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Abstract

In living systems, the mechanisms of inheritance involving gene expression are operated by (i) the traditional
model of genetics where the deoxyribonucleic acid (DNA) transcription and messenger ribonucleic acid stability
are influenced by the DNA sequences and any aberrations in the primary DNA sequences and (ii) the epigenetic
(above genetics) model in which the gene expression is regulated by mechanisms other than the changes in DNA
sequences. The widely studied epigenetic alterations include DNA methylation, covalent modification of
chromatin structure, state of histone acetylation, and involvement of microribonucleic acids. Significance:
Currently, the role of cellular epigenome in health and disease is rapidly emerging. Several factors are known to
modulate the epigenome-regulated gene expression that is crucial in several pathophysiological states and
diseases in animals and humans. Phytochemicals have occupied prominent roles in human diet and nutrition as
protective antioxidants in prevention/protection against several disorders and diseases in humans. Recent
Advances: However, it is beginning to surface that the phytochemical phenolic antioxidants such as polyphenols,
flavonoids, and nonflavonoid phenols function as potent modulators of the mammalian epigenome-regulated
gene expression through regulation of DNA methylation, histone acetylation, and histone deacetylation in
experimental models. Critical Issues and Future Directions: The antioxidant or pro-oxidant actions and their
involvement in the epigenome regulation by the phytochemical phenolic antioxidants should be at least es-
tablished in the cellular models under normal and pathophysiological states. The current review discusses the
mechanisms of modulation of the mammalian cellular epigenome by the phytochemical phenolic antioxidants
with implications in human diseases. Antioxid. Redox Signal. 17, 327-339.

Introduction: Epigenetic Regulation of Gene Expression pairs of DNA wrapped around an octamer of histones (H2A,

H2B, H3, and H4) (46). Short stretches of linker DNA join

ECENT STUDIES WITH the aid of novel and more advanced

molecular tools have provided deeper insights into the
nuclear architecture, including critical information on the
mechanisms of normal and pathophysiological states of gene
expression. Furthermore, these studies have revealed that the
mechanisms of inheritance involving gene expression are
operated through genetic alterations influencing deoxyr-
ibonucleic acid (DNA) transcription and messenger ribonu-
cleic acid (mRNA) stability through modifications of the
primary DNA sequences and epigenetic alterations involving
the covalent modification of chromatin architecture and post-
translational modifications (77). DNA in its native form is
inaccessible for transcription (46). Nucleosomes, the building
blocks of higher order chromatin structure, consist of 147 base

nucleosomes to form polymers that are further organized into
tightly compacted native chromatin configuration as seen in
the nucleus and have an appearance of beads on a string.
Chromatin has regions of transcriptionally active euchroma-
tin and inactive heterochromatin. The interconversion of these
two regions for DNA accessibility to transcription factors is
determined by the epigenome components, including his-
tone chaperones, chromatin-remodeling complexes, histone-
and histone variant-modifying enzymes, DNA methylating
agents, noncoding RNAs like the microribonucleic acids
(miRNAs), and other epigenome constituents. Thus, the term
“epigenetics” is defined as the stable and perpetual but re-
versible and altered active states of gene expression without
modifying the primary DNA sequences (77).
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Epigenetic regulation is furthermore involved in tissue-
specific gene expression and silencing. There are different
mechanisms that mediate and regulate the duplication of
chromatin state, which depends on the chromatin domain,
organism, and function. The key components involved in-
clude histone chaperones, chromatin-remodeling factors,
histone-modifying enzymes, RNA components, and the DNA
replication machinery itself. Mechanisms that regulate chro-
matin remodeling, a crucial step in epigenetic alterations, in-
clude DNA methylation, post-translational modifications of
histones, including acetylation, deacetylation, phosphoryla-
tion, poly-adenosine-3’,5-diphosphate (ADP)-ribosylation,
ubiquitination, histone variants, and miRNAs. DNA methyl-
ation is brought about by enzymes called DNA methyl-
transferases (DNMTs), which catalyze the addition of a
methyl group to cytosine (C) located 5" to guanines (G) on the
phosphodiester bond between cytosine and guanine (CpG)
islands. DNA methylation, an epigenetic mechanism, is
known to attenuate gene expression and has been shown to
play crucial roles in cellular functions. Histones represent a
class of proteins that are extremely arginine rich. Almost
14% of the histone H4 amino acids are arginine residues.
Histone modification involves covalent modification of the
N-terminus tail of histone in determination of the level of gene
expression. Histone acetylation of conserved lysine residues
in histone tails, the signature of transcriptionally active re-
gions, is brought about by the histone acetyltransferase (HATs)
and hypoacetylation by histone deacetylases (HDACs) as seen
in transcriptionally inactive heterochromatin regions (67).

The roles of sirtuins (SIRTs; class I HDACs) are implicated
in physiological and pathophysiological phenomena, includ-
ing inflammation, cellular aging and senescence, cell prolif-
eration, apoptosis, cell differentiation, metabolism, stem cell
pluripotency, and cell cycle regulation (18). Seven different
types of SIRTs have been identified such as SIRT 1-7 in
mammals (7, 18). SIRT1-3 has been well characterized,
whereas SIRT4 and SIRT6 have been reported to have ADP-
ribosylation activity, which may be due to their deacetylation
activity (7). However, SIRT 1, 2, 3, and 5 catalyze deacetyla-
tion. A tight and well-regulated balance between the activities
of HATs and HDACs will maintain a controlled balance be-
tween acetylation and deacetylation of histones, and the epi-
genome actions under normal physiological states in the cells
and any alterations in this balance would lead to patho-
physiological conditions.

