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Preface
A uniquely tailored diet that corresponds to the demands of our genetic signature is 
becoming an emerging indispensable need, as nutrition research is shifting its focus 
from epidemiology and physiology to effects of nutrients at the molecular level. 
Nutrigenomics relates to the application of high-throughput genomic tools in nutri-
tion research to unravel the influence of micro- and macronutrients as potent dietary 
signals regulating metabolic pathways (dietary signature) and unmask how suscep-
tible genotypes predispose to diet-related diseases. Since the last decade, extensive 
research on nutrigenomics has unveiled numerous epigenetic mechanisms that are 
influenced by our dietary signature and are capable of modifying an individual’s 
susceptibility to diet-related disorders. The primary objective of this volume is to 
illustrate how nutrition can influence epigenetic inheritance and the mechanisms that 
underlie the modification of metabolic imprint of an individual, so that our enriched 
understanding of nutrigenomics can be applied to master a tailored diet that can 
alleviate imprinted metabolic syndromes. Specifically, the focus of the book will be 
on three key areas: discussion of the basics of nutrigenomics and epigenetic regula-
tion, types of nutrition influencing the genetic imprinting, and the role of nutrition in 
modulating an individual’s predisposition to cancer.

Nutrigenomics aims at devising dietary-intervention strategies to alleviate diet-
related diseases and to restore normal metabolic homeostasis of the body. Epigenetic 
mechanisms like DNA methylation and transposon insertion have been shown 
to play at the nexus between nutrition and the genetic signature of an individual. 
Chromatin remodeling across the genome mediated via epigenetic mechanisms and 
transient nutritional stimuli can wield persistent changes on the genomic profile that 
are likely to be passed on to the subsequent generations. Genomic imprinting refers 
to a unique type of epigenetic regulation whereby differential modification of the 
parental alleles at certain genetic loci in the parental germlines (imprinting control 
regions) takes place depending on whether the allele is passed on to the offspring 
through the male or female gamete. Genomic imprinting mechanisms have been 
shown to be influenced by maternal modifier genes (after fertilization) resulting in 
the removal of paternal imprints on sperm DNA as well as by the dietary signature. 
Human epidemiologic studies reveal that metabolic imprinting is affected by poor 
perinatal and neonatal nutrition as well as maternal nutritional imbalance, which 
might result in predispositions to adult obesity, cardiovascular disease, atherosclero-
sis, hypertension, cancer, and type 2 diabetes.

This book addresses a very complex scenario related to nutrition—epigenetic 
changes related to human health and diseases. The contents are highly relevant, 
focused, and very timely. Recently, the National Institutes of Health (NIH) has added 
“epigenetic” to its roadmap; therefore a book on nutrition and epigenetics is certainly 
in demand. It is written by world-recognized experts in the field of nutrition, epi-
genetic regulations and gene expression related to aging, various cancers, vascular 
function, lung inflammation, diabetes, metabolic syndrome, and neurodegenerative 
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diseases. Selected topics from this field have been covered in some books, but 
no comprehensive text on epigenetics, nutrition, and human health and disease is 
available. This handbook includes 14 contributions from leading scientists. After 
Chapter 1, “Nutritional Epigenetics and Disease Prevention: Are We There Yet?,” 
the book deals with various ongoing researches on nutrition-mediated regulation of 
epigenetic mechanisms and various disease scenarios. We are very sure this invalu-
able reference book is of interest to all health care–related professionals as well as 
nutritionists, biochemists, cancer biologists, pharmacologists, and mutagenesists.

This book is intended for biochemists, molecular biologists, cell biologists, bio-
medical researchers, and clinical researchers.

Nilanjana Maulik, PhD, FAHA, FACN
Gautam Maulik, PhD
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1 Nutritional Epigenetics 
and Disease Prevention
Are We There Yet?

Mukesh Verma

1.1 EpigEnEtics MEchanisM and gEnE REgulation

Our genome contains information related to gene structure and function but when and 
how long that information is utilized is determined by our epigenome. Epigenetics 
includes alterations in gene expression that do not include a change in DNA sequence 
during growth, development, and disease states (Ballestar and Esteller 2008). For 
normal function of a cell or organ, epigenetic regulation is needed; however, this 
regulation is disturbed during disease initiation and progression. Thus our genome is 
the “hardware” and our epigenome is the “software” of the body. Genetic informa-
tion is static whereas epigenetic information is dynamic and transient. In the body, 
all the cells have the same genome but each cell has a different epigenome. The phe-
notype of a cell is determined by its epigenome (Murrell et al. 2005). Environmental 
factors (e.g., exposure to radiation, infectious agents), nutrients, toxins, and disease 
states affect the epigenome resulting in altered gene expression (Verma 2003; Kumar 
and Verma 2009) (Figure 1.1). Epigenetic changes can be measured quantitatively 
and followed during the progression/regression and recurrence of a disease (Ganesan 
et al. 2009; Feinberg 2010; Verma et al., 2004; 2006). This chapter compiles exist-
ing knowledge regarding the application of epigenetics toward understanding the 
dynamic interrelationship between bioactive food components (and/or a combination 
thereof) and cancer prevention.
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1.2 coMponEnts of EpigEnEtic MachinERy

The major components of epigenetics are DNA methylation (methylation code), 
histone modification (histone code), chromatin compactation and relaxation, gene 
imprinting, and microRNA (miRNA) profile (Figure 1.1). Chromatin, which is com-
posed of nucleosomes, is the key component of epigenetics. Nucleosomes are com-
prised of histone proteins arranged as octamers associated with 146 bp of DNA 
via its negatively charged phosphate backbone (Lustberg and Ramaswamy 2009; 
Mitsiades and Anderson 2009). The amino terminal part of histones protrudes out 
and becomes susceptible to enzymatic modifications, specifically at lysine residues, 
but also at other amino acids. More than 100 histone modifications of amino acids 
have been reported (Ganesan et al. 2009; Verma and Kumar 2009). The dimeric H3 
and H4 form a tetramer, whereas H2A and H2B remain as dimmer.

The DNA in promoter regions of several genes contain CpG islands (regions rich 
in GC content), which are covalently modified due to methylation of cytosines at 
the 5ʹ position (Hitchins and Ward 2009; Laird 2010). This process is called hyper-
methylation. A number of tumor suppressor genes get inactivated due to hypermethy-
lation of their promoters (Verma et al. 2006). On the other hand, a few genes, such 
as oncogenes, are methylated in their normal states and become hypomethylated in 
disease states, resulting in their activation (Ballestar and Esteller 2008; Laird 2010). 

