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Treatment of Mcf-7 Breast Cancer Cells with a Red Grape Wine
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Food components influence the physiology by modulating gene expression and biochemical pathways
within the human body. The disease-preventive roles of several fruit and vegetable components have
been related to such properties. Polyphenolic components such as flavonoids are strong antioxidants
and induce the expression of several xenobiotic-detoxifying enzymes. The mechanism of selective
cytotoxicity induced by red grape wine polyphenols against MCF-7 breast cancer cells was investigated
in relation to their interference with calcium homeostasis. MCF-7 cells showed an increase in cytosolic
calcium levels within 10 min of treatment with the polyphenols. Immunohistochemical localization of
calmodulin with secondary gold-labeled antibodies showed similar levels of gold labeling in both MCF-7
cells and the spontaneously immortalized, normal MCF-10A cell line. MCF-7 cells treated with the
red wine polyphenol fraction (RWPF) showed swelling of endoplasmic reticulum, dissolution of the
nucleus, and loss of plasma membrane integrity as well as reduced mitochondrial membrane potential.
These cells were arrested at the G2/M interphase. By contrast, MCF-10A cells did not show such
changes after RWPF treatment. The results suggest that polyphenol-induced calcium release may
disrupt mitochondrial function and cause membrane damage, resulting in selective cytotoxicity toward
MCEF-7 cells. This property could further be developed toward breast cancer prevention strategies
either independently or in conjunction with conventional prevention therapies where a positive drug—
nutrient interaction can be demonstrated.

KEYWORDS: Calmodulin; calcium signaling; cell cycle arrest; diet and cancer; red wine polyphenols

INTRODUCTION (4). In this context, a recent study showed that dietary risk
factors for colorectal cancer are associated with p53 subtypes.

Breast cancer is the most common form afflicting females in . .
grucn‘erous vegetables may be protective for colorectal cancer

Western countries and the second leading cause of cancer-relate
deaths among North American womei). (Major emphasis has evelopment through a p53-dependent pathway, whereas beef

been placed on understanding the role of genetic, hormonal consumption may increase the risk for colorectal cancer through

environmental, and dietary factors that influence the risk of & P>3-independent pathway (5).

developing breast cancer. A large body of epidemiological ~ Signal transduction pathways regulate numerous cell pro-
evidence, together with data from animal and in vitro studies, cesses including growth, proliferation, and death. Defective
strongly supports the cancer-preventive properties of severalsignal transduction is often associated with aberrant cell cycle
dietary constituents. In general, vegetables and fruits, dietary regulation, which in turn can lead to the development and
fiber, and certain micronutrients appear to be protective againstprogression of cancer. Several signal transduction pathways such
cancer (2), whereas fat, excessive calories, and alcohol seem t@s the Erk/MAP kinase pathway and the Pl 3-kinase pathway
increase the risk of developing canc@).(However, the data  have been implicated in mammary carcinogenesis, through their
gathered from different studies are not consistent and may resultuncontrolled activation&). The central role of Cd as an
from several contributing factors such as inherited genetic intracellular signal involved in cell proliferation has been widely
susceptibility among individuals and diverse lifestyle behavior examined (78). Calcium and calcium-binding proteins such
as calmodulin have an active role in the regulation of cell cycle

* Corresponding author. Phone: 519-824-4120, ext 54856. Fax: 519- IN normal and aberrant cell proliferation and in apoptotic cell

763-8755-tE-m?i|1f gpagyg@uoguelph-ca- death. The role of calmodulin in triggering DNA replication
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inhibited DNA replication (9). As well, transfection with the
calmodulin gene in the sense or antisense direction in C127
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Table 1. Anthocyanin and Polyphenol Composition of 60-80% Wine
Fraction?

mice, respectively, lengthened or shortened the G1 phase of

the cell cycle 10). However, calcium/calmodulin-regulated steps
involved in the triggering of DNA synthesis still remain unclear.
Vegetables and fruits contain a wide variety of phytochemi-

cals such as terpenes, polyphenols, carotenoids, and sulfur-
containing compounds that have the potential to reduce cancer

development. The specific mechanisms of cancer-preventive
action of these phytochemicals are being unravelled in several

studies 11). Polyphenols present in several foods and beverages

are known for their antioxidant and cancer chemopreventive
properties. Resveratrol, a polyphenol found in grapes and wine
induces phase Il enzymes and inhibits | kappa B kinase activity,
the key regulator of NF-kappa B activation, and signalling

enzymes such as protein kinase C in U-937 myeloid and HelLa
and H4 epithelial cells12). Sulforaphane, a cancer chemopre-

ventive agent found in cruciferous vegetables such as broccoli,
induces apoptosis in SV-40-transformed mouse embryonic
fibroblasts through the activation of Bcl-2 family of proteins

Bax and Bak, which in turn are translocated to mitochondria

amount (nmol/100

component ug of phenols)
delphinidin-3-O-glucoside trace
cyanidin-3-O-glucoside ND
petunidin-3-O-glucoside trace
peonidin-3-O-glucoside ND
malvidin-3-O-glucoside trace
delphinidin-3-O-acetoyl glucoside 7.04 (3.57)
cyanidin-3-O-acetoyl glucoside trace
petunidin-3-O-acetoyl glucoside 9.22 (4.81)
malvidin-3-O-acetoyl glucoside 25.22 (13.5)
petunidin-3-O-acetoyl glucoside derivative 24.18 (17.1)
delphinidin-3-(6'-coumaroyl) glucoside 18.20 (11.1)
petunidin-3-(6'-coumaroyl) glucoside 39.44 (24.6)
malvidin-3-(6'-coumaroyl) glucoside 32.72 (20.9)
unidentified 5.00 (4.25)
O-methyl quercetin 1.00(0.32)
myricetin trace
kaempferol trace

trace
trace
trace

catechin glycoside
epicatechin glycoside
O-methyl resveratrol

causing the release of apoptogenic molecules such as cyto-

chromec into the cytosol (13).

