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Background: The constitutively activated oncogenic
signals of ERK, [-catenin, and signal transducer and
activator of transcription-3 (STAT-3) are therapeutic targets
in cancer treatment. The present study explored the
anticancer mechanism of grape seed extract's polyphenolic
compounds, Oligomeric-Proanthocyanidins (OPC-PACS),
to combat oncogenic proliferative signaling crosstalk, as the
orecise mechanisms are not yet fully understood. Materials
and Methods: The mechanistic anti-cancer effects of the
OPC-PACs on oncogenic signaling crosstalk and apoptosis-
induction were investigated, using liver and breast cancer
cell lines (HepG2 and ZR-75-1), in vitro and by measuring
tumor volume of MNU-induced mammary tumors, in vivo.
Results: Wst-1 assay demonstrated that the viability of
OPC-PACs treated cells was significantly decreased in a
concentration-dependent manner compared to the mock.
The calculated 1Csp was (63.1 + 0.024 mg/ml) and (61.6 *
0.016 mg/ml) for HepG2 and ZR-75-1, respectively.
Furthermore, OPC-PAC treatment for 48 h induced cell
morphological changes, histone release, increased caspase-3
activity, and inhibition of p-ERK, B-catenin, and STAT-3
axpression with apoptosis induction in HepG2 and ZR-75-1
cell lines as well as inhibition of tumor volume in vivo. In
vivo, OPC-PAC treatment for 45 days significantly (p <
J.05) decreased the tumor size of MNU-induced mammary
tumors by 28.7% compared to untreated-induced tumors.
In-vivo cytotoxicity assessment confirmed the safety of the
OPC-PACs treatment. Conclusion: The present study
introduces OPC-PAC extract as a natural, non-toxic, and
significantly  inhibited crosstalk involved in cell
oroliferation that might act as a promising protective
compound for consideration in complementary therapy in
numan cancers.

1. Introduction:

including flavan-3-ols catechin and
epicatechin, are polymerized to

Cancer is a genetic disease caused by
genetic changes that control the cells’
function, especially how they grow
and divide. In 2020, it was recorded
that the leading cause of death among
several diseases globally is cancer, and
approximately 10 million deaths have
been reported because of cancer in the
same year (1).

Polyphenolic compounds have two
main classes, flavonoids, and non-
flavonoids, which have a significant
health benefit (2). Some flavonoids,

produce tannins with characteristics
like hydrolysis and condensation and
are considered secondary plant
metabolites (3). Condensed tannins,
called Proanthocyanidins  (PAC),
consist of the oligomers or polymers of
flavan-3-ol molecules linked together
through interfluve linkages (4). PACs
are  classified into  monomers,
oligomers, and polymeric
proanthocyanidins (4). The primary
biological activity of oligomers extract
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is much higher than the polymeric
extract, so it is vital to degrade
polymeric contents to get the
oligomer's portion.

Recently, attention has been
raised to finding naturally nontoxic
anticancer agents from naturally
occurring products. Many fruits are
widely consumed and have significant
health benefits, and one of them is
Grapes, which contain 60% to 70% of
PACs in their seeds (5,6). Extracts
from natural plants have prevented and
treated numerous clinical diseases,
including cancer. Among these natural
products are oligomeric
Proanthocyanidins (OPC-PACsS),
considered the most significant
component of grape seeds and have an
anti-inflammatory and antioxidant in
vitro (7,8). The primary class of
polyphenols is OPC-PACs, which are
widespread in fruits, nuts, cocoa-based
products, berries, beans, and beer
(9). Furthermore, OPC-PACs have
anti-cancer effects by modulating
several gene expressions that influence
cancer prognosis (10). In addition,
several NF-kB-responsive genes such
as COX-2 (inducible nitric oxide
synthase) proliferating cell nuclear
antigen, cyclin D1, and MAPK
proteins are suppressed by the action
of OPC-PACs (11), leading to
modulating cellular growth,
proliferation, and induce apoptotic
effects which in turn introducing OPC-
PACs as effective modulators in
treating and preventing of many
cancers (10,12).

Many liquid/liquid-based
methods are applied to extract PACs,
such as methanol, ethanol, or acetone,
using some aqueous organic solutions
as an extraction solvent (13). For more
efficient extraction of the PACs, ATPE
(aqueous two-phase extraction)
methods use salt solutions as ionic
liquids (13,14). The most preferred
efficient solvent for the extraction of

the bioactive pants is ethanol because
of its minimal toxicity and adequate
extraction capacity (15). In addition,
the extraction of OPC-PACs using
aqueous/ethanol-based  methods is
preferred and favorable for medical,
food, and nutraceutical applications.

Several key-signaling pathways
are essential for the progression of
several cancers, such as Wnt/B-catenin,
Mitogen-activated  protein  Kkinase
(MAPK), and Signal transducer and
activator of transcription-3 (STAT-3).
Firstly, Wnt/B-catenin is responsible
for forming adherens junctions to
produce a stable complex in the
presence of cell adhesion proteins of
the cadherin family (16). However, in
the free nonphosphorylated state,
Whnt/B-catenin signaling is responsible
for the accumulation of B-catenin in
the cytoplasm and then translocated
into the nucleus to control the
expression of target genes that are
responsible for cellular proliferation,
differentiation, and metastasis through
the interaction with the T-cell factor
transcription factors, indicating that
Wnt/B-catenin has a vital role in the
proliferation and cancer progression in
different organs (17,18).

Secondly, MAPK  significantly
controls cellular proliferation,
differentiation, and apoptosis (19).
Activation of the MAPK/ERK
signaling pathway promotes the
growth of liver and breast cancer(20).
On the contrary, blocking of MAPK/
ERK signaling pathway regulates the
proliferation of human liver and breast
cancers, indicating that MAPKs are
responsible for cancer initiation and
metastasis(21). In  addition, the
activated MAPK/ERK axis plays a
vital role in the advanced progression
of HCC (22).

