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ARTICLE INFO ABSTRACT

Keywords: Several humans’ diseases such as; cancer, heart disease, diabetes retain an etiology of epigenetic, and a new
Epigenetic therapy therapeutic option termed as “epigenetic therapy” can offer a potential way to treat these diseases. A numbers of
DNMT epigenetic agents such as; inhibitors of DNA methyltransferase (DNMT) and histone deacetylases (HDACs) have
i]i?:RNA grew an intensive investigation, and many of these agents are currently being tested in a clinical trial, while

some of them have been approved for the use by the authorities. Since miRNAs can act as tumor suppressors or
oncogenes, the miRNA mimics and molecules targeted at miRNAs (antimiRs) have been designed to treat some of
the diseases. Much naturally occurring nutrition were discovered to alter the epigenetic states of cells. The
nutrition, including polyphenol, flavonoid compounds, and cruciferous vegetables possess multiple beneficial
effects, and some can simultaneously change the DNA methylation, histone modifications and expression of
microRNA (miRNA). This review mainly summarizes the information of epigenetic agents of DNMTs and HDACs
inhibitors, miRNA mimics and antimiRs, as well as the natural nutrition. In addition, some future perspectives

DNA methylation
Histone modifications

related to the epigenetic therapy are also included.

1. Introduction

Currently, the field of “epigenetics” has been an exciting and rapidly
growing area of research, and a consensus definition of epigenetics: “an
epigenetic trait is a stably inherited phenotype resulting from changes
in a chromosome without alterations in the DNA sequence” was arrived
in 2008 at a Cold Spring Harbor meeting (Berger et al., 2009). In gen-
eral, epigenetic modifications include DNA methylation, histone mod-
ifications, nucleosome positioning and regulation of non-coding RNAs
(long intergenic noncoding RNA (lincRNA) and miRNA) (Portela and
Esteller, 2010), among which DNA methylation, histone modifications
and expression of lincRNA or miRNA have got much attention. It is now
known that DNA methylation is mediated by DNA methyltransferase
(DNMT) family of enzymes, including DNMT1, 2, 3a, 3b and 3l. But
only DNMTI, 3a and 3b possess the methyltransferase activity. The
DNMTs can catalyze the transfer of a methyl group from S-adenosyl-
methionine (SAM) to DNA, which induce hypermethylation of genes
(Portela and Esteller, 2010). The balance between the acetylated/

DOI of original article: https://doi.org/10.1016/j.fct.2018.10.059

deacetylated states of histones is mediated by two different types of
enzymes: histone acetyltransferases (HATs) and histone deacetylases
(HDACs). The HATs-promoted histone acetylation is related to a more
relaxed euchromatin structure that is necessary for the transcriptional
activation, while HDACs remove acetyl groups and suppress the gene
expression (Tao et al., 2014).

Additionally, numerous human diseases such as: cancers, obesity,
diabetes, aging, cardiovascular disease, neurological and neurodegen-
erative disorders, autoimmune disease, infectious disease, allergic dis-
ease have been linked with epigenetic aberrations (Portela and Esteller,
2010; Tollefsbol, 2012). For instance, cancer cells tend to present a
profoundly distorted epigenetic alterations such as a massive global loss
of DNA methylation, imbalance of histone modifications or expression
of oncogenic miRNAs. Global hypomethylation can promote the chro-
mosomal instability, gene disruption and aberrant expression of onco-
genes. In some cases, the hypermethylation or mutation of tumor sup-
pressor genes (TSGs) occurs in various cancer cells, leading to the loss
or reduction in its function and finally to carcinogenesis. These genes
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mainly involved in DNA repair, Ras signaling, p53 network, metastasis
suppressors and cell cycle/apoptosis. Also, a prominent alteration in
histone modification in cancer cells is a global loss of acetylated H4K16,
the active mark H3K4me3 and the repressive mark H4K20me3, and a
gain in the repressive marks H3K9me and H3K27me3, which is due to
aberrant expression of HATs and HDACs (Portela and Esteller, 2010). A
report also revealed that miRNAs expression is generally down-regu-
lated in tumors compared with the normal tissues (Lu et al., 2005).
However, the overexpression of many oncogenic miRNAs has been
found in many types of cancer and promotes the proliferation of cancer
cells (Ohtsuka et al., 2015).

2. Epigenetic therapy

The fact that many of the human diseases possess an epigenetic
etiology has encouraged the development of a new therapeutic option
termed as “epigenetic therapy” (Egger et al., 2004). Many agents have
been discovered to alter the DNA methylation, histone modification
states or miRNAs expression. Several of these agents have been ex-
amined for their anti-cancer or therapeutic effects on neurological
diseases. Three main epigenetic treatments are in a reliable con-
sideration: DNMT and HDAC inhibitors and miRNA-based therapeutics.
Many naturally occurring agents are also able to change the epigenetic
modifications states and these agents alone or in a combination are
listed as an active drug to treat various human diseases.

2.1. DNMT inhibitors

DNMT inhibitors, mainly like 5-Azacytidine (Aza) and 5-aza-2’-
deoxycytidine (or decitabine, DAC) can reverse the DNA methylation,
thereby overcoming the gene silencing, particularly occurred in a pa-
thological condition. Both compounds are nucleoside analogs, and can
be converted to the activated triphosphate 5-Aza-dCTP, and subse-
quently incorporated, in place of cytosine, into DNA (Christman, 2002).
When recognized by DNMT1, these two compounds form an irrever-
sible covalent complex with DNMT1 and leads to DNMT1 degradation
and the reduction of methylation process. The Aza and DAC have been
approved by the U.S. Food and Drug Administration (FDA) in 2004 and
in 2006, respectively, for the treatment of myeloid dysplastic syndrome
(MDS) based on an improvement in an objective response rate in the
clinic (Cheishvili et al., 2015).

