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Many nutrients are known for a wide range of activities in prevention and alleviation of various diseases. Recently, their
potential role in regulating human health through effects on epigenetics has become evident, although specific mechanisms
are still unclear. Thus, nutriepigenetics/nutriepigenomics has emerged as a new and promising field in current epigenetics
research in the past few years. In particular, polyphenols, as part of the central dynamic interaction between the genome and
the environment with specificity at physiological concentrations, are well known to affect mechanisms underlying human
health. This review summarizes the effects of dietary compounds on epigenetic mechanisms in the regulation of gene
expression including expression of enzymes and other molecules responsible for drug absorption, distribution, metabolism
and excretion in cancer, metabolic syndrome, neurodegenerative disorders and hormonal dysfunction.
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5-hmC, 5-hydroxymethylcytosine; AD, Alzheimer’s disease; AZA, 5-aza-2-deoxycytidine; CBP, CREB-Binding Protein;
DNMT, DNA methyltransferases; E2, 17B-estradiol; EGCG, epigallocatechin gallate; ER, oestrogen receptor; ERE,
oestrogen receptor response elements; HAT, histone acetyl-transferase; HDAC, histone deacetylase; KDM1, lysine
demethylase 1; MBD, methyl-CpG-binding domain; miRNA, microRNA; Nrf2, nuclear factor erythroid-derived
2-related factor 2; PD, Parkinson’s disease; PELP, proline-, glutamic acid- and leucine-rich protein-1; SAH,
S-adenosylhomocysteine; SAM, S-adenosyl-L-methionine; SCFA, short-chain fatty acid; SERM, selective oestrogen
receptor modulators; SFN, sulforaphane; SIRT1, sirtuin-1; TSA, trichostatin A
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Tables of Links

DNMT, DNA methyltransferases
ERa, oestrogen receptor o
ERB, oestrogen receptor B
FASN, fatty acid synthase

HAT, histone acetyl-transferases
HDAC, histone deacetylase
HDAC 1

HDAC 3

HDAC 8

Insulin receptor

KDMT1, lysine demethylase 1
SIRTT, sirtuin-1
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AZA, 5-aza-2-deoxycytidine (azacitidine)
Curcumin

Daidzein

E2, 17B-estradiol

EGCG, epigallocatechin gallate
Folate

Genistein

Leptin

SAH, S-adenosylhomocysteine
SAM, S-adenosyl-L-methionine
Tamoxifen

TSA, trichostatin A

These Tables lists key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b,c).

Introduction

Stimuli and processes influencing epigenetic gene regulation
and gene expression can be divided into internal factors such
as inherited mutations, metabolic pathways, neuroendocrine
balance, hormonal activities and external factors such as
nutrients, bioactive food components, medication, tobacco,
radiation, infectious organisms, stress (Choi and Friso, 2010).
The resulting epigenetic patterns build an important bridge
between life experiences and phenotypes of behaviour, stress
response and disease susceptibility (Louis and Flint, 2007;
Tammen ef al., 2013). Epigenetic patterns encompass DNA
methylation, histone modifications, non-coding RNAs, and
chromatin remodelling (Choi and Friso, 2010), and orches-
trate an enormous variety of molecular and cellular outcomes
and processes essential for higher nervous system and endo-
crine functions, as well as evolutionary innovations (Figure 1)
(Klose and Bird, 2006; Kondo, 2006; Mehler and Mattick,
2007; Tsankova etal.,, 2007). As these modifications are
reversible and tissue-specific, they are potential targets for
therapeutic purposes. Application to the therapy of a variety
of diseases is already taking place, although most of the
mechanisms behind the action are unknown and are of
current research interest. However, epigenetic mechanisms
involved in the regulation of gene expression including the
control of enzymes and molecules involved in drug absorp-
tion, distribution, metabolism and excretion could be used as
a pharmacologically focused set of tools for the treatment of
specific disorders. A modulation of these processes through
diet or specific nutrients may also prevent diseases and
maintain health. Therefore, the field of ‘nutriepigenetics/
nutriepigenomics’ concerned with the influence of nutrients
through epigenetic modifications - is expanding. One well-
established epigenetic effect of different feeding is the devel-
opment of a honeybee into a queen or worker. At the early
stage, all larvae are fed with royal jelly, produced in the
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Figure 1

Diagram showing the influence of environment, physiological pro-
cesses and epigenetic patterns on diseases, and their interaction with
one another.

mouth of nurse bees, but worker larvae are soon weaned and
obtain a diet of pollen and nectar. In contrast, the queen larva
is bathed and fed until adulthood with royal jelly. This dif-
ferent nurture results in morphological, behavioural and
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physiological differences. Thus, different phenotypic out-
comes are generated from identical genomes, induced by diet
(Chittka and Chittka, 2010).

Secondary plant metabolites, especially polyphenols with
aromatic rings and one or more hydroxyl groups, are
common components of vegetables, fruits, green tea and red
wine. Polyphenols are one of the largest groups of phyto-
chemicals with important roles in plants, such as protection
from photosynthetic stress and reactive oxygen species. They
are known for their antioxidant properties, for example in
cancer, neurodegenerative diseases, gastrointestinal disor-
ders, but also by direct effects on enzymes, proteins, receptors
and signalling pathways. Recent research indicates beneficial
effects via modulation of NF-kB expression, chromatin
remodelling through modulation of histone deacetylases
(HDAC) and DNA methyltransferases (DNMT) activities,
which, consequently, can reverse abnormal gene expression
(Russell etal.,, 2013). For instance, curcumin, genistein,
epigallocatechin gallate (EGCG), resveratrol and equol
act through different mechanisms to inhibit DNMT.
Theoretically, every bioactive component affecting one of
the two metabolites of the 1-carbon metabolism -
S-adenosylmethionine (SAM), an ubiquitous methyl donor,
or S-adenosylhomocysteine (SAH), an inhibitor of methyl-
transferases — can potentially alter the methylation of DNA
and histones (Russell et al., 2013).