Lastly, STAT-3 activation is
started by binding growth factors,
cytokines, and several peptide ligands,
followed by tyrosine phosphorylation
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in the cytoplasm, which leads to
phosphorylation and activation of
STAT-3. After activation, the STAT-3
dimers translocate into the nucleus,
where the STAT-3 dimers bind to
specific target genes and act as a
transcription factor to regulate and
control cellular proliferation,
apoptosis, and differentiation (23).

The present study was
performed to provide important
unrecognized  insights into  the
molecular mechanisms  underlying
anticancer  activities exerted by
oligomeric Proanthocyanidins (OPC-
PACs) extracted from grape seeds by
aqueous ethanol-based method in vitro
and in vivo. All in all, we shed light on
the crosstalk among three oncogenic
signaling pathways such as p-ERK,
STAT-3, and Wnt/B-catenin that play a
role in cancer progression and provide
a rationale for their use as a potential

source of molecular target-based

cancer prevention.

2. Materials and methods:

2.1 Materials:

Three bunches of red and green
grapes were purchased from the local
market in  Alexandria, Egypt.
Aqueous ethanol (PO16EAAN) used
for Oligomeric Proanthocyanidins
(OPC-PACS) extraction was provided
by Commercial Alcohols, Brampton,
ON, Canada. Procyanidin B2 (42157)
was obtained from MilliporeSigma,
Oakville, ON, Canada. Oligomeric
Proanthocyanidins (OPC-PACs) from
grape seeds (1298219) were obtained
from USP, Rockville, MD, USA, to
be used as a standard for HPLC
analysis.

Dulbecco’s Modified Eagle's
Medium, with 4,5 g/l Glucose, with
LGlutamine (DMEM), was obtained
from (Lonza Biowhittaker, Brazillian
Origin) supplemented with 10% Fetal
bovine serum (FSB) from (Lonza
Biowhittaker, Brazillian Origin) and

1% of Penicillin /streptomycin
10:000 U Penicillin/ml  10:000U
Streptomycin/ml from (Lonza
Biowhittaker, Brazillian Origin). Cell
proliferation reagent WST-1 was
obtained from (Abcam, Cambridge,
MA, USA). Phosphate-buffered
saline (PBS) and 10% buffered
formalin were obtained from (Lonza
Biowhittaker, Brazillian  Origin).
BCA assay was obtained from
(Thermo Fisher Scientific Inc., Pierce
Biotechnology, Rockford, USA).
Ultra-Cruz™  Nitrocellulose  pure
transfer membrane was obtained from
(Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Ultra TMB
(3,37,5,5’tetramethylbenzidine) was
purchased from (Sigma-Aldrich,
California, USA). B- catenin, Total
ERK, Phosphorylated ERK, STATS3,
and BAX antibodies were obtained
from (Santa Cruz Biotechnology, CA,
USA). Absolute methanol was
obtained from (Sigma Aldrich UN).
2% crystal violet was obtained from
(Oxford Laboratory = Reagent).
Quantity one Bio-Rad software was
obtained from (Bio-Rad Laboratories,
USA). Caspase three colorimetric
assay was obtained from Sigma
Aldrich, Saint Louis, Missouri
63103, USA.

2.2 Cell lines and culture:

HepG2 liver cancer cell line HB-
8065 and Zr-75-1 breast cancer cell
line CRL-1500™ were purchased
from  American Type Culture
Collection (ATCC, Manassas, VA,
USA) and cultured at 37°C in a
humidified atmosphere of 5% CO,,
HepG2 and  Zr-75-1cells  were
cultured in Dulbecco’s Modified
Eagle’s Medium, with 45 g/l
Glucose, with L-Glutamine
(DMEM). All media  were
supplemented with 10% Fetal bovine
serum (FSB) and 1% Penicillin
[streptomycin 10:000 U Penicillin/ml
10:000UStreptomycin/ml (24).
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2.3 Extraction of OPC-PACs from
grape seed by aqueous Ethanol:

Grape seeds were carefully selected
without damage and were de-stemmed,
crushed, and pressed. The juice and skin
were discarded, and the grapes' origins
were separated for further analysis.
Extracts were prepared from powdered
grape seed by diluting 150 g of
powdered grape seed in 300 ml of
Aqueous Ethanol (ethanol/water)
solution (50:50 v/v) at 40°C for 15
minutes and by using magnetic stirring
in the dark for 30 min and then
centrifuged for 10 min at 4000 rpm. The
supernatant was diluted with the
extraction solvent (50 ml total volume).
After centrifugation for 10 minutes,
solids were separated at 4000 rpm, and
the extraction was repeated following
the same procedure. The aqueous
concentrates were freeze-dried by
evaporating the combined supernatant
under a vacuum, ethanol was removed,
and to get powdered extracts of grape
seed (25).

2.4 HPLC analysis of OPC-PACs
extracted by the aqueous Ethanol:
OPC-PACs composition extracted from
grape seeds was determined by HPLC
analysis, using the following standard of
oligomeric OPC-PACs (50 pg/mL) and
procyanidin B2 (25 pg/ml) in 80%
ethanol/water. 0.22 um filters were used
to filter all the tested samples before
injecting them into the HPLC. The HPLC
system had an Xselect® HSS Cig5 pm
column (4.6 x 150 mm, Waters, Milford,
MA, USA). It consisted of a Waters 2695
separation module and a Waters 2996
photodiode array (PDA) detector
(Waters, Milford, MA, USA). The
HPLC separation mobile phases were
solvent A (0.1% formic acid in water)
and solvent B (acetonitrile), with a 0.7
mL/min  flow rate. HPLC sample
injection volume was 10 pL, and PDA
detection was set to 280 nm wavelength.