The main disadvantages of Aza and DAC is that they are instable in
aqueous solutions and have adverse effects including gastrointestinal
(nausea, vomiting, diarrhea, constipation, and anorexia) and hemato-
logic symptoms (neutropenia, thrombocytopenia) (Kaminskas et al.,
2005). To improve the stability and increase cellular the delivery, new
drugs guadecitabine (SGI-110) and 5-Azacytidine-5‘-elaidate (CP-4200)
were designed. It has been shown that SGI-110, a second generation
DNA hypomethylating agent, possess DNA demethylating effect on
tumor suppressor genes of pre-clinical hepatocellular carcinoma models
(Jueliger et al., 2016) and in primates (Taverna et al., 2012). SGI-110 is
being studied in a phase II clinical trial in patients with MDS
(Montalban-Bravo et al., 2016) and acute myelogenous leukemia (AML)
(Kantarjian et al., 2017). CP-4200, an elaidic acid ester analog of Aza, is
a nucleoside transporter-independent drug. This drug shows an ad-
mirable DNA demethylating activity in AML cells (Hummel-Eisenbeiss
et al., 2013) and higher anti-tumor activity than Aza in an orthotopic
ALL mouse tumor model (Brueckner et al., 2010).

Other cytidine analogs that have been shown to inhibit the DNMTs
activity include 5-fluoro-2‘-deoxycytidine (FdCyd), zebularine, 2‘-
deoxy-N4-[2-(4-nitrophenyl)ethoxycarbonyl]-5-azacytidine ~ (NPEOC-
DAC) and 5,6-dihydro-5-azacytidine (DHAC). FdCyd has been demon-
strated to inhibit the DNMTs activity in various human cancer cell lines
(Morfouace et al., 2016). Since FdCyd is rapidly metabolized in vivo by
cytidine deaminase (CD), a combination of FdCyd and tetra-
hydrouridine (THU), a CD inhibitor has been investigated clinically in
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patients with advanced solid tumors (Coyne et al., 2016; Morfouace
et al., 2016). Zebularine is shown to possess high oral bioavailability,
low toxicity and high efficacy. It is able to form a covalent but re-
versible complex with DNMT1 and reverse the hypermethylation of
tumor suppressor genes in cancer cells (Andrade et al., 2017). NPEOC-
DAC is an analog of DAC with a modification of the N4 position of the
azacitidine ring that protects the exocyclic amine of DAC. However, the
compound was no more potent than DAC in vivo (Byun et al., 2008).

2.1.1. Oligonucleotides

Antisense oligodeoxynucleotides as an anticancer therapy has a
promising prospect. MG98, a 20-nucleic acid oligonucleotide, was de-
signed to inhibit DNMT1 gene expression. MG98 can re-activate the
expression of silenced tumor suppressor genes and inhibit the pro-
liferation of growing cancer cells. It also induced dose-dependent re-
duction in tumor size in human colon and murine lung tumor xenograft
models (Amato et al., 2012; Reu et al., 2005). MicroRNA-29b was found
to directly interact with 3‘-untranslated regions of genes DNMT3a and
DNMT3b. Furthermore, it could decrease the known trans-activator
stimulatory protein 1 (Sp1) of DNMTI gene to down-regulate the ex-
pression of DNMT1. The repression of DNMTs in turn led to decrease in
a global DNA methylation and re-activation of tumor suppressors
p15™%4P and estrogen receptor 1 (ESR1) in AML cells (Garzon et al.,
2009). Some other agents that possess the inhibitory activity on DNMTs
was shown in Table 1. The chemical structures of these DNMT in-
hibitors were present in Fig. 1.

2.2. HDAC inhibitors

Four classes (class I, II, III and IV) of HDACs have been identified in
according to functional criteria and their homology with their yeast
analogs. They can be further divided into Zn**-dependent (class I, II
and IV) and NAD-dependent classes (class III). Class I consists of
HDACI, 2, 3 and 8. HDAC4, 5, 7 and 9 are members of class Ila. Class
IIb contains members of HDAC6 and 10. HDAC11 belongs to Class IV
with some features of classes I and II. Class III members are well known
as sirtuins due to their homologs to yeast SIR2 protein (Haberland et al.,
2009) (see Table 2).

Increasing number of evidences has suggested that histone hypoa-
cetylation is an important part of etiology for various clinical diseases
such as cancer, heart failure and central nervous disease (Qiu et al.,
2017). HDAC inhibitor (HDACI) can inhibit the activities of HDACs and
restore the level of histone acetylation, thus may have the potential to
treat a lot of clinical disorders (Qiu et al., 2017). Most of the current
knowledge about HDACi comes from cancer biology researches. The
anti-cancer activity of HDACI is generally derived from their ability to
induce the apoptosis, cell cycle arrest, differentiation, senescence and to
inhibit angiogenesis in different types of cancers (Zhang et al., 2017a).

According to their structural differences, HDACi can be primarily
divided into four classes: hydroxamic acids (e.g. trichostatin A, vor-
inostat), cyclic peptides (e.g. romidepsin), benzamides (e.g. entinostat)
and short chain fatty acids (e.g. valproic acid). Two successful HDACi,
vorinostat and romidepsin have been approved by the U.S. FDA for the
treatment of cutaneous T-cell lymphoma and peripheral T-cell lym-
phoma, respectively (Anonymous, 2009; Mann et al., 2007). Panobi-
nostat is considered a first-in-line HDACi and have been approved by
the U.S. FDA and European Medicines Agency (EMA) for use in com-
bination with bortezomib and dexamethasone in patients with multiple
myeloma (Laubach et al., 2015). Many other HDACi are shown to have
anti-proliferative and pro-apoptotic effects in cancer cells, which make
them being candidates of anti-cancer drugs. Some of them are also
currently in phases of clinical trials (Table 3). The chemical structures
of these HDAC inhibitors are present in Fig. 2.
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Fig. 1. The chemical structures of DNMT inhibitors. (A) Nucleoside analogs that can be incorporated into DNA to inhibit DNMTs activity. (B) Non-nucleoside DNMTs

inhibitors (Foulks et al., 2012).
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Table 2
Classification of HDACs.

