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J. Gary Meszaros,3 Erzsébet Háznagy-Radnai,4 Judit Hohmann,4 and Deepak Bhatia2
1
Department of Pharmaceutical and Administrative Sciences, School of Pharmacy, American University of Health Sciences,
Signal Hill, California
2
Cancer Therapeutics and Chemoprevention Group, Department of Pharmaceutical Sciences, College of Pharmacy,
Northeast Ohio Medical University, Rootstown, Ohio
3
Department of Integrative Medical Sciences, College of Medicine, Northeast Ohio Medical University, Rootstown, Ohio
4
Department of Pharmacognosy, University of Szeged, Szeged, Hungary

Black currant fruits containing high amounts of anthocyanins are known to possess potent antioxidant and antiinﬂammatory properties. We have previously reported that anthocyanin-rich black currant skin extract (BCSE) inhibits
diethylnitrosamine (DENA)-initiated hepatocarcinogenesis in rats although the underlying mechanisms are not fully
understood. Our present study investigates the anti-inﬂammatory mechanisms of BCSE during DENA rat liver carcinogenesis. Dietary BCSE (100 or 500 mg/kg) treatment for 22 wk afforded a striking inhibition of DENA-induced hepatic
gamma-glutamyl transpeptidase-positive preneoplastic foci in a dose-responsive fashion. There was a signiﬁcant
increase in hepatic expression of heat shock proteins (HSP70 and HSP90), cyclooxygenase-2, and nuclear factor-kB
(NF-kB) in DENA-exposed rat livers. Dietary BCSE dose-dependently abrogated all these elevated inﬂammatory
markers. The possible cardiotoxicity of BCSE was assessed by monitoring cardiac functions using transthoracic echocardiography. BCSE-mediated anti-inﬂammatory effects during rat liver carcinogenesis have been achieved without
any cardiotoxicity. Our results provide convincing evidence, for the very ﬁrst time, that suppression of the inﬂammatory cascade through modulation of the NF-kB signaling pathway could be implicated, at least in part, in the chemopreventive effects of black currant bioactive phytoconstituents against experimental hepatocarcinogenesis. These
results coupled with an excellent safety proﬁle of BCSE support the development of black currant phytochemicals for
the chemoprevention of inﬂammation-driven hepatocellular cancer. ß 2011 Wiley Periodicals, Inc.
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INTRODUCTION
Cancer has progressed to surpass most chronic
diseases to be the leading cause of mortality in
both the developed and developing world [1].
Diagnosed as the 5th most common cancer worldwide, liver cancer represents the second most frequent cause of cancer death [2]. Hepatocellular
carcinoma (HCC) qualiﬁes as the major subtype
affecting the population of liver cancer patients,
mostly in east and south-east Asia as well as in
middle and western Africa [2,3]. Increase in liver
cancer incidence has been witnessed all over the
world including central and western Europe as
well as north America [4–6]. The United States too
has reported more than 70% increase in the incidence of HCC in the last 25 yr [7]. HCC arises
from underlying viral infections, such as hepatitis
B and hepatitis C, and alcoholic cirrhosis; however,
beyond these triggering factors, chronic oxidative
stress and inﬂammation play a pivotal role in
ß 2011 WILEY PERIODICALS, INC.

adding insult to injury, ultimately resulting in a
full-blown condition of liver cancer. In addition to
these insults, metabolic disorders (obesity), autoimmune hepatitis as well as environmental and
dietary exposure to carcinogens, including aﬂatoxins and nitrosamines, contribute to HCC occurrence [8–11]. Liver transplantation and surgical
resection serve as current curative treatments while
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radiofrequency ablation, chemoembolization, and
intrahepatic radiotherapy are referred to as palliative treatments; both of these treatments, however,
come with heavy limitations and often do not
qualify as options for a large majority of patients.
The only drug approved by the United States Food
and Drug Administration for the treatment of
HCC is the multikinase inhibitor sorafenib which
has been indicated to produce adverse effects while
its only marked beneﬁt is an increase in median
survival time of 9.2 months [12]. In light of such
dismal therapeutic options a winning concept lies
in the idea of chemoprevention.
Chemoprevention can be deﬁned as an emerging strategy to prevent, reduce, slow, or reverse the
occurrence and progression of cancer by the administration of one or more naturally occurring or
synthetic compounds [13–16]. Fruits, especially
berries, are abundant in the antioxidant ﬂavonoids, phenolic acids, vitamins as well as carotenoids, tannins, lignans, and stilbenes [17–20]; all
of which have shown to possess potent chemopreventive effects as well as various other health
beneﬁts [21–23]. Black currant (Ribes nigrum L.)
berries, widely grown in Europe, New Zealand, and
Northern Asia in cooler weather conditions [24],
are particularly rich in the ﬂavanoid antioxidant
anthocyanins (250 mg/100 g fresh fruit) [25–27],
and also known to contain various other antioxidant phenolics, including ﬂavanoids and phenolic
acids [28]. Anthocyanins are the water soluble pigments that confer the vibrant colors of red, violet,
blue, and purple shades to the various plants and
especially differently colored berries, including
strawberries, blueberries as well as in beets and
cabbage [29]. Coined by Lister et al. [30] as ‘‘superfruits,’’ black currants are known to exhibit free
radical scavenging properties through the potent
antioxidant mechanisms [31]. Emerging studies,
both preclinical and clinical, have identiﬁed several constituents of black currant fruits to exert antiinﬂammatory, antimicrobial, immunostimulatory,
and immunomodulatory effects [24,32–37].
Various in vitro studies conducted using various
cancer cell lines originating from the breast, colon,
stomach, and prostate have ﬁrmly established the
anticarcinogenic, antiproliferative, antitumor, and
cytotoxic effects of black currant constituents [38–
40]. Recently, an in vitro study from our laboratory
[41] show the antiproliferative effects of an anthocyanin-rich black currant fraction against HepG2
human liver cancer cells which conﬁrm the results
reported from other laboratories [42–44]. As there
are only two preclinical animal studies reporting
antitumor effects of black currant products [45,46],
our laboratory conducted a novel chemopreventive study utilizing dietary anthocyanin-rich black
currant skin extract (BCSE) against diethylnitrosamine (DENA)-initiated and phenobarbital (PB)Molecular Carcinogenesis

