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Abstract Dietary restriction (DR) increases lifespan
in a range of evolutionarily distinct species. The
polyphenol resveratrol may be a dietary mimetic of
some effects of DR. The pivotal role of the mamma-
lian histone deacetylase (HDAC) Sirt1, and its
homologue in other organisms, in mediating the
effects of both DR and resveratrol on lifespan/ageing
suggests it may be the common conduit through
which these dietary interventions influence ageing.
We propose the novel hypothesis that effects of DR
relevant to lifespan extension include maintenance of
DNA methylation patterns through Sirt1-mediated
epigenetic effects, and proffer the view that dietary
components, including resveratrol, may mimic these
actions.

Keywords Dietary restriction . Sirt1 . Resveratrol .

Epigenetics . DNAmethylation . Histone acetylation

Introduction

In this article we discuss key findings that led to our
hypothesis that epigenetic actions of Sirt1, culminat-

ing in the maintenance of DNA methylation integrity,
contribute to the beneficial effects of dietary restric-
tion (DR) on ageing and lifespan. We consider first
the general phenomenon of increased lifespan/delayed
ageing in response to DR and highlight evidence that
Sirt1, or its homologue in other species, plays a
pivotal role in this response. Speculative and proven
epigenetic-independent actions of Sirt1 with likely
relevance to lifespan extension are noted; discussion
of recently emerging literature reporting effects of
Sirt1 on epigenetic status forms a major focus of the
article, since effects at this level are pivotal to our
hypothesis. We then summarise some of the evidence
that supports the general premise that diet is an
important component in defining the ageing trajec-
tory, then consider how ageing and changes to the
epigenetic status of the genome may be interrelated
and how environmental influences, with a particular
emphasis on diet, may modulate epigenetic marking.
Finally, we consider the likelihood that dietary or
pharmaceutical interventions that mimic the effect of
DR on ageing/lifespan may act through Srt1-mediated
maintenance of epigenomic integrity and explore
ideas for future research priorities in this area.

Lifespan extension in response to dietary
restriction and the role of sirtuins

DR remains one of the most robust dietary interven-
tions that has proved effective in increasing lifespan
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across evolutionarily distinct species, including yeast,
Caenorhabditis elegans, Drosophila and rodents
(Guarente and Picard 2005). The longevity effects of
DR were observed first in rodents many decades ago
(McCay et al. 1935), and these early observations
have been substantiated by many later studies in
which restriction of energy intake by 25–50%
compared with ad libitum levels increased lifespan
(e.g. Ross 1961; Weindruch and Walford 1982; Yu et
al. 1982; Weindruch et al. 1986). For example, the
longest-living 10% of mice fed a diet providing only
35% of the ad libitum intake but enriched with
vitamins and minerals (to avoid deficiency) lived a
remarkable average of 53 months, compared with
35 months for the longest-lived 10% of the control ad
libitum-fed group (Weindruch et al. 1986). In rodents,
an element of the longevity response to DR is a
reduction in chronic diseases associated with ageing,
including diabetes, atherosclerosis, cardiomyopathy,
kidney disease, respiratory disease and cancer (Fontana
and Klein 2007). However, DR appears also to extend
lifespan through other mechanisms, acting on what
might be considered as a “healthy ageing trajectory”;
in a study in rats no evidence of organ pathology was
detected at death in approximately one-third of animals
(Shimokawa et al. 1993), and in young, apparently
disease-free animals DR induced effects indicative of a
biologically “younger” state (Fontana and Klein 2007).
These effects included reduced production of reactive
oxygen species, decreased plasma concentrations of
inflammatory cytokines, increased expression of pro-
tein chaperones, including HSP70, and reduced cellu-
lar “debris” associated with ageing, including damaged
proteins, oxidised lipids and advanced glycation end
products (Fontana and Klein 2007). Other general
metabolic and physiological effects of DR in mammals
that may be linked to longer and healthier life include
lower plasma concentrations of glucose, insulin,
triglycerides and cholesterol along with increased
insulin sensitivity and glucose tolerance (reviewed in
Guarente and Picard 2005).

Debate continues about whether or not reduced
adiposity contributes to the longevity response to DR.
This premise is thrown into question by reports that in
mice, without DR, exercise (on running wheels) to
reduce body weight to the same level as in DR did not
increase lifespan (Holloszy et al. 1985; Holloszy
1997) and that genetically obese ob/ob mice on DR
lived longer than control lean mice despite maintain-

ing body fat in excess of that of control animals
(Harrison et al. 1984).

