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It is well established that genotype plays an important role in the ageing process. However,
recent studies have suggested that epigenetic mechanisms may also influence the onset
of ageing-associated diseases and longevity. Epigenetics is defined as processes that induce
heritable changes in gene expression without a change in the DNA nucleotide sequence.
The major epigenetic mechanisms are DNA methylation, histone modification and non-
coding RNA. Such processes are involved in the regulation of tissue-specific gene
expression, cell differentiation and genomic imprinting. However, epigenetic dysregulation
is frequently seen with ageing. Relatively little is known about the factors that initiate
such changes. However, there is emerging evidence that the early life environment, in par-
ticular nutrition, in early life can induce long-term changes in DNA methylation resulting
in an altered susceptibility to a range of ageing-associated diseases. In this review, we will
focus on the changes in DNA methylation that occur during ageing; their role in the
ageing process and how early life nutrition can modulate DNA methylation and influence
longevity. Understanding the mechanisms by which diet in early life can influence the
epigenome will be crucial for the development of preventative and intervention strategies
to increase well-being in later life.

Epigenetics: DNA methylation: Ageing: Developmental origins of adult disease: Nutrition

Ageing is the accumulation of changes within an organ-
ism that result in a reduced stress response, impaired
homeostasis, an elevated risk of non-communicable
disease and ultimately death™. It is well established
that genotype plays an important role in the ageing
process as mutations, even within single genes, have
been shown to exert a marked influence on longevity
and the onset of ageing-associated diseases”. How-
ever, there is also growing evidence that epigenetic pro-
cess can modify the ageing process. Epigenetic
processes can be influenced by a variety of environ-
mental factors, including nutrition particularly during
early life, leading to long-term effects on physiology
that affect susceptibility to a range of ageing-associated
diseases.

Epigenetic mechanisms

Epigenetics literally means ‘on top’ of genetics and is
defined as processes that induce heritable changes in
gene expression without a change in the nucleotide
sequence. The major epigenetic mechanisms are DNA
methylation, histone modification and non-coding
RNA. Here we will focus on DNA methylation but it
is clear that there is substantial crosstalk between these
epigenetic processes.

DNA methylation

Methylation is a common modification in mammalian
genomes with the cytosine base being most frequently
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methylated to give rise to S5-methyl cytosine. The
majority of methylated cytosines are found as part of
a cytosine and guanine dinucleotide (CpG) where
p denotes the intervening phosphate group. CpG di-
nucleotides are not distributed randomly through the
genome but are found clustered at the 5" ends of genes
in regions known as CpG islands"®. Hypermethylation
of these CpG islands is associated with transcriptional
repression, whereas hypomethylation of CpG islands
is associated with transcriptional activation®. DNA
methylation induces transcriptional silencing by prevent-
ing the binding of transcription factors to the DNA
or by recruiting methyl CpG-binding protein 2 to the
DNA®, which in turn, recruits histone-modifying
complexes'®.

DNA methylation is essential for normal develop-
ment; it is responsible for the asymmetrical silencing of
imprinted genes”, X-chromosome inactivation®™” and
for the tissue-specific gene expression”. DNA methyla-
tion patterns are largely established during development
and ecarly postnatal life. Following fertilisation, the
methylation marks on the maternal and paternal gen-
omes are largely erased, this is then followed by global
de novo methylation just prior to blastocyst implantation
when CpG mainly in repressive heterochromatin regions
and in repetitive sequences are methylated'®'". The
methylation of tissue-specific genes occurs during embry-
ogenesis and early postnatal life and is essential for
cell specification. The de novo methylation of CpG dinu-
cleotides is catalysed by the DNA methyltransferases
(DNMT) 3a and 3b"'?, and is maintained through mi-
tosis by gene-specific methylation of hemi-methylated
DNA by DNMT1!%).