Among common foods, red wine contains a variety of
polyphenols that have shown promising cancer-preventive and
therapeutic activity due to their effects on multiple targets at
levels comparable to those found in human plast4. (Though
it was initially hypothesized that the biological effects of
polyphenols are related to their antioxidant activity, available
evidence from cell culture experiments suggests that many of
the biological effects of polyphenols are related to their ability
to modulate cell-signalling pathwayd). In our previous
studies (16), we demonstrated that specific polyphenol fractions
from red grape wine showed selective cytotoxicity toward

2ND, not detectable; traces, <0.1 nmol/100 g of phenols. Values in parentheses
indicate the amount in £g/100 ug of polyphenols.

Cell lines were grown at 37C in a humidified atmosphere
supplemented with 5% CQand 95% air and maintained by transfer
into fresh medium at appropriate intervals. Growth, division, and
morphology of the cells were monitored periodically.

Isolation of Red Grape Wine Polyphenol Fraction (RWPF).
Different methanolic fractions of polyphenols were obtained from merlot
red wine by fractionation on Sep-PaksColumns (Waters) using
methanol—water mixtures of various proportions according to the
method previously described®). The polyphenol fractions eluted by

MCF-7 breast cancer cells, as compared to the non-tumorigenicGO% viv and 80% v/v methanol, were selectively cytotoxic to MCF-7

MCF-10A cells and normal human mammary epithelial cells
(HMEC). By contrast, authentic flavonoids such as quercetin
and naringenin were more toxic to HMEC than cancer cells.
The cell growth inhibitory activity of red wine polyphenols also

breast cancer cells by comparison to authentic flavonoids such as
quercetin, catechin, and naringenin, which were relatively more
cytotoxic to normal cells. HPLEMS analysis of the 6680% pooled
fraction revealed the presence of several anthocyanins. The composition
of anthocyanins that make up the 60—80% fraction is givefiahle

correlated with their calmodulin antagonistic activity. This 1. This fraction was low in anthocyanin glycosides such as delphinidin-
suggested a possible relationship between the inhibition of 3-O-glucoside, cyanidin-3-O-glucoside, petunidin-3-O-glucoside, pe-
calcium—calmodulin second messenger system and inhibition onidin-3-Gglucoside, and malvidin-&-glucoside, some of which were

of breast cancer development. In this study, we have attempteddetectable only in traces. However, this fraction was enriched in the
to delineate the mechanism of anti-proliferative action of the relatively hydrophobic anthocyanins that include the acetoyl and

red wine polyphenols in relation to their effect on calcitm

calmodulin signalling systems and other calcium-mediated

processes such as mitochondrial function and cell cycle progres-

sion in malignant (MCF-7) and normal (MCF-10A) human
mammary epithelial cells.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. An estrogen-receptor positive
human breast cancer cell line (MCF-7) was obtained from American
Tissue type Culture Collection (ATCC, Bethesda, MD). The MCF-7
breast cancer cells were culturedvirminimum essential medium. The
medium was supplemented with 10% fetal bovine serum, 1 mM sodium
pyruvate, 100 U/mL penicillin, 100 ng/mL streptomycin, and g
mL insulin.

A spontaneously immortalized human breast epithelial cell line
(MCF-10A) obtained from ATCC (Bethesda, MD) was cultured in 50:
50 Dulbecco’s modified eagle’s medium: HAM’s F12 nutrient mixture
supplemented with 5% horse serum, A§/mL insulin, 0.5ug/mL
hydrocortisone, 20 ng/mL epidermal growth factor, and 100 ng/mL
choleratoxin. (MCF-10A cells are naturally immortalized, normal
epithelial cells of mammary origin that do not produce tumors in
athymic animals.)

coumaroyl derivatives of delphinidin, petunidin, and malvidin. In
addition, smaller amounts<Q.1 nmol/10Qug of phenols) of flavonoid
aglycones such a@3-methyl quercetin, myricetin, kaempferol, and the
flavan-3-ols catechin and epicatechin glycosides as well as the stilbene
alcoholO-methyl resveratrol were detected by GRIS analysis. The
60—80% fraction accounted for 316 mg of 1489 mg of total polyphenols
recovered from the column (the rest constituted by 980 mg eluted by
40% methanol and the flow through that was equivalent to nearly 200
mg) present in a liter of red wine (16). For convenience, the combined
fraction eluted by 60% and 80% methanol is referred to as RWPF
hereafter. Aliquots of RWPF were stored-a20 °C until further use.

Calmodulin (CaM) Activity. Calmodulin activity was assayed by
using its property of stimulating activator-deficient cAMP phosphodi-
esterase (3',5'-cyclic nucleotide 5'-nucleotidohydrolase, EC 3.1.4.17,
which converts cAMP to 5'AMP) from bovine heart (17). The assay
was conducted in a medium containing 40 mM Tris-HCI, pH 7.0, 1
mM CaCt, 0.4 mM MnCk, and 1 mM cAMP. Phosphodiesterase was
used at a concentration of 0.02 U/mL and calmodulin (bovine brain)
at 2 U/mL. CaM was also extracted and purified from untreated and
RWPF-treated (5Qeg/mL) MCF-7 cells by passing the cell lysate
sequentially through PD10 (desalting columns) and phenyl-sepharose
affinity columns (Sigma Chemical Co., St. Louis, MO). CaM bound
to the affinity column was eluted with 2 mM EGTAL8). Samples
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were dialyzed against 10 mM Tris buffer, pH 8; freeze-dried; and
dissolved in 10 mM Tris buffer before using them for activity assays.
An aliquot containing around 60g of total protein was added to the
calmodulin assay mixture, which was adjusted to a final volume of
500 uL with water and incubated at 28 for 30 min. The reaction
was stopped by heating in a boiling water bath. ThR&ABIP formed
from cAMP was separated and quantified by using a X-TerrasRP
column (3.9x 150 mm, Waters Corporation, Milford, MA) at ambient
conditions. The mobile phase was 10 mM ¥y, pH 2.5, delivered Pluronic F-127 (0.2%, Molecular Probes), a mild detergent, was added
at 1.5 mL/min by a Waters 626 pump. The elution 6fA8/P and to facilitate uniform loading of the cells with the dye. Plates were
cAMP was monitored by absorbance at 260 nm using a Waters 486 incubated for 30 min at 37C. After loading, cells were washed with

were performed in incubation buffer 3and ultrapure water 4x, and
sections were blot dried and examined using a transmission electron
microscope (Leo 912 B).

