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REVIEW
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ABSTRACT
Irrespective of sex and age, cancer is the leading cause of mortality around the globe. Therapeutic
incompliance, unwanted effects, and economic burdens imparted by cancer treatments, are pri-
mary health challenges. The heritable features in gene expression that are propagated through
cell division and contribute to cellular identity without a change in DNA sequence are considered
epigenetic characteristics and agents that could interfere with these features and are regarded as
potential therapeutic targets. The genetic modification accounts for the recurrence and uncon-
trolled changes in the physiology of cancer cells. This review focuses on plant-derived flavonoids
as a therapeutic tool for cancer, attributed to their ability for epigenetic regulation of cancer
pathogenesis. The epigenetic mechanisms of various classes of flavonoids including flavonols, fla-
vones, isoflavones, flavanones, flavan-3-ols, and anthocyanidins, such as cyanidin, delphinidin, and
pelargonidin, are discussed. The outstanding results of preclinical studies encourage researchers to
design several clinical trials on various flavonoids to ascertain their clinical strength in the treat-
ment of different cancers. The results of such studies will define the clinical fate of these agents
in future.

KEYWORDS
Anticancer; cancer therapy;
epigenetic; flavonoids

Introduction

Cancer is the second leading cause of mortality, only behind
cardiovascular disorders. In 2018 as reported by World
Health Organization (https://www.who.int/news-room/fact-
sheets/detail/cancer), cancer was the cause of 9.6 million
deaths worldwide. Colorectal, lung and stomach are com-
mon in both sexes, but some cancers are more common in
men (e.g., liver and prostate cancer) and other in women
(e.g., breast and cervix cancer). Due to the incidence of

cancers worldwide, there is growing interest in using epigen-
etic therapies to reprogram cancer cells toward a normal
state (Ahuja, Sharma, and Baylin 2016; Shukla and
Meeran 2014).

The heritable features in gene expression, that are propa-
gated through cell division and contribute to cellular identity
without change in DNA sequence, are considered epigenetic
characteristics (Berger 2016). These mechanisms include
DNA methylation, non-coding RNA-dependent gene
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regulation and covalent histone modifications (Wainwright
and Scaffidi 2017). DNA methyltransferases catalyze DNA
methylation, histone acethyltransferases regulate histone
acetylation, while histone methyltransferases as well as his-
tone demethylases are responsible for histone methylation
(Busch et al. 2015). MicroRNAs (miRNAs) are further regu-
lators of epigenetic changes and regulate gene expression
and, at the same time, are important for RNA-silencing
(Busch et al. 2015) (Figure 1). The epigenetic changes in
cancer are recognized as contributors to malignant trans-
formation, but they are also potentially reversible in somatic
cells, allowing tailoring cancer strategies (Link, Balaguer,
and Goel 2010). Some agents targeting epigenetic regulation
have been approved by the FDA for cancer treatment or are
under study (Berger 2016; Byrne, Murphy, and Ryan 2014).

Nowadays, diets rich in fruits and vegetables are recom-
mended for their association with health-promoting effects
due to their content on bioactive compounds such as phe-
nolics. So far, more than 8000 phenolic compounds have
been identified (Pan et al. 2015). The preventive cancer
effects of polyphenols are often related with their antioxi-
dant and anti-inflammatory activities but according to Pan
et al. (2015) polyphenols are also multifunctional autocrine-
paracrine disruptors. Therefore, polyphenols can exert
beneficial effects in cancer chemoprevention, due to their
capability of interfering with epigenetic signaling cascades
responsible for tumorigenesis and metastasis. Flavonoids are
a class of polyphenols that has been associated with numer-
ous cell-regulatory activities in cancer cells (Berghe 2012;
Lee et al. 2013; Link, Balaguer, and Goel 2010;
Schnekenburger, Dicato, and Diederich 2014; Shankar et al.

2016; Afrin et al. 2020). For example, genistein and daidzein,
which are abundant flavonoids found in soybean and fava
beans, as well as hesperetin and naringenin, which are found
in citrus peels, have been recognized as inhibitors of DNA
methyltransferases (Fang, Chen, and Yang 2007; Fang et al.
2005). The most abundant flavonoid of green tea (Camelia
sinensis L.), epigallocatechin-3-gallate (EGCG), has shown to
modulate DNA methyltransferase and histone acetyltransfer-
ase activities (Gilbert and Liu 2010).

This review highlights the potential of flavonoids as a
therapeutic tool for cancer due to their ability for epigenetic
regulation of cancer pathogenesis. Main epigenetic regula-
tion mechanisms of flavanones (hesperetin, naringenin, sili-
binin), flavones (luteolin, apigenin), isoflavones (genistein,
daidzein), flavonols (fisetin, quercetin, kaempferol, myrice-
tin), flavan-3-ols (EGCG), and anthocyanidins (cyanidin,
delphinidin, malvidin, and pelargonidin) are discussed.
Clinical trials focused on flavonoids with the capacity of
treating cancer are also addressed. Finally, future directions
on the impact of epigenetic of flavonoids in the prevention
and treatment of cancer are pointed.

Targeting epigenetic modifications in cancer

The word epigenetics, “above genetics,” was coined for the
first time by Conrad Hal Waddington in 1942 to explain
“the causal interactions between genes and their products,
which bring the phenotype into being.” The Waddington’s
theory was brilliant and after the conclusion of his experi-
ment on fruit flies, he realized that the adult phenotype
could be influenced by environmental stimuli, while

Figure 1. Targeting epigenetic regulation in cancer via DNA modifications, histone modifications and Non-coding RNAs (miRNAs and lncRNAs).
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respecting the Neo-Darwinian’s law. According to
Waddington’s theory, every organism could exert its plasti-
city, which is already contained in genetic heredity.
Following his theory, the developmental process is a land-
scape, which contains valleys and forks and the organism
can be accompanied toward a specific phenotype by the
environment, while maintaining the same genotype
(Waddington 1942). Waddington’s discovery laid the
groundwork to the most important discoveries of epigenet-
ics, such as DNA methylation, histone modification, long
non-coding RNA (lncRNA) and microRNA, creating an
interim step between genotype and phenotype for the
first time.

DNA methylation/demethylation

One of the most important mechanisms involved in the epi-
genetic regulation is the DNA methylation, which consists
in the addition of one methyl group at 50 cytosine of 50—
C—phosphate—G—30 (CpG) dinucleotides. The methylation
can regulate different key processes, such as genomic
imprinting, inactivation of X chromosome, silencing of tar-
get gene, regulation of transcription events. There are three
main enzymes involved in the methylation processes, called
DNA methyltransferases (DNMTs). They can be subdivided
according to their task (Rodr�ıguez-Paredes and Esteller
2011). In fact, DNMT1 have the role to maintain the methy-
lation pattern, especially during the replication of DNA. On
the contrary DNMT3A and DMT3B are de novo DNA
methylases, which are also involved in the methylation of
CpGs target during the genomic imprinting after the
fecundation of the oocyte (Friedman et al. 2008). The DNA
methylation was discovered in the 1948 (Bogdanovi�c and
Veenstra 2009), but only in the 1980 Razin and Riggs
described the possible correlation between gene expression
and an epigenetic modification (Razin and Riggs 1980). The
silencing of one specific DNA region can occur in two dif-
ferent ways. The first one is the interference between the
proteins involved during the transcription phase and the
methylated sequence. The other one is the intervention of
methyl-CpG-binding protein (MBD), which can determine
the recruitment of complexes to induce a remodeling of
DNA condensations. In mammals, the known to date
methyl-CpG-binding domains (MBDs) are MBD1, MBD2,
MBD3, MBD4, methylcytosine binding protein 2 (MECP2)
and Kaiso (ZBTB33) (Bots and Johnstone 2009). Their cor-
rect function is essential to avoid the occurrence of tumors.
In fact, the up-regulation of these proteins can lead to the
silencing of tumor suppressor gene (Mahmood and Rabbani
2019). Hypermethylation of DNA bases, especially in the
promoter regions, allow the binding of methyl DNA binding
proteins, which down-regulate the expression of tumor sup-
pressor and other genes. The most frequent epigenetic
alteration is increased methylation of phosphorylated cyto-
sine-guanine (CpG) in promoter sequences (CpG islands)
(Pfeifer 2018). On a global level, DNA hypomethylation is
linked with genetic stability (You and Jones 2012). DNA
hypomethylation can be frequently found in

heterochromatic DNA repeats and dispersed retrotranspo-
sons (Ehrlich and Lacey 2013). Hence, both events, hyper-
and hypomethylation, represent carcinogenic events.

Although heritable, epigenetic changes are reversible.
This opens avenues for drug development to prevent or
reverse malignant transformation of cells based on epigen-
etic changes. DNA methylation changes take part not only
in the early steps of carcinogenesis, but also in the more
progressive events in the carcinogenic cascade such as prolif-
eration, invasion, metastasis, neo-angiogenesis, apoptosis etc.
(Kanwal and Gupta 2012; Lee and Kong 2016; Thomas and
Marcato 2018).

While a majority of CpG islands resist de novo methyla-
tion, tumor suppressor and other genes are prone to DNA
methylation changes (Long, Smiraglia, and Campbell 2017).
Aberrant DNA methylation is characteristic for cancer and
some other diseases (e.g., cardiovascular diseases, neurodege-
nerative diseases, dementia, diabetes mellitus, depression)
(Smith and Ryckman 2015; Thomas and Marcato 2018).

Therapeutic intervention focusing on the inhibition of
DNMTs attempts to alter erroneously hypermethylated
tumor suppressor genes in tumor cells, although it has to be
considered that demethylation is not-target-specific and
other genes, in addition to tumor suppressor genes, may
also be demethylated (Subramaniam et al. 2014; Yoo and
Jones 2006). Several DNMT inhibitors are already used in
clinical pratice or are under clinical investigation (e.g.,
5-azacytidine, 2-deoxycytidine, decitabine (¼5-aza-20-deoxy-
cytidine)). Their clinical utility is still hampered by high
toxicities, low bioavailability, and rapid elimination
(Subramaniam et al. 2014). Hence, the quest for novel
DNMT inhibitors continues. Natural products from marine
sources (e.g., psammaplin A from the spongue Pseudocarina
purpurea) or polyphenols from terrestrian plants have been
described as DNMT inhibitors (Busch et al. 2015;
Schneider-Stock et al. 2012; Schnekenburger, Dicato, and
Diederich 2014; Thakur et al. 2014). Importantly, blood con-
centrations of flavonoids were high enough to be achievable
(8mmol/L). This gives reason to hope that i.v. administra-
tion are high enough to exert anti-DNMT inhibitory activity
(Venturelli et al. 2014), showing that the search for novel
DNMT inhibitors from natural resources is not only of
academic interest, but is also clinically reachable.

