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Abstract

The use of plant polyphenols to prevent cancer has been studied extensively.
However, recent findings regarding the cancer-promoting effects of some
antioxidants have led to reservations regarding the therapeutic use of food-
derived antioxidants including polyphenols. The aim of this study was to
evaluate the therapeutic potential of food-derived polyphenols and their use and
safety in cancer patients. The free-radical scavenging ability of sulforaphane and
various food-derived polyphenols including curcumin, epigallocatechin gallate,
epicatechin, pelargonidin, and resveratrol was compared with their growth
inhibitory effect on ovarian cancer cells. Oxidative stress and/or antioxidant
responses and anti-proliferative pathways were evaluated after administering
sulforaphane and polyphenols at doses at which they have been shown to inhibit
the growth of ovarian cancer cells. No correlation was observed between their
ability to scavenge free radicals and their ability to inhibit the growth of ovarian
all of the

antioxidants that were tested at doses that inhibited cell growth significantly

cancer cells. With the exception of epigallocatechin gallate,

increased NAD(P)H quinone dehydrogenase I (NQO1) expression but induced

cell cycle arrest and/or apoptotic signaling. Epigallocatechin gallate exhibited a
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higher free radical scavenging activity but did not induce NQO1 expression at
either the mRNA or at the protein level. Treatment with polyphenols at
physiological doses did not significantly alter the growth of ovarian cancer cells
or NQOI1 expression. Therefore, individual food-derived polyphenols appear to
have different anti-cancer mechanisms. Their modes of action in relation to their
chemical properties should be established, rather than collectively avoiding the
use of these agents as antioxidants.

Keywords: Biochemistry, Cancer research, Cell biology, Food science

1. Introduction

A multitude of epidemiological studies have suggested that plant foods may help
reduce the risk of cancer [1]. Plant foods rich in antioxidants are thought to prevent
cancer because they protect cells from damage, especially DNA damage, which can
increase the risk of developing cancer [2]. Therefore, the use of food-derived antiox-

idants to prevent cancer has undergone extensive research.

However, the effects of antioxidants on cells appear to be more complicated than
originally thought. Indeed, recent preclinical studies have suggested that some anti-
oxidants in foods or food supplements can, in fact, stimulate the growth of existing
tumors [3, 4]. Thus, oral supplementation with N-acetylcysteine (NAC) or vitamin E
after the induction of lung cancer has been reported to increase tumor progression
and to reduce survival in both B-RAF- and K-RAS-induced mouse models of
lung cancer [3]. In addition, NAC administered after the formation of small nevi
increased lymph-node metastases in a transgenic mouse model of melanoma [4].
In keeping with these preclinical results, a meta-analysis found that high consump-
tion (20—30 mg/day) of B-carotene was significantly associated with a higher risk of
lung cancer among current smokers [5]. Analogously, a large phase III randomized
placebo-controlled trial concluded that dietary supplementation with vitamin E (400
IU of a-tocopheryl acetate/day) significantly increased the risk of prostate cancer in

men who were otherwise healthy [6].

The observed cancer-promoting effect of these entities was again attributed to their
antioxidant activity. Thus, it is thought that antioxidants may protect cancer cells
from ROS-induced damage and promote their proliferation and malignancy [7]. In
addition, nuclear factor erythroid 2-related factor 2 (Nrf2) and NAD(P)H:quinone
oxidoreductase-1 (NQO1), a Nrf2-dependent antioxidant gene, are induced by a
wide range of chemicals, including natural antioxidants [8, 9]. NQOI1 and Nrf2
have been reported to be highly expressed in many types of cancer, and high expres-

sion of these genes is associated with poor prognosis [10, 11, 12]. However, the
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exact mechanisms underlying the reported cancer-promoting effects of antioxidants
remain largely unknown. It has also been suggested that specific isoforms of vitamin
E and interaction with disease conditions may be involved in the cancer-promoting
effect of vitamin E [3]. Regardless of this, the cancer-promoting effect of some an-
tioxidants has led to reservations regarding the use of antioxidant use to prevent and/

or treat cancer.