Dietary components, such as butyrate, sulforaphane
(SEN) and curcumin, affect histone acetyl-transferase (HAT)
and HDAC activities. Several well-characterized epigenetic
effect, including histone methylation, acetylation and ADP-
ribosylation, as well as DNA methylation, have direct links to
central metabolism through critical redox intermediates such
as NAD+, SAM and 2-oxoglutarate (Cyr et al., 2013). Water-
soluble B vitamins, biotin, niacin and panthothenic acid
influence histone modifications. For example, biotin is a sub-
strate for histone biotinylation and niacin for histone ADP-
ribosylation. Resveratrol, butyrate, SFN and diallyl sulfide
inhibit HDAC, whereas curcumin inhibits HAT (Choi and
Friso, 2010).

Delineating the precise mechanisms of nutrients can be
challenging, as the effects, inhibition or activation of HDACs
and DNMTs can be determined not only by nutrient struc-
ture, physiological and pathological processes in the body,
and nutrient interaction, but also by interaction with other
lifestyle factors (Choi and Friso, 2010). For instance, the
combination of a hydroxyl group at position 7 in ring B of
fisetin (3,7,3’,4’-tetrahydroxyflavone), silibinin and daidzein,
is required for sirtuin-1 (SIRT1) and DNMT activation,
whereas a hydroxyl group at position 5 in luteolin and EGCG
structure is responsible for the inhibition of SIRT1. Polyphe-
nols such as genistein, myricetin and quercetin, with a
hydroxyl group at positions 5 and 7, caused both inhibition
and activation of HDACs and DNMTs depending on experi-
mental conditions (Ayissi ef al., 2014).

Methylation in a promoter and other regulatory regions
of a gene is usually associated with repressed gene transcrip-
tion (Tammen et al., 2013) by blocking transcription factor
binding (Franks and Ling, 2010). DNA demethylation
(hypomethylation), leading to gene activation, also plays an
important regulatory role in gene transcription. Another
DNA modification, 5-hydroxymethylcytosine (5-hmC),
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serves as an intermediate in the removal of methyl groups
from 5-methylcytosine. The exact role of 5-hmC is not well
understood and needs further investigation. Demethylation
and activation recently observed in oncogenes and pro-
metastatic genes in cancer (Stefanska etal.,, 2011) can be
reversed or prevented by methyl group donors, such as folate,
betaine, methyl-cobalamin and SAM, which could have
potential in therapy.

All the components of the epigenome are interdependent,
and the interaction between DNA methylation, microRNA
(miRNAs) and histone modifications to silence or activate
gene transcription must be taken into account. It is suggested
that DNA methylation and histone modifications are
involved in the regulation of miRNAs. On the other hand,
miRNAs alter the expression of DNMT3 and DNMT3B. For
example, in cancer cells, impaired DNA methylation causes
an aberrant miRNA expression (Tammen etal.,, 2013).
Histone deacetylation and histone H3-Lys’ (H3K9) methyla-
tion are suggested to clear the way for CpG methylation. The
interaction of these two mechanisms is also believed to result
in long-term transcriptional silencing (Fuks, 2005). Histone
acetylation at lysine and phosphorylation at serine are impli-
cated to activate gene expression, whereas histone deacetyla-
tion, sumoylation and biotinylation are responsible for gene
silencing (Brosch et al., 2008; Oliver and Denu, 2011). Meth-
ylation and ubiquitination of histones are more complex and
can act as silencers or activators depending on the histone
residues affected (Sawicka and Seiser, 2012). In addition, dif-
ferent combinations of histone modifications act together
and modify the overall structure of the chromatin (Brandl
et al., 2009; Haberland et al., 2009; Jimenez-Chillaron et al.,
2012).

Some of the natural products reported to exert positive
effects on specific human diseases are also being studied in
clinical trials. Genistein has been shown to improve surrogate
end points associated with metabolic syndrome through its
effects on the risk of developing diabetes and cardiovascular
disease (Squadrito et al., 2013). In the group receiving gen-
istein, significantly lower fasting glucose, fasting insulin,
total cholesterol, low-density lipoprotein-cholesterol (LDL-C)
and triglyceride values, as well as increased high-density
lipoprotein-cholesterol values were observed. On the other
hand, in a randomized phase II trial of soy isoflavone supple-
mentation for reduction of risk for breast cancer in middle-
aged Western women, the authors concluded that there was
no positive effect of the supplementation (Khan et al., 2012).
Their discussion points out that soy exposure early in life is
probably necessary for beneficial effect, and that natural
sources, instead of processed supplements, are crucial for
positive effects.

Curcumin is another dietrary component with potential
positive effect in different types of cancer and metabolic
syndrome as well. Supplementation with curcumin in pre-
diabetic individuals significantly lowered the number of
those individuals who eventually developed type II diabetes
(Chuengsamarn et al., 2012) and improved overall function
of beta-cells. Also, a phase II trial of curcumin in patients with
advanced pancreatic cancer showed some beneficial effects
(Dhillon et al., 2008).