Histone methylation/demethylation

As regards histones modification, it is well known that DNA
presents different levels of organization. Chromatin is the
structured form in which DNA is present in the cell nucleus.
The basic units of chromatin are the nucleosomes that allow
a first stage of compaction of the genetic material.
Nucleosomes are constituted by approximately 146 base-
pairs associated with a complex of eight histone proteins.
This octamer forms a protein core, around which the DNA
helix is wound. Nucleosomes are separated by a section of
free DNA of variable length called spacer DNA. At a second
level of higher order organization, several groups of nucleo-
somes are packaged by histone H1 binding. Epigenetic
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modulation of this chromatin structure allows the modula-
tion of the accessibility of nuclear proteins to specific sec-
tions of DNA. The covalent modifications of histones
include phosphorylation, acetylation, ubiquitination, proline
isomerization, ADP ribosylation and sumoylation (Bannister
and Kouzarides 2011; Cohen et al. 2011; Kouzarides 2007).
All these modifications are regulated by different proteins.
For instance, the methylation and acetylation are controlled
respectively by methyltransferases (HMTs) and acetyltrans-
fereses (HATs). At the same time, these modifications can
be removed by demethylases (HDMs) and deacetylases
(HDACs) underlying the plasticity of the chromatin remod-
eling system (Kouzarides 2007). Indeed, the different con-
formation of the chromatin in its two main states is driven
also by the acetylation and methylation levels of the histo-
nes. Histone acetylation is a good example of direct mechan-
ism of chromatin modification; in fact HATs induce a
reduction of histones positive charge, promoting the access
to the DNA by the protein involved in the transcription
machinery (Xhemalce, Dawson, and Bannister 2011). The
methylation process of histone protein, which consists in the
addition of methyl groups on lysine or arginine residues,
without inducing a change in a charge of nucleosomes, is a
different modification. In this case, HMTs can add one, two
or three methyl groups on lysine residues or only one
methyl or arginine residues (Lan and Shi 2009; Ng et al.
2009). It is well known that the deregulation in the methyla-
tion pattern can also drive to carcinogenesis. The hyper or
hypomethylation of specific regions are related to the silenc-
ing or expression of the altered gene (Li, Carey, and
Workman 2007; Portela and Esteller 2010).

One important post-translational modification of histones
is the methylation of lysine and arginine residues. In this
sense, lysine can be found in mono-, di-, or trimethylated
forms, whereas arginine residues can be mono- or demethy-
lated by HMT enzymes using S-adenosyl methionine (SAM)
as the methyl group donor (Martin and Zhang 2005). The
methylation of histones is dynamic and can be reversed by
the action of HDMs. This process can result in both tran-
scription repression and activation depending on the methy-
lated residue and degree of methylation (Martin and Zhang
2005). For instance, this dual effect is evident in the fact
that the methylation of histone H3 at lysine residues 4 or 36
(H3K4 or H3K36) results in chromatin activation, while
methylation at H3K9, H3K27 or histone H4 at lysine 20
(H4K20) leads to gene silencing donor (Martin and Zhang
2005). Although methylation is mainly found in H3 followed
by H4, methylated residues have also been found in H1,
H2A and H2B. Unlike the process of acetylation of lysine
where the positive charge of the amino acid disappears,
favoring the formation of euchromatin by eliminating the
electrostatic bond between histones and DNA, methylation
of lysines and arginines does not modify the charge
(Copeland, Solomon, and Richon 2009). However, these
modifications modify the interaction with various proteins
associated with chromatin and this change can be recog-
nized by different protein modules termed effectors, which
specifically recognize these modifications (Taverna et al.

2007). The action of these protein modules facilitates spe-
cific downstream events through the stabilization or recruit-
ment of module-associated chromatin-templated machinery
(Seet et al. 2006).

The type and degree of histone modifications is different
between cell types but also diverse tumor types present alter-
ations in the general profile of histone modifications
(Morera, L€ubbert, and Jung 2016; Varier and Timmers
2011). Alterations in histone methyltransferases, including
mutational inactivation or reduced/increased expression,
have been associated with the pathogenesis of a wide num-
ber of cancers (Hess 2004; Michalak and Visvader 2016;
Nishikawaji et al. 2016). In this sense, an anomalous histone
modification pattern, which can lead to a dysregulated
expression of oncogenes and/or tumor suppressor genes, is
frequently linked to cancer (McGrath and Trojer 2015).
Consequently, histone methylation/demethylation is a prom-
ising new target for the development of novel anti-cancer
agents, being some of them in first stages of clinical trials as
potential cancer therapy (Morera, L€ubbert, and Jung 2016).

miRNAs and lncRNAs

mRNAs are small non-coding RNA long 22 nucleotides
involved in the post-transcriptional silencing and mRNA
decay (Huntzinger and Izaurralde 2011). The transcription
process starts in the nucleus thanks to RNA polymerases II,
although some miRNAs can also be transcribed by the RNA
polymerases III (Babiarz et al. 2008). The transcription of
miRNAs is under fine control. In fact, histone modification
and DNA methylation, previously described, play a main
role in the regulation of miRNA expression (Davis-
Dusenbery and Hata 2010). The transcription process gener-
ates a primary RNA, also called pri-miRNA. This transcript
is generally long 1 kb and presents a stem of 33–35 pb with
a terminal single strand segment to the 50 and 30 extremities.
The next step includes the intervention of Drosha, a RNase
III protein, and the DGCR8 (Di George syndrome Critical
Region 8 protein) to induce the assembling of microproces-
sor (Goldberg et al. 1993; Shiohama et al. 2003). The
respective functions of DGCR8 and Drosha are first to rec-
ognize the pri-miRNA target and then to process the pri-
miRNA generating a pre-miRNA. Exportin 5 (EXP5) with a
RAN-GTP binding protein mediates the translocation of
pre-miRNA from nucleus to cytoplasm (Bohnsack,
Czaplinski, and G€orlich 2004; Lund et al. 2004; Yi et al.
2003): together they induce the formation of a pre-miRNA/
EXP-5 complex and then the release of the pri-miRNA into
cytoplasm after the hydrolisation of the RAN-GTP binding
protein. In the cytoplasm another RNase III, called Dicer,
promotes the maturation of pre-miRNA through its inter-
action with the TAR RNA binding protein, which contains
specific dsRBD, i.e., double-stranded RNA binding domain
(MacRae, Zhou, and Doudna 2007). In fact, Dicer cleaves
the pre-miRNA near the terminal loop to generate a small
double strand RNA (Bernstein et al. 2001; Grishok et al.
2001; Hutv�agner et al. 2001; Ketting et al. 2001; Knight and
Bass 2001), which is loaded on the RISC (RNA-induced
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silencing complex) (Hammond et al. 2001; Tabara et al.
1999) by the argonaute proteins 1-4 (AGO 1-4) to generate
the pre-RISC complex. One strand of the RNA is now called
passenger strand, while the other is the guide strand.
Generally, the selection of the passenger strand, which is
unstable at the 50 and contains a U as first nucleotide, is
operated by AGO 1-4 (Lau et al. 2001; Okamura, Liu, and
Lai 2009; Wang et al. 2008). The final step for the matur-
ation of miRNAs is the unwinding of the RNA duplex by
the pre-RISC complex, which promotes the degradation of
the passenger strands. Nowadays is well known that also the
passenger strand could mature instead of the guide one,
even if the first is generally less active in silencing than the
latter one. This is called the canonical pathway, but also the
Drosha/DCR8-indipendend, TUTase-dependent and Dicer-
independent pathways are very important for the mainten-
ance of the organism’s homeostasis. The dysregulation of
this pathways could induce cancer or neuro-developmental
diseases (Im and Kenny 2012; Lujambio and Lowe 2012).

Nowadays, it is believed that more than 90% of the
human genome can be transcribed into RNA, although of
this percentage only 2% of transcribed RNAs is translated
into proteins, while the rest, named non-coding RNAs
(ncRNAs), is not frequently transcribed (Guglas et al. 2017;
Wahlestedt 2013). lncRNAs are a type of regulatory RNAs
constituted by more than 200 nucleotides in length and
without the capability of encoding proteins (Pauli et al.
2012). The number of lncRNAs identified is growing con-
stantly and derives from genome-wide human transcrip-
tional studies, although the majority remains to be
characterized and functionally validated (ENCODE Project
Consortium 2012). lncRNAs can be classified depending on
the genomic location into intergenic, intragenic (intronic,
exonic), overlapping and antisense (Derrien, Guig�o, and
Johnson 2012). Unlike shorter RNAs, the greater length of
the lncRNAs allows the formation of secondary and tertiary
structures. This complex structure permits these RNAs to
regulate various cellular processes including cell develop-
ment and cell differentiation, due to their ability to bind to
proteins, RNA and/or DNA (Rinn and Chang 2012). In this
sense, lncRNAs can be involved in the regulation at different
levels: chromatin organization, transcriptional, and post-
transcriptional regulation (Yang et al. 2014). In addition,
each lncRNA has its own specific location in different tissue
and cell types which in turn can determine the context of
the lncRNA function (Li, Wu, et al. 2014).

Despite the fact that the function of most of the lncRNAs
is still unknown, their deregulated expression has been
related with different diseases including diabetes, endometri-
osis or diverse types of cancers (Wang et al. 2016;
Yarmishyn and Kurochkin 2015). Specifically, lncRNAs have
a role in cancer cell proliferation, migration, invasion, and
also favor drug resistance. For example, it has been evi-
denced that the lncRNA small nucleolar RNA host gene 16
(SNHG16) is overexpressed in colorectal, bladder and lung
cancer, whereas prostate cancer antigen 3 (PCA3) can be
used as an early cancer-type specific biomarker since is only
expressed in prostate tissue (Bussemakers et al. 1999; Gao

and Wei 2017; Guglas et al. 2017). The fact that some
LncRNAs are directly related to some types of cancer opens
the door to the advance in novel strategies for cancer ther-
apy. One interesting approach reported that the depletion of
HOX Antisense Intergenic RNA (HOTAIR), a highly
expressed lncRNA in primary breast tumors and breast
metastases, significantly inhibits cancer invasiveness (Gupta
et al. 2010).