promoted hepatocarcinogenesis in rats. Signiﬁcant
chemopreventive effects were observed with BCSE
treatment which dose-dependently reduced the incidence, total number, and multiplicity of visible
hepatocyte nodules by antiproliferative and proapoptotic mechanisms through the upregulation of
Bax and downregulation of Bcl-2 expressions [47].
The results of our previous study [48] provided signiﬁcant evidence suggesting anthocyanin-rich
black currants abrogate oxidative stress through
the activation of nuclear factor E2-related factor 2
(Nrf2) signaling pathway.
Approximately 15% of all human cancers are estimated to be associated with chronic inﬂammation and infection [49], with one of the best
examples being HCC [50]. Gamma-glutamyl transpeptidase (GGT), a membrane-bound enzyme,
exhibits tissue-speciﬁc expression which is modiﬁed under various physiologic and pathologic conditions, such as development of carcinogenesis
[51,52]. GGT activity in the sera of HCC patients
has been conﬁrmed as a useful speciﬁc HCC marker and its analysis may improve HCC diagnosis
[53]. The process of chronic inﬂammation leads to
a stressful microenvironment causing the release
of heat shock proteins (HSPs), predominantly,
HSP70 and HSP90 [54], and links between the
expressions of these HSPs and the oncogenic potential of tumor cells make them likely targets for
therapeutic intervention or chemoprevention [55].
Cyclooxygenase-2 (COX-2), another key player in
the inﬂammatory pathway, is overexpressed in
chronic liver inﬂammation, cirrhosis as well as experimental and human HCC [56] and represents a
viable target for possible chemopreventive point of
attack against inﬂammation-driven HCC. The eukaryotic transcription factor nuclear factor-kappaB
(NF-kB), controller of most genes involved in
cell proliferation, adhesion, and inﬂammatory
responses, has been shown to act as a mediator between inﬂammation and cancer [57,58], making it
possible to prevent and treat cancers linked to
chronic inﬂammatory diseases by suppressing the
NF-kB-regulated proinﬂammatory pathways [59].
Our current study aims to understand, identify,
and measure the chemopreventive antiinﬂammatory mechanisms of dietary BCSE
through investigation of the various preneoplastic
and proinﬂammatory markers of hepatocarcinogenesis, namely GGT, HSP70, HSP90, COX-2, and
NF-kB. The safety proﬁle of chemopreventive doses
of BCSE with special attention to cardiac functions
has also been investigated.
MATERIALS AND METHODS
Materials
BCSE was obtained as a dark pink colored powder by the aqueous extraction of the skin of the
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black currant fruit followed by spray drying. The
detailed extraction procedure and reverse-phase
high
performance
liquid
chromatography
(RP-HPLC) characterization has been published in
our earlier communication [41]. The RP-HPLC
analysis indicated that anthocyanins represent
approximately 1.2% of the extract, with cyanidin3-O-rutinoside (Figure 1) identiﬁed to be the predominant anthocyanin [41]. RNeasy plus mini kit
was purchased from Qiagen (Valencia, CA) and superscript II complementary DNA synthesis kit was
procured from Invitrogen (Carlsbad, CA). DENA,
PB, 2-thiobarbituric acid (TBA), and trichloroacetic
acid (TCA) were purchased from Sigma–Aldrich (St.
Louis, MO). Pierce BCA kits from Thermo Scientiﬁc
(Rockford, IL) kits were used for total protein estimation assay. Primary antibodies including rabbit
polyclonal HSP70, rabbit polyclonal HSP90, rabbit
polyclonal COX-2, rabbit polyclonal NF-kB, and
mouse monoclonal b-actin antibody and ABC
staining system were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). The horse radish
peroxidase (HRP)-conjugated secondary antirabbit
and antimouse antibodies used were purchased
from Bio-Rad Laboratories (Hercules, CA) and
Santa Cruz Biotechnology, respectively. Blocking
solution (GE Healthcare) was purchased from GE
Healthcare (Little Chalfont, Buckinghamshire, UK)
and enhanced chemiluminescence detection kit
was obtained from Thermo Scientiﬁc. Fast blue BB
base solution, cupric sulfate and L-glutamic acid
gamma-(4-methoxy-B-naphthylamide) (GMNA) were
procured from Sigma–Aldrich while glycylglycine
was purchased from Alfa Aesar (Ward Hill, MA).
Experimental Regimen and Liver Harvesting
Liver samples, used for all assays in this study,
were harvested from our earlier chemopreventive
study [47]. In short, male Sprague–Dawley rats
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initially weighing about 50–70 g were obtained
from Harlan Laboratories (Indianapolis, IN). In accordance with the animal protocol approved and
established by the Institutional Animal Care and
Use Committee of the Northeast Ohio Medical
University, the rats after an acclimatization period
of 1 wk were randomly divided into ﬁve groups
with 6–12 animals/group. Group A serving as normal control and group B as carcinogen control
were maintained on a well-deﬁned pulverized basal
diet (LabDiet, St. Louis, MO). Animals belonging
to groups C, D, and E were subjected to basal diet
mixed with various levels of BCSE resulting in two
distinct dietary doses for the entire period of the
study (22 wk). For group C, 0.125% (w/w) dietary
BCSE yielded a dose of 100 mg/kg based on average food intake, whereas 0.625% (w/w) BCSE
resulted in a dose of 500 mg/kg for groups D and E
(BCSE control). These doses were selected based on
a previous rat study with comparable doses that
did not show any alteration of hepatic function
[60]. After 4 wk of the aforementioned dietary
treatment, hepatocarcinogenesis was induced in
groups B, C and D by a single intraperitoneal (i.p.)
injection of DENA (200 mg/kg). PB, a known tumor promoter [61] was subsequently administered
after a period of 2 wk through drinking water at a
concentration of 0.05% (w/v). This continued until
4 d prior to the end of the study which concluded
at week 22 (18 wk following the DENA administration). All animals were anesthetized, livers were
perfused and harvested, and subsequently utilized
for analysis of hepatocyte nodules. All data corresponding to the incidence and multiplicity of nodules have been published with the analysis
conclusively demonstrating a 15–48% decrease in
nodule incidence and 11% and 33% decrease in
nodule multiplicity in groups C and D, respectively [47]. Liver samples from various rat groups were
immediately ﬂash-frozen in liquid nitrogen, subsequently transferred to and stored at 708C, and
used for various assays as described below.
GGT Assay