DNA methylation works together with histone modifi-
cations to regulate gene expression. In a cell, DNA is
wrapped around a core of eight histone proteins, which
are subject to modifications including acetylation, methy-
lation, ubiquitination, sumoylation and phosphoryla-
tion!?. The establishment of these marks on the histone
tails is often referred to as the histone code, which leads
to the binding of effector proteins that in turn bring
about specific cellular processes. Histone acetylation
is associated with transcriptional activity and an open
chromatin state, and is brought about through histone
acetyl transferases. Histone methylation of lysine (K) resi-
dues within the histone tail can either be an active or
repressive  mark depending on the specific lysine
involved'®. Histone H3 K4 methylation is associated
with gene activation, whereas histone H3 K9 methylation
with gene silencing'®.

Crosstalk between DNA methylation and histone
modification clearly occurs. Methylated DNA is bound
by methyl CpG-binding protein 2, which recruits both
histone deacetylases, which remove acetyl groups from
the histones'!”'”, and histone methyl transferases, such
as Suv39H1"® which methylates K9 on histone H3,
resulting in a closed chromatin structure and transcrip-
tional silencing. Recent studies have also shown that
DNMTT can be recruited by a number of histone modi-
fying enzymes such as histone deacetylases 1 and histone
deacetylases 2, as well as the histone methyl transferase,
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enhancer of zeste homologue 2%%2" suggesting that
chromatin structure may also determine DNA methyla-
tion status.

DNA methylation, C; metabolism and diet

Methyl groups for all biological methylation reactions
including DNA methylation are primarily supplied
from dietary methyl donors and cofactors via C; metab-
olism®®. In this pathway, methionine is converted to
S-adenosylmethionine, the universal methyl donor.
After transferring the methyl group, S-adenosylmethio-
nine is converted to S-adenosylhomocysteine, which is
then converted to homocysteine. Homocysteine is then
either recycled to methionine by the enzyme betaine
homocysteine methyltransferase, which uses betaine or
choline, or via a folate-dependent remethylation path-
way, where 5-methyl tetrahydrofolate is reduced to
5,10-methylene tetrahydrofolate by 5,10-methylenetetra-
hydrofolate reductase. This methyl group is then used
by methionine synthase to convert homocysteine to
methionine using vitamin Bj, as the cofactor. This re-
liance on dietary sources of methyl donors and cofactors
for DNA methylation reactions had led to the suggestion
that nutrition may affect both the establishment
and maintenance of DNA methylation patterns with
long-term consequences for health. However, it is only
recently that the full impact diet can have on DNA
methylation and health has been realised and this will
be discussed later in the review.

DNA methylation is dynamically regulated

DNA methylation was originally thought to be a very
stable mark and once methylation marks were estab-
lished during development, they were then stably main-
tained through the life-course. This premise was based
on the thermodynamic stability of the methylation
mark and the uncertainty of whether a biochemical
mechanism existed by which the methyl group can be
directly removed from 5-methylcytosine®. Thus,
it was assumed that DNA demethylation could only
occur passively through a failure of the maintenance
DNMT to copy the methylation mark during DNA rep-
lication. However, this concept has now been challenged,
as there have been a number of studies, which have
shown active demethylation. For instance, active
demethylation has been observed on the paternal geno-
mic DNA in the zygote upon fertilisation''*?, on the
synaptic plasticity gene reelin in the hippocampus upon
contextual fear conditioning®*?> and on the interferon
gamma gene upon antigen exposure of memory CD8T
cells®. Moreover, a number of potentiall DNA
demethylases have been discovered including ten—eleven
translocation proteins®**”, methyl-binding domain
protein 2b®®, methyl-binding domain protein 4>, the
DNA repair endonucleases XPG (Gadd45a)®” and
a G/T mismatch repair DNA glycosylase®"”. These
potential DNA demethylases function not by directly
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removing the methyl group from cytosine but
through multistep processes linked either to DNA repair
mechanisms or through further modification of
5-methylcytosine.