Measurement of Intracellular Calcium. Cells were plated to a
concentration of 2«< 1 cells in 60 mm petri dishes and grown for
24—48 h. The plates were washed with PBS, and cells were loaded
with 10 uM Calcium Green-2 AM ester (xM, Molecular Probes,
Eugene, OR) ino-MEM (modified Eagle’s medium) without FBS.

absorbance detector. Peak areas were a linear function-AfMB
concentration up to 1.#g in the absorbance mode.

Total Protein Extraction. MCF-7 and MCF-10A cells were
synchronized by double thymidine block and treated withu§0mL

RWPF for 30 min, 6 h, 12 h, and 24 h. Cells were harvested, washed,

suspended in lysis buffer [50 mM HEPES, 5 mM EDTA, 2 mM EGTA,
1 mM DTT, 1 tablet of the protease inhibitor cocktail/10 mL

PBS (to remove nonspecifically associated dye) and MEM. Plates were
incubated for 16-15 min at room temperature. The cells were treated
with 50 ug/mL RWPF after recording the basal image. Fluorescence
microscopy was performed with a Leica Spectral Confocal and
Multiphoton System (Leica Microsystems) equipped with suitable filter
packs that allowed the specimens to be excited at specific wavelengths.
A personal computer with Leica Confocal Software LCS 2.5.1227 was

(Boerhinger-Mannheim)] and sonicated for 30 s. Protein concentrations attached to the microscope for image acquisition and analysis.

of the cell lysates were quantified by the protein-dye binding method
(19).

Western Blotting for Calmodulin. Cell lysates containing 56100
ug of total protein were denatured by heating in a boiling water bath
using 2 x SDS/sample buffer 1:1 [25 mL of 43%ris-HCI/SDS (pH
6.8), 20 mL of glyceral 4 g of SDS, 3.1 g of DTT, 1 mg of
bromophenol blue, and water to a final volume of 100 mL] and:§0

The fluorescence was monitored at excitation 503 nm/emission 536
nm. Calcium Green-2 is sensitive to calcium concentration changes in
the range of 0.0£500u«M. However, because of the limitations of the
microscope system, the sensitivity range in our experiments was
between 0.01 and 06M (calcium concentration-fluorescence values
were 0 calcium, 3; 0.01ZM, 39; 0.038«M, 50; 0.065uM, 75; 0.225
uM, 188; 0.602uM, 255; 1.35uM, 256). Calibration for calcium

of protein/lane were loaded on SDS—polyacrylamide gels (SDS— concentration and fluorescence emission was conducted in cavity slides
PAGE, 4% stacking/12% running gel) and subjected to electrophoresis using various concentrations of calcium. The fluorescence emission
at 30 mA current until the dye front reached the bottom of the gel. was calibrated against calcium concentration by using Ca-EGTA/K-
Proteins were transferred on to PVDF membranes using a Bio-Rad EGTA premixed solution provided in the kit using standard procedures
trans-blot apparatus for 2 h at 350 mA in KBffer (25 mM KHPQy/ (calcium calibration kit, Molecular Probes).

K HPQO, buffer, pH 7.0). Membranes were fixed in KP buffer with Evaluation of Mitochondrial Membrane Potential. Alterations in
0.2% glutaraldehyde for 45 min, rinsed with KP buffer, and blocked the mitochondrial membrane potential were analyzed by confocal laser
in 3% gelatin in Tris-buffered saline (TBS, 20 mM Tris, 500 mM NaCl, scanning microscopy using the mitochondrial potential-sensitive dye
pH 7.5) at 37°C for 1 h. Membranes were later washed with TBS for JC-1 (5,5%6,6-tetrachloro-1,1,3,3tetraethylbenzimidazolcarbocyanine
10 min and incubated in antibody buffer [1% gelatiniTBS (20 mM iodide; Molecular Probes, Eugene, OR). Approximately 20° cells

Tris, 500 mM NacCl, 0.05% Tween-20, pH 7.5)] containing the primary were grown in 60 mm plates for 24 h. Cells were later washed once in
antibody (monoclonal mouse anti-CaM, Sigma Chemical Co, St. Louis, PBS, resuspended in MEM without phenol red, and incubated with 1
MO) overnight at 4°C at a dilution of 1:1000. After washing>28 uM JC-1 at 37°C for 10 min. Stained cells were then washed once in
min each in TTBS and:t 8 min in TBS, the membrane was incubated PBS and treated with RWPF (58y/mL) for 1-2 h after which the

at 30°C with shaking in goat anti-mouse secondary antibody 8.3 media was replaced with warm PBS (3Z) and viewed immediately

in 10 mL of antibody buffer) coupled to alkaline phosphatase (AP) in a confocal microscope. The dye is membrane potential sensitive and
(Bio-Rad Corp., Mississauga, ON) for 1 h. After the wask,i@ TTBS accumulates as red fluorescent aggregates in the mitochondria with a
(8 min) and X in TBS (8 min), membranes were developed in a high potential and having absorption/ emission maxima of 585/590 nm.
solution containing 0.5 mL of AP color reagent A, 0.5 mL of AP color In the cytoplasm, JC-1 remains in the green fluorescent monomeric
reagent B, and 50 mL of>1 AP color development buffer at room  form with absorption/emission maxima of 510/527 nm, when the
temperature. Finally, membranes were washed in distilled water for mitochondrial membrane potential is low. A transition from the red to
10 min with gentle agitation, dried on filter paper, and stored between green fluorescing cells indicates a loss in mitochondrial membrane
polyester sheets, protected from light. potential.

