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Abstract Since researchers began studying the mechanism
of flavonoids’ anticancer activity, little attention has been
focused on the modulation of redox state in cells as a
potential chemotherapeutic strategy. However, recent
studies have begun identifying that the anticancer effect of
flavonoids occurs both in their antioxidative activity which
scavenges ROS and their prooxidative activity which
generates ROS. Against this backdrop, this study attempts
to achieve a comprehensive analysis of the individual and
separate study findings regarding flavonoids’ modulation of
redox state in cancer cells. It focuses on the mechanism
behind the anticancer effect, and mostly on the modulation
of redox potential by flavonoids such as quercetin, hes-
peretin, apigenin, genistein, epigallocatechin-3-gallate
(EGCG), luteolin and kaempferol in both in vitro and
animal models. In addition, the clinical applications of and
bioavailability of flavonoids were reviewed to help build a
treatment strategy based on flavonoids’ prooxidative
potential.
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Introduction

Cancer is still the second biggest cause of death worldwide
and a considerable number of patients have not been
completely cured once they had it. Scientists have devel-
oped many chemotherapeutic agents to treat and prevent
cancer, but those agents left us with problems of side
effects and drug resistance. Fortunately, however, it takes
several years for cancer cells to transform into a full
malignancy via multistep process and we have several
points during cancer progression that can be used to pre-
vent cancer cells from proliferating or progressing further.
In this regard, many investigators have focused on
polyphenolic flavonoids, which are bioactive food com-
ponents within a number of natural dietary products.
Dietary flavonoids (hereinafter “flavonoids”) have been
reported to have anticancer effects by scavenging free
radicals, regulating inflammatory responses, regulating
enzymatic activities, arresting mitotic cycle, stimulating
immune system, inhibiting angiogenesis, altering gene
expression, or inducing apoptosis via several different
signal pathways (Antosiak et al., 2017; Choi et al., 2002;
Kaushik et al., 2019; Kim et al., 2014b; Klauser et al.,
2014; Martinez et al., 2003; Souza et al., 2017). These
research reports have suggested that dietary flavonoids may
serve as promising chemotherapeutic agents that inhibit the
progression of cancers (Fantini et al., 2015).

Among many bioactive properties of flavonoids,
antioxidative activity which helps scavenging free radicals
is one of the most significant mechanisms in their anti-
cancer effects and is known to be a primary step to prevent
disease in normal cells, which is why it is still a focus of
many recent studies. However, it was also reported that
flavonoids’ anticancer activity upset the redox balance in
cancer cells and was accompanied by self-oxidization and
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prooxidization that induced ROS generation (Elbling et al.,
2005; Hou et al., 2005; Suh et al., 2010). Since then, many
studies have started focusing on the prooxidative activity
but reported mixed results depending on whether the study
subject was normal cells or cancer cells and the type of
flavonoid that was studied. In particular, there were reports
on dual activity of flavonoids in terms of their (anti)oxi-
dation or (anti)cancer effect, depending on the type of
cancer and the concentration of flavonoids used to treat the
cancer cells (Choi et al., 2018; Witjen et al., 2005;
Whitehouse et al., 2016; Wu et al., 2018b).

For example, EGCG (2-30 pM) in keratinocytes, cere-
bellar granule neurons or umbilical vein endotherial cells
generated a low level of ROS or even scavenged ROS, thus
inhibiting apoptosis (Elbling et al., 2010; Kim et al,,
2014c), while EGCG (10 uM and 30 pM) promoted ROS
generation and induced apoptosis in lung and breast cancer
cells respectively (Farhan et al., 2016; Li et al., 2010). In
other words, even similar concentrations of flavonoids
resulted in different redox potentials and thus became
either anti-apoptotic or pro-apoptotic depending on whe-
ther cells were normal or cancerous. As seen in the findings
by Farhan et al. (2016) and Li et al. (2010), a growing body
of evidence suggests that flavonoids’ anticancer activity in
cancer cells was accompanied by prooxidative potential,
and such findings were more apparent in the case of hes-
peretin, genistein, EGCG and apigenin (Abotaleb et al.,
2019).

A number of recent studies have still reported that
antioxidative activity was a major mechanism of flavo-
noids’ anticancer effect. In most of the cases, anticancer
activity prevented cancer initiation in normal cells by
scavenging ROS that was increased by external factors.
However, a growing number of in vitro studies have
reported that flavonoids’ anticancer activity in cancer cells
was accompanied by prooxidative potential. Whether the
anticancer activity of flavonoids in cancer cells involves
antioxidative potential which has long been known or
prooxidative potential which has not been widely known is
a controversial question. Because the research findings on
this issue were a result of separate and individual studies,
this review attempts to provide a comprehensive analysis
of related findings. This paper examined reports on anti-
cancer activity of several flavonoids such as quercetin,
hesperetin, apigenin, genistein, EGCG, luteolin and
kaempferol which exhibit strong anticancer effects in
in vitro and animal models, with a focus on their redox
potential (Table 1). In particular, the paper focused on
identifying an effective concentration level, cell types, and
cellular mechanisms of anticancer activity accompanied by
prooxidative potential. In addition, clinical applications
and bioavailability of flavonoids were studied to help build
a treatment strategy.
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ROS scavenging effects of flavonoids in normal
cells

Flavonoids are composed of 15 carbon atoms in their basic
structure, which we have abbreviated to C6-C3-C6. The
first C6 represents aromatic carbon ring A and the latter C6
represents aromatic carbon ring B, A and B rings are linked
by a unit of three carbon atoms that is the C-ring.
Depending on variations of the C-ring, flavonoids are
subclassed into flavone, flavanone, flavonol, flavan-3-ol,
isoflavone or anthocyanidin (Beecher et al., 2003) (Fig. 1).

Flavonols (e.g. quercetin, kaempferol) are present in
plants in glycosylated form, with glucose or rhamnose on
the 3-position of the C-ring. Flavanones (e.g. hesperetin)
and flavones (e.g. apigenin, luteolin) are also in plant
glycated form, mainly as 7-0-glycosides. Isoflavones (e.g.
genistein) exist as aglycones or glycosides in foods. Fla-
van-3-ols (e.g. EGCG) are not glycosylated in foods as are
the other classes of flavonoids.

ROS or RONS (reactive oxygen and nitrogen species)
are highly reactive and exist in various types such as ROO:,
0,7, NO:, and ONOO™. They are generated by NADPH
oxidase and inducible nitric oxide synthase (iNOS) in
mitochondria as a defense reaction against pathogens such
as microorganism, allergen, pollutant, and radioactivity
(Reuter et al., 2010; Violi et al, 2015). If an external factor
promotes ROS generation in normal cells, antioxidant
enzymes help maintain a redox balance or antioxidative
material removes ROS by reacting with them. If the normal
cells or tissues keep exposed to ROS, structural changes or
cell damages occur, inducing gene expressions that will
induce the transformations of proteins and DNA (Ma-
halingaiah and Singh, 2014; Schieber and Chandel, 2014).
In short, the long-term exposure of normal cells to ROS
causes their structural changes and subsequently induces
the formation and proliferation of cancer. Therefore,
antioxidative potential that scavenges ROS is one of the
major mechanisms that inhibit the formation of cancer.

Chemical structural features of flavonoids exhibit ROS
scavenging and antioxidant activities. The most related
chemical structures are an OH group of the C-ring at
position 3 and OH groups of the B-ring. The OH groups
can scavenge and reduce ROS, thus exhibiting antioxidant
activity (Belinha et al., 2007). It has been known that their
ROS scavenging activity becomes stronger according to
the number of OH groups of the B-ring (Chen et al., 2002).
For example, quercetin shows relatively stronger ROS
scavenging activity than other flavonoids, which is attrib-
uted to its structure in which the number of OH groups at
the B-ring of quercetin is more than that of other flavonoids
(Fig. 1). In addition to the hydroxyl groups of the B-ring,
EGCG has another hydroxyl groups in the D-ring (Fig. 1.),
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Table 1 In vitro cytotoxic activity and animal study of flavonoids accompanied by pro-oxidative potential and mechanism

Compound (Source)

Mechanism

Doses

Human cancer
cell(type)/Animal

Possible mechanisms

References

Quercetin (Onion, elderberry,

pear,apple)

Hesperetin (citrus.lemon)

Apigenin (parsley, onion,

rosemary, celery,
chamomile)

Apoptosis Cycle
arrest
Apoptosis
Antitumor
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Antitumor
Apoptosis
Antitumor
Apoptosis
Antitumor
Apoptosis
Apoptosis
Apoptosis
Antitumor
Apoptosis
Antitumor
Apoptosis
Antitumor
Apoptosis
Apoptosis
Autophage

Apoptosis

Antitumor

Apoptosis

Apoptosis
Anti invasion
Antiproliferation

Autophage

Apoptosis

Cycle arrest

42.5 puM, 48 h (ICsp)
153 uM, 24 h (ICs)
2 mg/kg (30 days, i.g.)
110 M, 18 h (ICsp)
23.1 uM, 48 h (ICs0)
160 pM, 48 h (ICss)
75 pM, 48 h (ICs)
25 mg/kg (14wks, i.g.)
240 uM, 24 h (ICsp)
40 mg/kg (every 3 days,
40 days, i.g.)
200 uM,48 h (ICsp)
40 mg/kg (thrice/wk,
36 days, i.p)
40 pM, 48 h (ICs¢)
250 uM, 60 h (ICsp)
20 ~ 40 mg/kg (thrice /
week, 36 days, i.g.)
200 puM, 72 h (ICsp)
90 mg/kg (every
3 days,30 days, i.p.)
75 pM, 48 h (ICs)
2 mg/kg (every 3 days,
30 days, i.p.)
20 pM, 48 h (ICs)
50 uM, 24 h (ICq)
34.31 pM,72 h (ICe0)
20 mg/Kg (once/wk, 6

mon, i.p.)