The antioxidative capacities of food compounds including polyphenols are
often determined by measurement of their ability to reduce 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) radicals. However, it is questionable whether food polyphenols that
have been shown to have a high antioxidant capacity based on these assays exert
the same antioxidant activity at the cellular or organismal level. It is also uncertain
whether the anti-cancer activity of food antioxidants correlates with their antioxidant
potential. Moreover, it is possible that food antioxidants exert anti-cancer effects
through mechanisms that are independent of their antioxidant activity. Therefore,
collectively avoiding food polyphenols as antioxidants is inappropriate, especially
when the antioxidant activity of antioxidants in food is based merely on free radical

scavenging assays.

Individual antioxidants may exert anti-cancer activity through different mechanisms
and therefore should be considered individually rather than collectively be avoided.
Determination of how the chemical properties of antioxidants including polyphenols
relate to their anti-cancer mechanisms is needed, so that they can be used as single
agents or in combination to increase their therapeutic efficacy [13]. In addition,
improving their efficacy by combining them additively or synergistically potentially
reduces the dose of antioxidants required for effective inhibition of cancer cell
growth and it may overcome the problem of acquired drug resistance that is nearly
ubiquitous for all current anti-cancer treatments [14]. Ovarian cancer is one of the
main gynecological cancers in humans. Most ovarian cancer patients also experience
disease relapse due to drug resistance, making it the most deadly gynecological ma-

lignancy [15].

This study was undertaken to evaluate the therapeutic potential of food-derived poly-
phenols and their use and safety in cancer patients. In this study, the radical-
scavenging ability of various polyphenols derived from foods was compared with
their ability to inhibit the growth of ovarian cancer cells. This allowed for examina-
tion of the relationship between the antioxidant activities of these compounds and
their growth inhibitory effects. In addition, food polyphenols were evaluated for their
ability to induce oxidative stress and/or antioxidant responses and to activate anti-
proliferative pathways in order to test the hypothesis that antioxidants can exert
an anti-cancer effect irrespective of their ability to induce antioxidant responses.
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2. Materials and methods
2.1. Cell lines and cell cultures

OVCAR3, OVCARS5, and SKOV3 cells derived from human ovarian adenocarci-
noma, and IHFNO-303 and IHFOT-208 fibroblasts derived from human ovaries
were used. They were kindly donated by Dr. Andrew Godwin (University of Kansas
Medical Center, KS, USA). Ovarian cancer cells were maintained in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum (FBS), 0.3 U/mL insulin, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin. Fibroblasts were
maintained in DMEM medium supplemented with 10% FBS, 100 U/mL penicillin,
and 100 pg/mL streptomycin. Cells were cultured in a humidified incubator at 37 °C
and 5% CO,. Insulin was purchased from Life Technologies (Carlsbad, CA, USA)
and all of the other reagents used for cell cultures were purchased from Thermo
Fisher Scientific, Inc. (Waltham, MA, USA).

2.2. Antioxidants and antibodies

The antioxidants that were used comprised sulforaphane (DL-sulforaphane), curcumin
(>94% curcuminoid, >80% curcumin), (-)-epicatechin (>98%), (-)-epigallocatechin
gallate (>80%), cyanidin chloride (>80%), malvidin chloride (>90%), pelargonidin
chloride, and resveratrol (>99%). They were all purchased from Sigma-Aldrich
(St. Louis, MO, USA). All of the antioxidants were dissolved in dimethyl sulfoxide
(DMSO). The final concentration of DMSO was less than 0.05%. Primary antibodies
against phospho-p38, p38, phospho-ERK1/2, ERK1/2, NQO1, PARP, caspase-9,
c-MYC, cyclin B1, cyclin D1, cyclin E1 and GAPDH were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). Anti-p-JNK and anti-JNK were pur-
chased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).

