
Epigenetic mechanisms
�e term ‘epigenetic’ describes a group of heritable, 
distinct, highly interrelated processes that control the 
level of mRNA [1]. �e main processes are DNA methy-
lation and covalent modifications to the amino termini of 
histones, principally methylation, acetylation, ubiquitina-
tion and phosphorylation. Epigenetic control of mRNA 
levels can also be conferred through the action of small 
interfering mRNAs. Epigenetic regulation by DNA 
methylation is primarily mediated by the addition of CH3 
to carbon 5 of cytosines in CpG dinucleotide pairs that 
cluster in the 5’ regulatory regions of genes, known as 
CpG islands [1], although other modifications have been 
described. In general, methylated DNA sequences are 
associated with gene silencing, whereas unmethylated 
CpG islands are associated with transcriptional activity. 
However, methylation of individual CpG dinucleotides 
allows graded control of transcription through differ en-
tial changes in the binding of transcription factors and 
other proteins. �us, methylation of a CpG that influ-
ences a response element for an inhibitory transcription 
factor could enhance the level of transcription.

�e genome is rapidly demethylated in early embryos, 
with the exception of parentally imprinted genes. �is is 
followed by gene-specific patterns of DNA silencing, 
which are fundamental to cell differentiation and which 
are induced de novo by the activities of DNA methyl-
transferases (Dnmts) 3a and 3b, possibly in association 
with Polycomb proteins. Patterns of methylated cytosines 
are maintained during DNA replication by Dnmt-1, 
which uses the hemimethylated DNA as a template.

It is generally thought that patterns of DNA methyla-
tion induced during early development are stable 
through out the life course. However, a recent study [2] of 
the level of methylation of individual CpG dinucleotides 
in the serotonin transporter gene in buccal cells from 
monozygotic and dizygotic twins collected at 5 and 10 
years has shown that in 32% of the children studied, there 
was a 5% difference in methylation, and 14% of children 
had a difference of at least 10% over 5 years (overall range 
for the whole group -41% to +23%). One possible 
explanation for such variation could lie in the proposed 
dynamic nature of DNA methylation. Szyf [3] has 
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proposed that rather than cytosine methylation being a 
stable modification, the level at any one time represents 
the equilibrium between the activities of Dnmts and 
demethylases such that a shift in the activities of these 
enzymes could alter the level of methylation even in non-
dividing cells. If correct, this could have important 
implications for understanding the epigenetic effects 
described below.

Epigenetic control of transcription by histone modifi­
cations might be regarded as more dynamic than control 
by DNA methylation. However, the two are closely linked 
through the binding of specific proteins, such as methyl 
CpG binding proteins and methyl domain binding 
proteins, to methylated DNA sequences, which, in turn, 
recruit histone modifying enzymes [1], and through the 
recruitment of Dnmts to DNA by histone deacetylase-1 
and the Polycomb protein EZH2 [4,5]. In general, 
acetylation of histones is associated with transcriptionally 
active euchromatin, whereas removal of acetyl groups by 
histone deacetylases and methylation of specific amino 
acid residues by histone methyl transferases induces 
compact, transcriptionally silenced heterochromatin.

Epigenetic processes can be modified by environmental 
signals and therefore provide a mechanism by which the 
expression level of a gene can be adjusted in order to 
facilitate cellular response. There is emerging evidence that 
modifications in epigenetic processes may be an important 
causal factor in disease risk throughout the life course.

The early life environment and future disease risk
Constraint in the early life environment, such as poor 
nutrition and endocrine factors, induces a life-long 
increase in the risk of non-communicable diseases, 
including cardio-metabolic disease, affective disorders, 
osteoporosis and cancer [6]. This involves an induced 
change in the phenotype of the offspring by environ­
mental cues that act through developmental plasticity. 
The induced phenotype change may represent adapta­
tions that predict the future environment but that result 
in disease if the prediction is incorrect [7]. Such pheno­
typic changes involve altered epigenetic regulation of 
specific genes.

So far, the majority of reports in this area have been 
proof-of-principle studies in experimental models, 
although there have been some recent reports on the 
effect of early life environment on epigenetic processes in 
humans. Uterine artery ligation in rats induced decreased 
methylation and increased expression of the p53 promo­
ter in the kidneys of the offspring, which was associated 
with impaired development of kidney structure [8]. Poor 
maternal nursing in rats was associated with increased 
methylation of a CpG in the glucocorticoid receptor (GR) 
gene in the hippocampus in the offspring, which 
impaired binding of nerve growth factor 1-A to its 

receptor and was associated with poor stress response in 
adulthood [9]. Altered methylation was reversed by 
cross-fostering the offspring after birth or by infusion of 
a histone deacetylase inhibitor [9]. Hypermethylation of a 
CpG in a comparable region of the GR promoter in 
human brain was also found in individuals with a history 
of childhood abuse who subsequently committed suicide 
[10]. These studies [8-10] have important implications for 
understanding how the early life environment can affect 
future patterns of behavior and for susceptibility to 
mental illness.