2*_dependent NAD-dependent

class IV
sirtuins 1-7

class IIT
HDAC11

class II
Ila: HDAC4, 5, 7 and 9
IIb: HDAC6 and 10

class I
HDACI, 2, 3, 8

2.3. MicroRNA modulators

miRNA is a type of small non-coding RNA molecule (20-25 nu-
cleotides) with a function in RNA silencing and post-transcriptional
regulation of gene expression. The studies of last decades have greatly
contributed to our understanding of the normal functioning of miRNA
in eukaryotic cells, as well as the biological roles of miRNAs in many
human diseases, such as various cancers, heart, kidney and nervous

Food and Chemical Toxicology 123 (2019) 574-594

system diseases and obesity. Since the miRNAs are frequently over-
expressed or down-regulated in various cancers, the therapeutics tar-
geting the miRNAs by inhibiting the oncomiRs or increasing the tumor
suppressive miRNAs hold some promises in treating cancers. Some
miRNA-based therapeutics are being tested in clinical trials. However,
some aspects like possible side off-target effects, dosage issues and ef-
fective in vivo delivery tool need to be considered when applying such
approach.

2.3.1. MiRNA mimics

MiRNA mimics are synthetically derived double-stranded RNAs that
mimic endogenous mature miRNAs. Given that a numbers of miRNAs
such as miR-1, let-7 family, miR-15/16 cluster, miR-29b, miR-30b, miR-
33a, miR-34a, miR-143 and miR-145, miR-200 family, miR-302, miR-
506, miR-520 and miR-596 have revealed a tumor suppressive function,
the therapeutics based on miRNA replacement targeting these tumor
suppressive miRNAs hold some promises in cancer treatment. Some
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Fig. 2. The chemical structures of HDAC inhibitors. (A) Hydroxamic acid HDAC inhibitor. (B) Benzamides derivatives as HDAC inhibitors. (C) Cyclic peptide HDAC

inhibitors. (D) Short-chain fatty acids as HDAC inhibitors. (E) Sirtuins inhibitors.
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Table 3 (continued)

Reference

Clinical Status

Compounds HDAC Actions

Classification

(Li et al., 2015¢; Mawatari et

al., 2015)

Approved for epilepsy, bipolar disorders and migraine.

Increases p21 level and induces cell-cycle arrest and apoptosis.
Causes histones H3 and H4 hyperacetylation, inhibits HDAC

activity, induces HSP90 dysfunction.

Class I and Ila

Valproic acid

Short chain fatty

acids

de Conti et al. (2013)

Phase II clinical trials

Inhibits HDAC activity, causes an increase of histone H3 lysine 9

and 18 and histone H4 lysine 16 acetylation.

Class I, IT

Butyric acid

(HDAC1, 2, 3,

8)

(Lin et al., 2009; Shi et al.,

2018)

Phase I study in combination with Aza for patients with

refractory solid tumors.

Increases histone acetylation levels by inhibiting HDAC activity.

Inhibits proliferation of tumor cells.

Class I, IT

4-Phenylbutyric acid

(Chen et al., 2016a; Janssens
et al., 2012; Panuganti et al.,

2008)

Phase III clinical trial for laryngeal cancer.

Phase II study for skin cancer.

Nicotinamide binds in a conserved pocket in the SIRT structures to

inhibit the SIRT enzymatic activity.

All class 11T

Nicotinamide

Sirtuins inhibitors

(Ota et al., 2006; Zhou et al.,

2014b)

Preclinical.

Inhibits phosphorylation of Raf-1, MEK, ERK, JNK and p38 MAPK.

Blocks activation of Ras. Inhibits the Sirtl to enhance the p53

acetylation to enhance cell death.

SIRT 1 and 2

Sirtinol

Mahajan et al. (2014)

Preclinical.

Induces hyperacetylation of BCL6 and p53, leading to apoptosis in

Burkitt lymphoma cells.

SIRT 1 and 2

Cambinol

(Ceballos et al., 2018;

Phase II clinical trials for Huntington. Disease, glaucoma.

Enhances p53 acetylation by inhibiting SIRT1 activity.

SIRT 1

Selisistat (EX-527)

Reilmann et al., 2014)
Chen et al. (2017b)

Phase I study in patients with multiple myeloma and T- and

B-cell lymphomas, solid tumors including nervous system

tumors.

Induces histone hyperacetylation and p21"A*“'"* overexpression.

Pan

AR-42

Others

Decreases phospho-Akt, Bcl-xL and activates caspases pathway,
induces growth inhibition, cell cycle arrest, apoptosis and

autophagy in cancer cells.

Note: Aym: mitochondrial membrane potential; Pan indicates not specific to certain class of HDAC.
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mimics of tumor suppressive miRNAs have been tested in preclinical
studies, and even entered the phase I clinical trial. For example, MRX34
is a liposome-encapsulated miR-34a mimic, and is currently being
tested in a phase I clinical trial for advanced solid tumors and haema-
tological malignancies (Beg et al., 2017; Kelnar et al., 2016). In multiple
orthotopic murine models of liver and lung cancer, MRX34 treatment
results in a significantly increased miR-34a level in tumors, decreases
the expression of multiple target genes, and inhibits the tumor growth
with a dose-dependent manner (Daige et al., 2016; Trang et al., 2011).
Some other miRNA mimic-based therapeutics are shown in Table 4.

2.3.2. AntimiRs

AntimiRs are a class of chemically synthetic single stranded oligo-
nucleotides and designed to bind directly to the targeted miRNA by
complementary mechanism which blocks the function of the corre-
sponding miRNA. AntimiRs with a 2‘-O-methoxyethyl modification are
called antagomiR (Rupaimoole and Slack, 2017). Many miRNAs such as
miR-10b, miR-17, miR-21, miR-23b, miR-27a, miR-100, miR-125b,
miR-155, miR-210, miR-212, miR-17/92 cluster, miR-221 and miR-222
have been demonstrated to possess oncogenic functions (Gambari et al.,
2016; Rupaimoole and Slack, 2017). The anti-cancer strategy based on
the suppression of these oncogenic miRNAs has been demonstrated to
be feasible in animal models of various cancers, ischemic stroke,
asthma, diabetes, viral infection, allergic inflammation, cardiovascular
disease and hypertrophic scarring (Guo et al., 2017; Lee et al., 2017; Ma
et al., 2010; Yang et al., 2017b). So far, several antagomir-based ther-
apeutics, including miravirsen, RG-101, RG-125 and MRG-106 have
entered clinical trials for treating chronic hepatitis C infection, type 2
diabetes and cutaneous T cell lymphoma and mycosis fungoides
(Table 4).

