
Vol.:(0123456789)1 3

Nucleus (2021) 64:259–270 
https://doi.org/10.1007/s13237-021-00367-y

REVIEW ARTICLE

DNA methylation and regulation of gene expression: Guardian of our 
health

Gaurab Aditya Dhar1 · Shagnik Saha1 · Parama Mitra1 · Ronita Nag Chaudhuri1

Received: 18 May 2021 / Accepted: 30 July 2021 / Published online: 16 August 2021 
© Archana Sharma Foundation of Calcutta 2021

Abstract
One of the most critical epigenetic signatures present in the genome of higher eukaryotes is the methylation of DNA at the 
C-5 position of the cytosine ring. Based on the sites of DNA methylation in a locus, it can serve as a repressive or activation 
mark for gene expression. In a crosstalk with histone modifiers, DNA methylation can consequently either inhibit binding 
of the transcription machinery or generate a landscape conducive for transcription. During developmental phases, the DNA 
methylation pattern in the genome undergoes alterations as a result of regulated balance between de novo DNA methylation 
and demethylation. Resultantly, differentiated cells inherit a unique DNA methylation pattern that fine tunes tissue-specific 
gene expression. Although apparently a stable epigenetic mark, DNA methylation is actually labile and is a complex reflection 
of interaction between epigenome, genome and environmental factors prior to birth and during progression of life. Recent 
findings indicate that levels of DNA methylation in an individual is a dynamic outcome, strongly influenced by the dietary 
environment during germ cell formation, embryogenesis and post birth exposures. Loss of balances in DNA methylation 
during developmental stages may result in imprinting disorders, while at any later stage may lead to increased predisposition 
to various diseases and abnormalities. This review aims to provide an outline of how our epigenome is uniquely guided by 
our lifetime of experiences beginning in the womb and how understanding it better holds future possibilities of improvised 
clinical applications.
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Introduction

The methyl group is a fairly simple moiety in general but 
when present at certain pressure points in the genetic tem-
plate of an organism, wields the power to silence the expres-
sion of a gene, sometimes indefinitely. Removal of the meth-
ylation mark allows the gene to be cleared for the processes 
of transcription and translation, finally alleviating the restric-
tions imposed on its expression. This regulatory stamping 
of the genome is maintained by a family of enzymes termed 

as the DNA methylases, or DNMTs. There are three major 
DNMTs—DNMT1 and DNMT3 with two major isoforms, 
DNMT3a and DNMT3b [6, 33, 67, 80, 91]. The DNMTs 
transfer a methyl group from the methyl donor S-adenosyl-
methionine (SAM) to the cytosine residue in a dinucleo-
tide CG or polynucleotide CGG​CGG​ context, also referred 
to as CpG islands. The de novo methylases DNMT3a and 
DNMT3b possess the ability to methylate non-methylated 
DNA while the maintenance methylase DNMT1 methylates 
the non-methylated strand of a hemi-methylated DNA mol-
ecule, thus maintaining the integrity of the DNA methylome 
and conferring the nature of self-perpetuation on the meth-
ylation mark across generations.

DNA methylation levels in a locus regulates gene expres-
sion intricately. Generally, DNA methylation is known to be 
a repressive mark present predominantly on CpG dinucleo-
tides in somatic cells. Their presence prevents transcriptional 
activation of genic regions which are meant to be silenced 
in a cell-type specific manner by impeding recruitment of 
the transcription machinery. DNA methylation, however, is 
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refractory to certain CpG dense regions which are present 
at gene promoters called CpG islands (CGIs). The absence 
of DNA methylation at CGIs is evolutionarily conserved 
and intricately linked to their property of acting as start 
sites for transcription initiation [57]. The presence of non-
methylated GC rich DNA and/or CGIs at promoters allows 
DNA to adapt a conformation that destabilises nucleosomes 
and facilitates the binding of required factors for initiation 
of transcription. This also allows a cross-talk between dif-
ferent post translational modifications (PTMs) on histone 
residues to promote a chromatin environment favourable 
for transcription. DNA methylation, especially when pre-
sent within intronic regions, often recruit specific histone 
modifiers and chromatin remodellers that cause increased 
transcription from the locus. Thus, whether DNA methyla-
tion would suppress or activate gene expression is context 
dependent and the actual effect of 5mC marks on the DNA 
strands is very much locus and stimulus dependent. The pre-
natal environment and diet can strongly influence the meth-
ylation status of foetal DNA, the effect of which is sustained 
lifelong after birth. Lifestyle adaptations post birth and dur-
ing adulthood can also affect chromatin regulation and gene 
expression through DNA methylation and associated histone 
modifications, thus affecting health and overall well-being 
of an individual. Here we review recent findings and provide 
a comprehensive picture on the influence of perinatal and 
adulthood exposure to various factors that leads to altered 
DNA methylation, gene expression and a predisposition to 
various diseases.