60 UM, 48 h (IC+0)

10 pM, 48 h (ICso)
72 UM, 48 h (ICso)
24.8 UM, 24 h (ICs)
9.8 uM, 24 h (ICs0)

75 UM, 48 h (ICs0)
8 1M, 48 h (ICso)

Colon cancer (HT29)

Cervix cancer
(SKOV-3)

SKOV-3 xenograft
mice

Cervix cancer (HeLa)

Breast cancer (MCF-
7

Gastric cancer (AGS)

Leukemia cell (K562)

DMBA induced
hepatoma Hamster

Lung cancer (A549)

LLC xenograft mice

Gastric cancer (SGC-
7901)

SGC-7901 xenograft
mice

Breast cancer (MCE-
7

Hepatocarcinoma
(HepG2)

HepG2 xenograft
mice

Esophageal cancer
(Ecal09)

Ecal09 xenograft
mice

Osteoblastoma (U-2
0S)

U-2 OS xenocraft
mice

DEN induced HCC of
rat

Thyroid cancer
(BCPAP)

Mesothelioma (H-
Meso-1),

H-Meso-1 xenograft
animal

Colon cancer (HCT-
116)

Cervix cancer (HeLa)

Cervix cancer (SiHa)

Pancreatic cancer
(PaCa44)

Pancreatic cancer
(Panc 1)

Cervix cancer
(OVCAR-3)

Cervix cancer
(SKOV-3)

ROS1,caspase-31, cytochrome CT, COXT,
pAkt], cyclin D1]

ROST, XIAP|, Bcl-2|, Bel-xL |, cFLIP |, ER-
protin(elF2a, IREla,, CHOP, DRS)

tumor volume|, caspase-37, CHOP?

ROST, cytochrome c1, p531, Bax?, pAkt/|,
Bel-2]

ROST, G2/M|, cycle arreat

ROSTMMP], Badf, Bax?, Bidf,
TP53INP111,Bcl-2|, TNFRSF10D?

ROST, catalase activity |

tumor mass |,SOD|, catalase|, CYP1A1]|
ROS?T, migration|, UGTS|

tumor volume|

ROST, Bcel-2/Bax|, Apaf-17, cytoch-rome CT,
caspase-3,-97

tumor mass/, tumor cell apoptosis

ROST, Bax/Bcl-21, cytochrome CT, ASKI1T,
JNKT, caspase-3,91 MMP|

ROST, Apaf-11, cytochrome C1, caspase-37,
Bax/Bcl-21, caspase-97

tumor mass |, tumor cell apoptosis

ROST, Apaf-11, cytochrome C1, caspase-3,-
91, Bax/Bcl-21

tumor mass |, tumor cell apoptosis
ROST, caspare-3,-8,-97, Bax1
tumor weight|

ROST, cytochrome CT caspase-371

ROS1T, DNA impairmentf, G2/M|, LC3-1I1,
Beclin-1 1, AVO?

ROS?, pAkt pERK1/2 1, pINKT,

Tumor growth], life timef

ROST, caspase-3,-8,-97, CHOP 1, DR57

Bid 1, Bax 1, cytochrome C1, MMP|

ROST, MMP|, cell migration|, invasion],
lipid peroxdation]

ROS?T, m TOR-Hsp90|, mutp53|,

SOD|, catalase|

ROST, G2/M|, caspase-3 T, caspase 9 |,
invasion|

Raja et al. (2017)

Yi et al. (2014)

Bishayee et al.
(2013)

Wu et al. (2018b)

Shang et al.
(2018)

Majumder et al.
(2017)

Priyadarsini and
Nagini (2012)

Wang et al.
(2019)

Zhang et al.
(2015d)

Palit et al. (2015)

Zhang et al.
(2015c¢)

Wu et al. (2016)

Lin et al. (2012)

Seydi et al.
(2016)

Zhang et al.
(2015a)

Masuelli et al.
(2017)

Wang and Zhao
(2017)

Souza et al.
(2017)

Gilardini et al.
(2019)

Tavsan and
Kayali (2019)
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Table 1 continued
Compound (Source) Mechanism Doses Human cancer Possible mechanisms References
cell(type)/Animal
Genistein (soy beans, red bean) ~ Apoptosis 50 uM, 48 h (ICsq) Breast cancer (MCF-  ROST, G2/M|, PI3K/Akt| Kaushik et al.
Cycle arrest 7, MDA-MB-231) (2019)
Antitumor 200 mg/kg (thrice/ week, 4T1 xenograft mice tumor mass|
3 weeks, i.g.)
Apoptosis 25 uM, 48 h (ICsq) Hepatocarcinoma ROST, G2/M| caspase-3,-91 Zhang et al.
Cycle arrest (HepG2) Bax/Bcl-21, cytochrome CT (2019
Apoptosis =100 uM, 48 h Colon cancer (HT-29) ROST, DNA break?, p531, topoisome- Schroeter et al.
rase 2 cleavage? (2019
Apoptosis 42.5 uM, 48 h(ICsp) Leukemia (HL-60) ROST, G2/M|, MMP|, ER-protein Hsiao et al.,
Cycle arrest (IRE-1o, calpain 1, GRP78, GADD1537 (2019)
Antitumor 0.4 mg/kg (every 2 HL-60 xenograft mice tumor weight |, ATF-6af, BaxT,
days, 28 days, i.p.) GRP781, Bak{, Bid?
Apoptosis 60 uM, 48 h (ICq0) Cervix cancer (SK- ROST, cytochrome C1 Antosiak et al.,
OV-3) (2017)
Apoptosis 20 pM, 48 h (IC5) Leukemia (HL-60) ROST, GSH/GSSG/|, ICDH| Kim et al.,
(2014b)
Apoptosis 25 uM, 48 h (ICsp) Pancreatic cancer ROS1T,Bax/Bcl-21, MMP-2,9], Bi et al., (2018)
Cycle arrest (Mia-Paca2, PANC-1)  caspase-3,-97, cytochrome CT, G2/M|
Apoptosis 160 puM, 48 h (ICsp) Bladder cancer (T24) ROST, G2/M| caspase-3,-6,-91, Park et al.,
Cycle arrest Bax/Bcl-21, cytochrome C1, PI3K/Akt| (2019)
Epigallocatechin-3-gallate Apoptosis 20 puM, 24 h (ICsp) Lung cancer (H1299) ROST, MMP|, caspase3!, y-H2AXy? Li et al. (2010)
(tea, green tea tree) Anti-tumor 30 mg/kg (45 days, i.p.)  HI1299 xenograft mice tumor weight|, tumor cell apoptosis
Apoptosis 300 puM, 72 h (ICsp) Hepatocarcinoma ROST, Bcel-2|, MMP|, G2/M| Khiewkamrop
Cycle arrest (HepG2) et al. (2018)
Apoptosis 100 puM, 24 h (ICsp) Lung cancer (A549) ROST, PARP 11, Nrf-HO-11 Yu et al. (2017)
Anti-tumor 50 mg/Kg, (every A549 xenograft mice  Nrf2/HO-11, tumor weight |
2 days, 11 times, i.p.)
Apoptosis 50 pg/mL, 48 h (ICqp) Primary effusion ROST, p531, Bax1, caspase-37, LC3-II1, Tsai et al. (2017)
Autophage lymphoma (BCBL- Beclin 11, AVOT,
D
Apoptosis 162 uM, 48 h (ICs0) Esophageal cancer ROST, caspase3t, VEGF! Liu et al. (2015)
(Te-1)
Anti-tumor 10 mg/kg (2 weeks, i.p.) Eca 109 xenograft tumor weight|, mitosis|
mice
Apoptosis 30 uM, 48 h (ICsp) Breast cancer (MDA-  ROST, mobilization of copper ion Farhan et al.
MB-231) (2016)
Apoptosis 42 uM, 24 h (ICsq) Mesothelioma (ACC ROST, p-p381, PARP 1, p-p531, PARP T, Satoh et al.
Autophage 128 uM, 24 h (ICso) Meso) p-JNKT, caspase-31, LC3-1IT (2013)
Mesothelioma (Y-
meso)
Anti- 50 uM, 72 h (ICg4) Pancreatic cancer ROST, MMP| glycolytic enzyme activity| Wei et al. (2019)
proliferation (Panc-1)
Anti-tumor 10 mg/kg (16 days, i.p.)  KPC xenograft mice tumor mass
Luteolin (pear, celery, parsley)  Apoptosis 25 puM, 24 h (ICsg) Cholangiocarcinoma ROST, MMP|, Bcl-2|,caspase-3,-91 Kittiratphattana
(KKu-100) et al. (2016)
Apoptosis 25 uM, 72 h (ICs) Lung cancer (NCI- ROST, caspase-3,-8,-91, Bcl-2|, Bel-XL| Cho et al. (2015)
H460, NCI-H1299)
Anti-tumor 10 mg/Kg (every 5 days, NCI-H460 xenograft tumor volume|, tumor cell apoptosis
7 times, s.c.) mice
Apoptosis 40 pM, 48 h ((ICgp) Glioblastoma (U251 ROST, Bax1, caspase-31, ER-protein (PERK, Wang et al.
40 pM, 48 h (ICy0) MG) elF2a, ATF4, CHOP, caspase 12)1 (2017)
Glioblastoma (U87
MG)
Antitumor 10 mg/kg (thrice/week, U87 MG xenograft caspase-37, ER-protein (ATF4, CHOP,
Apoptosis 5 weeks, i.p.) mice caspase 12)1, tumor cell apoptosis
Antiproliferation 12 uM, 48 h (ICsg) HCC of rat ROST Seydi et al.
(2018)
Cycle arrest Luteoside (60 uM,36 h)  Lung cancer (A549, ROST, GO/G1], cyclin D1 |, CDK4/, Zhou et al.
(ICs0) H292) (2017)