2.3. Antioxidant activity

Various plant antioxidants, sulforaphane (Sul), curcumin (Cur), (-)-epicatechin
(Epi), (-)-epigallocatechin-3-gallate (EGCG), cyanidin chloride (Cya), malvidin
chloride (Mal), pelargonidin chloride (Pel), and resveratrol (Res) were used at con-
centrations ranging from O to 64 pM based on preliminary results to adequately
compare differences in antioxidant activity across different polyphenols. DPPH
(Sigma-Aldrich) dissolved in methanol was added to different concentrations of an-
tioxidants at a final concentration of 0.1 mM [16]. The absorbance at 517 nm was

measured after 15 min of incubation with DPPH.

ABTS radical cations were produced by reacting ABTS with potassium persulfate
(final concentration of 7 and 2.45 mM, respectively) overnight in a dark at room tem-

perature as described previously [17]. Once prepared, ABTS radical cations were

https://doi.org/10.1016/j.heliyon.2018.e00753
2405-8440/© 2018 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e00753
http://creativecommons.org/licenses/by/4.0/

5

| Heliyon
Article No~e00753

used within three days. They were diluted with distilled water to obtain an absor-
bance of 1.5 at 734 nm. The final ABTS radical cation solution was added (7 times
in volume of antioxidants) to different concentrations of antioxidants, and the absor-
bance was measured after a 15 min incubation using a VersaMax microplate reader
(Molecular Device, Sunnyvale, CA, USA).

2.4. Cell viability assay

OVCAR3, OVCARS, and SKOV3 cells (2,000—3,500 cells/well) in standard media
containing 10% FBS were cultured overnight in flat-bottomed 96-well plates. Anti-
oxidants at the indicated concentration or a vehicle control (0.05% DMSO) were
added. After 72 h of treatment with antioxidants, cell viability was assessed using
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) (Biovision
Inc., Milpitas, CA, USA). After adding MTT, the plates were incubated for a further
4 h. The number of viable cells was determined by the formation of formazan as a
result of the conversion of MTT by the viable cells, using a VersaMax ELISA micro-
plate reader.

2.5. Thioredoxin reductase activity assay

Cells were treated with various antioxidants or vehicle for 24 h. Thioredoxin reduc-
tase activity was measured using a thioredoxin reductase activity colorimetric assay

kit (Biovision Inc.) according to the manufacturer’s instructions.

2.6. Western blot analysis

Western blot analysis was carried out as described previously [18]. Cells were lysed
using radioimmunoprecipitation assay buffer (50 mM Tris HCI at pH 8.0, 5 mM
EDTA, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM
sodium fluoride, 1 mM sodium orthovanadate, and 1 mM B-glycerophosphate) sup-
plemented with protease inhibitor cocktail (Sigma-Aldrich). After removing cell
debris by centrifugation, the protein concentration in the resulting supernatant was
measured using a Bio-Rad protein assay kit (Hercules, CA, USA). Protein samples
were stored at -80 °C until analysis. Equal amounts (35 ng) of denatured proteins
were separated by 10% SDS-PAGE and subjected to immunoblotting using specific
primary antibodies. Protein was detected using a LumiFlash Infinity Chemilumines-
cence Substrate (Visual Protein Biotechnology Co., Taiwan).

2.7. Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from cancer cells using TRIzol reagent (Thermo Fisher

Scientific, Inc.). The isolated RNA was reverse transcribed using iScript' ™ cDNA
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Synthesis kit (Bio-Rad) according to the manufacturer’s protocol. The primers used for
the PCR were as follows: 5-TGATATTCCAGTTCCCCCTGC-3' and 5'-
TGGCAGCGTAAGTGTAAGCA-3 for human NQOI, 5-TACAACACCC
GAGCAAGGAC-3' and 5'- GAGGCTGCTGGTTTTCCACT-3’ for human ¢-MYC,
5-GTGAATGGACACCAACTCTACA-3 and 5-TAGCATGCTTCGATGTG
GCA-3' for human Cyclin Bl, 5'-ATCAAGTGTGACCCGGACTG-3 and 5'-
CTTGGGGTCCATGTTCTGCT-3' for human Cyclin DI, 5-GCAGGATCCAGAT
GAAGAAATGG-3' and 5'-TATTGTCCCAAGGCTGGCTC-3' for human Cyclin
El, 5-TCGGAGTCAACGGATTTGGT-3 and 5-TTCCCGTTCTCAGCCTT
GAC-3' for human GAPDH. Relative gene expression was determined using a
CFX96 gPCR detection system (Bio-Rad) according to the manufacturer’s

instructions.