In this review, we focus on the most recent knowledge of
nutritional epigenetics with regard to their pharmacological



potential in therapies of four of the most common disorders,
worldwide: cancer, metabolic syndrome, neurodegenerative
diseases and hormonal dysfunctions (Table 1).

Epigenetics in therapy of cancer

Cancer, one of the leading causes of death worldwide, is
characterized by rapid formation of abnormal cells and out-
of-control cell growth, leading to invasion of other parts of
the body. In addition to the standard treatment options such
as surgery, chemotherapy and radiotherapy, several epigeneti-
cally active food components have been identified as having
potential for cancer prevention (Link et al., 2010). Polyphe-
nols execute their chemopreventive action by acting on
various intracellular signalling networks through all major
epigenetic mechanisms, which results in their beneficial role
in cancer initiation and promotion, and in reversing carcino-
genesis (Manson, 2003).

Genistein, a phyto-oestrogen from soybeans, has been
shown to act in breast cancer through telomerase inhibition
(Li etal., 2009) and to have demethylating potential. It
reversed DNA hypermethylation through inhibition of
DNMT activity in a concentration-dependent manner in
different cancer cell lines (Fang et al., 2005). Its effect in
humans has also been demonstrated by Qin et al. (2009)
in a double-blind study in premenopausal women given dif-
ferent doses of isoflavones daily, which induced reactivation
of methylation-silenced genes, RARB2 and CCND2. Coffee
and tea polyphenols also are demethylating agents (Lee and
Zhu, 2006), in human breast cancer cell lines where caffeic
acid or chlorogenic acid inhibited DNA methylation cata-
lysed by DNMT1, in a concentration-dependent manner
because of the increased formation of SAH. A constituent of
broccoli, sulforaphane (SFN) induced cell cycle arrest and
apoptosis with down-regulation of DNMT1 in human colon
cancer cells (Traka et al., 2005). Curcumin also has antican-
cer properties, in addition to its other beneficial actions on
human health. It induced a decrease in DNA methylation in
a leukaemia cell line (Liu etal., 2009), as it covalently
blocked the catalytic thiolate of DNMT1 and inhibited its
activity (Link et al., 2010). In addition, curcumin affects
histone modifications (Marcu et al., 2006), as it inhibits
HAT, binding covalently to the enzyme. HATs, in particular
p300/cAMP-responsive element-binding protein (CBP),
have been implicated in cancer cell growth and survival.
In a study on prostate cancer cells and peripheral blood
lymphocytes, curcumin promoted proteasome-dependent
degradation of p300 and CBP protein, inhibited the acetyl-
transferase activity of purified p300 and effectively blocked
histone hyperacetylation. Curcumin has also been shown
to inhibit the expression of HDAC1, HDAC3 and HDACS8
(Liu etal., 2005). Another interesting naturally occurring
chemical is anacardic acid, present in cashew nuts, which
is an inhibitor of HAT-dependent gene transcription. Study-
ing this compound led to synthesis and analysis of mecha-
nisms of many analogues that could become anticancer
agents (Eliseeva et al., 2007). Subsequent research elucidated
the molecular mechanisms underlying the inhibition of
HAT by anacardic acid, involving both inducible and
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constitutive NF-xB activation and downstream effects (Sung
et al., 2008).

Polyphenols exert their effects also through miRNA
expression regulation. Curcumin-treated pancreatic cell lines
exhibited significantly altered profiles of miRNA expression
(Sun et al., 2008). Moreover, when curcumin was added to
treatment with gemcitabine for pancreatic cancer, the pro-
apoptotic effects of gemcitabine were potentiated (Ali et al.,
2010). Similarly, EGCG modulated miRNAs in human hepa-
tocellular carcinoma where the expression of as many as 61
miRNAs was changed. One of the up-regulated miRNAs, miR-
16, specifically targets anti-apoptotic protein Bcl-2. Another
study compared gemcitabine-sensitive and gemcitabine-
resistant pancreatic cancer cells and the effects of isoflavones
from soybeans on miRNA expression (Li ef al., 2009). Aggres-
siveness in pancreatic cancer is partly attributable to its
characteristic epithelial-to-mesenchymal transition, and this
study suggested that isoflavones reversed the epithelial-to-
mesenchymal phenotype through regulation of miRNA.

In addition to polyphenols, many other bioactive food
components have demonstrated anticancer potential
through influencing epigenetic processes, for example folate,
selenium, retinoids, fatty acids and isothiocyanates. Selenium
anticancer activity involved direct interference with DNA
methylation or through its metabolites acting as HDAC
inhibitors. Selenium inhibited expression of DNMT1 in an
adenocarcinoma cell line and dietary deficiency induced
DNA hypomethylation in animal tissues and human colon
cancer cells (Davis et al., 2000). Natural organoselenium com-
pounds and their metabolites are important anticancer
mediators. They act through redox-sensitive signalling pro-
teins and transcription factors and reduce the risk of cancer
development and progression (Pinto et al., 2011). Biologically
active isothiocyanates, generated from glucosinolates in cru-
ciferous vegetables, are precursors of substances such as SFN,
widely reported as an anticancer agent (Valgimigli and Iori,
2009; Cheung and Kong, 2010). The mechanism behind its
anticancer action is the so called ‘one-two’ chemoprotection
paradigm, where an electrophilic SFN compound targets
Kelch-like ECH-associated protein 1 (Keapl), which in turn
releases the transcription factor Nrf2 into the nucleus, and
the resulting metabolites act as HDAC inhibitors. Following
this step, tumour suppressor genes are activated and lead to
cell cycle arrest and apoptosis (Dashwood and Ho, 2007).