2.3.3. MiRNA sponge

The inhibition of miRNA can also be attained through miRNA
sponges. miRNA sponge was firstly termed as a competitive miRNA
inhibitors that are regulatory RNAs containing multiple, tandem
binding sites to a miRNA of interest (Bak and Mikkelsen, 2014). Such
miRNA sponge can bind to miRNAs and competitively sequester them,
thereby up-regulates miRNA target gene expression. This sponge
mainly includes IncRNAs, circular RNAs (circRNAs) and pseudogene
transcripts, and can be used as a tool for identifying miRNA targets and
studying the function by investigating the loss-of function phenotypes
(Thomson and Dinger, 2016). For example, the IncRNAs, H19, HULC,
CCAT1, NEAT1, UCA1, MIR31HG, PCGEM]1, linc00305 expressed re-
spectively in gastric cancer, liver cancer, colon cancer, glioma cells,
urothelial carcinoma and lung cancer, pancreatic cancer, prostate
cancer and human umbilical vein endothelial cells has been reported to
act as a sponge of miR-141, miR-372, let-7, miR-449b-5p, miR-16 and
miR-193a-3p, miR-193b, miR-770 and miR-136 to promote the cancer
progression or inhibit apoptosis (Deng et al., 2015; Li et al., 2015b,
2016; Liang et al., 2015; Liu et al., 2016¢; Wang et al., 2010; Yang et al.,
2016). The miRNA sponge effects by circRNAs have been a hotspot
research recently. The circRNAs mostly originate from a non-canonical
form of alternative head-to-tail splicing. They are much more stable and
less susceptible to exonuclease digestion than linear transcripts, which
make them ideal candidates as a miRNA sponge (Kulcheski et al.,
2016). So far, at least four circRNAs have been shown to possess miRNA
sponge effect. They include: circRNA CDR1-as/ciRS-7 acts as sponge of
miR-7 in central nervous system (Kumar et al., 2017a). Sry-derived
circRNA is a sponge of miR-138 in testis (Hansen et al., 2013). CircRNA
ITCH acts as sponges of miR-7, miR-17 and miR-214 in oesophageal
squamous cell carcinoma (Li et al., 2015a). CircRNA 001569 is a sponge
of miR-145 in the colorectal cancer (Xie et al., 2016).

2.3.4. MiRNA masking
miRNA masking is another approach to inhibit the miRNA function,
which is through using a modified single-stranded oligoribonucleotide.
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Table 4

Typical examples of miRNA therapeutics in clinical trials.
Name miRNA target Clinical status References
Miravirsen AntimiR-122 Phase II clinical trial hepatitis C virus infection van der Ree et al. (2016)
RG-101 AntimiR-122 Phase 1I clinical trial for chronic hepatitis C van der Ree et al. (2017)
RG-125 AntimiR-103/107  Phase I clinical trial for type 2 diabetes Wagner et al. (2015)
MRG-106 AntimiR-155 Phase I clinical trial for cutaneous T cell lymphoma and mycosis fungoides Querfeld et al. (2017)
MRG-201 miR-29 mimic Phase 1I clinical trial for subjects with a predisposition for keloid formation. Phase I clinical trial for scleroderma  Gallant-Behm et al. (2017)
MesomiR-1 ~ miR-16 mimic Phase I clinical trial for malignant pleural mesothelioma and advanced non-small cell lung cancer van Zandwijk et al. (2015)
MRX34 miR-34 mimic Phase I clinical trial for multiple solid cancers Beg et al. (2017)

A miRNA masking does not directly interact with its target miRNA, but
binds to the miRNA binding site of a target mRNA by fully com-
plementary mechanism. In this way, the miRNA masking covers up the
access of its target miRNA to the binding site of mRNA (Wang, 2011).
Such miRNA masking has been demonstrated to be useful in vitro and
can exert an inhibitory effect against miRNA (Murakami and Miyagishi,
2014; Obad et al., 2011).

2.3.5. Chemical modifications and delivery systems of miRNA-based
therapeutics

One of the major challenges for miRNA-based therapeutics is the
degradation of oligonucleotides by nucleases. To improve the stability
and increase the efficacy of miRNA-based therapeutics, two different
strategies have been developed. One strategy is to introduce the che-
mical modifications into targeted oligonucleotides, such as 2‘-deoxy, 2‘-
O-methyl, cholesterol-conjugated, locked nucleic acid (LNA), peptide
nucleic acids (PNA), 2‘“flouro, 2‘-O-methoxyethyl and phosphor-
othioate backbone modification (Hodjat et al., 2017). Another strategy
is to develop delivery vehicles to increase the efficacy of in vivo de-
livery. Such delivery vehicles, including liposomes, polymeric micelles
and vesicles, nanoparticles and dendrimers are under development
(Rupaimoole and Slack, 2017). Viral vectors are now getting much
attention due to its high efficiency and low pathogenicity, and the most
representative among the viral vectors is adeno-associated virus
(AAVs). The AAV vectors containing the sequence of a mature miRNA
can persistently and highly expressed in target cells (Hodjat et al.,
2017). Exosomes are another promising candidate for exogenous oli-
gonucleotides delivery to target cells. Exosomes are small membrane
bound vesicles that are secreted into the extracellular environment by
various types of cell, and established intercellular communication by
transporting proteins, lipids, and RNAs to recipient cells. The exo-
genous RNAs like therapeutic small interfering RNAs and miRNAs can
be introduced into exosomes, and subsequently delivered to the target
cells to cause selective gene silencing (Wahlgren et al., 2016).

3. Naturally bioactive compounds
3.1. Folic acid and vitamin B12

Folic acid (vitamin Bo) and vitamin B;,, two water-soluble vitamins,
are required for synthesis of methionine and SAM. SAM is a universal
methyl donor required for the maintenance of methylation patterns in
DNA. Deficiencies in folic acid and vitamin B, will inhibit the synthesis
of SAM, accordingly reduce the DNA methylation. This will result in
single- and double-stranded DNA breaks and micronucleus formation,
intrauterine growth retardation, impaired fatty acid oxidation in liver
and heart (Fenech, 2012) and interfere with fetal programming and
brain development with epigenetic mechanisms (McGee et al., 2018). A
clinical investigation also showed a significant correlation between
serum folic acid and vitamin B, levels with DNA methylation of tumor
suppressor and repair genes p16, MLH1, and MGMT in elderly Chileans
(Sanchez et al., 2017).
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3.2. Polyphenol compounds

Dietary polyphenols have been shown to have an impacts on in-
tracellular signaling networks, cell proliferation and apoptosis, and
modulate carcinogenesis in certain populations (Omidian et al., 2017).
These compounds have the potential to reverse adverse epigenetic
states of DNA methylation, affect the histone modifications and change
the miRNAs expression. They can re-activate the expression of TSGs and
repress oncogenes expression through epigenetic mechanisms (Zhu and
Wang, 2016).