DNA methylation changes in the ageing cell

Changes in DNA methylation patterns have been
reported during ageing. Berdyshev et al ®? first reported
a global decrease in DNA methylation during ageing in
the humpback salmon. Subsequently, a large number of
studies in many different species including rat, mouse,
cow, hamsters and human subjects have all shown a pro-
gressive loss of DNA methylation during ageing®* >,
primarily at repetitive sequences®”. The expression of
DNMT have also been reported to change during
ageing, Casillas e al.*® found that while the expression
of DNMT1 and DNMT3a decline during ageing,
DNMT?3Db expression increases. As DNMTI is the main-
tenance DNMT, a decrease in its expression during
ageing is consistent with the increase in global hypo-
methylation seen in an ageing cell. However, along-
side the increase in global hypomethylation observed
during ageing, there is also an increase in gene-specific
promoter hypermethylation. Examples of genes that
are hypermethylated during ageing, include the oestrogen
receptor®”, insulin-like growth factor-2 (IGF-2),
tumour-suppressor candidate 3 and myogenic differentia-
tion 14¥, death-associated protein kinase, E-cadherin,
alternative reading frame relative to pl6 and tissue
inhibitor of metalloproteinase 3°”. The hypermethyl-
ation of gene promoters during ageing occurs more
frequently at promoters associated with bivalent chroma-
tin domains'”; promoters with both an activating H3
K4 methylation mark and a repressive H3 K27 tri-
methylation mark. Bivalent chromatin-associated pro-
moters are generally found in developmental control
genes, and they are also frequently hypermethylated in
cancers®?)

To investigate how DNA methylation may change
over time, a number of ﬁroups have used longitudinal
studies. Feinberg er al“D, used a genome-wide screen
to investigate about 4 million CpG sites over a 11-year
time period and found 227 regions that showed extreme
inter-individual variability (variably methylated regions)
across the genome. These variable methylated regions fell
into two groups: those that were dynamic and those that
remained stable over the 11-year period. In a larger
study, Bjornsson er al“?, who measured the global
DNA methylation levels in whole blood from 111 indivi-
duals (age 59-86 years) followed over 11 years and 127
individuals (age 5-72 years) followed over 16 years
found that 8-10 % of individuals in both groups showed
changes in methylation >20% over an 11-16-year time
span, which is consistent with the suggestion that there
is an accumulation of epigenetic changes during ageing.
The changes they observed showed familial clustering
of both increased and decreased methylation. Because
most family members did not share households during
the time between sample collections, this suggests that
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genotype can influence the rate of change in methylation
over time.

To examine the accumulation of epigenetic changes
with age without the confounding influence of genetic
background, a number of groups have used monozygotic
twins to study variation in DNA methylation over
time“?. Comparison of DNA methylation patterns in
3- and 50-year-old monozygotic (MZ) twin pairs found
that while the genomic distribution of 5-methylcytosine
showed significant overlap in the 3-year twin pairs, the
distribution of DNA methylation marks were distinct
in the 50-year twin pairs*?. Talens et al.“ also found
that variation in global DNA methylation levels in 460
individuals, which included 230 MZ pairs aged from
18 to 89 years increased proportionally with age. They
also examined mean methylation and variation in
DNA methylation across this age span in a number of
candidate genes associated with common diseases. They
found that while mean methylation differences between
the young and the old age groups at these loci were rela-
tively small, there was again an increase in variation of
DNA methylation with age. However, there was a sub-
stantial difference in the stability of different CpG loci,
the most pronounced increases in age-related variation
in DNA methylation occurring at CpG sites associated
with metabolic and homeostatic-related genes, such as
IGF-2, corticotrogin-releasing hormone and leptin.
Bocklandt et al“®, who measured DNA methylation
in saliva samples of thirty-four pairs of identical twins,
aged between 21 and 55 years, identified eighty-eight
CpG sites near eighty genes where methylation was sign-
ificantly correlated with age. Three CpG loci correspond-
ing to the ectodysplasin A receptor-associated death
domain, target of mybl (L1), and neuronal pentraxin II
genes were highly correlated in a linear manner with
age over five decades®®, and using just two cytosines
from these loci, they found that methylation at these
loci explained 73 % of the variance in age, and was able
to predict the age of an individual with an average accu-
racy of 5-2 years.