Epigenetic regulation of cancer pathogenesis
by flavonoids

An increasing number of articles reports the importance of
polyphenols in the prevention of different diseases, although
the molecular mechanism of action remains unclear for
most of them (Duthie and Brown 1994; Goldberg 1994).
Polyphenols can be classified based on their chemical struc-
ture, function, bioavailability and stability. Nowadays, more
than 8000 polyphenols have been discovered and the halves
of these are flavonoids. Though, a lot of studies achieved
results difficult to apply in practice because the studies have
been performed using often too much high polyphenols
concentration, without considering the daily intake and the
bioavailability (Dong and Surh 2008; Williams, Spencer, and
Rice-Evans 2004). In fact, in most cases only the metabo-
lized polyphenols reach the tissues after the diges-
tion process.

Naringenin

Naringenin (Figure 2) belongs to flavanone class of flavon-
oid. It occurs in many plant foods such as tomatoes, grape-
fruits and oranges. Several pharmacological activities of
Naringenin are antioxidant and anti-inflammatory, hepato-
protective, cardioprotective, anti-mutagenic and anticancer
activities (Orhan et al. 2015). As regards the influence of
naringenin on the expression levels of miRNAs, Curti et al.
analyzed the effect of racemic and enantiomeric naringenin
on the expression of two miRNAs (i.e., miR-25-5p and miR-
17-3p) concerned with the anti-inflammatory and antioxi-
dant processes on human colon adenocarcinoma cells using
1, 10 and 100mM/ml concentrations of racemic and enantio-
meric Naringenin. The results showed that racemic naringe-
nin exerted epigenetic activity being able to downregulate
miR-17-3p at the concentration of 100 lg/ml and determin-
ing the up-regulation of mRNA coding for Mn-Superoxide
dismutase (MnSOD) and glutathione peroxidase 2 (GPx2).
Both enantiomeric naringenin exerted the downregulation of
miR-17-3p at the concentration of 10 and 100lg/ml. Also,
in this case the suppression of miR-17-3p induced the up-
regulation of MnSOD and GPx2 mRNA. Interesting results
were achieved also for miR-25-5p using both enantiomeric
naringenins, whose expression level was downregulated at
the concentration of 10 and 100lg/ml. However, in this
case the miR-25-5p targets (TNF-a and IL-6 mRNAs) were
not downregulated, underlying the complex regulation of
epigenetic mechanisms (Curti et al. 2017). Shi et al. (2016)
studied the neuroprotective action of naringenin after a
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laminectomy at T9-T11 and compression using a vascular
clip on five different groups of Sprague-Dawley rats treated
for 11 consecutive days. The groups were subdivided into
control group, sham group (treated with saline injection by
intraspinal injection), SCI group (Spinal Cord Injury)
treated with saline, and two SCI groups treated with narin-
genin at the concentrations of 50 and 100mg/kg, p.o. The
study showed that miR-223 played an important role in the
granulocyte production (Shi et al. 2016). In fact, the authors
reported that naringenin induced an up-regulation of this
miRNA in the L4-L6 spinal cord. Moreover, they confirmed
the presence of the miR-223 in the cytoplasm using in situ
hybridization. Another in vivo research on naringenin was
performed by Yan et al. (2016) that studied the reduction of
blood glucose level in Sprague Dawley rats. The animals
were subdivided into two different groups, the control group
(n¼ 5) and the DN (Diabetic Nephropathy) group (n¼ 20).
The DN group was further subdivided into two other

groups, the first one was treated with saline (DN group)
(n¼ 8), while the other one was treated with naringenin
(NAR group) at the dose of 50mg/kg/day with gavage for
six weeks (n¼ 10). Generally, the DN patients present a
downregulation of let-7a, which is important for the control
of the glucose metabolism and insulin synthesis/secretion.
The results showed that naringenin is responsible for the
increase of the expression levels of let-7a in the NAR group
compared with the DN group, underlying the possible use
of naringenin against the DN.

Kaempferol

Kaempferol (Figure 2) is a flavonol that has been isolated
from a number of commonly used vegetables and fruits
(Lin, Luo, et al. 2015; Mandery et al. 2010; Palacz-Wrobel
et al. 2017) and medicinal plants (Grosso et al. 2015; Han

Figure 2. Some major flavonoid compounds involved in chemoprevention and treatment.
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et al. 2007). This plant derived flavanol has shown outstand-
ing diverse pharmacological effects (Che et al. 2017; Choi
et al. 2015; Dasgupta and Klein 2014; Devi et al. 2015). The
flavanol intake, especially kaempferol, has shown strong
anticancer properties against various cancers, such as poten-
tial reduction in the risk of pancreatic cancer as reported by
Nothlings and coworker (Nothlings et al. 2007). Similarly,
multiple studies have supported the significant protective
role of this compound in the risk assessment of ovarian can-
cer alone as well as in combination with other flavanol
(Cassidy et al. 2014; Gates et al. 2007).

A German research group of Berger et al. (2013) found
that kaempferol had a marked inhibition of HDACs (Berger
et al. 2013). As the HDACs inhibitors have current clinical
interest in the treatment of cancer treatment (McClure, Li,
and Chou 2018), the same study was extended to evaluate
the action of HCT-116 colon cancer cells as well as human-
derived hepatoma cell lines HepG2 and Hep3B. The results
indicated that the various concentrations of kaempferol
antagonized the various classes of HDAC including I, II,
and IV enzymes. Similarly, the study showed downstream
regulation of cellular viability and proliferation against vari-
ous cell lines (Berger et al. 2013).

Similarly, regulation of disheveled binding antagonist of
beta catenin 2 (DACT2) has been challenged by kaempferol
treatment experimental model in which type of cells? (Lu
et al. 2018). DACT2 modulation by DNA hypermethylation
is reported in numerous cancer cell lines (Xiang et al. 2016;
Zhang et al. 2016). It binds with b-catenin, suppresses the
formation of the b-catenin/LEF1 complex and thus causes
downstream regulation of tumor growth, invasion and
metastasis in nucleus (Wang, Dong, et al. 2015), explaining
its crucial role in cancer (Damsky et al. 2011; Oloumi,
McPhee, and Dedhar 2004). In 2018, the study of Lu et al.
demonstrated that kaempferol treatment in colorectal cancer
cells causes marked over expression of DACT2 with strong
reduction in the DACT2 demethylation. In the same study,
it bonded to DNA methyltransferases DNMT1 and pro-
duced unmethylated DACT2 effect. The epigenetic effect of
kaempferol was induced through nuclear b-catenin expres-
sion to inactivate Wnt/b-catenin modulation and thus the
epigenetic stimulation of the compound that occurred
though DACT2 expression, significantly interfered with the
proliferation and treatment of colorectal cancer (Lu
et al. 2018).

Luteolin

Luteolin (Figure 2) is a well-known flavone that has been
isolated from a number of fruits and vegetables (Hertog,
Hollman, and Katan 1992; Prior and Cao 2000) as well as
medicinal plants (Seelinger, Merfort, and Schempp 2008;
Srinivasa et al. 2004). Since long time, this natural com-
pound has shown an outstanding therapeutic potential in
the treatment of a variety of ailments (Kwon 2017; Liu et al.
2018; Wang et al. 2017). Similarly, this natural compound
possesses strong anticancer effects in different types of
human cancer cell lines including breast cancer

(Hasanpourghadi, Pandurangan, and Mustafa 2018), cervical
cancer (Lin, Lai, et al. 2015), gastric cancer (Zhou et al.
2018), colon cancer (Xavier and Pereira-Wilson 2016) and
lung cancer (Kasala et al. 2016). Attoub et al. (2011) have
shown strong anticancer, antitumor effects as well as pre-
ventative actions of luteolin (Attoub et al. 2011), while Yoo
et al. (2009) have demonstrated that various proteins, perox-
iredoxin 6 (PRDX6) and prohibitin (PHB) are involved in
the anticancer role of luteolin (Yoo et al. 2009).

DNA methyltransferase (DNMT) regulates DNA methyla-
tion and the over expression of this enzyme has been docu-
mented in a number of cancers (Chen et al. 2018; Tse et al.
2017; Wirbisky-Hershberger et al. 2017). Interestingly,
DNMT modulation is a potential target for the cancer treat-
ment as DNA methylation is a reversible biochemical pro-
cess (Kim et al. 2012; Tse et al. 2017). Luteolin caused
marked attenuation of DNMT enzyme at various test con-
centrations (20 and 50 mmol/L) with overall >50% inhibition
at 50mmol/L (Fang, Chen, and Yang 2007). Similarly,
Kanwal et al. (2016) studied the effect of luteolin against
DNMTs and HMTs in vitro (Kanwal et al. 2016). The results
showed that the inhibitory profile of luteolin was the best
among the tested flavonoids. The effects were further sup-
ported by the molecular docking studies and the OH group
was involved in hydrogen bonding. The luteolin binding
with DNMT residues was supported by at least six different
hydrogen bond interactions and, thus, the relative binding
strength for luteolin was also high with high docking score.
Luteolin also showed marked concentration dependent effect
on H3K27me3 activity and the protein expression of EZH2.
However, DNA interaction with luteolin has been reported
as a complex process and might have some additional bind-
ing phenomena (Zhang et al. 2012).

Quercetin

Quercetin (Figure 2) has emerged as a premium phytochem-
ical because of its ability to pleiotropically modulate myriad
of proteins. Quercetin was observed to be very effective
against prostate cancer cells, as it reversed epigenetic inacti-
vation of androgen receptor (AR) (Baruah, Khandwekar,
and Sharma 2016). Quercetin worked synergistically with
curcumin and induced re-expression of epigenetically
silenced AR in cancer cells of prostate origin (Baruah,
Khandwekar, and Sharma 2016). Expectedly, treatment of
AR expressing prostate cancer cells with an AR-antagonist
(bicalutamide) induced apoptosis (Baruah, Khandwekar, and
Sharma 2016). These findings provided clues that restoration
of AR in androgen refractory PCa cells is necessary to maxi-
mize bicalutamide-mediated apoptotic response.