Autophage

Akt/m TOR/p7056K pathway |

@ Springer
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Table 1 continued
Compound (Source) Mechanism Doses Human cancer Possible mechanisms References
cell(type)/Animal
Apoptosis 35 pg/mL, 36 h (ICsp) Melanoma (A2058) ROS1, ER-protein(elF2af, ATF-6a T, Kim et al.,
CHOPT, caspase 12)1 (2016)
Apoptosis 40 uM, 48 h (ICs0) Esophageal cPARP 1, p531, G2/M|, p211, ROST, Chen et al.
carcinoma (EC1) (2017b)

Cycle arrest
50 mg/Kg(i.p.)
Apoptosis

Antitumor EC1 xenograft mice
46 pM, 48 h (ICs0)

87 UM, 48 h (ICs)

Kaempferol (grape, apple, kale

broccoli) Cycle arrest

Antiproliferation 30 pM, 48 h (ICs)

Apoptosis 40 pM, 48 h (ICsp)

Apoptosis 50 uM, 48 h (ICsp)

Cycle arrest

Apoptosis 80 uM, 48 h (ICsp)

Apoptosis 100 pM, 48 h (IC35)

Tumor weight|

Colon cancer
(HCT116)

Colon cancer
(HCT15)

HCC of rat

Breast cancer
(VM7Luc4E2)

Melanoma (A375
SM)

Hepatocarcinoma
(HepG2)

Glioma (A172)

caspase-37, cytochrome C1

ROST, p531, PARP 1, G2/M,
p38 MAPKT, caspase-3,-8,-91
ROST, caspase-37

ROST, Bcel-2|, Bax]

ROST, Baxf, Bel-2 |, p537, p-p3871,
p2171, cyclin B|, cyclin E|, G2/M|,
p-elF2a1, CHOP?

ROST, Bax/Bcl-21, ERKT, caspase-3,- 97

ROST, caspase-31, ERK], Akt|, XIAP|

Choi et al. (2018)

Seydi et al.
(2018)

Lee et al. (2018)

Heo et al., (2018)

Zhang et al.
(2015b)

Jeong et al.
(2009b)

All cancer cells above are from human except hepatocellular carcinoma cell (HCC) is from rat. ICs (inhibitory concentration to 50%) is from
original paper, but some ICs, was adjusted from the original data. CYP: cytochrome P450, Nrf2/HO-1: NF-E2-related factor 2/heme oxygenase-
1, PI3K/Akt:: phosphoinositide 3-kinase/protein kinase B, COX: cyclo-oxygenase, TNFRSF10D: tumor necrosis factor receptor superfamily
member 10D, MMP-2,9: matrix metalloproteinase-2,9, TP5S3INP1: tumor suppressor protein p53 inducible nuclear protein 1, ASK1: apoptosis
signal-regulating kinase 1, UGTS: UDP-glucuronosyl-transferases, y-H2AXy: histone 2A variant, PARP: Poly (ADP-ribose) polymerase, VEGF:
vascular endotherial growth factor, PERK: RNA-dependent protein kinase (PKR)-like ER kinase, JNK: c-Jun N-terminal kinase, MAPK:
mitogen-activated protein kinase, ERK: extracellular signal-regulated kinases, CDK4: cyclin dependent kinase 4

FLAVONOID

FLAVANONE
OH O

HO il o) lilm

hesperetin

OH

OCH;

FLAVAN-3-OL

HO

epigallocatechin-3-gallate

FLAVONOLS

OH O

guercetin

FLAVONES
OH O

apigenin

ISOFLAVON

OH O

0

genistein

luteolin

ANTHOCYANIN
OH

HO

OH
Basic chemical structure of anthocyanins

Fig. 1 Structure of flavonoids
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so EGCG effectively scavenges free oxygen radical (Sev-
erino et al., 2009).

As evidence of a potent ROS-scavenging activity by
flavonoids, quercetin and kaempferol scavenged nitrogen
free radical, with the ICs, values of 4.53 pg/ml and
3.97 pg/ml respectively (Szewczyk et al., 2014), and hes-
peretin (1-10 uM, 18 h) also scavenged superoxide anion
and 2,2-diphenyl-B-picrylhydrazyl (DPPH) radical in RAW
264.7 macrophage cells (Yang et al., 2012). As evidence of
a protective effect based on the ROS scavenging activity of
flavonoids, pretreatment of cervical cancer cells (HeLa)
with quercetin (15 pg/mL) reduced ROS formation and
cell damage caused by H,O, (Pawlikowska-Pawlgga et al.,
2014). In another study, an intragastric (i.g.) administration
of quercetin (10 mg/kg/day, 12 weeks) inhibited the
increase of ROS levels in brain cells caused by an i.g.
administration of aluminum in mice (Sharma et al., 2016).
Flavonoids’ potent ROS-scavenging activity has also con-
tributed to carcinogenesis prevention. For example, EGCG
(2 and 5 pM) scavenged ROS radicals in neuronal cells
(BV 2) and protected them from neurodegeneration and
neuroblastoma (Kim et al., 2009); and kaempferol (20 pM)
decreased the ROS activity in H,O, treated APRE-19 cells
(human retinal pigment epithelial cells), and thus protected
them from H,O;-induced oxidative cell damage and
apoptosis (Du et al, 2018).

In sum, these studies show that flavonoids function as
antioxidative agents with potent ROS-scavenging capabil-
ities. In most cases, a low concentration of flavonoids
protected normal cells from future damage (Pawlikowska-
Pawlega et al., 2014; Sharma et al. 2016) or prevented
cancer initiation in normal cells (Du et al., 2018; Kim et al.,
2009) by scavenging ROS that was increased as a conse-
quence of external factors.

Dual functions of flavonoids in cancer cells

Dual functions of flavonoids in cancer cell line depending
on their concentration have been reported since the mid-
2000s. Quercetin (10-25 pM) showed protective effects
against H,O,-induced cytotoxicity in hepatoma cell (H4IIE
cell), but different concentration level (50-250 pM)
showed DNA strand breaks, caspases activation and
apoptosis (Witjen et al, 2005). It was also reported that
EGCG (100 pM) induced cell death while low concentra-
tion (10 puM) did not in most mesothelioma cell lines
(Satoh et al., 2013). As breast cancer cells, in particular,
were sensitive to an extremely low concentration of fla-
vonoids, the growth of the cancer cell was found in in vitro
study. Treatment with apigenin (1 pM) against breast
cancer cells (MCF-7, T47D) resulted in the proliferation of
the cancer cells (Seo et al., 2006). Treatment with genistein

@ Springer

(1.0 uM, 3.125 puM, 5 uM each) against breast cancer cells
(MCF-7, MDA-MB-468) caused a little proliferation of the
cancer cells (Klein and King, 2007; Nadal-Serrano et al.,
2013; Wei et al., 2015) for each genistein concentration,
while genistein (50 uM) inhibited the cell growth by 50%
and induced apoptosis in MCF-7 cell (Kaushik et al.,
2019). A low concentration of luteolin (10 uM) resulted in
a little proliferation of breast cancer cells (MCF-7), but
higher concentrations (50 uM, 150 pM) in the same cells
inhibited the cell growth by 40% and 90% each (Sato et al.,
2015). The promotion of the growth of breast cancer cells
by an extremely low concentration of flavonoids was more
clearly found in the case of genistein.