Oxidative Stress in Epigenetic Regulation
of Gene Expression and Disease

Oxidative stress has been established as an important
mechanism of either onset or progression of several disease
states or disorders, including myocardial ischemia, cardio-
vascular diseases (CVDs), cerebrovascular diseases, neuro-
logical diseases and disorders, diabetes, renal diseases,
infection and sepsis, pulmonary diseases and disorders, and
obesity (3, 6, 14, 16, 28, 30, 34, 43, 59). Environmental, toxic,
and dietary factors are known to cause oxidative stress by
different mechanisms (40). Oxidative stress is mediated by the
oxygen-derived reactive oxygen species (ROS), reactive ni-
trogen species (RNS), and other oxidants (40). Oxidative stress
is caused by either external oxidants/pro-oxidants or intra-
cellular oxidants. The intracellular oxidants are generated by
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either nonenzymatic mechanisms (often involving transition
metals such as iron) or enzymatic catalysis operated by a
variety of oxidases that activate oxygen and convert them into
the ROS or RNS. Cellular membrane lipids containing the
polyunsaturated fatty acids, proteins, and nucleic acids are
vulnerable to the attack by oxidative stress leading to the
pathophysiological alterations (15). It has long been estab-
lished that 4-hydroxy-2-nonenal (4-HNE) is a major lipid
hydroperoxide-derived aldehydic bifunctional electrophile
that reacts with DNA and proteins (53, 74). The lipid
peroxidation-derived electrophilic carbonyl, 4-HNE, has been
shown to inhibit the class I HDAC (mitochondrial SIRT3)
through a thiol mechanism, and this has implications in lipid
peroxidation-mediated alterations of epigenetic regulation
(25). Overall, convincing experimental evidence has shown
that lipid peroxidation is also an important player in the ox-
idative stress-mediated epigenetic regulation of gene expres-
sion. Oxidative stress also brings alterations in the redox
status of the cell, wherein the thiol-redox (glutathione [GSH]
and protein thiols) system crucial for the cellular thiol-anti-
oxidant defense system and cellular metabolic machinery is
jeopardized (61), leading to the oxidative deterioration of the
cell. Cellular systems have evolved several enzymatic and
nonenzymatic antioxidant systems to cope with the surge of
constant oxidative stress. However, the overwhelming pro-
duction of ROS and RNS with their empowering oxidative
stress and the endogenous antioxidant defenses are compro-
mised and lead to the cellular demise. This is one of the often-
recognized mechanisms of either disease onset or progression.

The role of epigenome and epigenetic regulation of gene
expression in several human diseases, including cancer and
CVDs, are becoming compellingly evident (21). At present,
evidence is mounting in favor of oxidative stress modulating
the epigenome, leading toward the regulation of gene ex-
pression (81). Also, recent studies have highlighted the im-
portance of epigenetic alterations in cardiovascular,
neurological, immunological, and other more complex ge-
netic disorders and diseases (21). Taken together, it is
emerging that oxidative stress-modulated regulation of the
epigenetic mechanism of gene expression plays an important
role in certain diseases. Understanding the mechanisms of
epigenetic regulation will lead to the development of novel
therapies for treatment of diseases and the development of
regenerative medicine, and identification of strategies for
preventive intervention. In this regard, antioxidants are seri-
ously sought after to strengthen the cellular antioxidant de-
fense system to combat and counteract the overwhelming
oxidant generation and oxidative stress, thus attenuating or
normalizing the adverse oxidant-mediated epigenetic regu-
lation of gene expression that is responsible for either the
onset or progression of the disease.

Phytochemical Antioxidants: Oxidative Stress,
Disease, and Epigenome

Cellular antioxidant defense machinery has been un-
equivocally established as an oxidative stress-counteracting
entity. Cellular antioxidants comprise both the (i) nonenzy-
matic molecules and (ii) enzymes. The nonenzymatic antiox-
idants consist of the thiol antioxidants such as GSH and other
thiols and small-molecule antioxidants (vitamins C, A, D, and
E). Apart from GSH, most of the antioxidants make their entry



EPIGENETIC REGULATION BY PLANT SECONDARY METABOLITES

329

PLANT PHENOLICS

l PHENOLIC ACIDS |
|
| ]
| BENZOIC ACIDS | [ CINNAMIC ACIDS |
PROTOCATE CHUIC ACID P-COUMARIC ACID
VANILLIC ACID CAFFEIC ACID
GALLIC ACID CHLOROGENIC ACID
SYRINGIC ACID FERULIC ACID
SINAPIC ACID

NON-FLAVONOID
POLYPHENOLS

Q J
OQ"*’ CURCUMIN
& ELLAGIC ACID
GINGEROL
RESVERATROL
ROSMARINIC ACID
LIGNANS

4 S
< “0(;{:?;?‘\\“0\ Qy
4
(Cap fc-%!o?&.s ?%0%“9\51.0 o
) ° e
IF’OJ'_ YP;,- o p&“
C Ay, m =

FIG.1. Classification of plant phenols. Here, phenols of plant origin are broadly divided into three major groups such as (i)
phenolic acids, (ii) flavonoids, and (iii) nonflavonoid polyphenols. Flavonoids are further divided into several classes.
Flavonoids such as kaempferol, quercetin, and myricetin fall under the class of flavonols. Genistein and daidzein are
classified under the class of isoflavones and thereby are called the soy isoflavones. (-)-epigallocatechin-3-gallate (EGCG) falls
under the class of flavanols. These phytochemical phenols as secondary metabolites in plants have definitive roles in plants as
the ultraviolet (UV) protectants, wound-healing action, and disease and pest resistance. Primarily, these compounds have
established protective actions against oxidative stress as potent, naturally occurring antioxidants.