2.8. Cell cycle analysis

Cells were treated with antioxidants or vehicle for 24 h. After treatment, the cells
were harvested and washed with phosphate buffered saline (PBS). The cells were
fixed in ice-cold 70% ethanol for 2 h and washed with PBS. The cells were treated
with RNase A (Roche, Indianapolis, USA) at a concentration of 100 pg/mL and the
nuclei were stained with propidium iodide (50 pg/mL) overnight at 4 °C to measure
the DNA content. The cells were suspended in 1% bovine serum albumin and sub-
jected to cell cycle analysis using a BD FACS Calibur (BD Biosciences, San Diego,
USA).

2.9. Cytokine analysis

Fibroblasts (400,000 cells/well) were cultured overnight in 6-well plate. Fibroblast-
conditioned medium was prepared by replacing the culture supernatant with serum-
free medium that contained 3.5 pM of various antioxidants or DMSO vehicle for
48 h. Culture supernatants were obtained after removal of cell debris by centrifuga-
tion at 13,000 rpm for 10 min and were used for MILLIPLEX® Multiplex assays
(Millipore, Massachusetts, USA) of CXCLI1, IL-6, IL-8, and MCP1. MILLIPLEX®

Assays were conducted using Luminex according to the manufacturer’s instructions.

2.10. Statistical analyses

One-way analysis of variance (ANOVA) was performed using SAS software
(version 9.4, SAS institute, Inc., Cary, NC, USA) to determine the significance of
the antioxidant effects. Tukey’s range test was conducted to identify differences,

and p-values less than 0.05 were considered significant.
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3. Results and discussion

3.1. Different radical scavenging abilities of various food-derived
polyphenols

The ability of various polyphenols found in food to reduce DPPH and ABTS™ rad-
icals (Fig. 1A) was measured and compared with Sul (isothiocyanate), which is
known to be a strong inducer of NQO1 [19]. Sul also effectively inhibited the growth
of ovarian cancer cells in our previous study [18]. Cur (curcuminoid) and Res
(stilbenoid) are natural phenols. The rest of compounds are flavonoids; Epi and

EGCG are classified as flavan-3-ols and Cya, Mal, and Pel are anthocyanidins.

The food-derived polyphenols exhibited various degrees of free-radical scavenging
activities (Fig. 1B & C). Notably, Sul did not reduce either DPPH or ABTS™ as pre-
viously reported [20]. Polyphenols contained benzene rings and all of the tested
polyphenols reduced both DPPH and ABTS™ to various degrees. The antioxidant
properties of phenol-containing compounds are primarily related to the presence
of aromatic rings and hydroxyl groups in the molecules and their ability to bind
and neutralize free radicals [21]. Flavan-3-ols or catechin (Epi and EGCG) that
have two benzene rings and a dihydropyran heterocyclic moiety with a hydroxyl
group on carbon 3 had the greatest DPPH and ABTS™ scavenging activities
(Fig. 1B & C). Tea catechins have been reported to be excellent electron donors,
and their ability to scavenge radicals was similar for both DPPH and ABTS™
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Fig. 1. Comparison of free-radical scavenging by various food-derived polyphenols. (A) The chemical
structures of sulforaphane and the various food-derived polyphenols that were tested in this study. The
ability to scavenge DPPH radicals (B) and ABTS radical cation (C) was measured at final polyphenol

concentrations ranging from 0 to 64 pM.
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[22]. Anthocyanidins (Cya, Mal, and Pel) and phenols (Cur and Res) exhibited in-
termediate antioxidant activities. The DPPH- and ABTS"-reducing ability of these
five polyphenol compounds also increased in a dose-dependent manner when used
between 2 and 64 uM (Fig. 1B & C).