In the absence of validated surrogate biomarkers of
ageing, studies in mammals of the longevity response
to DR must rely, ultimately, on the measurement of
lifespan as the primary measure of an effect on
ageing. Thus, investigating the effects of DR in
long-lived mammals, including primates and humans,
offers particular challenges relating to the length of
time over which experiments must be conducted. Data
from such studies at this point are insufficient to
support any conclusions concerning effects on life-
span as an end point; however, data from ongoing
studies in rhesus monkeys demonstrate changes in
metabolic and physiological parameters similar to
many of those observed in response to DR in rodents,
including reduced body weight and adiposity (Colman
et al. 1999), reduced core body temperature (Lane et al.
1996) and resting energy expenditure (Blanc et al.
2003), reduced blood pressure (Lane et al. 1999),
reduced plasma glucose and insulin concentrations
(Lane et al. 1999; Gresl et al. 2001), increased insulin
sensitivity (Lane et al. 1999; Gresl et al. 2001),
decreased plasma levels of inflammatory mediators
(Kim et al. 1997) and reduced levels of glycation end
products in skeletal muscle (Zainal et al. 2000).
Specific beneficial effects of DR may be restricted to
particular windows of exposure, as indicated by
contrasting effects of DR in rhesus monkeys on
measures of T cell function; DR initiated during
adolescence (3–5 years) delayed T cell senescence
(Messaoudi et al. 2006) but when initiated either in
juvenile (1–2 years) or old (> 15 years) males resulted
in changes in the T cell population consistent with
accelerated T cell senescence (Messaoudi et al. 2008).
Various lines of epidemiological data demonstrate an
association, but not causality, between DR in humans
and longevity. Such evidence includes observations
based on the inhabitants of Okinawa Island in Japan. A
recent analysis indicated that, since 1949, the energy
intake of individuals currently in their eighth decade of
life was approximately 11% lower than recommended
on the basis of energy balance calculation, provided
through a diet rich in micronutrients and antioxidants,
for the first half of adult life (Willcox et al. 2006).
Survival curves based on data for 1995 show increases
in both average and maximum lifespan compared with
Japanese and United States populations, and data also
reveal reduced mortality from age-related diseases
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(Willcox et al. 2006). These findings corroborate
earlier observations concerning reduced energy intake
coupled with health and longevity in this population
(Kagawa 1978). Recent data based on a group of
individuals (18–28 subjects) who have practiced DR
(energy intake of a micronutrient-replete, protein-
sufficient diet approximately 70% of age- and sex-
matched individuals consuming a typical Western diet)
with the aim of extending lifespan, reveal positive
effects compared with age- and sex-matched control
subjects in parameters including blood pressure,
inflammatory markers, lipid profile, insulin sensitivity
and diastolic function along with reduced body fat
(Fontana et al. 2004; Meyer et al. 2006; Fontana and
Klein 2007).

Replicative lifespan in the budding yeast Saccharo-
myces cerevisiae was extended by reducing glucose
concentration in the medium from 2% to 0.5% (Lin et
al. 2002) (now considered to represent conditions of
moderate DR; Bishop and Guarente 2007), thereby
establishing a model of DR in yeast on which
numerous further studies have been conducted, result-
ing elucidation of some of the metabolic and genetic
mediators of the response (reviewed in Bishop and
Guarente 2007).

The NAD-dependent (class III) histone deactylase
Sirt1 in mammals, and its ortholog in other species
(sir2 in yeast), may be pivotal in mediating the effect
of DR to increase lifespan. This premise is supported
by observations including the abolition of lifespan
extension by DR in mutants of yeast (Lin et al. 2002),
C. elegans (Tissenbaum and Guarente 2001) and
Drosophila (Rogina and Helfand 2004) that do not
express sir2. In rats and mice, DR increased Sirt1
expression in several tissues, including liver (Cohen
et al. 2004; Nisoli et al. 2005), and in human subjects
DR increased Sirt1 mRNA in skeletal muscle (Civitarese
et al. 2007). Other data show no apparent effect of DR
on Sirt1 expression in mice (Barger et al. 2008) or
tissue-specific responses, with increases in mouse
muscle and white adipose tissue but a reduction in
Sirt1 expression in response to DR in liver (Chen et al.
2008). Possible explanations for these discordant
observations may include species-specific effects, dif-
ferences in the age of animals and/or duration of DR or
differences in sampling time-point, particularly in
relation to time after daily feeding. A recent study
demonstrated that several effects of DR in mice—
including improved glucose tolerance, reduced fasting

levels of insulin, glucose and cholesterol and reduced
adiposity—were mimicked in a transgenic model in
which Sirt1 was overexpressed in several tissues,
including brown and white adipose tissue and brain
(Bordone et al. 2007). It remains to be established if
this genetic manipulation will increase lifespan.