DNA Promoter
Methylation

Histone
Acetylation/

Deacetylation
Factors Affecting

Epigenetic Regulation

Components
of Epigenetic
Machinery 

• Nutrition (Dietary Factors)
• Environmental Agents
• Radiation Exposure
• Infectious AgentsmiRNA

Profile • Immunological Factors
• Genetic Factors
• Toxic Agents
• Mutagens

Chromatin
Compactation

figuRE 1.1 Components of epigenetics machinery and factors that influence gene regula-
tion epigenetically. Factors mentioned here may work independently or in combination. A few 
factors affect DNA, whereas others affect proteins and nucleic acids simultaneously.



Nutritional Epigenetics and Disease Prevention 3

Throughout life, equilibrium is needed in the methylation state of the whole epi-
genome. Enzymes that are involved in methylation are called methyl transferases. 
These enzymes either initiate or maintain methylation. Proteins that bind to methy-
lated DNA have also been identified and characterized and are referred to as methy-
lated binding proteins (MBPs). The roles of other proteins, such as the polycomb 
group of proteins, have also been defined (Gieni and Hendzel 2009).

Repetitive regions, such as LINE and Alu, are hypermethylated in the normal 
state and are hypomethylated during growth and development. This process prevents 
chromosomal instability, translocation, and gene disruption caused by activation of 
transposons (Ballestar and Esteller 2008; Esteller 2008).

Quantitative measurements of methylation levels help in disease detection, progres-
sion, and follow-up to treatment. For example, hypermethylation of the glutathione 
gene (GSTP1) occurs only in prostate cancer and not in benign states (Bryzgunova et 
al. 2008). Thus human populations can be screened based on the methylation status 
of the GSTP1 gene to distinguish high-risk individuals. Furthermore, the methyla-
tion of cytosine can be reversed by chemicals, such as azacytidine and deoxycyti-
dine, and inactive genes can be activated by chemical agents, both of which provide 
therapeutic potential (Ganesan et al. 2009). There are a few drugs that have been 
approved by the Food and Drug Administration (FDA) that have demonstrated 
promising results in clinical trials (Verma 2010).

MicroRNAs (miRNAs) are small noncoding RNAs with a length of 21–25 bp that 
possess the ability to suppress translation of a gene by binding to partially comple-
mentary messenger RNA (mRNA) (Ku and McManus 2008; Chen et al. 2009). For 
example, Let-7 and miR-15/miR-16 inactivate oncogenes RAS and BCL2, respec-
tively (Esteller 2008; Garzon et al. 2009). Recent research indicates that selected 
miRNAs are tissue and disease specific. Cell development, differentiation, and death 
is affected by miRNAs (Sekine et al. 2009). miRNAs can also be used for disease 
detection and treatment follow-up (Chen et al. 2009). Technologies exist to perform 
epigenome-wide miRNA profiling to identify differentially expressed miRNAs in 
disease states.

The orientation and modulation of histones contribute to the heterochromatin and 
euchromatin states. Histone acetylation/deacetylation may result in turning off of the 
cell cycle regulatory genes, inactivation of tumor suppressor genes, and activation of 
oncogenes (Lane and Chabner 2009). Enzymes that mediate acetylation (acetyltrans-
ferases) and deacetylation (deacetylases) are well characterized in different cell types 
(Lane and Chabner 2009; Villagra et al. 2009). Histone modifications also include 
biotinylation, methylation, phosphorylation, sumoylation, and ubiquitination (Verma 
and Kumar 2009). Acetylation of H3-lysine has been observed at locations 9, 14, 18, 
and 23, whereas the lysine locations of that on H4 is at 5, 8, 12, and 16. The interaction 
of acetyl groups occurs at the epsilon amino group of lysine, resulting in histone neu-
tralization. Other amino acids of histones that generally undergo alteration include 
arginine and serine (Ma et al. 2009; Marson 2009; Verma and Kumar 2009).

One additional type of gene regulation is gene imprinting, which is paternal or 
maternal allele-specific expression of a limited number of genes (50–80) (Jelinic 
and Shaw 2007; Vu et al. 2010). Without proper imprinting control, abnormal 
growth occurs. Examples of diseases regulated epigenetically via imprinting are 



4 Nutrition, Epigenetic Mechanisms, and Human Disease

Beckwith-Wiedemann syndrome (BWS), Silver-Russell syndrome (SRS), and 
X-chromosome inactivation (Zhao et al., 2009). Methylation of DNA occurs in the 
imprinting loci called imprinting control regions (ICRs). Loss of imprinting (LOI) of 
IGF2 has been proposed in stem cell proliferation and cancer (Dammann et al. 2010; 
Timp et al. 2009). A variety of biospecimens can be utilized for epigenetic analysis 
(Table 1.1).

1.3 nih EpigEnoMics RoadMap

The National Institutes of Health (NIH) has initiated the Epigenomics Roadmap 
Program (www.roadmapepigenomics.org), which is comprised of five major ini-
tiatives: Reference Epigenome Mapping Centers, Epigenomic Data Analysis and 
Coordinating Centers, Technology Development in Epigenetics, Discovery of Novel 
Epigenetic Marks, and Epigenomics of Human Health and Diseases. This program 
proposes that the origins of health and susceptibility to disease are the result of epi-
genetic regulation of the genetic information. Specifically, epigenetic mechanisms 
that control stem cell differentiation and organogenesis contribute to the biological 
response to environmental and other factors in the form of stimuli that contribute 
in disease development. To accomplish this, the Roadmap Epigenomics Program 
plans to develop standardized platforms, procedures, and reagents for epigenom-
ics research; conduct demonstration projects to evaluate how epigenomes change; 

tablE 1.1
clinical samples for Epigenetic analysis

sample suitable analysis

Bronchoalveolar lavage DNA isolation and methylation profiling

Buccal cells DNA isolation and methylation profiling

Ductal lavage fluid Proteomic analysis (histone and nonhistones) and methylation profiling

Cervical swab Proteomic analysis (histone and nonhistones) and methylation profiling; 
methylation profile of infectious agents (HPV)

Duodenal fluid Proteomic analysis (histone and nonhistones) and methylation profiling

Ejaculate DNA isolation and methylation profiling (for example, GSTP1 methylation 
in prostate cancer)

Exfoliated cells Proteomic analysis (histone and nonhistones) and methylation profiling