Epigenetics in therapy of
metabolic syndrome

Metabolic syndrome is defined as a cluster of dysmetabolic
features, including central obesity, hypertension, dyslipidae-
mia, and impaired glucose utilization which together increase
the risk for cardiovascular diseases and type 2 diabetes (Eckel
et al., 2010). Factors such as lifestyle (Alberti et al., 2005) and
diet directly influence the epigenetic regulation of key energy
metabolism genes (Milagro et al., 2013). For instance, leptin
involved in appetite regulation (Cordero ef al., 2011), insulin
receptor in glucose homeostasis (Plagemann et al., 2010),
TNF-o in inflammation and insulin resistance (Cordero et al.,
2011), and fatty acid synthase (FASN) in lipid storage are
controlled by epigenetic regulation.
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Table 1

Potential epigenetically active nutrients and their beneficial effect

Disease

Cancer
Breast cancer

Oesophageal
carcinoma

Breast cancer

Colon cancer
Leukaemia

Prostate cancer

Pancreatic cancer

Adenocarcinoma

Breast cancer

Hormone-induced
memory

Metabolic syndrome

Nutrient

Genistein
Genistein
Coffee polyphenols

SFN
Curcumin

Curcumin

Curcumin

Selenium

(+) Genistein

(+) Fisetin

(-) Methyl donors

(-) Vitamin B, folate and
methionine

(-) Vitamin By, (+) folate
(+) Methyl donors
(+) Folate

(+) Betaine

Neurodegenerative disorders

Polyphenols

Methyl-group donors
inducing methylation of
SAM

Folic acid

Tea catechins

Hormonal dysfunctions in women

AZA and TSA.

Botanical oestrogens
(genistein, daidzein,
equol and liquiritigenin)

17B-estradiol

Metabolic effect/
mechanism of action

Telomerase inhibition
Demethylating potential

Inhibition of DNA methylation
catalyzed by DNMT1

Down-regulation of DNMT1
Decreased DNA methylation

Inhibition of acetyltransferase activity
Blocking histone hyperacetylation

miRNA expression regulation
Inhibition of DNMT1 expression

Improvement of insulin sensitivity in
liver and muscle

Down-regulation of TNF-a: and IL-6

Impairment of fatty acid oxidation
Insulin resistance and hypertension

Insulin resistance
Prevention of fatty liver disease

Decrease of homocysteine and
improvement of insulin resistance

Hepatoprotective effect in
non-alcoholic fatty liver disease

Modulation of miRNA expression
(beneficial effects on brain function)

Reduction of amyloid-f production

Protective effects

against hyperhomocysteinaemia-
induced

neurotoxicity

Reduces glutamate-induced oxidative
cytotoxicity

Inhibition of L-DOPA methylation in
peripheral compartment and
striatum

Re-expression of ERo

Induction of ERp; higher
concentrations also ERo.

Increased histone acetylation, increase
of DNMT3A, DNMT3B

Model

Breast benign cells and
MCEF-7 cancer cells

Oesophageal squamous cell
carcinoma cells

Breast cancer cells

Cancerous colon tissue
Leukaemia cell line

Prostate cancer cells and
peripheral blood
lymphocytes

Pancreatic cancer cells

Adenocarcinoma cell lines

Cynomolgus monkeys fed a
high-fat diet

Human monocytes cultured
under hyperglycaemic
conditions

Gestation and lactation diet
in rats

Maternal periconceptional
diet in sheep

Maternal and offspring
High-fat sucrose fed rats

Diabetic men

Mice fed a high-fat diet

Apolipoprotein E-deficient
mice

Cell culture

Knockout mice

HT22 mouse hippocampal
neurons in vitro

Rats

ERo breast cancer cells
MCEF-7 breast cancer cells

Dorsal hippocampus

References

(Qin et al., 2009)
(Li et al., 2009)
(Qin et al., 2009)

(Lee and Zhu, 2006)
(Traka et al., 2005)
(Liu et al., 2009)

(Sung et al., 2008)
(Li et al., 2009)

(Howard et al., 2011)

(Kim et al., 2012)

(Pooya et al., 2012)
(Sinclair et al., 2007)

(Yajnik et al., 2002)
(Cordero et al., 2013a)
(Gargari et al., 2011)

(Wang et al., 2010)

(Milenkovic et al., 2012)

(Scarpa et al., 2006)

(Kalani et al., 2014)

(Kang et al., 2013)

(Fan et al., 2008)
(Jiang et al., 2013)

