European Journal of Clinical Nutrition (2014) 68, 1179-1185
© 2014 Macmillan Publishers Limited All rights reserved 0954-3007/14

@,

www.nature.com/ejcn

REVIEW
Nutrition, the brain and cognitive decline: insights from

epigenetics

MJ Dauncey

Nutrition affects the brain throughout life, with profound implications for cognitive decline and dementia. These effects are mediated

by changes in expression of multiple genes, and responses to nutrition are in turn affected by individual genetic variability.

An important layer of regulation is provided by the epigenome: nutrition is one of the many epigenetic regulators that modify gene
expression without changes in DNA sequence. Epigenetic mechanisms are central to brain development, structure and function, and

include DNA methylation, histone modifications and non-protein-coding RNAs. They enable cell-specific and age-related gene
expression. Although epigenetic events can be highly stable, they can also be reversible, highlighting a critical role for nutrition in

prevention and treatment of disease. Moreover, they suggest key mechanisms by which nutrition is involved in the pathogenesis of

age-related cognitive decline: many nutrients, foods and diets have both immediate and long-term effects on the epigenome,
including energy status, that is, energy intake, physical activity, energy metabolism and related changes in body composition, and
micronutrients involved in DNA methylation, for example, folate, vitamins B6 and B12, choline, methionine. Optimal brain function
results from highly complex interactions between numerous genetic and environmental factors, including food intake, physical
activity, age and stress. Future studies linking nutrition with advances in neuroscience, genomics and epigenomics should provide

novel approaches to the prevention of cognitive decline, and treatment of dementia and Alzheimer's disease.
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INTRODUCTION

Multiple genetic and environmental factors, including nutrition,
have a critical role in age-related cognitive decline, dementia and
Alzheimer's disease. Advances in epigenetics are increasing
understanding of the underlying mechanisms involved.'
Appreciation of these highly complex mechanisms is suggesting
new approaches to preventing and treating these devastating
disorders. It also helps, in part, to explain inconsistencies between
results from different studies on nutrition and brain function.

Cognition includes the mental processes involved in acquiring
knowledge and the integration of these processes into numerous
responses such as learning, decision-making, concentration and
memory. The ageing process occurs throughout life, and ageing in
later life can be associated with severe difficulties associated with
cognitive decline and dementia. Cognitive decline involves an
inability to reason, understand and interpret, and often also leads
to dysfunctional behaviors. Dementia involves loss of intellectual
abilities of sufficient severity to interfere with social or occupa-
tional functioning. The dysfunction is multifaceted and involves
memory, behavior, personality, judgement, attention, language
and other executive functions.

Previous comprehensive reviews have shown that nutrition
affects brain structure and function throughout life.>™* Precise
understanding of the links between nutrition and cognition is
limited in part by the extreme complexity of the nutritional and
neurological sciences, and their associated methodologies.'”
Nevertheless, it is well-established that numerous diets, foods
and nutrients are involved and their effects can be beneficial or
detrimental. Multiple brain processes that underpin cognitive
function are affected by nutrition, including neurogenesis,
synaptic plasticity and neuronal connectivity.>® Responses can

be immediate or long-term, with early-life nutrition having a
significant impact on adult brain function. These effects are
mediated by changes in expression of multiple genes and
associated regulatory networks, and nutrition—gene interactions
have important roles in optimal and sub-optimal cognitive
function. Advances in genomics and epigenomics are increasing
understanding of the mechanisms underlying nutrition-gene
interactions and their role in health and disease. Epigenetics is
emerging as perhaps the most important mechanism through
which nutrition can directly influence the genome."”#

This short review focuses on recent advances in understanding
of the epigenetic mechanisms underpinning nutritional regulation
of age-related cognitive decline and dementia. The focus is on
recent state-of-the-art advances, and the reader is referred to
review articles for earlier publications. First, a short overview is
given on key aspects of nutrition that affect cognition: specific
dietary components, energy status and early-life nutrition. Second,
mechanisms underlying the epigenetic regulation of develop-
ment, ageing and disease are discussed, especially in relation to
neurological function. Third, the role of epigenetics in nutritional
regulation of age-related cognitive decline is addressed, especially
in relation to possible strategies for nutritional prevention and
treatment of cognitive decline and dementia.