into the cells through nutrition and diet. Also, the function of
these nonenzymatic antioxidants is regulated by the redox
state of the cell and vice versa. Antioxidant supplementation/
treatment has been adopted for either prevention of or pro-
tection against several disorders and pathophysiological
states wherein oxidative stress has been established as a
causative mechanism (5). The immunomodulatory and anti-
inflammatory effects of polyphenols have been documented
(26, 39). The beneficial effects of moderate consumption of red
wine on lessening the coronary heart disease are accredited to
the wine polyphenols such as anthocyanosides, catechins,
proanthocyanidins, stilbenes, and phenolic compounds (19).
Naturally occurring phytochemical antioxidants have occu-
pied a prominent position as effective antioxidants for the
prevention and/or treatment of several disorders and dis-
eases among humans (32, 70, 71). The premise for this has
been the antioxidant actions of the phytochemicals as free-
radical scavengers, oxidative stress relievers, and lipoperox-
idation inhibitors (68). Phytochemical antioxidants include
simple molecule antioxidants such as vitamins C, E, and K;

plant pigments such as carotenoids (fi-carotene), xantho-
phylls, lycopene, anthocyanins, and phaeophytins; and sec-
ondary plant metabolites, including simple phenolics to more
complex polyphenols (13). Some of these phytochemical
polyphenols, in addition to acting as antioxidants, will also
function as pro-oxidants that cause oxidative stress (42, 62).
The pro-oxidant action of tea polyphenols has been linked to
their anticancer actions (23, 42). Polyphenols are known for
their complexing abilities (chelation) with trace metals. Poly-
phenols have been shown to attenuate the iron-induced DNA
damage by complexation with iron and keeping the Fe in the
+3 state after oxidation of Fe in the +2 state in presence of
molecular oxygen (63). Two major pathways of biosynthesis
of the phytochemical polyphenols in plants have been iden-
tified: (i) the shikimate pathway and (ii) the polyketide or
acetate pathway (57). Structurally, the plant polyphenol has a
phenolic or a benzene ring with a hydroxyl group attached,
and also certain substituents such as ester and glycosides
present as functional groups (73). The majority of the plant
polyphenols have two or three hydroxyl groups, and hence
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they are called dihydric or trihydric polyphenols, respec-
tively. The classification of plant polyphenols is based on (i)
the number of phenolic or benzene rings present and (ii) the
number and type of substituents present on the phenolic
rings. Phytochemical polyphenols are broadly classified into
(i) simple phenols (ferulic and gallic acids), (ii) stilbenes (di-
hydrophenols such as resveratrol), (iii) chalcones, and (iv)
flavonoids (Fig. 1) (57). Flavonoids, a family of the most bio-
active complex phytochemical polyphenols, are further di-
vided into seven classes such as (i) flavonols, (ii) flavanols, (iii)
flavones, (iv) flavanones, (v) flavanonols, (vi) isoflavones, and
(vii) anthocyanins (73). Simple phenolic and polyphenolic
secondary plant metabolites are known to play crucial roles in
plants as protectants against oxidative stress and ultraviolet
(UV) radiation, wound healing, defense against microbes,
fungi, herbivores, plant competitors, and disease resistance in
plants (2, 20). However, the mechanism of such protection
and their physiological roles in plants are not completely
understood. Nevertheless, flavonoids have been shown to
exhibit a plethora of biological effects, including antibacterial,
antiviral, analgesic, antiallergic, hepatoprotective, cytostatic,
apoptotic, estrogenic, and antiestrogenic functions (31).
Animals and humans obtain these phytochemical poly-
phenols from diet or nutritional supplementation. The ma-
jority of the phytochemical polyphenols are present in their
native state in plants as polymers or as glycosylated molecules
(conjugated to sugars), wherein the sugar moiety is termed as
the “glycone” and the polyphenol is called the “aglycone”
(76). Most of the polyphenols in the dietary plant sources
occur as complex molecules linked to the sugar residues
(O-glycosides), but some occur as C-glycosides. Polyphenol
O-glycosides undergo hydrolysis in the lumen of the intes-
tine, and the sugar residue is released upon the action of f-
glucosidase, setting the aglycone free. On the other hand, the
C-glycosides are resistant to the intestinal enzymatic hydro-
lysis (9). It is interesting to note that the polyphenols, after the
uptake by the intestinal cells, undergo metabolic biotrans-
formation similar to the xenobiotics by the involvement of
phase-I and phase-II enzymes (9). Bacteria in the large intes-
tine catalyze the conversion of aglycones of polyphenols
causing the heterocyclic B-ring opening and cleavage after
which the metabolites are absorbed and reach circulation (9).
Similar to the intestine, the liver also metabolizes poly-
phenols, and circulating polyphenols are in the form of
p-glucuronides and esters of sulfate with trace levels of
aglycones. Polyphenols that are hydrophobic can easily be
transported into the intestinal cells through the plasma
membrane. Nevertheless, the phytochemical polyphenol
metabolism is complex, and it is challenging to identify
whether the parent molecule or its metabolite is biologically
active. In recent times, plant polyphenols have been the at-
traction as effective antioxidants (from diet or supplementa-
tion) in prevention and treatment of several diseases,
including CVDs, cerebrovascular diseases, Alzheimer’s dis-
ease, airway disease, and cancer, with a focus to alleviate the
oxidative stress as the causative mechanism in those diseases
(17,24, 38, 51,70, 71, 80). In spite of the beneficial effects of the
phytochemical polyphenolic antioxidants in humans, their
mechanisms of action (physiology and pharmacology) in the
mammalian systems (including humans) are just emerging.
The regulation of gene expression by dietary polyphenols in
cellular models such as the vascular endothelial cells is evi-
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dent (56, 57). One of the noteworthy current discoveries that
have emerged from the phytochemical-antioxidant inter-
actions in mammalian model systems is their nature of
modulating the mammalian epigenome (21). Totally, novel
disciplines such as nutrigenetics and nutrigenomics have
emerged with a focus on the phytochemical nutrient-gene in-
teractions toward cancer prevention in which signaling path-
ways, networks, and epigenetic phenomena are investigated
(22). Hence, this review focuses on the relevant studies on cer-
tain selected phytochemical phenolic antioxidants that have
been shown to mediate the modulation of the mammalian
epigenome and its relevance in the prevention of and protec-
tion against diseases.