DNA methylation and Genomic Imprinting

With a progressive development on the concept of 
genomic imprinting over the past decades, significance of 
DNA methylation and genomic fidelity has gained heights. 
The 5mC marks at specific CpG Islands are in a dynamic 
balance across generations—an event of erasure in the 
gametes, followed by imprinting of the alleles based on 
their parental origin by the different DNA methylases in 
the next generation [51]. It is to be noted that for most of 
the genes two working copies are inherited one from each 
parent. However, for imprinted genes only 1 working copy 
is inherited. Depending on the gene either the copy from 
mother or from father is epigenetically silenced, through 
addition of methyl groups during egg or sperm forma-
tion. Epigenetic tags added to the genes usually remain 
intact for the rest of the life and gets reset only during 
egg or sperm formation. Usually, soon after fertilization, 
epigenetic tags of gene silencing or activation are removed 
from DNA. However, in mammals, imprinted genes retain 
their tags, i.e., these genes begin their functions with ear-
lier epigenetic tags. Interestingly in mammals, the mater-
nally and paternally inherited genomes undergo global 

demethylation post-fertilization, with differential methyla-
tion occurring between maternal and paternal IC alleles 
before and after implantation. Transposable elements, pro-
moter regions of housekeeping genes and cis-acting regu-
latory elements of imprinted genes are three key epigenetic 
susceptibility targets containing CpG sites that need to be 
methylated, unmethylated and differentially methylated, 
respectively during development.

An influence of the maternal diet on the foetal gene 
expression pattern was elucidated as early as 1998 by 
Wolff and his colleagues, where agouti gene expression in 
Avy/a mice in the F1 generation was affected by methyl sup-
plements in the diet of F0 maternal mice [15, 83]. Research 
that followed thereafter, have identified the molecular 
players involved in regulating the DNA methylation pat-
tern of different loci. Progress in sequencing strategies and 
other sophisticated methods for characterizing the epig-
enome gave an impetus to this field of research. Recently, 
it was shown by Yang et al., that maternal diet supple-
mented with betaine (trimethyl glycine), a potential methyl 
donor in the biological system, leads to hypermethylation 
of the Imprinting Control Region of the Igf2/H19 locus 
leading to upregulation of IGF2 gene expression [89]. It 
has been further reported that betaine supplementation can 
even influence the F2 generation progenies [88]. Interest-
ingly, when grandams are supplemented with betaine in 
their diet, the foetus (F1 generation) and its germ cells 
destined to become F2 offspring both bore the effect of 
betaine exposure [88, 89]. The F1 offspring may be directly 
exposed to betaine transmission via placenta and mother’s 
milk, while the F2 generation through possible epigenetic 
modifications on the F1 gametes [88, 89]. Igf2/H19 ICR 
methylation levels and consequent gene expression regula-
tions have been correlated with cerebellar weight [68] and 
subcutaneous adiposity [38]. Furthermore, there has been 
evidence that maternal diet influences the methylation 
pattern of the CpG rich promoters of Retinoid X Recep-
tor Alpha (RXRα) gene, thereby regulating metabolism 
levels in the offspring [9]. Interesting correlations have 
been established between the methylation levels at the loci 
of oxytocin receptor (OXTR) and social and emotional 
behaviour of humans [64].

Notably, imprinting is unique to mammals and flower-
ing plants. In mammals about 1% of the total gene popula-
tion are imprinted. As discussed above it is evident how 
environmental factors and diet that affect DNA methyla-
tion patterning during development can potentially influ-
ence adult phenotype via alterations in CpG methylation at 
epigenetically labile regions of the genome. It is therefore 
pertinent to conclude that influence of parental lifestyle 
on the offspring health can have manifold effects through 
regulation of the DNA methylome.
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Maternal dietary and supplementary intakes