Prooxidative activity of flavonoids as anticancer
agents in cancer cells

The biological response of flavonoids’ prooxidative
potential has been reported since the mid-2000s. EGCG
showed anticancer activity in esophageal cancer cells via
auto-oxidation (Hou et al., 2005), and EGCG (20 uM)
inhibited cell growth, increased ROS generation, decreased
mitochondrial membrane potential (MMP), and induced
apoptosis in lung cancer cells (H1299) (Li et al., 2010). A
total of about 60 studies have reported on the cytotoxic
activities of flavonoids which exhibited prooxidative
potential through ROS generation in cancer cells, of which
we analyzed 50 cases (Table 1).

Overall, flavonoids at a concentration of 10 uM or
higher induced cytotoxic activity accompanied by proox-
idative potential in various cancer cells (Table 1). This
paper also found that flavonoids induced cytotoxic activity
at relatively low concentrations of between 10 and 50 puM,
and these dosages were used in 27 cases out of the total of
50. The remaining cases showed cytotoxic activity
accompanied by prooxidative potential at concentrations in
the range of 51-200 uM. Flavonoids’ cytotoxic activity at
lower concentrations (10-50 uM) should contribute to their
evaluation as an excellent anticancer agent according to the
NCI standard (Hay et al,. 1994) which acknowledges a
substance as anticancer therapeutics if its ICso value is
230 pg/ml or lower.

Several suggestions were made on the anticancer (cy-
totoxic) activity accompanied by prooxidative potential,
i.e. ROS generation. In normal cells, even if ROS level was
increased by various factors, such level is low enough to be
scavenged by flavonoids as antioxidative agents (Glasauer
et al., 2014). In cancer cells, however, a high amount of
ATP is needed to fuel abnormal proliferation of cancer
cells. At this level of energy production, ROS would have
reached high and sensitizing levels (Gorrini et al., 2013),
which are thought to be difficult to be thoroughly
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scavenged by flavonoids. In addition, it is known that ROS
generation occurs when mitochondrial membranes within
cells are disrupted or MMP is reduced (Raj et al., 2011;
Shaw et al., 2011). Therefore, it is considered that the
mitochondrial membrane disruption and MMP reduction
caused by flavonoids are accompanied by a prooxidative
response.

This study analyzed the reasons that flavonoids
increased ROS levels in cancer cells and found that
decrease in antioxidative enzymes or substances was the
primary reason in only three cases while decrease in MMP
was the reason in more than 10 cases (Table 1). Treatment
with quercetin (75 pM) induced apoptosis, inhibited cata-
lase activity, and then increased ROS generation in gastric
cancer cells (Majumder et al., 2017). Quercetin (25 mg/
Kg/day, 14 weeks, i.g.) injected into hamsters inhibited the
volume of hepatocarcinomas and the expression of super-
oxide dismutase(SOD), catalase, cytochrome P-450(CYP)
1Al and 1B1 (Priyadarsini and Nagini, 2012). Genistein
(20 pM) induced ROS generation and apoptosis in blood
cancer cells (HL-60), reduced glutathione/glutathione
disulfide (GSH/GSSG) ratio, and inhibited the expression
of NADP-dependent isocitrate dehydrogenase (ICDH)
which controls oxidation-reduction potential (Kim et al.,
2014b).

MMP decrease was reported in many cases (Hsiao et al.,
2019; Khiewkamrop et al., 2018; Kittiratphattana et al.,
2016; Li et al., 2010; Palit et al., 2015; Shang et al., 2018;
Souza et al., 2017; Wang and Zhao, 2017). Flavonoids
were found to have increased ROS generation via mito-
chondrial membrane disruption in cancer cells. This finding
is in line with a report that when ROS level was increased
by altered ROS homeostasis caused by internal/external
changes of cancer cells, or the depolarization of the mito-
chondrial membrane, the cancer cell was changed from a
pro-survival to a pro-apoptotic state and experienced pro-
grammed cell death (Gorrini et al., 2013). It was also
reported that during drug-mediated anticancer activity,
cancer cells were more sensitive to the system that acti-
vated ROS generation and accumulation in the cytoplasm
of cancer cells (Kim et al., 2014a; Piao et al., 2012).

As a result of this research, this paper concludes that
treatment with flavonoids at a concentration of 10 uM or
higher is accompanied by a prooxidative potential and
converts cancer cells into a pro-apoptotic state through
various mechanisms.

Quercetin

Treatment of quercetin at concentrations ranged from 23.1
to 160 uM (ICsp) inhibited cancer cell proliferation and
induced apoptosis with the generation of ROS in colon
cancer, cervix cancer, breast cancer, gastric cancer and

leukemia in in vitro studies (Table 1). Most of these
apoptosis were induced via intrinsic apoptotic pathway in
which mitochondrial membrane disruption and ROS
increase induced cytochrome C release, activation of cas-
pase-3 proteins, and increase of Bax/Bcl-2 expression ratio.
Treatment with quercetin (153 pM, 24 h) in cervix cancer
cells (SKOV-3) reduced expressions of X-linked inhibitor
of apoptosis protein (XIAP), Bcl-2, Bcl-xL, and cellular
FLICE (FADD-like IL-1B-converting enzyme) inhibitory
protein (cFLIP) and dramatically increased expressions of
endoplasmic reticulum (ER)-stress associated proteins,
such as eukaryotic initiation factor 2 (elF2a), inositol
requiring kinase enzyme 1 alpha (IREla), CCAAT-en-
hancer-binding protein homologous protein (CHOP), and
death receptor5 (DRS). Apoptosis was accompanied by cell
cycle arrest in colon cancer cells (HT29) (Raja et al,
2017). In xenograft animal model, quercetin (2 mg/kg/day,
30 days, i.g.) decreased the volume of tumor in SKOV-3
cell-implanted tumor mice, while increasing expressions of
caspase-3, CHOP, and DR5 proteins in the tumor tissues of
mice (Yi et al., 2014). Quercetin (25 mg/kg/day, 14 weeks,
i.g.) into hamsters inhibited the volume of hepatocarci-
noma caused by dimethylbenzanthracene (DMBA) by 70%
(Priyadarsini and Nagini, 2012). As seen above, quercetin
at concentrations of 23.1 uM or higher increased ROS
generation in various cancer cells and quercetin induced
prooxidative potential mediated apoptosis through intrinsic
mitochondrial activation (either ER-stress mediated or not)
and cell cycle arrest.

Hesperetin

Treatment with hesperetin at concentrations ranged from
40 to 240 uM (ICsp) inhibited cancer cell proliferation and
induced apoptosis with the generation of ROS in lung
cancer, gastric cancer, breast cancer, hepatocarcinoma and
laryngeal cancer in in vitro studies (Table 1). Most of these
apoptosis were accompanied by increased expressions of
apoptotic peptidase activating factor 1 (Apaf-1), cyto-
chrome C, caspase-3, -9, and Bax proteins via intrinsic
mitochondrial pathway triggered by ROS level. Intraperi-
toneal (i.p.) injection of hesperetin (40 mg/kg/day, thrice/
week, 4 weeks) into SGC-7901 cell-implanted tumor mice
reduced tumor mass by 72% compared to the control group
and induced apoptosis in tumor tissue cells (Zhang et al.,
2015d). Hesperetin (2040 mg/kg/day, thrice/week,
36 days, i.g.) reduced the volume and mass of tumor and
induced apoptosis in tumor tissue cells of HepG2-im-
planted tumor mice. Hesperetin (90 mg/kg/day, every
3 days, 30 days, i.p.) in Eca 109 cell-implanted tumor mice
inhibited tumor growth by 74% compared to the control
group and induced apoptosis in tumor tissue cells (Wu
et al., 2016).
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Apigenin

Treatment with apigenin at concentrations ranged from 10
to 75 uM (ICsp) inhibited cancer cell proliferation and
induced apoptosis with the generation of ROS in
osteoblastoma, diethylnitrosamine(DEN) induced hepato-
cellular carcinoma (HCC), thyroid cancer, mesothelioma,
colon cancer, cervix cancer, and pancreatic cancer in
in vitro studies. In thyroid cancer cells (BCPAP), the pre-
treatment with apigenin (50 pM, 24 h) inhibited cancer cell
growth by 60% and induced apoptosis. Under the same
conditions, it resulted in ROS generation, DNA damage,
G2/M phase arrest and increased expression of LC3-II,
Beclin 1, acidic vescular organelles (AVO) proteins which
are the standard marker of autophagosome or autophage,
thus leading to autophagy (Zhang et al., 2015a). Apigenin
(20 uM, 24 h) increased ROS generation by 1.3 times and
resulted in G2/M phase arrest, invasion inhibition, caspase-
3 activation and caspase-9 inactivation in OVCAR-3 and
SKOV-3 cells. The inactivation of caspase-9 suggested the
activation of extrinsic pathway and cell cycle arrest was
accompanied (Tavsan and Kayali, 2019). Apigenin (2 mg/
Kg, every 3 days, 30 days, i.p.) in U-2 OS cell-implanted
tumor mice reduced tumor weight by 75% compared to the
control group (Lin et al., 2012). Apigenin (20 mg/Kg,
once/week, 6 months) inhibited tumor growth to 50% and
prolonged life time in mesothelioma cell (H-Meso-1)
implanted mice (Masuelli et al., 2017).