Although classed as a histone deacetylase, Sirt1
deacetylates a broad range of substrates. Potential
downstream targets for modification by Sirt1 with a
potential role in modifying the ageing process are
numerous, and include several key transcription
factors involved in the regulation of multiple path-
ways linked to physiological and metabolic processes
that are influenced by, or contribute to, ageing or that
improve stress resistance. It is beyond the scope of
this article to discuss, or even archive, all known
cellular targets for Sirt1 action and their potential
consequences for ageing/lifespan; for a more compre-
hensive overview the reader is referred to recent
reviews (Chen and Guarente 2007; Guarente 2007).
Here, we select some specific examples of Sirt1
downstream targets to illustrate the variety of mech-
anisms through which effects on lifespan may be
mediated. Of particular note in this context are p53
and peroxisome proliferator-activated receptor gamma
co-activator 1 alpha (PGC-1α). Deacetylation of p53
by Sirt1 may, arguably, have effects on lifespan
by reducing cellular senescence, in which active
(acetylated) p53 plays a key role (Oren 2003) and
which may be causal in the ageing process (de
Magalhaes and Faragher 2008). In agreement with
this notion, overexpressed Sirt1 antagonised the
acetylation of p53 induced by promyelocytic leuke-
mia protein (PML) in primary mouse embryo fibro-
blasts and prevented PML-mediated premature
cellular senescence (Langley et al. 2002) and in
human breast cancer MCF-7 cells and lung cancer
H1299 cells the Sirt1 inhibitor Sirtinol induced a
senescence-like growth arrest (Ota et al. 2006).
Observations consistent with a role for cellular senes-
cence in ageing includes exponential accumulation of
senescent cells in the skin of ageing baboons (Herbig et
al. 2006); however, it should be noted that current data
are insufficient to demonstrate a causal, rather than
merely associative, relationship. PGC-1α is the major
regulator of mitochondrial biogenesis (Wu et al. 1999)
and activation of PGC-1α by Sirt1-mediated deacety-
lation may contribute to healthy ageing through the
maintenance of mitochondrial energy production and
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the prevention of endogenous mitochondria-derived
oxidative stress (Guarente 2007; Lopez-Lluch et al.
2008). PGC-1α is also a key regulator of gluconeo-
genesis (Schilling et al. 2006) and fatty acid oxidation
(Vega et al. 2000), providing a link between Sirt1
activation and the stimulation of gluconeogenesis and
fatty acid oxidation observed under DR. Effects of
Sirt1 on lifespan may also be unrelated to deacetylation
activity, such as regulation of insulin secretion through
binding to and repressing the promoter of the
mitochondrial uncoupling protein 2 gene (UCP2) and
thus allowing an increase in cellular ATP levels after
glucose stimulation so that insulin is released (Bordone
et al. 2006). In general, the mechanisms through which
effects of Sirt1 activation on its numerous downstream
targets then translate into effects on ageing and/or
lifespan remain unclear. In their recent review, Chen
and Guarente note the apparent idiosyncratic causes of
ageing across the diverse range of species in which
Sirt1 (or its homologue) appears to play a pivotal role,
and proffer the view that the dependency of Sirt1 on
NAD+ for activity may form the basis of a pan-
organismal link between Sirt1 and cellular energy
status and, thus, lifespan (Chen and Guarente 2007).

Evidence for epigenetic effects of Sirt1

The abovementioned broad range of substrates for
Sirt1-mediated deacetylation raises the question of to
what extent histones are a major substrate target of
Sirt1 and thus brings into question the likelihood that
Sirt1 may influence epigenetic status.

Actions of the yeast Sirt1 homologue, sir2, point
towards activity concerned with modifying epigenetic
markings. Sir2 associated with the homologous
mating type loci HML and HMR represses gene
expression at these sites (Klar et al. 1979; Rine et al.
1979). Loss of this gene silencing effect results in
sterility, which is a hallmark of ageing in yeast (Smeal
et al. 1996). Sir2 also suppresses recombination at the
ribosomal DNA locus, a process that, as cells age,
leads to the accumulation of toxic extra-chromosomal
ribosomal DNA circles (Sinclair and Guarente 1997).

In vitro, Sirt1 has the capacity to deacetylate
histone substrates in an NAD+ -dependent manner,
specifically H4-K16 and H3-K9 (Vaquero et al.
2004), and the same action in cells was indicated by
hyperacetylation of histones at these sites under

conditions of Sirt1 knockdown by siRNA (Vaquero
et al. 2004). This same study demonstrated a role for
Sirt1 in the establishment of repressive heterochro-
matin by targeting Sirt1 to an exogenous integrated
luciferase reporter gene under the control of Gal4
binding sites by virtue of heterologous expression of a
Gal4–Sirt1 fusion protein in 293F cells. Deacetylation
of H4-K16 and H3-K9 in the region of the integrated
promoter was detected by chromatin immunoprecipita-
tion (ChIP) and was concurrent with reduced luciferase
expression, loss of dimethylation at H3-K79, which is a
mark of (active) euchromatin, increased trimethylation
at H3-K9, characteristic of heterochromatin, and also
recruitment of and deacetylation of histone H1 (Vaquero
et al. 2004). Epigenetic regulation of endogenous gene
targets by Sirt1was demonstrated in breast and colon
cancer cell lines, in which Sirt1 was found to be
associated with the promoters of tumour suppressor
genes only in cell lines in which these genes were
hypermethylated and aberrantly silenced, and not in
cell lines lacking promoter hypermethylation and
showing basal levels of gene expression. RNAi
knockdown, pharmacological inhibition or expression
of a dominant negative mutant of Sirt1 resulted in the
reactivation of these aberrantly silenced, hypermethy-
lated tumour suppressor genes (Pruitt et al. 2006).
Perhaps surprisingly, this gene reactivation was not
accompanied by any change in promoter methylation
status for any of the genes studied, but was associated
with increased acetylation of H4-K16 and H3-K9 in
the promoter regions, consistent with Sirt1-mediated
deacetylation at these loci contributing to gene
repression (Pruitt et al. 2006). The basis of an effect
of Sirt1 on H3-K9 trimethylation was shown, in a
separate study, to be via a functional interaction
between Sirt1 and the lysine methyltransferase
SUV39H1, which was found to undergo activation
coincident with NAD+-dependent, Sirt1-catalysed
deacetylation (Vaquero et al. 2007).