Figure 1. Structure of cyaniding-3-O-rutinoside, the predominant anthocyanin present in black currant skin extract.
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GGT expression was studied cytochemically by
the modiﬁed technique we described recently [62].
In short, hepatic tissue sections (15 mm) were initially air dried for 30 min, alternating between hot
and cold (10 min cycles). The slides were then incubated, at 258C for 30–45 min in the dark in a
freshly prepared and ﬁltered solution of GMNA
(125 mg/mL), glycylglycine (500 mg/mL), fast blue
BB base solution (500 mg/mL) in tris-buffered
saline (0.1 M, pH 7.4). Following incubation, the
sections were then washed with 0.85% saline for
2 min and subsequently transferred to a 0.1 M cupric sulfate for 5 min. The sections were washed
again in saline solution for 2 min and rinsed with
deionized water. The sections were then dried,
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counterstained with heamatoxylin and mounted
using DPX (Electron Microscopy Sciences, Hatﬁeld,
PA). Finally, images of the GGT positive foci were
visualized using a light microscope. Four sections
from each liver were examined for quantitative
evaluation of GGT-positive foci. GGT-positive
lesions with more than 0.2 mm in diameter were
counted.
Immunohistochemical Assays
Serial sections of liver tissue were used for immunohistochemical analysis of HSP70, HSP90, COX2, IkB, and NF-kB protein expressions. Frozen sections were ﬁrst thawed and subsequently air dried,
as described above, and the sections were then subjected to antigen retrieval by submersion in
10 mM sodium citrate buffer (pH 6.0) heated up to
808C for a 10 min time period. The sections were
washed for 5 min with PBS and the endogenous
peroxidases were blocked by 1% H2O2 for 5 min.
Blocking solution (5% normal goat serum in PBS)
was used for 1 h followed by washing with PBS
and incubation with each primary antibody
(1:100) overnight at 48C. Appropriate washing and
a 30-min application of HRP-conjugated goat
antirabbit secondary antibody (1:200) or HRPconjugated goat antimouse secondary antibody
(1:200) was performed at room temperature and
3,30 -diaminobenzidine tetrahydrocholoride solution was used to develop the chromogenic reaction. After repeated washing three times ranging
from 1 to 2 min in 95% and 100% ethanol as well
as xylene, sections were ﬁnally air dried and
mounted using DPX. The immunohistochemical
slides were visualized using a light microscope
with at least 1000 hepatocytes/animal were
analyzed. Results were expressed as percentage of
positive cells.
Western Blot Analysis
Frozen liver tissue samples weighing 0.2–0.5 mg
were ﬁrst homogenized in ice-cold lysis buffer to
yield a 10% w/v tissue homogenate. The sample
was then centrifuged at 48C at 14 000g for 20 min.
The supernatant was collected in a separate Eppendorf tube and the pellet was discarded. Total protein content in each sample was quantiﬁed using
the Pierce BCA protein assay kit. Based on the total
protein content, 60 mg of protein sample was loaded per well and run at a constant voltage on a 10%
Tris-HCl gel (Bio-Rad Laboratories). The protein,
after transfer onto a PVDF membrane, was blocked
using 2% Amersham blocking solution for 1 h.
Subsequently, primary antibody rabbit polyclonal
anti-HSP70 antibody (1:50), rabbit polyclonal antiHSP90 antibody (1:500), or rabbit polyclonal antiCOX-2 antibody (1:100), rabbit polyclonal anti-IkB
antibody (1:100) or rabbit polyclonal anti-NF-kB
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antibody (1:100) was then applied to the membrane
overnight at 48C. After adequate washing of blot
with TBST solution (TBS with 1% Tween 20), the
blot was then subjected to 1 h of treatment of
HRP-conjugated antirabbit secondary antibody
(1:3000) or antimouse secondary antibody (1:1000).
The blot washed appropriately with TBST was then
subjected to the ECL detection reagent and protein
bands were visualized on a Kodak Digital Science
Image Station 440CF analyzer. The PVDF membrane was then washed for 15 min with TBST solution, stripped with Restore Western Blot Stripping
Buffer (Thermo Scientiﬁc) for a period of 20 min
and once again washed with TBST solution for
10 min. 2% Amersham blocking solution was
reapplied for 1 h and the loading control mouse
monoclonal anti-b-actin antibody (1:1000) was
applied overnight at 48C. Following similar steps
after the addition of the other primary antibodies,
HRP-conjugated antimouse secondary antibody
(1:1000) was applied and each blot was developed
with ECL substrate and analyzed using the Kodak
analyzer.
Reverse Transcription-Polymerase Chain Reaction (PCR)
In accordance with the manufacturer’s protocol,
the Quick RNA mini Prep kit (Zymo Research, Irvine,
CA) was used to extract total RNA from 20 mg of
liver tissue. Complementary DNA (cDNA) was
synthesized from 1 mg of total RNA using the verso
cDNA synthesis kit (Thermo Fisher Scientiﬁc,
Waltham, MA). PCR was performed using speciﬁc
primers for rat NF-kB and glyceraldehyde 3phosphate dehydrogenase (GAPDH) as follows: NFkB sense: 50 -GAGCCCATGGAGTTCCAGTA-30 ; antisense: 50 -ACTTGGTACCATGGCTGAGG; GAPDH
sense: 50 -AGACAGCCGCATCTTCTTGT-30 ; and antisense: 50 -TACTCAGCACCAGCATCACC-30 . The PCR
products were analyzed by agarose gel electrophoresis and visualized by ethidium bromide staining.
Echocardiographic Assessment for Cardiotoxicity
In vivo heart function was assessed noninvasively using a Vevo 770 system (VisualSonics, Toronto,
Canada) equipped with a 710B-075 transducer
(20–30 MHz) designed speciﬁcally for small animal
studies at a frame rate of 40–60 Hz as we previously described [63]. Brieﬂy, animals were anesthetized using 2–2.5% sevoﬂurane via nose cone and
placed in the supine position on a heated platform
with electrocardiography (ECG) electrodes to monitor heart and respiration rates. M-mode and 2-D
images at the mid-papillary level were obtained
from the parasternal short-axis view. Mitral valve
(MV) inﬂow was obtained from apical four chamber view followed by PW Doppler. All measurements were averaged from at least three cardiac
cycles. Measurements and calculations were performed using the Vevo 770/3.0 software.
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Statistical Analysis
Signiﬁcant changes between various groups were
detected by one-way ANOVA. Post hoc analysis
was done by the Student–Neuman–Keuls test while
a P-value less than 0.05 was taken to be signiﬁcant.
The commercially available statistical and graphical software SigmaStat 3.1 (Systat Software, Inc.,
San Jose, CA) was used for all statistical analysis.
RESULTS
BCSE Suppresses the Induction of GGT-Positive Foci
GGT-positive hepatic foci were not detected in
both normal (control) (Figure 2A) and BCSEtreated control (500 mg/kg) liver sections (ﬁgure
not shown). However, liver sections from animals
subjected to DENA administration displayed varied
sizes of foci with positive GGT expression. Liver
sections from rats exposed to DENA alone showed
the highest numbers as well as largest area of GGTpositive foci (Figure 2B), while both treatment
groups with BCSE (100 and 500 mg/kg) (groups C
and D, respectively), in comparison, were found to
show lower number as well as and smaller GGTpositive focal areas (Figure 2C and D). As summarized in Table 1, treatment with the highest dose
of BCSE resulted in signiﬁcant (P < 0.01) attenuation in the numbers and area of GGT-positive hepatic foci when compared to the DENA control
(group B).