Mechanisms of Epigenetic Regulation of Diseases:
Role of Phytochemical Antioxidants

As overviewed earlier, epigenetic alterations in DNA are
inheritable, which lead to the modulation of gene expression
without involving any changes in the primary sequences of
DNA. However, chemical alterations in the histone proteins
and/or DNA by covalent modifications brought by certain
enzymes are the causative mechanisms for the epigenetic al-
terations and subsequent modulation of gene expression. It is
progressively more evident that DNA methylation, an epi-
genetic phenomenon catalyzed by DNMTs using the methyl
donor, S-adenosylmethionine (SAM), leads to anomalous
DNA methylation (hypermethylation), and this is associated
with certain diseases, including cancer and CVDs (21). Me-
thylation of CpG islands is a common occurrence in the
pathological tissues such as cancer (29). Transcription of
methylated genes is either arrested or suppressed. Global
hypomethylation of DNA and hypermethylation at specific
sites of DNA are generally encountered in the tumors (21).
DNA hypomethylation is known to enhance the expression of
proto-oncogenes leading to an elevated cancer risk. DNA
hypermethylation is also associated with certain cancers. Diet
has been known to affect the DNA methylation status, espe-
cially folate, which is the precursor for SAM, the substrate for
DNMT that catalyzes DNA methylation. Dietary phyto-
chemical polyphenols have been identified to modulate DNA
methylation and subsequent epigenetic regulation of gene
expression with a change in the outcome of cancer and CVDs.
Wherever DNA hypermethylation catalyzed by DNMTs is
encountered as a key mechanism in a disease such as cancer,
DNMT inhibitors can be promising drugs in the chemother-
apy of cancer (29). However, certain phytochemicals, espe-
cially the polyphenols, are emerging as modulators of DNA
methylation and appear as promising drugs in the treatment
of cancer and myocardial pathologies (9, 36).

Post-translation modifications of nuclear proteins, the his-
tones, play a crucial role in the epigenetic regulation of gene
expression. Two important modifications of histones are (i)
acetylation and (ii) deacetylation. Histone acetylation is cat-
alyzed by the histone acetyltransferases (HATs). Histone
deacetylation is catalyzed by 11 different HDACs, which are
divided into 4 classes based on their homologies (37). These
HDAC:S are distributed in the cytoplasm, mitochondria, and
nucleus. There are seven members of HDACs called SIRTs
(SIRT1-SIRT7) present in the cytoplasm, mitochondria, and
nucleus, which catalyze the deacetylation of histones (37). A
tight balance between the acetylation and deacetylation of



EPIGENETIC REGULATION BY PLANT SECONDARY METABOLITES

A B

OH

Benzene Ring

(Aromatic Ring) Phenol
C
OH
OH
HO o] N
OH
"y
OH OH
]
OH
Epigallocatechin gallate o

Genistein

Daidzein

331

E

OH

HO

OH o Myricetin

HO

OH
Quercetin

OH o]

HO

Curcumin ¢ o

FIG. 2. Chemical structures of different phytochemical polyphenol antioxidants (A—G). Phytochemical polyphenols have
their structural origin from the simple phenolic (benzene) ring and having two or more hydroxyl (OH) groups offer their
polyphenolic nature and name of their class of compounds. These are compounds that are bioactive natural products and act
as free-radical quenchers, potent antioxidants, trace metal-complexing molecules, pro-oxidants, and regulators of cell pro-
liferation. More strikingly, they are emerging as the modulators of epigenetic regulation of gene expression.

histones is maintained under normal states, but if that balance
is altered due to the abnormal activities of either HATSs or
HDACS, then that will result in pathological situations as seen
in cancer (37, 41). HDAC inhibitors have been focused as
therapeutic molecules in cancer chemotherapy. Once again,
phytochemical polyphenols have been shown to act as HDAC
inhibitors with potential in prevention and therapy of certain
diseases, including cancer and CVDs (10, 36).

Phytochemical Polyphenols As Modulators
of Epigenome: Disease Prevention and Therapy

Polyphenols are a major group of phytochemicals with an-
tioxidant actions, disease prevention properties, and thera-
peutic actions. However, polyphenols have recently captured
attention as the modulators of epigenome. Although humans
consume most of the polyphenols through diet, they also can
be ingested or administered as isolated compounds from
plant sources for prevention or treatment of certain diseases