Immunolocalization of Calmodulin. MCF-7 and MCF-10A cells Caspase Activity. Cells were plated in 100 mm plates to a
were cultured and treated with thesfoncentration of RWPF (50 concentration of & 1C° cells. One of the plates was treated with RWPF
ug/mL) at the desired time intervals. Briefly, the cells were harvested (50 #g/mL) for 24 h, and the other plate was left untreated. Floating
from the flasks by 0.5% Trypsin/EDTA, washed with phosphate- and attached cells were collected from both plates, centrifuged, and
buffered saline (PBS) containing 5 mM EDTA and 2 mM EGTA, washed with cold PBS twice. Cells were pelleted, resuspended in cell
sedimented by gentle centrifugation (1000g) in a bench top centrifuge, lysis buffer, and incubated on ice for #@5 min. Samples were
and fixed in a mixture of 4% paraformaldehyde and 0.5% glutaralde- sonicated, and protein content was measured by Bradford assay. To
hyde for a minimum of 1 h. The fixed cells were dehydrated through test for caspase activity, 178 of reaction buffer, 3QcL of cell lysate
a graded series of 50%, 70%, 90%, and 95% ethanol and infiltrated containing 100ug of total protein and L of flurogenic caspase
into K4M resin. Ultrathin sections were cut and picked up on Fomvar- substrate conjugated to rhodamine 110, bis-(N-CBZsleucylt-
coated nickel grids. The immunolabeling procedure was as follows: threonylt-aspartic acid amide) (Z-IETD-R110; Molecular Probes) were
sections were incubated with 0.05 M glycine in PBS for 15 min to added to a 96-well plate and incubated at room temperature for about
inactivate residual aldehyde groups present after aldehyde fixation. To 10 min. The release of rhodamine due to caspase activity was monitored
block nonspecific binding sites, sections were then incubated in PBS at excitation 496 nm and emission 520 nm by a Fluorstar microplate
buffer with 5% BSA and 0.1% corn water fish skin gelatin supple- reader for a period of 30 min.
mented with 5% normal mouse serum for 30 min. After being washed = DNA Laddering. MCF-7 cells were plated at 1.2 1C° cells per
with incubation buffer for 5 min, sections were labeled with primary 100 mn# dish. Cells were allowed to recover for-6 h and were then
antibody (1:10) overnight at 4C. A second wash in incubation buffer  treated with RWPF (5@.g/mL) for 3, 6, 12, and 24 h. Cells were
was done X 5 min each, after which sections were incubated with washed once with PBS, harvested with trypsin-EDTA, and pelleted at
the secondary antibody—gold conjugate (25 nm gold particles coupled 100Q for 10 min. To assess oligonucleosomal fragmentation, the pellet
to goat anti-mouse antibody; Electron Microscopy Sciences, NJ) diluted was further processed for genomic DNA extraction using an apoptosis
1:20 in incubation buffer for 2 h at room temperature. Final washes DNA laddering kit (Cayman Chemical Company, Ann Arbor, Ml). The
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DNA sample was mixed with gel loading buffer and applied to a 1% cytosolic calcium levels. In contrast to this, the MCF-10A cells
agarose gel. The gel was run in Friscetate—EDTA (TAE; 0.4 M preloaded with Calcium Green-2 and treated similarly with
Tris. 10 mM EDTA, 10.9 mL of glacial acetic acid, pH 8.5) buffer at  RwPF did not show any of the responses that were characteristic
45V at RT for approximately 23 h, stained with ethidium bromide, {5 MCF-7 cells. Though the resting level of calcium in MCF-
and wsuapzeg onauv transnlummator.. ) . 10A cells appeared to be slightly higher {9050 nM) than that
Determination of Red -Green Transition in Acridine Orange in MCF-7 cells, there was no increase in the cytosolic calcium

Stained Cells.MCF-7 and MCF-10A cells were plated at 0:510° | Is of th | cells i ¢ Voh | treat t
cells per 60 mm dish. Cells were allowed to recover for 5—6 h and Evels ot (nese normal celis in response o polyphenol treatmen

were then treated with RWPF at a concentration of:g0nL for 24 h. (Figure 1B,D).

Cells were washed once with PBS and loaded withu@/nL acridine Effect of RWPF on Calmodulin Activity and Levels.
orange (Molecular Probes) in phenol red-free media and incubated for Calmodulin, the ubiquitous calcium-binding protein and regula-
10—15 min. After being washed with PBS, cells were observed in a tor of enzymes and proteins is another component, the activity
confocal laser scanning microscope (Leica Microsystems) under 488 5n |evels of which may regulate the calcium second messenger
nm illumination by argon laser beam. In acridine orange stained cells, function. To investigate this possibility, MCF-7 and MCF-10A
the cytoplasm and nucleolus fluoresce bright green and dim red, cells were grown in synchrony, calm(;dulin was extracted by

respectively, whereas acidic compartments fluoresce bright red where tandard d dit fivi dl | det ined
the dye becomes protonated and compartmentalized. Thus, the intensit)ﬁ andard procedures, and its activity and levels were determined.

of the red fluorescence is an indication of the degree of acidity and/or OVerall, CaM activity was found to be much lower in MCF-7
the volume of their cellular acidic compartment. The red (>650 nm) cells as compared to the MCF-10A celBidure 2A,B). As
to green (505545 nm) fluorescence transitions were compared within  well, RWPF treatment did not cause any significant changes in

control and RWPF-treated MCF-7 and MCF-10A cells. CaM activity in MCF-7 cells except at 12 h post-treatment
Cell Cycle Distribution Analysis. Cells at 66-70% confluence were  (Figure 2A). Also, there were no major changes in calmodulin
treated with RWPF at concentrations near theip G0 g/mL) values. activity in MCF-10A cells in response to RWPF treatment

Floating and attached cells were collected after 48 h, washed, and re-(Figure 2B). However, the activity profiles did not exactly
suspended at a density of 1 10%/mL in PBS + 2% FBS. Three  refiect CaM expression levels within the cells. Even though
milliliter of 70% ethanol (20 °C) was pipetted slowly into this calmodulin activity levels were low in MCF-7 cells, the

suspension while vortexing at top speed. Cells were left in ethanol at calmodulin orotein levels in MCE-7 cells were considerabl
4 °C for at least 1 h. Cells were then pelleted by centrifugation, washed P y

twice in PBS, resuspended in 1 mL of PBS, and incubated ing26f higher as compared to the M(_:F':LOA Ceﬂ_ﬁgure 3A'B_)'_These
DNase-free RNase at 3T for 30 min. Cells were incubated with 10~ résults suggested that any differences in CaM activity or CaM
ug/mL propidium iodide (Molecular Probes) solution in 3.8 mM sodium ~ protein levels were marginal between MCF-7 cells and MCF-
citrate at room temperature for 10 min. Samples were stored in ice 10A cells.
until analysis. Cells were analyzed by a Coulter Elite flow cytometer,  |mmunohistochemical Localization of Calmodulin. To
gated on forward light scatter, using a dichroic and a band-pass filter further evaluate any potential differences in calmodulin levels
and 48_8 hm argon I.aser. L ) between MCF-7 cells and MCF-10A cells and compare it with
Statistical Analysis. All statistical analyses were performed using the results from activity estimation and Western blot analysis
GraphPad Prism Version 4.02 software. o . !
subcellular localization of calmodulin was performed. Thin
sections of cells were incubated with a monoclonal primary
RESULTS antibody raised against a conserved epitope of calmodulin that