Nipple aspirate Proteomic analysis (histone and nonhistones) and methylation profiling

Pleural lavage DNA isolation and methylation profiling

Saliva DNA isolation and methylation profiling, proteomic analysis, and miRNA 
profiling

Sputum DNA isolation and methylation profiling, proteomic analysis, and miRNA 
profiling

Stool DNA isolation and methylation profiling

Tissue DNA isolation and methylation profiling, proteomic analysis, and miRNA 
profiling

Urine DNA isolation and methylation profiling (for example, bladder cancer)
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develop new technologies for single-cell epigenomic analysis and in vivo imaging 
of epigenetic activity; and create a public data resource to accelerate the application 
of epigenomics approaches. This program will transform biomedical research by 
developing comprehensive reference epigenome maps, developing new technologies 
for comprehensive epigenomic analyses, and providing novel strategies for disease 
detection, diagnosis, treatment, and prognosis. Since several institutes are partici-
pating in this initiative, a number of diseases are covered in the roadmap. A few 
examples of epigenetic approaches, already funded by this program, in different dis-
eases are described next.

In vascular epigenomics, Gary Gibbons’s group (Morehouse School of 
Medicine) has proposed that the high prevalence of hypertensive vascular disease 
among African Americans is due to gene and environment interaction mediated 
via vascular epigenome. Hypertensive vasculature complications involve long-
term changes in vessel function and structure and may contribute to diseases such 
as stroke. The underlying mechanisms are not completely understood. This group 
proposes that a group of genes are “vasculopathic” and the other group is “vascu-
loprotective.” The methylation profile and histone modifications will be studied for 
whole genome and disease-specific methylation profile, and histone modifications 
will be identified. The participants in this proposal are age- and sex-matched con-
trols and cases of African American origin. As a follow-up of this study, profiles 
will be developed from samples of cases undergoing treatment with different food 
habits and lifestyles. The data obtained will be available for public and will be an 
excellent resource to develop new prevention, intervention, and treatment strate-
gies in vascular diseases.

Jessica Connelly of the University of Virginia is conducting research to test 
whether methylation plays a major role in endothelial cells and smooth muscle cells 
undergoing phenotypic switching during atherosclerosis initiation and progression. 
Normal and disease-affected tissue samples will be utilized in this case-control 
study to identify differentially expressed methylation profile. Contribution of genetic 
factors in epigenetic regulation of disease-related genes will also be accomplished. 
Another group, led by Yongmei Liu (Wake Forest University Health Sciences), has 
focused on investigating association of global methylation profile in circulating 
monocytes in relation to atherosclerosis and monocyte gene expression in the Multi-
Ethnic Study of Atherosclerosis (MESA). More than 1500 samples of Caucasian, 
African American, and Hispanic origin will be analyzed by these investigators. 
After identifying disease-associated methylation marks, validation of these marks 
will be accomplished in more samples. Contribution of environmental, lifestyle, and 
dietary factors will also be evaluated.

A number of chronic conditions, such as cognitive decline and dementia, are 
developed during old age that impair older persons’ ability to interact optimally in 
the community. Neuropathology of cognitive decline in old-age diseases, such as 
Alzheimer’s disease, cerebrovascular disease, Lewy Body disease, accounts for only 
20% of the cognitive behavior. David Benett (Rush University Medical Center) has 
proposed that there are other factors that may contribute to the remaining cognitive 
decline in old age. Life experiences (socioeconomic status, psychological distress, 
chronic non-neuronal diseases) are not related to known neuropathological process 
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but contribute in disease development. Preliminary evidence of altered epigenetic 
marks in these diseases exists, but a systematic study has not been completed. David 
Benett is conducting epigenome-wide methylation analysis of brain tissues from par-
ticipants in the Rush Memory and Aging Project and the Religious Orders Study. 
Furthermore, data from genomewide association studies (GWASs) of brain tissues 
will be used to establish correlation of epigenetics and genetics in cognitive diseases 
and brain disorders. Another group, led by Paul Coleman of Sun Health Research 
Institute, plans to utilize more than 500 samples of Alzheimer’s disease from the 
Brain Bank at this institute to perform methylation profile and compare with geno-
typing data. It is our hope that the data will help in early diagnosis of the disease and 
in identifying new targets for treatment. Jonathan Mill of Kings College, London, 
is exploring epigenetic regulation in Alzheimer’s disease using well-characterized 
postmortem Alzheimer’s-disorder brains, and he will cover different regions of the 
brain in his analysis. Detailed clinical data on these patients is available before their 
death. Further functional analysis of potential genes will also be accomplished. Roel 
Ophoff of University of California at Los Angeles plans to investigate schizophrenia-
associated epigenetic changes because mutations are rare in this disease and it seems 
logical to evaluate alternative mechanisms.

Type 2 diabetes mellitus (T2DM) is developed mostly in adults, but a few cases 
in younger ages have also been reported. Francine Einstein of the Albert Einstein 
College of Medicine is evaluating the epigenetic regulation in utero and its contribu-
tion to T2DM development during the lifetime. Stem cells will be utilized in this 
project. It is expected that understanding the contribution of intrauterine conditions 
to chronic adult disease may lead to novel epigenetic markers that may help in iden-
tifying high-risk individuals and populations. Evan Rosen of Beth Israel Deaconess 
Medical Center plans to study adipocyte methylation patterns to identify insulin 
resistance–associated epigenetic marks.

Autism is a neurological disorder with features like impaired social interaction 
and restricted and repetitive behavior, and it starts quite early in life. Margaret Fallin 
of Johns Hopkins University thinks that autism and related disorders have an epi-
genetic basis. Experiments are being conducted to test whether environment plays 
a major role in disease development and whether epigenetic regulation is predomi-
nant in that genetic regulation in autism. Samples from the Johns Hopkins National 
Children’s study will be utilized in this study. The research will help us understand: 
are there regions of the epigenome susceptible to environment before and during 
pregnancy; and are there epigenomic regions that correlate with newborn and infant 
development phenotypes related to diabetes?

Glaucoma and age-related muscular degeneration and their regulation by epige-
netic mechanisms will be studied by Shannath Merbs of Johns Hopkins University. 
About 4 million people are affected by these diseases in the United States. Samples 
from age- and sex-matched control cases will be analyzed for global methylation 
profiles. These samples were taken by laser capture microdissection so that the 
methylation profile can be obtained in retinal ganglia cells and in photoreceptor and 
retinal pigment epithelium cells.