NUTRITION, THE BRAIN AND COGNITION

Specific dietary components

Studies using epidemiological, randomized control or intervention
approaches link numerous dietary patterns, foods and nutrients
with both beneficial and detrimental effects on brain function,
cognition and dementia.>*®°~'3 For example, a protective role has
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been reported for the Mediterranean diet, optimal energy status,
fish, fruits, vegetables, flavonoids, polyunsaturated omega-3 fatty
acids, zinc, copper and vitamins A, B, C, D and E. However, results
can be inconsistent and this is, in part, because of methodological
limitations associated with the multifactorial nature of the subject.
The relation between nutrition and cognition is extremely
complex and depends not only on age, sex and genetic variation
but also on multiple dietary interactions, overall nutrient status,
previous nutritional history and interactions with numerous
additional environmental factors.'*

Large groups and consortia are now focusing on many aspects
of age-related brain function. For example, Cohort Studies of
Memory in an International Consortium (COSMIC) aims to identify
risk and protective factors and biomarkers of cognitive ageing
and dementia in diverse ethnic and sociocultural groups.'
The possibility is that this will help to identify further key aspects
of nutrition involved in cognitive decline.

Energy status

Energy status has a central role in cognitive function and
well-being throughout life.*'>'® The term energy status includes
energy intake, physical activity, energy metabolism and related
changes in body composition. This is a broader and less precise
term than energy balance, and reflects the multifaceted influence
of a critical component of nutritional status. Moreover, studies on
physical activity tend not to control energy intake, while those on
energy intake do not usually control physical activity. Numerous
studies have demonstrated highly complex interactions between
energy status and cognition. For example, both obesity and
underweight are linked with impaired cognitive ability, cognitive
decline and dementia.

Studies in adults clearly link physical activity, aerobic fitness and
optimal energy intake with improved cognitive function.*'”
Moreover, aerobic fitness in children benefits learning and
memory, whereas inactivity is linked with poor cognitive health.
Food restriction, without malnutrition, can be one of the most
effective positive interventions for healthy ageing and lifespan.
By contrast, overweight and obesity in middle and later life can
increase risk of dementia. Paradoxically, however, weight loss or
underweight immediately preceding and at the time of late-onset
Alzheimer’s disease may contribute to the onset and clinical
progression of dementia.>'®

Early-life nutrition and programming of adult disease

Optimal nutrition is critical for brain function throughout life and
especially important is early-life experience: in adults the
incidence of numerous diseases is related in part to early
nutrition.>* Both prenatal and postnatal nutrition affect health
and disease in later life, and these effects can even be passed
between generations. Intrauterine growth restriction is a form of
prenatal undernutrition that reflects a reduction in nutrient supply
to the fetus. Infants born small-for-gestational age and preterm
have numerous nutritional deficits that can have immediate and
long-term consequences for cognitive health. They are at major
risk of impaired neurodevelopment and multiple cognitive deficits
in memory and learning. Furthermore, size at birth across the
weight range is related to long-term cognitive function.
Considerable evidence also suggests that both maternal and
infant nutrition have a critical role in brain function and cognitive
performance later in life3*'9"2* Prenatally, there is a positive
association between maternal intake of micronutrients such as
folate, vitamin B12, omega-3 polyunsaturated fatty acids and iron,
and cognitive outcomes in children. Maternal supplementation
with multiple nutrients may be especially beneficial, although
considerably more research is needed in this area. Postnatally,
breast milk is linked with enhanced neurodevelopment, and may
exert its beneficial effects in part via long-chain polyunsaturated
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fatty acids and insulin-like growth factors (IGFs). Moreover, a
better diet quality score during the first 3 years of life has a
positive effect on verbal and non-verbal cognitive ability at 10
years of age. Especially important are recent results from a 40-year
longitudinal study: moderate to severe malnutrition during
infancy is associated with elevated incidence of impaired
intelligence quotient and academic skills in adulthood, even
when physical growth is rehabilitated.?* This demonstrates that an
episode of malnutrition during the first year of postnatal life
carries significant risk for long-term cognitive function.

Underlying mechanisms: nutrition-gene interactions

Many of the diverse effects of nutrition on cognition are mediated
by changes in expression of multiple genes and associated
regulatory networks, with numerous gene variants adding a
further level of complexity."*5%> This involves effects on cell
membranes, enzymes, neurotransmitters, metabolism, neurogen-
esis and synaptic plasticity. Energy status, for example, influences
numerous hormones and growth factors that act as nutritional
sensors to influence the brain via changes in gene expression.
Molecules including glucocorticoids, thyroid hormones, insulin,
IGFs and brain-derived neurotrophic factor (BDNF) are involved in
multiple cell signaling systems and neural networks that mediate
the actions of energy on the brain.

