DENA.

of NF-kB p65 from the cytosol to the nucleus. Interestingly,
upon treatment with resveratrol (100 or 300 mg/kg), the
NF-kB p65 protein expressions were reversed compared to
DENA control (Fig. 5-c,d). As depicted in Fig. 7, resveratrol
at 300 mg/kg elicited a 12-fold (P<0.001) decrease in NT-
kB p65 protein expression in the nucleus and nearly 9-fold
(P<0.001) increase in the same subunit in the cytoplasm

compared to DENA control. Resveratrol also suppressed
DENA-induced degradation of IxkBa protein in cytosol in a
dose-responsive manner (Fig. 6-c,d), which may explain its
observed effects on NF-kB p65. However, a statistically
significant (P<0.01) result was obtained with the highest
dose of resveratrol (i.e., 300 mg/kg) (Fig. 7). Data obtained
by Western blot analysis further supports and confirms the

Fig. 6 Effects of resveratrol on hepatic IkBa expression during DENA-evoked hepatic neoplasia in female Sprague-Dawley rats. Representative
immunohistochemical localization of IkBat in cytosol (magnification: 100x). Rats were sacrificed 20 weeks following the commencement of the study, and
immunohistochemistry was performed to detect IkBa. Arrows indicate immunohistochemical staining. Different experimental groups are: (@) normal
control; (b) DENA control; (c) resveratrol 100 mg/kg + DENA and (d) resveratrol 300 mg/kg + DENA.
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results with nuclear NF-kB p65 protein expression. A
substantial elevation of NF-kB p65 subunit was observed
in the nuclear protein extract from DENA control livers
(Fig. 8A). There was a considerable decrease in this subunit
in 50 mg/kg resveratrol group and near absence of the
same in 100 or 300 mg/kg group. Accompanying densito-
metric analysis revealed a drastic elevation (P<0.001) of
NF-xB p65 in DENA control, which was significantly (P<
0.001) reduced in all resveratrol-treated animals (Fig. 8B).
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Fig. 8 Effects of resveratrol on hepatic nuclear NF-kB p65 expression in
DENA-initiated hepatocarcinogenesis in female Sprague-Dawley rats.
(A) Representative Western blot and (B) related densitometric analysis
of NF-kB p65 expression in various groups of rats. Nuclear protein was
separated and blotted with anti-p65 antibody. Each bar represents the
mean + SD (1=4). *P<0.00! as compared to normal group; °P < 0.00
as compared to DENA control.
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These results indicate that resveratrol was able to inhibit
the nuclear translocation of NF-kB p65 subunit.

DISCUSSION

Resveratrol, a naturally occurring polyphenol present in
grapes and red wine, has been shown to possess a potent
growth-inhibitory effect against various human cancer cells
i vitro and chemopreventive effects in breast, colon,
esophagus, lung and skin carcinogenesis m viwo (31-33).
Nevertheless, mechanism-based chemopreventive actions of
this dietary antioxidant and anti-inflammatory agent have
not been investigated in detail against inflammation-
associated hepatic malignancy. Recently, we reported the
novel finding that dietary resveratrol significantly prevents
DENA-initiated liver tumorigenesis in female Sprague-
Dawley rats (35). In this study, long-term feeding of rats
with resveratrol-supplemented diet dose-dependently
inhibited the number, multiplicity and size distribution of
hepatocyte nodules, the principal endpoint for evaluating
the chemopreventive potential of a candidate agent.
Nevertheless, the underlying mechanism(s) by which resver-
atrol exerts a chemopreventive action against experimental
hepatocarcinogenesis remains to be clarified. Based upon
our preliminary data and other studies, we hypothesize
that anti-inflammatory mechanisms may contribute to
resveratrol-mediated liver cancer chemoprevention. The
results of the present study convincingly demonstrate that
continuous dietary exposure of resveratrol to rats chal-
lenged with a potent hepatocarcinogen DENA combat
DENA-initiated inflammatory response by reversing hepat-
ic stress and inflammatory indices, including HSP70, COX-
2 as well as NIF-kB signaling.

The members of the HSP family are a group of highly
conserved and functionally interactive chaperone proteins

@ Springer



1088

Bishayee et al.