Genistein

Treatment with genistein at concentrations ranged from 20
to 160 uM (ICsp) inhibited cancer cell proliferation and
induced apoptosis with the generation of ROS in breast
cancer, hepatocarcinoma, colon cancer, leukemia, cervix
cancer, pancreatic cancer and bladder cancer (Table 1).
Even at a low concentration, genistein (20 uM, 48 h)
inhibited cancer cell growth by 70% and induced ROS
generation and apoptosis in blood cancer cells (HL-60). It
reduced GSH/GSSG ratio and inhibited the expression of
NADP-dependent ICDH which controls oxidation—reduc-
tion potential (Kim et al., 2014b). In this case, it is con-
cluded that the administration of flavonoids inhibited
antioxidative enzyme and substrate accompanied by ROS
generation. In addition, genistein (42.5 uM, 48 h) inhibited
leukemia (HL-60) cell growth by 50% and induced G2/M
phase arrest, ROS generation, and apoptosis and caused the
increased expression of caspase-3, -9, and Bax, poly ADP-
ribose polymerase (PARP) cleavage, and the decreased
expression of Bcl-2 (Hsiao et al., 2019). It increased the
expression of ER stress-associated proteins such as IRE-1a,
calpain 1, 78-kDa glucose-regulated protein (GRP78),
growth arrest and DNA damage protein 153 (GADD153),

@ Springer

caspase-4, -7, and activated transcription factor (ATF-60.).
Genistein (0.4 mg/kg/day, every 2 days, 28 days, i.p.) also
increased the expression of ATF-60, GRP78, Bax, Bad,
and Bak in HL-60 cell-implanted tumor mice. In conclu-
sion, genistein decreased the number of cancer cells by
inducing G2 /M phase arrest and apoptosis via ER stress-
and mitochondria-dependent pathways in HL-60 cells and
suppressed tumor properties in vivo (Hsiao et al., 2019).
Genistein (200 mg/kg/day, thrice/week, 3 weeks, i.g.) also
suppressed tumor mass growth in breast cancer (4T1) cell-
implanted tumor mice (Kaushik et al., 2019).

EGCG

Treatment with EGCG at concentrations ranged from 20 to
162 uM  (ICsp) inhibited cancer cell proliferation and
induced apoptosis with the generation of ROS in lung
cancer, lymphoma, breast cancer, mesothelioma, and pan-
creatic cancer in in vitro studies. Abnormally, EGCG in
hepatocarcinoma cell (HepG2) induced apoptosis at the
concentration of 300 pM (ICsp) (Table 1). Apoptosis was
accompanied by cell cycle arrest in hepatocarcinoma cell
(khiewkamrop et al., 2018) and by autophagy in
methothelioma cells (Satoh et al., 2013). EGCG (50 mg/
Kg/day, every 2 days, 11 times, i.p.) into A549-implanted
tumor mice inhibited tumor progression (Yu et al., 2017),
and EGCG (10 mg/kg/day, 16 days, i.p.) into KPC cell-
implanted mice inhibited tumor growth by 60% (Wei et al.,
2019). EGCG (10 mg/kg/day, 2 weeks, i.p.) into Eca 109
cell-implanted tumor mice markedly reduced tumor
weight, inhibited mitosis in tissue cells (Liu et al., 2015).
An i.p. administration (30 mg/kg/day, 45 days) of EGCG
into H1299-implanted tumor mice inhibited tumor growth
by 70% and induced apoptosis in the tumor cells (Li et al.,
2010). As seen above, it is suggested that EGCG
(10-50 mg/Kg, =10 times, i.p.) reduced tumor weight and
inhibited tumor progression.

Luteolin

Treatment with luteolin at concentrations ranged from 12
to 40 pM (ICsp) inhibited cancer cell proliferation and
induced apoptosis with the generation of ROS in cholan-
giocarcinoma, lung cancer, glioblastoma, hepatocellular
carcinoma (HCC), melanoma and esophageal carcinoma
(Table 1). In glioblastoma cells (U251 MG, U87 MQG),
luteolin (40 uM, 48 h) inhibited cell growth by 80% and
70% each, induced apoptosis, ROS generation, and the
increased expression of Bax, caspase-3, and ER-stress
proteins (PERK, elF2a, ATF4, CHOP, and caspase-12)
(Wang et al., 2017). Luteolin (10 mg/Kg, thrice a week,
5 weeks, i.p) into U87 MG cell-implanted tumor mice
inhibited tumor growth and induced apoptosis and the
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activation of ER-stress associated proteins (caspase-3, -12,
ATF4, and CHOP). Therefore, it is considered that luteolin
induced ROS-mediated apoptosis in glioblastoma cells via
ER-stress associated intrinsic pathway (Wang et al., 2017).
In addition, luteolin (35 pg/mL, 36 h) inhibited cell growth
by 50% in melanoma cells (A2058), induced apoptosis, and
increased the expression of ER-stress associated proteins
(caspase-12, elF20, ATF6, and CHOP). Luteolin (35 pg/
mL, 1 h) increased ROS level and the mitochondrial
pathway causing ER-stress was also found in melanoma
cell (Kim et al., 2016). In NCI-H460 cell-implanted tumor
mice, subcutaneous injection (s.c) of luteolin (10 mg/Kg,
every 5 days, 7 times) reduced tumor volume markedly and
induced apoptosis in the tissue cell (Cho et al., 2015).
Luteolin (50 mg/Kg, i.p.) reduced tumor weight in EC1
cell-implanted tumor mice (Chen et al., 2017b).

Kaempferol

Treatment with kaempferol at concentrations ranged from
30 to 100 uM (ICs) inhibited cancer cell proliferation and
induced apoptosis with the generation of ROS in colon
cancer, HCC, breast cancer, melanoma, hepatocarcinoma
and glioma (Table 1). Most of these apoptosis by kaemp-
ferol were induced via intrinsic apoptotic pathway in which
ROS increase induced cytochrome C release, the activation
of caspase-3, -9 proteins, and the increase of Bax expres-
sion or decrease of Bcl-2 expression. Kaempferol (50 puM,
48 h) inhibited cancer cell growth by 50% in melanoma
cells (A375 SM), and increased ROS generation and the
level of phosphorylated p38, p53 (which is downstream of
p38) and p21. The expression of both cyclin B and cyclin E
was decreased, which implies cell cycle arrest in the G2/M
phase. It was also reported that ER-stress mediated intrinsic
apoptosis was activated by the increased expression of
p-elF2a and CHOP proteins (Heo et al., 2018).

Anticancer mechanism of programmed cell death
by flavonoids accompanied by prooxidative
potential

ROS level increases in cancer cells via the following two
pathways: external factor itself or its disruption of antiox-
idative system which has already existed in cancer cells.
When electron transport system in mitochondria is dis-
rupted, redox system is also disrupted or polarized, which
results in the generation of ROS and damage of the cells
(Chen et al.,, 2017a; Zhang et al., 2015b; Zorov et al.,
2014). This pathway has been utilized in the anticancer
activities of chemotherapeutics such as alkaloids and cis-
platin (He et al., 2016; Yokoyama et al., 2017). Another
way of disrupting antioxidative system is suppressing

antioxidant enzymes in cytoplasm and mitochondria and
thus promoting ROS generation. Superoxide dismutase
(SOD) is a typical antioxidant enzyme, and glutathion
peroxidase and glutathion reductase are also one of
antioxidant enzymes. The ROS generation by flavonoids in
this study was mostly caused by the disruption of electron
transport system in mitochondria (Hsiao et al., 2019;
Khiewkamrop et al., 2018; Kittiratphattana et al., 2016; Li
et al., 2010; Palit et al., 2015; Raja et al., 2017; Souza et al.,
2017; Wang and Zhao, 2017).