Role of Vitamins

The fact that health and dietary habits of mothers influ-
ences the well-being of offspring(s) is a well-known con-
cept. However, the link between such age-old concept and 
the epigenetic basis was not so clearly understood until 
recently. It is a common practice to prescribe various 
vitamin and mineral supplements to expecting mothers to 
prevent various offspring disorders like neural tube defect 
(NTD). A recent study reported that an optimum ratio of 
vitamin B9 (folic acid) and vitamin B12 (cyanocobalamin) 
is required to ensure proper development of the offspring. 
The authors have shown that either over-supplemented or 
under-supplemented intake of folate and vitamin B12 in 
prenatal diets can affect global methylation levels of the 
foetal DNA as well as the functioning of some regulatory 
mi-RNAs [61]. Significant changes in the ratio of vitamin 
intake were found to affect the CpG island methylation 
pattern in the loci of DNMT1, DNMT3A and DNMT3B, 
consequently leading to increased expression of the meth-
yltransferases [29]. Even levels of miRNAs like that of 
miR-133 (linked to muscle and cardiac tissue metabolism 
and certain kinds of cancer) [54, 58, 65, 85, 86, 98, 101] 
and miR-221 (linked to oncogenesis) [10, 25, 50, 56, 60, 
71, 79, 90, 96, 100] changed in response to a skewed ratio 
of intake of the two vitamins. Other than sub or supra-opti-
mal levels of folate or B12 intake, vitamin C or ascorbic 
acid consumption during the perinatal period also seems 
significant [19]. A progressive demethylation during the 
foetal development by the demethylase TET1 is essential 
to allow expression of several genes responsible for the 
development of foetal gonads, especially in the ovaries 
[19]. Ascorbic acid is an essential cofactor for the TET 
group of enzymes and recent research shows that female 
progenies of vitamin C-deficient mice have significantly 
reduced number of primordial germ cells compared to con-
trol mice [19]. The effect of Vitamin C was particularly 
significant during early embryonic stage, especially before 
embryonic day 13.5 (the point of lowest genomic meth-
ylation levels during germline reprogramming [19]). Foe-
tal testes are not influenced much by ascorbic acid since 
the meiotic procedures in male foetus are not influenced 
in utero. But are other pathways influenced by vitamin 
intake other than through mediation by DNMTs or TETs? 
Interestingly, evidence of influence of supplements on one 
carbon metabolism and DNA methylation levels have been 
elucidated [14, 15, 52, 83]. However, how dietary intake 
of such supplements during the perinatal period affect epi-
genetic regulation and consequently metabolism is still 
elusive. Further experiments are needed to get a more 

comprehensive view of the gene regulatory landscape 
during foetal development in response to maternal diet.

Effect on Fat metabolism

Fat metabolism and obesity related processes can also be 
influenced by maternal nutrition through an effect on the 
DNA methylome. To gain insight into the contribution of 
maternal diet on foetal metabolic programming through epi-
genetic changes in utero, Daniels et al. studied maternal diet 
and placenta leptin methylation in a group of mother-infant 
dyads in the immediate postpartum period [16]. Leptin is 
known for its role to control the food and energy homeosta-
sis in the body via impacting the nervous system, adipocytes 
and energy reserves in the body. From statistical sampling, 
the study predicted that greater amounts of carbohydrate 
intake led to reduction in placenta leptin methylation [16]. 
Another study in expecting mothers showed that the glyce-
mic index (GI) of maternal diet can influence the methylome 
of the placental tissue [87]. Genome wide differential DNA 
methylation analysis done on tissue samples revealed that 
genes like Perilipin1 (PLIN1), involved in fat mobilization 
and Somatostatin Receptor Type 4 (SSTR4), involved in 
somatostatin signalling to regulate metabolism, had CpGIs 
whose methylation levels were found to correlate with 
maternal dietary glycemic index changes [87]. These genes 
have been implicated in diabetes, maternal obesity, insulin 
resistance and foetal metabolome regulation [87]. However, 
in most cases the modality of such experiments was based 
primarily on human models with sample collection, process-
ing, bioinformatic and statistical analyses. Precise in vivo 
analyses are further required to elucidate the key molecu-
lar players involved in regulating gene expression in foetus 
exposed to different dietary and supplementary intake of the 
mothers. Recently, maternal high fat diet has been shown to 
increase the risk of obesity and diabetes in the offspring [44, 
92]. Progeny of mother mice treated to high fat diet showed 
an increase in body weight and a tendency towards obesity 
[44]. Lactation at the post-birth phase exposes the offspring 
to milk lipid components that helps to activate fatty acid 
metabolism specific genes like FGF21 through a progressive 
event of demethylation [92].

Intriguingly, it is thus evident that not only dietary expo-
sure in utero, but malnutrition in early life has the ability 
to affect health and well-being of an adult. Work of Yuan 
et al., mentioned above, brings into light how obesity may 
not be just a lifestyle problem, but may be traced back to 
the post-birth dietary intake of an individual. However, to 
gain further insight into the field and designate precise epi-
genetic players involved at specific loci further experimen-
tation in mouse models are required. Data generated from 
such research would clearly validate the significance of DNA 
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methylation and gene expression in a developing foetus and 
how it is influenced by maternal nutritional make up.