(50). Green tea contains several polyphenols, including (-)-
epicatechin, (—)-epicatechin-3-gallate (ECG), (—)-epigallocatechin,
and (- )-epigallocatechin-3-gallate (EGCG) (48). Green tea as a
beverage is also seriously consumed worldwide as a health-
promoting drink due to the presence of phytochemicals, which
are considered to act as anticancer agents, retain healthy heart,
and prevent cataract. EGCG is a predominant polyphenol
present in green tea that has been shown to possess anticancer,
antitumor, and anti-inflammatory actions (Fig. 2) (52). In a
study on the human breast cancer cells (MCE-7 and MDA-MB-
231 cells), EGCG and the novel prodrug of EGCG (pro-EGCG)
have been shown to inhibit cell proliferation and transcription
of the human telomerase reverse transcriptase (WTERT), the
catalytic subunit of telomerase that is crucial in sustaining the
telomere chain length and tumor formation, the latter being
through the epigenetic regulation of the estrogen receptor (11,
52). In this study, hypomethylation of the "TERT promoter re-
gion and histone deacetylation through the inhibition of DNMT
and HAT, respectively, have contributed to the inhibition
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of hTERT transcription in the breast cancer cells under the
treatment of EGCG and pro-EGCG. Moreover, EGCG and pro-
EGCG also have caused the chromatin remodeling (alterations)
leading to h'TERT-repressor binding in the regulatory sites. This
study reveals that the green tea polyphenol EGCG and its novel
prodrug cause inhibition of proliferation of breast cancer cells
through epigenetic mechanisms involving inhibition of DNMT
and HAT and resulting in DNA hypomethylation and histone
deacetylation (Fig. 3). The importance of estrogen receptor-o
(Ere) in clinical prognosis and in the therapy of breast cancer has
been emphasized, because ERx-deficient breast cancers do not
respond to the therapies aimed at the hormone targets (49).
Having this as the premise, it has been revealed that in the
breast cancer cells (MDA-MB-231 cells), the green tea poly-
phenol (EGCG) alone or in combination with the HDAC in-
hibitor (trichostatin A) offered reactivation of the ERo
expression in the ERo-deficient breast cancer cells (49). This has
also led to the estradiol action in the ERo-deficient breast cancer
cells through the action of the ERa receptors in response to
estradiol treatment. In this context, EGCG has been found to
cause chromatin remodeling through modulation of histone
acetylation and DNA methylation, leading to the reactivation of
ERo (49). This study indicates that the green tea polyphenol,
EGCG, can reactivate ERo toward effective treatment of hor-
mone-resistant breast cancer. To establish the anticancer actions
of EGCG against skin cancer through epigenetic regulation, a
study has been conducted on the reactivation of the tumor
suppressor genes (Cip1/p21 and p16™***) in human skin cancer
cells (55). This study reveals that EGCG suppresses global DNA
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FIG. 3. Mechanism of EGCG-induced apoptosis in cancer
cells through epigenetic regulation of telomerase. Accord-
ing to Berletch et al. (11) and Meeran et al. (52), EGCG inhibits
both deoxyribonucleic acid (DNA) methyltransferase
(DNMT) and histone acetyltransferase (HAT), leading to the
DNA demethylation and histones H3 and H4 deacetylation
of the human telomerase— reverse transcriptase (WTERT)
promoter, respectively. These events result in the epigenome
regulation and chromatin restructuring involving hTERT
messenger ribonucleic acid (mRNA) downregulation and
inhibition of telomerase and ultimately cancer cell death
(apoptosis). However, these studies have not provided any
links between the antioxidant actions of EGCG and its epi-
genetic regulation of apoptosis of the cancer cells.
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methylation, DNMT activity, and HDAC activity; lowers
DNMT protein and mRNA; and increases histone acetylation in
histones H-3 and H-4 in the skin cancer cells. Along these lines,
ECGC has been observed to cause activation of expression of
the tumor suppressor genes. This study presents convincing
results that the green tea polyphenol, EGCG, is an epigenetic
modulator that may be useful as an epigenetic drug in skin
cancer therapy.

With intent to show the anticancer actions of EGCG, a study
has been conducted on the epigenetic anticancer effects of
EGCG on the UV-B radiation-induced skin cancer in vivo in a
hairless mouse model (54). In this study, the green tea poly-
phenol, EGCG, has been applied on the affected skin as a
topical cream. The results reveal that the EGCG as topical
cream inhibits the UV-B-induced skin papillomas and carci-
nomas and also inhibits global DNA methylation. Further-
more, this study demonstrates that the EGCG topical
application as a cream on the skin appears as a promising
epigenetic therapeutic strategy for the treatment of skin pho-
tocarcinogenesis. The antimelanoma action of EGCG has been
investigated in the human melanoma cell line (A-375 cells)
with a focus on the epigenetic action of EGCG (58). In this
study, the HDAC inhibitor drug, Vorinostat, has also been
used in conjunction with EGCG. The results reveal that the
antimelanoma effects of Vorinostat are more pronounced than
those of EGCG, but the combined treatment of EGCG and
Vorinostat has been more dramatic in causing the anti-
melanoma effects. Thus, it is clear from this study that EGCG
can be used as a combination drug along with a known HDAC
inhibitor for use in the epigenetic therapy of melanoma.

Dietary phytochemical antioxidants are also known to ex-
ert immunomodulatory effects, including upkeep of im-
munotolerance and autoimmunity suppression. Along those
lines, a study has been launched to investigate modulation of
the regulatory T cells by EGCG through epigenetic regulation
(78). Regulatory T cells are crucial for the immunotolerance
and autoimmunity suppression. The results of this study re-
veal that EGCG decreases DNMT expression and global DNA
methylation through induction of forkhead box p3 (Foxp3)
gene expression substantiating the epigenetic actions EGCG
and modulation of immunity by EGCG. Thus, it appears that
the green tea polyphenol, EGCG, also acts as an epigenetic
immunomodulator. Overall, consumption of green tea has
been attributed to the lower incidences of various cancers
such as gastric, esophageal, ovarian, pancreatic, skin, and
colorectal cancers (48). The cancer-preventive actions of green
tea are linked to the presence of the bioactive natural product
in the tea such as EGCG. Many studies have shown that
EGCG directly inhibits the DNMT activity by directly inter-
acting with the enzyme, causes demethylation of DNA, and
reactivates methylation-silenced genes (48). This mechanism
of action of EGCG in causing modulation of DNA methyla-
tion through the regulation of DNMTs and leading to epige-
netic regulation of gene expression has been demonstrated in
several cancer models, substantiating the epigenetic antican-
cer action of EGCG (48, 49).