BCSE Abrogates the Elevated Levels of Inflammatory
Stress-Induced HSP70
Figure 3A depicts the immunohistochemical
staining of HSP70, a key protein released and
expressed in conditions of stress, including inﬂammation [54]. Both normal (control) (Figure 3A-a)
and BCSE (500 mg/kg) control group (ﬁgure not
shown) showed almost no expression of HSP70.
High induction of HSP70 is clearly depicted in the
DENA control liver section (Figure 3A-b) whilst
both DENA-exposed and BCSE-treated groups
(groups C and D) showed decreased HSP70 expression compared to DENA-exposed (group B) rats
(Figure 3A-c and d). Immunohistochemical analysis of the data (Figure 3B) indicates signiﬁcantly
(P < 0.001) elevated levels of HSP70-positive hepatocytes when compared to the normal group.
Though decreases are observed with the ﬁrst treatment dose of BCSE (100 mg/kg), the highest treatment dose of BCSE (500 mg/kg) signiﬁcantly
(P < 0.01) attenuated HSP70-positive cells when
compared to the DENA control. In order to conﬁrm our immunohistochemical data, we performed Western blotting analysis using liver
samples from the various groups and the representative results are illustrated in Figure 3C. The
DENA-challenged group demonstrated signiﬁcant
(P < 0.001) upregulation in HSP70 protein levels
while, in comparison to the DENA control, the
highest treatment group with BCSE (500 mg/kg)

Figure 2. Histochemical detection of hepatic GGT-positive foci in various rat groups (magniﬁcation: 100).
Rats were sacriﬁced 22 wk following the commencement of the study (i.e., 18 wk following DENA exposure).
(A) Absence of foci in normal group; (B) a large GGT-positive focus on hepatic section from DENA control rat;
(C) a medium size hepatic focus in low dose (100 mg/kg) BCSE þ DENA-treated rat; and (D) a small focus in
high dose (500 mg/kg) BCSE þ DENA-treated rat. GGT-positive foci of various sizes are indicated by arrows.
[Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Table 1. Effects of BCSE on GGT-Positive Hepatic Preneoplastic Foci Induced by DENA in Rats
Groups/treatments

No. of foci/mm2

Focal area (mm2/cm2)

32.2  1.9
28.0  3.1
18.7  0.6

4.02  0.19
3.55  0.39
2.35  0.06

B. DENA control
C. BCSE (100 mg/kg) þ DENA
D. BCSE (500 mg/kg) þ DENA

Animals from normal (Group A) and BCSE (500 mg/kg) control group (Group E) did not show any GGT-positive foci.
Values are presented as means  SEMs of four animals.
BCSE, black currant skin extract; DENA, diethylnitrosamine; GGT, gamma-glutamyl transpeptidase; SEM, standard error of mean.