25 Cell viability and ICs
determination:

The 1Cso of OPC-PACs was determined
using Wst-1 assay. Cells were seeded at a
density of 3 X 10 cells/well in a final
100 pl culture volume in a humidified
atmosphere, 37°C, and 5 % CO,. Then
ten pl/well cell proliferation reagent
WST-1 was added and mixed well. Cells
were incubated for 4 hours in a
humidified atmosphere, 37°C, and 5 %
CO,. The optical densities (OD) were
measured at 450 using an ELISA reader.

2.6 Cell Morphology:

The morphological changes of cells were
examined before and after the treatment
with OPC-PACs to test the effect on the
morphology of HepG2 and Zr-75-1 cell
lines, respectively. Equal numbers of
cells/well were seeded onto 12-well
plates and treated with appropriate
concentrations of OPC-PACs (Y4 ICs, Y2
ICs0, 1Cs0) for 48 h. Cells were washed
with Phosphate-buffered saline (PBS)
and fixed with 10% buffered formalin
(26). An inverted microscope with
magnification 400X examined cells.
Digital images were obtained with
Kodak's tiny digital camera.

2.7 Cell Death Detection Enzyme-
Linked Immunosorbent Apoptosis
Assay (ELISA):

The tested cells were seeded at a density
of (3x10% in a 96-well plate for 24 h
and then incubated in media with or
without different concentrations of OPC-
PACs (1/4 I1Csxp, 1/2 |C501 and |C5o) for 48
h. ELISA reader detected histone release
from fragmented DNA of apoptotic cells
at 405 nm according to the
manufacturer’s protocol Cell Death
Detection Kit (Roche-Applied Science,
Indianapolis, USA).

2.8 Caspase-3 Activity:

Caspase-3 activities were determined
according to the manufacturer’s protocol
kit (Bio Vision, Inc., CA, USA). Cells
were seeded at a density of 5x10°® and
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then incubated for 48 h in media with or
without different concentrations of
oligomeric OPC-PACs (1/4 1Csy, 1/2
ICso. and 1Cs) for 48 h. An ELISA reader
measured optical density at 405 nm.

2.9 Clonogenic Assay:

HepG2 and Zr-75-1 cell lines were
seeded at 1,000 cells per good density
and reached optimal population densities
within 24h. cells were treated with (Y4
ICs0, ¥ 1Cs5p and 1Csp) OPC-PACs for
48h and untreated control. After the
treatment, the media containing the
different treatments were removed and
replaced with 2ml of fresh culture
medium per well. The medium was
replaced every three days. After 15 days
of culture, colonies were washed with
PBS twice, fixed with absolute methanol
for 20 min, and stained with 2% crystal
violet for 3 min. The dye was discarded,
and colonies were washed with PBS
several times. Digital images of the
colonies were obtained using Kodak
digital camera, and colonies were
counted using Quantity One analysis
software (Bio-Rad).

2.10 Western Blotting Assay:
Radioimmunoprecipitation assay Buffer
(RIPA buffer)- The protease containing
Lysis buffer for Western blotting- was
added to cells, and total proteins were
then extracted by high-speed centrifuge
at 15,000 g/min (27,28). After
quantifying its concentration with BCA
assay, 50 pug protein samples were
subjected to 10~12% Sodium dodecyl
sulfate - Poly Acrylamide Gel
Electrophoresis (SDS -PAGE) separation.
Next, the gels were transferred onto
UltraCruz™ Nitrocellulose pure transfer
membrane and blocked with 5% BSA for
one h. The membranes incubated with the
following primary antibodies mouse
monoclonal antibodies directed to (B-
catenin, Total-ERK, Phosphorylated-
ERK, STAT-3, and BAX) (1:1000)
dilution. The membranes were washed
thrice with TBST and incubated with the
secondary  anti-mouse  monoclonal

antibodies (1:5000) for one h. After
passing by TBST three times, Ultra TMB
(3,37,5,5’tetramethylbenzidine) was used
to visualize the bands colorimetrically
according to the manufacturer protocol
(Sigma-Aldrich, USA). Densitometry of
bands was performed using Quantity One
analysis software (Bio-Rad Laboratories,
USA).

2.11 Animals
Virgin female albino Swiss mice (Mus
musculus) as a mammalian model.
22-25 g weighing, 5-6 weeks old, 30
healthy animals were purchased from
Medical Research Institute, Alexandria,
Egypt. The animals were housed 5 per
cage in controlled temperature and
humidity, 12 h day and night cycle. They
were fed a standard laboratory diet and
had access to water ad libitum. All the
mice experiments were conducted under
the Institutional Animal Care and Use
Committee procedures and guidelines of
Alexandria University (Appendix 012,
Guiding  Principles for Biomedical
Research Involving Animals).

2.12 Carcinogen Preparation
To prevent decomposition, MNU must be
stored below 2-8°C in the dark. The stock
container of MNU and vials containing
the carcinogen were kept on ice. The
injection vials were wrapped in
aluminum foil and stored over desiccant
until they were used because MNU is
sensitive to light and humidity. The
MNU was dissolved immediately before
its use in 0.9% NacCl solution acidified to
pH 4 with 0.05% acetic acid. The
solubility of MNU in water at room
temperature was 1.4 % (w/v).