(Frick et al., 2011)
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Polyphenols and other plant compounds are considered
as potential therapeutic agents to treat obesity-mediated
inflammation and oxidative stress, as well as other metabolic
syndrome-related diseases including type 2 diabetes, athero-
sclerosis and hypertension (Fraga efal., 2010). EGCG,
genistein, curcumin and resveratrol are some of the phyto-
chemicals that act through epigenetic mechanisms and have
been demonstrated to trigger the anti-inflammatory machin-
ery and ameliorate some of the symptoms accompanying
metabolic syndrome (Milagro et al., 2013). However, so far
only genistein has been directly related to epigenetic
changes. Dolinoy et al. (2006) described maternal genistein
supplementation (250 mg-kg™') as protective against obesity
in Agouti mouse offspring (Dolinoy etal.,, 2006). These
changes were mediated by modifying the foetal epigenome,
with an increase in DNA methylation in a retrotransposon
upstream of the transcription start site of the Agouti gene
(Dolinoy et al., 2006). Similarly, DNA methylation levels were
increased in liver and muscle tissues in monkeys fed with a
diet supplemented with soy components, such as genistein,
and this was associated with increased insulin sensitivity
(homeostasis model assessment index) (Dolinoy et al., 2006;
Howard et al., 2011). Other recent studies have demonstrated
that genistein has anti-diabetic effects and epigenetically
regulates the cAMP/PKA signalling pathway (Gilbert and Liu,
2013). The flavonoid fisetin inhibited TNF-o. and IL-6 expres-
sion levels and suppressed NF-kB transcription activity in
cultures of human monocytes (Kim et al., 2012). These anti-
inflammatory responses may be mediated by up-regulation of
HDAC activity and down-regulation of HAT, which thereby
prevent NF-kB-mediated chromatin acetylation and subse-
quent transcription of cytokines in hyperglycaemic condi-
tions. A dietary supplementation with apple extracts
(700 mg-kg' body weight) — rich in the polyphenols chloro-
genic acid, phloridzin, quercetin, catechin, epicatechin,
procyanidin and rutin — prevented body weight gain and
ameliorated hyperglycaemia, hyperleptinaemia, and insulin
resistance in rats fed a high-fat sucrose diet for 8 weeks. These
results were accompanied by decreased methylation of two
CpG ssites in the leptin promoter of rat epididymal adipocytes
(Boque et al., 2013). Increased leptin production caused by an
overexpression of FFAR3 can be also induced by short-chain
fatty acids (SCFA) (Ichimura et al., 2009), indicating that sup-
plementation with SCFAs may help to improve the sensitivity
to, or the production of, leptin (Remely et al., 2013). Leptin is
exclusively produced in adipose tissue and therefore influ-
ences the hunger—satiety cycle by suppression of appetite and
regulation of fat metabolism (Schloegl et al., 2010).

Compounds implicated in one-carbon metabolism, such
as methionine, betaine, folate and vitamin B12, induce meth-
ylation and influence expression of target genes (Forges et al.,
2007). Pogribny et al. (2009) reported that a methyl-deficient
diet in adult mice induced accumulative morphological
changes in the liver similar to human non-alcoholic steato-
hepatitis, and was accompanied by epigenetic abnormalities,
including histone modifications and DNA methylation, espe-
cially at major and minor satellites (Pogribny et al., 2009).
Most of the evidence has arisen from dietary manipulation in
maternal models. A methyl donor deficiency during gestation
and lactation impaired PPAR-y co-activator-mediated fatty
acid oxidation in rat pups (Pooya et al., 2012). Previously,
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Sinclair ef al. (2007) reported that a restriction of vitamin
B12, folate and methionine in sheep caused DNA methyla-
tion alterations in the offspring, and was associated with
insulin resistance and elevated BP later in life (Sinclair et al.,
2007). In rats, perinatal folate deficiency induced modest
changes in the insulin axis of the foetus (Maloney et al., 2009)
and programmed glucose homeostasis in adult male offspring
(Maloney et al., 2011). In humans, an association between
maternal vitamin B12 deficiency, obesity and gestational dia-
betes has been reported (Yajnik and Deshmukh, 2008). Mater-
nal folate supplementation was shown to reduce the risk of
metabolic syndrome in Nepalese children (Stewart etal.,
2009). On the other hand, maternal vitamin B12 deficiency
and folate supplementation were associated with offspring
insulin resistance at 6 years of age (Yajnik et al., 2002). Folate
supplementation during gestation may contribute to the
obese phenotype of the offspring during adulthood because
of epigenetic effects on the hypothalamic mechanisms regu-
lating food intake, which can be reversed by increasing the
folate content in the pup diet (Cho efal., 2013). There is
growing evidence that maternal dietary imbalances may be a
cause of susceptibility of the offspring to chronic diseases
later in life. However, it can be partially reversed by methyl
donor supplementation in adult life. Cordero et al. (2013a,b)
reported that dietary methyl donor supplementation pre-
vented high-fat diet-induced non-alcoholic fatty liver in rats
(Cordero et al., 2013a), and that alterations in the methyla-
tion profile of hepatic genes, such as FASN (Cordero et al.,
2013b) or sterol regulatory element-binding transcription
factor 29 (Cordero et al., 2013a), could be implicated. Addi-
tional studies have described the beneficial effects of folate
supplementation in obese individuals with type 2 diabetes
(Gargari et al., 2011) and betaine supplementation in adipose
tissue dysfunction and insulin resistance in mice (Wang et al.,
2010).

Minerals have also been shown to increase risk or protect
from obesity, atherosclerosis or insulin resistance. So far, only
magnesium has been linked to epigenetics (Takaya et al.,
2011). Thus, low-magnesium status has been associated with
diverse pathological conditions characterized by chronic
inflammatory stress, such as atherosclerosis, hypertension,
osteoporosis, diabetes and obesity (Nielsen, 2010). In addi-
tion, magnesium deficiency in pregnant rats induced meta-
bolic complications in the offspring by altering cytosine
methylation in the hepatic hydroxysteroid dehydrogenase-2
promoter (Takaya et al., 2011).