with an important defense mechanism for protecting cells
against diverse physiological damages inflicted by various
adverse stimuli, including heat shock, hypoxia, reactive
oxygen species (ROS) and viral transformations (39). HSPs
have been classified in at least 6 major families according to
their approximate molecular size, namely HSP100, HSP90,
HSP70, HSP60, HSP40, and small HSPs including HSP27
(14). HSPs are known to regulate diverse cellular functions,
including apoptosis, and hence can be broadly categorized
into two groups: antiapoptotic and proapoptotic. HSP70 is
an antiapoptotic protein, and its overexpression allows cells
to survive under various adverse conditions, including
carcinogenesis (40). Overexpression of HSP70 has been
observed in human malignant tumors of the prostate,
breast, lung, oral cavity as well as the uterus (14). The
expression of HSP70 has been found to be up-regulated in
HCC, and its expression pattern has been significantly
associated with stepwise progression of HBV- and HCV-
related hepatocarcinogenesis (41,42). HSP70 expression
contributes to not only hepatocarcinogenesis but also tumor
progression by promoting tumor cell proliferation in HCC
(14). It has also been demonstrated that HSP70 could be a
sensitive marker for the differential diagnosis of early HCC
from preneoplastic lesions or non-cancerous liver tissue
(43). It has been shown that DENA alone or in combination
with heat shock induces HSP70 gene transcription in the
liver of Fisher rats (44,45). Additionally, c-Met conditional
knockout mice (more susceptible to DENA-induced hepatic
tumorigenesis) exhibited elevated levels of HSP70 protein
in the liver (46). In the present study, we have utilized both
immunohistochemical as well as Western blot techniques to
show an elevated level of hepatic HSP70 expression in
DENA-treated animals, supporting all previous findings. A
significantly elevated level of hepatic HSP70 in DENA
control animals at the end of 20 weeks as observed in this
study could be associated with antiapoptotic property of
initiated hepatocytes and subsequent promotion of hepatic
tumorigenesis as observed in our previous study (35). On
the other hand, animals exposed to continuous dietary
resveratrol suppressed DENA-induced overexpression of
HSP70, indicating amelioration of carcinogenic stress. This
observation confirms and extends our earlier finding that
resveratrol suppresses cell proliferation with a concomitant
induction of apoptosis to reverse DENA-induced hepatic
neoplasia (35). It is plausible that resveratrol induces
apoptosis in DENA-exposed rat liver to remove damaged
hepatocytes by this process, which may eliminate hepatic
stress that would otherwise trigger an induction of HSP70.
It has been found that resveratrol induces apoptosis in
human prostate cancer and leukemia cells by interfering
with the expression of HSP70 (47,48). A recent study has
shown that resveratrol supplementation inhibits chemically
induced colon carcinogenesis in rats by limiting the
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expression of a number of apoptotic biomarkers, including
HSP70 (49).

COX enzymes catalyze the synthesis of PGs, including
PGE,, from arachidonic acid. At least two isoforms of
COX, namely COX-1 and COX-2, have been identified
that have approximately 60% similarity in amino acids (50).
COX-1 is constitutively expressed with homeostatic roles in
various tissues. On the other hand, COX-2 is an inducible
isoenzyme which has been found to be locally induced by
proinflammatory mitogens, cytokines and growth factors
during inflammation and carcinogenesis (51). COX-2 has
been associated with cell proliferation, differentiation,
apoptosis, angiogenesis, invasiveness and metastasis—all of
which are involved in multi-stage tumorigenesis (52). It is
now well established that COX-2 is chronically overex-
pressed in chronic liver inflammation and cirrhosis as well
as experimental and human HCC (reviewed in ref. (16)).
Overexpression of COX-2 in patients with HCC has been
found to be higher in well-differentiated HCC compared to
less-differentiated HCC or a histologically normal liver,
suggesting the involvement of COX-2 in the early stages of
hepatocarcinogenesis (17,53). Other mvestigators have also
provided evidence that COX-2 expressions are indepen-
dent of tumor mass and tumor stage, and the COX-2
system appears to be active both in the early as well as the
late stages of hepatocarcinogenesis (18,54). Increasing
evidence suggests that COX-2 signaling may play a key
role in hepatocarcinogenesis. Consequently, blocking the
COX-2-mediated PG pathway may prove effective in
chemoprevention of HCC (55,56). In our study, a dramatic
increase in the number of hepatic COX-2-expressing cells
20 weeks following DENA treatment indicates a state of
severe hepatic inflammation. Previous studies have shown
elevated expression and activity of COX-2 in the DENA
model of hepatocarcinogenesis (57,58). It is noteworthy that
we have noticed a similar upregulation of other inflamma-
tory markers, including inducible nitric oxide synthase
(INOS) and 3-nitrotyrosine in the liver of DENA control
animals (59). The present results also show that treatment
with resveratrol dose-dependently decreased COX-2 ex-
pression, suggesting involvement of anti-inflammatory
mechanisms. This finding is in concordance with a previous
study that shows resveratrol suppresses COX activity in the
livers of mice treated with DENA (60). Overexpression of
antiapoptotic Bcl-2 has been associated with elevated
COX-2 expression (61), and an upregulation of Bcl-2 in
the livers of rats treated with DENA has been previously
reported from our laboratory (35). We have also noticed an
inhibitory effect of resveratrol on Bcl-2 under the same
experimental conditions (35) which support and strengthen
the present findings of resveratrol-mediated suppression of
elevated COX-2 expression during hepatocarcinogenesis.
The present results along with our previous report (35) are
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the first, to our knowledge, to provide direct evidence that
COX-2 1s a potential target for chemopreventive action of
resveratrol against DENA hepatocarcinogenesis. Recently,
it has been shown that resveratrol binds with COX-2
directly to inhibit its enzyme activity, suppresses COX-2-
mediated PGE, production and exerts antitumor effects on
human colon adenocarcinoma cells i vitro and ex vivo (62).
According to prior i viwo studies, tumor-inhibitory effects of
resveratrol in breast, esophagus, intestine and skin have
been associated with its ability to inhibit COX-2 (reviewed
in ref. (33)). Although several COX-2 inhibitors are known
to exert chemopreventive effects, not all of these agents are
considered ideal candidates for chemoprevention due to the
risk of adverse cardiovascular events (63). Accordingly, we
have evaluated the effects of resveratrol on cardiac
performance using transthoracic echocardiography during
experimental hepatocarcinogenesis induced by DENA. Our
results clearly demonstrate that chemopreventive doses of
resveratrol do not exhibit any cardiotoxicity, but rather
improve the cardiac function (64).