2.13 Experimental Design
Animals were divided into three groups
of 10 mice each into the following
groups: Mock - healthy controls without
MNU-induction, induced untreated-MNU
given intraperitoneally (30 mg/kg) a dose
that produces a high incidence of
mammary tumors, and induced treated-
MNU plus LDsy OPC-PACs._MNU (30
mg/kg body weight) was injected along
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the ventral midline of the rat, halfway
between the third and fourth pairs of
mammary glands, using <21-gauge
needles alternately through the left and
right abdominal wall. The OPC-PACs
were injected intraperitoneally (1ml/kg
body weight); all control animals
received an injection of the solvent,
saline. Afterward, mice were treated
three times a week for 45 days. Mice
were weighed weekly and palpated twice
a week after the third NMU injection to
detect mammary tumors using a digital
caliper. Palpable mammary tumors were
seen within 90-120 days after injection.
Sera were collected from the sacrificed
mice for liver and kidney biochemical
analysis to examine the possible toxicity.
At the end of the treatment, the mice
were sacrificed and anesthetized by
CO; inhalation  shortly, and their
mammary glands were evaluated for the
presence of tumors. The dissected
animals with tumors were photographed
to provide identification records on the
lesions’ location and gross morphology.
Immediately after euthanasia, blood was
obtained for hematological examination.
All palpable tumors were excised,
weighed, and their size and location were
recorded. All palpable tumors of
mammary glands and control mammary
glands were excised and fixed in 10%
buffered formalin. Tissues were then
processed for routine histopathological
evaluation. For the cytotoxicity
examination, the sera from Wister Albino
mice were obtained from the interior
vena cava into plain sample tubes,
allowed to stand for two h, and
centrifuged to separate serum from the
blood cells. Sera were analyzed
spectrophotometrically for liver and
kidney functions, including the activities
of AST and ALT, creatinine, and total
protein (29-31).

2.14 Statistical Analysis:

Data obtained as the mean+SDM for
three independent experiments were
subjected to ANOVA (A one-way

analysis of variance) using SPSS-IBM
software, version 20 (SPSS Inc.,
Chicago, IL, USA). Tukey’s honestly
significant difference (HSD) post hoc test
(P<0.05) was used following
ANOVA. Statistically, significance was
detected by calculating P-value versus
control cells; *P-value <0.05; **P <0.01
and ***P<(0.001 were considered
statistically significant.

3. Results:

3.1 HPLC Analysis of the Extracted
OPC-PACs

HPLC and the HPLC chromatogram
analyzed oligomeric composition was
compared with the standard of
procyanidin B2 (dimeric PAC) and OPC-
PACs oligomeric standard as shown in
(Figure 1). The fraction of grape seed
OPC-PACs was comprised of peaks
procyanidin B2 (24-26 min), and
oligomeric PAC (32-44 min).

3.2 OPC-PACs inhibit the
Proliferation of HepG, and Zr-75-1
Cells.

To investigate the inhibitory effect of
Oligomeric OPC-PACs on cellular
viability and proliferation in HCC and
human breast cancer cell lines, two
different cell lines, HepG, and Zr-75-1
cells, by using WST-1 assay. HepG, and
Zr-75-1 cells were treated with different
concentrations ranging (from 0 ~120
mg/mL) oligomeric OPC-PACs for 48 h.
As demonstrated in (Eigure 2A and 2B),
Oligomeric OPC-PACs reduced the
viability of HepG; and Zr-75-1 cells in a
dose-dependent manner after 48 h. OPC-
PACs' IC50 was calculated to determine
the appropriate treatment dose for
subsequent experiments.

Treatment of HepG2 or Zr-75-1 cells
with increasing concentrations of OPC-
PACs resulted in a significant cell death
and inhibition of cell viability in a dose-
dependent manner compared to the
control as determined by Wst-1 assay
after 48 h (Figure2A and 2B).
Furthermore, the effective significant
inhibitory concentrations of OPC-PACs
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started at 31.55 and 30.8 mg/ml for
HepG2 or Zr-75-1 cells, respectively.
The concentration at which 50%
inhibition of treated cell viability was
achieved, 1Csy was calculated using a
semi-logarithmic  plotting  of  the
percentage of cell viability versus the
concentration. The calculated I1Cs, of
oligomeric OPC-PACs was (63.1 +0.024
mg/ml) and (61.6 £ 0.016 mg/ml) for
HepG2 and Zr-75-1, respectively, as
shown in (Figure 2A and 2B).

Cell viability and proliferation of both
tested cell lines were inhibited after
treatment with different concentrations of
oligomeric OPC-PACs for 48 h. We
focused on the mechanistic inhibitory
effect of OPC-PACs on HepG2 and Zr-
75-1 cells that showed a high sensitivity
for oligomeric OPC-PACs after 48 h.

3.3 OPC-PACs induce morphological
changes in HepG; and Zr-75-1 Cells.

To confirm the decrease in cell viability
and the apoptotic induction in both
HepG, and Zr-75-1 cell lines,
morphological changes were determined
using microscopy after treatment of both
cell lines with or without (Y4 ICsg, %2 1Csp,
and ICs) oligomeric OPC-PACs for 48
h. As shown in (Figure 3A and 3B), the
apoptotic morphological changes showed
shrinkage, rounded and detached cells,
the loss of cell junction, and severe
disruption from the cell culture
substratum. The apoptotic cell death
characteristics became visible after
treatment with several doses of OPC-
PACs for 48 h compared to untreated
control cells. The morphological changes
became more remarkable with the
increased concentration of oligomeric
OPC-PACs treatment, as shown in
(Figure 3A and 3B).