Mechanistically it was shown that extracellular signal-
regulated kinases (ERK) and c-Jun N-terminal kinases (JNK)
played central role in quercetin-induced activation of HAT
(Lee, Chen, and Tseng 2011). It had been experimentally
verified that quercetin-induced activation of HAT was
severely impaired in cancer cells pretreated with ERK and
JNK inhibitors. Quercetin promoted histone H3 acetylation
through HAT that consequently resulted in transcriptional

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION 7



upregulation of FasL gene in leukemic HL-60 cells (Lee,
Chen, and Tseng 2011). Rapidly emerging scientific findings
are also informing us about different strategies to improve
bioavailability of quercetin. In accordance with this concept,
PLGA-loaded gold-nanoparticles precipitated with quercetin
have shown excellent promise. Quercetin loaded nanopar-
ticles markedly reduced HDAC1 and HDAC2 in HepG2
cells (Bishayee, Khuda-Bukhsh, and Huh 2015).

Quercetin belongs to the flavanol class of flavonoids. It is
commonly found in many plants foods and is known as
excellent natural antioxidant and radical scavenger of ROS
i.e., reactive oxygen and RNS i.e., reactive nitrogen species
under both in vitro and in vivo conditions.

Many physiological effects are ascribed to quercetin such
as anti-inflammatory, anti-apoptotic, neuroprotective, hepa-
toprotective, and antiobesity activities (Barreca et al. 2016;
Miltonprabu et al. 2017; Nabavi et al. 2015). As far as the
epigenetic activity of quercetin is concerned, Mahesh et al.
investigated quercetin role in pancreatic cancer studying the
expression level of miR-let-7. Different cell lines of pancre-
atic ductal adenocarcinoma (PDA) were used such as BxPc-
3, MIA-PaCa2, CRL-1097 (h-TERT-HPNE immortalized
pancreatic duct cell), and PaCaDD-183 (primary cells
obtained from patients). All cell lines were treated with
quercetin and other polyphenols (i.e., catechin gallate [CG],
epicatechin gallate [ECG], epigallocatechin gallate EGCG] or
polyphenol rich extract (green tea extract), or bioactive com-
pounds such as DL-sulforaphane). One of the aims of this
study was to observe the upregulation of miR-let-7, which is
able to suppress the growth of pancreatic cancer. Some evi-
dence suggests, in fact, that a poor prognosis in many can-
cer types is determined by the downregulation of KRAs and
upregulation of miR-let-7. To understand if the treatments
with the selected bioactive substances, alone or in combin-
ation, were able to induce the upregulation of the selected
miRNA, all cell lines were analyzed after the inhibition of
KRAs. The results showed that quercetin could mediate the
upregulation of miR-let-7 at the concentration of 200mM
(Appari et al. 2014).

Nwaeburu et al. (2017) studied the activity of quercetin
on the expression levels of miRNAs after 12 h of treatment
of AsPC1 human pancreatic adenocarcinoma cells. The
results highlighted 11 different miRNAs implicated in the
Notch signaling, which regulate neurovascular development
and progression of pancreatic cancer (B€uchler et al. 2005).
Subsequent in vitro studies determined the significance of
miR-200-3p in the cell fate determination in this type of
cancer. Besides the cell line AsPC1, PANC1 and
ASANPaCa, treated with 50 lM quercetin or trasfected with
50 nM mimic miRNA-200b-3p, were studied. To understand
if this miRNA could regulate the Notch pathway, the
authors performed a luciferase reporter assay, using Notch1
and Numb as targets. After 48 h from transfection they reg-
istered a reduction of luciferase Notch1 activity only in the
cell lines used in this research in which the presence of the
miR-200-3p was registered. Furthermore, miR-200-3p over
expression after the treatments cited above, decreased the

proliferation of cancer stem cell after three generation using
a tumorsphere propagation assay (Tao, He, and Chen 2015).

In previous investigation, Li et al. (2015) investigated the
downregulation of miRNA-27a on 786-O renal cancer cell.
The results showed that the combination of quercetin and
hyperoside (QH) at 0 lM to 20 lM concentration, after the
treatment of 24 hours, could decrease the level of miRNA-
27a, an inhibitor of specificity protein (Sp) transcription fac-
tors, which are generally overexpressed in various types of
cancers. Tao, He, and Chen (2015) studied the upregulation
of miR-146a in human breast cancer cells (MCF-7 and
MDA-MB-231 cell lines) after the treatment with quercetin.
Previous studies showed the importance of this miRNA in
the regulation of apoptosis through the activation of cas-
pase-3. The experiment was conducted with or without
transfection of mimic and anti-miR-146a treating cell with
quercetin (at the concentrations of 25, 50, 80, and 100 lM/
ml) for 48 hours. The efficiency of transfection was 80% for
both cell lines at the concentration of 100 nmol/L; this pro-
cedure was used to verify the possible correlation between
the proliferation of these malignant cell lines and miR-146a.
After the treatment an up-regulation of this miRNA was
registered, and this effect was respectively magnified or can-
celed after the transfection with mimic-miR146a or anti-
miR-146a.

Another miRNA involved in the apoptosis process is
miR-34a, which seems to be an important factor in the p53
pathway. HepG2 and Huh7 cell lines were treated with a
concentration of quercetin of 31.25mM for 48 hours. For
HepG2 a significant difference between the control and the
treated cells (3 h, 6 h, 12 h, 24 h and 48 h) were registered,
supporting a time dependent action of quercetin. Moreover,
no significant difference in the expression levels of miRNA-
34a at time 0 and 24 h in HepG2 p-53 siRNA transfected
cell after the treatment with quercetin at the concentration
of 31.25 mM was registered (Lou et al. 2015).

Induction of apoptosis by quercetin was investigated also
by Zhou et al. Expression levels of miR-145 in ovarian can-
cer cell lines was the main focus of their research (i.e.,
SKOV-3 and A2780) treated with quercetin at concentra-
tions of 25, 50 and 100 mm/ml, for 24 h. The results showed
that quercetin induced an over expression of miR-145 in a
dose-depend manner, suggesting that quercetin could stimu-
late apoptosis in ovarian carcinoma through the expression
of caspase-3. The use of anti-miR-145 in this specific cell
lines induced a reversion of the quercetin effect confirming
this miRNA as a main agent in the subsequent apoptotic
event (Zhou et al. 2015).

Zhang et al. (2015) investigated the opportunity to use
the quercetin with cisplatin to treat osteosarcoma through
the modulation of microRNA-217, which targets the KRAS
in osteosarcoma acting as tumor suppressor via the inhib-
ition of cell proliferation and metastasis. Human osteosar-
coma 143B cells were treated with quercetin (5 mM) and
cisplatin (5 mM) for 24 h and 48 h. The results showed that
the combination of quercetin and cisplatin increased miR-
217 expression levels. Moreover, a downregulation of KRAS
mRNA and protein expression was registered.
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In 2015, Wang, Phan, et al. (2015) investigated the activ-
ity of quercetin (at concentrations of 5, 10 and 20 mM), arc-
tigenin (at concentrations of 0.5, 0.1 and 0.2 mM) alone and
in combination in LNCaP and LAPC-4 (human prostate
cancer cell lines), to induce an anti-proliferative effect
through the regulation of different miRNAs. Arctigenin,
which belongs to the class of lignan and is considered an
important anti-inflammatory molecule, derived from
Arctium lappa seeds (Li, Carey, and Workman 2007), inhib-
ited the expression of miR-19b, miR21, miR-148a in the
LAPC-4 cell line but not for LNCap. However, the combin-
ation of arctigenin with quercetin induced a down-regula-
tion of miR-21 by 40% and 70% for both miR-19b and
miR-148a, while for the LNCaP cells induced a down-regu-
lation of 20%–30% for all miRNAs (Wang, Phan,
et al. 2015).

Pratheeshkumar et al. (2017) studied the expression of
miR-21, which is increased in many human cancers, in lung
cancer. In particular, immortalized (BEAS 2B) human bron-
chial epithelial cells were exposed to quercetin (at the con-
centrations of 1 and 2 mM) and a well known carcinogen,
hexavalent chromium Cr(VI) (at the concentration of
0,5 mM), for two, four and six months to verify miR-21and
PDCD4 (programmed cell death 4) expression levels.
PDCD4 is considered a suppressor gene that indicates the
tumor progression and is a direct target of the miR-21
(Gupta et al. 2010; Ji et al. 2003). In this study the treatment
with Cr(VI) induced an over expression of miR-21 with a
downregulation of PDCD4 after the performance of RT-
PCR and western blot analysis. In the presence of quercetin,
a dose-depend suppression of miR-21 and an increase of
PDCD4 were registered. The stable knockdown of this
miRNA after Cr(VI) treatment for six months did not deter-
mine the canonical malignant transformation, confirming
the oncogenic role of this miRNA. However, in this case,
the combination with quercetin did not exhibit the same
effect registered for the qRT-PCR experiment. These results
were confirmed in vivo after the injection of BEAS-2B cells
treated with Cr(VI), alone or in combination with quercetin,
in nude mice. In particular, the growth of the tumor was
evident in mice injected with BEAS-2B cells, treated with
Cr(VI). On the contrary, tumor size and progression were
reduced when quercetin was added to the treatment of
BEAS-2B cell. These results suggested that quercetin could
delay and reduce the malignant transformation of BEAS-
2B cell.

Recently, Su et al. (2017) studied the effect of lychee
(Litchi chinesis) pulp extract rich in polyphenols on hepatic
lipid accumulation. The main compounds of lychee are
quercetin 3-O-rutinoside-7-O-a-L-rhamonisdase (quercetin
3-rut-7-rha), rutin and (-)-epicatechin. The main focus of
study was to monitor the expression levels of different
miRNAs related to lipid metabolism and obesity in dyslipi-
demic mice treated with lychee pulp extract. To induce dys-
lipidemia 30 mice were subdivided into 3 groups of 10 mice.
The first one was the High Fat Diet group (HFD), the
second one was the HFDþ lychee pulp extract group, and
the last one was the Control Diet (CD) group. All the

groups were feed for 10weeks and at the end blood was col-
lected from the orbital sinus. The RT-PCR results showed
an up-regulation of miR-122 and a down-regulation miR-33
in the HFD group if compared with control group.
However, expression of both miRNAs decreased after the
treatment with lychee pulp extract suggesting a possible
hypolididemic mechanism of quercetin.