As this study aims to highlight anticancer activities of
flavonoids accompanied by prooxidative potential, it is
important to identify the relation between ROS level and
the mechanisms of cancer cell death such as apoptosis,
inhibition of metastasis and cell cycle, cell necrosis, and
autophagy. The extrinsic pathway of apoptosis involves
binding by death-inducing ligands, such as Fas ligand
(FasL) to death receptors (i.e. Fas), activation of adaptor
proteins which are Fas-associated death domain (FADD),
activation of procaspases, and expression of caspase-3 and
-8 mostly, and this interaction is competed by c-FLIP
(Goldar et al., 2015; Hassan et al.; 2014). It was reported
that the increased ROS level suppressed the expression of
c-FLIP proteins and induced apoptosis in the extrinsic
pathway (Raja et al., 2017; Wilkie-Grantham et al., 2013).
The intrinsic pathway of apoptosis involves mitochondrial
disruption, increase of Bax/Bcl-2 expression ratio and
cytochrome C release, activation of apoptotic peptidase
activating factor 1 (Apaf-1), and then increased expression
of caspase-3 and -9 mostly. It has been known that Bcl-2, a
major anti-apoptotic protein, and Bax, a pro-apoptotic
protein, regulate apoptosis in the intrinsic pathway. Most of
the anticancer agents that inhibit the growth of cancer cells
by increasing ROS generation were reported to activate this
intrinsic pathway (Perillo et al., 2020; Sabharwal and
Schumacker, 2014; Yang et al., 2016).

Cell necrosis is an unregulated digestion and loss of cell
components by external stimuli such as toxins or trauma. It
was reported that increase of energy-metabolism and
resulting increase in ROS level in cancer cells facilitated
cell necrosis (Dixon and Stockwell, 2014; Vandenabeele
et al., 2010). The activation of p53 protein, which is known
as a tumor suppression protein, was found to play an
important role in cell necrosis induced by ROS level
increase (Vandenabeele et al., 2010).

Autophagy is a process that removes the cellular com-
ponents that were digested and degraded in lysosome in
vacuolar form. Some suggested that autophagy promoted
cancer cell growth by providing recycled cellular compo-
nents to the cell again while others suggested that it
enhanced anticancer activity through the interplay with
apoptosis (Saha et al., 2018; Yoshii and Mizushima, 2017,
Yu and Tooze, 2018). There are two pathways involved in
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autophagy and cell death. The first pathway consists of
activation of AMP-activated protein kinase (AMPK) by
ROS, inhibition of mammalian target of rapamycin
(mTOR) activation, and promotion of autophagosome
formation, while the second pathway consists of activation
of nuclear factor erythroid 2-related factor 2 (Nrf2) by
ROS, degradation of kelch-like ECH-associated protein
1(KHAP1), release of Bcl-2, and promotion of
autophagosome formation (Poillet-Perez et al., 2015). In
normal cells, a low ROS concentration caused autophagy
and apoptosis, but in transformed or tumor cells, autophagy
and apoptosis were induced only when ROS concentration
reached the level that would induce oxidative stress
(Kaminsky and Zhivotovsky 2014; Um and Yun, 2017,
Zhao, 2016).

In about 80% of the mechanisms where flavonoids’
anticancer activity was accompanied by ROS generation,
intrinsic apoptotic pathway (ER stress was either related or
not) was activated, while the rest included autophagy, cell
cycle arrest or enzymatic modulation (Table 1, Fig. 2). In
the intrinsic apoptotic pathway, mitochondrial membrane
disruption and ROS increase induced cytochrome C
release, activation of caspase-3, -6, -9 proteins, and
increase of Bax/Bcl-2 expression ratio. Depending on the
type of cancer cells, quercetin, hesperetin, apigenin, and

luteolin activated the intrinsic apoptotic pathway accom-
panied by the extrinsic pathway (Cho et al., 2015; Raja
et al., 2017; Wang and Zhao, 2017). Apoptosis accompa-
nied by activation of ER-stress pathway was clearly found
in quercetin (in SKOV-3), genistein (in HL-60), luteolin (in
U 87 and A2058), and kaempferol (in A375 SM) (Heo
et al., 2018; Hsiao et al., 2019; Kim et al., 2016; Wang
et al, 2017; Yi et al, 2014). ROS increase by flavonoids
induced DNA impairment, p53 activation, decrease of
cyclin D1 and CDK2, thus causing cell cycle arrest in a few
cancer cells. But the cell cycle arrest induced by ROS
generation did not work alone, but with intrinsic apoptosis
or autophagy to result in cell death (Table 1). In addition,
apigenin, EGCG, and luteolin induced autophagic cell
death through increase of ROS, inhibition of protein kinase
B(Akt)/mTOR/p7056K proteins, and activation of Beclin-2
and LC3-II (Tsai et al., 2017; Zhang et al., 2015a; Zhou
et al., 2017). In cases of ROS-mediated autophagic cell
death by flavonoids, 50% of the cell deaths were not the
result of autophagy alone but the result accompanied by
intrinsic apoptosis and cell cycle arrest.
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Antitumor effect of flavonoids in animal model

The researcher who observed that flavonoids were found to
have anticancer effect accompanied by prooxidative
potential in in vitro study also found that flavonoids had
antitumor effect in animal experiments (Table 1).
10-100 mg/kg of flavonoids injected more than 3 times per
week for 3 weeks, though the period and frequency of oral
administration varied, induced antitumor effect in xeno-
graft animal model without toxicity. Even a level of less
than 10 mg/kg of intravenously (i.v.) administered flavo-
noids caused antitumor effect, but blood concentration of
flavonoids in animal model has not been reported yet.
Various other study findings reported that quercetin (Gupta
et al., 2011; Hashemzaei et al., 2017; Khan et al., 2016),
luteolin (Manju et al., 2007; Samy et al., 2006), genistein
(Chodon et al., 2007; Gu et al., 2005, 2009) and apigenin
(Chunhua et al., 2013; Meng et al., 2017; Shukla et al.,
2015) inhibited the generation and proliferation of tumor
and expressed anticancer activity in xenograft animal
model, thus extending the survival time of mice by more
than 160% (Hashemzaei et al., 2017; Masuelli et al., 2017).

Epidemiological studies

There have been many epidemiological studies on the
anticancer activity of flavonoids in the form of either case—
control or cohort studies. These were mostly focused on
prevention of cancer risk rather than their chemothera-
peutic activity. This paper reviewed case—control studies
which included accurate information on the amount of
flavonoids administered via food frequency questionnaire
(FFQ) (Table 2). Among these case—control studies, only
results with more than one year of administration are
summarized in Table 2. The amounts of daily administra-
tion of total flavonoids was reported to be
80.1-106.4 mg/day (Cho et al., 2017; Woo et al., 2014).
The administered amounts of flavonol (i.e. quercetin, and
kaempferol), known to be the most highly consumed fla-
vonoids, were 15.0-29.7 mg/day (Bobe et al., 2010; Cho
et al., 2017) while for flavone (i.e. apigenin, and luteolin),
known as the least consumed, it was 1.0-3.88 mg/day (Cho
et al.,, 2017; Storelli et al., 2019; Theodoratouet et al.,
2007). Quercetin, a highly consumed flavonoid contained
in apple and onion, and EGCG, contained in green tea,
were reported to reduce the incidence of colon cancer
(Theodoratouet et al., 2007), lung cancer (Cui et al., 2008)
or gastric cancer (Ekstrém et al., 2010).

Most flavonoids contributed to the reduction of cancer
incidence while isoflavone suggested mixed results. It was
reported that Korean women who consumed isoflavone

(20.89 mg/day) showed a decreased incidence of colon
cancer (Shin et al., 2015) while Spaniards who consumed
isoflavone at 1.35 mg/day showed an increased incidence
of gastric cancer (Storelli et al., 2019). When more than
29.7 mg/day of flavonol was administered to patients who
had recovered from colon cancer, a dramatic reduction of
relapses was reported (Bobe et al., 2010), but the amount
was almost the maximum level that could be consumed in
daily life.