A number of studies have shown considerable epigen-
etic differences between both monozygotic and dizygotic
twin pairs even at birth, which suggests that the intrauter-
ine environment is a period of enhanced epigenetic
sensitivity. Ollikainen and Craig®”, examined the
methylation of four differentially methylated regions
associated with the IGF-2/H19 locus in multiple tissues
at birth and found that methylation discordance was
present within twin pairs, with dizygotic pairs showin
greater discordance than MZ pairs. Gordon et al“*®
using a genome-wide approach to screen for differences
at individual CpG sites, also reported in MZ twins at
birth, a wide range of within-pair methylation differ-
ences, but the discordance levels were in general lower
than the dizygotic. Interestingly, within-pair methylation
discordance increased with increasing distance from
CpG islands (up to 4kb) in all tissues for both MZ and
dizygotic pairs, with no evidence for a further increase
at distances >4kb, suggesting that CpG islands may be
under tighter epigenetic control than other regions of
the genome.
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Changes in histone posttranslational modifications
during ageing

Changes in the abundance of histone proteins and his-
tone modifications also occur during the ageing process.
Levels of the histone proteins H3, H4 and H2A are
greatly reduced in aéeing cells“~?. Reductions in his-
tone H4 acetylation®", histone H3 K9 methylation®?
and histone H3 K27 trimethylation®® are also seen dur-
ing ageing, whereas there is an increase in histone
H4 K16 acetylation®” and histone H4 K20 trimethyla-
tion®*>> There is also a global decrease in heterochro-
matin®® and an increase in senescence-associated
heterochromatin foci®”. The expression of many of the
enzymes that bring about these changes are also altered
in the ageing cell. For instance, enhancer of zeste homol-
ogue 2, the catalytic subunit of the polycomb complex,
which mediates H3 K27 methylation is decreased during
ageing in a variety of cell types®®*®; while Sirtuinl, an
NAD-dependent deacetylase that deacetylates both
histones and protein substrates includin 53 and
PPARyY, coactivator 1 o is up-regulated®°". Such
changes are reviewed elsewhere®?, although as there is
crosstalk between DNA methylation and histone modifi-
cations, the changes in the histone code may signal a sub-
sequent change in DNA methylation, as seen with the
bivalent chromatin domains, which appear to be prefer-
entially targeted for DNA hypermethylation during the
ageing process.

The role of epigenetics in ageing-associated diseases

Studies to date do suggest there are loci-specific epigen-
etic changes within the genome as we age, but are these
changes really causal or a consequence of the ageing pro-
cess? Many of the changes seen in ageing cells are very
similar to those observed in cancer cells, consistent with
the idea that ageing is a major risk factor for the devel-
opment of cancer. Global hypomethylation was one of
the first epigenetic alterations to be found in human can-
cer®. The loss of methylation occurs mainly in repeti-
tive DNA sequences and the coding regions and
introns of genes®” and this increases as the cancer pro-
gresses®”. DNA hypomethylation may increase genomic
instability, induce the reactivation of transposable
elements, and the loss of imprinting®®, contributing to
cancer progression and pathogenesis. However, along-
side global hypomethylation, cancer cells also exhibit
an increase in gene-specific hypermethylation of tumour
suppressor genes®”. The pattern of gene—S})eciﬁc hyper-
methylation appears to be tumour type®® and tumour
stage-dependent®”. Hypermethylation can affect genes
involved in the cell-cycle control, genome stability and
repair, cell adhesion, apoptosis and angiogenesis.
Hypermethylation, as in ageing cells, occurs more fre-
quently at bivalent chromatin domain promoters'".
H3 K27 trimethylation, one of the marks of bivalent
chromatin, is induced through the histone methyl trans-
ferase, enhancer of zeste homologue 2 and the polycomb
complex, the presence of which has been reported to lead
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to the recruitment of DNMT and de novo methyl-
ation””. In cancer, it has been suggested that the hyper-
methylation of bivalent genes leads to the silencing of
genes required for differentiation, driving cell prolifer-
ation and self-renewal and increasing cancer risk’".
Thus, the hypermethylation of the bivalent promoters
during ageing may act as an ‘epimutation’, contributing
to the multiple mutations required for cancer
development.