A critical layer of regulation is provided by the epigenome:
nutrition is one of the many epigenetic regulators that modify
gene expression without changes in DNA sequence.' Nutrition
affects gene expression at levels of transcription, translation and
post-translational modifications, and epigenetic mechanisms have
a key role in some of these responses. An understanding of the
role of epigenetics in regulating gene expression throughout life is
therefore central to understanding of the role of nutrition in age-
related cognitive decline and dementia. Recent advances in this
area therefore form the basis of the following section.

EPIGENETICS IN DEVELOPMENT, AGEING AND DISEASE
Definitions of epigenetics

The term epigenetics means ‘above genetics' and includes
mechanisms that involve chemical marking of chromatin: the
form in which DNA is packaged with histone proteins in the cell
nucleus. Epigenetic marks can induce chromatin remodeling and
related changes in gene expression. For example, DNA methyla-
tion reduces gene activity, and histone acetylation increases gene
activity.

Precise definitions of epigenetics vary widely. It is concerned
with changes in gene expression that are not caused by changes
in DNA sequence. Depending on the area of study, investigators
may be concerned with transient or stable effects, with the latter
sometimes involving heritable effects between generations."*%°
Most adult neuronal tissue is not mitotic and neuronal nuclei exit
permanently from the cell cycle during prenatal development.
Heritable maintenance in the brain may therefore be less of an
issue than replication-independent methylation changes and
chromatin remodeling.?” Many factors, including nutrition, age,
gender, physiological and psychological stress, chemicals and
infections, exert powerful influences on the epigenetic regulation
of gene expression.

Of particular interest in the nutritional context was the
realization that epigenetic mechanisms are not irreversible or
one-way but are reversible.?® Indeed, reversible epigenetic
memories have a key role in normal development. Epigenetics
explains the phenotypic diversity of adult differentiated cells that
arise from identical genomes.
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Epigenetic mechanisms

Numerous epigenetic processes are involved in multiple highly
complex, sophisticated mechanisms of gene regulation. These
include changes in DNA methylation and hydroxymethylation,
histone modifications, non-protein-coding RNAs (ncRNAs), RNA
editing, chromatin remodeling and telomere control."***° They
enable cell-specific and age-related gene expression, and are
central to normal brain development, structure and function. Thus,
epigenetic signals have a critical role in synaptic plasticity, learning
and memory.

It has long been recognized that DNA methylation has a pivotal
role in gene regulation. Considerable advances are now also being
made in understanding the complexity of the mechanisms
involved in modulating other DNA methylation states. DNA
methylation causes gene silencing via inhibition of transcription
factor binding. It involves addition of methyl groups to cytosines,
usually in CpG dinucleotides, to form 5-methyl cytosine (5 mc).
This is carried out by three major DNA methyltransferases (DNMTs)
that have distinct functional significance. Moreover, a series of
major discoveries, including the finding that 5 mc can be oxidized
to 5-hydroxymethyl cytosine (5 hmC) by ten—eleven translocation
family enzymes, has significantly advanced understanding of
active DNA demethylation.?° It is now recognized that 5 hmC has a
pivotal role in epigenetics, and in gene regulation, genome
stability and development.

Epigenetics also involves post-translational modifications of
histone proteins. These were long thought to be inert structural
proteins around which DNA is wrapped and packaged as
chromatin. However, histones are now appreciated as key players
in epigenetics. Indeed, many epigenetic modifications take place
in the context of chromatin. Histone acetylation, for example,
increases gene expression by promoting the relaxed form of
chromatin, hence enabling access of key transcription factors to
relevant genes. Histone modifications are important markers of
function and chromatin state and yet the DNA sequence elements
that direct them to specific genomic locations are poorly
understood. Recent studies have now identified hundreds of
quantitative trait loci, genome-wide, that affect histone modifica-
tions in human cells.®'

Less than 2% of the human genome codes for proteins, and
most of the genome give rise to ncRNAs that nevertheless have a
key role in development, health and disease."** They act as
regulators of transcription, epigenetic processes and gene
silencing, and individual variation at non-coding regulatory
sequences adds a further level of complexity. Dramatic advances
in RNA biology over recent years is of particular significance to an
understanding of the brain, because neurons are highly tran-
scriptionally active and demonstrate strong expression of ncRNAs.
Many ncRNAs have a vital role in normal brain function and are
involved in neural development, plasticity, memory and
cognition.?® Epigenetic processes are often involved, suggesting
key interactions between ncRNAs and environmental factors such
as nutrition.’