3.4 Apoptotic assay, using Apoptotic
Enzyme-Linked immunosorbent,
ELISA.

ELISA apoptotic assay was performed to
determine histone release protein from

apoptotic cells, as shown in the left panel
in (Figure 4A and 4B) to examine if the
decrease in cell viability could be due to
apoptosis induction. HepG2 and Zr-75-1
cells were treated with or without (Y4
1Csp, Y2 |C50, and |C50) OIigomeriC OPC-
PACs, and apoptotic induction was
determined as indicated by histone
release according to the manufacturer’s
protocol compared to untreated control
cells. Cells treated with (Y2 1Csg, %2 ICsp,
and 1Csp) OPC-PACs-induced cell death
as a relatively late event, starting at 48 h
compared to control. The induction of
apoptosis was significantly higher in
HepG2 and Zr-75-1 cells compared to
untreated control cells, which showed
minimal apoptotic processes.

3.5 Caspase-3 Activity in both HepG2
and Zr-75-1 Cells

Activating a cascade of intracellular
cysteine proteases of caspases is the main
characteristic of apoptosis (32). The
typical morphological and biochemical
feature observed in apoptosis is the
cleavage of various substrates. Caspase-3
is considered a general mediator of
physiological and stress-induced
apoptosis due to the diversity of its
substrates (33,34). To investigate the
effect of oligomeric OPC-PACs on
caspase-3 activation in treated HepG2
and Zr-75-1 cells, caspase-3 activity was
assayed according to the manufacturer’s
protocol kit (Bio Vision, Inc., CA, USA).
Our data indicated that the OPC-PACs
treatment showed a significant increase
in caspase-3 activity in treated cells
compared to control after 48 h, as shown
in the right panel (Figure 4A and 4B).
These results confirmed that OPC-PACs
treatment-induced apoptosis in HepG2
and Zr-75-1 cells in a caspase-dependent
manner.

3.6 Effect of OPC-PACs on
clonogenicity of HepG2 and Zr-75-1
Cell lines

A clonogenic assay was performed
according to the protocol described under
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the materials and methods section to
investigate the capability of single
HepG2 or Zr-75-1 cells to grow into a
large colony through clonal expansion.
Assessment of the colony-forming ability
of a single cell of each of HepG2 or Zr-
75-1 cells was examined before and after
treatment with or without oligomeric
OPC-PAC:s for 48 h.

Our data indicated that (¥ 1Csg, %2 ICsq,
and 1Csg) OPC-PACs showed a
significant decrease in both HepG2 and
Zr-75-1 cells clonogenicity compared to
untreated control cells after 48 h. As
shown in (Figure 5A and 5B), the more
increased concentrations of the OPC-
PACs treatment, the more decreased
clonogenicity of treated cells. The
clonogenic assay revealed that cells
treated by (Y2 1Cso, %2 ICsp and 1Csp)
OPC-PACs  resulted in  dramatic
inhibition of cell clonogenicity in a dose-
dependent manner compared to the
control (Figure 5A and 5B).

3.7 Effect of OPC-PACs on signaling
pathways in HepG2 and Zr-75-1 Cells
using Western Blot analysis.

To evaluate the effect of oligomeric
OPC-PACs on several oncogenic
signaling pathways such as p-catenin, p-
ERK, Bax, and STAT3 of HepG; and Zr-
75-1 cell lines, western blot analysis was
performed using different concentrations
of OPC-PACs for 48 h. Compared with
the expression levels of control cells,
western blot analysis revealed that (Y4
ICso, %2 |C50’ and |C50) OPC-PACs
treatment significantly decreased
expression levels of B-catenin, p-ERK,
and STAT-3 in a dose-dependent manner
in both HepG, and Zr-75-1 cell lines as
shown in (Figure 6A and 6B). The
relative density of immunoreactive bands
was significantly  decreased  with
increasing OPC-PACs  concentration,
indicating the inhibitory effects on cell
viability and apoptosis induction, as
shown in (Figure 6A and 6B). In the

HepG2 cell line, the inhibition of B-
catenin expression started at ¥ 1Cso and
significantly increased at 1Cso. Zr-75-1
cell line showed the same response to
OPC-PACs treatment. Treated HepG2
cells showed a more inhibitory effect in
the expression levels of f-catenin than its
expression levels of the Zr-75-1 cell line
after treatment with OPC-PACs for 48h.
Both cell lines showed a remarkable
inhibitory effect in the expression of p-
ERK compared to T-ERK, and this effect
started at Y4 1Csy OPC-PACs. and
became more significant at 1Csy OPC-
PACs. In the HepG2 cell line, OPC-
PACs treatment inhibited STAT-3
expression levels, and the most effective
result was detected at ICs. Stat3
inhibition was seen more in the case of
HepG2 cells compared to Zr-75-1 cells
after treatment by % and % ICsy OPC-
PACs for 48h, suggesting the strong
inhibitory effect of OPC-PACs on several
oncogenic signaling pathways in both
tested cell lines.

On the other hand, OPC-PACs treatment
upregulated Bax protein expression
gradually in a dose-dependent manner
with increasing OPC-PACs
concentration. The HepG2 cell line
showed a higher upregulation in Bax
expression compared to the expression
levels of the Zr-75-1 cells line and
untreated control, indicating that this data
is consistent with OPC-PACs data of
increased caspase-3 expression and
released histones as markers of apoptotic
induction. Moreover, the calculated
relative density of immunoreactive bands
was  significantly  increased  with
increasing OPC-PACs concentration, as
shown in (Figure 6A and 6B). Our
results suggested that OPC-PACs
inhibited cell viability and induced
apoptosis in HepG2 and Zr-75-1 cells.