Bioavailability

When flavonoids are administered by various routes such
as oral ingestion or intravascular injection, they arrive at
their target tissue through blood, and then become bio-
logically active. Their bioavailability is measured as the
maximum concentration (C,,,,) of bioactive compounds
measured in plasma. Flavonoids that were found to be
potent anticancer agents from in vitro studies but did not
result in similar effects in vivo, were found to have low
bioavailability (Manach et al., 2004; Spagnuolo et al.,
2015). Flavonoids except for flavane-3-ol exist in a gly-
cosylated form (glycoside) in the food. When glycoside is
hydrolyzed to aglycone, the aglycone is absorbed in the
intestine due to its lipophilicity (Fantini et al., 2015;
Manach et al., 2004). Glycosylated flavonoids are usually
absorbed more slowly than aglycone flavonoids (Fantini
et al., 2015; Manach et al., 2004; Scalbert and Williamson,
2000). Through methylation or sulfation conjugation in the
intestine and the liver, these conjugated flavonoids reach
target tissues via circulating plasma (Fantini et al., 2015;
Manach et al., 2004; Scalbert and Williamson, 2000). The
anticancer effect of flavonoids could be attributed largely
to their metabolites (Avila-Gélvez et al., 2018; Jaramillo
et al., 2010; Sak 2014). It is known that flavonoids are
stable at high temperatures, with various cooking methods
having little impact on their bioavailability.

The average daily consumption of flavonoids by
Americans has been reported to be 20 mg—1 g. A report on
U.S. daily consumption of flavonoids in 2011 found that
daily amounts of flavan-3-ols (i.e. EGCG) were
12.0-189.2 mg/day, flavanones (i.e. hesperetin) were
14.4 mg/day, flavonols (i.e. quercetin, kaempferol) were
12.9 mg/day, flavones (i.e. apigenin, luteolin) were
0.3-1.6 mg/day, and isoflavone (i.e. genistein) was
0.1-1.2 mg/day (Fantini et al., 2015). Bioavailability was,
from higher to lower in the order of genistein, apigenin,
luteolin, EGCG and quercetin glycoside (Manach et al,
2004). When each flavonoids with 50 mg aglycone
equivalent were consumed in normal diet, plasma con-
centration of the active compound was reported to be
0—4 pM (Manach et al., 2005), and physiological
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Table 2 Association of flavonoids intake and cancer risk

Study Country  Populations Age Flavonoids  Daily consumption of Results
(M) flavonoids in control
and case (mg/day)

Theodoratou  Scotland Cororetal cancer (1456) 16-79 Flavonols 28.0 26.8 30% reduction in colorectal cancer risk
e; 5137 Control(1453) 1679 Quercetin 18.1 17.3 30% reduction in colorectal cancer risk
( ) EGCG 24.5 23.7 30% reduction in colorectal cancer risk
Flavones 1.0 1.1 No significant effect
Flavanones  20.6, 20.2 No significant effect
Hesperetin ~ 10.6 10.5 No significant effect
Cui et al. USA Lung cancer (558) 50-52 Hesperetin 80 (M) Positively inverse relation to cancer risk
(2008) Control (837 50-52 EGCG 10 (M) Stronger inversely related to cancer risk
Quercetin 9 (M) Stronger inversely related to cancer risk
Kaempferol 2 (M) Stronger inversely related to cancer risk
Bobe et al. USA Participants who had at  48-62 Flavonols 29.7 > (M) Greatest reduction in high risk adenoma
(2010) least one confirmed recurrence, and serum IL6]
corolectal cancer (872)
Ekstrom Sweden  Gastric cancer (505) 67(M) Quercetin 0.16-11.89 Stronger inversely related to gastric
et al. Control (1116) 66(M) (according to grade) carcinoma risk than lowest intake(
(2010) <4 mg), especially for smoking
women
Woo et al. Korea Gastric cancer (334) 51(M) Total 106.4 105.2 Reduced cacer risk in women but not in
(2014) flavonoids men, except for isoflavones
Control (334) 51(M) Flavone 1.4 1.3 Significant inverse relation with cancer
risk
Cho et al. Korea Colorectal cancer (923) 56(M) Total 98.6 80.1 No relation
(2017) Controls (1846) s6(M)  flavonoids
Flavonols 19.2 15.0 Strongest association with a reduced
cancer risk
Flavones 1.1 1.0 No relation
Flavan-3- 13.1 8.8 Strongest association with a reduced
ols cancer risk
Isoflavones  26.7 24.1 No relation
Flavanones 3.7 3.6 No relation
Shin et al. Korea Coloretal cancer (901) 49-62 Isoflavone 13.0 9.7-20.89 Reduced risk of distal colon cancer in
(2015) Controls (2669) 49-62 men and rectal cancer in Women
Storelli et al. Spain Gastric cancer (329) 63(M) Total 371.25 358.5 Reduced gastric cancer risk to 24-40%
(2019) flavonoids
Control (2700) 65(M) Flavan-3- 26.94(M) Reduced gastric cancer risk
ols
Flavanones 43.81(M) Reduced gastric cancer risk
Flavones 3.88(M) No effect on gastric cancer risk
Flavonols 23.75(M) No effect on gastric cancer risk
Isoflavones  1.35(M) Increased risk of gastric cancer

These are all from case—control studies. The flavonoid intake was calculated using the food consumption data from FFQ: The daily amount of
flavonoids ingested had no significant differences between cases and controls. No evidence of any interaction effect. The period of consumption
is at least more than 1 year until the time of analysis. M: mean

concentrations of each of the flavonoids in human plasma  are 10-28 h (Manach et al., 2004), and it implicated that
from a normal diet was 0-5.1 uM (Manach et al., 2004; Cmax of human eating diet rich in this flavanol or flavan-3-
Manach et al., 2005; Thilakaratha and Rupasinghe, 2013; ol could be around 10 pM (Chu et al., 2017; Jeong et al.,
Zhen et al., 2012). The half lives of quercetin and EGCG 2009a; O’Prey et al., 2003).
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In the above analysis, a physiologically active plasma
concentration of each flavonoids for people on normal
diets, which was 5 uM or lower, was expected to have a
chemopreventive effect that reduces cancer risk (Table 2).
However, in several in vitro studies that suggested the
potential for flavonoids’ to act chemotherapeutically,
cytotoxic activity (ICsp) was also induced with supra-
physiological concentrations even in flavonoids’ aglycone
concentration. While the concentration of flavonoids nee-
ded to induce chemopreventive activity dependent on their
antioxidative potential was very low for normal cells, in
in vitro results (Cai et al., 1997; Du et al., 2018; Szewczyka
et al., 2014), our literature survey (Table 1) suggested that
the concentration of flavonoids needed to induce anticancer
and chemotherapeutic activity was 10-200 uM for cancer
cells. In more than 50% of the studies (27 of 50) which
investigated a low concentration range of flavonoids
(10-50 uM), which is a physiologically achievable con-
centration, flavonoids exerted excellent anticancer activity.
In order to take advantage of the chemotherapeutic activity
of flavonoids in clinical applications, we therefore need to
have more in-depth studies aimed at enhancing the
bioavailability of flavonoids.

Perspectives and preclinical strategies

As seen above, flavonoids have shown promising anti-
cancer activity as non-toxic natural substances (Table 1).
However, their low water solubility and bioavailability
limit clinical applications and many researchers have tried
to enhance their anticancer efficacy. Earlier efforts took
advantage of the non-toxic quality of flavonoids and
encapsulated flavonoids in the form of glycosides or
aglycones. Later, nanotechnology was used to enhance the
delivery of flavonoids.

For people consuming soy isoflavone diets of which
more than 90% was genistein (2 mg/Kg, 4 mg/Kg, 8 mg/
Kg each), his or her C,,, ranged between 4.3-16.3 um for
total genistein, concentration levels that could have anti-
metastatic and anticancer effects in vitro (Takimoto et al.,
2003). In addition, an oral digestion of the dietary sup-
plement capsule, PTI G-2535 (containing approximately
600 mg genistein/day), for 10 times during 84 days resul-
ted in the overall mean C,,,, of genistein at 12 pM without
toxicity (Pop et al., 2008), and it was also concluded that
doses of 900 mg per day was safe.

Ingestion of 150 mg quercetin-3-glucoside capsule
resulted in C,,,, value as 5 uM (Olthof et al., 2000), and
ingestion of capsule including quercetin-4’-glucoside
equivalent to 100 mg quercetin resulted in C,,x value as
7 pm (Graefe et al., 2001). From the data on quercetin
pharmacokinetics until 2004, Wiitjen et al.(2005) suggested

that dietary supplement of 1-2 g of quercetin might result
in Cpax value of 10-50 uM if the quercetin was ingested
properly. Ingestion of chews (RealFX™ Q-Plus™)
including 500 mg of quercetin resulted in C,,, value of
1051.9 £ 393.1 pg/L (3.5 uM) in blood (Kaushik et al.,
2012). The C,,,x value after ingestion of 135 mg of agly-
cone hesperetin capsules was 825.8 ng/mL (about 2.7 uM)
(Kanaze et al., 2007), and the C,,,« value of a person who
ingested 150 mg of EGCG capsule twice a day with meals
for five days was 95.1-577.0 pg/L (0.2-1.3 pM) (Scholl
et al., 2018). Encapsulated quercetin and EGCG have been
used for dietary supplementation, but the variations in C,,x
were large, and their clinical efficacy chemotherapeutically
has not yet been reported. As an indirect measure,
administration of encapsulated EGCG (400 mg, three times
daily) for eight weeks in breast cancer patients receiving
radiotherapy, reduced the serum levels of vascular
endothelial growth factor (VEGF) and hepatocyte growth
factor (HGF), which are associated with cancer progression
(Zhang et al., 2012). Clinical applications of encapsulated
flavonoids for chemotherapeutic purposes have not been
tried because not enough information is available on the
stability of capsule and metabolic interactions with other
medications.