The first, very recent, published evidence for an
effect of Sirt1 on DNA methylation is based on
effects at an exogenous, integrated E cadherin
promoter, which contains a CpG island at which
aberrant methylation in cancer is known to repress
gene expression (O'Hagan et al. 2008). This elegant
experimental design involved the inclusion of a rare
restriction endonuclease cleavage site within the CpG
island of the exogenous E cadherin promoter, which
was upstream of a herpes simplex thymidine kinase
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(HSTK) reporter gene integrated into the MB-MDA-
231 breast cancer cell line. The cognate restriction
endonuclease was expressed under tetracycline induc-
tion from an exogenous transgene, so introducing a
double-strand break. Analysis by chromatin immuno-
precipitation (ChIP) demonstrated that induction of
the double-strand break led to the accumulation at the
break site of: (1) Sirt1, coincident with deacetylation
of the Sirt1 substrate H4-K16; (2) the lysine methyl-
transferase EZH2, accompanied by the products of its
activation—di- and tri-methylation at H3-K9 and
trimethylation at H3-K27, all marks of repressive
heterochromatin; (3) the DNA methyltransferases
DNMT1 and DNMT3b. Whereas in the majority of
cells HSTK reporter gene activity was preserved
after double-strand break repair, conferring sensitivity
to ganciclovir, approximately 1% of cells retained
ganciclovir resistance and showed accrual of DNA
methylation in the region around the break site, which
spread over the CpG island with subsequent passages.
Importantly, these epigenetic effects resulting from
induction of the double-strand break were abrogated
by Sirt1 knockdown. In relation to effects specifically
on DNA methylation, Sirt1 knockdown did not have
an effect on the frequency of ganciclovir resistance
following induction of the double-strand break but,
compared with control cells (no Sirt1 knockdown), a
significantly smaller proportion of these resistant cells
showed increased exogenous E cadherin promoter
CpG island methylation. The authors, reasonably,
interpret these observations as an indication that reduced
Sirt1 recruited to the break site did not affect silencing
but that Sirt1 was important in seeding DNA methyla-
tion. In agreement with such an interpretation, Sirt1 did
not persist at the promoter in ganciclovir-resistant cells
(with no Sirt1 knockdown) after 5 passages but DNMT1
and DNMT3b remained enriched, with DNMT1 (but
not DNMT3b) persisting after 34–36 passages.

It remains important to establish if Sirt1 can affect
methylation of endogenous targets, both within gene
promoter regions and also at non-promoter elements.
The latter include subtelomeric CpG islands, whose
methylation may maintain telomere integrity (Gonzalo
et al. 2006), along with repetitive sequences such as
endogenous retroviral A-type particles (IAPs), centro-
meric repeats and short interspersed nuclear elements
such as Alu repeats, which provide a readout of global
DNA methylation (Gaudet et al. 2003; Rodriguez et al.
2008) so may be relevant to effects on genome stability

(Eden et al. 2003; Gaudet et al. 2003) and, thus, to
ageing.

Recent compelling evidence that Sirt1-influenced
chromatin remodelling modulates chromatin stability
and gene expression, and plays a role in ageing,
centres on observations concerning Sirt1 redistribu-
tion in the genome under oxidative stress, coupled
with expression changes in Sirt1-associated genes
with ageing, and effects of Sirt1 expression on
genome stability (Oberdoerffer et al. 2008). Sirt1
binding to major satellite repeats in ES cells was
reduced by both oxidative stress and the Sirt1
inhibitor nicotinamide, coincident with increased
histone H1-K26 acetylation at these sites (used as a
readout of Sirt1 deaceteylase activity) and concomi-
tant increased transcript expression. Moreover, the
distribution of promoters associated with Sirt1, which
corresponded with H1-K26 acetylation, was shifted
under conditions of oxidative stress (as determined by
microarray profiling) to result in a pattern of transcrip-
tional change parallel to that observed in the ageing
mouse brain, with release of Sirt1 corresponding with
transcript de-repression. Importantly, these effects on
transcript de-repression, both in ES cells and in the
ageing mouse brain, were reversed by Sirt1 over-
expression, an observation that has possible direct
relevance to effects of dietary restriction via Sirt1 to
counteract ageing; in particular these observations may
be indicative of a role for “anti-ageing” Sirt1-mediated
epigenetic effects specifically under conditions such as
oxidative stress, which is generally considered as an
ageing assault. Indicating a role for Sirt1 in the
maintenance of chromatin stability, transgenic mice
over-expressing Sirt1 in lymphoid tissues against a
p53+/− background, which confers susceptibility to
irradiation-induced tumorigenesis due to loss of
heterozygosity at the p53 locus, showed reduced
tumour-related deaths following irradiation. It will be
particularly informative in the context of our current
hypothesis that epigenetic effects of Sirt1, including the
maintenance of DNAmethylation patterns, contribute to
the longevity response to DR to establish if such
changes in chromatin association of Sirt1 are accompa-
nied by changes to the DNA methylation status.
Speculatively, observations that loss of Sirt1 binding
was not associated with gene de-repression at all loci
(Oberdoerffer et al. 2008) may be indicative of the
requirement for other accompanying epigenetic
changes, such as effects on DNA methylation.
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Effects of diet on ageing