3.2. Lack of a correlation between the ability to inhibit the
growth of ovarian cancer cells and the ability to scavenge free
radicals by various food-derived polyphenols

OVCAR3, OVCARS5, and SKOV3 cells were treated with various food antioxidants
at concentrations ranging from 0 to 400 uM, and their effects on the growth of the
cancer cells was evaluated. Sul, Cur, EGCG, Pel, and Res effectively reduced cell
growth (the growth inhibition reached 70—80%) at the tested concentrations,
although the doses required to inhibit growth of the cells differed (Fig. 2 and Sup-
plementary Fig. 1). The half-maximal inhibitory concentration (h(MED, ICsq) was
the lowest for Sul (ICso, 6—10 uM, Fig. 2A & B), in contrast to its inability to reduce
DPPH or ABTS™ (Fig. 1B & C). The ICs, for growth-inhibition increased in the or-
der: Cur (~20 uM), EGCG (~35 uM), and Pel (~200 uM). Res had the highest
1Csp value (>200 pM) of the antioxidants that inhibited growth of the cancer cells
(Fig. 2A & B). In contrast, Epi, Cya, and Mal did not inhibit growth of the cancer
cells even at concentrations as high as 400 uM (data not shown).

The chemical structures of the polyphenols alone did not predict the growth inhib-

itory effects of different polyphenols. Factors other than structural properties, such as
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Fig. 2. Inhibition of the growth of ovarian cancer cells by treatment with various food-derived polyphe-
nols and sulforaphane. Ovarian cancer cells were cultured overnight in 96-well plates and then treated
with 0—400 puM polyphenols and sulforaphane for 72 h. (A) Cell-growth inhibition relative to the vehicle
control is shown in OVCAR3 cells. (B) The ICs (half-maximal inhibitory concentration) values for OV-
CAR3, OVCARS, and SKOV3 cells.
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size and the ability to pass through biological membranes may also contribute to
their anti-cancer effects. For example, both Epi and EGCG are flavan-3-ols and
both of these compounds exhibited greater free radical scavenging effects than
any of the other compounds (Fig. 1). However, EGCG exhibited a growth inhibitory
effect (ICsq values of 30—35 uM, Fig. 2) whereas Epi did not have a discernible
inhibitory effect on the growth of ovarian cancer cells at concentrations less than
400 puM. Of the three anthocyanidins that were tested, only Pel inhibited the growth
of ovarian cancer cells at concentrations less than 400 uM. Therefore, no correlation
was observed between the extent of growth-inhibition and the radical-scavenging

ability of the antioxidants among the food-derived polyphenols that were tested.

In order to assess doses that are achievable by dietary intake of these polyphenols,
the effects of treatment with polyphenols on the growth of cancer cells (OVCAR3,
OVCARS, and SKOV3) were also evaluated at concentrations between 50 nM and 2
pnM. At these concentrations, none of the polyphenols affected cell proliferation as
assessed by MTT assay (data not shown).

3.3. Increased oxidative stress and/or antioxidant responses by
food-derived polyphenols

Plant polyphenols exert antioxidant activity by increasing the expression or the ac-
tivity of endogenous antioxidant enzymes [8]. However, natural antioxidants
including polyphenols can also act as prooxidants under certain circumstances
[23], and a mild oxidative stress imposed by antioxidants can induces expression

of antioxidant enzymes [24].

Oxidative stress also activates mitogen-activated protein kinase (MAPK) pathways
that play important roles in relaying cellular signals that lead to diverse cellular re-
sponses including cell survival, growth, and death, whereas antioxidants block
MAPK activation [25]. Therefore, antioxidant treatment may trigger oxidative stress
or antioxidant responses. Both the antioxidant and the pro-oxidant effects of poly-
phenols can modulate their anticancer potential [26]. In order to evaluate whether
a dose of antioxidants that is effective at inhibiting the growth of cancer cells can
induce oxidative stress or antioxidant responses, thioredoxin activity, the expression
level of NQOI1, and MAPK pathway activation were assessed at twice the ICs,
(maximum effective dose, MED) and the ICsq (half of MED, hMED).