However, there are also marked differences between
an ageing and cancer cell. In an ageing cell, the tumour
suppressor gene pl6™%% which acts to limit cell-cycle
progression and to promote cellular senescence in re-
sponse to multiple stresses including oncogene activation,
is progressively induced”*’®. Polycomb proteins and
the associated H3 K27 trimethylation mark normally
blanket the p16"™ 4 gene locus, but levels of the poly-
comb protein enhancer of zeste homologue 2 and H3
K27 methylation decline in stressed and ageing cells,
which leads to a loss of H3 K27 trimethsylation at the
pl6™&4 oene locus and gene activation”>. This induc-
tion of pl6™X4 during ageing promotes longevity in
the short term by preventing the development of cancer.
However, in the long term its induction may ultimately
limit life span as pl6™%** expression drives the cell
towards a senescence phenotype, restricting the regener-
ative capability and function of tissues and enhancing
the ageing process. In contrast, in cancer cells, golilcomb
proteins are often up-regulated’® and the p16™5* gene
is frequently hypermethylated and silenced”.

Mechanisms of epigenetic change during ageing

The mechanism(s) by which DNA methylation changes
accumulate in ageing cells is still poorly understood,
but it has been proposed that ageing-associated changes
in DNA methylation may be induced both by stochastic
variation and environmental factors (Fig. 1).

Stochastic factors

Stochastic changes in DNA methylation have been pro-
posed to explain some of the changes in DNA methyl-
ation seen during the ageing process. Stochastic
changes are non-environmentally induced random
changes in DNA methylation. These may arise for in-
stance due to a lack of fidelity when the methylation
mark from the parental strand is copied to the newl

synthesised strand during the process of replication””.
This loss of epigenetic fidelity may well be accentuated
during ageing as levels of DNMTI1, the maintenance
DNMT, has been reported to decline in ageing cells®®.
This may lead to an increase in epigenetic heterogeneity
within a cell population, and an increase in inter-cell gene
expression differences within tissues during ageing’®.
The accumulation of such epigenetic changes may ulti-
mately lead to a decline in tissue function and eventual
malfunction.
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Fig. 1. (colour online) Ageing-associated changes in DNA
methylation are induced by both stochastic and environmental
factors. These factors can influence the epigenome throughout the
life course, although the epigenome is most susceptible to
environmental factors such as nutrition in early life.

Environmental factors

There is also increasing evidence that a number of
environmental factors including nutrition, stress, placen-
tal insufficiency, endocrine disruptors and pollution can
induce changes in the epigenome. These studies suggest
that the epigenome is most susceptible to such factors
during early life. Both human epidemiological and
animal studies have shown that the early life environ-
ment is an important determinant of lifelong health®.
Such findings have led to the Developmental Origins of
Adult Disease hypothesis, which suggests that environ-
mental factors during early stages of development can re-
sult in long-lasting effects on metabolism and physiology,
altering the risk of disease in later life®”. The environ-
mental modulation of the epigenome in early life suggests
a mechanism whereby early life environmental factors
may be able to influence future health and longevity
and indeed there is growing evidence that epigenetics
processes are central to the mechanism by which the
environment can influence future disease risk.

Nutritional modulation of the epigenome in early life

One of the best examples of how diet can alter phenotype
and longevity through the altered methylation of DNA is
seen in studies on the honeybee. Queen and worker bees
are genetically identical, but differ in their morphology,
reproductive capacity and life span, queen bees living
20-fold longer than worker bees. Maleszka®" showed
that if female larvae were incubated in the presence of
Royal Jelly they developed into queen bees, whereas if
the larvae were incubated in the absence of Royal Jelly
they developed into sterile worker bees. However, silenc-
ing the expression of DNMT3 in the larvae increased the
proportion of larvae developing into queen bees even in
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the absence of Royal Jelly. This shows that nutrition
can profoundly affect phenotype and it does so through
the altered methylation of DNA®?.