Environmental factors and epigenetic regulations 
“in utero”

Environmental pollutants can also have serious conse-
quences on the foetal development in utero by affecting the 
epigenome. Studies indicate interaction between potentially 
toxic metals and essential elements with the global and gene-
specific methylation of DNA repair (8-oxoguanine DNA 
glycosylase, OGG1 and poly (ADP-ribose) polymerase 1, 
PARP1) and antioxidant (nuclear factor erythroid 2-related 
factor 2, NRF2) genes. Such correlations were reported in 
new-borns prenatally exposed to environmental metals [66]. 
Arsenic and mercury exposure increased methylation levels 
of Long Interspersed Repetitive Element 1 (LINE1) at low 
zinc concentrations, while an increased zinc concentration 
reduced the methylation levels and rescued the progeny 
from arsenic and mercury induced hypermethylation [66]. 
It is well established that an alteration in the expression of 
antioxidant genes and DNA damage repair enzymes can 
cause predisposition to cancer and chromosomal anomalies. 
Intriguingly, exposure to diesel exhaust during the prenatal 
period modified gene expression levels of around 300 genes 
in the F1 generation progenies and many of these genes 
were found to be involved in cardiac metabolism [32]. It 
was observed that, in utero exposure to diesel exhaust and 
the consequent alteration in gene expression mimics changes 
observed in hypertrophic neonatal cardiomyocytes. Some of 
these genes were identified to be involved in mitochondrial 
L-carnitine shuttle pathway, fatty acid beta-oxidation and 
AMPK signalling. Further studies revealed 62 differentially 
methylated regions (DMRs) on the DNA, and these were 
identified to be in intronic and intergenic regions of metabo-
lism specific genes like GNAS, GNG12 and PDE6H [32]. 
Metabolic dysregulation is known to be a hallmark feature 
of heart failure. Moreover, passive removal of DNA meth-
ylation can also occur due to excessive oxidative damage 
from reactive oxygen species to such an extent that DNA 
methyltransferases (DNMTs) are unable to bind to their spe-
cific substrate, thereby changing the methylation status in 
daughter cells [32]. If such an event occurs early in develop-
ment during the repatterning of methylation, these changes 
would be heritable and is likely to occur in multiple cell and 
organ types.

Effect of diet during adult life

For adults, regular diet and specific nutritional intake has 
profound influences on epigenetic landscape and chroma-
tin regulation of gene expression. Folate and Vitamin B12, 
for example, are necessary for the synthesis of Methionine 

and SAM, which are crucial in the maintenance of DNA 
methylation patterns in specific loci. Inadequate folate 
intake has long been linked to increased risk of colorectal 
cancer [30]. Colorectal cancer, in fact is known to be a 
manifestation of altered epigenetics and resultant genetic 
changes in epithelial cells of the colon during neoplastic 
transformation. Altered DNA methylation in specific gene 
promoters have been designated as the primary cause lead-
ing to tumorigenesis in humans (Reviewed in [45]). This 
has been discussed in several reviews and will presently 
not be discussed in the present review. But what is inter-
esting to note is that present research is directed towards 
identifying aberrant DNA methylation patterns. Detection 
of such CpG island methylator phenotype can be clinically 
used for early diagnosis as well as prognosis of colorectal 
cancer (Reviewed in [95]). Reduced DNA methylation in 
lymphocytes of healthy postmenopausal women have also 
been linked to folate deficiency [41]. Furthermore, a recent 
study involving deep bisulfite sequencing to assess DNA 
methylation pattern has indicated that altered methylation 
levels at CpG islands can be correlated to hereditary as 
well as early onset of breast and ovarian cancer [12].

Plant metabolites like polyphenols have been found to 
cause alterations in the activities of DNA methyltransferases. 
Hypermethylation in the genes like CDX2 (codes for a tran-
scription factor involved in the development and functioning 
of the intestinal epithelial cells) and BMP2 (acts as tumor 
suppressor in gastric carcinoma) have been found in patients 
with primary gastrocarcinoma. Such individuals have been 
linked to a history of low intake of cruciferous vegetables 
and green tea [93, 94]. EGCG, a polyphenol abundantly 
found in green tea compared to more commonly consumed 
black tea, may act as an inhibitor of methyltransferases. 
Such impairment of methyltransferase function is shown to 
induce expression of genes, originally silenced by methyla-
tion in cancer cell lines [24]. Grapes are not sour at all! Two 
phytochemicals Dihydrocafeic acid (DHCA) and malvidin-
3’-O-glucoside found in grape juice and grape seed extracts 
attenuate depression like behaviour, by reducing expression 
of DNMT1 that methylates promoters of Interleukin6 (IL-
6) genes- thus reducing level of pro-inflammatory cytokine 
responsible for depressive disorders. DHCA can reportedly 
decrease the methylation of CpG islands in introns 1 and 3 
of the IL-6 gene, which serve as enhancers, thus reducing 
its expression (81). Dietary intake of fish oils and omega-3 
polyunsaturated fatty acids are known to decrease the DNA 
methylation of leucocyte ABCA1 gene, which is a key player 
in the regulation of HDL-C concentration of blood and 
hence can be associated with cardiovascular health [27]. 
Minerals like Selenium in diet can reactivate hypermethyl-
ated genes like GSTP1, APC and CSR1 by downregulating 
the expression of DNMTs in prostate cancer cells [43, 84].
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It can be thus summarized that the diet of an individual 
starting from the “in utero” stage to adulthood holds a huge 
significance in terms of regular health and disease preven-
tion, through modulation of DNA methylation and conse-
quently the epigenome. Introduction of a new perspective 
termed “Epigenetic diet” presently focus on consuming 
products including fruits, vegetables and dietary components 
that show the ability to stimulate beneficial epigenetic modi-
fications. Such a dietary balance effectively helps to regulate 
the functionality and fidelity of our genes better.