Treatment with Cur for 24 h at its h(MED significantly increased the thioredoxin ac-
tivity of OVCARS3 cells (Fig. 3A). However, the ability of Cur to increase thioredoxin
activity was reduced by half at the MED compared to its hMED, which is not signif-
icantly different from the vehicle control (Con). The high induction of thioredoxin
activity at the hMED but not at the MED may warrant further study to determine

whether it may be related to the resistance of cancer cells to Cur treatment [27].
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Fig. 3. The effect of food-derived polyphenols on endogenous antioxidant enzymes. (A) Thioredoxin
reductase activity was measured 24 h after treatment of OVCAR3 with food-derived polyphenols and
sulforaphane at their maximal effective dose (MED) and half of MED (hMED). (B) The effect of
food polyphenols and sulforaphane on the protein expression level of NQO1 was assessed by immuno-
blotting after treatment at the MED and hMED (left panel) and 20, 50 nM, and 2 uM of polyphenols
(right panel) for 24 h. The results of the densitometric analysis of the blots are shown in the lower panel.
Full, non-adjusted blots are available in Supplementary Fig. 2. (C) The NQO1 mRNA level was
measured by RT-qPCR. Values are the mean & SE, n = 3. An asterisk (*) represents a significant dif-
ference (p < 0.05) compared to the vehicle control.

Treatment with antioxidants increased the protein expression level of NQOI1
(Fig. 3B). As reported previously, the increase in the NQO1 expression level was
greater with Sul treatment [12, 19, 28]. Treatment with Cur and Res also greatly
induced NQOI1 expression (Fig. 3B). Interestingly, EGCG treatment did not signif-
icantly increase NQO1 expression (Fig. 3B) although EGCG exhibited a high free
radical scavenging activity (Fig. 1). The induction of NQO1 expression by polyphe-
nols was also examined at physiologically achievable doses. At physiologically
achievable doses, the polyphenols that were tested did not significantly change the
level of NQOI1 expression (Fig. 3B). However, treatment with Sul (50 nM and 2
uM) significantly increased the level of NQO1 expression; treatment with 2 uM
Sul increased NQOI1 expression as did the hMED (6.25 pM) (Fig. 3B). Overall, a
similar tendency was also observed in terms of mRNA levels at both therapeutic
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and physiological concentrations (Fig. 3C). Therefore, with the exception of EGCG,
the polyphenols that were tested induced NQO1 expression at therapeutically effec-
tive doses. Whether the efficacy of anti-cancer drugs can be altered by high dietary

consumption of foods rich in Sul requires further study.

Phosphorylation of both p38 and extracellular signal-regulated kinase (ERK) was
induced when Cur and Pel were used. This increase in the phosphorylation of
both p38 and ERK was dose-dependent (Fig. 4). All of the antioxidants induced
phosphorylation of ERK?2 (44 kD) in particular, although the extent of this induction
was limited. ERK2 activation has previously been shown to be related to intracel-
lular oxidation [29]. Phosphorylation of c-Jun NH,-terminal kinase (JNK) was not
noticeably induced by treatment with any of the antioxidants (Fig. 4). Hence,
some polyphenols may also induce oxidative stress. It is also possible that endoge-
nous antioxidant enzymes (e.g., NQOI1) are induced in response to increased intra-
cellular ROS levels or alteration of the cellular redox state [24, 26]. Sul-induced
inhibition of the growth of cancer cells has been shown to be related to Sul-

induced oxidation that can be prevented by a thiol-reducing agent [18].