Curcumin As a Modulator of Epigenome:
Disease Prevention and Therapy

Curcumin (diferuloylmethane) is a polyphenolic ingredient
of turmeric (the most popular and common Asian Indian
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curry spice; golden spice) obtained from the rhizomes of the
plant, Curucuma longa (Fig. 2). Recently, curcumin has gained
tremendous attention of the nutritionists, biomedical scien-
tists, pharmacologists, drug discovery scientists, clinicians,
and, above all, the common man worldwide as a preventive
molecule or therapeutic agent for several disorders and dis-
eases, which is substantiated by anecdotal accounts and sci-
entific investigations. However, curcumin has long been
known for its anticancer actions causing necrosis and apo-
ptosis and arrest of division in cancer cells (33, 35). Curcumin
has been identified as a pro-oxidant in generating ROS
(causing oxidative stress) and as an antioxidant (protecting
against oxidative stress) in cellular systems. The oxidative
stress induced by curcumin has been considered as the
probable mechanism of action of the compound to act as an
anticancer agent. The biphasic action of curcumin depends
upon its concentration that is used in experiments, for ex-
ample, at higher concentrations (~50 uM) curcumin acts as a
pro-oxidant and at lower doses (~ 10 uM), the same acts as an
antioxidant (35). Although several studies have revealed
multiple mechanisms/targets for the anticancer action of
curcumin, the epigenetic regulation by curcumin in different
disease states (models), including cancer, is sprouting (33). A
study on the human hepatoma cells reveals that curcumin
treatment lowers histone acetylation (hypoacetylation) by
inhibiting the HAT activity and without an effect on the
HDAC activity, which is linked with the enhancement of ROS
production in cells (35). This study suggests that HAT is the
target for curcumin, and its anticancer action could be at-
tributed to its epigenome regulatory actions wherein ROS are
apparently involved. On the other hand, curcumin has been
shown to inhibit the HDAC activity in medulloblastoma (brain
tumor) cells and to decrease medulloblastoma growth (tumor
xenografts) in vitro and in vivo (44). In this study, curcumin has
been observed to cause apoptosis and cell cycle arrest (G2/M
phase) followed by the inhibition of HDAC activity in me-
dulloblastoma cells. Also, the study reveals that curcumin
enhances the survival of the mice that received the medullo-
blastoma tumor xenograft (44). Overall, this study features the
importance of curcumin as an antimedulloblastoma agent
with an epigenetic target in its path of action. Upon screening
33 carboxylate derivatives to identify potent HDAC inhibitors
in HeLa cell nuclear extract an in vitro assay system, it has been
identified that curcumin has the highest potency along with
chlorogenic acid as compared to the established HDAC in-
hibitor, sodium butyrate (12). This study reveals that curcumin
is a potent natural phytochemical polyphenol HDAC inhibitor
with an ability to modulate the epigenome through regulation
of histone acetylation.

Phosphodiesterases (PDEs) catalyze the hydrolysis of cyclic
nucleotides such as cyclic adenosine-3’,5-monophosphate
and cyclic guanosine-3’,5"-monophosphate in cells and thus
take crucial part in cell-signaling events responsible for cell
division (1). Using the B16F10 melanoma cells, it has been
shown that curcumin inhibits cell proliferation through PDE1-
5 involvement. In this study, curcumin has also exerted epi-
genetic modulatory effectors such as inhibiting the expression
of the epigenetic integrator ubiquitin-like containing PHD
and ring finger domains 1 (UHRF1), and DNMT1 with up-
stream targeting of PDE1 and resulting in the antiproliferative
effects in the melanoma cells (1). Thus, this study also dem-
onstrates that curcumin exerts its epigenome-modulating ef-
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fects in its action as an anticancer agent. The epigenetic
regulation of HATs, HDACs, DNMTs, and miRNAs and as-
sociated modulation of gene expression by curcumin in con-
junction with its anticancer actions and clinical utilization
have been highlighted (66).

In addition to its anticancer actions, curcumin has been also
shown to offer protection against inflammation, neurode-
generative diseases, autoimmune pathologies, and cardio-
vascular and lung disorders, while the epigenetic mechanisms
of cardioprotective and lung-protective actions of curcumin
are just budding (4, 8, 65, 79). Curcumin, as an antioxidant,
has been reported to offer protection against several patho-
physiological states (79). Especially, it has been demonstrated
in studies with animal models that curcumin protects against
cardiac hypertrophy and heart failure involving epigenetic
regulation by HAT (79). One of the established mechanisms of
epigenetic regulations of gene expression is maintaining a
tight balance between the acetylation and deacetylation by a
controlled regulation of the activities of HATs and HDACs.
A specific transcription factor such as the hypertrophy-
responsive transcription factor requires p300 (adenovirus
E1A-associated protein), which also acts as a HAT bringing
out the chromatin remodeling (79). p300-HAT has also been
shown to be responsible for the cardiomyocyte growth and
differentiation in the course of development (79). However,
the activity of p300-HAT has been elevated during cardiac
hypertrophy, and by inhibiting the p300-HAT activity, it has
been possible to protect against the cardiac hypertrophy.
Curcumin has been established as an inhibitor of p300-HAT
(79). Thus, it is conclusive that curcumin protects against
cardiac hypertrophy through modulation of epigenetic regu-
lation that is mediated by p300-HAT. As histone acetylation
mediated by HAT has been established as a critical player in
the development of the heart, its inhibition or attenuation by
curcumin has been studied in the cardiomyocytes (72). Cur-
cumin has been revealed to inhibit p300-HAT in cardiomyo-
cytes causing decreased acetylation of histone H3 in the
promoter regions of certain cardiac-specific genes responsible
for the cardiogenesis (72). This observation has been associ-
ated with curcumin-induced cell morphological alterations,
inhibition of the HAT (p300-HAT) activity, decreased acety-
lation of histone H3, and suppression of cardiac-specific gene
expression confirming curcumin-mediated modulation of
epigenetic regulation of cardiomyocyte gene expression dur-
ing cardiogenesis. This study also underscores the importance
of curcumin as a therapeutic compound in alleviating con-
genital myocardial diseases and cardiac hypertrophy through
epigenetic regulation.