Effect of present‑day lifestyle adaptations

The urban lifestyle of the twentieth century has several 
drawbacks which seem to have dire effects on human health. 
In this competitive era, the transition from adolescence to 
adulthood is often characterized by drastic psychologi-
cal and physical changes in an individual. In course of the 
required adaptations, adults often get exposed to psycho-
logical stress and an irregular lifestyle. Such adaptations 
might lead to the development of psychiatric disorders like 
Major Depressive Disorder (MDD). According to the data 
report by World Health Organization, over 264 million peo-
ple suffer from depression globally and 80,000 people die 
every year of suicide. Intriguingly, interaction between the 
environment and consequent gene expression is mediated 
by epigenetic regulations. DNA methylation, in particular, 
has been reported to play a very significant role in the devel-
opment of MDD [39]. A number of candidate genes have 
been found to have differential DNA methylation levels at 
their promoters in a depressed individual compared to that 
of a healthy individual. For example, Brain Derived Neu-
rotrophic Factor (Bdnf), which plays an important role in 
the neurotransmission, synaptic plasticity and regulation of 
receptor sensitivity in mature neurons, has reduced expres-
sion during depression. Such decreased expression of Bdnf 
has been correlated to increased DNA methylation in its pro-
moter region [26]. Increased methylation at CpG islands in 
the promoters of SLC6A4 gene (a serotonin transporter, inte-
gral to serotonin signalling in the brain) and that of NR3C1 
(codes for a glucocorticoid receptor) have been associated 
with depression [11]. Corticotropin releasing factor (CRF) 
in the paraventricular nucleus (PVN) of the hypothalamus 
is increased in mice susceptible to chronic social defeat 
stress, accompanied by decreased DNA methylation of the 
Crf promoter [22]. Additionally, a common practice- drink-
ing water from plastic water bottles has been proven to be 
harmful due to Bisphenol A (BPA) which is a potent endo-
crine disruptor [5, 53]. More harmful effects of BPA have 
been elucidated in BALB/c mice where in utero exposure 
to BPA induces a prominent change in DNA methylation of 
the Brain Derived Neurotrophic Factor (Bdnf) gene in the 
hippocampus and blood of F1 progeny [49]. Studies indicate 

that DNA methylation status of BDNF may be an impor-
tant marker for the early detection of neurodevelopmental 
abnormalities [49]. Their findings significantly suggest that 
high maternal BPA exposure during pregnancy is associated 
with altered Bdnf methylation in the cord blood. Whether 
the effect of BDNF deficiency will result in a specific psy-
chiatric disorder likely depends on a complex interaction 
of the genetic make-up, gender and life-long environmental 
exposure of an individual [49].