Epigenetic regulation of bipolar disorders (BPDs)—such as the discordance 
of identical twins, significant fluctuations in disease initiation, progression, and 
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development, and sex and paternal origin effects—will be studied by Art Petronis 
(Center for Addiction and Mental Health, Canada). The prefrontal cortex of indi-
viduals affected with BPD and schizophrenia will be utilized to discover disease-
associated methylation profiles in various genes.

Asthma epigenetics will be studied by David Schwartz of the National Jewish 
Health Center by analyzing methylation profiles in T cells, airways epithelium, and 
mononuclear cells during disease development. Such studies will help in designing 
novel prevention and treatment strategies in asthma.

1.4  nutRiEnts and thEiR contRibution in 
EpigEnEtic REgulation of diffEREnt disEasEs

Multiple factors interact with genes and contribute to phenotypes of disease devel-
opment. Along with environmental factors, dietary components have a major role 
in both disease prevention and development (Coppedè 2009; Ross et al. 2008). The 
folate pathway has been studied as a candidate biochemical and metabolic pathway 
for colon cancer (Carr et al. 2008). This pathway has been conserved among species, 
indicating its significance (Johnson and Belshaw 2008). Genetic variants in relevant 
genes have shown associations with diseases such as cancer, heart disease, and neu-
ral tube defects. In colon cancer adenomas, dietary folic acid supplementation has a 
protective effect, whereas either no effects or adverse effects have been observed in 
relation to colon cancer recurrence. Genetic explanations alone cannot explain these 
observations; therefore attempts are being made to understand these associations by 
alternative mechanisms, such as epigenetics (Carr et al. 2008; Ulrich 2008).

Although reports indicate that nutrition plays a role in disease prevention, espe-
cially cancer, interactions among dietary bioactive food compounds and food com-
binations remain understudied. Colon cancer is one of the few areas of nutritional 
epigenetics that has been well studied (Johnson and Belshaw 2008). Folic acid is a 
well-known methyl donor, and several foods are fortified with folic acid. Folic acid 
one-carbon metabolism (FOCM) is an excellent example of a complex pathway with 
interconnected subpathways for folic acid and methionine metabolism, which in turn 
have their own feedback loops (Kim et al. 2009). Furthermore, folate biochemistry is 
well defined, and enzymes involved in the metabolism of folate, whether they exist in 
the cytoplasm or mitochondria, are well characterized (Ulrich 2008). Since methyl 
groups are the key component in CpG methylation, their levels influence gene expres-
sion. Alterations in homocysteine levels, DNA methylation, purine and thymidylate 
synthesis, and incorporation of uracil into DNA (misincorporation) occur simultane-
ously in the cells and contribute to DNA damage and repair pathway.

In metabolic syndromes, Plagemann et al. (2009) has proposed that overfeeding, 
by way of epigenetic factors, contributes to obesity, and subsequently to diabetes 
and cardiovascular diseases. Their conclusions are based on methylation profiling of 
the proopiomelanocortin gene, which encodes a polypeptide hormone precursor that 
undergoes extensive tissue-specific posttranslational modifications by an enzyme, 
prohormone convertase. The phenotypes included in the study were obesity, hyper-
leptinemia, hyperglycemia, hyperinsulinemia, and an increased insulin/glucose 
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ratio. Histone demethylase has also been proposed to influence metabolic syndromes 
(Inagaki et al. 2009).

It is important to know the bioactive food components, their quality, and mode of 
interaction with the body in order to apply the effects of nutrients and their compo-
nents to a healthy lifestyle. Genes controlling the synthesis and metabolism of bioac-
tive food components are regulated genetically and epigenetically. A comprehensive 
understanding of genotype (genetics) and its relation with phenotype (epigenetics) is 
needed if nutrition is to be applied for disease intervention and prevention purposes 
(Milner 2008).

1.5  challEngEs and oppoRtunitiEs in thE fiEld, 
futuRE diREctions, and concluding REMaRks

Major challenges in the field of nutritional epigenetics are the large number of input 
variables, relatively few intermediate markers and measurements, dynamic nature of 
nutrients, and limited outcome measurements. One approach to address these prob-
lems could be the application of a systems biology approach where in silico models 
are developed based on biological information to test these models first in animals 
and then in human populations. Taking colon cancer as a prototype, existing data-
bases, such as the Colon Cancer Family Registry Folate Study, should be utilized to 
develop models to understand dietary influences on epigenetics and disease devel-
opment. As the next step, single-pathway approaches can be expanded to include 
a genomewide approach because technologies exist for measuring genomewide 
epigenetic changes (Feinberg 2010; Laird 2010). Combining observational studies 
with experimental studies may result in risk-prediction models with implications for 
identifying populations at high risk of developing diseases. Incorporating genomic 
information in epigenetic databases may also be useful in understanding the biology 
of the underlying disease, developing intervention targets, and ultimately improving 
health. There are a few bioactive food components that have activity with deacetylate 
histones, but this effect is general and not gene specific. Gene-specific inhibitors are 
needed to treat specific diseases.

Research questions for the future include the following:

How do bioactive food components regulate epigenetic events in different •	
diseases?
How do bioactive food components alter epigenetic patterns and restore •	
gene function?
How do these components circumvent and compensate for pathways that •	
are altered during the disease development?
How can we make gene-specific epigenetic inhibitors?•	
How can we measure the temporality in epigenetic profile caused by bioac-•	
tive food components?

Epigenetics in general and nutrition epigenetics in particular have the potential to 
make a tremendous impact in disease prevention, control, and management. However, 
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validation studies have not been completed to evaluate this potential in different dis-
eases; therefore it would be premature to declare that nutrients can prevent or treat 
diseases. Once the human epigenome is completed and additional nutritional epige-
netic studies have been conducted, it may be possible to achieve this goal.
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2 Aging by Epigenetics
Nutrition, An Epigenetic 
Key to Long Life

Nilanjana Maulik and Gautam Maulik

2.1 intRoduction

2.1.1 EpigEnEtics and Human disEasE

The epigenetic regulation of the genome has evolved to bridge the gap between 
nature and nurture. Conrad Hal Waddington (1905–1975) was the person who coined 
the term “epigenetics” in 1942 while working with Honor B. Fell at the Strangeways 
Research Laboratory on cytonuclear interactions. Waddington’s epigenetic land-
scape is a metaphor for how gene silencing or gene activation modulates develop-
ment (Goldberg et al. 2007). The concept of Waddington’s epigenetic landscape as 
described by his colleague Ralph Waldo Emerson is quite interesting:

[A] small tortuous pass Winding through grassy shallows in and out, Two creeping 
miles of rushes, pads, and sponge … Northward the length of Follansbee we rowed, 
Under low mountains, whose unbroken ridge Ponderous with beechen forest sloped the 
shore. A pause and council: then, where near the head On the east a bay makes inward 
to the land between two rocky arms, we climb the bank. (Agassiz, 1869)
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During the twenty-first century, epigenetics was redefined as “the study of heri-
table changes in gene expression that do not involve modifications in the DNA cod-
ing sequence.” Epigenetic modifications principally include DNA methylation and 
a variety of histone modifications, of which the best characterized is acetylation. 
DNA hypermethylation and histone hypoacetylation are hallmarks of gene silencing, 
while DNA hypomethylation and acetylated histones promote active transcription. 
Metaphorically, Robertson described “epigenetics” at a cocktail party as:

The general picture that emerges from all this is that the embryonic cell is rather like 
a room where a cocktail party is going on with the radio set with press button tuning 
in the center of it. The switching on of a particular battery of genes, controlling the 
synthesis, say, of nerve proteins, corresponds to pressing one particular button which 
brings in a programme precisely from one station. But you may succeed in getting this 
button pressed by jogging the elbow of somebody at the other side of the room, who 
stumbles against the next man, and so on down the line until somebody finally falls 
against the radio set, and this may be sufficient to click on whichever of the tuning but-
tons is most insecure. (Robertson 1977)

Abrupt disruption of DNA methylation and histone acetylation has been linked to 
a plethora of age-related disorders including cancer and autoimmune disorders, and 
understanding the mechanistic regulation of epigenome might afford the development 
of new therapies for treating these symptoms. DNA methylation helps to stabilize 
chromatin and hypomethylation, which can lead to genomic instability by predispos-
ing to strand breakage and recombination within de-repressed repetitive sequences.

The relationship between epigenetics and cancer is far from clear, but tumor cells 
generally have comparatively low levels of DNA methylation. Methylation might 
switch off vital genes and contribute to the development of cancer. Several studies 
in humans as well as laboratory animals suggest a whole list of dietary chemicals 
from alcohol to zinc that might influence methylation and cancer susceptibility. For 
instance, a diet low in folic acid has actually been linked to excessive methylation 
of certain genes. Interestingly, global hypomethylation is seen in a number of can-
cers, including thyroid (Galusca et al. 2005), breast (Szyf et al. 2004), cervical (De 
Capoa et al. 2003), prostate (Florl et al. 2004), stomach (Kaneda et al. 2005), lung 
(Chalitchagorn et al. 2004), esophagus (Chalitchagorn et al. 2004), colorectal (Suter 
et al. 2004; Frigola et al. 2005), and liver (Chalitchagorn et al. 2004).

Aging of the immune system, or immunosenescence, is characterized by a 
decline in both T and B cell function. Several pieces of evidence suggest that epi-
genetic changes may be critical determinants of cellular senescence and organismal 
aging (Bandyopadhyay and Medrano 2003). It was observed that regions flank-
ing the ITGAL (CD11a) promoter get demethylated in T cells from patients with 
active systemic lupus erythematosus (SLE). Demethylation of these sequences can 
contribute to increased ITGAL promoter activity, and thus could lead to increased 
LFA-1 expression (Lu et al. 2002). Again, LFA-1 overexpression is sufficient to cause 
T cell autoreactivity in vitro and a lupus-like disease in vivo (Yung et al. 1996). 
Another report suggested decreased ERK pathway signaling may be responsible for 
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a decrease in DNA methyltransferase expression and DNA hypomethylation in lupus 
T cells (Deng et al. 2001).

2.1.2 EpigEnEtics in nutritional sciEncE

The new science of epigenetics explains how poor nutrition in the womb causes 
permanent genetic changes in offspring. “You are what you eat,” as the old saying 
depicts. This might be true! But recent scientific research unveiled that “you are also 
what your mother ate during her pregnancy,” which means that the genetic repertoire 
of an individual is a reflection of its mother’s nutritional intake as well. Support 
for this claim stems from a research report by scientists from Utah in a series of 
elaborate experiments involving two groups of experimental rats. The first group 
included normal control rats, whereas the second group had the nutrients from their 
mother’s placentas restricted in a way equivalent to preclampsia. Both groups of rats 
were examined right after birth and again after 21 days (preadolescent rats) for the 
amount of IGF-1 protein, which is known to play an indispensable role in the normal 
growth and development of rats and humans. Investigators found out that the lack of 
nutrients caused the gene responsible for IGF-1 to significantly reduce the amount of 
IGF-1 produced in the body before and after birth (Fu et al. 2009).

Again, diets deficient in methyl donor precursors (folate, methionine, and cho-
line) have been consistently observed to induce DNA hypomethylation. We know 
that mammals cannot synthesize folate, choline, or methionine, yet dietary inges-
tion of these is essential for normal metabolic homeostasis. For example, restricting 
dietary folate intake diminishes S-adenosylmethionine (SAM) and increases plasma 
and cellular levels of homocysteine and S-adenosylhomocysteine (SAH) (Davis and 
Uthus 2003; Y. Kim 2004).

It is believed that the twentieth century was the golden age for nutritional research, 
an era when scientific discoveries related to nutrition in health and diseases flour-
ished. The present century brings significant advances in biomedical and food tech-
nologies, opening the floodgates for crafted, prescription interventions. Though the 
complex regulation of the genome is not completely understood as yet, two crucial 
mechanisms that seem to be most prominent are the alterations in (1) chromatin-
associated proteins, which act as scaffolds for the DNA during transcription (e.g., 
histones), and (2) degree of methylation of the nucleotide bases of DNA. Both these 
epigenetic regulation mechanisms of the genome are known to be associated with 
nutrient intake, and hence with diet and nutritional status of an individual. One 
well-known example of this kind of nutrient-mediated epigenetic regulation is the 
agouti mouse, where the coat color of mice and susceptibility to metabolic disorders 
can be meticulously controlled by the offering of dietary methyldonors (Cooney et 
al. 2002).

2.1.3 sHaping lifE witH EpigEnEtics

Epigenetic changes are known to occur generally during gestation, neonatal devel-
opment, puberty, and old age. The field of genetics has become an integral part of 
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the modern medicine in the last 50 years, since Watson and Crick first described the 
three-dimensional structure of the DNA double helix.