Evidence from observational studies supports the
premise that the quality of the diet affects both length
of life and risk of a wide range of age-related diseases.
For example, adherence to a modified Mediterranean
diet was associated with reduced mortality in healthy
individuals across nine European countries aged 60 or
older at recruitment into the prospective EPIC cohort
(Trichopoulou et al. 2005). In other studies, associa-
tions between diet and age-related cognitive decline
included: a protective effect of a high intake of mono-
unsaturated fatty acids in an elderly population in
Southern Italy; increased risk of Alzheimer disease
associated with high dietary fat and energy intake and
reduced risk associated with the consumption of white
fish and cereals in Europe and North America; and a
protective effect of moderate red wine consumption
against Alzheimer disease and vascular dementia in a
French cohort (Panza et al. 2004). Of course, a major
limitation associated with such observational studies is
the difficulty in correcting for all confounding varia-
bles, so it remains essential to establish unequivocally
the effects of a broad range of specific nutrients, other
dietary components and dietary patterns on ageing
through rigorous intervention studies. As an early step
in this direction, a meta-analysis of total mortality in
randomised trials testing vitamin D supplementation
concluded that supplementation at ordinary doses was
associated with reduced total mortality rate; however,
the authors note the importance of confirming the
findings through population-based, placebo-controlled
randomised trials with total mortality as the main end
point (Autier and Gandini 2007).

Evidence that diet in general can affect the ageing
trajectory raises the possibility that dietary mimetics
of the response to DR, or pharmaceuticals designed
rationally on the basis of naturally-occurring dietary
compounds with desirable actions, may offer an
alternative route to reap the benefits of DR.

Epigenetic changes in ageing

Ageing is accompanied by changes to the epigenetic
status of the genome that are known to influence
factors of likely relevance to ageing such as gene
expression, genome stability and telomere length.
Descriptions in the literature of ageing-related changes

to the DNA methylation profile are relatively abundant
and concordant, but reports of changes in histone
markers with ageing are, in comparison, less numerous
and reports of more global effects on chromatin
organisation appear inconsistent.

Based on the observation that the total methyl-
cytosine content of DNA of mammalian cells decreased
with time in culture, Wilson and Jones (1983) proffered
the view that this alteration in DNA methylation might
explain reported changes in gene expression with age.
Much of this loss of genomic methyl groups occurs in
repeated sequences within DNA (Fraga et al. 2007)—
especially within Alu sequences (Rodriguez et al.
2008), which are short (∼300 bp) interspersed nuclear
elements (SINEs) making up about 10% of the mass of
the human genome. Later studies have gone on to
show that this age-related demethylation appears to be
a passive process associated with attenuated activity of
the maintenance DNA methylase DNMT1, which
results from reduced expression (Lopatina et al. 2002;
Casillas et al. 2003). Loss of DNA methylation may
contribute to genomic instability (Eden et al. 2003;
Gaudet et al. 2003) and loss of telomere integrity
(Gonzalo et al. 2006), and so contribute to an ageing
cellular phenotype through these processes. In contrast
to a reduction in global DNA methylation, ageing is
associated with site-specific DNA hypermethylation,
notably within CpG islands within the promoters of
house-keeping genes such as the estrogen receptor
(ESR1) gene, which investigators have found to be
hypermethylated with ageing in normal human colon
(Issa et al. 1994) and prostate tissue (Kwabi-Addo et
al. 2007). Other genes hypermethylated in CpG islands
in samples of normal prostate tissue from older
individuals were RARβ2, RASSF1A, GSTP1 and
NKX2-5 (Kwabi-Addo et al. 2007). Other reports of
promoter CpG hypermethylation point towards a role
for gene-specific hypermethylation in ageing-related
diseases. For example, hypermethylation of ESR1,
MYOD and P16 exon 1 was observed in macro-
scopically normal epithelium from ulcerative colitis
patients (Issa et al. 2001), and coronary atheroscle-
rotic tissues had higher ESR2 methylation than
apparently normal femoral artery tissue (Kim et al.
2007). The mechanism underlying the accrual of
promoter CpG island methylation with ageing is
poorly understood but observations that the expres-
sion and activity of the do novo DNA methylase
DNMT3b increased with ageing in fibroblasts
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(Lopatina et al. 2002; Casillas et al. 2003) provide a
plausible possible mechanism.

The increased mosaicism between cells in an ageing
tissue resulting from stochastic methylation changes to
the genome in individual cells may, speculatively, be a
major factor in age-related decline in tissue function
(reviewed in Mathers and Ford 2009).

The phenomenon of cell senescence, which may,
debatably, be causal in the ageing process (de
Magalhaes and Faragher 2008), is associated with
changes to chromatin structure; indeed, the accumu-
lation of so-called senescence-associated heterochro-
matic foci is becoming an accepted biomarker of cell
senescence (Herbig et al. 2006; Narita et al. 2006). In
contrast, however, and illustrating the abovemen-
tioned discordance in the literature concerning changes
to gross chromatin structure with ageing, other inves-
tigators have reported an ageing-related progressive
reduction in heterochromatin-like domains (e.g.
Howard 1996; Villeponteau 1997). With respect to
specific changes in histone marks with ageing,
increased H4-K20 trimethylation was reported in rat
kidney and liver in older animals (Sarg et al. 2002). As
a second example, a progressive dephosphorylation of
histone H1 somatic subtypes 4 and 5 (H1.4 and H1.5)
was measured in peripheral blood lymphocytes when
individuals of age 23–30 years, 38–50 years and 60–
65 years were compared (Happel et al. 2008). The
phenotypic consequences of these changes in histone
markers, and the extent to which they may be causal in
the ageing process, rather than the result of cellular
ageing, are currently unclear.