Epigenetics in therapy of
neurodegenerative disorders

The majority of neurodegenerative diseases are defined as
complex multifactorial disorders as both familial and spo-
radic forms are known, with genetic and environmental
factors contributing to their onset. Alzheimer’s diseases (AD),
Parkinson’s disease (PD) and amyotrophic lateral sclerosis
(ALS) represent the three major neurodegenerative diseases,
affecting several million people worldwide. Studies on fami-
lies of patients with these diseases led to the identification of
several genes and pathways responsible for the inherited
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forms. In parallel, hundreds of genes have been investigated
in genetic association studies, and more recently, in genome-
wide association studies revealing novel polymorphisms of
susceptibility genes likely to contribute to the sporadic forms
(Migliore and Coppede, 2009; Coppede, 2012). Among iden-
tified pathways, those involving oxidative stress have been
widely explored in the last years (Markesbery, 1997). In
this context, dietary and environmental enrichments have
been suggested, as possible therapeutically or preventive
approaches linked to the antioxidant pathway in neurode-
generation.

A variety of antioxidant compounds derived from natural
products have demonstrated neuroprotective activity in
either in vitro or in vivo models of neuronal cell death or
neurodegeneration (Choi efal., 2012; Milenkovic etal.,
2012). These natural antioxidants belong to several distinct
groups based on their chemical structures: flavonoid poly-
phenols EGCG and quercetin (Kang etal., 2013); non-
flavonoid polyphenols such as curcumin and resveratrol;
phenolic acids or phenolic diterpenes such as rosmarinic acid
or carnosic acid; and organosulfur compounds including the
isothiocyanate, L-SFN and the thiosulfonate allicin (from
garlic). One of the major advantages in using natural com-
pounds is their ability to cross the blood-brain barrier. These
compounds can act directly by scavenging free radicals or
indirectly by increasing endogenous cellular antioxidant
defences, for example, via activation of the Nrf2 transcription
factor pathway (Kelsey et al., 2010).

Overall, there is a rapidly growing body of evidence
linking epigenetic alterations to the development of neuro-
degenerative disorders (Migliore and Coppede, 2009;
Urdinguio et al., 2009). Many of the processes with a key role
in neurodegeneration, such as AP plaque deposition and the
cleavage of amyloid precursor protein (APP) by neuro-
secretases in AD, the formation of Lewy bodies containing
aggregates of o-synuclein and the dopaminergic neuron
degeneration in PD, can be now analysed in light of the new
epigenetic knowledge (Coppede, 2012; Jakovcevski and
Akbarian, 2013). For instance, DNA methylation plays a criti-
cal role in learning and memory and several genes have been
found to be hypomethylated in AD (Coppede, 2012). Hence,
epigenetic drugs, such as the nutrients that donate methyl
groups to the methylation of DNA (SAM and L-methylfolate)
can help in the prevention and treatment of AD (Scarpa et al.,
2006; Kalani et al., 2014). In addition, histone acetylation is
thought to play a critical role in cognitive functions such as
learning and memory, and many learning and memory dis-
orders are associated with impaired histone acetylation (Day
and Sweatt, 2012). Preclinical studies have suggested com-
pounds that increase histone acetylation by inhibiting HDAC
could be useful in the treatment of AD. In general, pharma-
cological modulation of aberrant epigenetic patterns is con-
sidered a very promising treatment in neurodegenerative
diseases (Gray, 2011; Adwan and Zawia, 2013; Harrison and
Dexter, 2013; Simoes-Pires et al., 2013; Varela et al., 2013).

The hippocampus undergoes selective neurodegenera-
tion, but it is also one of the two structures in the adult brain
where the formation of new neurons (neurogenesis) persists.
The level of neurogenesis in the adult hippocampus has been
linked directly to cognition and mood and undergoes epige-
netic regulation. For example, the histone deacetylase inhibi-
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tor, valproic acid, induces neuronal differentiation of adult
hippocampal progenitors most likely through the induction
of neurogenic transcription factors. Several studies have
reported decreased adult hippocampal neurogenesis in mouse
models of AD, and mouse models of PD show a decrease in
the survival rate of new hippocampal neurons. Therefore,
modulation of adult hippocampal neurogenesis by diet
emerges as a possible mechanism by which nutrition can
influence learning and memory abilities, as well as mood.
Studies in rodents have demonstrated that caloric restriction,
-3 fatty acids, flavonoids, blueberry and low concentrations
of curcumin increased adult hippocampal neurogenesis. On
the contrary, folate deficiency, increased homocysteine levels,
zinc deficiency, vitamin A deficiency and high-fat diets
decreased or inhibited adult hippocampal neurogenesis
(Stangl and Thuret, 2009).

However, there are no drugs targeting epigenetic path-
ways that have reached advanced clinical development so far
(Phase II/III trials) (Stangl and Thuret, 2009; Ebrahimi and
Schluesener, 2012; Essa et al., 2012). For many nutraceutical
compounds considered to act, at least in part, as antioxidants,
alternative mechanisms of action have been suggested for the
neuroprotective effects such as modulation of signal trans-
duction cascades or effects on gene expression (Kelsey et al.,
2010; Reuter et al., 2011; Pham and Lee, 2012). In particular,
neurodegenerative diseases present with many altered targets
and pathways, so it is unlikely that we can identify individual
pathways and single therapeutic targets to treat these dis-
eases. Indeed, natural compounds display multiple com-
ponents, functions, targets and pathways (Zhao, 2009).
Therefore phytochemicals with already proven therapeutic
potential towards a series of complex diseases could be able to
effectively restore a physiological pattern of gene expression
in neurodegenerative processes, but this needs to be estab-
lished or confirmed in preclinical and clinical studies.