Adults whose lifestyle involve unregulated alcohol and 
tobacco consumption, cigarette smoking and substance 
abuse, often end up having lasting effects on DNA methyla-
tion status of several genes, which eventually might lead to 
disease development. Alcohol consumption during gestation 
leads to foetal alcohol spectrum disorders (FASD). Prenatal 
alcohol exposure (PAE) shows the presence of 118 differen-
tially methylated regions (DMRs) across the hypothalamic 
tissue samples in rats. Of these, significant methylation level 
changes were observed in Ddr4 (Dopaminergic receptor d4) 
which affects dopamine signalling and implies a potential 
role in neuropsychiatric disorders in the offspring [59]. Fur-
ther studies have shown that consumption of alcohol and 
tobacco alters the DNA methylation patterns of two highly 
studied genes of the HPA axis, FKB5 and N3RC1 [20]. A 
recent study has shown that, putting an end to smoking 
habit caused differentially methylated CpG sites in smokers 
to alter back the methylation level of same CpG sites to a 
state similar to that of never-smokers, when analysed after 
5 years of smoking cessation [42]. Alcohol intake also has 
its influence on DNA methylation patterns in adults. Glial 
derived Neurotrophic Factor (Gdnf) is a factor involved in 
prolonged survival and differentiation of a specific class of 
neurons. GDNF gene expression is alcohol-responsive and 
is shown to be upregulated in response to short-term alcohol 
intake and downregulated with the withdrawal of this habit 
[4]. In consonance, methylation studies showed that with-
drawal cases reduced methylation compared to controls, in 
the Negative Regulatory Elements (NRE) present in exon 1 
of GDNF locus. Methylation status of NRE act as a regula-
tor of GDNF expression (78). While GDNF expression in 
specific regions of the brain regulates alcohol intake and 
suppresses alcohol consumption, excess alcohol intake dys-
regulates such inherent regulatory mechanism.

The COVID-19 pandemic has hit the world hard starting 
from the year 2020 and has caused massive loss of lives and 
damage in terms of physical and mental health, economic 
conditions and disrupted our day-to-day activities. Adjusting 
to the new lifestyle normals have led to disruptions in the 
biological clock consequently disrupting DNA methylation 
patterns in several loci leading to aggravation or onset of 
several disorders. For example, it has been reported that, 
certain genes (including several imprinted genes), which had 
been previously shown to be differentially methylated in the 
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adipose tissues of obese and Type 2 Diabetes patients- com-
pared to healthy individuals, had altered methylation profiles 
after one night of sleep loss [8]. Loss of sleep reportedly led 
to increase in methylation of DMRs in the promoter proxi-
mal region, near the TSS of specific genes associated with 
obesity such as TNXB, TRIM2 and FOXP2 [8]. Altered DNA 
methylation due to sleep loss was also found near the TSS of 
the following genes: CD36, AKR1CL1, HOXA2, which are 
involved in adipogenesis [8]. Decrease in methylation was 
observed in 56 DMRs near the TSS of several imprinted 
genes like TSPAN32 (involved in malignancies, hematopoi-
etic cell function, GNAS (codes for the alpha subunit of the 
G protein and thus plays a key role in the classical signal 
transduction pathway), INS (codes for the peptide hormone 
insulin), and GFI1 (codes for a transcriptional repressor, cru-
cial in diverse processes as hematopoiesis, oncogenesis) [8]. 
Lifestyle habits and disruptions thus seem to have significant 
effects on DNA methylation pattern of diverse plethora of 
genes and may lead to serious consequences.

Neurological perspective

The link between DNA methylation and memory formation 
and maintenance has been strongly established. Yet the ques-
tion that was baffling scientists was how the methylation 
mark was erased during memory formation and modifica-
tion of existing memory. The general notion few decades 
back was that DNA cytosine methylation once established, 
was irreversible. Yet, for neuronal plasticity and modifi-
cation of memory, the requirement of dynamicity was as 
paramount as the need for self-perpetuation. In context of 
the brain, this was an absolute enigma as the neurons were 
quiescent and the idea of changes in the methylation code 
was unthinkable. All of this changed with the discovery 
that a family of enzymes called the Ten-eleven transloca-
tion or TET proteins which erased the methylation marks 
by oxidizing the 5-methylcytosine (5mC) to 5-hydroxy-
methylcytosine (5hmC) by an Fe (II) / α-ketoglutarate 
dependent mechanism, which subsequently undergoes 
deamination to 5-hydroxy-methyluracil and is repaired via 
base or nucleotide excision repair machinery [34, 40, 77]. 
This made the methylome dynamic and potentially plastic 
and thus, uniquely suitable for analysis concerning neu-
rological and memory disorders. From the perspective of 
DNA methylation, the brain is a fascinating organ. It exhib-
its certain unique features in the following respects- (i) has 
the highest levels of DNA methylation as compared with 
other vertebrate organs and tissues except thymus [21] and 
(ii) has the highest genomic content of 5-hydroxymethyl-
cytosine (5hmC), which is the second-most prevalent DNA 
methylation mark after the canonical 5-methylcytosine 
(5mC) [55]. Conventionally, DNA methylation takes place 
in the context of a dinucleotide sequence CG or a stretch 

of nucleotides CGG​CGG​ where the cytosine is methylated 
by the DNMTs. Interestingly, the brain tissues are enriched 
in DNA methylation in the context mCpH, where H is any 
nucleotide except G, with mCpH levels increasing rapidly 
post-partum to mid-adolescence which is a period of active 
learning [55]. Such unique features led us to explore some 
aspects of neurological disorders that result as a function of 
aberrant DNA methylation.

Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a neurodegenerative disorder 
that leads to a progressive impairment of cognition and 
behavioural functions including memory, comprehension, 
speaking skills, attentiveness, memory recollection and 
power of judgement and is the leading cause of dementia 
worldwide [48]. Recent findings revealed that with increas-
ing age, there is a concomitant decrease of DNA methyla-
tion in the genomic DNA. Analysis of post-mortem neural 
tissue from patients with AD have revealed a significant 
decrease in DNA methylation levels compared to sam-
ples from healthy individuals. This decrease has also been 
observed to be inversely related to the markers of neurofi-
brillary tangles in neurons of patients with advanced AD, 
suggesting that there is a marked loss of DNA methylation 
in AD patients [63]. Several experiments have elucidated 
that several proteins that play a role in AD pathogenesis 
have abnormal methylation patterns in the promoter regions 
of their corresponding genes. These include among others, 
Tau and its related genes, Amyloid β (Aβ) and its related 
genes, apolipoproteins, ribosomal DNA, as well as genes 
involved in various metabolic pathways [69]. A profiling 
study on the APP-PSEN1 double transgenic (DTg) mice 
(these mice show an increased proportion of Aβ42 and has 
an earlier onset and more rapid rate of pathogenesis of AD 
and serves as animal model of AD [23]) has shown that there 
is a significant decrease in 5hmC levels in hippocampus but 
no detectable change in cerebral cortex and cerebellum as 
the mice aged progressively. This supported the notion that 
5hmC-mediated epigenetic regulation could be a potential 
candidate in the pathogenesis of AD [73].

Fragile X syndrome (FXS)

The monogenic disorder Fragile X Syndrome (FXS) is 
caused by increased methylation of a tandem repeat sequence 
CGG in the 5ʹ UTR of the fragile X mental retardation pro-
tein translational regulator 1 (FMR1) gene. The encoded 
protein, Fragile X Mental Retardation Protein (FMRP) 
binds RNA and is associated with polysomes. FMRP may 
be involved in mRNA trafficking from the nucleus to the 
cytoplasm. In the full mutation variant of FXS, more than 
200 CGG repeats are identified by the DNMTs in the FMR1 
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locus, while the normal allele has only 6–53 repeats. This 
leads to the recruitment of MeCP2, which recognizes meth-
ylated CpG and calls for HDACs to initiate chromatin con-
densation. This leads to loss of FMRP expression and subse-
quent development of intellectual disability and autism-like 
features. Thus far, there are not targeted cure available for 
this disease and the exact steps involved in silencing of the 
gene are yet to be deciphered.

Epilepsy

Epilepsy is one of the most common neurological disorders 
known to affect humans. The relationship between DNA 
methylation, pathogenesis and progression of the disease, 
termed as epileptogenesis, is an emerging field of intense 
research. Of the many prevalent forms of the disease, tem-
poral lobe epilepsy—hippocampal sclerosis (TLE-HS) has 
been shown to be linked to the hypermethylation at the 
RELN locus. RELN secretes an extracellular glycoprotein 
that has been linked to controlling cell–cell interactions 
which are critical for cell positioning and neuronal migration 
during neural development [47]. The link between hyper-
methylation and epileptogenesis hypothesis thus proposed 
states that increased DNMT activity and resultant global 
genomic hypermethylation that may lead to the progression 
of the disease as well as maintenance of the diseased state 
in an affected individual [46]. Interestingly, recent whole 
genome bisulfite sequencing (WGBS) of the DNA samples 
collected from relevant patients suffering from TLE-HS 
type I and TLE without HS, revealed 1171 hypermethyl-
ated and 2537 hypomethylated regions, in addition to 632 
differentially methylated genes that are primarily involved 
in epileptogenesis [97]. This further underlined the critical 
role of DNA methylation as an imperative factor regulating 
the onset and sub-type of this disease.

Schizophrenia

Schizophrenia is a neurological disorder that affects more 
than 20 million people worldwide and is characterized by 
distortions in thinking, perception, emotions, language, 
sense of self and behavior [WHO Fact Sheet, Schizophrenia 
(who.int)]. Treatment-resistant Schizophrenia patients are 
resistant to the most prescribed anti-psychotic medications 
and clozapine is a second-generation drug that is usually 
prescribed to these patients [1]. Recent efforts using large 
scale genome-wide association studies (GWAS) have been 
successful in identifying local CpG sites having variable 
methylation patterns (cis-mQTL) that could play a signifi-
cant role in pathogenesis of the disease [36]. A systematic 
epigenome-wide association studies (EWAS) to analyse 
methylation profiles of DNA collected from blood sampled 
of seven different cohorts have identified 95 differentially 

methylated positions (DMPs) associated with psychosis and 
1048 DMPs associated with treatment-resistant schizophre-
nia. This study also highlights the identification of potential 
biomarker candidate genes as well as open future avenues 
towards successful development of therapeutics [35].