3.2.1. Epigallocatechin-3-gallate (EGCG)

EGCG is the most abundant and active polyphenol in green tea ca-
techin, possessing the effects of anti-cancer, anti-inflammation, anti-
obesity, anti-diabetes, anti-oxidant, cardiovascular disease prevention
and immunoregulation. EGCG can inhibit proliferation and induce
apoptosis in many tumor cells, which is partly due to that it can epi-
genetically restore the expression of TSGs. It has been shown that EGCG
inhibited the DNMTs activity and DNMT1, DNMT3a and DNMT3b ex-
pression, and caused CpG demethylation in promoters of silenced TSGs
in acute promyelocytic leukemia cells and human skin cancer cells.
Besides, EGCG inhibited the HDACs activity and increases histone H3
and H4 acetylation levels (Borutinskaite et al., 2018; Nandakumar
et al., 2011).

The modulation of miRNAs by EGCG has been implicated in the
cancer inhibition, anti-hypertension and protection of chronic renal
injury. A recent study identified 35 up-regulated and 18 down-regu-
lated miRNAs in hypertensive rats administrated with EGCG, among
which miRNA-150-5p was indicated to be involved in the anti-
hypertensive effect of EGCG (Qian et al., 2018a). EGCG increased the
miRNA-15b expression in both murine and human T cells, which re-
sulted in a significant decrease in the expression of ORAI calcium re-
lease-activated calcium modulator 1 (Orail) and its regulator stromal
cell-interaction molecule 2 (Stim2). This could inhibit the Ca?™* entry
into murine and human T cells (Zhang et al., 2017c). In different types
of cancer cells, EGCG was shown to change the expression of miRNAs
(includes let-7b, miR-1, miR-21, miR-221, miR-210, miR-34a, miR-145,
and miR-200c) to induce cell growth inhibition and apoptosis (Arffa
et al., 2016; Devi et al., 2017; Yamada et al., 2016; Zhu and Wang,
2016).

3.2.2. Resveratrol

Resveratrol is a non-flavonoid polyphenol compound with potential
therapeutic use in the treatment of human diseases, including cancer,
diabetes, cardiovascular diseases (Fernandes et al., 2017). A combina-
torial therapy of resveratrol and pterostilbene has been shown to be
effective in treatment for estrogen receptor-alpha (ERa)-negative breast
cancer, because they could decrease the expression of DNMTI,
DNMT3a, DNMT3b and a type III HDAC enzyme SIRT1, decrease the
DNMTs activity and 5-mC level, and increase the enrichment of H3K9
and acetyl-H4 active chromatin markers in the ERa promoter region.
This eventually led to the re-activation of ERa expression and apoptosis
in breast cancer cells (Kala et al., 2015; Kala and Tollefsbol, 2016). The
in silico docking studies showed that resveratrol had the chemical
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structure to inhibit the activity of all eleven human HDAGCs of class I, II
and IV. In HepG2 cells, resveratrol inhibited the activity of HDACs and
caused the histone hyperacetylation (Venturelli et al., 2013).

In melanoma cell lines and in vivo melanoma model, resveratrol
exerted its anti-tumor effect by significantly decreasing the expression
of oncogenic miR-221 and re-activating the expression of its target gene
TRK-fused gene (TFG), a TSG (Wu and Cui, 2017). In a mouse model of
diabetic nephropathy, resveratrol induced autophagy possibly through
the suppression of miR-383-5p (Huang et al., 2017). Another study
showed that resveratrol could abrogate the expression of miR-193a
induced by staphylococcal enterotoxin B in the immune cells isolated
from the lungs of mice, which reduced the inflammatory cytokines and
as well as T cell infiltration into the lungs (Alghetaa et al., 2018). Chang
et al. (2016) examined the effect of resveratrol on the myofibroblast
activity of human primary fibrotic BMFs derived from oral submucous
fibrosis (OSF) tissues. It was shown that resveratrol up-regulated the
expression of miR-200c and the level of H3K27me3, and increased the
binding of H3K27me3 to the zinc finger E-box binding homeobox 1
(ZEB1) promoter to inhibit the ZEB1 expression that plays a pathogenic
role in the induction of myofibroblast activity and contributes to the
pathogenesis of OSF.

3.2.3. Curcumin

Curcumin, a constituent of turmeric, belongs to diferuloylmethane
polyphenolic compound. It has various beneficial effects such as anti-
inflammatory, anti-septic, anti-oxidant, anti-cancer activities (Pandey
et al., 2016). Multiple epigenetic modification potentials of curcumin
have been reported so far. For example, curcumin was shown to down-
regulate the protein level of DNMT1, DNMT3a, DNMT3b, HDACI,
HDAC4, and HDAC7 and the activity of DNMTs and HDACs, which
caused hypomethylation and reduced the accumulation of H3k27me3
on the promoter of Nrf2 in mouse prostate cancer cells (Li et al.,
2018b). Low and nontoxic concentration (10 uM) of curcumin treat-
ment in breast cancer MCF-7 cells completely reversed the glutathione
S-transferase pi 1 (GSTPI1, a TSG) promoter hypermethylation and re-
activated its expression (Kumar et al., 2017b). Similarly, curcumin
down-regulated the mRNA and protein levels of DNMT1, and re-acti-
vated the expression of tumor suppressor gene ras-association domain
family protein 1A (RASSF1A) by decreasing its promoter methylation
level in MCF-7 cells (Du et al., 2012). In human colon cancer
HT29 cells, curcumin epigenetically restored the expression of TSG,
deleted in lung and oesophageal cancer 1 (DLEC1), which was achieved
by decreasing the CpG methylation in the DLECI gene promoter. Fur-
thermore, curcumin decreased the protein expression of DNMTs and
HDACH4, 5, 6, and 8 (Guo et al., 2015).