In rodents, alterations in maternal diet have also been
shown to induce changes in DNA methylation in the
offspring. In Agouti viable yellow mice, supplementation
of the maternal diet with dietary methyl donors and
cofactors (folic acid, vitamin Bi,, choline and betaine)
shifted the coat colour of the offspring from yellow
(agouti) to brown (pseudo-agouti) and this was as-
sociated with the increased methylation of the agouti
gene®?.

Maternal diet can also alter the methylation of key
metabolic genes within the offspring. For instance feed-
ing rats a protein restricted diet during pregnancy
induced the hypomethylation of the glucocorticoid recep-
tor and PPAR-a promoters in the livers of juvenile and
adult offspring, which was associated with an increase
in glucocorticoid receptor and PPARa mRNA ex-
pression®*®. Maternal protein restriction induced the
hypomethylation of four specific CpG dinucleotides
within the promoter of PPARa, two of which predicted
the level of the mRNA transcript, in the juvenile off-
spring®®. As these CpG sites lie within transcription
factor-binding sites, changes in the methylation status
of these CpG induced during development may affect
later transcriptional induction of PPARa by the specific
stimuli and the capacity of the tissue to face the meta-
bolic demand. In contrast to the effect of the maternal
protein restricted diet, maternal dietary restriction during
pregnancy induced the hypermethylation of glucocorti-
coid receptor and PPARa promoters and a decrease in
glucocorticoid receptor and PPARa expression®”.
Thus, the effects of maternal nutrition on the epigenome
of the offspring depend upon the nature of the specific
maternal nutrient challenge.

Similarly, alterations in paternal diet in rodents
have been associated with altered DNA methylation in
the offspring. Feeding fathers a low-protein diet prior
to mating led to widespread changes in DNA methyl-
ation (10-20 %) in the liver of the low-protein offspring
compared with controls, including an increase in methy-
lation at an inter%enic CpG island 50kb upstream of
the PPARa gene®™. Ng er al ®” have also shown that
the IL-13 receptor a 2 promoter was hypomethylated in
female offspring after high-fat feeding the fathers.

Human studies of induced epigenetic change by
maternal nutrition

To date there is increasing evidence that early life
nutrition can induce epigenetic alterations in human
subjects. Heijmans et al. and Tobi et al., have reported
DNA methylation differences in individuals who were
peri-conceptuall exPosed to famine during the Dutch
Hunger Winter®*??. They found a decrease in the
methylation of the imprinted IGF-2 gene and increases
in the methylation of IL-10, leptin, ATP-binding cassette
A1, guanine nucleotide-binding protein genes in genomic
DNA isolated from whole blood cells from individuals
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who were exposed to famlne in utero compared with
unexposed same-sex siblings®". Periconceptual folic
acid supplementation (400pug/d) has also been shown
to alter the methylation of five CpG in the /GF-2 differ-
entially methylated reglon in children from the folic-acid-
supplemented mothers®?.

One implication from these human and animal studies
is that perturbations in early life nutrition can induce
changes in the epigenetic regulation of genes, which
then persist throughout the life-course leading to altera-
tions in metabolism and disease risk, suggesting that it
may be possible to detect such epigenetic changes in
early life and use these to predict later metabolic capac1t;/
and future disease risk. Recently, Godfrey et al®?
reported that epigenetic marks measured in umbl]lcal
cord tissue at birth can predict phenotypic outcomes in
later childhood. In two independent cohorts, the epigen-
etic state of a single CpG site in the promoter region of
the transcription factor, the retinoid X receptor a, was
found to be strongly associated with childhood adiposity
in both boys and girls; taking account of sex, retinoid X
receptor o promoter methylation explained over a fifth
of the variance in childhood fat mass. This suggests
that a far greater proportion of individual vulnerability
to non-communicable diseases may arise in development
than has previously been considered.