Dietary and other environmental influences
on epigenetic marking

Evidence that the epigenetic status of the genome can
be modified through environmental exposures includes
the observation that differences between monozygotic
twins in DNA methylation and H3/H4 acetylation in
lymphocytes, all of which were more marked in older
compared with younger twin pairs, were greater in pairs
who had different lifestyles and spent less of their lives
together (Fraga et al. 2005). Diet is a particularly
compelling candidate environmental exposure with
large potential to influence epigenetic marking, and
numerous studies provide proof of principle that diet
can have epigenetic consequences. The observation

that the susceptibility of rat liver chromatin to digestion
by micrococcal nuclease was altered as a function of
diet was an early indication of the potential of diet to
modify gross chromatin structure (Castro and Sevall
1980). Intermediates in 1-carbon metabolism, specifi-
cally folate, choline, betaine and methionine, have
been a focus for much of the research on effects of
individual dietary components on DNA methylation.
These dietary agents are likely to affect DNA methyl-
ation through effects on the supply of methyl groups
[ultimately as S-adenosylmethionine (SAM), the methyl
donor to cytosine in the reaction catalysed by the
DNMTs]. Also, the literature on the potential role of
bioactive dietary phytochemicals, principally polyphe-
nols and isothiocyanates, in moderating DNA methyl-
ation is expanding rapidly.

Studies on the capacity of specific dietary agents to
modify DNA methylation have used in vitro cell
culture models, dietary intervention in rodents and
also include observational studies in humans. The
agouti variable yellow mouse model, which shows a
shift in coat colour from yellow to pseudo-agouti in
response to methylation of DNA at a specific locus
(a retrotransposon insertion into the agouti gene;
Michaud et al. 1994), provides a particularly conve-
nient model for investigating the capacity of specific
dietary agents to affect DNA methylation in vivo.
Also, it is worth noting that much of the research on
the epigenetic effects of dietary components, in
particular methyl donors and bioactive polyphenols,
has focussed on exposure in utero, often making use
of the agouti variable yellow mouse model. The focus
on exposure in utero has been driven largely by the,
now compelling, evidence that nutritional stresses
during gestation result in lifelong consequences for
health (Fernandez-Twinn and Ozanne 2006), coupled
with the apparent feasibility of epigenetic modifica-
tion as a mechanism through which these in utero
challenges might be recorded in a manner that will
allow functional consequences to persist throughout
the lifecourse. It remains to be established directly if
epigenetic marking in utero, or indeed epigenetic
effects of diet later in the lifecourse, has an effect on
ageing per se. Table 1 lists selected examples of
specific studies demonstrating effects of methyl
donors and bioactive polyphenols on DNA methyla-
tion, along with other studies selected from the
smaller body of literature providing evidence for
effects on DNA methylation also of zinc, selenium,
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Table 1 A summary of selected evidence for effects of specific dietary components on DNA methylation based on studies in cell
culture models, rodents and humans

Dietary component/
intervention

Model Observations References

Methyl donors Cell culture Global and p53-specific DNA hypomethylation induced by folate-
free medium in the colon adenomcarcinoma cell line SW620;
reversed by folic acid addition

Wasson et al. 2006

Global DNA hypomethylation induced by folate deficiency in
NIH/3 T3 and CHO-K1 (non transformed) cell lines, but not in
HCT116 and Caco-2 colon cancer (transformed) cell lines

Stempak et al. 2005

Rodent DNA hypermethylation at Avy allele, accompanied by shift in coat
colour towards pseudo-agouti, in pups of agouti mice fed
methyl-supplemented diet

Waterland and Jirtle
2003; Waterland et al.
2007

Reversal of bisphenol A-induced DNA hypomethylation at Avy

allele in pups, and shift towards yellow coat colour, reversed by
folate supplementation of agouti mice

Dolinoy et al. 2007

Human Inverse correlation between DNA hypomethylation in colonic
mucosa and erythrocyte/serum folate concentration in healthy
subjects

Pufulete et al. 2003,
2005

Global lymphocyte DNA hypomethylation induced in
postmenopausal women by low folate diet; reversed by folate-
supplemented diet

Jacob et al. 1998;
Rampersaud et al.
2000

Bioactive
polyphenols

Cell culture Demethylation of RARβ locus by epigallocatechin-3-gallate in
MCF-7 and MDA-MB-231 breast cancer cell lines

Lee et al. 2005

Reversal of gene-specific DNA hypermethylation (p16INK4a,
RARβ, MGMT) in KYSE 510 cells by genistein; reversal of
RARβ methylation and induction of corresponding mRNA
expression by genistein in PC3 and LNCaP prostate cancer cell
lines and by biochanin A and daidzein in KYSE 510 cells

Fang et al. 2005

Rodent Shift towards pseudo-agouti coat colour, and corresponding
increase in methyltion at the Avy locus, in agouti mice pups from
dams fed genistein supplemented diet

Dolinoy et al. 2006

Reversal of bisphenol A-induced DNA hypomethylation at Avy

locus in agouti mouse pups by co-administration of dietary
genistein in utero

Dolinoy et al. 2007

Human Increased plasma homocysteine concentration and reduced folate
concentration in subjects consuming coffee polyphenol
chlorogenic acid (no direct measure of DNA methylation)

Olthof et al. 2001

Zinc Rodent Depressed immune function induced by gestational zinc
deficiency in mice persisted for two generations, after zinc
repletion, indicating epigenetic effect

Beach et al. 1982

Global DNA hypomethylation measured in liver of rats in
response to zinc-deficient diet