The loss of normal DNA methylation patterns is the best understood epigenetic 
cause behind a plethora of human diseases, based on a series of initial studies dur-
ing the 1980s that focused on X-chromosome inactivation (Avner and Heard 2001), 
genomic imprinting (Verona et al. 2003), and cancer (Feinberg and Tycko 2004). 
Furthermore, DNA methylation involves the addition of a methyl group to cyto-
sines of CpG (cytosine/guanine) pairs (Ehrlich and Wang 1981; Laird and Jaenisch 
1994; Rodenhiser and Mann 2006) (Figure 2.1). DNA methylation pattern and his-
tone modifications play a pleiotropic role in switching the genes on or off. Genetic 
imprinting broadly depends on these two phenomena. Genomic imprinting allows 
genes to remember whether they were inherited from the mother or father so that 
only the maternally or paternally inherited allele is expressed (Rodenhiser and Mann 
2006) (Table 2.1). Genes carry the blueprints for the synthesis of the normal reper-
toire of proteins in cells. Every cell in the body has the same genetic information; 
what makes cells, tissues, and organs different is that different sets of genes are 
silenced or expressed. This can be likened to a complex musical score that remains 
lifeless without an orchestra of cells (players), and epigenotypes can be compared 
with the instruments that create varying notes.

2.1.4 list of diEtary cHEmicals

Some evidence dating back to the 1930s shows how life span can at least be extended 
by reducing calorie intake. The U.S. National Institute on Aging is working to prove 
this hypothesis by investing in a long-term study called CALERIE (Comprehensive 
Assessment of Long-Term Effects of Reducing Intake of Energy) to investi-
gate any direct link between calorie restriction, disease predisposition, and aging 
(calerie.dcri.duke.edu). Some biological events in our body (e.g., cell division, etc.) 
need a constant supply of new methyl groups, which can be provided directly from 
our food intake (methionine, betaine, choline, folic acid). However, additional com-
ponents are needed (vitamin B12, zinc, etc.) from food to transport the methyl groups 
within the body for epigenetic modification of the DNA. Healthy eating habits are 
intended to promote overall health while reducing the risk of developing nutrition-
related diseases like cancer and cardiovascular pathophysiological complications. 
Scientific evidence points firmly toward the health benefits of a diet rich in fruits and 
vegetables. For instance, some polyphenolic constituents present in red wine have 
been shown to confer therapeutic benefits in the treatment of many neurodegenera-
tive, metabolic, and heart diseases and even obesity. Leafy vegetables, peas, beans, 
sunflower seeds, fortified breads, cereals, etc. are rich sources of folic acid. In gen-
eral, choline comes from eggs, lettuce, peanuts, and liver. In addition, garlic, nuts, 
kidney beans, tofu, fish, and chicken are the real source of methionine. In summary, 
we are in the process of realizing how specific molecules in our diet can influence 
epigenetic phenomena.
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2.2 EpigEnEtic REgulation of aging

2.2.1 EpigEnEtic cHangEs

Epigenetic modifications are the key regulators of developmental processes includ-
ing differentiation, growth, and aging. An increase or decrease in the DNA methyla-
tion status of an individual might have a direct influence on the aging process. There 
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figuRE 2.1 (Please see color insert following page 80.) A. Schematic of epigenetic modifi-
cations. Strands of DNA are wrapped around histone octamers, forming nucleosomes. These 
nucleosomes are organized into chromatin, the building block of a chromosome. Reversible 
and site-specific histone modifications occur at multiple sites through acetylation, methyla-
tion, and phosphorylation. DNA methylation occurs at the 5-position of cytosine residues in 
a reaction catalyzed by DNA methyltransferases (DNMTs). Together, these modifications 
provide a unique epigenetic signature that regulates chromatin organization and gene expres-
sion. B. Schematic of the reversible changes in chromatin organization that influence gene 
expression: genes are expressed (switched on) when the chromatin is open (active), and they 
are inactivated (switched off) when the chromatin is condensed (silent). White circles = unm-
ethylated cytosines; red circles = methylated cytosines. (Adapted from Rodenhiser, D. and 
Mann, M., Can Med Assoc J, 174(4): 341, 2006. With permission.)
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tablE 2.1
associations between Epigenetic Modifications and human 
diseases and conditions

disease/condition gene biological process

cancer
Bladder Multiple genes Hypermethylation

Brain (glioma) RASSF1A Hypermethylation

Brain (glioblast) MGMT Hypermethylation

Breast BRCA1 Hypermethylation

Breast Multiple genes Hypermethylation

Cervix p16 Hypermethylation

Colon Multiple genes Hypermethylation

Colorectal L1 repeats Hypomethylation

Esophagus CDH1 Hypermethylation

Head/neck p16, MGMT Hypermethylation

Kidney TIMP-3 Hypermethylation

Leukemia p15 Hypermethylation

Liver Multiple genes Hypermethylation

Lung p16, p73 Hypermethylation

Lymphoma DAPK Hypermethylation

Myeloma DAPK Hypermethylation

Ovary BRCA1 Hypermethylation

Ovary Sat2 Hypomethylation

Pancreas APC Hypermethylation

Pancreas Multiple genes Hypomethylation

Prostate BRCA2 Hypermethylation

Rhabdomyosarcoma PAX3 Hypermethylation

Stomach Cyclin D2 Hypomethylation

Thymus POMC Hypomethylation

Urothelial Satellite DNA Hypomethylation

Uterus hMLH1 Hypermethylation

neurologic
Schizophrenia RELN Hypermethylation

Bipolar disorder 11p? Unknown

Memory formation Multiple genes Hypo-, hypermethylation

Lupus Retroviral DNA Hypomethylation

cardiovascular
Atherosclerosis Multiple genes Hypo-, hypermethylation

Homocysteinemia Multiple genes Hypomethylation

Vascular endothelium eNOS Hypomethylation
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is evidence that age-dependent methylation changes are involved in the development 
of neurologic disorders, autoimmunity, and cancer in elderly people (Richardson 
2003). The enzymes that add and remove acetyl groups, the histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs) respectively actually determine 
the steady-state level of histone acetylation (Berger 2007) and modulate the epigen-
tic imprint. In mammals, there is an age-associated decline in total genomic DNA 
methylation (Romanov and Vanyushin 1981; Singhal et al. 1987; Wilson et al. 1987). 
This occurs mainly at repetitive DNA sequences, and so probably occurs predomi-
nantly in domains of constitutive heterochromatin. However, although genome-wide 
levels of methylation tend to decrease with age in mammals, site-specific hyper-
methylation of the DNA might increase (Issa et al. 1994, 1996; Ahuja et al. 1998; 
Yatabe et al. 2001; J. Kim et al. 2005). This again occurs at the CpG islands, some 
of which are in the promoter regions of genes. CpG islands are CG-rich sequences 
that are generally unmethylated, but can be regulated via methylation when required. 
Epigenetic effects occur throughout the life span of an individual. The silent infor-
mation regulator (SIR) family of proteins in yeast or their homologs in higher mam-
mals are involved in multiple cellular events including transcriptional silencing, 
chromatin remodeling, mitosis, and life span duration (Guarente 2000). Sir2-like 
enzymes catalyze a reaction in which the cleavage of NAD+ and histone and/or 