3.8 In vivo, OPC-PACs treatment
significantly decreases the MNU-
induced tumor size with no
cytotoxicity.
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As shown in (Figure 7A), the first MNU-
induced palpable mammary tumors first
appeared four weeks after the third
application of MNU in induced mice. At
this time, only 6 of the 30 mice
developed grossly detectable tumors.
Tumor incidence increased with time,
and at the end of the experiment, 30 mice
had grossly palpable mammary tumors.
In addition, no statistically significant
differences in body weight were observed
among tested groups throughout tumor
development (data not shown). The
treated mice group was given LDsy OPC-
PACs (Iml /kg body weight)
intraperitoneally twice a week until the
end of the experiment. OPC-PACs
treated MNU-induced mammary gland
carcinogenesis yielded a significant
decrease in the size of tumors per animal
compared to the untreated MNU-induced
group. Cytotoxicity ~ examination
revealed that there are substantial
decreases in the activities of ALT and
AST (sensitive indicators of liver
damage) in the OPC-PACs treated MNU-
induced tumor group compared to the
untreated MNU-induced tumor group as
shown in (Figure 7B). Furthermore, the
decrease of OPC-PACs treated group was
significantly higher than the control
group. OPC-PACs treatment
significantly decreased (P<0.001)
creatinine (a sensitive indicator of kidney
damage) in the treated group compared to
the untreated MNU-induced group; on
the contrary, OPC-PACs treatment
showed no effect the tested in sera for
total protein versus other untreated and
control groups as shown in (Figure 7B).

4. Discussion

Maintaining a healthy diet and
lifestyle is essential in preventing
several types of cancer (35). Most
natural products are extracted from
plants and have the potential to be
promising  anti-cancer  agents(36).
Blocking multiple cancer-associated
signaling pathways is pivotal to

inhibiting cancer cell proliferation and
progression. Several plants’ natural
products, such as oligomeric OPC-
PACs extracted from grape seeds,
impede  tumor  proliferation by
inhibiting several cancer-associated
pathways without cellular toxicity.

In the present study, we
investigated the anticancer mechanistic
effect of OPC-PACs extracts using two
human cancer cell lines as the
following:  human  hepatocellular
carcinoma (HepG2) and human breast
carcinoma (Zr-75-1). In addition, we
focused on the possibility of using
OPC-PACs extract to target multiple
oncogenic  crosstalk  of  several
pathways that impart  tumor
pathogenicity. For that sake, cellular
viability,  proliferation,  oncogenic
signaling expression, and apoptosis
induction were determined after 48h of
treatment with several concentrations
of OPC-PACs extracts. Our data
revealed that OPC-PACs treatment for
48h inhibited cell proliferation and
induced apoptosis associated with
significant cell morphological changes,
histone release from fragmented DNA,
and increased caspase-3 activation in a
dose-dependent manner. In tested
cancer cells, treated cells by OPC-
PACs validated the modulation of
some oncogenic signals such as p-
ERK, STATS3, B-catenin, and apoptotic
signal of Bax.

It is known that apoptosis
protects against cancer progression by
eliminating the hyperproliferating and
mutated cancer cells (37). Several
studies have proved that OPC-PACs
can prevent the proliferation of cancer
cells in different cancer types by
blocking their cell cycle. The
antiproliferative effects of OPC-PACs
have been demonstrated in liver cancer
cell lines and murine hepatoma
(Hepalclc7) cells (38). According to
our findings, OPC-PACs have shown
anti-cancer and inhibitory properties
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on cell viability and the ability to
reduce proliferative oncogenic
signaling pathways and induce
apoptosis in both HepG2 and Zr-75-1.
The early stage of apoptosis is
associated with several morphological
alterations, such as cell shrinkage and
DNA  fragmentation, chromatin
condensation, and formation of
apoptotic bodies in both HepG2 and
Zr-75-1 cells treated with (¥4 1Cso, %
|C50‘ and |C5o) OPC-PACs for 48h.
(39). Moreover, the cell growth and
clonal formation assays showed that
OPC-PAC:s inhibit the tested cell lines'
proliferation and cloning formation
ability.

The data of WST-1 proved the
cytotoxic effects of OPC-PACs on
HepG2 and Zr-75-1 cells after
treatment with different concentrations
of OPC-PACs (0 ~120 mg/ml) for
48 h, suggesting that OPC-PACs are
effective in inhibiting HepG2 and Zr-
75-1 cells viability and proliferation. It
was reported on the ICsq values of
OPC-PACs on three cancer cell lines
that showed significant induction of
cell cytotoxicity in a concentration and
time-dependent manner. The published
data of human prostatic
adenocarcinoma  (PC-3), human
colorectal adenocarcinoma (HT-29),
and human breast carcinoma (MCF-7)
cell lines showed that different
concentration OPC-PACs  extracts
inhibited cell viability and proliferation
detected by cell cytotoxicity after 24
and 48 h. (40).

The  selection of  drug
combinations depends on the cancer
cells' genetic nature and signaling
pathways. Testing OPC-PACs’ effect
on oncogenic crosstalk signaling
pathways in cancer and if it has limited
clinical applications due to toxicities.
Our data introduced OPC-PACs
extracts as a potent inhibitor for the
cellular oncogenic proliferation signals
of the tested liver and breast cancer

cell lines with various biological
characteristics without any detected
cellular toxicity. These observations
revealed the promise of OPC-PACs
extracts as a therapeutic candidate
against liver and breast cancer cells
and the possibility of using it as a
clinical therapeutic.