Wallwork and Duerre
1985

Selenium Cell culture Global DNA hypomethylation in Caco-2 and HT-29 (colon
adenocarcinoma) cells induced by removal of selenium from
culture medium, along with demethylation of p53 promoter in
Caco-2 cells

Davis et al. 2000; Davis
and Uthus 2002

Rodent Global DNA hypomethylation in rat liver and colon in response to
selenium-deficient diet

Davis and Uthus 2003

Vitamin A Cell culture Demethylation of RARβ2 promoter in NB4 (promyelocytic
leukaemia) cells, but not in T47D or MCF7 (breast cancer) cells,
induced by all-trans retinoic acid

Di Croce et al. 2002;
Sirchia et al. 2002

Rodent Global hepatic DNA hypomethylation in rats in response to
dietary all-trans retinoic acid, but not in response to retinyl-
palmitate or 13-cis-retinoic acid

Rowling et al. 2002

No effect of dietary beta-carotene or retinyl-palmitate on gene-
specific methylation (hydroxmethylglutaryl coenzyme A reduc-
tase, c-myc, c-Ha-ras) in rat model of hepatocarcinogenesis

Moreno et al. 2002
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arsenic, vitamin A and alcohol. The authors have
recently provided a more comprehensive review of
such studies elsewhere (Mathers and Ford 2009).

Comparison of the main findings of different
studies on the effects on DNA methylation of specific
dietary agents reveals examples of single agents having
opposing effects on DNA methylation (reviewed in
Mathers and Ford 2009, and see also Table 1). There
are many possible explanations for such apparent
discordant findings including cell line/tissue-specific
responses, interrogation of effects on DNA methyla-
tion at different sites in different studies, which differ
in their response to the agent tested, influence of dose,
exposure time and/or interactions with dietary and
other factors and different effects on DNA methylation
of parent compounds (generally tested in cell culture
models) compared with the major in vivo metabolites.

Diet appears to influence epigenetic marking at
the level of histone modification, as well as DNA
methylation. The evidence for effects at this level is
most robust for the short chain fatty acid butyrate,
generated in the large bowel as a result of bacterial
fermentation of dietary fibre, and organosulphur
compounds, including the isothiocyanates. Proven
ability to inhibit HDAC activity (Aviram et al. 1994;
Dashwood et al. 2006; Myzak et al. 2006) provides a
mechanistic basis for the histone-modifying activity
of these compounds. Examples of other dietary agents
or nutritional modifications that appear to or have the
potential to influence histone modification include
methyl donors, retinoic acid (the active metabolite of
vitamin A), ethanol, and protein restriction in utero
(reviewed in Mathers and Ford 2009).

The potential for dietary interventions that mimic
DR to act through Sirt1-mediated effects
on epigenetic marking

Knowledge that Sirt plays a pivotal role in the
longevity response to DR and that its substrates for
deacetylation include specific histone residues, in the
context of observations that epigenetic marking alters
with ageing and may be causal in the ageing process,
led us to the hypothesis that, under conditions of DR,
Sirt1 promotes longevity in part through epigenetic
effects, including the maintenance of DNA methyla-
tion integrity, and that these can be mimicked by
specific dietary components (Fig. 1).

The effects of DR on epigenetic marking appear
little studied. However, the limited published evi-
dence supports the premise that DR affects epigenetic
marking, in particular DNA methylation. Transient
global DNA hypomethylation in liver and suppression
of age-dependent changes in methylation of the c-myc
oncogene were observed in mice in response to DR
(Miyamura et al. 1993). In another study, DR in rats
led to hypermethylation of the c-Ha-ras oncogene in
pancreatic acinar cells (Hass et al. 1993).

The plant polyphenol resveratrol is emerging as a
potential mimetic of DR. Dietary resveratrol protected
mice against diet-induced obesity and insulin resis-
tance and induced other metabolic and physiological
effects associated with longer lifespan (Baur et al.
2006; Lagouge et al. 2006). Resveratrol treatment
increased PGC-1α deactylation in multiple tissues,
consistent with Sirt1 activation, and resveratrol failed
to induce deacetylation of PGC-1α in Sirt1−/− mouse

Table 1 (continued)

Dietary component/
intervention

Model Observations References

Alcohol Rodent Global DNA hypomethylation, with no effect on methylation of
p53 and β-actin genes in rat colonic mucosa induced by alcohol
consumption

Choi et al. 1999

Demethylation of NR2B (NMDA receptor) gene in mouse cortical
neurones induced by chronic alcohol exposure

Marutha Ravindran and
Ticku 2004

Human Global DNA hypermethylation in peripheral blood mononuclear
cells of patients with alcoholism

Bonsch et al. 2004

Positive correlation between methylation of panel of genes and
alcohol consumption in oral squamous cell carcinomas

Ishida et al. 2005

Protein restriction Rodent Hypomethylation of PPARα and GR110 (glucocorticoid receptor)
promoters in rat liver in response to protein-restricted diet in
utero