Mechanisms behind several debilitating lung diseases in
humans are complex, and specific targets in the onset and
progression of those lung diseases such as chronic obstructive
pulmonary diseases (COPDs) for pharmacological (drug) in-
tervention are being constantly hunted. In this regard, specific
and effective drugs are also highly warranted. Multiple
mechanisms operating behind COPD have been documented,
including the role of ROS, oxidative stress, membrane lipid
deterioration by lipid peroxidation, loss of cellular thiol (GSH)
redox, weakened antioxidant defense system, and other
complex signaling mechanisms (65). Several therapeutic in-
terventions, such as antioxidant therapy, thiol-redox and GSH
boosting, enhancement of antioxidant defenses, enzyme ac-
tivators, spin traps for reactive radicals have been sought after
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for the COPD therapy (65). Among those, polyphenols and
curcumin have been described as therapeutic agents for
COPD. More strikingly, the role of epigenome in the curcumin
therapy of COPD has been brought to the lime light (8).
HDAC, especially HDAC2, has been recognized to play an
important role in the inflammatory gene expression and in-
flammatory lung pathologies, including COPD, asthma, and
airway diseases, since histone acetylation upregulates the
lung inflammatory genes and causes lung inflammation (8).
Therefore, any pharmacological activation of HDAC appears
to offer therapeutic intervention for lung inflammatory dis-
eases. Curcumin has been suggested as a possible HDAC2
activator in protecting against the inflammatory lung dis-
eases, but the challenge lies in its inhibitory action on HAT (8).
However, the epigenetic mechanisms of protective action of
curcumin on inflammatory lung diseases have to be thor-
oughly investigated prior to its clinical use.

Flavonoids As Modulators of Epigenome:
Disease Prevention and Therapy

Flavonoids comprise a major group of phytochemicals, and
they fall under polyphenol category with diverse chemical
structures. Although their source of entry into humans is diet,
there is a growing interest in flavonoids for their disease-
preventive and therapeutic actions. Flavonoids have been es-
tablished as potent and naturally available antioxidants with
properties to relieve oxidative stress, disease prevention, and
protection (60). However, the epigenome-regulating actions of
flavonoids are just surfacing (27). Flavonoids—in particular,
isoflavones, flavonols, and catechins—have been emphasized
as the phytochemical polyphenol regulators of the epigenome
with a focus on DNA methylation, histone acetylation, and
chromatin alterations (27). Here, the findings of some selected
studies dealing with the flavonoid-modulated epigenetic reg-
ulation with a relevance to diseases are discussed.

Extracellular- Regulated Kinase [T]

Jun N-Terminus Kinase [1‘]

Histone Acetyitransferase [T]

induced apoptosis of cancer cells
wlv through epigenetic regulation of
Fas ligand (Fas L) expression. As
investigated by Lee et al. (45),
quercetin inhibits the histone dea-
(INK) cetylase (HDAC) activity and acti-
l vates HAT through the upstream
activation of the extracellular-
regulated kinase (ERK) and Jun
N-terminus kinase (JNK). Here, the
transactivation of cjun/AP-1 is in-
volved. Thus, the epigenome is
regulated by quercetin, leading to
apoptosis of the cancer cells (me-
dulloblastoma) through elevation
of histone H3 acetylation, which
causes downstream upregulation of
Fas L. In this study, no attempt has
been made to establish the connec-
tion between the antioxidant ac-
tions of quercetin and its epigenetic
regulation of apoptosis of the me-
dulloblastoma.

(ERK)

In the human leukemia-60 cells (HL-60 cells), quercetin
(Fig. 2) has been shown to exert epigenetic modulations in-
volving activation of HAT and inhibition of HDAC, leading to
histone acetylation (45). This study revealed that quercetin
induces Fas ligand-mediated apoptosis in HL-60 cells that is
associated with the epigenetic regulation through HAT and
HDAC (Fig. 4). Soybean isoflavones have been identified as
phytochemical therapeutic flavonoids for the treatment of
colorectal cancer wherein the isoflavones suppress metastasis
of the tissue through epigenetic modulation of DNA meth-
ylation and histone modifications (47). In particular, this
study highlights genistein, one of the soybean isoflavones, as
an effective epigenetic modulator of the colorectal cancer
metastasis, and dietary genistein may be beneficial for colo-
rectal cancer (Fig. 2) (47). Genistein, through epigenetic
modulations, including chromatin remodeling and DNA
methylation, leads to the activation of tumor suppressor
genes and suppression of the survival of cancer cells (82).
Genistein has also been shown to inhibit the DNMT activity,
which causes inhibition of DNA methylation and thus may be
acting as an anticancer agent (48). Genistein has been ob-
served to enhance the acetylation of histones H3 and H4 in the
transcription sites of p21 and p16 with which the upregulation
of the tumor suppressor genes in prostate cancer cells (82).
The cell-cycle arrest results from the genistein-induced
downregulation of cyclins from the upregulation of p21 and
p16 in prostate cancer cells. From this study, genistein appears
as a promising anticancer flavonoid that operates through
epigenetic regulation of gene expression. An association be-
tween genistein consumption and the low mortality rate
among Asian women with breast cancer has been docu-
mented (48). In various experimental cellular models of cancer
such as the prostate, esophagus, and colon cancer cells, gen-
istein has been shown to act as an anticancer flavonoid (48).
Although multiple mechanisms of the anticancer actions of
genistein, such as inhibition of DNA mutation, suppression of
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cancer cell division, antiangiogenic effect, and stimulation of
cell differentiation have been reported, the mechanism of
epigenetic regulation of gene expression by genistein while
exerting its anticancer actions is becoming more evident. An
important discovery that has led to the understanding of the
estrogenic activity of genistein in which prenatal exposure to
genistein permanently affects the erythropoiesis in fetus and
alters the gene expression and DNA methylation in hemato-
poietic cells (75). Also, ligands for isoflavones in the ERo-
mediated HAT activity have been identified, and genistein
has been observed to cause modulation of the HAT activity
and extent of histone acetylation (64). These studies under-
score the estrogenic nature of the phytoestrogen and genistein
and their effects on ERo, which may be seriously considered
for use as an anticancer agent.