tablE 2.1
associations between Epigenetic Modifications and human 
diseases and conditions

disease/condition gene biological process

imprinting and pediatric syndrome
PWS or AS 15q11-q13 Imprinting

BWS 11p15 Imprinting

SRS Chromosome 7 Imprinting

UDP14 14q23-q32 Imprinting

PHP, AHO, MAS 20q13.2 Imprinting

Rett syndrome MECP2 Mutation

ICF syndrome DNMT3B Mutation

ATRX ATRX Chromatin structure

FraX Triplet repeat Silencing

FSHD 3.3 kb repeat Chromatin structure

Reproductive
Ovarian teratoma No paternal genome Imprinting

CHM No maternal genome Imprinting

BiCHM Maternal genome Imprinting

Aging Chromatin Hypo-, hypermethylation

Source: Adapted from Rodenheiser, D. and Mann, M., Can Med Assoc J, 174(3), 341, 
2006. With permission.
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other protein deacetylation is coupled with the formation of O-acetyl-ADP-ribose. It 
was very recently found that in yeast, deletion of Sir2 shortens the life span, whereas 
an extra copy of this gene increases life span, demonstrating direct regulation of 
the Sir2 family in aging (Kaeberlein et al. 1999). Sirtuins, the homologs of yeast 
SIR2 family, belong to the atypical class III HDACs (Frye 2000). The mammalian 
sirtuin SIRT1 gene product encodes an NAD-dependent nuclear HDAC that closely 
resembles the yeast Sir2 protein (Frye 2000). Recently, SIRT1 was shown to control 
Bax-induced apoptosis by deacetylating Ku70, and by inhibiting Forkhead transcrip-
tion factor-mediated cell death (Cohen et al. 2004; Motta et al. 2004). Several stud-
ies have demonstrated that human SIRT1 functions as a p53 deacetylase, which can 
impair the transcriptional activity of p53 (Vaziri et al. 2001), and prevent the cellular 
stress-induced senescence and apoptosis following DNA damage.

2.2.2 gEnE silEncing or gEnE activation

One of the most widely studied and popular phenomena in aging research, known for 
over 70 years, is the effect of dietary restriction (underfeeding or malnutrition) in extend-
ing the life span of laboratory rodents and other species. When the gene expression pro-
file is compared between diet-restricted and normally fed animals, a wide array of genes 
are found to be altered. The effects are significant, resulting in as much as a 50% increase 
in rodent longevity (Weindruch et al. 2002). The human genome encodes approximately 
30,000 genes. Gene−environment interactions are thought to be mediated by epige-
netic modifications of the genome. Alteration of gene expression mainly depends on 
gene−environment, gene−nutrition, gene−stress interactions that alter gene activities 
and lead to trigger cascades of cellular events to facilitate the adaptation of an individual 
cell to its environment. The term epigenetics was first used to describe gene environment 
interactions that lead to the manifestation of various phenotypes during development (L. 
Liu et al. 2008) (Figure 2.2). The key process in aging generally involves reduced expres-
sion of number of genes or gene silencing, which are extremely important in growth 
and function. Gene silencing is a complex mechanism, which mainly involves methyla-
tion of DNA, histone modification, and chromatin remodeling (Li 2002; Laird 2003; 
Roberts and Orkin 2004). Hypermethylation of the promoter mostly leads to silencing 
of the gene. Several groups have documented changes in the repertoire of expressed 
genes as a causal factor in aging. The genes related to aging are involved in cell cycle, 
apoptosis, detoxification, and cholesterol metabolism (Burzynski 2005). In general, the 
two biochemical processes (Burzynski 2003) that play a very important role in silencing 
of the genes are deacetylation of the histones and methylation of DNA. However, many 
additional DNA epigenetic regulatory mechanisms have been proposed in aging cells: 
(1) site-specific hypermethylation of promoter sequences and (2) genomewide hypom-
ethylation. A landmark study involving microarray-based expression analysis of 11,000 
genes in aging livers of mice by Cao et al. (2001) revealed that 46 known genes changed 
expression during aging (27-month-old vs. 7-month-old mice). It was found that 57% 
of genes were decreased and 43% increased in an age-dependent manner. Most of the 
increased genes were found to be associated with age-associated diseases. The tumor 
suppressor gene p53 plays a very important role in aging, apart from its pleiotropic role 
in maintaining normal cellular homeostasis. In humans, Sir2 inactivates p53 through 
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deacetylation (Howitz et al. 2003). Among the silenced genes found during aging, 23% 
were found to be involved with the control of the cell cycle. The most prominent among 
them were the tumor suppressor gene Pten and Ifgbp1, which down-regulates IGF1. 
However, interestingly enough, the characteristics of growth and aging in humans are 
much different compared to that of the lower mammals.