Apigenin

Apigenin (Figure 2) has attracted considerable appreciation
because of its ability to target different HDACs in different
cancers. It has recently been convincingly revealed that api-
genin arrested MDA-MB-231 BCa cells in G2/M phase
(Tseng et al. 2017). Detailed mechanistic insights revealed
that apigenin considerably induced acetylation of Histone-3
and repressed HDAC activity. Chromatin immunoprecipita-
tion analysis indicated that apigenin induced an increase in
acetylation of Histone-H3 in the p21WAF1/CIP1 promoter
region that consequently resulted in transcriptional upregu-
lation of p21WAF1/CIP1 (Tseng et al. 2017). Furthermore,
apigenin was also found to efficiently target HDAC1 and
HDAC3 in prostate cancer cells. Apigenin-modulated inhib-
ition of HDACs induced global acetylation of H-3 and H-4,
as well as hyperacetylation of histone H3 on promoter
region of p21/waf1 (Pandey et al. 2012).

Apigenin triggered super induction of activating tran-
scription factor 3 (ATF3) mainly through increasing the
association of HuR proteins to ATF3 transcript (Park et al.
2014). HuR are RNA-binding proteins which regulate stabil-
ity and cytosolic-nuclear localization of mRNAs rich in AU-
rich elements. Structural studies provided evidence of accu-
mulation of ATF3 at the promoter region of early growth
response protein 1 (EGR-1). DNA-binding basic leucine zip-
per domain of ATF3 interacted with cyclic AMP response
element present in promoter region of EGR-1. More import-
antly ATF3 worked synchronously with HDAC to epigeneti-
cally inactivate EGR-1 in cancer cells (Park et al. 2014).
Data clearly suggested that apigenin effectively repressed ER
stress-induced chemokine expression mainly through epi-
genetic inactivation of EGR-1; however, EGR-1 over expres-
sion severely impaired apigenin-mediated suppressive effects
on chemokine expression.

Myricetin

Dietary factors such as certain type of flavonoid compounds
were reported to play beneficial role on human health by
regulating the epigenome (Fang, Chen, and Yang 2007).
Polyphenols including anthocyanins, stilbenoids, phenolic
acids and flavonoids (especially epicatechin, quercetin and
myricetin), which are abundant in vegetables, fruits, wine
and tea, were found to induce autophagy and protein deace-
tylation by stimulating the SIRT1 deacetylase effect
(Ratovitski 2017; Pietrocola et al. 2012). Myricetin was
reported to increase endogenous SIRT1 level, and through
SIRT1 activation, it displayed downregulatory activity on
cMyc and beta-catenin and upregulatory effect on HIF-1
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alpha (Ayissi, Ebrahimi, and Schluesenner 2014; Hong et al.
2012). In a previous study by Lee et al., inhibitory activity
on DNA methylation was assessed for catechol containing
flavonoids including myricetin. The tested bioflavonoids
were found to concentration-dependently inhibit SssI DNA
methyltransferase (DNMT) mediated DNA methylation.
Myricetin demonstrated higher effect than quercetin and
fisetin with the IC50 value of 0.7 mM. Without catechol-O-
methyltransferase (COMT), myricetin exhibited 60% direct
inhibitory effect on DNA methylation at 20 mM concentra-
tion. Myricetin inhibited DNMT1-mediated DNA methyla-
tion with the IC50 value of 1.2mM in the presence of COMT
(Lee, Shim, and Zhu 2005). It was also reported that myrice-
tin inhibited or stimulated epigenetic effects, depending on
the experimental conditions (Ayissi, Ebrahimi, and
Schluesenner 2014). Strong DNMT inhibitory action of myr-
icetin was attributed to its pyrogallol moiety (Gilbert and
Liu 2010). In parallel to in vitro studies, clinical studies,
which evaluated the relationship between the epithelial ovar-
ian cancer risk and the flavonoid intake, revealed that con-
sumption of quercetin, kaempferol, luteolin, apigenin and
myricetin is correlated with a lower ovarian cancer risk
(Cassidy et al. 2014; Gates et al. 2007). Onion, strawberry,
green and black tea were reported to contain these flavo-
noids especially myricetin (Busch et al. 2015).

Daidzein and genistein

Daidzein and genistein (Figure 2) are two of the most repre-
sentative and well-characterized isoflavones found in several
legumes (especially, soy bean), vegetables, fruit, lentils, nuts
and seeds, able to exert phyto-oestrogenic activity thanks to
their similarity in structure with 17-b-estradiol (Busch et al.
2015; Hardy and Tollefsbol 2011; Rietjens et al. 2013;
Rimbach et al. 2008). The effects of isoflavones have been
tested both in vitro and in vivo, although attention may be
taken in the use of the two isoflavones, especially in hor-
mone dependent cancer pathologies in humans (Allred et al.
2001; Mart�ınez-Montemayor et al. 2010). The role of daid-
zein and genistein in DNA methylation has been described
by Vardi et al. (2010). They analyzed the effects of these iso-
flavones on 4 genes (glutathione S-transferase P1, ras associ-
ation domain family-1, ephrin B2 and breastcancer-1)
through methylation-specific-PCR in prostate cell lines. The
cells treatment with 40 or 110lM genistein and daidzein,
respectively, resulted in a reversion of DNA hypermethyla-
tion, data confirmed also by immunohistochemistry analysis,
that highlighted an increased expression of the correspond-
ing proteins (Vardi et al. 2010).

Genistein (at a concentration of 2–20 lM) has inhibitory
effect on DNA methyltransferase activity in both purified
recombinant enzyme and nuclear extracts either alone or in
combination with trichostatin, sulforaphane or 20-deoxy-5-
aza-cytidine, and its activity is superior to other isoflavones
like daidzein and biochanin A (Fang et al. 2005). The inhib-
ition of DNA methyltransferase activity in dose-dependent
fashion is function of both substrate- and methyl donor-
dependent inhibition processes. Quantitative real-time PCR

and Methylation-specific PCR showed a reduction of gen-
omic DNA hypermethylation and an increase in the protein
amount of retinoic acid receptor b, p16INK4a, and O6-
methylguanine DNA methyltransferase in human KYSE-510
cells (Fang et al. 2005). In KYSE-150 cells (esophageal squa-
mous cells) carcinoma and in LNCaP and PC-3 (prostate
cancer cells lines), genistein (20–50 lM) influenced the levels
and availability of S-adenosyl methionine and subsequently
brought to the inhibition of DNMT by competitive and
noncompetitive mechanisms (Zhang and Chen 2011).
Genistein influences also telomerase activity. The isoflavone
brought to the inhibition of human telomerase reverse tran-
scriptase (hTERT) in a time- and dose-dependent fashion,
impacting on epigenetic pathways by the decrease in the
DNMT1, 3a and 3 b activity i.e., activity of three major
DNA methyltransferases (Li et al. 2009). In addition, the
same authors (Li et al. 2009) described the remodeling of
chromatin structures of the hTERT promoter by genistein
following the increase in trimethyl-H3K9 but the decrease of
dimethyl-H3K4. Moreover, the treatment of breast cancer
cells (MDA-MB-231 and MCF7) with daidzein (78.5 lM) or
genistein (18.5mM) was able to increase histone acetylation
and reduce histone trimethylation of six different genes. In
fact, chromatin immunoprecipitation coupled with quantita-
tive PCR showed modification of histone-lysine N-methyl-
transferase, breast cancer 1, early onset (BRCA1), nuclear
receptor coactivator 3, estrogen receptor a and b, and P300,
all genes involved in the production of proteins associated
with breast cancer (Dagdemir et al. 2013). In vivo study on
epigenetic effects of isoflavones has been reported by Zhang,
Li, and Chen (2013). Purified or soy protein lysate genistein
was given to rats and compared to a genistein-free control
diet (Zhang, Li, and Chen 2013). The obtained results, after
carcinogen azoxymethane injection, showed a dietary genis-
tein modulation of wingless-related integration site genes by
histone modifications and DNA methylation, highlighting
the role of genistein not only in DNA methyltransferases
inhibition, but also on sirtuin inhibition and histone acetyl-
transferase activation (Kikuno et al. 2008; Rajendran et al.
2011; Zhang, Li, and Chen 2013). Reported that genistein
and daidzein (both administered at 1.0mg per 30 g BW, sin-
gle concentration, every 4weeks) suppressed the estrogen-
related endometrial carcinogenesis in mice, reducing the
expression of internal cytokines (TNF-a and IL-la), estro-
gen-induced estrogen-related genes c-fos and c-jun, and a
system that involved both cytokine and estrogen receptor-
mediated pathways.

EGCG

EGCG (Figure 2) is one of the most widely studied dietary
flavan derivatives found in tea (Camellia sinensis (L.)
Kuntze) and many other plant species (Wai Kan Yeung
et al. 2018). EGCG has been reported as a potent antioxi-
dant compound along with its various health promoting and
disease promoting activities (Nagle, Ferreira, and Zhou
2006; Singh, Shankar, and Srivastava 2011). ECGC is also
one of the phytochemicals studied widely for its epigenetic
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modulatory activity. Berletch et al. (2008) evaluated the
human telomerase reverse transcriptase (hTERT) inhibitory
activity of EGCG in MCF-7 breast cancer cell lines and
HL60 promyelocytic leukemia cell lines. EGCG reduced the
cellular proliferation and induced apoptosis in both cells line
through down regulation of hTERT gene expression through
epigenetic alterations. Balasubramanian, Adhikary, and
Eckert (2010) studied the role of EGCG on the function B-
cell-specific Moloney murine leukemia virus integration site
1 (Bmi-1), key protein of epigenetic regulators for cell sur-
vival and enhancer ofzeste homolog 2 (Ezh2) in SCC-13
cells. ECGC treatment in these cells reduced the levels of
both Bmi-1 and Ezh2. The reduction was associated with
the reduction in histone H3 lysine 27 trimethylation.
Pandey, Shukla, and Gupta (2010) studied the role of green
tea polyphenols on gluthathione-S-transferase pi (GSTP1)
re-expression. When treated with green tea polyphenols, re-
expression of GSTP1 was observed in human cancer prostate
cancer LNCap cells. Fang et al. (2007) reported the 5-cyto-
sine DNA methyltransferase (DNMT) inhibitory and methy-
lation-silenced genes reactivating activity of EGCG in
human esophageal squamous cell carcinoma cell lines KYSE
510 and KYSE 150. Moseley et al. (2013) reported that
EGCG treatment in HCT 116 human colon reduced the
expression of histone deacetylases (HDACs) and DNA
methyltransferases (DNMTs), through their degradation.
Meeran et al. (2011) studied the effect of EGCG or its pro-
drug on cell proliferation of human breast cancer MCF-7
and MDA-MB-231 cells and their activity on human tel-
omerase reverse transcriptase (hTERT) expression. Both
EGCG and its pro-drug inhibited the proliferation of these
cells and inhibited the transcription of hTERT through epi-
genetic mechanisms.