P < 0.01 as compared with DENA control (Group B).

displayed a signiﬁcant (P < 0.001) attenuation of
the elevated HSP70 expression level.
BCSE Suppresses the Increased Levels of Inflammatory
Stress-Induced HSP90
HSP90, a molecular chaperone and predominant
HSP has been found to be upregulated in HCC
[64,65]. Figure 4A is the representative immunohistochemical proﬁle of HSP90 in several rat
groups. Almost no HSP90 protein was expressed in
liver sections from the normal (control) group
(Figure 4A-a). The same was also true for the BCSE
(500 mg/kg) control group (ﬁgure not shown).
However, as illustrated in Figure 4A-b, immunostaining of liver sections from the DENA-control
group showed elevated levels of HSP90 expression,

Figure 3. Effects of BCSE on hepatic HSP70 expression during
DENA-initiated hepatocarcinogenesis in rats. (A) Representative
immunohistochemical localization of HSP70 (magniﬁcation: 100).
Arrowheads indicate immunohistochemical staining of HSP70. (B)
Quantiﬁcation of HSP70 positive cells based on 1000 hepatocytes
per animal and 4 animals per group. Each bar represents the
mean  SEM (n ¼ 4). aP < 0.001 as compared with normal
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while both BCSE (100 and 500 mg/kg) treatment
groups depicted downregulation in HSP90 expression compared to DENA control (Figure 4A-c and
d, respectively). Quantitative analysis of the immunohistochemical data (Figure 4B) revealed a signiﬁcant (P < 0.001) elevation in HSP90-positive liver
cells in DENA-treated group (group B) when
compared to the normal group (Figure 4B). BCSE
treatment at both doses decreased these immunopositive cells with the highest dose of BCSE
(500 mg/kg) eliciting signiﬁcant (P < 0.01) reduction in HSP90 expression compared to the DENA
control. We have also used liver samples from
various groups for Western blotting analysis
and the results obtained (Figure 4C and D) conformed our immunohistochemical data with the

group; bP < 0.05 as compared with DENA control. (C) Representative Western blot and (D) densitometric analysis of hepatic HSP70
expression. Each bar represents the mean  SEM (n ¼ 4–6).
a
P < 0.001 as compared with normal group; bP < 0.001 as compared with DENA control. [Color ﬁgure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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with respect to the DENA-challenged group alone.
Signiﬁcant (P < 0.01) reduction was observed with
the highest treatment dose of BCSE (500 mg/kg)
(group D) compared to the DENA control (group B).
BCSE Diminishes the Upregulated Levels of COX-2
Undetectable in most normal tissues, COX-2 is
heavily induced by the inﬂammatory cascade as
well as being responsible for the increased production of prostaglandins during inﬂammation [66].
Figure 5A represents the immunohistochemical
staining captured with both the normal (control)
(Figure 5A-a) and BCSE (500 mg/kg) control (ﬁgure
not shown) depicting limited or almost no expression of COX-2. In contrast, the DENA-exposed
control (Figure 5A-b) indicated a higher frequency
of COX-2 positive cells while groups C and D,
treated with BCSE (100 and 500 mg/kg respectively)
after DENA exposure, appeared to have fewer numbers of COX-2-positive cells. In Figure 5B, immunohistochemical analysis revealed signiﬁcant
(P < 0.001) increase in the number of COX-2-positive hepatocytes compared to the normal group,
whereas a signiﬁcantly (P < 0.001) lowered expression of COX-2 immunopositivity was observed in
the group of animals treated with the highest dose
of BCSE (500 mg/kg) (group D). Figure 5C pertains
to the Western blot performed for acquiring COX2 protein expression among the various groups of
rats and Figure 5D represents our analysis of the
blot which was in agreement with our immunohistochemical analysis. Compared to the normal
group, COX-2 protein expression was found to be
signiﬁcantly (P < 0.001) induced in the DENAchallenged animals (group B) while the DENAadministered and BCSE-treatment groups (100 and
500 mg/kg) both displayed decreases in COX-2
protein expression. A signiﬁcant (P < 0.001) result
was obtained with reference to BCSE (500 mg/kg)
treatment group compared to the DENA control.
BCSE Induces NF-kB Expression at Both Transcription and
Translation Levels
Figure 4. Effects of BCSE on hepatic HSP90 expression during
DENA-initiated hepatocarcinogenesis in rats. (A) Representative
immunohistochemical localization of HSP90 (magniﬁcation: 100).
Arrowheads indicate immunohistochemical staining of HSP90. (B)
Quantiﬁcation of HSP90 positive cells based on 1000 hepatocytes
per animal and 4 animals per group. Each bar represents
the mean  SEM (n ¼ 4). aP < 0.001 as compared with normal
group; bP < 0.05 as compared with DENA control. (C) Representative Western blot and (D) densitometric analysis of hepatic HSP90
expression. Each bar represents the mean  SEM (n ¼ 4–6).
a
P < 0.001 as compared with normal group; bP < 0.001 as compared with DENA control. [Color ﬁgure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

DENA-administered control (group B) exhibiting a
signiﬁcant (P < 0.01) induction in HSP90 protein
level compared to the normal group. In contrast,
both BCSE treatment doses (100 and 500 mg/kg)
downregulated this elevated expression of HSP90
Molecular Carcinogenesis