Anti-cancer effect of curcumin was largely due to its regulation of
microRNA expression involved in the regulation of carcinogenesis
(Mirzaei et al., 2018). For example, in human colon cancer HCT-
116 cells, curcumin up-regulated the anti-oncogenic miR-491 to de-
crease expression of paternally expressed gene-10 (PEG10) which could
participate in several carcinomas (Li et al., 2018a). Curcumin treatment
in several breast cancer cell lines up-regulated tumor-suppressive
miRNAs (miR-181b, miR-34a, miR-16, miR-15a and miR-146b-5p) and
down-regulated oncogenic miRNAs (miR-19a and miR-19b). This
modulation of miRNAs led to the suppression of tumorigenesis and
metastasis, and the induction of apoptosis (Norouzi et al., 2018). Cur-
cumin promoted the radio-sensitivity in prostate cancer cells. Curcumin
significantly restored the expression of miR-143 and miR-145 by re-
ducing the expression of DNMT1 and DNMT3b and inducing promoter
hypomethylation of miR-143/miR-145 cluster. MiR-143 overexpression
by curcumin remarkably enhanced the radiation-induced cancer cell
growth inhibition and apoptosis, and reduced the radiation-induced
autophagy (Liu et al., 2017a).

3.2.4. Gallic acid
Gallic acid (GA) is a type of phenolic acid found in dietary
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substances like gallnuts, sumac, witch hazel, black tea and oak bark. GA
possesses anti-cancer, anti-inflammatory, anti-oxidant, anti-viral and
anti-bacterial properties.

It has been shown that GA strongly caused cytotoxicity against the
lung cancer H1299 cells. GA reduced both nuclear and cytoplasmic le-
vels of DNMT1 and DNMT3b, and re-activated the growth arrest and
DNA damage-inducible 45 (GADD45) signaling pathway by demethy-
lation of genes CCNE2 (encoding cyclin E2) and CCNB1 (encoding cy-
clin B1) in H1299 cells (Weng et al., 2018). Also, GA could effectively
inhibit the activities of HDAC4, 5, 7, 8 and 9, but not HDAC2 and 3
(Choi et al., 2018).

The modulation of miRNA expression by GA was evaluated in sev-
eral types of cancer cells. For example, in human glioblastoma cells, GA
at lower dose (< 25pg/ml) reduced, but increased at higher dose
(> 50 pug/ml), the expression of miR-17-3p, miR-21-5p and miR-
421-5p that are critical in regulation of antioxidant mitochondrial en-
zymes, cell cycle and DNA repair (Paolini et al., 2015). GA up-regulated
the miR-518b in human chondrosarcoma SW1353 cells, which medi-
ated the GA-induced apoptosis and inhibition of cell migration (Liang
et al., 2014). The anti-inflammatory effects of mango polyphenols
containing gallic acid were examined in rats in vivo and in normal
human colon CCD-18Co cells treated with LPS. These polyphenols at-
tenuated the expression of pro-inflammatory cytokines TNF-a, IL-1, and
iNOS, and up-regulated the miR-126. The up-regulation of miR-126
further reduced its target gene PI3K (p85) and PI3K/AKT/mTOR
pathway (Kim et al., 2017).

3.3. Flavonoids compounds

3.3.1. Apigenin

Apigenin is a dietary plant flavonoid present in various common
fruits and vegetables (parsley, celery, chamomile tea, oranges, thyme,
and onions). It possess anti-oxidant, anti-cancer, anti-inflammatory and
anti-mutagenic properties (Madunic et al., 2018). The epigenetic
modulatory ability of apigenin has been investigated in last decade. For
example, the rats with cognitive deficits were administrated chronically
with apigenin (40 mg/kg b.w. for 28 days), and showed better perfor-
mance in cognitive assessment. The molecular basis is possible partly
based on that apigenin treatment decreased the HDAC content, and
increased the acetylated H3 and H4 expressions in the hippocampus (Tu
et al., 2017). Apigenin has been shown to induce cell cycle arrest at the
G2/M phase in the MDA-MB-231 breast cancer cells. Apigenin sig-
nificantly inhibited the HDAC activity and induced histone H3 acet-
ylation in the p21WAF/CIP1 promoter region, resulting in the increase of
p21WAFI/CIPL transcription and cell cycle arrest (Tseng et al., 2017).
Another study also showed that apigenin re-activated the crucial tran-
scription factor Nrf2 in mouse skin epidermal JB6 P cells via reversing
the hypermethylated status of 15 CpG sites in the Nrf2 promoter in a
dose-dependent manner. Demethylation of Nrf2 promoter accordingly
increased the expression of Nrf2 and its downstream target gene NQO-
1. Furthermore, apigenin treatment also reduced the expression of
DNMT1, 3a and 3b, as well as HDAC1-8 (Paredes-Gonzalez et al.,
2014).

It has been shown that apigenin could increase the expression of
miR-520b and miR-101 in hepatocellular carcinoma cells. The over-
expression of miR-520b inhibited ATG7-dependent autophagy, while
overexpression of miR-101 inhibited the expression of its target gene
Nrf2, both of which significantly enhanced the sensitivity of cells to
doxorubicin (Gao et al., 2017, 2018a). In glioma cells, apigenin sig-
nificantly increased miR-16 level, which resultantly decreased the
protein expression of Bcl2 and induced apoptosis (Chen et al., 2016b).

3.3.2. Genistein and daidzein

Genistein (GE) and daidzein are the major iso-flavones (approxi-
mately 47 and 44%, respectively), that are particularly abundant in soy
beans (Poschner et al., 2017). These two compounds have been widely
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studied among the flavonoid group of compounds with anti-carcino-
genic and anti-angiogenic activities. They also has beneficial effects
such as anti-oxidant, anti-proliferation, pro-apoptosis and inhibition of
tyrosine kinase (Shukla et al., 2014).