Since 2009, flavonoid delivery systems have been
developed through nanoparticalization or liposomalization
(Table 3). Quercetin-nanoparticles (NP) led to the inhibi-
tion of cancer cell growth at a lower concentration than
free quercetin; 10 pM (ICsp) and 1.4 pM (ICsg) in cervical
and breast cancer cells respectively (Cirillo et al., 2013;
Chang et al., 2018). EGCG-NP and luteolin-NP showed
dosage advantages by inhibiting cancer cell growth in
various cancer cell lines at a low concentration level of
1.4-20 pM (ICsp) (Chang et al., 2018; de Pace et al., 2013;
Hsieh et al., 2011; Khan et al., 2014; Majumdar et al.,
2014; Sanna et al., 2017; Siddigui et al., 2009; Siddigui
et al., 2014; Wu et al., 2018a). Siddiqui et al. (2009) sug-
gested that EGCG-NP showed a tenfold dosage advantage
compared to free EGCG. In xenograft animal models,
EGCG-NP and luteolin-NP were also reported to inhibit the
generation and growth of tumors at lower administrations
than free EGCG and free luteolin (Chang et., 2018; Khan
et al., 2014; Majumdar et al., 2014; Sanna et al., 2017,
Siddigui et al., 2009; Siddigui et al., 2014; Wu et al,,
2018a). One study aimed to increase the plasma concen-
tration of flavonoids based on NP. A single administration
of lecithin-stabilized polymeric micelles (Lg,PMs) of
quercetin (100 mg/kg, i.v.) in rats increased Cp., to
1.52 pg/mL (vs 0.53 pg/mL for free quercetin), and a
single administration of water(w) /w emulsion form of
quercetin(100 mg/Kg, i.v.) also increased C,,x, value to
7.4 pg/mL (vs 0.34 pg /mL for for free quercetin) (Chang
et al., 2018; Pangeni et al., 2018).
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Table 3 Characteristics of nanotechnology based flavonoids as anticancer agents

Flavonoids Material &  Size Target Dose Activity References

Technology (nm)

Genistein ~ GenLip <407 Murine breast cancer (4T1), 22.7-34.1 uM  DNA laddering and apoptosis with 1/3  Phan et al.,
HSPC human ovarian (ICs0) concentration of free G (2013)
main cancer(OVCAR-3), prostate

cancer(PC-3)
Quercetin  PMAA-NP - Cervix cancer (HeLa) 100 pM 87% reduction of viability vs free Q,
and 95% suppression of viability vs
control
CNT- 80 Cervix cancer (HeLa) 10 uM (ICsp)  Inhibit cell proliferation and DNA
PMAA- condensation strongerly
NP
LsbPMS 92.2 Breast cancer (MCF-7) 1.4 M (ICso)  Inhibit cell proliferation vs free Q
(ICsp: > 30 uM)
Breast cancer (SKBR-3) 4.63 UM Inhibit cell proliferation vs free Q
(ICsp) (ICs0: > 30 uM)
CT-26 Xenograft mice 50 mg/Kg, i.v. No significant reduction of tumor Pouci
7 days volume vs free Q et al.,
(2012)
Cirillo
et al.,
(2013)
Chang
et al.,
(2018)
EGCG PLA-PEG- 260 Prostate cancer (PC-3) 3.74 yM Inhibit cell proliferation and prolong Siddigui
NP PC-3 xenograft mice (ICs0) half life e; (;1(1)9’
1(_)0 pe/ mice/ d  Reduction of tumor volume almost ( )
i.p., thrice/ same as free EGCG(1 mg/mice/
wk, 3 wks d)group
PNG- - Bladder cancer 4.3 ppm (ICsp) Inhibit cell proliferation vs free E Heish
EGCG 180 (MBT-Q,) 2 mg (IC50228.4 },lM) et al.,
Chitosan- MBT-2 xenograft EGCG + 70% reduction of tumor volume vs free (2011)
P EQ2 iddigui
: mice - e PN I h'l()' mg1)1 liferati free E Slgtd;%m
t t o
Melanoma(Mel 928) mice nllc i (;% pfé[o iferation vs free 2014)
. 7 uM (ICs) (Cs0:53 uM)
Mel 928 xenograft mice .
100 pg/mice 28% reduction of tumor volume vs free
ig. E (1 mg/mice), PSA|
5 times/wk, 3
wks
CSLIPO 85 Breast cancer(MCF-7) 10 uM (IC49)  50% reduction of viability vs free E de Pace
100 uM Increase cellular E contents 34 times vs €t &l
free E (2013)
Chit-NP 200 < PCa xenograft mice 6 mg/Kg i.g. 3 50% reduction of tumor volume vs free Khan
wks E (40 mg/Kg) et al.,
(2014)
PLGA- 251 Prostate cancer 20 pM 40% reduction of viability vs free E Sanna
PEG-NP (LNCaP, PC-3, DU-145) 100 pg/mice/d  40% reduction of tumor volume vs free 2 5111;)
iv

22 Rv 1 xenograft mice

5 times/wk, 3
wks

E (1 mg/mice/d)
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Table 3 continued
Flavonoids Material &  Size Target Dose Activity References
Technology (nm)
Luteolin PLA-PEG- 115 Head and neck cancer (Tu212)  4.13 pM Slight reduction of viability vs free L~ Majumdar
OMe-NP Tu212 xenograft mice (ICs0) (IC50:6.96 M) e;(?ll.éi
3.3 mg/Kg i.p. 259 reduction of tumor volume vs free ( )
every 2 days, [,
30 days
Lipo-Lut 105 Prostate cancer (CT-26) 20 pM (ICsp)  Inhibit cell proliferation vs free L Wu et al.,
50 mg/Kg, i.v. (ICs0: > 60 uM) (2018a)
5 times, every 70% reduction of tumor volume vs free
2 days L, Inhibit tumor vascularization,
prolong plasma concentration
Hesperetin CFH-NP 450 Colon cancer (HCT-15) 28 uM (ICsp)  Inhibit cell proliferation vs free H Lazer
(IC50:190 uM) and inhibit apoptotic et al.,
gene (2018)

The undescribed amounts of doses of free G, free Q, free E and free L are the same with the amounts of doses of genistein-NP, quercetin-NP,
EGCG-NP and luteolin-NP, respectively. Some reduction percentages are adjusted from the original data. Lip or Lipo: liposome, HSPC: fully-
hydrogenated soy phosphatidylcholine, NP: nanopanticle, PMAA: polymetha acrylic acid, CNT: carbon nanotube, LsbPMS: lecithin-stabilized
polymeric micelles, PNG: nanogold particle, PSA: prostate cancer specific antigen, CSLIPO: chitosan-coated nanoliposome, Chit: chitosan,
PLGA-PEG: poly-(lactide-co-glyco syl)-carboxylic acid- polyethyleneglycol, PLA-PEG: polylactic acid-polyethyleneglycol, OMe: methanol,
CFH: chitosan folate hesperetin, EGCG: epigallocatechin-3-gallate, Q: quercetin, L: luteolin, G: genistein, H: hesperetin, d:day, wk: week

As a result, NP-delivery systems are promising in that
they facilitate chemotherapeutic plasma concentrations,
improve bioavailability (Table 3), and furthermore increase
biological half-life and cellular uptake in an innovative
way (Naksuriya et al., 2014; Wu et al., 2018a). However
they also have downsides in terms of low encapsulation
efficiency and instability (Tyagi et al., 2017), and thus far
systematic and large scale toxicity tests have not yet been
conducted yet. Therefore currently, no data has been
reported on the clinical applications of flavonoid-NPs.

To increase the anticancer efficacy and bioavailability of
flavonoids, combinatorial theraphy has also been suggested
as a way to take advantage of flavonoids’ non-toxic qual-
ities and to target synergistic pathways (Fantini et al., 2015;
Niedzwiecki et al., 2016). Comprehensive preclinical
studies are required on the various metabolites of flavo-
noids (conjugated or not) to establish the chemotherapeutic
role of flavonoids that have not been uncovered thus far in
in vivo studies.
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