Epigenetics in therapy of hormonal
dysfunction in women

Sex steroid hormones, oestrogen and progesterone, are
mainly derived from the ovaries, but also from adipose tissue
or oestrogenic compounds in the diet (Helferich et al., 2008).
Dysfunctions related to these hormones are very common in
women and impair their life by aberrant menstruation cycle,
haemorrhage or complications in menopause. However, they
are also important in the development of primary and sec-
ondary sexual organs, and during pregnancy. High concen-
trations are known to support bone density (Setchell et al.,
2002; Branca, 2003; Cotter and Cashman, 2003), relieve post-
menopausal symptoms (Anderson et al., 1999; Vincent and
Fitzpatrick, 2000; Jenks et al., 2012; Taku et al., 2012; Ye et al.,
2012) and prevent cardiovascular diseases (Anderson et al.,
1999), but increased incidence of breast or ovarian cancer via
over-activation of oestrogen receptors (ER) has also been
reported (Hilakivi-Clarke et al., 2010). Therefore, a perma-
nent or chronic dietary exposure to botanical oestrogens, for
example genistein, daidzein, equol and liquiritigenin, or
even oral contraceptives may be a risk (Hilakivi-Clarke et al.,
2010).



The soy isoflavone, daidzein, is converted by intestinal
bacteria into S-equol, a non-steroidal oestrogen (Kim et al.,
2010). This metabolism varied not only with the ethnicity
and sex of the subjects (Fujimoto et al., 2008; Hong et al.,
2012; Usui etal., 2012), but also with the changing equol
production potential over the lifetime (Lu etal., 1996;
Frankenfeld et al., 2005; Ko et al., 2010; Franke et al., 2011;
2012), and on derived nutrients. Lampe et al. (1998) reported
a diet rich in fibre and carbohydrates as supportive in the
degradation of daidzein (Lampe et al., 1998) whereas Gardana
et al. (2009) stated the opposite: less dietary fibre and more
lipids from animal origin (Gardana et al., 2009). Scott and
Miller (2008) indicated premenopausal use of oral contracep-
tives as predictive of endogenous oestrogen production in
mammary cells via CYP enzymes. Isoflavonoids in high blood
concentrations might also act in concert to diminish CYP
activity in vivo. Changes in epigenetic patterns are potential
mechanisms for long-term down-regulation of CYP enzymes,
as the transcription of both CYP1A1 and CYP3A4 is influ-
enced by HDAC and DNMT activities. However, potential
interactive effects of isoflavonoid combinations must be
taken into consideration (Scott and Miller, 2008).

Oestrogens and oestrogen-related substances act through
the ERs: The ERa is mainly found in breast, uterus, hypophy-
sis and hypothalamus and drives breast cancer cell prolifera-
tion via gene transcription by direct recruitment to target
genes. The ERB is mainly present in bones, blood vessels and
the hippocampus and this receptor type dampens the effects
of ERa activation. A CpG methylation of the ER promoter
results in transcriptional silencing, whereas an inhibition of
HDAC and/or DNMT activity reactivates ER expression (Fan
et al., 2008). Induction of HDAC and co-repressor complexes
promotes histone deacetylation, a closed chromatin confor-
mation. DNA hypermethylation in the ER promoter (Fan
et al., 2008) and accordingly histone hypoacetylation, H3K9
methylation and recruitment of methyl-CpG-binding protein
(MeCP2), MBD1 (methyl-CpG-binding domain), MBD2,
DNMT1, DNMT3b and HDAC1 proteins silences the tran-
scription (Fan et al., 2008; Mann et al., 2011). Non-genomic
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actions of ER include activation of other growth factor recep-
tors: cellular tyrosine kinases, the MAPKs, PI3 kinase and the
Akt signalling pathway. The extranuclear signalling of these
kinase cascades includes direct modifications of histone tails
or indirect influence of functions and recruitment of histone-
modifying enzymes targeting cell survival and cell prolifera-
tion (Saxena and Sharma, 2010; Mann et al., 2011). The cell
cycle-dependent phosphorylation via modulation of extranu-
clear kinases of histone H3 is driven by oestrogen. Among
others, cellular proliferation and apoptosis is promoted via
induction of the MAPK cascades, especially MAPK pathways
involving ERK-1 and -2 that are important in breast cancer.
ERa transcription also requires the lysine demethylase 1
(KDM1), which demethylates H3K9 and additional methyl
marks such as H2ZK4me2. A therapy disabling the functions of
KDM1 together with endocrine therapy also shows promising
outcomes. The ER-o co-repressor proline-, glutamic acid- and
leucine-rich protein-1 (PELP1) deregulation influences
histone methylation at ERo genes and therefore contributes
to hormone-driven tumour progression and therapy resist-
ance (Mann et al., 2011).

An unmethylated active ER promoter is enriched in H3
and H4 acetylation and H3K4 methylation, with reduced
binding of any methyl binding protein or DNMT. Induced
histone acetylation promotes an open chromatin configura-
tion and recruitment of the transcription machinery. The
activated ER dimerises and binds to the promoter region at ER
response elements (ERE) inducing the transactivation func-
tion via recruited HATs activity and co-activators (such as.
SRC-1, SRC-2, AIB-1, PELP1, CBP, p300, PCAF, CARMI,
PRMT1). Therefore, HDAC inhibitors, for example trichosta-
tin A (TSA), and DNMT inhibitors, for example 5-aza-2-
deoxycytidine (AZA), induce a re-expression of ER in vitro and
in vivo (Figure 2; Fan et al., 2008; Saxena and Sharma, 2010).
An additional treatment of the re-expressed ERo tumour cells
with selective ER modulators (SERMs), for example tamox-
ifen, induces cell death of the tumour cells via binding to ERa
(Fan et al., 2008; Mann et al., 2011). A specific assortment of
SERMs is required to enable selective binding affinities to the