GE has been found to be a natural epigenetic modifier of DNA
methylation and histone modifications. GE exposure to human cervical
cancer Hela cells significantly decreased the expression and enzymatic
activity of both DNMTs and HDACs, reversed the methylation of TSGs
(MGMT, RAR-B, p21, E-cadherin, DAPK1) in promoter region and re-
activated their expression. The inhibition of DNMTs and HDACs was
likely attributed to the interaction of GE with the various members of
DNMT and HDAC families according to the molecular modeling ana-
lysis (Sundaram et al., 2017). In ERa-negative breast cancer cells, GE
re-activated the ERa expression, which is due to that GE could lead to
remodeling of chromatin structure in the ERa gene promoter. The ERa
re-activation was synergistically enhanced by combination of GE with
trichostatin A (a HDAC inhibitor). The in vivo experiments also showed
that dietary GE significantly could prevent cancer development and
reduce the growth of breast tumors in mice (Li et al., 2013). In MCF-7
and MDA-MB-231 breast cancer cells, daidzein, as well as GE induced
demethylating and acetylating effects on histones with decrease in the
H3K9me3, H3K27me3 and H3K4me3 levels, and increase in acetylation
level of H4K8 and H3K4. This in turn led to the unpacking of chromatin
and the transcription enhancement (Dagdemir et al., 2013).

3.3.3. Quercetin

Quercetin belongs to the flavonoids and is abundant in many fruits
and vegetables (broccoli, onions, dill, cilantro, citrus fruits and buck-
wheat). It was reported that quercetin prevented high fat diet-induced
hypermethylation in the peroxisome proliferator activated-receptor
gamma co-activator 1 alpha (PGC-1a) promoter, which re-activated the
expression of PGC-1a and ameliorated high fat diet-induced obesity and
insulin resistance (Devarshi et al., 2017). Quercetin alone or with
curcumin treatment could inhibit the DNMTs activity, and caused
global hypomethylation and increased androgen receptor (AR) mRNA
and protein levels in AR-negative prostate cancer cells, indicating their
potential for chemoprevention of androgen resistance in prostate cancer
(Sharma et al., 2016). In hamster buccal pouch tumor model, quercetin
was shown to reduce tumor incidence, induce cell cycle arrest or
apoptosis, and block invasion and angiogenesis. Meanwhile, a positive
correlation between the inhibition of HDAC1 and DNMT1 by quercetin
and its anti-cancer properties was revealed (Priyadarsini et al., 2011).
In human leukemia HL-60 cells, quercetin induced apoptosis which was
partly through the induction of Fas ligand (FasL). Quercetin exhibited
the potential to activate HAT and inhibit HDAC, both of which con-
tributed to histone H3 acetylation in FasL gene (Lee et al., 2011).

Quercetin exerted its anti-cancer stem cells (CSCs) in human pan-
creatic ductal adenocarcinoma (PDA) cells and primary human PDA
cells. The small subpopulation of CSCs endow the tumor tissue with
pronounced therapy resistance and early progression of PDA. Quercetin
was shown to inhibit the viability, migratory potential and induce the
apoptosis of CSCs, and mediated the overexpression of miR-let-7a that
in turn reduce the K-ras expression and CSC features in pancreatic
cancer (Appari et al., 2014). Oncogenic miR-21 has been involved in
chronic Cr exposure-induced malignant transformation of human
bronchial epithelial cells through inhibition of the tumor suppressor
gene PDCD4 (encoding programmed cell death 4). The quercetin
treatment abrogated the miR-21 expression and reversed the inhibition
of PDCD4 and malignant transformation of cells (Pratheeshkumar et al.,
2017).

3.4. Cruciferous vegetables
Several epidemiological investigations have shown a strong corre-

lation between lower incidence of cancers in lung, breast, gastric,
bladder, colorectal, pancreatic, prostate, and kidney with a higher and
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long-term intake of cruciferous vegetables (Abbaoui et al., 2017;
Johnson, 2018; Veeranki et al., 2015). The anti-cancer activity of cru-
ciferous vegetables mainly comes from the bioactive compounds sul-
foraphane (SFN) and phenethyl isothiocyanate (PEITC), of which PEITC
represents the most potent and promising one in preventing the cancer
development and progression (Veeranki et al., 2015).

3.4.1. Sulforaphane (SFN)

SEN is an isothiocyanate abound in broccoli, broccoli sprouts and
Brussels sprouts, and has been characterized as HDAC inhibitor. In the
study of Choi et al. (2018), the inhibitory effect of HDAC activity by
SFN was analyzed in cell free system, and the results showed that SFN
(> 100 uM) mildly decreased the activities of HDAC4, 5, and 7, but
strongly decreased the HDAC9 and 2 activities. A combinatorial treat-
ment of physiologically achievable concentrations of SFN and with-
aferin A (WA), a steroidal lactone derived from Indian winter cherry, in
human breast cancer cells resulted in a decrease in the expression of
DNMT1, 3a and 3b and HDACI1, and inhibition in DNMT and HDAC
activities. This treatment also synergistically inhibited the cellular
viability, and promoted the apoptosis in breast cancer cells (Royston
et al., 2017). SFN has been suggested to exert its chemopreventive and
anti-oxidant activities via the activation of Nrf2 (Russo et al., 2018). It
was shown that SFN treatment in prostate cancer TRAMP C1 cells at-
tenuated the expression of HDAC1, 4, 5, and 7, increased the acetyla-
tion level of histone 3, and led to demethylation of the first 5 CpGs in
the promoter region of Nrf2. This could restore the expression of Nrf2
and its target gene NQO-1 (Li et al., 2018b; Zhang et al., 2013).

SEN could restore the miR-9-3 level in lung cancer A549 cells
through epigenetic regulation. SFN treatment attenuated the DNMT
activity and the expression of DNMT3a and HDAC1, 3 and 6, which
reduced the CpG methylation and increased the transcriptional activity
of miR-9-3 promoter (Gao et al., 2018b). In colorectal cancer cells, SFN
down-regulated the expression of miR-21 and HDAC1, which resulted
in decreased expression of human telomerase reverse transcriptase
(hTERT) that is essential for continued proliferation. SFN reduced tel-
omerase protein and its enzymatic activity, and eventually led to in-
hibition of cell viability and induction of apoptosis (Martin et al., 2018).

3.4.2. Phenethyl isothiocyanate (PEITC)

PEITC is another isothiocyanate, whose precursor gluconasturtiin is
found in cruciferous vegetables watercress. PEITC can modulate the
phase I drug metabolizing enzymes and phase II detoxification enzymes
to affect the bio-activation and the detoxifying process of carcinogens
(Osman et al., 2017). Emerging evidences also showed that PEITC had
chemopreventive property against cancers through epigenetic me-
chanisms including DNA methylation, histone modification and
miRNAs expression.