Fisetin

Fisetin (Figure 2) is a flavonol derivative found in various
fruits and vegetables including strawberries, apples, grapes,
persimmons, kiwi fruits, onions, lotus roots, cucumbers, etc.
(Kashyap et al. 2018; Khan et al. 2013). Various studies have
reported the antioxidant, anti-inflammatory, neuroprotective,
anticancer activities of fisetin (Ahmad et al. 2017; Donado,
Sandoval, and Carrillo 2011; Khan et al. 2013; Park
et al. 2007).

Fisetin has been reported to induce apoptosis and inhibit
the growth in hepatic, colorectal and pancreatic cells lines
i.e., HepG-2, Caco-2, and Suit-2, respectively by multiple
signaling pathways which mainly included the activation of
CDKN1A, SEMA3E, GADD45B and GADD45A genes and
down-regulation of TOP2A, KIF20A, CCNB2 and CCNB1
genes (Youns and Hegazy 2017).

Lee, Shim, and Zhu (2005) evaluated the DNA methyl-
transferase (DNMT) inhibitory activity of fisetin and other
flavonoids. Fisetin showed concentration-dependent of the
prokaryotic SssI DNMT and human DNMT1-mediated
DNA methylation. Recently, fisetin was reported to inhibit
the ten eleven translocation protein, TET1 expression in
renal cancer stem cells (HuRCSCs). Fisetin also reduced the

5-hydroxymethylcytosine (5hmC) modification in specific
loci in the promoters of CpG islands in cyclin Y/cyclin
dependent kinase (CCNY/CDK16) in these cells (Si
et al. 2019).

Silibilin

Silibinin (Figure 2) is a flavanolignan derivative isolated
from milk thistle (Silybum marianum (L.) Gaertn.). Silibinin
and its mixture with other stereoisomers, known as sily-
marin, are being used in the treatment of liver diseases and
also reported to be a potent cancer chemopreventive agent
(Bosch-Barrera and Menendez 2015; Lu et al. 2012; Ullah
and Khan 2018). Anestopoulos et al. (2016) evaluated the
pleiotropic effects of silibinin in DU145 and PC3 human
prostate cancer cell lines. Silibinin reduced the gene expres-
sion levels of the Polycomb Repressive Complex 2 (PRC2)
members such as Enhancer of Zeste Homolog 2 (EZH2),
Suppressor of Zeste Homolog 12 (SUZ12), and Embryonic
Ectoderm Development (EED). Silibinin was also found to
decrease histone deacetylases 1-2 (HDACs1-2) expression
level and increase in total DNA methyltransferase (DNMT)
activity. Similarly, Kauntz et al. (2013) evaluated the epigen-
etic effects of silibinin in the primary adenocarcinoma cells
SW480, a model for colon cancer cell progression and their
metastatic cells SW620. Silibinin inhibited the DNMT activ-
ity in both of these cells lines; however, histone deacetylase
(HDAC) activity was not affected. Silibinin also showed syn-
ergetic activity with suberoylanilide hydroxamic acid
(SAHA), a HDAC inhibitor and trichostatin A (TSA), a
broad spectrum HDAC inhibitor. In another study, Mateen
et al. (2012) studied the combined effects of silibinin with
TSA or SAHA against non-small cell lung cancer (NSCLC),
where silibinin inhibited the HDAC activity and decreased
HDAC1-3 levels. Silibinin also decreased the cytotoxic activ-
ity of HDCA inhibitors. Mateen et al. (2013) also evaluated
the anticancer activity of silibinin against lung cancer
through activity to modulate E-cadherin expression in
NSCLC cell lines. Silibinin in combination with TSA or 50-
aza-deoxycytidine (Aza), a DNMT inhibitor, significantly
restored the E-cadherin levels and also decreased the inva-
sion or migration of these cells. Authors concluded that sili-
binin in combination with TSA or Aza is a potent inducer
of E-cadherin expression and inhibitor of these cells’ migra-
tion and invasion potential.

Anthocyanins

Anthocyanins (cyanidin, delphinidin, malvidin, and pelargo-
nidin) (Figure 2), a class of flavonoid derivatives, are major
chemical constituents responsible for the beautiful colors of
many colorful flowers, fruits and vegetables (Iwashina 2015).
Anthocyanins are reported to have strong antioxidant activ-
ity and to be responsible for the prevention and treatment
of various diseases (de Pascual-Teresa and Sanchez-Ballesta
2008; Peiffer 2018).

Various plant/fruit extracts rich in anthocyanins and pure
anthocyanins compounds have been evaluated for their
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potential activity in modulating epigenetics. Black raspber-
ries powder was administered to colorectal adenocarcinoma
patients for 1–9weeks and the expression of DNMT1 and
genes associated with cell proliferation, angiogenesis and
apoptosis. Administration of anthocyanins rich black rasp-
berries powder was found to reduce the expression of
DNMT1 (Wang et al. 2011). Wang et al. (2013) further
purified the extract to obtain anthocyanins enriched extract
containing cyanidin 3-O-glucoside, cyanidin 3-O-rutinoside,
cyanidin 3-O-xylosylrutinoside and cyanidin 3-O-sambubio-
side and evaluated the activity of demethylation for antho-
cyanins. Treatment of anthocyanins rich extract was found
to decrease the activity and protein expression of DNMT1
and DNMT3B in cancer cell lines, HCT116, Caco2 and
SW480 cells.

Flavonoids and cancer risk

At the end of the last century there was increasing aware-
ness that many chronic diseases and/or cancers can be pre-
vented by proper nutrition. Almost 20 years ago, in 1999
World Cancer Research Fund and AICR (American Institute
for Cancer Research) published report which focus mainly
on the prevention of cancer, with clear emphasis on role of
food and nutrition in reduction of the risk of specific can-
cers, and importance of dietary factors likely to increase risk
(World Cancer Research Fund/American Institute for
Cancer Research 2007). In this report, international experts
concluded that intake of fruit and vegetables are inversely
related to several cancers development. This report triggers
studies dealing with the question of which phytochemicals
in dietary sources may have cancer preventive properties.
Groups of polyphenols- and flavonoids-exert powerful anti-
cancer effects in various in vitro conditions (Table 1) and
become under investigation for their putative chemoprotec-
tive properties. Their role in cancer prevention has been
extensively studied and reviewed (Mohammadi et al. 2016;
Neuhouser 2004; Romagnolo and Selmin 2012; Sak and
Everaus 2015), but conclusions are inconsistent. Common
way of studying the role of flavonoids in cancer risk has
been epidemiological studies whose purpose is the determin-
ation of the factors associated with the onset of specific can-
cer and if flavonoid intake plays role in this process. For
example, recently published study by Zamora-Ros et al.
(2017) observed the relation between intakes of total flavo-
noids and risk of colorectal cancer development. In that
study authors did not find relation of total flavonoid intake
with risk of overall colorectal cancer or any subtype. This is
just one example, but during the last couple of decades
many similar epidemiological studies have been published
with, unfortunately, inconsistent conclusions. Therefore,
over the years, scientist performed meta-analysis and gain a
more powerful conclusion from relevant studies. Some of
the meta-analysis of epidemiologic studies related to the fla-
vonoids and cancer risk published in the last 10 years are
summarized in the Table 2.

Recently, comprehensive meta-analysis including 143
studies published focused on cancer risk and intake of

lignan and dietary flavonoid (Grosso et al. 2017). Meta-anal-
yses revealed that isoflavones significantly decreases risk of
stomach and lung cancers and nearly significant colorectal
and breast cancers, while non-significant reduction in risk of
breast cancer were showed with intake of total flavonoids.
At the end, Grosso et al. (2017) concluded that research on
this topic is far from being decisive or even comprehensive
and thus further research studies are needed to increase the
quality and quantity of available data and to confirm current
potential trends toward decreased risk.

Clinical trials of flavonoids in treating cancer

Flavonoid compounds have been examined against cancer
patients under various clinical trials (Table 3) and some of
them discussed in this section.

A semi-synthetic flavonoid (7-monohydroxyethylrutoside)
was tested clinically in humans (age between 19 and
56 years) using a single blind randomized trial (Bast et al.
2007). At each dose level (from 100 to 1500mg/m2), six vol-
untaries were received flavonoid and three received placebos.
The dose of 1500mg/m2 was found to be safe in phase I
trial and could be further investigate for phase II trial
against doxorubicin-induced cardiotoxicity in cancer patients
(Bast et al. 2007). In another study, quercetin was examined
for phase I clinical trial and administered i.v. dose (from
60mg/m2 to 1700mg/m2) at 3-week interval to patients
diagnosed with cancer (Ferry et al. 1996). At 1400mg/m2

dose level, five patients were investigated at 3-week interval
and 8 patients on a once weekly schedule and result revealed
that two out of ten found to have renal toxicity. Moreover,
at a dose of 945mg/m2, 3 out of 14 showed renal toxicity.
In 9 out of 11 patients the lymphocytes protein tyrosine
phosphorylation was inhibited. It was also seen that, at a
dose of 420mg/m2, the CA125 was downregulated along
with serum a fetoprotein concentration (Ferry et al. 1996).

Isoquercetin was evaluated for its venous thrombosis pre-
vention activity in patients having pancreatic, lung or colo-
rectal cancer under phase II/III clinical trial (NCT02195232)
(Zwicker et al. 2018). In phase II trial the dose of isoquerce-
tin was tested for its safety, while in phase III the study was
conducted under double blinded randomized placebo con-
trolled clinical trial in 618 patients (NCT02195232) (Zwicker
et al. 2018). Similarly, a commercially available preparation
named “Flavo-Natin” containing bioflavonoids (mixture of
200mg chamomile and tea extract, vitamin and folic acid)
was tested against recurrence of neoplasia in 382 patients in
a randomized clinical trial (NCT00609310) (Kroonen
et al. 2012).