In addition to the molecular processes described above,
metabolic mechanisms appear to have a key role in epigenetic
regulation.>* Endogenous cofactors and metabolites regulate the
activity of chromatin-modifying enzymes, providing a direct link
between the cell's metabolic state and epigenetics. Therefore,
integration of understanding in genomic and metabolic regulatory
mechanisms may further elucidate the role of nutrition in disease,
and provide new approaches to modulation of epigenetic
processes for prevention and therapy.

Developmental epigenetics

Development is operated by reversible epigenetic memories, with
global DNA methylation and demethylation occurring over time.
As a part of normal development, in germ cells and early embryos
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there is striking genome-wide removal and subsequent re-
establishment of epigenetic information.>*** Errors can occur in
this removal of epigenetic memory, making very early develop-
ment an especially critical period that potentially impacts long-
term health and may even extend to future generations. After this
dramatic epigenetic reprogramming, it was originally thought that
DNA methylation marks were permanent. However, although
relatively stable, it is now appreciated that they can be modified
by environmental factors, including nutrition, suggesting further
mechanisms by which immediate and long-term health can be
affected.

Especially important in very early development is the epigenetic
regulation of imprinted genes.?®3¢37 A false but commonly held
assumption is that the paternal and maternal genomes contribute
equally to embryonic development. However, many genes
demonstrate non-equivalence in activity of the parental genomes.
Genomic imprinting is an epigenetic phenomenon whereby in
some genes only one parental allele is expressed, while the other
parental copy of the gene is silenced by DNA methylation.

Epigenetic mechanisms are essential for optimal development
of multiple brain regions. Recent findings show that DNA
methylation has a key role in establishing the gene expression
potential of diverse hypothalamic cell types.3® They provide the
novel insight that in mice early postnatal life is a critical period for
epigenetic development that distinguishes between neuronal and
non-neuronal cells. Moreover, neurological plasticity mechanisms,
regulated by both genetics and epigenetics, have a role in the
brain from early development to late ageing® For example,
neocortical gene expression regulates mechanisms that impact
critical periods for sensory and motor plasticity in ageing.

Neuroepigenetics and age-related disorders

Epigenetic mechanisms have an important role in many brain
disorders including age-related cognitive decline, dementia and
Alzheimer’s disease. Over the past decade the field of neuroepi-
genetics has had considerable impact on understanding of brain
development, ageing and function."?>4%*! Many areas are still at
the level of fascinating implications but considerable progress is
also being made into the role of pharmacological and nutritional
interventions for novel approaches to prevention and
neurotherapy.

The human prefrontal cortex is essential for cognition and is
one of the last brain regions to mature. The role of epigenetics in
cortical development across the lifespan was examined in a
genome-wide study of DNA methylation in ~14500 genes at
~ 27 000 CpG loci focused on 50 promoter regions in post-mortem
samples from 108 individuals aged from 14 weeks of gestation to
83 years.*> DNA methylation showed unique temporal patterns
across life. The fastest changes occur prenatally, slow down
markedly after birth and continue to slow further with ageing.
At the genome level, the transition from fetal to postnatal life is
linked with demethylation prenatally to increased methylation
postnatally. A limitation of this study was that it could not
distinguish between methylation and 5-hydroxymethylation of
cytosine, even though both have important roles in regulating
brain gene expression. Nevertheless, it emphasizes the impor-
tance of prenatal and postnatal life as critical periods for
nutritional modulation of brain function at the epigenetic level.