It has been reported that cancer
growth, apoptosis, and metastasis are
linked to MAPK/ERK pathway-related
proteins(41). ERK is essential in
cellular proliferation, migration, and
invasion, and JNK and p38 MAPK are
responsible for cell apoptosis(42). The
activation of the RAF/MAPK/ERK
signaling pathway in HCC was found
to be associated with the advanced
stage of the disease(43). Therefore, we
investigated the potential anticancer
effect of OPC-PACs on the
MAPK/ERK pathway by examining
the protein expression of T-ERK1/2
against p-ERK1/2 by western blot
analysis. The phosphorylation is
essential for ERK1/2 activation, so the
evaluation of the phosphorylated
ERK1/2 and its relation to the total
protein  abundance provides an
indication and proof of the potential
effect of extracted OPC-PACs on
ERK1/2 activity. After 48 hours of
treatment with OPC-PACs, the levels
of p-ERK1/2 significantly decreased in
HepG2 and Zr-75-1 cells. However,
there were no notable changes in the
total abundance of ERK1/2. The
potential of our study on OPC-PACs
and their role in curing resistant and
malignant tumors shed light on the
molecular mechanism of the extracted
OPC-PACs. Several studies reported
that OPC-PACs stimulate apoptotic
pathways by producing reactive
oxygen species(44,45). Others have
indicated that the process of apoptosis
is integrated with the overexpression of
pro-survival genes, like some of the
BCL-2 family members, and pro-
apoptotic genes, like Bax, that have a
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central role in the regulation of the
apoptotic process. Bax overexpression
triggers the cells to enter the apoptosis
stage, causing increased caspase-3
(40). The present study led to a
possible mechanistic part of extracted
OPC-PACs on apoptosis induction
linked to a significant increase of
nuclear apoptosis, caspase-3 increased
activities, and Bax up-regulation linked
to the substantial inhibition of the
oncogenic signal’s crosstalk.

Late  stages of  tumor
progression have been detected with
the accumulation of nuclear [3-catenin.
Aggressive tumor growth is associated
with the presence of mutated B-catenin,
which regulates the expression of
many target genes mediating cellular
processes such as proliferation and
migration  (46). B-catenin is
phosphorylated by GSK-3p and casein
kinase 1 o (CKla) causing its
ubiquitination and  followed by
subsequent degradation(18). The next
step will be the nuclear accumulation
of B-catenin and the downstream target
genes, which are subsequently
activated, including genes responsible
for cell proliferation such as PCNA,
cyclins and cyclin-dependent kinases,
and genes responsible for tumor
progression such as matrix
metalloproteinases (18).  Our data
showed that treatment of both HepG2
and Zr-75-1 cancer cell lines with
OPC-PACs for 48 h inhibited the
expression of [B-catenin  through
degradation of the [-catenin, causing
nuclear reduction and cytosolic
accumulation, suggesting that
extracted OPC-PACs have an
inhibitory effect against both HepG2
and Zr-75-1 cell lines.

STAT-3 pathway is essential in
several cellular processes, including
tumorigenesis, cell cycle machinery,
proliferation, and apoptosis.
Uncontrolled gene regulation is
associated with unchecked STAT-3

activation in  cancer;  aberrant
activation of STAT-3 is involved in
several cancer types by modulating
p53 synthesis and inhibiting its
protective effect on stability gene
expression (47). Furthermore, STAT-3
inhibits and tolerates the damage and
stress of cancer cells, suggesting that
constant  activation of STAT-3
involves  cellular  differentiation,
proliferation, and invasion (48). Our
data are consistent with previously
published data revealing that extracted
OPC-PACs inhibited STAT-3
signaling pathways and prevented
cellular proliferation and progression
by induction of apoptosis in both tested
cell lines. It was reported that OPC-
PACs inhibited the expression of the
JAK2/p-STAT3 axis, which in turn
inhibited the initiation and progression
of the A549 lung cancer cell line,
suggesting the possible anti-cancer
effects of OPC-PACs in lung cancer
effect through inhibiting STAT3
signaling pathway (49).

Additionally, two pathways
play a role in STAT-3 inactivation the
RAS/MAPK pathway and the non-
receptor tyrosine kinase pathway. RAS
and its downstream signaling of
MAPK, a serine/threonine protein
kinase, = modulate  differentiation,
proliferation, and cell pathology.
Several reports revealed the possible
role of RAS-regulated MAPK in
STAT-3-induced  autophagy and
tumorigenesis (50,51), and the effect of
STAT-3 on gene regulation is
significantly decreased by inhibiting
MAPK expression through
phosphorylation of tyrosine residues
(52). Several other studies identified
the regulatory role of the RAS/ERK
axis by crosstalk with the Wnt/B-
catenin pathway, which is connected
directly with the cell’s proliferation
and transformation(53,54) through
activation of Wnt3a to the Raf-1-
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MEK-ERK axis, revealing direct
interaction of the two pathways. The
regulatory effect of Wnt/B-catenin
signaling on the MEK-ERK pathway
in the proliferation and transformation
of cells was further approved by
modulating the Wnt/pB-catenin axis
components, such as GSK3p, Axin,
and APC (54,55). Wnt/B-catenin
controls the stability regulation of RAS
through GSK3p kinase that mediated
phosphorylation of RAS, suggesting
the established crosstalk between the
Whnt/B-catenin and RAS-ERK
pathways (56). The tumorigenesis of
many several cancers is initiated and
promoted through an abnormal
irregular stimulation of the Wnt/B-
catenin and RAS-ERK pathways;
therefore, targeting the inhibition of
both  B-catenin  and RAS-ERK
pathways is an effective mechanism
that sheds light on the development of
anticancer drugs (57).

Blocking multiple pathways
may be an effective strategy in
targeting cancer cells by targeting
several oncogenic signaling resulting
in undesired off-target mediators. Our
data showed no toxicity in mice's
tested cell lines upon  oral
administration ~ for  three  weeks.
However, further investigations are
needed to determine pharmacodynamic
data availability to understand its
effects on human health.