In a recent study, it has been reported that long-term exposure (> 1
month) of colorectal cancer SW620 cells to low-dose PEITC could alter
the expression profile of epigenetic writers/erasers. This therapy not
only blocked HDAC binding to euchromatin, but also induced hypo-
methylation of polycomb-group (PcG) target genes that are typically
hypermethylated in cancers. As a result, PEITC inhibited the pro-
liferation of colorectal cancer cells and growth of SW620-derived tu-
mors in a mouse xenograft model (Park et al., 2017). In human prostate
adenocarcinoma cells LNCaP, PEITC decreased the protein expression
of DNMT1, 3a and 3b and HDACI, 2, 4 and 6, and significantly en-
hanced the CpG demethylation in RASSF1A promoter and accordingly
re-activated its expression. This could promote the early apoptosis and
G2/M cell cycle arrest in this cancer cells (Boyanapalli et al., 2016).

PEITC may exert its anti-cancer effect through modulation of mul-
tiple miRNAs. In LNCaP cells, PEITC increased the expression of anti-
oncogenic miRNA-194 which interacted with its direct target bone
morphogenetic protein 1 (BMP1). The down-regulation of BMP1 de-
creased the expression of key oncogenic matrix metalloproteinases
MMP2 and MMP9, which in turn inhibited cancer cell invasion (Zhang
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et al., 2016). PEITC also increased the expression of anti-oncogenic
miRNA-17, which resulted in a decrease in p300/CBP-associated factor
(PCAF) expression and growth inhibition in LNCaP cells (Yu et al.,
2013a). Izzotti et al. (2010) evaluated the expression of 576 miRNAs in
the liver and lung of neonatal mice exposed to environmental cigarette
smoke (ECS) for 2 weeks. Of which 72 and 166 miRNAs were dysre-
gulated in the lung and liver, respectively. However, the treatment with
the diet containing PEITC protected the lung and liver from ECS-in-
duced alterations of miRNAs expression.

3.5. Organosulfur compounds (OSCs)

OSCs are mostly derived from Allium family vegetables such as
onion, garlic and shallots. They have been historically used as benefits
for health improvements in the folk due to their advantages in cancer
prevention, anti-microbial activity, improved immunity, hypoglycemic
activity and promotion of cardiovascular health (Petropoulos et al.,
2017). The diallyl sulfide (DAS), diallyl disulfide (DADS), diallyl tri-
sulfide (DATS) and the active metabolite S-allylmercaptocysteine
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(SAMC) of DADS are the major active ingredients of OSCs (Petropoulos
et al., 2017), and the DADS and DATS are more studied and thus get
more attention.

3.5.1. Diallyl disulfide (DADS) and diallyl trisulfide (DATS)

It has been reported that DADS could inhibit the proliferation of
different types of cancer cells and growth of tumors in experimental
animals. The anti-tumor effect of DADS was derived from multiple
mechanisms, including activation of metabolizing enzymes that de-
toxify carcinogens, anti-oxidant activity, induction of cell cycle arrest
and apoptosis, inhibition in angiogenesis and invasion, and histone
modification (Yi and Su, 2013).

DADS can lower the incidence of breast cancer both in vitro and in
vivo. Studies have suggested that DADS could induce the apoptosis in
the breast cancer MCF-7 cells. Also, DADS decreased the histone dea-
cetylation process and induced hyperacetylation in histone H4 in a way
similar to HDACI (Altonsy et al., 2012). In colon cancer cells Caco-2 and
HT-29, DADS inhibited the HDAC activity, and induced histone H3 and
H4 hyperacetylation preferentially at H4K12 and H4K16. This partly

Chrysin
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H;CO. O N O HO. o O
OH ‘ 6
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Fig. 3. The chemical structures of compounds from natural epigenetic nutritions.
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resulted in an increase in p21 WAF1/CP1

(Druesne et al., 2004).

DATS has been shown to inhibit the HDAC activity and impede
glioblastoma tumor progression in ectopic glioblastoma xenograft mice
model. DATS increased the acetylation level of H3 and H4, inhibited the
cell cycle progression, and reduced the tumor mass and numbers of
mitotic cells within tumors (Wallace et al., 2013). The potential epi-
genetic nutrition and their actions are listed in Table 5. The chemical
structures of these epigenetic nutrition are shown in Fig. 3.

expression and cell cycle arrest

4. Conclusion and future perspectives

Based on the emerging regulatory role of aberrant epigenetic
modifications in the etiology of various human diseases and the pa-
thological conditions in a variety of cells, it is possible and necessary to
develop the therapeutic agent to restore these epigenetic abnormalities.
DNA methylation, histone modification and miRNAs expression mostly
represent the research direction of epigenetics. It has been indicated
that DNMTs and HDACs reveal a reduced expression level in certain
types of cancer. Also, an aberrant miRNAs expression pattern is
common in cancer cells. The therapeutics targeting the DNMTs, HDACs
and miRNAs hold great promises in the treatment of various cancers
and other human diseases. Meanwhile, the new discipline termed as
“epigenetic therapy” has arisen, and many epigenetic agents, including
DNMTs and HDACs inhibitors are in the pre-clinical and clinical trial
phases. However, a key challenge for the epigenetic therapy is to de-
velop the inhibitors of DNMTs and HDACs with higher DNA specificity,
thereby reducing the side effects.

So far, there are still few epigenetic drugs that were approved by the
authorities to treat the human diseases. Perhaps, the research focus
should move on to discover the active naturally occurring epigenetic
nutrition. A numbers of evidences have shown that the epigenetic nu-
trition have the potential to modulate the epigenetic states, thus it
could be considered as a potential alternative for epigenetic therapy.
Furthermore, it has been suggested that the combinations of epigenetic
nutrition-derived compounds may achieve a better effect than used
alone. Thus, the combined effectiveness of different epigenetic nutrition
probably should be explored. Moreover, the guidelines for sufficient
daily intake of nutrition, prevention of nutritional deficiencies and a
different combinations of nutrition may also be needed.
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