Touted as the potential link between inﬂammation and cancer, the ubiquitously expressed NF-kB
plays a central role in inﬂammatory and immune
responses [67,68]. Normally sequestered in the cytoplasm by IkB, NF-kB translocates to the nucleus,
under inﬂammatory and other stressful stimuli, to
activate expression of many proinﬂammatory gene
[69]. Figure 6A(a–d) depicts the immunohistochemical staining of cytosolic as well as nuclear
NF-kB protein whereas Figure 6A(b,c) represents
the staining for cytosolic expression of IkBa in liver sections from the various groups. The normal
(control) group demonstrates very low expression
of NF-kB in the nucleus and moderate expression
of the same in the cytosol (Figure 6A-a). DENA
control (group B) demonstrates an increase in the
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Figure 5. Effects of BCSE on hepatic COX-2 expression during
DENA-initiated hepatocarcinogenesis in rats. (A) Representative
immunohistochemical localization of COX-2 (magniﬁcation: 100).
Arrowheads indicate immunohistochemical staining of COX-2. (B)
Quantiﬁcation of COX-2 positive cells based on 1000 hepatocytes
per animal and 4 animals per group. Each bar represents the
mean  SEM (n ¼ 4). aP < 0.001 as compared with normal
group; bP < 0.05 as compared with DENA control. (C) Representative Western blot and (D) densitometric analysis of hepatic COX-2
expression. Each bar represents the mean  SEM (n ¼ 4–6).
a
P < 0.001 as compared with normal group; bP < 0.001 as compared with DENA control. [Color ﬁgure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

expression of nuclear NF-kB and almost disappearance of cytosolic NF-kB (Figure 6A-b). The treatment with BCSE at 100 mg/kg shows a slight
decrease in the number of immunopositive cells
Molecular Carcinogenesis

for NF-kB in the nucleus (Figure 6A-c) whereas the
highest treatment dose of BCSE (500 mg/kg)
clearly indicate a substantial reduction of nuclear
NF-kB expression and elevation of cytosolic NF-kB
expression indicating limited translocation of NFkB from the cytosol to the nucleus. An interesting
observation was made in terms of cytosolic expression of IkBa: moderate expression in normal
(Figure 6A-e), almost no expression in DENA control (Figure 6A-f), limited expression in low dose
BCSE group (Figure 6A-g) and substantial expression in high dose BCSE (Figure 6A-h). Figure 6B
represents the immunohistochemical analysis of
percentage of immunopositive cells. The expression of nuclear p65 is signiﬁcantly (P < 0.001)
greater in DENA control than that of the normal
group but treatment with BCSE at 500 mg/kg signiﬁcantly (P < 0.01) inhibited the translocation of
NF-kB to the nucleus, with less numbers of NF-kB
immunopositive cells in nucleus when compared
to DENA control. Concurrently, cytosolic expression of NF-kB in DENA control is signiﬁcantly
(P < 0.01) lower in comparison to the normal
(control), whilst treatment with the highest dose
of BCSE (500 mg/kg) signiﬁcantly (P < 0.01) elevated the expression of cytosolic NF-kB. Cytosolic
IkBa was signiﬁcantly (P < 0.001) lower in DENA
control with respect to the normal group and
BCSE treatment at 500 mg/kg showed signiﬁcant
(P < 0.01) elevation in the expression of cytosolic
IkBa.
Figure 7A represents the Western blot performed
to analyze NF-kB p65 protein expression among
the liver samples collected from each group. Increased expression this protein in the DENA control animals (group B) and the substantial
attenuation of this expression with the treatment
of high dose BCSE (500 mg/kg) demonstrates the
results to be in conformation with that of our
immunohistochemical data. To further substantiate our Western blot analysis, RT-PCR was conducted to determine the mRNA levels of NF-kB
p65. There is an increase in the gene expression of
NF-kB p65 in the DENA-challenged control versus
that of the normal and the treatment BCSE
(at 500 mg/kg) showing a dramatic decrease in
NF-kB p65 gene expression as compared to DENA
control.
BCSE Does Not Affect Cardiac Function, Remodeling, or
Mitral Valve Blood Flow
Echocardiography was performed at the end of
the treatment period just prior to sacriﬁce to assess
the effects of BCSE on cardiac performance. None
of the key parameters for cardiac function (ejection
fraction, fractional shortening), cardiac dimensions or remodeling (left ventricular volume or
mass), or blood ﬂow (mitral valve E/A ratio) were
signiﬁcantly different across the experimental
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Figure 6. Effects of BCSE on hepatic NF-kB p65 translocation
and inhibitor of kB (IkB-a) degradation during DENA-evoked
hepatic preneoplasia in Sprague-Dawley rats. (A) Representative
immunohistochemical localization of NF-kB p65 in nucleus (b
and c; arrowheads) and cytosol (a and d; arrows) and IkB-a in
cytosol (e–h) (magniﬁcation: 100). Rats were sacriﬁced 22 wk following the commencement of the study and immunohistochemistry was performed to detect NF-kB p65 as well as IkB-a. Arrows
indicate immunohistochemical staining. Different experimental
groups are: (a) and (e) normal control; (b) and (f) DENA control;

(c) and (g) BCSE 100 mg/kg þ DENA; and (d) and (h) BCSE
500 mg/kg þ DENA. (B) Quantiﬁcation of NF-kB p65- and IkB-aimmunopositive 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  SEM (n ¼ 4). aP < 0.001 and bP < 0.01 as compared
to normal group; cP < 0.01 as compared to DENA control. [Color
ﬁgure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

groups (Table 2) indicating that BCSE treatments,
at both dose levels, were noncardiotoxic under the
experimental conditions of the present study.

designed to identify if BCSE was capable to
suppress NF-kB-mediated inﬂammatory pathways
including the inﬂammation-driven expression of
HSP70, HSP90 as well as COX-2 during an early
event of rat liver carcinogenesis.
GGT, a widely distributed hepatospeciﬁc enzyme, is used as a marker of biochemical alteration
in hepatocellular foci, nodules and tumor in rats
[53,73]. GGT-induction in preneoplastic foci is
considered an early event in HCC occurrence
while GGT-positive foci are regarded as the ﬁrst evidence of the tumor initiation process [73]. Immunohistochemical detection and analysis of GGTpositive foci have lately been established and widely used as quantitative methods to detect any
modulatory effects exerted by dietary agents
against the hepatocarcinogenic progress [62]. Our
results have elucidated the effects of dietary BCSE
to signiﬁcantly reduce the number and size of GGTpositive focal areas, indicating chemopreventive activities during both the initiation as well as