Effect of RWPF on Cytosolic Calcium Levels.Changes in is dis_tinct from other calcium binding prc_:teins sucr_l as troponin
cytosolic calcium concentrations in MCF-7 and MCF-10A cells € (Sigma Chemical Company, Technical Bulletin C 3545).
were measured using the dye Calcium Green-2 as thReé Ca Calmodulin was localized by goat anti-mouse Ig_Gs coupled to
probe. Optimal sensitivity of detection of calcium concentration 25 "M gold particles. Subcellular structural details such as the
by Calcium Green-2 was in the range of-14800 nM. MCF-7 plasma_ membrane, |r_1ternal membr_aljes, nucleu;, and nucleolus
and MCF-10A cells were preloaded with Calcium Green-2 AM Were visible even without any staining. The micrographs of
ester and cytosolic calcium levels estimated using a laser Untreated and RWPF-treated MCF-7 cells, 3 h and 12 h after
confocal microscopeFigure 1A shows images of Calcium  tréatment, are shown iRigure 4A. The cellular structure is
Green-2-loaded MCE-7 cells taken at 4 min intervals after 'etained in the control cells 3 h and 12 h after initiating the
treatment with 50g/mL of RWPF, for a period of 30 min. Basal experiment. Calmodulin is localized as distinct dots (arrow) and
fluorescence level in most of the cells varied between@p 1S Widely distributed, being present in the cytosol and the
units, which corresponded to the resting cytosolic calcium levels nucleus. Marked changes in the subcellular structure were
of 25—150 nM Figure 1C). A few cells, however, showed a distinctly noticeable within 1 h ofrea_ltment with the RWPF
high level of fluorescence (126160 units) that corresponded ~ (data not shown) and became very distinct 3 h after polyphenol
with cytosolic calcium between 200 and 300 nM (Figure 1C). freatment (Figure 4A). There was extensive disruption of the
Within 10 min of addition of RWPF, cytosolic calcium levels internal membrane systems with large-scale vacuolation within
of MCFE-7 cells began to increase gradually as indicated by an the cytoplasm showing large areas devoid of any electron-dense
increase in fluorescence (pane|s at20 min’Figure 1A) The material (Figure 4A, VaC). After 12 h of treatment, damage to
increase in cytosolic calcium levels varied between cells and the membranous structures were more dramatic, with the plasma
was in the range of 150400 nM corresponding to a 160 membrane and the nuclear membrane showing gaps and the
300% overall increase in calcium levels (Figure 1C). Some of Cytoplasm having numerous vesicular structures. Thus, polyphe-
these cells exhibited a cytosolic level of calcium that is higher nol treatment of MCF-7 cells resulted in substantial damage to
than usually observed in excited cel20}. These elevations in ~ the membranes. Calmodulin showed equal amount of localiza-
cytosolic calcium levels indicate the earliest recorded responsetion in treated and untreated MCF-7 cells, as evident from the
to polyphenol treatment in human cells and may be an initiating Number of gold particles in these celBigure 4C).
event in the development of cytotoxicity in MCF-7 cells. After By contrast to MCF-7 cells, MCF-10A cells were resistant
20 min of incubation with RWPF, the fluorescence of the cells to any structural changes within the cell in response to treatment
drastically decreased (Figure 1A,C) indicating a decrease in with RWPF. Micrographs of untreated and RWPF treated MCF-
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Figure 1. Intracellular Ca?* changes after RWPF treatment. Intracellular Ca?* levels were measured in live cells via confocal laser scanning microscopy
using the Ca?* indicator dye Calcium Green-2. MCF-7 and MCF-10A cells were loaded with Calcium Green-2. RWPF (50 ug) was added to the cells
after basal images were recorded. Images of (A) MCF-7 and (B) MCF-10A cells collected every 4 min. The number in the lower right corner of each
image represents the time (min) after addition of RWPF. These results are also displayed in graph form showing changes in fluorescence intensity and
corresponding Ca?* levels over time after RWPF treatment of (C) MCF-7 and (D) MCF-10A cells. Images were collected every 2 min for 30 min as
indicated. Each line represents the change in Calcium Green-2 fluorescent emission of an individual cell over time. Calcium levels were calculated based
on calibration using a standard of calcium at concentrations ranging from 0 to 400 nM. Increase in cytosolic calcium levels of MCF-7 cells after RWPF
treatment varied between 100 and 300% of the basal levels. The data shown are representative of several separate experiments, all showing the same

trend.
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A polyphenol treatment and were showing symptoms of the loss
0.3 of viability (16). To determine whether mitochondrial dysfunc-
Wcontrol tion could be an early causative event in the induction of RWPF-
[ RUPTE) | mediated cytotoxicity, we exposed MCF-7 cells grown in serum-
, containing medium to 5@g of RWPF for 1 h. Mitochondrial
0:5(liie membrane potential was assessed by confocal laser scanning
time (h) microscopy determination of JC-1 fluorescence. The membrane
potential sensitive dye JC-1 exists as a monomer at a low
B mitochondrial membrane potential emitting green fluorescence.
moontol | But, at a higher membrane potential, JC-1 forms red fluorescent
# RWPF(50ug) | “J-aggregates” in the mitochondria. Under normal physiological
conditions both red and green fluorescence-emitting forms of
JC-1 are noticeable within the cell, with a prevalence of the
red fluorescent forms. The mitochondrial population of untreated
MCF-7 and MCF-10A cells exhibited both the green fluorescent
forms (low redox potential) and the red fluorescent forms (high
redox potential) Figure 5A,B, untreated). Treatment with
RWPF resulted in a decrease in the red fluorescent forms of
mitochondria in MCF-7 cells indicating a potential drop in
mitochondrial membrane potentialy) (Figure 5A, lower
panel). The drop in mitochondrial membrane potential could
be a result of calcium dysregulation in the mitochondria, ATP
depletion, or oxidative stress due to free radicals. On the other
hand, there was no major shift in the mitochondrial population