3.4. Activation of anti-proliferative pathways by food-derived
polyphenols

The growth of cancerous cells can be inhibited by blocking cell cycle progression.
The effect of various antioxidants on cell cycle progression was examined. Cells
were treated with various antioxidants at their hMEDs or MEDs for 24 h, and the
fraction of the cell population in each phase of the cell cycle was assessed by mea-
surement of their DNA content. OVCAR3 cells treated with Sul at both the hMED
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Fig. 4. Activation of mitogen-activated protein kinases (MAPKSs) by food-derived polyphenols. Activa-
tion of MAPKSs [p38; extracellular signal-regulated kinase (ERK); c-Jun NH2-terminal kinase (JNK)] in
OVCAR3 cells was assessed by immunoblotting after a 6 h treatment at the maximal effective dose
(MED) and half of MED (hMED) of the polyphenols and sulforaphane. The data are representative of
three independent experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Full, non-
adjusted blots are available in Supplementary Fig. 2.
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and the MED accumulated in G2/M phase with a corresponding reduction in the
number of cells in GO/G1 phase (Fig. 5). Cur treatment at the hMED led to slight
increase in the number of cells in G2/M phase. However, this effect of Cur was
not significantly different from that of Con, and it was reduced by treatment at the
MED (Fig. 5). Therefore, of the antioxidants that were tested, only Sul treatment re-
sulted in a significant degree of G2/M phase arrest.

Next, it was examined whether treatment with antioxidants altered the expression
level of proteins involved in cell proliferation and apoptosis. Treatment with all of
the antioxidants that were tested increased the proteolytic cleavage of poly (ADP-
ribose) polymerase (PARP) (Fig. 6A). With the exception of Sul, treatment with
the antioxidants also induced cleavage of caspase-9 (Fig. 6A). Sul induced less
apoptosis than the polyphenols in the current study, in contrast to the strong induc-
tion of apoptosis in number of other studies [30, 31, 32, 33]. The ability of Sul to
induce apoptosis was dose-dependent [30, 31]. In these studies that demonstrated in-
duction of apoptosis by Sul, relatively high concentrations of Sul were used such as
20 uM in PC-3 cells [32] and 30 uM in Jurkat T leukemia cells [33]. In addition, cell
death induced by Sul appeared to be mainly by necrosis with only a small amount of
apoptosis [34]. Therefore, treatment with antioxidants at the hMED and the MED
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Fig. 5. The effect of food-derived polyphenols on cell cycle progression. OVCAR3 cells were treated
with polyphenols and sulforaphane at their maximal effective doses (MED) and half of MED (hMED)
and the DNA content of the cells was analyzed by flow cytometry. (A) Representative flow cytometry
plots. (B) The percentage of cells in each phase of the cell cycle. Values are the mean £+ SE, n = 3.
An asterisk (*) represents a significant difference (p < 0.05) compared to the vehicle control. M1,
GO/G1 phase; M2, S phase; M3, G2/M phase.
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Fig. 6. Induction of anti-proliferative pathways by food-derived polyphenols. (A) The effect of food
polyphenols on protein expression levels was assessed by immunoblotting after 24 h of treatment at
the MED and hMED of the polyphenols and sulforaphane. The results for the densitometric analysis
of blots are shown in the lower panel. PARP, poly (ADP-ribose) polymerase (PARP); GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase. Full, non-adjusted blots are available in Supplementary Fig. 2. (B)
Transcription levels of the indicated genes were measured by RT-qPCR. Values are the mean + SE, n =

3. An asterisk (*) represents a significant difference (p < 0.05) compared to the vehicle control.

induced anti-proliferative pathways in accordance with their growth inhibitory ef-
fects (Fig. 2A & B).