Watercress extract containing flavonoids and carotenoids
was tested for long term in breast cancer patients (200 no,
18–70 years of age) at a dose of 100 g daily during radiation
therapy and found effective (NCT02468882) (Milisav,
Polj�sak, and Ribari�c 2017). Similarly, quercetin was found
effective in prevention and treatment of chemotherapy
induced oral mucositis in 20 patients (15–40 years, random-
ized, all sex) when administered at a dose of 250mg per
(NCT01912820) (Zwergel, Valente, and Mai 2015).
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Table 1. Effects of flavonoids on different types of cancer in in vitro conditions.

Compound Cell cultures Dose Effects References

Naringenin Human colon
adenocarcinoma (CaCo-
2)-cells

1, 10, and 100 mM/ml
concentrations

Downregulating miR-17-3p,
miR-25-5p at the
concentration of 10 and
100lg/ml up-regulating
mRNA coding for MnSOD
and GPx2

Curti et al. (2017)

Naringenin Rat model of spinal
cord injury

50 and 100mg/kg, p.o. Downregulating miR-223 and
inflammatory cytokines

Shi et al. (2016)

Naringenin Mouse glomerular mesangial
cell (MMC) line

50mg/kg/day Downregulating let-7a Yan et al. (2016)

Kaempferol HCT-116 colon cancer cells
human-derived hepatoma
cell lines HepG2
and Hep3B

5 lM, 10lM, 20lM,
50 lM, 100lM

Inhibition of various classes
of histone deacetylases
(HDACs) including I, II and
IV enzymes

Berger et al. (2013)

Luteolin Human prostate cancer
LNCaP and DU145 cells

10 lM, 20 lM Dose dependent inhibition of
DNMT activity

Kanwal et al. (2016)

Quercetin Human leukemic HL-60 cells 0–100 lM Dose and time dependent
effect (histone acetylation
through activation of HAT
and inhibition of HADC)

Lee, Chen, and Tseng (2011)

Quercetin HepG2 hepatocarcinoma cells 10 to 60 lg/ml Marked reduction of HDAC1
and HDAC2

Bishayee, Khuda-Bukhsh, and
Huh (2015)

Quercetin human breast cancer cell
lines MCF-7 and MDA-
MB-231

25 lm/ml, 50lm/ml, 80lm/
ml, 100lm/ml

Upregulating miR-146a Tao, He, and Chen (2015)

Combination of quercetin (Q),
catechin gallate (CG),
epicatechin gallate (ECG),
epigallocatechin gallate
(EGCG) and
sulforaphane (SF)

Pancreatic ductal
adenocarcinoma (PDA) cell
lines (BxPc-3, MIA-PaCa2,
CRL-1097, PaCaDD-183)

10 mM SF, 200mM Q, 40 mM
EGCG), 40 mM ECG), 40
mM CG

Upregulation of miR-let-7 Appari et al. (2014)

Quercetin and cisplatin Human osteosarcoma 143B
cell lines

Quercetin (5 mM), cisplatin
(5 mM)

Increased miR-217 expression Zhang et al. (2015)

Apigenin Human prostate cancer cell
lines 22Rv1 and PC-3

20–40 mM Inhibiting HDACs activity Pandey et al. (2012)

Catechol containing
flavonoids
including myricetin

Human breast cancer cell
lines (MCF-7 and MDA-
MB-231)

IC50 values ranges from 1.0
to 8.4 mM (IC50 for
myricetin was 0.7 mM)

Inhibiteing DNMT mediated
DNA methylation

Lee, Shim, and Zhu (2005)

Daidzein and Genistein Prostate cell lines (PC-3, DU-
145, LNCaP)

40 or 110lM genistein
and daidzein

Reversion of DNA
hypermethylation

Vardi et al. (2010)

Breast cancer cell lines (MDA-
MB-231 and MCF7)

Daidzein (78.5 lM) and
genistein (18.5 mM)

Increase histone acetylation
and reduce histone
trimethylation

Dagdemir et al. (2013)

Genistein Esophageal squamous cell
lines (KYSE-150) and
Prostate cancer cells lines
(LNCaP and PC-3)

20–50 lM inhibition of DNMT activity Zhang and Chen (2011)

EGCG MCF-7 breast cancer cell lines
and HL60 promyelocytic
leukemia cell lines.

100 lM for treatment of MCF-
7 cells and 50lM for
treatment of HL60 cells

Inhibition of human
telomerase reverse
transcriptase
(hTERT) activity

Berletch et al. (2008)

Human esophageal squamous
cell carcinoma cell lines
(KYSE 510 and KYSE 150)

2 lM, 10lM, 50lM Inhibiting DNMT activity Stresemann et al. (2006)

Fisetin Hepatic cell lines (HepG-2),
colorectal cell lines (Caco-
2) and pancreatic cells
lines (Suit-2)

HepG-2 (IC50: 3.2 lM), Caco-2
(IC50: 16.4lM), Suit-2
(IC50: 8.1lM)

Inhibiting cellular proliferation
and viability of cancer cell
lines. Activation of
CDKN1A, SEMA3E,
GADD45B and GADD45A
genes and down-
regulation of TOP2A,
KIF20A, CCNB2 and
CCNB1 genes

Youns and Hegazy (2017)

Silibilin Human prostate cancer cell
lines (DU145 and PC3)

25–75 lg/ml Decrease HDACs1-2
expression level. Increase
in total DNMT activity

Anestopoulos et al. (2016)

Adenocarcinoma cell lines
(SW480) and colon cancer
cell lines (SW620)

300 mM Inhibiting DNMT activity Kauntz et al. (2013)

Anthocyanins Colon cell lines (HCT116,
Caco2 and SW480)

0.5 lg/ml, 5lg/ml, 25 lg/ml Inhibition of DNMT with
strongest DNMT activity at
25lg/ml

Wang et al. (2013)
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Various clinical trials testing flavonoids against cancer are
currently ongoing. For instance, one of the phase I random-
ized double blind placebo controlled two-arm clinical trial
quercetin and green tea to enhance bioavailability of green
tea polyphenolics in prostate tissue of patients undergone
radial prostatectomy is currently ongoing (NCT01912820)
(Zwergel, Valente, and Mai 2015). Similarly, isoquercetin
tested as an adjunct therapy in patients with kidney cancer
receiving first line sunitinib (Phase I and II trial) is under
progress (NCT02446795) (Haque et al. 2017). Moreover,
capsule with broccoli sprout grain containing a total of
90mg sulforaphane and quercetin as active components is
going to be tested against pancreatic cancer (NCT01879878)
(Vendrely et al. 2017).

Investigating dietary natural supplements against cancer
affecting hormones in breast cancer patients was also under
trial (NCT00910884) (Manzo-Merino et al. 2014). Briefly,
300 breast cancer remission patients were provided oral nat-
ural supplements comprising indol-3-carbinol, perillyl alco-
hol, gluconic acid and flavonoids daily for 12months
(NCT00910884) (Kado et al. 2012; Manzo-Merino et al.
2014). In another randomized controlled double-blind cross-
over trial, 60 prostate cancer patients were provided 500mg/
day quercetin, vitamin C, folic acid and vitamin B3 and
100mg/day genistein, vit C, folic acid and vit B3 over a
period of 6months (NCT01538316).

Purple grape juice was found to be effective in improving
vascular health in childhood cancer survivors
(NCT01043939) (Blair et al. 2014). Survivors of childhood

cancer were likely to develop cardiovascular risk factors due
to the cancer therapy. Purple grape juice rich in flavonoids
was tested to find out its protective effect on cardiovascular
risk in 24 patients under randomized clinical trial and found
effective (NCT01043939) (Blair et al. 2014). In another
randomized clinical trial, the effectiveness of sulindac, cur-
cumin, rutin and quercetin was tested in 130 colon cancer
patients (NCT00003365) (Hatcher, Torti, and Torti 2012).
The patients received one of the following treatments,
namely, nothing, oral sulindac twice daily, oral rutin at 1 of
3 doses twice daily, oral quercetin at 1 of 3 doses twice
daily, oral curcumin at 3 doses twice daily. The treatment
was found effective in colon cancer prevention
(NCT00003365) (Hatcher, Torti, and Torti 2012).

Therapeutic potential of luteolin natural extract and its
nanoparticle formulation was tested on tongue squamous
cell carcinoma cell lines. The study revealed a preventive
effect of luteoline and its nano formulation on inhibitory
effect on tongue squamous cell carcinoma line by inducing
apoptosis (NCT03288298) (Majumdar et al. 2014). In
another clinical trial the use of quercetin for the treatment
and prevention of chemotherapy induced neuropathic pain
in cancer patients was examined (NCT02989129) (Sharma
et al. 2018). Quercetin tablet administered at an oral dose of
500mg twice per day for 12weeks in 20 patients (18 years or
older, all sex) under non-randomized clinical trial was found
effective (NCT02989129) (Sharma et al. 2018).

In another randomized triple-blind controlled clinical
trial, 56 breast cancer patients (age of 30–63 years) were

Table 2. Meta-analysis of epidemiologic studies related to the flavonoids and cancer risk published in the last 10 years.

Type of cancer studied
Period covered with

meta-analysis No. of studies Conclusions Reference

Esophageal January 1990 to April 2016 7 articles Anthocyanidins flavanones and
flavones were inversely associated
with the risk of esophageal cancer.
Total flavonoids showed marginal
association with esophageal
cancer risk.

Cui et al. (2016)

Ovarian before April 25, 2015 5 cohort studies and 7 case-
control studies

The ovarian cancer risk was decreased
for isoflavone and flavonols, while
there was no evidence that
consumption of flavones could
decrease risk.

Hua et al. (2016)

Brest before July 1, 2012 6 prospective cohort and 6
case-control studies

Risk of breast cancer significantly
decreased in women with high
intake of flavonols and flavones
while no significant association of
flavan-3-ols, flavanones,
anthocyanins or total flavonoids
intake with breast cancer risk
was observed

Hui et al. (2013)

smoking-related:
aerodigestive tract
and lung

before October 31, 2012 19 case-controls and 15
cohort studies

Total dietary flavonoids and most of
the flavonoid subclasses were
inversely associated with smoking-
related cancer risk. Total dietary
flavonoid intake was significantly
associated with aerodigestive tract
cancer risk and marginally
associated with lung cancer risk.
Aerodigestive tract cancer was
inversely associated with most
flavonoid subclasses.

Woo and Kim (2013)

Lung before January 1, 2009 8 prospective studies and 4
case–control studies

Statistically significant association
between highest flavonoids intake
and reduced risk of developing
lung cancer.

Tang et al. (2009)
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Table 3. Clinical trials of flavonoid compounds against cancer.