10A cells, 3 h and 12 h after treatment, are showiFigure that emitted red fluorescence to those that emitted green
4B. The cells showed characteristic ultrastructural features suchfluorescence in MCF-10A cells subjected to RWPF treatment
as the nucleus, nucleolus, and internal membranes. The cyto-at similar concentrations (Figure 5B, lower panel).
plasm of MCF-10A cells also revealed vesicular structures, but  To further determine whether caspase activation plays a role
after treatment with RWPF, the vesicles were much enlarged in the induction of RWPF-mediated cell death, the activity of
in size providing the appearance of pseudo-podia-like structures.caspase-8, which is an upstream initiator caspase that activates
The internal structure appears to be maintained well even aftereffector or executioner caspases, was monitored in MCF-7 cells
12 h of incubation. The numerical distribution of gold particles treated with 5qug/mL RWPF for 24 h. MCF-7 cells showed
in the cytoplasm and the nucleus of MCF-10A cells did not progressive increase in cell death between 5 and 24 h of
vary between untreated and treated cells 3 h and 12 h aftertreatment (16). No change in caspase-8 activity was observed
treatment. As well, there were no major differences in the in the reaction mixture monitored over a period of 30 min (data
numerical distribution of gold particles between MCF-7 and not shown). This suggests that the cell death induced by RWPF
MCF-10A cells (Figure 4C). may be caused by mechanisms different from the typical
Effect of RWPF Treatment on Mitochondrial Membrane apoptotic pathway. This contention was again supported by the
Potential. Results from ultrastructural studies (see previous analysis of DNA laddering in RWPF-treated MCF-7 cells. To
section) suggested that RWPF induced rapid and deleteriouscharacterize the mode of cell death induced by the wine
changes in MCF-7 cells, noticeably in its membrane organiza- polyphenols, we further analyzed the oligonucleosomal frag-
tion. Earlier studies in our lab using the livelead cell viability mentation of genomic DNA in MCF-7 cells. DNA ladder
staining kit also showed a decrease in cell size suggestive of aformation was examined by agarose gel electrophoresis in
loss in membrane surface area in MCF-7 cells subjected to MCF-7 cells treated with 5&ig of RWPF. Results indicated
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Figure 2. Measurement of calmodulin activity by cAMP phosphodiesterase
assay. Calmodulin was purified by affinity chromatography from RWPF
treated (50 ug) cell lysates of MCF-7 and MCF-10A cells, lyophilized,
and measured in terms of stimulation of phosphodiesterase activity. (A)
Calmodulin activity in MCF-7 cells. (B) Calmodulin activity in MCF-10A
cells. The values are mean + SE from three separate experiments. There
were no statistically significant differences between treatment and control
sets (p < 0.5) except in MCF-7 cells, at 12 h after treatment.
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Figure 3. (A) Western blot analysis for calmodulin in MCF-7 and MCF10A cells, control (c) and treated () with RWPF (50 wq) for different time periods.
(B) Densitometric scans of calmodulin band intensity levels in control and treated cells of MCF-7 and MCF10A at various time points. The data are
representative of several experiments, showing the same trend. The band intensities did not show significant differences (p < 0.05) between treatment
and control sets.
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Figure 4. Transmission electron micrographs of MCF-7 and MCF-10A cells immunolabelled with monoclonal anti-calmodulin antibody and secondary
antibody (goat-antimouse IgG) labeled with 20 nm gold particles. (A) Ultrastructure and immunolocalization of calmodulin in MCF-7 cells untreated (3 h,
12 h, left panel) and treated with 50 «g RWPF (3 h, 12 h, right panel). Calmodulin labeled with the gold appear as dark dots as shown by the arrows.
Plasma membrane (PM), cytoplasm (Cy), and nucleus (Nu) are shown. Extensive vacuolation in the cytoplasm of treated MCF-7 cells are visible as early
as 3 h (Vac). After 12 h of treatment, membrane integrity was severely disrupted, and the dissolution of cytoplasmic and nuclear membrane was
apparent. (B) Ultrastructure and immunolocalization of calmodulin in MCF-10A cells untreated (3 h, 12 h, left panel) and treated (3 h, 12 h, right panel)
with RWPF. Calmodulin bound to antibody—gold conjugates are shown by arrows. The plasma membrane (PM), cytoplasm (Cy) and nucleus (Nu) are
shown. The figures are representative of several such cells showing similar structural features. The bar represents 500 nm. (C) Number of calmodulin
labels detectable in MCF-7 and MCF-10A cells. The number of gold particles (mean + SE) were counted in several cells (n = 8-10) that were untreated
and subjected to RWPF for various time points. The number of gold particles between control and treated cells were not statistically significant (p < 0.05).

that wine polyphenols did not induce DNA fragmentation after to fuse with the plasma membraneidure 4A,B). Formation
3, 6, 12, or 24 h of treatment (data not shown). These resultsof acidic lytic compartments is a characteristic feature of the
suggested that a loss in mitochondrial membrane potential in senescence process. Therefore, we tried to determine if cell death
MCEF-7 cells treated with RWPF was followed by cell damage in MCF-7 cells involved the formation of acidic vesicular
and death through a mechanism that was independent of caspaserganelles. Acidic vacuoles in the cytoplasm can be localized
activation and did not follow the typical apoptotic pathway. by staining with acridine orange; acridine orange is a weak base,
Determination of Lytic Compartments by Acridine Or- which gets trapped in acidic compartments when it becomes
ange Staining.Results from the previous experiments including protonated and emits red fluorescence. In MCF-7 control and
investigations on mitochondrial potential, DNA laddering, and RWPF-treated cells (Figure 6A) as well as MCF 10A control
electron micrographs indicated that the senescence of MCF-7and RWPF-treated cell$-igure 6B), the cytoplasm appeared
cells caused by RWPF treatment was neither typical of apoptosisgreen after staining with acridine orangedure 6, green). The
nor that of necrosis. A characteristic response to the treatmentcytoplasm of MCF-7 cells possessed a large number of tiny
in both MCF-7 and MCF-10A cells was the formation of red fluorescent vesicles that gave an orange hue to the merge
membrane vesicles in the cytoplasm. In MCF-7 cells, these images (Figure 6A, merge). By contrast, the vesicles that
vesicles were small and numerous, whereas in MCF-10A cells, emitted red fluorescence were few in untreated MCF-10A cells
the vesicles that appeared to originate from the swelling of ER (Figure 6, red and merge). However, by contrast to MCF-7
coalesced to form large vesicular structures, which later appeareccells, these vesicles in MCF-10A cells appeared to be much
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Figure 5. Evaluation of mitochondrial membrane potential (Ap,) in untreated and RWPF-treated MCF-7 and MCF-10A cells by confocal laser scanning
microscopy. The cells were loaded with 1 «M JC-1 in culture medium and incubated for 15 min; cells were washed and treated with 50 «g RWPF for
1 h. Green fluorescence was measured at 510 nm excitation/527 nm emission, and red fluorescence was measured at 585 nm excitation/590 nm
emission. (A) Untreated and RWPF-treated MCF-7 cells. (B) Untreated and RWPF-treated MCF-10A cells. The data are representative of several
experiments showing similar results.