Degradation of epigenetic information is a consequence of
healthy ageing and inevitably leads to functional decline.26437%°
There is imperfect maintenance of epigenetic marks over time,
and changes in chromatin structure and DNA methylation
throughout life may contribute to the ageing process and underlie
many age-related diseases. Genome-wide studies in ageing cells
and tissues have uncovered DNA methylation drift, that is, gradual
increases or decreases over time that could potentially restrict the
plasticity of stem cells. This leads to the possibility that prevention
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or reduction in epigenetic drift could alleviate disorders and
diseases associated with ageing. Findings from post-mortem
human brain demonstrate involvement of DNA methylation and
hydroxymethylation in Alzheimer's disease and emphasize the
need to determine the timing of these epigenetic changes during
the progression of Alzheimer's pathology.*® MicroRNAs, a sub-
group of ncRNAs, also have an important role in the control of
brain development and ageing, and are associated with neuro-
logical disorders such as Alzheimer’s. They are involved in post-
transcriptional control of gene expression and also interact closely
with other epigenetic mechanisms and create reciprocal regula-
tory circuits that appear to be disrupted in neuronal and glial cells
affected by Alzheimer's disease.*” For example, some microRNAs
are regulated by promoter DNA methylation and/or chromatin
modifications.

Oxidative stress plays a key role in age-associated diseases. The
accumulation of intracellular damage due to reactive oxygen
species may be involved in the functional impairment of aged
tissues and contribute to the pathogenesis of Alzheimer's
disease.®® It is now recognized that age-related diseases are
associated with changes in the genome and epigenome, and
epigenetic mechanisms may have important pathophysiological
roles in the presence of oxidative stress.

Of additional relevance is the knowledge that persistent
memory and learning disabilities may occur postoperatively. This
can be a particular problem in people with cognitive decline and
dementia because although all age groups are affected, it can last
for months in the elderly. Risk factors associated with post-
operative cognitive dysfunction include exposure to general
anesthesia, hypotension and hippocampal inflammation induced
by the surgery. It has been postulated that these induce
epigenetic dysfunction in the brain, since chromatin remodeling
is necessary for memory-associated gene expression.*> Awareness
of this possibility highlights the particular need for optimal
nutritional and clinical support in the elderly after surgery, to
optimize cognitive function.

Gene variants

Common gene variants affect epigenetic mechanisms and thus
increase individual differences in disease susceptibility.>' Studies
in newborns and pregnant women support the hypothesis that
genetic variation in DNA methylating enzymes (DNMTs) influences
DNA methylation.>® Recent evidence from a large birth cohort
further highlights the importance of epigenetics, combined with
genetic variability, in birth outcomes.>" Investigation of over 1000
mothers and newborns focused on polymorphisms in DNMTs and
the imprinted genes PEG3, SNRPN and IGF2. Findings suggested
an important role for epigenetics in birth outcome and health in
early life. The DNMT3L allele in the baby was associated with
higher birth weight and length, whereas the DNMT3B allele in the
mother was associated with an increased risk of prematurity.

NUTRITION AND COGNITIVE DECLINE: THE ROLE OF
EPIGENETICS

Nutrition-epigenetic interactions are implicated in age-related
cognitive decline and dementia.'** Epigenetic modifications
affect gene expression in multiple physiological and pathological
brain processes, and are an integral part of numerous brain
functions. They are plastic and reversible, suggesting a mechanism
for nutritional prevention or treatment of cognitive decline and
dementia. Nutrition could be used throughout life to enhance
neurological function and alleviate the adverse effects of early-life
experience on later brain function.
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Specific dietary components and anti-ageing epigenetic diets

Advances in epigenetics are providing the basis for nutritional
interventions in adults that may prevent or alleviate cognitive
decline and dementia.>® Anti-ageing epigenetic diets include
a restricted energy intake with adequate nutrient supply,
supplementation with nutrients involved in one-carbon metabo-
lism and the concomitant provision of methyl groups, and
supplementation with bioactive food components. Current
studies using these diets have limitations and the use of
appropriate models is currently being assessed by the ongoing
European project NU-AGE (http://www.nu-age.eu/home). This
multidisciplinary consortium of 30 partners from 17 European
Union countries focuses on increasing knowledge on how the
whole diet can have an impact on and counteract age-related
disease and functional decline.

Throughout life the dietary supply of methyl donors such as
folate, vitamins B6 and B12, choline and methionine is essential for
optimal growth and physiological function.”*** One-carbon
pathways donate and regenerate one-carbon units, including
the methyl group that is essential for DNA methylation. Under-
standing of factors regulating maternal-fetal one-carbon meta-
bolism and its role in early-life programming of adult disease may
help in designing optimal strategies for effective interventions. For
example, maternal vitamin B12 status has a key role in fetal
growth and development, and diets low in vitamin B12 and
protein are associated with increased risk of neural tube defect,
excess adiposity and impaired neurodevelopment.