DISCUSSION
Our previous studies [47,48] have identiﬁed
BCSE to be an efﬁcacious chemopreventive agent
against DENA-induced hepatocarcinogenesis by
virtue of its Nrf2-mediated antioxidant mechanisms. The link between inﬂammation and cancer
has been hypothesized over a century ago by
Rudolf Virchow [70]. Approximately 20% of all
cancer deaths have been estimated to be associated
with chronic infections and recurring inﬂammation [71] with HCC being one primary example
[72]. In the light of such knowledge, suppression
of the inﬂammatory cascade represents a key target
of chemoprevention to halt the progress of preneoplastic lesions into a full-blown state of hepatic
neoplasia. Our present study, therefore, was
Molecular Carcinogenesis
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Figure 7. Effects of BCSE on hepatic NF-kB p65 expression in
DENA-initiated hepatocarcinogenesis in rats. (A) Representative
Western blot analysis of NF-kB p65 subunit. Total protein was
separated and blotted with anti-NF-kB p65 antibody. The blots
were stripped and reprobed with anti-b-actin antibody to ensure
the loading of equal amount of protein. (B) Representative RT-PCR
analysis of hepatic NF-kB p65 expression in various groups of rats.
Total hepatic RNA was isolated, subjected to reverse transcription,
and resulting cDNA was subjected to RT-PCR analysis using speciﬁc
primer sequence. The GAPDH was used as the housekeeping gene.

promotional stages of DENA-induced hepatocarcinogenesis in rats.
HSPs are a ubiquitous and highly conserved
group of molecules which usually function as defense mechanisms for protecting cells from various
environmental stresses [74,75]. HSPs are divided
into six families, namely HSP100, HSP90, HSP70,
HSP60, HSP40, and small HSPs including HSP27
[76–79]. HSP70 is often overexpressed in various
malignant cells and have been suggested to contribute to hepatocarcinogenesis and hepatic tumor
progression by promoting tumor cell proliferation
[54,80,81]. HSP90 modulates the expression and
function of many known hepatocarcinogenic

factors, and its upregulation in concurrence with
cyclin-dependent kinase 4 (CDK4) activity has
been shown to contribute to HCC development
[82–85]. The inhibition of HSP90 induces the simultaneous degradation and inactivation of hepatocarcinogenesis-driving factors as well as cell
cycle arrest and apoptosis in HCC cells [86]. Targeting HSPs by inhibiting their expression could
lead to the potential reduction in inﬂammatory
stress and therefore an ideal method to curb the
occurrence of HCC. Our current study utilized
both Western blotting as well as immunohistochemical techniques to demonstrate elevated levels of both HSP70 and HSP90 expression in DENAexposed rats which are in agreement with other
studies [87,88]. Upon continuous treatment with
dietary BCSE, these overexpressed protein levels of
HSP70 and HSP90 were signiﬁcantly suppressed indicating a deﬁnite attenuation of the inﬂammation-mediated hepatocarcinogenic stress generated
by DENA.
COX-2, the inducible enzyme responsible for
catalyzing the conversion of arachidonic acid to
prostaglandins (PGs), has been suggested to play a
signiﬁcant role in inﬂammation-related hepatocarcinogenesis [89]. Over-expression of COX-2 in
tumors leads to an increase in PG levels which affect multiple mechanisms involved in carcinogenesis, such as angiogenesis, inhibition of apoptosis,
and stimulation of cell growth along with invasiveness and metastatic potential of tumor cells [90].
Several studies have shown selective COX-2 inhibition suppresses proliferation of HCC cells [91–95]
as well as prevent hepatocarcinogenesis in rodents
[96]. From a chemopreventive approach, inhibiting
COX-2 appears as an exciting and viable strategy,
especially using dietary agents that confer no toxicity upon consumption. In concurrence to other
studies [91,97], our results demonstrated elevated
hepatic expressions of COX-2 in the rats subjected

Table 2. Doppler Echocardiographic Parameters of Various Rat Groups at the End of the Study

Parameters
Ejection
fraction (%)
Fractional
shortening (%)
LV volume
(diastolic) (mL)
LV mass (corrected)
(mg)
Mitral valve E/A ratio