In conclusion, we introduce
OPC-PAC extract from grape seeds as
a natural, non-toxic, safe compound
with anticancer properties against liver
and breast cancer cell lines by
inhibiting cellular viability,
proliferation, and vital crosstalk among
cellular pathways as seen in the
(Figure 8). In addition, OPC-PACs
induced nuclear apoptosis
upregulated Bax expression and
increased caspase enzyme activity by
inhibiting the oncogenic signaling
pathways of 3-catenin, STAT-3, and p-

ERK. In  vivo, OPC-PACs
significantly decreased MNU-induced
mammary tumor volumes. The present
study sheds light on the anticancer
activities of OPC-PACs which in turn
introduce OPC-PACs as an upcoming
phytochemical with no significant
cytotoxicity for cancer treatment. The
significance of data is related to the
current great attention on using
naturally occurring compounds with
anticancer activities, such as extracted
OPC-PACs, which might be a potential
source of molecular target-based
cancer prevention and acquired
resistance in  cancer  patients
undergoing targeted therapies.
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Fig. 1: HPLC chromatogram of the fraction of grape seed oligomeric-PACs.
The upper panel showed the chromatogram of procyanidin B2, the oligomeric
grape seed PACs standard, and the lower panel offered PACs and
proanthocyanidins standards.
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Fig. 2A and B: The left panel showed the inhibitory effect of oligomeric-PACs
on the viability of HepG2 and Zr-75-1 cell lines, respectively. Cells were
grown in a complete DMEM medium and treated with different concentrations
(0~ 120 mg/ml) oligomeric-PACs for 48 h, and cells' viability was determined by
WST-1 assay. Cell viability (%) was compared to control (untreated)—the correct
panel Dose-response curve of oligomeric-PACs of HepG2 and Zr-75-1 cell lines.
The calculated ICsg of oligomeric-PACs for HepG2 and Zr-75-1 cells was (63.1
+0.024 mg/ml) and (61.6 + 0.016 mg/ml), respectively. Each data point averages
three independent experiments and is expressed as+MSD. P-value *P <0.05
and <0.01 compared to untreated control cells.
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Fig. 3B
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Fig. 3A and B: Oligomeric-PACs treatment induced morphological changes
of HepG2 and Zr-75-1 cell lines. Cells were treated with or without oligomeric-
PACs for 48 has the following: (a) Control, (b) 4 IC50 Oligomeric-PACs, (c) %2
IC50 Oligomeric-PACs, (d) IC50 Oligomeric-PACs. Cells were investigated under
the inverted microscope at 400X magnification. The above data are representative
of three independent experiments.
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Fig. 4A and B: Oligomeric-PACs mduced apoptos1s and caspase-3 activation
induction in HepG2 and Zr-75-1 cell lines—the left panel: Oligomeric-PACs
induced histone-release and apoptotic induction in HepG2 and Zr-75-1 cells. Cells
were treated with oligomeric-PACs for 48 h, and histone-release activity was
determined using a specific ELISA assay kit according to the manufacturer’s
protocol—the right panel: Caspases-3 activity in HepG2 and Zr-75-1 cell lines.
Cells were treated with oligomeric-PACs for 48 h, and caspase-3 enzymatic
activity was determined using a specific colorimetric assay kit according to the
manufacturer’s protocol, as explained under the Materials and Methods
section. Each point averages three independent experiments and is expressed as
M £ SD. P-value was calculated versus control cells: *P <0.05, **P <0.01, and
*#%Pp <0.001.
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Fig. SA and B: Oligomeric-PACs inhibited clonogenicity of HepG2 and Zr-
75-1 cells. Cells were investigated before and after treatment with different
oligomeric-PACs concentrations for 48 h. The left panel: The colony formation
assay in HepG2 and Zr-75-1 cells. The right panel: The relative density of colony
formation capacity in HepG2 and Zr-75-1 cells was quantified by Quantity One
software. (a) Control, (b) %ICs, (¢) 21Cso, and (d) ICso. Each point averages three
independent experiments and is expressed as M+ SD. P-value was calculated
versus control cells: *P <0.05 and **P <0.01.
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Fig. 6A and B: Using western blot analysis, oligomeric-PACs inhibited
signaling crosstalk in HepG2 and Zr-75-1 cells. The left panel: Protein
expression levels of Bax, B-catenin, ERK, pERK1/2, and STAT-3 were detected
by western blot analysis. The right panel: Relative density of the tested protein
expression in HepG2 and Zr-75-1 cells was quantified by Quantity One software.
The cell lysate was subjected to 10% SDS-PAGE. Proteins were transferred to the
nitrocellulose membrane and probed with the indicated antibodies, as explained in
the Materials and Methods section. Anti-B-actin was used as a loading control.
Protein expressions were quantified and normalized to -actin and controls.
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Fig. 7A and B: Biochemical tests and cytotoxicity of Oligomeric-PACs, in
vivo. Wister Albino mice were divided into three groups of 10 mice, each
following groups as described under the Materials and Methods section: Mock-
healthy controls without MNU-induction, induced untreated-MNU was given
intraperitoneally (30 mg/kg), and induced treated-MNU plus LDsy OPC-PACs.
OPC-PACs were injected intraperitoneally (1ml/kg body weight); all control
animals received an injection of the solvent, saline. Mice were treated three times
a week for 45 days. Fig. 7A showed that OPC-PACs treatment significantly
decreased the MNU-induced breast tumor volumes compared to the untreated
MNU-induced group. For the cytotoxicity examination, the sera of tested groups
were analyzed spectrophotometrically for liver and kidney functions, including
the activities of AST and ALT, creatinine, and total protein, as shown in Fig. 7B.
Statistically, significance was detected by calculating P-value versus control cells;
*P-value <0.05; **P<0.01 and ***P<0.001 were considered statistically
significant.
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Fig. 8: The proposed mechanism of action of Oligomeric-PACs as an
anticancer compound.