Epigenome is also susceptible to nutritional factors in
later life

There is also growing evidence that the period of epi-
genetic susceptlblhty may extend into postnatal life.
Plagemann et al.®? showed that neonatal overfeeding
induced by raising rat pups in small litters induces the
hypermethylation of two CpG dinucleotides within
the proopiomelanocortin promoter which are essential
for proopiomelanocortin induction by leptin and insulin.
A number of groups have also shown that folic acid sup-
plementation in the juvenile-pubertal period induces
both ep1genetlc and phenotypic changes. For instance
Burdge et al.®® showed that folic acid supplementation
during the juvenile—pubertal period induced the hyper-
methylation of the PPARa gene, this was accompanied
by a decrease in PPARa expression and levels of  oxi-
dation, whereas Ly et al.®® showed that folic acid sup-
plementatlon during this period led to an increased risk
of mammary adenocarcinomas and a decrease in
DNMT activity.

There is now evidence that even in adulthood there
is some plasticity of the epigenome. Waterland and
Jirtle®”, have shown that feeding a diet deficient in
methyl donors to post-weaning mice led to the perma-
nent loss of IGF-2 imprinting and dysregulation of
IGF-2 expression. Feeding a diet deficient in methyl
group donors (choline, folate, methionine and vitamin
By,) for only a 4-week period in rats induced the hypo-
methylation of the proto-oncogenes c-myc, c-fos and
c-ras. Moreover, thls effect persisted 3 weeks after refeed-
ing®®. Keyes er al.®” have also shown that folic acid
supplementatlon given for 20 weeks led to an increase
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in pl6™%4 methylation but interestingly only in the

18-month-old mice and not in the 4-month-old mice.

Macronutrient intake during adulthood can also influ-
ence the epigenome. Hoile ez al.'°? showed that feeding
adult rats a fish-oil-enriched diet for 9 weeks led to a
transient increase in the methylation of CpG loci within
the promoter of the fatty acid desaturase 2 gene and a de-
crease in fatty acid desaturase 2 expression. These effects
were reversed by feeding a standard diet for a further
4 weeks. Calorie restriction during adulthood has also
been reported to induce changes in DNA methylation.
Interestingly, calorie restriction has been shown in
many short-lived species to increase life span, and to
delay a range of age-associated diseases in higher mam-
mals"'?"1%% " The precise mechanisms of calorie
restriction- 1nduced longevity are unclear and may in-
volve a range of mechanisms'*® including DNA methy-
lation. For instance, calorie restriction has been
assomated with a decrease in H-ras and p16™** methy-
lation!®? and an increase in DNMT1 activity! %1% po-
tentially affecting/reversing the global hypomethylation
seen in ageing cells.

Future directions

These studies show that DNA methylation is highly dy-
namic, and responsive to the environment. DNA methy-
lation permits different phenotypes to be generated from
a single genome, allowing an organism to adapt to its en-
vironment by modulating the expression of its genes and
the processes that they control. The epigenome appears
to be most susceptible to environmental factors in early
life when the methylation marks are being established;
it is also clear that the environment can alter DNA
methylation even in adulthood, suggesting that these epi-
genetic processes function as part of a lifelong adaptation
mechanism. However despite the fact that the epigenome
is highly dynamic, it is at the same time strictly controlled
ensuring tissue-specific and cell-specific gene expression.
What makes one CpG stable and another susceptible to
environmental influence is not known nor are the path-
ways leading from the nutritional cue to a DNA methy-
lation change. However, it is likely that histone
modifications as well as non-coding RNA may well be
part of this response.

Ageing results in epigenetic changes induced by both
environmental and stochastic factors. To date stochastic
variation in DNA methylation has been difficult to study
due to the lack of single-cell technology to investigate
methylation changes at such a level, however with in-
creasing technological advances this should become poss-
ible. It will be important to establish the cause and effect
relationship between ageing and such epigenetic changes.
What is the effect of accumulating stochastic epigenetic
changes on tissue function? How does the environment
influence such changes? If we can begin to answer some
of these questions this will potentially allow the develop-
ment of novel epigenetic-based preventative and inter-
vention strategies to decrease ageing-associated diseases
and increase well-being in later life.
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