Investigations of genetic and non-genetic influences during
pregnancy on infant global and site-specific DNA methylation
have highlighted important roles for folate gene variants and
vitamin B12 status of infants and mothers.>> Assessment of seven
polymorphisms in six genes involved in folate absorption and
metabolism, together with blood levels of folate and vitamin B12,
demonstrated that environmental and genetic factors involved in
one-carbon metabolism influence DNA methylation in infants.
Especially important are findings that maternal folate depletion
and high-fat feeding from weaning affects DNA methylation and
DNA repair in brain of adult mouse offspring.”® This suggests that
low folate nutrition in early life may leave an epigenetic mark that
predisposes the offspring to further dietary insults, thus adding to
the adverse effects of early-life malnutrition on adult health.

Diet affects not only DNA methylation but also histone
modifications and ncRNAs. For example, the polyphenol kaemp-
ferol acts as an inhibitor of oxidative stress and has been identified
as a novel inhibitor of histone deacetylases.>” Several studies
suggest a role for vitamin D in brain development and function,
and there is a significant association between low levels of
vitamin D and Alzheimer's disease.>® Alterations in the epigenetic
regulators, microRNAs, have a key role in Alzheimer’s pathogen-
esis. Therefore, of particular interest is the finding that vitamin D
supplements may have a beneficial effect on Alzheimer’s, in part
via microRNAs.

Energy status, epigenetics and cognition

There is a close relation between energy metabolism and
epigenetic events, and bioenergetics provides the interface
between environment and the epigenome."® Optimal energy
status enhances mental health and cognition in part by epigenetic
remodeling of chromatin containing the BDNF gene, resulting in
BDNF-induced brain plasticity in the hippocampus, a key brain
region for cognition. Many other signaling molecules are also
involved. For example, IGF-1 mediates the actions of BDNF, and
the histone deacetylase sirtuin silent information regulator 1
(SIRT1) is modified by energy metabolism. Glucocorticoids, thyroid
hormones, vitamins A and D, polyunsaturated fatty acids and
other ligands of the nuclear receptor super-family may also have a
pivotal role in mediating the effects of nutrition on brain function.
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Their receptors act as transcription factors to affect multiple genes
via epigenetic changes involving histone acetylation and chro-
matin remodeling.

Restriction of energy intake, without malnutrition, is a highly
effective intervention for age-related functional decline. Dietary
energy restriction may have a neuroprotective effect on the
ageing brain via its effects on decreasing oxidative stress and
reducing apoptosis. Multiple age-related changes in gene expres-
sion are partially or completely prevented by a reduction in
energy intake, and these effects are mediated in part by
epigenetic mechanisms. Ageing in the hippocampus, a key brain
area for cognitive function, is associated with aberrant epigenetic
marks including effects on DNA methylation and hydroxymethyla-
tion, DNMT3A and histone deacetylase.*®>? SIRT1 may also be
involved in the beneficial effects of dietary restriction in extending
lifespan and enhancing healthy ageing. Findings from SIRT1 over-
expression and knockdown in a human cell line suggest that some
of these effects are mediated by DNA methylation.>® This indicates
that gene expression changes via epigenetic modifications are
one of the mechanisms underlying the response to dietary
restriction. Moreover, the dietary polyphenol resveratrol acts as a
SIRT1T mimic and also increases longevity.

Obesity is a major risk factor for cognitive decline and recent
studies have identified a central role for epigenetics in this
response.®>®" This suggests possible approaches to the develop-
ment of novel therapeutic interventions and predictive biomar-
kers. Epidemiological evidence that epigenetic mechanisms
underlie a propensity for overweight is supported by recent
molecular studies. In primary human adipocytes, genome-wide
specific histone H3 methylation was found to be directly
associated with overweight and type 2 diabetes.®?

Early-life nutrition, epigenetics and cognition

Early-life experiences can trigger lifelong persisting epigenomic
changes in the brain, with clear implications for the importance of
nutrition in brain health and pathogenesis over the lifespan.’*'
Moreover, whether acquired neuroepigenetic changes can pro-
pagate through the germline and cause behavioral change in
subsequent generations is the subject of considerable debate and
significance.