larger. Interestingly, RWPF-treated MCF-10A cells appeared phase was nearly identical in both untreated and RWPF-treated
to possess a larger number of the red fluorescent vesiclessets Figure 7A,B). This showed that red wine polyphenols
(Figure 6B, red and merge). These vesicular structures were induced a dramatic G2/M arrest in MCF-7 cells and a decrease
very similar to those seen during electron microscopy of MCF- in S-phase cells. By contrast, the MCF-10A cells showed no
10A cells (Figure 4B, Vac). Thus, in response to RWPF significant changes in the proportion of cells in G2/M or S-phase
treatment, MCF-10A cells appear to form an increased number (Figure 7A,B) after RWPF treatment.

of vesicular structures that accumulate acridine orange. Whether

th!s ha§ any role in maintaining the cell integrity is not clear at p,5cyssion

this point.

Cell Cycle Arrest by Wine Polyphenols. To elucidate Conventional chemotherapy becomes ineffective when it
whether the alteration of cell cycle occurred following the results in severe side effects or cancer cells acquire multiple
addition of RWPF, the DNA content was measured by flow drug resistance. With increasing interest in alternative medicine
cytometry analysis. DNA histograms and the percentages of cellsand the need for nontoxic therapeutic approaches, research has
in each phase of the cell cycle are presented-igure 7. recently been focused on natural components from the diet such
Compared with the control MCF-7 cells, treatment with RWPF as polyphenols, as these are effective against cancer cells and
(50 ug/mL) resulted in a prominent increase in the G2/M safe to the normal cells. Most of the previously published work
population, showing an increase from 26.4% to 47.65%. In on the chemopreventive action of polyphenols was related to
parallel with this, the proportion of cells in the S phase of their antioxidant properties (21). However, in the past decade,
RWPF-treated MCF-7 cells decreased drastically from 25.3 to research on polyphenols has been focused on their non-
1.9% (Figure 7A,B). The proportion of MCF-7 cells in the G1  antioxidant functions, specifically their ability to modulate signal
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Figure 6. Fluorescence detection of acridine orange entrapment in vesicles of MCF-7 and MCF-10A cells, untreated and subjected to 50 ug RWPF
treatment for 24 h. Cells were stained with 2.5 ug of acridine orange before visualizing by confocal laser scanning microscopy. The red and green
images are shown as a merge in the extreme right panels. (A) Untreated and RWPF-treated MCF-7 cells. (B) Untreated and RWPF-treated MCF-10A
cells. The data are representative of several experiments showing similar results.

transduction pathways. Several flavonoids in pure isolated formsthese cells are likely to maintain an elevated level of cytosolic
have been shown to modulate signal transduction pathways incalcium but at a level that does not cause cytotoxic®)(An
many ways that ultimately triggers cancer cell death due to increase in cytosolic levels of calcium above the normally
apoptosis, necrosis or cell cycle arre¥5,(22). excited levels leads to cell death (23). Our findings revealed
In the present study, we have tested the hypothesis thatthat there was a prolonged increase in the cytosolic calcium
RWPFs (that consist of a mixture of several flavonoid and non- levels in MCF-7 cells in the range of 15@00 nM. This was
flavonoid molecules in the food matrix) modulate the calcium initiated within 2-3 min of RWPF treatment and is quite distinct
signal transduction system in breast cancer cells and causdrom the transient increase in cytosolic calcium elicited in
selective cytotoxicity in these cells. Cytosolic calcium levels response to hormones and agoni8js $imilar results have also
are precisely controlled under physiological conditions and are been observed in bovine aortic endothelial cells subjected to
usually in the low nanomolar range during resting conditions. polyphenolic components isolated from red wine, red wine
In response to hormones or growth regulators, cytosolic calcium powder (provinol), and delphinidin (24). Transient elevation in
levels show a transient increase due to a controlled release froncytosolic calcium levels in the range of 16200 nM was
storage compartments such as the endoplasmic reticalud) (  observed that on the average lasted for less than 100 s and
reaching high nanomolar levels. Calcium is pumped back into activated signal transduction pathways leading to the production
the storage compartments through ATP-dependent sequestrationf nitric oxide, an inducer of vascular relaxation. By contrast
by the activity of calcium ATPases. Thus, if the calcium release/ to a transient increase, a sustained increase in calcium levels
sequestration mechanisms were impaired in the MCF-7 cells, indicates an early event in the induction of a cellular death
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Figure 7. Effect of RWPF treatment on the cell cycle. Cell cycle profiles of MCF-7 and MCF-10A cells after treatment with 50 «g RWPF for 48 h by
fluorescence-activated cell sorter (FACS) analysis. (A) Distribution of cells in G1,S and G2/M phases in MCF-7 and MCF-10A cells that are untreated
and subjected to RWPF treatment. (B) Quantitative estimation of the percent of cells in G1,S and G2/M. MCF-7 cells showed a dramatic increase in
G2/M phase cells from 26.4% to 47.6% indicating a G2/M block and a decrease in S phase cells from 25.3% to 1.9%. The values are mean + SE from
three independent evaluations. Statistical analysis was conducted using unpaired t-test, and significant differences at p < 0.05 vs the controls are marked
by asterisks.