DENA control

BCSE
(500 mg/kg)
control

BCSE
(100 mg/kg) þ
DENA

BCSE
(500 mg/kg) þ
DENA

72.73  0.89

73.19  2.51

70.40  2.37

66.60  1.91

68.51  1.79

43.26  0.86

44.02  2.20

41.46   2.00

38.40  1.58

39.81  1.49

Normal

313.3256  20.39

341.30  14.23

323.42  13.40

343.06  14.31

331.12  24.59

969.85  27.84

920.93  53.86

907.17  35.92

959.13  35.91

839.55  8.94

1.08  0.03

1.00  0.07

1.08  0.04

1.02  0.03

1.05  0.08

Values are presented as means  SDs of ﬁve animals.
BCSE, black currant skin extract; DENA, diethylnitrosamine; E/A ratio, mitral valve early to late atrial ﬂow ratio; LV, left ventricular;
SD, standard deviation.
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to DENA alone while BCSE treatment dosedependently revoked these upregulated levels of
COX-2, thereby indicating anti-inﬂammatory
mechanisms. As opposed to many synthetic COX2 inhibitors, BCSE-mediated inhibition of COX-2
has been achieved without any cardiotoxicity
which represents a novel ﬁnding of the current investigation. This is in agreement with prior studies
indicating the beneﬁcial effects of black currant
consumption on the cardiovascular system. The
ability of black currants to decrease the risk of
cardiovascular incidents has been linked to vasorelaxation through endothelial histamine H1
receptors, indirectly increasing nitric oxide levels
[98]. Another study demonstrated a reduction of
peripheral vascular resistance by black currant concentrate in a rat hind-limb perfusion model [99].
Human consumption of black currant juice demonstrated an improvement in the attenuation of
serum cholesterol by macrophages by increasing
the expression of paraoxanase 1 which is a major
antiatherosclerotic component of high-density lipoprotein [100]. Interestingly, our previous study
showed that the highest dose of BCSE (500 mg/kg)
did not produce any adverse effects including
hepatotoxicity based on histopathological assessment [47].
Studied extensively in rodent models of hepatocarcinogenesis, the eukaryotic transcription factor
NF-kB is a major driving force in the expression of
many inﬂammatory cytokines, adhesion molecules, angiogenic factors, and enzymes like COX-2
and iNOS which constitute as important molecules
required for the synthesis of inﬂammatory mediators namely prostaglandin E2 and nitric oxide.
When exposed to carcinogens, NF-kB promotes
cell survival and proliferation through the activation of genes encoding for proteins involved in the
antiapoptotic pathway and cell cycle progression
[101]. NF-kB consists of dimers assembled from
two of ﬁve subunits—p65 (RelA), c-Rel, RelB, p50/
NF-kB1, and p52/NF-kB2 [102]. Under normal conditions, NF-kB dimers are bound to speciﬁc inhibitory proteins including IkB in the cytoplasm. The
NF-kB classical signaling pathway can be activated
by proinﬂammatory signals and other stimuli,
mainly through IkB kinase (IKK)-dependent phosphorylation and degradation of the IkB inhibitory
proteins. The IKK-dependent phosphorylation of
IkBs marks them for ubiquitination and subsequent degradation. NF-kB is now free of IkB which
now translocates to the nucleus, where it activates
the transcription of target genes, including cytokines and antiapoptotic factors [69]. Following its
translocation to the nucleus, NF-kB is able to induce the transcription of speciﬁc genes including
COX-2, whose promoter region has binding sites
for NF-kB, which has been well implicated in the
hepatocarcinogenic progress [56,103–105] In the
Molecular Carcinogenesis
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current study, we measured the expressions of the
p65 subunit of NF-kB in both the hepatic nuclear
and cytosolic compartments as well as IkB protein
expression in the cytosol. Our study reports that in
the DENA-control rodents, the expression of IkB in
the cytosol was minimal, owing to degradation,
while NF-kB p65 expression in the nucleus was
higher corresponding to its translocation to the
nucleus due to the inﬂammatory stimuli instigated
by DENA exposure. DENA-induced inﬂammation
triggered reactive oxygen species (ROS) production
which subsequently activates NF-kB signaling, followed by the release of chemokines, iNOS, and
other proinﬂammatory cytokines; all these contributing as events that ultimately result in hepatocarcinogenesis [106]. With its ability to decrease the
degradation of IkB and halt translocation of p65 to
the nucleus, it can be inferred that BCSE can suppress DENA-initiated NF-kB signaling and therefore
inhibits the downstream inﬂammatory cascade.
The results of our present investigation together
with the results from other laboratories indicate
that anthocyanins present in BCSE may confer, at
least in part, the observed anti-inﬂammatory effect
of black currants during rat liver tumorigenesis.
Black currant fruits are known to contain the highest level of anthocyanins, superseding the amount
present in other prominent sources, such as blackberries and blueberries [107]. Nevertheless, there
exists the possibility that other bioactive constituents we have recently identiﬁed in the BCSE, such
as ferulic acid, sitosterin, and gallic acid (unpublished observation) may contribute to inﬂammation suppressing effect of BCSE used in the current
study. The highest dose of BCSE (500 mg/kg) used
in our study is equivalent to rat consumption of
200 g fresh black currant fruit/kg body weight.
Hence, the chemopreventive doses of BCSE in the
present study may be considered to be high and
cannot be directly correlated with the extent of
black currant consumption by humans to yield
similar beneﬁts. While more studies are needed to
understand the full translational impact of the
current study, it is possible that black currant phytoconstituents can be provided as safe daily supplements in humans, especially those who are at a
high risk of developing HCC. Interestingly, a recently
concluded clinical study reported that short-term
consumption of concentrated freeze-dried whole
black currant fruit extract (equivalent to 48 g fruit)
exhibited antioxidant and anti-inﬂammatory properties [37]. The dose of the hepatocarcinogen
(DENA) used in our study is substantially greater
than known dietary levels of carcinogens [108]. In
this background, if black currant phytochemicals
could efﬁciently inhibit liver tumor formation in
rats, then low exposure to dietary black currant
could also be effective against comparably lower
exposures to carcinogens in humans.
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Collectively, the results of our current investigation convincingly demonstrate that BCSE is capable
of abrogating DENA-mediated early hepatocarcinogenesis by suppressing the inﬂammatory cascade
characterized by the reversal of the overexpression
of HSP70, HSP90, and COX-2 as well as blockade
of the nuclear translocation of NF-kB. Our laboratory has previously documented the chemopreventive effects of BCSE against DENA-induced
hepatocarcinogenesis [47] as well as the involvement of antioxidant mechanism of action [48].
Hence, the results of our present ﬁndings in conjunction with previously reported results establish
antioxidative and anti-inﬂammatory properties as
the underlying mechanisms of the powerful chemopreventive activities of black currant phytochemicals. These extraordinary properties coupled
with an excellent safety proﬁle, we believe, can
lend hope toward the potential utilization of black
currants and/or their bioactive constituents in preventing the so-far incurable neoplastic disease of
the liver.
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