S. No. Flavonoid compound/extract Study design Dose Mode and results
Reference/Clinical

Trial No.

1 7-monohydroxyethylrutoside Randomized single blind
placebo-controlled trial
on 19–56 years age
cancer patients?

Study dose from 100 to 1500mg/
m2 and at each dose 6
volunteer received the drug
and 3 received the placebo

The dose of 1500mg/m2 was
found to be safe.

Bast et al. (2007)

2 Quercetin Human diagnosed
with cancer

Dose level from 60 to
1700mg/m2

In 9 out of 11 patient the
lymphocyte protein
tyrosine phosphorylation
inhibited. At a
concentration of 420mg/
m2, the CA125
downregulated along with
serum a fetoprotein
concentration. At 1400mg/
m2 doe 2 out of 10
patients were found to
have renal toxicity and at
945mg/m2 dose level 3
out of 14 showed
renal toxicity

Ferry et al. (1996)

3 Isoquercetin Patients having pancreas
or non-small cell lung
cancer or colorectal
cancer, 618 patients
were examined under
randomized double
blind
placebo controlled

At a dose of 500mg/day and
1000mg/day for 28 days

Recruiting NCT02195232

4 Flavo-Natin (mixture of
200mg Chamomile and
tea extract, vitamin,
biflavonoids and folic acid

382 patients having
recent surgical
resection of colorectal
cancer under
randomized
clinical trial

20mg apigenin and 20mg
epigallocatechin gallate as
tablet/day

Recruiting NCT00609310

5 Watercress extract containing
flavonoids and
carrotenoids

Breast cancer patients 200
in number of
18–70 years

100 g of watercress daily during
radiation therapy

Recruiting NCT02468882

6 Quercetin Chemotherapy induced
oral mucositis in 20
patients of 15–40 years
of age randomized?

250mg quercetin capsule daily
for 3 weeks

decrease in
mucositis (Completed)

NCT01732393

7 Quercetin and green tea 40–45-year-age male
undergoes radial
prostatectomy,
randomized double
blind placebo
controlled two-
arm study

Patients receiving green tea
extract and quercetin orally for
3–6 weeks before undergoing
prostatectomy

Active NCT01912820

8 Isoquercetin Patients with kidney
cancer receiving first
line sunitinib drug. 104
patients of 18 year
and older

Isoquercetin 225mg twice and
450mg twice a day

Recruiting NCT02446795

9 Broccoli sprout grain (90mg
sulforaphane
and quercetin)

40 patients having
pancreatic cancer of
age 18 year and older

Capsule containing broccoli
sprout grain having a total of
90mg sulforaphane
and quercetin

Recruiting NCT01879878

10 Natural supplements
containing indol-3-carbinol,
perillyl alcohol, gluconic
acid and flavonoids

300 female patients of
18–70 years of age
having breast
cancer remission

Oral natural supplement for
12 months

Active NCT00910884

11 Quercetin and Genistein 60 patients having
prostate cancer,
ramdomized placebo
controlled double blind
crossover trial

500mg/day quercetin and
100mg/day genistein along
with vitamin C, folic acid and
vitamin B3 for 6 months

Recruiting NCT01538316

12 Purple grape juice rich
in flavonoids

24 patients, 10–30 years
and developed
cardiovascular risk due
to cancer therapy
in childhood

After 4 weeks run-in period, 6
ounces of grape juice
twice daily

NCT01043939

13 Sulindac, curcumin, rutin
and quercetin

130 patients of 18 year
and older having
colon cancer

Patients receiving one of the
following treatment: nothing,
oral sulindace twice/day, oral

Prevent the development of
colon cancer (Completed)

NCT00003365

(continued)
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investigated (Jafarpour-Sadegh et al. 2017). Following the
second cycle of chemotherapy, patients were received (28
no) 100–160 g/day of onions as high and 30–40 g/day small

onions as low dose. The study showed positive effect of
onions in ameliorating hyperglycemia and insulin resistance
in breast cancer doxorubicin-based chemotherapy

Table 3. Continued.

S. No. Flavonoid compound/extract Study design Dose Mode and results
Reference/Clinical

Trial No.

rutin 1 of 3 dose twice/day,
oral quercetin at 1 of 3 doses
twice/day, oral curcumin at 3
doses twice/day treatment for
6–10 weeks

14 Quercetin Chemotherapy induced
neuropathic pain in 20
cancer patients of 18
and older age

Quercetin tablet at 500mg twice
per day for 12 weeks

Active NCT02989129

16 Onion containing sulfur
and flavonoids

Hyperglycemia and insulin
resistance in breast
cancer patient
receiving doxorubicin
based chemotherapy,
randomized triple-blind
placebo controlled

28 patients received 100–160 g/
day of onion as high and
30–40 g/day as lower dose in
28 patients

Effective ameliorate
hyperglycemia and insulin
resistance in breast
cancer patients

Jafarpour-Sadegh
et al. (2017)

17 Dietary intake of flavonoids Esophageal and gastric
cancer patients

USA multicentre population
based study (1993–1995)

57% reduction in the risk of
esophageal squamous cell
carcinoma and esophageal
adenocarcinoma

Petrick
et al. (2015)

18 Pomegranate juice (rich
in flavonoids)

Simon two stage clinical
trial for men with
rising prostate specific
antigen after surgery
or radiotherapy

Patients treated with 8 ounces of
pomegranate juice daily

12% reduction in cell
proliferation and 17%
increase in apoptosis with
increase in serum nitric
oxide and significant
reduction in
oxidative stress

Pantuck
et al. (2006)

19 Curcumin Patients with urinary
bladder cancer, uterine
cervical neoplasm, or
intestinal metaplasia.
Patients with advanced
pancreatic cancer.
Prospective phase I/II
clinical trial.
Nonrandomized open-
label phase II trial

500mg/day, orally, for 3 month.
8 g/day curcumin, orally, for
one mouth

Histologic improvement in 1
out of 2 patients with
bladder cancer, 1 out of 6
patients with intestinal
metaplasia and 1 out of 4
patients with uterine
cervical neoplasm. Among
21 patients, 1 had stable
disease for >18 months
and 1 had
tumor regression

Hsieh (2001);
Dhillon
et al. (2008)

20 Green tea Patients with high-grade
prostate intraepithelial
neoplasia, Patients
with histologically
confirmed
adenocarcinoma of the
prostate, Patients with
esophageal cancer,
Patients with colon,
rectum and pancreas
cancer, Patients with
androgen independent
metastatic
prostate carcinoma

600mg/day green tea catechins,
orally, for one year. Usual tea
consumption. Usual tea
consumption. Regular, non-
regular and high tea
consumption. 6 g/day of green
tea orally in 6 divided doses
for 2 months

After 1 year, the incidence of
tumor development was
3% and 30% in treated
and control men,
respectively; quality of life
improved. The prostate
cancer risk declined with
increasing frequency,
duration and quantity of
green tea consumption
green tea consumption
was associated with
reduced risk of esophageal
cancer. An inverse
association with each
cancer was observed with
increasing amount of
green tea consumption.
Decrease of PSA was seen
only in 2% of patients

Bettuzzi et al.
(2006); Jian
et al. (2004);
Gao et al.
(1994); Ji et al.
(1997); Jatoi
et al. (2003)

21 Resveratrol Patients with colorectal
cancer and hepatic
metastases. Phase I
pilot study. Phase I
randomized double-
blind pilot study. Pre-
and posttreatment

20–80mg/day of resveratrol-
containing grape powder for
14 days. 5 g/daily for 14 days.
0.5 or 1.0 g/day resveratrol for
8 days, before
surgical resection

Resveratrol did not inhibit the
Wnt pathway in colon
cancer but inhibited the
pathway in normal colonic
mucosa. Apoptosis
increased by 39% in
malignant hepatic tissue.
Decrease of tumor cell
proliferation by
5% (p¼ 0.05)

Nguyen et al.
(2009); Howells
et al. (2011);
Patel
et al. (2010)
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(Jafarpour-Sadegh et al. 2017). In another study, dietary
intake of flavonoids along with esophageal and gastric can-
cer incidence and survival in the United States of America
was examined (Petrick et al. 2015). Multicenter population-
based study was conducted, and participants (diagnosed dur-
ing 1993–1995) with esophageal adenocarcinoma (OEA,
n¼ 274), gastric cardia adenocarcinoma (GCA, n¼ 248),
esophageal squamous cell carcinoma (OES, n¼ 191), other
gastric adenocarcinoma (OGA, n¼ 341) were examined. It
was found that the intake of flavonoids, especially anthocya-
nidins (in wine and fruit juice), was associated with 57%
reduction in the risk of OEA and OES. Also, anthocyanidins
were found to decrease risk of mortality in GCA patients.
Moreover, in general, intake of dietary anthocyanidin
reduced the incidences and improved survival for the cancer
patients (Petrick et al. 2015). In a similar experiment, pom-
egranate juice (rich in flavonoids) were subjected to phase II
two stage clinical trial for men with rising prostate specific
antigen after surgery or radiotherapy (Pantuck et al. 2006).
Patients treated with 8 ounces of pomegranate juice daily
were found to have significantly increased PSA doubling
time, 12% decrease in cell proliferation, 17% increase in
apoptosis, 2.3% increase in serum nitric oxide and a signifi-
cant reduction in oxidative stress, thus further preventing
cancer proliferation and growth (Pantuck et al. 2006).

Conclusions and future directions

Strong evidences have been observed in literature data bases
regarding the abnormal changes in epigenetics in various
human tumors, therefore targeting epigenetic to regain nor-
mal physiology and thereby epigenome in cancer cells is an
ideal approach for discovery of precision medicines. The
FDA has already approved some of the epigenetic drugs for
the effective treatment of cancer while few more are in dif-
ferent stages of clinical trial.

Enormous studies are available for the support of flavonoids
that regulate epigenome. The epigenetic studies of various indi-
vidual flavonols (quercetin, kaempferol myricetin), flavones
(luteolin, apigenin), flavan-3-ols (fisetin, EGCG), isoflavones
(genistein, daidzein), flavanones (silibinin, hesperetin, naringe-
nin) and anthocyanidins (cyanidin, delphinidin, malvidin, and
pelargonidin) showed strong preclinical potential. Similarly, ini-
tial clinical studies also revealed significant epigenetic effects of
tested flavonoids. Large scale clinical studies would be required
for the clinical applications of these flavonoids.
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