+ Qestrogens

+ SERM —

Treatment of tumour cells not expressing ERo. (ERar) with DNMT inhibitors, for example AZA, and HDAC inhibitors, for example TSA, induces
re-expression of the ERo receptors in the tumour cells. Thus, the cell is sensitive to oestrogens again, which promote cell proliferation. However,
treatment of the ERor* tumour cells with SERM, for example tamoxifen, induces cell death of these cells. inh, inhibitor.
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different domains in the receptors. Combined therapy with
DNMTs and HDAC inhibitors also reactivates silenced
tumour suppressor genes (MLH1, TIMP3, CDKN2B, CDKN2A,
gelsolin, maspin) (Saxena and Sharma, 2010), which is
another mechanism of growth inhibition (Fan et al., 2008).
The treated cells are arrested in the S phase without entering
G2/M phase. Oestrogen induces the release of the treated cells
from S phase to G2/M phase and SERMs block its effects,
in addition the growth suppression correlates with ERo
re-expression. However, an induced ERB expression and
tamoxifen binding cannot be excluded in these effects as TSA
alone without apparent ERa also restored a response to
tamoxifen (Fan et al., 2008). However, only tissues expressing
ER, especially cancer cells, can be treated with endocrine
therapies (Saxena and Sharma, 2010). According to their
binding affinities, botanical oestrogens preferentially induce
ERB, although at high concentrations, reverse effects — stimu-
lation of cell proliferation through ERa — are induced (Jiang
et al., 2013). Therefore, depending on relative levels of the
two ERs in target cells and the dose of botanical oestrogens,
the gene expression and proliferative response can be differ-
entially regulated and determine potential benefits and risks
of botanical oestrogens (Jiang et al., 2013). Ferlay et al. (2004)
showed that Asian women consuming soy as a part of their
stable diet have a three- to fivefold lower breast cancer risk
than Caucasian women with irregular soy consumption
(Ferlay et al., 2004). Thus, a diet rich in soy may promote the
ratio of ERP to ERa, but an irregular consumption may have
adverse effects. Taken together, approaches addressing the
presence of ERs in invasive breast cancers are targets for
further hormonal therapies.

In postmenopausal women suffering from hot flushes,
night sweats, mood changes, urogenital atrophy, and loss of
bone density as a result of oestrogen reduction, treatment
with botanical oestrogens in addition to standard hormone
replacement therapy is indicated (Jiang et al., 2013). S-equol,
a non-steroidal oestrogen formed from daizdein, reduced the
frequency of hot flushes, menopause-related muscle pain and
joint pain (Jenks et al., 2012; Taku et al., 2012; Ye et al., 2012),
and improved bone density (Setchell et al., 2002). Further,
oestrogen deficiency increased body weight and abdominal
fat, decreased lean mass and contributed to a higher risk of
metabolic disorders. In vitro as well as in vivo studies suggested
soy as a potential therapeutic agent for reduction of fat mass
and weight, by an increase of energy utilization (Vaughn
etal., 2008), for decreased fat accumulation and a loss of
visceral adipose tissue (Yamori, 2004; Nachtigal et al., 2005).
Correlations with a lower body mass index, waist circumfer-
ence and body fat mass were observed (Liu etal., 2013).
Supplementation with S-equol in obese and overweight
patients significantly improved long-term glycaemic control
and cardiovascular health by lowering glycohaemoglobin,
LDL-C and arterial stiffness (Usui et al., 2012). Loss of body
weight and fat mass was also reported (Choquette efal.,
2011). However, others reported none of these effects
(Azadbakht and Nurbakhsh, 2011; Baer et al., 2011; Takahira
etal., 2011; Liu et al., 2013). Differences in population char-
acteristics, types of soy products, intervention period,
methods used and microbial fluctuation in isoflavone degra-
dation may be responsible for these discrepancies (Liu et al.,
2013). Epigenetic treatments during age-related sex-steroid
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hormone loss in menopause should also be assessed in terms
of cognitive benefits, as a loss of oestrogen is correlated with
cognitive decline, dementia and AD (Frick efal., 2011;
Winkler and Fox, 2013).

The potent oestrogen, 17f-estradiol (E2), enhanced the
object recognition memory not only via genomic mecha-
nisms, but also via epigenetic mechanism. Increased histone
acetylation is suggested to enhance hippocampal long-term
memory. A dorsal hippocampal infusion of E2 significantly
increased the ERK-dependent acetylation of H3. In addition,
evidence is accumulating that DNMT inhibitors (AZA, zebu-
larine) block contextual fear memory and hippocampal long-
term memory. DNMT3A and DNMT3B may play a role in
memory-enhancing effects as a significant increase in both de
novo methyltransferases was observed after 45 min infusion
of E2 and increased DNMT3B protein 4 h after infusion.
However, they also prevented an increase in histone H3
acetylation. Therefore, a synergy between both epigenetic
regulations in the modulation of memory is suggested,
although these interactions have to be explored more thor-
oughly and side effects must be taken into consideration
(Frick et al., 2011).

Conclusions

There is a growing body of evidence that a diet containing
epigenetically active food compounds plays an important
role in numerous aspects of health. Crucial data have been
gathered on the involvement of epigenetic mechanisms in
different disorders. Therefore, further research should address
the (i) molecular basis of epigenetic modifications together
with possible interactions; (ii) epigenetic alterations in
disease progression; (iii) elucidation of therapeutic mode of
action; and (iv) development of new therapeutic agents tar-
geting epigenetic modifications.
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