Future clinical prospects

As discussed earlier, DNA methylation is a critical param-
eter affecting our health and well-being. The current review 
primarily aims to bring a holistic picture of the crosstalk 
between environment, diet and lifestyle with DNA methyla-
tion. Such studies hold immense potential for therapeutic 
purposes. Different classes of drugs are used to treat differ-
ent disorders and the efficacy of these treatments depends 
on the gene expression characteristic of an individual. Epi-
genetic regulation on expression pattern of the genes in an 
individual plays a vital role in this aspect and has given rise 
to a concept of ‘personalised medicine’ for treatment of vari-
ous diseases [70]. DNA methylation being highly influenced 
by the diet and lifestyle patterns of an individual, has pres-
ently brought us to the doorstep of a novel concept called 
nutriepigenomics which has eventually led to the designing 
of 'epigenetics diet' [72]. Bioactive dietary compounds like 
isothiocyanates, resveratrol, EGCG, flavonoids, folate and 
other vitamins, etc. have been proven to affect the epigenome 
and finetune gene expression. Thus, personalized nutrition 
can ameliorate predisposition to various degenerative dis-
orders and affect the phenotype of an individual such that 
the disease treatment might prove to be  more efficient [18].

Recent research is directed towards applying the knowl-
edge of how DNA methylation affects Alzheimer’s Disease 
(AD) to generate biomarkers that would aid in the early 
detection of AD before the pathogenesis reaches an irre-
versible end. Correlating changes in DNA methylation lev-
els of peripheral blood mononuclear cells to the cognitive 
performance in Late Onset AD patients is one such poten-
tial method [17]. A promising development on this aspect, 
comes from the work of Wei et al., who have shown that 
although DNA methylation patterns between brain and 
peripheral tissues is differential, DNA methylation levels 
of the Amyloid Precursor Protein (APP) gene is consistent 
in both tissues and is a prospective candidate for a viable 
AD pathogenesis biomarker [82]. The phenotypic manifesta-
tion of Fragile X syndrome (FXS) has been correlated with 
eIF4E phosphorylation in both human and mice patients [31, 
37, 75] and currently, the available treatments to modulate 
eIF4E activity are by the usage of the anti-diabetic drug Met-
formin [28], the anti-cancer drug eFT508 or tomivosertib 
[74] among others which have unwanted side effects. Pres-
ently for treatment of FXS, efforts are being taken to induce 
expression of the FMR1 gene, whose repression results 
in the disease manifestation. For this DNA methylation 
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inhibitors like 5-aza-2’deoxycytidine and HDAC inhibi-
tors [13], non-coding RNA based therapy and gene therapy 
using viral vectors [3] are being used. Similarly, therapy 
for epilepsy is being focused on usage of DNA methylation 
blockers and HDAC inhibitors, as well as administration of 
a ketogenic diet, adenosine supplementation or a combina-
tion of both [7], although the research is still in its infancy.

The presence of a disease-causing allele in an individual 
does not necessarily ensure manifestation of the disease. 
Disease onset and progress actually depends heavily on the 
epigenetic regulation and consequent gene expression pat-
tern of the mutant allele. Hence, targeting DNA methylation 
and other associated epigenetic players might open up new 
avenues of personalized treatment strategies that hold tre-
mendous future potential from a clinical perspective.

Conclusion

In summary, here we have put forth an emerging picture of 
how diet, changing environment and lifestyle adaptations 
can influence DNA methylation in the offspring and during 
adulthood. As presented in Table 1, it is very evident how 
dietary habits, environmental conditions, social and lifestyle 
practices intervene our life at various stages, intriguingly 
at the molecular level. These effects tend to alter our epig-
enome and resultantly the fidelity of our genomic structure 
and functions. Such alterations often lead to chronic and dire 
consequences. Our knowledge in this perspective, however, 
is still far from complete. We still need to know the exact 
epigenetic writers/readers/erasers that significantly influ-
ence the steps of our life starting from foetus development to 
adulthood, onset or predisposition to various diseases as life 
progresses. The quest is still on as to how early an interven-
tion can circumvent such malfunctioning at the epigenetic 
and genetic levels. With increase in urbanization, frequent 
environmental changes and exposure to various stressors 
in life, ensuring proper development before birth and life 
maintenance thereafter is becoming a growing challenge and 
consequently, a necessitated area of research.
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