Many imprinted genes, such as the IGF2-H19 complex, have key
roles in placental, embryonic and fetal growth and development.
Newborns of obese parents have altered DNA methylation
patterns at multiple imprinted genes.®* Moreover, paternal obesity
is associated with IGF2 hypomethylation in newborns.®* This study
showed that preconceptional paternal obesity affects reprogram-
ming of imprint marks during spermatogenesis, with potential
adverse consequences for future health of the offspring. Evidence
in mice does suggest, however, that deregulation of imprinting
through a general effect on DNA methylation in differentially
methylated regions is unlikely to be a common factor in
developmental programming.®® Maternal obesity also affects
epigenetic mechanisms in offspring that may have adverse
long-term effects on cognitive function. Obesity and diabetes
induce latent metabolic defects and widespread epigenetic
changes in mouse offspring.%® Expression of multiple genes in
specific brain regions is affected, and may alter the developmental
program of key fetal brain cell networks involved in neurological
disorders in later life.®”

An optimal supply of methyl donors is essential for epigenetic
regulation of immediate and long-term brain function. Assess-
ment of folate and thiamine status in preterm and term newborn
human infants suggests that folate in particular is associated with
improved birth outcomes.®® Two especially important studies have
emphasized the critical role of maternal diet on brain global DNA
methylation patterns in rat offspring.?”’° Detailed investigations
focused on folate and vitamin B12. Maternal micronutrient

© 2014 Macmillan Publishers Limited

imbalance resulted in brain DNA hypomethylation in the offspring
at birth that was not normalized by postnatal nutrition. However,
prenatal maternal omega-3 fatty acid supplementation normal-
ized methylation at 3 months postnatally, emphasizing its key role
in long-term brain function. These findings also demonstrate the
importance of nutrient-nutrient interactions in modulating the
expression of multiple genes linked with long-term neuroprotec-
tion and cognition.

CONCLUSIONS

This review highlights the critical role of multiple complex
interactions between nutrition and epigenetics in age-related
cognitive decline and dementia. It emphasizes the importance of a
life-long approach to nutritional prevention of these devastating
disorders. In view of marked differences in multiple gene variants,
an individualized approach should be used in infants, children,
adolescents and all stages of adult life. Ideally, the focus needs to
be on optimal energy status in relation to food intake, activity,
body composition and a balanced Mediterranean diet. However, if
it is impossible to improve food intake and activity, as may be the
case particularly in elderly people, then the focus should be on key
nutrients. Considerably more research is needed in this area,
especially in relation to individual variability in coding and non-
coding regions of the genome. Current evidence suggests,
however, that key nutrients for optimal cognition include
omega-3 fatty acids such as docosahexaenoic acid and dietary
methyl donors such as B vitamins.

Numerous factors interact with nutrition to affect cognitive
function.” Stress can severely impair cognition, with effects being
immediate and long-term. The possibility is that early nutrition
together with stress hormones and sensory stimuli from the
mother act synergistically to program the adult brain, in part via
epigenetic mechanisms.”" Understanding how multiple inputs
from nutrition, other epigenetic regulators and genetic variability
affect the developing and adult brain should result in develop-
ment of effective preventative and therapeutic approaches to
age-related cognitive decline and dementia.

In the future, stronger links between nutrition studies and
advances in neuroscience, genomics and epigenomics should
provide new approaches to prevention of cognitive decline and
treatment of dementia. Significant advances are currently being
made in neuroscience using approaches that range from stem cell
models of Alzheimer's disease and related neurological
disorders,’? to brain-wide magnetic resonance imaging of age-
related changes in functional connectivity between brain areas.”*
Similar approaches could be used to investigate the role of
nutrition in neuroscience and cognition, in studies ranging from
nutrient-nutrient interactions at the single-cell level, to the effects
of energy status and the Mediterranean diet at the whole-brain
level. Further links could also be made between nutrition studies
and Big Data projects including the 1000 Genomes Project (http://
www.1000genomes.org/) and Human Epigenome Project (http://
www.epigenome.org/). These projects should provide unprece-
dented insight into the individual variability of coding and non-
coding genes, and the complex relationship between genetics and
epigenetics in multiple tissues and cell types. In the long-term,
they should also suggest novel approaches for personalized
nutritional prevention of cognitive decline and dementia.
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