In order to better understand resveratrol-mediated
inhibition of COX-2 expression during DENA-induced
rat liver carcinogenesis, we have studied the expression of
NF-kB, which is known to regulate COX-2. NF-kB, a
eukaryotic transcription factor family, consists of dimers of
the following proteins: NF-xB1 (p50 and p105), RelA (p65),
NF-kB2 (p52 and pl100), c-Rel, and RelB. It is normally
found in the cytoplasm as an inactive dimer bound to an
inhibitory subunit, IxB, which also has several family
members, including IxkBa, IkBf, IxkBy, and IxBe (65).
There are two main NF-kB pathways: the classical
pathway, in which the p50:p65 heterodimer is predomi-
nate, and an alternative (non-classical) pathway, in which
the p52:RelB dimer is activated (65). Activation of NF-xB
leads to phosphorylation, ubiquitination and, subsequently,
proteasome-mediated degradation of IkB. Following acti-
vation, NF-kB is then released from IkB and translocates to
the nucleus, where it induces the transcription of specific
genes including COX-2 and NOS, which are implicated in
hepatocarcinogenesis (16,66,67). It has been confirmed that
both COX-2 and iNOS promoter have binding sites for
NF-xB (68,69). In this study, the expressions of p65 subunit
of NF-xB in hepatic nuclear and cytosolic compartments
and the major IkB protein IkBa in cytosol have been
measured. We have found that DENA elicited the
degradation of IxkBa with a simultaneous translocation of
p65 from cytoplasm to nucleus. It has been previously
demonstrated that DENA-induced inflammation triggers
ROS production, which activates NF-kB followed by
release of pro-inflammatory cytokines, chemokines and
iINOS—all these events leads to hepatocarcinogenesis (70).
In the present study, we have also found that resveratrol has
the ability to decrease the degradation of IxkB and the

nuclear translocation of p65, indicating that this dietary
agent can suppress DENA-mediated NIF-xB activation. In
addition to inhibiting COX-2 as observed in the current
study, resveratrol has also been previously found to
suppress iINOS expression during DENA hepatocarcino-
genesis (59). Studies from other laboratories show that
resveratrol inhibits COX-2 and iNOS through its inhibitory
effects on NF-xB both  vitro and in vivo (71-73). Resveratrol
is also known to block experimental liver fibrosis in rats by
preventing the translocation of NF-xB to the nucleus with
down-regulation of profibrotic cytokine tumor growth factor-
B (74). Collectively, all these studies indicate that resveratrol
could counteract the early inflammatory cascades during
hepatocarcinogenesis by inhibiting COX-2 and iNOS via
modulation of NF-xB, and the anti-inflammatory action
could represent, at least in part, the molecular mechanism of
resveratrol chemoprevention of HCC. The precise mecha-
nisms of resveratrol-mediated inhibition of NF-kB in our
animal model are not completely understood at the present
moment. Previous studies have provided evidence that
resveratrol inhibits NF-kB by inhibiting IxkB kinase, resulting
in attenuation of NF-kB translocation into the nucleus (75) or
via its sirtuin activity, which is known to deacetylate NI-xB
(76). Confirmation of these possibilities in our experimental
conditions requires further studies, which are being carried
out in our laboratory.

In summary, the results of the present investigation clearly
demonstrate that resveratrol suppresses the inflammatory
cascade during rat liver carcinogenesis initiated with DENA
by inhibiting overexpression of HSP70 and COX-2 as well
as blocking nuclear translocation of NF-kB. Resveratrol has
previously been found to exert striking chemopreventive
effects against DENA-initiated rat liver tumorigenesis (35). It
is possible that resveratrol prevents DENA hepatocarcino-
genesis by inhibiting translocation of NF-kB from cytosol to
nucleus, NF-kB-DNA binding and eventual trans-activation
of genes regulated by NF-xB. The present findings under-
score the possibility of targeting these events as a novel
strategy in the prevention and treatment of HCC by dictary
agent resveratrol. These attributes combined with an
excellent safety profile encourage the development of
resveratrol for chemoprevention and intervention of human
HCC that remains a devastating disease.
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