EXPRESSION

CHANGES in PROTEIN TRANSLATION

v

MODULATION OF PHYSIOLOGICAL FUNCTIONS

& PATHOLOGICAL EFFECTS

Isoflavones of dietary origin have been documented to
offer vascular protection in different experimental models
and humans through protection against oxidative stress
and upregulation of the antioxidant-signaling mechanisms
(69). Dietary isoflavones have been shown to elevate the
production of nitric oxide and ROS in the vessel wall and
enhance the activities of antioxidant enzymes in the vas-
cular endothelial and smooth muscle cells, which are at-
tributed to the estrogenic activities of isoflavones that
upregulate the genes for antioxidant enzymes in those
vascular cells. Although the isoflavones offer vasculopro-
tection and, in particular, are capable of inhibiting HAT
and DNMT (69), the exact epigenetic mechanism of pro-
tection of vascular endothelial and smooth muscle cells
needs to be established.
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Conclusions: Critical Issues and Future Directions

Studies conducted so far have provided convincing evi-
dence that phytochemical antioxidants (polyphenols and
flavonoids such as quercetin and curcumin) do modulate
epigenetic regulation of gene expression, which could stand
out as a plausible target for the intervention of certain dis-
eases by the phytochemicals of choice (Fig. 5). In cancer bi-
ology, the phytochemical-modulated epigenome actions
have picked up the pace, and the clinical use of phyto-
chemical polyphenols as epigenetic therapeutics is promis-
ing. However, with respect to other diseases and disorders,
studies on the epigenome actions of phytochemical antioxi-
dants are nascent. The most important aspects of phyto-
chemical antioxidants that should be understood thoroughly
are (i) the metabolism of the phytochemicals in mammalian
and human cells in vitro and in vivo to identify the active
metabolite of the phytochemical that is responsible for its
pharmacological actions and (ii) precise cellular targets (re-
ceptors or proteins) for either the parent phytochemical
molecule or its cellular metabolites under normal physio-
logical and pathological states. In this regard, specific bio-
active metabolites of a particular phytochemical antioxidant
of choice, in target cells and their normal counterparts, have
to be identified and characterized (Fig. 5). In addition, the
redox biology of these phytochemical antioxidants in the
cellular milieu has to be established as most of these natural
compounds have a dual behavior of acting either as a pro-
oxidant or as an antioxidant. The question that still remains
to be answered is whether the redox-active phytochemical
antioxidant that causes epigenetic regulation is either de-
pendent upon the oxidants generated through the pro-
oxidant actions or the antioxidant nature of the phyto-
chemical polyphenol antioxidant (Fig. 6). In spite of the
well-established fact that the phytochemical polyphenolics
are among the most effective naturally occurring antioxi-
dants, there is a void bridging their antioxidant actions and

(Phase-l and Phase-ll Enzymes)

phytochemical polyphenols through
their antioxidant actions, pro-
oxidant nature, and bioactive me-
tabolite functions. As the phyto-
chemical polyphenols are known
to act as effective antioxidants,
they may regulate the functions of
cellular epigenome by acting as
antioxidants. Phytochemical poly-
phenols also act as pro-oxidants in
presence of iron (Fe"?) and oxygen
or in concert with oxidases and in-
duce oxidative stress, which may
cause the modulation of the cellular
epigenome through oxidant and
thiol-redox signaling. Phytochem-
ical polyphenols are also known to
undergo biotransformation into
metabolites that is catalyzed by
the cellular phase-I and phase-II
xenobiotic-metabolizing enzymes.
It is possible that these metabo-
lites regulate the cellular epigen-
ome through signaling cascades.

Metabolism

Biotransformation
Ring-Opening
Adduction
Metal Complexation

redox-signaling mediation to their epigenetic regulatory
actions. It is high time to establish whether the epigenome
regulatory actions of the phytochemical polyphenol antiox-
idants are related or unrelated to their antioxidative actions
(Fig. 6). So far, laboratory studies conducted offer convinc-
ing evidence in favor of a connection between the chromatin
remodeling and epigenetic regulation of gene expression,
and this should be established or verified in the preclinical
and clinical studies.
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Abbreviations Used
4-HNE = 4-hydroxy-2-nonenal
ADP = adenosine-3’,5-diphosphate
C =cytosine
COPDs = chronic obstructive pulmonary diseases
CpG = phosphodiester bond between cytosine
and guanine

339

CVD = cardiovascular disease
DNA = deoxyribonucleic acid
DNMT =DNA methyltransferase
ECG = (-)-epicatechin-3-gallate
EGCG = (-)-epigallocatechin-3-gallate
ERK = extracellular-regulated kinase
Ero = estrogen receptor-o
Foxp3 = forkhead box p3
G = guanine
GSH = glutathione
H2A =histone 2A
H2B = histone 2B
H3 = histone 3
H4 = histone 4
HAT = histone acetyltransferase
HDAC = histone deacetylase
HL-60 cells = human leukemia-60 cells
hTERT =human telomerase reverse transcriptase
JNK = Jun N-terminus kinase
miRNA = micro-ribonucleic acid
mRNA = messenger ribonucleic acid
PDE = phosphodiesterase
pro-EGCG = pro-drug of (-)-epigallocatechin-3-gallate
RNA =ribonucleic acid
RNS = reactive nitrogen species
ROS =reactive oxygen species
SAM = S-adenosylmethionine
SIRT = sirtuin
UHRF1 = ubiquitin-like containing PHD and ring
finger domains 1
UV = ultraviolet