response. The results from our study are in agreement with othercastration. We found that calmodulin was overexpressed in
reports that have shown prolonged increases in cytosolic calciumMCF-7 breast cancer cells as compared to the normal MCF-
levels to be associated with cytotoxici®5). The sudden drop  10A cells, but changes in calmodulin activity were not obvious
in calcium levels observed after 20 min of RWPF treatment between untreated and RWPF-treated MCF-7 cells. This may
could potentially be due to the activation of the?Caniporter be expected given that calmodulin is involved in regulating
by flavonoids as suggested in other stud28)( leading to an diverse cell functions from protein phosphorylation/dephospho-
uptake of C&" by the mitochondria or ER or a leakage of rylation to cell proliferation. Changes in localization of CaM
calcium ions from the cells due to a loss in membrane integrity. in RWPF-treated cells as compared to the untreated controls
Calmodulin is a major calcium-dependent regulatory protein, were also not evident as seen in immunogold-labeled cell
and an increase in cytosolic calcium is expected to lead to micrographs using anti-CaM antibody. However, ultrastructural
increased binding between calcium and calmodulin and subse-visualization of non-labeled specimens indicated that membrane
quent activation of calcium—calmodulin-dependent enzymes. structure and integrity were compromised in RWPF-treated
Overactivation of calciumcalmodulin complex has been MCF-7 cells, and this increased progressively with time. Thus,
implicated in carcinogenesis. Studies have shown that calm-irrespective of changes in calmodulin levels and activity, it
odulin is overexpressed in cancer cells as compared to theirappears that RWPF-induced calcium release could have acti-
normal counterpart{), and calmodulin antagonism has been vated biochemical processes that in turn triggered changes in
perceived as an anti-tumor mechanist8)( However, evidence  membrane structure and organization, causing senescence.
regarding the role of calmodulin in regulating cell death is  Attempts to characterize the senescence process led us to
complex. Dowd et al. 29) have shown that calmodulin evaluate several other biochemical features downstream of
expression is upregulated in glucocorticoid-mediated apoptosiscalcium signalling. Mitochondria regulate several aspects of cell
of lymphocytes. Furuya and Issa@9) have shown that MRNA  function such as energy production, redox status, biomolecular
expression of calmodulin increasee B-fold during the period synthesis and metabolism, calcium signalling, and programmed
of programmed death in prostatic glandular cells induced by cell death. A number of studies have been focused on
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understanding the role of mitochondria in apoptotic signalling
in cancer cells (31). Mitochondrial dysfunction could result in

cell death or apoptosis through dysregulation in calcium
homeostasis, ATP depletion, or oxidative stre3%) (However,

the link between calcium signalling, mitochondrial dysfunction,

and cellular death is not fully understood. It is well-known that

the maintenance of mitochondrial calcium homeostasis is

Hakimuddin et al.

achieved after the ingestion of anthocyanins or foods containing
anthocyanins, it appears that physiological effects may be
achievable at concentrations normally consumed (>2 g/day
assuming a body weight of 50 kg). In summary, our findings

reveal that red wine polyphenols show selective toxicity to

MCF-7 breast cancer cells by affecting calcium homeostasis
and calcium-dependent processes such as mitochondrial function

dependent on mitochondrial membrane potential (33). Disruption and cell cycle progression. Thus, red wine polyphenols may
of calcium homeostasis results in a loss of mitochondrial exert a synergistic or additive action by modulating the function
membrane potential. Our results show that changes in calciumof multiple targets that are potentially activated in cancer cells
signalling in MCF-7 cells treated with RWPF are followed by as suggested by Liu et al. (42) with evidence from several
a loss of mitochondrial membrane potential. On the other hand, epidemiological and laboratory studies. Altered signalling
it is important to note that a drop in mitochondrial potential pathways in cancer cells need to be thoroughly explored in order
did not occur in MCF-10A cells since these cells did not show to design new therapeutic strategies for preventing and treating
a dysregulation in calcium homeostasis. malignant tumors. The results from this study argue for the role
Decrease in mitochondrial potential has been associated with©f dietary polyphenols as signalling molecules and provide
apoptosis and cell cycle arrest in several studies @), useful dlrgctlons to develop dietary preventive strategies a_md
However, experiments to determine caspase activity and DNA Nutraceutical products that would target cancer cells with
laddering (apoptosis markers) in RWPF-treated MCF-7 cells Minimal toxic effects to normal cells. Potential therapies,
did not support apoptosis as the mode of cell death. Accumula- combined with dietary interventions such as incorporation of

tion of acidic vesicular structures is also an indication of Wine polyphenals into the diet hold exciting possibilities for
programmed cell death by autophagy. However, in contrast to Cancer treatment.

MCF-7 breast cancer cells, RWPF-treated MCF-10A cells

showed a number of potentially acidic vesicular structures that ACKNOWLEDGMENT

accumulated acridine orange. Whether this plays a role in
maintaining the cellular integrity of normal cells and increased
sensitivity of cancer cells is not clear at this point.
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their structure or the cell type on which they are acting. For
example, quercetin blocks the cell cycle at the G1/S transition
in gastric cancer cells and leukaemic cel6), whereas it causes

a G2/M block in breast and laryngeal cancer cell lines (37).
Genistein induces both G1 and G2 blocks in BALB/c 3T3
fibroblasts or mouse melanoma celB8]. In a recent study,
specific polyphenol fractions from cranberry have shown to

induce apoptosis in several human breast cancer cell lines

through a block in cell cycle progressio89). In this study,
RWPF was observed to arrest cell cycle progression in MCF-7

cells at the G2/M phase that was evident by an increase in the

percentage of G2/M population and a dramatic reduction in the
S phase cells. In contrast to this, the cell cycle profile of MCF-
10A cells was unchanged with polyphenol treatment.

Most of the investigations on the effect of polyphenols on
cancer cell proliferation have been conducted with pure or
isolated flavonoid compounds. This is one of a few studies

where a complex mixture of polyphenols was used to treat the

cells for evaluating cell survival and cell death. In this study,

the effects observed are early responses to polyphenol treatment.
The concentration of polyphenols we have used in this study

(50 ug/mL) represents the Kgfor MCF-7 cells and may be in
a higher range since, using an 80% fraction alone, ap ¢€
1-2 ug/mL was obtained1(6). A continuation of the present
study (Hakimuddin, Tiwari, Paliyath and Meckling, unpub-
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