Of note, treatment with either Sul or Cur, which greatly induced NQO1 expression
(Fig. 3B & C), also suppressed expression of c-MYC at both the protein and the
mRNA level (Fig. 6A & B). However, their effects on Cyclin B1 and Cyclin D1
were different; Cur treatment reduced the expression level of Cyclin B1 and Cyclin
D1 whereas treatment with Sul increased their expression (Fig. 6A & B). Previous
studies also demonstrated that Sul could induce G2/M arrest by inactivation of the

Cyclin B1 and Cdc2 complex without altering expression level of Cyclin Bl in
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ovarian cancer cells [35] and with increased protein expression of Cyclin B1 in acute
lymphoblastic leukemia cells [36]. Sul increased Cyclin D1 protein expression when
it induced G2/M arrest, and Cyclin D1 overexpression has been reported to be
required for Sul-induced apoptotic and necrotic cell death in non-small lung cancer
cells [34]. Although exact mechanisms involved still need to be elucidated, this
study clearly demonstrated that the anti-cancer mechanisms of Cur are quite different
from those of Sul. At physiological doses (20, 50 nM, and 2 uM), the polyphenols
and Sul did not alter the protein or the mRNA levels of any of the genes (c-Myc,
Cyclin B1, and Cyclin DI) that were tested in this study (data not shown).

3.5. Modulation of the secretion of growth factors derived from
fibroblasts by polyphenols

The growth of cancer cells is largely influenced by fibroblasts that consist of tumor
microenvironment [37]. Fibroblasts stimulate the growth and malignancy of cancer
cells by providing a variety of growth factors and cytokines, including CXCL1, IL-6,
IL-8, and MCP1 [38, 39, 40, 41]. Changes in the secretion of these cytokines by fi-
broblasts were evaluated by assaying their levels following treatment with polyphe-
nols. The polyphenols were used at a concentration of 3.5 pM to avoid inhibition of

the growth of fibroblasts under the serum-free conditions.

IHFOT-208 fibroblasts secreted higher levels of the indicated cytokines compared
to IHFNO-303 fibroblasts (Fig. 7). Treatment with EGCG significantly reduced
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Fig. 7. The effect of food-derived polyphenols on the levels of cytokines secreted by fibroblasts. Serum-
starved fibroblasts were treated with polyphenols and sulforaphane (3.5 uM), and changes in the levels of
cytokines secreted by the fibroblasts were measured. Values are the mean + SE, n = 3. An asterisk (*)

represents a significant difference (p < 0.05) compared to the vehicle control.
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the secretion of CXCL1 by IHFNO-303 and IHFOT-208 fibroblasts (Fig. 7). Sul
also inhibited the secretion of CXCLI, but only by IHFOT-208, without signif-
icantly altering its secretion by IHFNO-303 fibroblasts (Fig. 7). Treatment with
both Sul and EGCG also significantly reduced the level of IL-6 secreted by
IHFOT-208 fibroblasts, which secreted much more IL-6 than IHFNO-303 fibro-
blasts (Fig. 7). The levels of secreted IL-8 and MCP1 were not significantly
altered by treatment with any of the antioxidants. Therefore, it is possible that
food-derived polyphenols can suppress the growth of cancer cells by inhibition
of the secretion or the production of cytokines derived from the tumor

microenvironment.

4. Conclusions

The ability to scavenge free radicals has been widely used to determine the antiox-
idant activity of plant extracts and polyphenols. However, the ability to scavenge
free radicals did not correlate with the ability of polyphenols to inhibit the growth
of ovarian cancer cells or the ability to induce NQO1 expression. Food-derived poly-
phenols at their hAMED and MED inhibited the growth of ovarian cancer cells by the
induction of anti-proliferative pathways, irrespective of whether they induced oxida-
tive stress and/or antioxidant responses. Furthermore, some antioxidants (e.g.,
EGCG and Sul) reduced the amount of cytokines secreted by fibroblasts, thus indi-
cating that they can suppress cytokine-induced growth promotion in vivo. Therefore,
the growth inhibitory effect of polyphenols does not necessarily require the absence
of antioxidant responses. Individual polyphenols should be considered to have
different anti-cancer mechanisms rather than being collectively avoided as

antioxidants.

In terms of the physiologically achievable dose, most antioxidants may be able to
yield beneficial effects when used in combination with other food antioxidants
that can act synergistically or through additive mechanisms on their efficacy. There-
fore, it will ultimately be important to establish the relationship between the chem-
ical nature and the anti-cancer mechanisms of various plant antioxidants in order to

adequately combine them in ways that are beneficial to cancer patients.
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