(Lillycrop et al. 2005,
2007; Burdge et al.
2007
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embryonic fibroblasts, further supporting the notion
that Sirt1 is a key mediator of the effects of DR on
lifespan/ageing. Evidence concerning Sirt1 activation
by resveratrol remains equivocal, however. In par-
ticular, the ability of resveratrol to activate Sirt1 was
reported to be substrate-dependent (Borra et al. 2005).
Compelling data for an effect of resveratrol on gene
expression to mimic changes seen in DR and to
reverse changes seen in ageing were obtained by
Prolla and co-workers through comparison of the
transcriptomic profiles of mice fed resveratrol with
those of CR mice; genes expressed differentially in
response to either intervention in a pattern that
opposed ageing-related changes showed a remarkable
level of overlap between the two treatments (Barger et
al. 2008). Moreover, genes involved in chromatin
remodelling were identified as among those showing
such changes in expression, highlighting the likelihood
that effects of DR are likely to include alterations in
chromatin structure and revealing that effects may be
through mechanisms less direct than Sirt1-mediated
effects on epigenetic marking. Indeed, it should be
noted that Prolla and co-workers did not observe any
increase in Sirt1 expression in either their DRmice or in
the animals fed resveratrol (Barger et al. 2008). As
already noted, experiments in which Sirt1 was over-
expressed in mice against a p53+/− background
indicted a role for Sirt1 in the maintenance of
chromosome stability (as indicated by the reduced

incidence of death from irradiation-induced tumours;
Oberdoerffer et al. 2008). Of particular relevance to the
current argument is that administration of resveratrol to
the p53+/− background strain had a similar effect to
Sirt1 overexpression, consistent with resveratrol having
epigenetic effects through activation of endogenous
Sirt1 (Oberdoerffer et al. 2008). Our own preliminary
data, based on overexpression of Sirt1 in the human
intestinal Caco-2 cell line, indicate that resveratrol and
Sirt1 together increase DNA methylation at LINE1
elements, a surrogate for global DNA methylation
(Yang et al. 2004; L.J.I., L.A.W., D.F. unpublished
data), commensurate with a mechanism involving Sirt1
activation by resveratrol.

The limited bioavailability of resveratrol, contrast-
ing with some of its major metabolites (Walle et al.
2004), indicates that physiological effects result
principally from the action of metabolites rather than
from the parent compound itself. This reasoning
supports the view that natural or synthetic derivatives
of resveratrol, or even other polyphenolic compounds,
may prove better mimetics than resveratrol of the
beneficial response to DR. In view of our hypothesis
that epigenetic effects mediated via Sirt1 contribute to
the longevity response to DR, recent evidence that the
soyabean isoflavone daidzein activated recombinant
Sirt1 in vitro and increased mitochondrial biogenesis
in renal proximal tubular cells, in concert with
deacetylation of the Sirt1 substrate PGC1α, (Rasbach
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and Schnellmann 2008) is of particular interest. Given
the fairly robust evidence for the effects of isoflavones
on DNA methylation (see Mathers and Ford 2009 for a
review, and also above and Table 1), we proffer the
suggestion that isoflavones may mimic aspects of the
longevity response to DR that are mediated through
epigenetic actions. Indeed, our preliminary data indi-
cate an effect of daidzein on DNA methylation similar
to that observed using resveratrol in the same cell
culture model (Caco-2 cells overexpressing Sirt1; L.J.I.,
L.A.W., D.F. unpublished data).

The observed effects of DR on gene expression per
se do not lend direct support to the hypothesis that a
component of the response is mediated through
epigenetic effects, but they would certainly be an
expectation if DR-mediated effects of relevance to
extending healthy lifespan included epigenetic
actions. Consistent with (although by no means
demonstrating) epigenetic effects, many published
studies report effects of DR on gene expression (e.g.
Sreekumar et al. 2002; Dhahbi et al. 2004; Higami
et al. 2004; Park and Prolla 2005).

Future directions and conclusions

As noted, our preliminary, unpublished data reveal
that resveratrol and Sirt1 interact to influence epige-
netic factors, including DNA methylation, in our
experimental cell culture model. Priorities for future
research in the area should include investigating the
extent to which such effects are observed under
conditions of DR in vivo or with other dietary agents
or resveratrol derivatives both in vivo and in cell
culture models. Future work should also locate
specific genomic sites at which these effects are
manifest, achievable through approaches such as
ChIP or selective immunoprecipitation of methylated
versus unmethylated DNA followed by microarray
hybridisation. Mapping such sites to loci whose
epigenetic marking changes in the opposite direction
in ageing tissues would evaluate the contribution of
epigenetic changes induced by DR/DR-mimetics to
counteracting the epigenetic effects of ageing. Such
approaches may also reveal specific gene targets for
further research whose epigenetic modification by
Sirt1 and/or resveratrol or other agents may poten-
tially contribute to healthy ageing/longevity. Studies
of epigenetic status and how this is affected by ageing

and by specific dietary or pharmacological interventions,
including DR and administration of test DR-mimetic
agents, in mouse models in which Sirt1 expression is
knocked out or increased (Cheng et al. 2003; Bordone et
al. 2007; Sequeira et al. 2008), and in long-lived strains
such as the Ames dwarf mouse (Bartke and Brown-
Borg 2004) are likely to be particularly illuminating in
the context of the current hypothesis.

In conclusion, one can propose a feasible mecha-
nism through which dietary agents acting through
Sirt1-mediated epigenetic modification, including
DNA methylation, may mimic some aspects of the
response to DR. Emerging evidence, from laborato-
ries including our own, supports the premise that Sirt1
and also resveratrol affect epigenetic marking, high-
lighting the need for a detailed investigation of these
effects in the context of changes to the epigenetic
status of ageing cells.
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