The quality of nutrition during development is an 
important causal factor in future disease risk in humans, 
in particular cardiovascular disease and metabolic syn­
drome [6]. In Agouti viable yellow (Avy) mice, increased 
intake of methyl donors and folic acid induced a graded 
switch in coat color by inducing increased methylation of 
a retrotransposon containing a cryptic promoter located 
proximal to the Agouti gene [11]. In rats, neonatal over­
feeding due to small litter size induced hypermethylation 
of the hypothalamic insulin receptor and proopiomelano­
cortin promoters [12,13]. Feeding a protein-restricted 
(PR) diet to pregnant rats induced hypomethylation of 
and increased mRNA expression from the promoters of 
the GR and peroxisome proliferator-activated receptor α 
(PPARα) genes in the liver of the offspring [14]. Hypo­
methylation of the GR promoter was accompanied by an 
increased level of the histone modifications normally 
associated with active transcription, and with decreased 
expression of Dnmt1 and lower levels of binding of 
Dnmt1 to the GR promoter [15]. This suggested that 
induction of hypomethylation of GR may involve impaired 
capacity for maintaining methylation patterns during cell 
replication. Analysis of individual CpGs in the liver PPARα 
promoter showed that four CpGs were hypomethylated in 
the offspring of dams fed a PR diet; two of these CpGs 
predicted the level of transcription [16].

Supplementation of the maternal PR diet with folic acid 
prevented the induction of an altered phenotype and of 
hypomethylation of the GR and PPARα promoters [14]. 
However, within the PPARα promoter, two CpGs that 
were unaffected by the PR diet alone were hypermethy­
lated in the offspring of dams fed the folic acid supple­
mented diet [16]. Thus, although folic acid supplemen­
tation seemed to prevent the induction of an altered 
phenotype and epigenotype, this intervention may have 
induced a vulnerability in the regulation of this gene, and 
potentially of others. This is supported by the finding that 
the maternal PR diet induced a persistent change in 311 
genes in the liver of the adult offspring, whereas the folic 
acid supplemented PR diet altered the mRNA expression 
of 191 [17]. However, only 16 genes were altered in both 
groups of offspring [17]. Furthermore, folic acid 
supplementation of the offspring of rats fed a control or 
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PR diet during pregnancy during their juvenile-pubertal 
period induced dyslipidemia and hepatosteatosis (fatty 
liver) irrespective of maternal diet, and this was accom­
panied by hypermethylation of the liver PPARα promoter 
and hypermethylation of the insulin receptor in adipose 
tissue [18]. Despite the deleterious effects of folic acid 
supplementation, these findings show that epigenetic 
plasticity extends beyond the period of early development 
and that the epigenetic regulation of specific genes can be 
modified by dietary interventions in free living offspring.

Two recent studies [19-21] have reported the effect of 
prenatal under-nutrition on promoter methylation in 
humans. Individuals who were in utero during the 1944-
45 famine in the Netherlands show an increased risk of 
cardio-metabolic disease compared with unexposed 
individuals [19]. The precise pattern of disease is contin­
gent on the timing during development of exposure to 
famine. Adults who were exposed to famine in utero 
showed altered DNA methylation in the promoters of 
several imprinted and non-imprinted genes in white 
blood cells [20,21]. However, the difference between ex­
posed and unexposed individuals was small (around 5%) 
compared with that in the GR promoter of childhood 
abuse victims [9] (about 30%), which makes the biological 
significance of findings of these studies difficult to 
interpret.

Translation of knowledge about epigenetic 
processes into public health policy
The identification of a role for epigenetic processes in 
differential risk of non-communicable diseases is an 
important step towards interventions to prevent or 
reverse risk of these conditions. Given that cardio-meta­
bolic disease and cancer develop subclinically throughout 
the life course, such knowledge could also be applied to 
the development of epigenetic markers of disease risk 
before the clinical phase of the condition or to monitor 
the efficacy of an intervention.

In order to translate knowledge about epigenetics for 
use in a healthcare or public health context, several key 
issues need to be addressed. Which epigenetic marks 
should be targeted and in which genes? What is the 
variation in these epigenetic marks in the general 
population and how does this equate to disease risk? Are 
there tissues in which epigenetic marks can act as a proxy 
for those in less accessible, but clinically important, 
tissues? The following additional questions also need to 
be considered. Given that the same treatment can induce 
opposite effects in different genes within the same tissue, 
how can interventions be targeted to produce benefit 
without also inducing vulnerability in gene regulation, 
which could increase disease risk? How plastic is the 
epigenome during the life course? When are epigenetic 
biomarkers likely to be of use and when are interventions 

likely to be most effective? How do epigenetic and genetic 
variation interact?

Answering these questions is a major challenge, not 
least in terms of financial investment. Furthermore, new 
technologies, such as methods for rapid sequencing of 
differentially methylated regions of the genome, need to 
be developed before large-scale epidemiological studies 
can be conducted.

Conclusions
At present, because of the relative novelty of the field, the 
challenges that need to be overcome in order to develop 
useful biomarkers and safe and effective interventions are 
substantial. Nevertheless, the potential benefits from 
research in this area are likely to be considerable.
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