2.3  thE EMERging RolE of EpigEnEtically 
taRgEtEd coMpounds in aging

2.3.1 rEsvEratrol: a miraclE molEculE

Almost 4500 years ago Ayurveda, the ancient medicinal book of the Hindus, described 
“darakchasava” (fermented juice of red grapes) as cardiotonic (Paul et al. 1999). 
Consequently, Jesus Christ described grape juice and red wine as a “gift of god,” which 
was presumably used to purify body and soul. In 1940, resveratrol was first identi-
fied as the medicinal component of grapes, and was extracted from the dried roots of 
Polygonum cuspidatum (popularly known as Ko-jo-kon by the Japanese) and used to 
treat hyperlipidemic diseases (Vastano et al. 2000). In the modern era, resveratrol was 
rediscovered as an antiproliferative agent for cancer therapeutics. Antitumor activity 
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figuRE 2.2 (Please see color insert.) A hierarchical view of gene-environment interac-
tions during development. As depicted, environmental effects are integrated by epigenetic 
process including chromatin remodeling to either allow or inhibit gene expressions at the 
molecular level. Such effects will be manifested at the organismal level via ultimate func-
tional output of the genome. (Adapted from Liu, L. et al., Curr Issues Mol Biol, 10(1−2): 25, 
2008. With permission.)
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of resveratrol was published in 1997 (Jang et al. 1997; Pezzuto 1997). The cardiopro-
tective ability of resveratrol stemmed from the epidemiological studies indicating that 
mild to moderate alcohol consumption has been associated with a reduced incidence of 
morbidity and mortality from coronary heart disease (Renaud and De Lorgeril 1992). 
Rejuvenating resveratrol is a miracle molecule in cells that reduces the impact of free 
radicals that cause aging. “Rejuvenation” signifies restoration of youth and has been 
known for at least the last 200 years. The richest source of resveratrol is the roots of 
Polygonum cuspidatum (Ko-jo-kon), mainly cultivated in China and Japan. The skins 
of grapes contain about 50–100 mg resveratrol and are believed to contribute to the 
cardioprotective abilities of red wine, which contains about 0.2–7 mg resveratrol per 
liter of the wine. In addition to grapes, a large variety of fruits including mulberry, 
bilberry, lingonberry, sparkleberry, deerberry, partridgeberry, cranberry, blueberry, 
jackfruit, and peanut, as well as a wide variety of flowers and leaves including gne-
tum, white hellebore, corn lily, butterfly orchid tree, eucalyptus, spruce, poaceae, scots 
pine, and rheum, also contain resveratrol. Plants are known to synthesize resveratrol in 
response to environmental stress including water deprivation, ultraviolet (UV) irradia-
tion, and especially fungal infection, and thus can be considered to be produced as part 
of the defense mechanism.

2.3.2 rEsvEratrol and longEvity gEnEs: EpigEnEtic tHErapy

Over the last 20 years, many studies have described promising health benefits associ-
ated with wine consumption. Some studies suggest that red wine is more cardiopro-
tective than white wine, hypothetically due to the enriched flavonoid antioxidants in 
red wine. Several experimental studies including ours (Penumathsa et al. 2008) sup-
ported the evidence that these beneficial effects are due to resveratrol, the polyphenolic 
compound present in red wine. Many studies have provided evidence that resveratrol 
affords antioxidant, anti-apoptotic effects apart from activation of longevity proteins 
(SIRT1). Green tea also not only confers powerful antioxidant effects but also helps to 
balance the normal DNA methylation status (Fang et al. 2003). Cruciferous vegetables 
such as broccoli, cauliflower, kale, and bok choy are powerful vegetables whose regular 
consumption might affect DNA methylation status, allowing tumor suppressor genes 
to function better. Grapes generally work via histone modulation. Histones are modi-
fied after translation by acetylation, methylation, phosphorylation, and ubiquitination. 
Resveratrol prevents high fat-accelerated aging by stimulating sirtuins (Sir2 proteins) 
such as SIRT1 activation (Pearson et al. 2008). There are at least seven members of 
Sir2 proteins such as HDACs that are believed to impart a “life preservation” effect. 
Activation of sirtuins by dietary polyphenols, such as resveratrol from red wine, has 
been found to increase life span by food restriction (Howitz et al. 2003). Resveratrol 
deacetylates histones reducing DNA transcription, which is thought to be the molecu-
lar mechanism of life prolongation and several other benefits. SIRT plays a very impor-
tant role in the longevity response to dietary restriction. SIRT1 promotes longevity in 
part through epigenetic effects, including DNA methylation integrity, and it can be 
mimicked by specific components. The polyphenol resveratrol is known to be potential 
mimetic of dietary restriction. According to some reports (Baur et al. 2006; Lagouge 
et al. 2006), dietary resveratrol protected mice against diet-induced obesity and insulin 
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resistance and was also found to induce other metabolic and physiological effects 
associated with longer life span. Again, resveratrol treatment was found to increase 
PGC-1α deacetylation in multiple tissues, which is consistent with SIRT1 activation, 
and deacetylation of PGC-1α in SIRT1–/– mouse embryonic fibroblasts. Resveratrol 
in very low dose partially mimics caloric restriction and retards various parameters 
related to aging in mice (Barger et al. 2008). Dietary resveratrol previously has been 
shown to extend life span in Saccharomyces cerevisiae, Caenorhabditis elegans, and 
Drosophila through a SIRT1-dependent mechanism (Howitz et al. 2003; Wood et al. 
2004). According to some studies (Baur et al. 2006; Lagouge et al. 2006) feeding high 
levels of resveratrol to mice has been shown to be associated with increased SIRT1 
activity determined by PGC-1α acetylation and the induction of its transcriptional tar-
gets resulting in extended life span as compared to the control animals. Most inter-
estingly, SIRT1-mediated repression of p53 and NFκB might control life and death 
signals. However, these regulatory mechanisms are not clear as yet. SIRT1 interacts 
with the RelA/p65 subunit of NFκB and inhibits transcription by deacetylating RelA/
p65 at lysine 310. Resveratrol treatment potentiates chromatin-associated SIRT1 pro-
tein on the cIAP-2 promoter region with a loss of NFκB-regulated gene expression 
(Yeung et al. 2004). Class 1 histone deacetylases (HDAC) regulate the transcriptional 
activity of NF-κB. It is shown that HDAC1, HDAC2, and HDAC3 deacetylate RelA/
p65, resulting in increased IκBα association or loss of transactivation potential of the 
protein (Ashburner et al. 2001; Chen et al. 2001; Zhong et al. 2002).

Very recently, organosulfur compounds from garlic, such as diallyl disulfide, allyl 
mercaptan, and S-allylmercaptocysteine, as well as the isothiocyanates sulforaphane 
and 6-methylsulfinylhexyl isothiocyanate from several cruciferous vegetables, docu-
mented a capacity to alter histone acetylation and/or HDAC activity in vivo and in 
vitro. It is found that Class III HDACs (sirtuins) drew more attention after they were 
implicated in increasing life span and delay in aging-related diseases (Tissenbaum 
and Guarente 2001). A number of natural compounds found in the human diet can 
influence HDACs and the acetylation status of histones, as described in Table 2.2 
(Delage and Dashwood 2008).

The future of epigenetic therapy seems to be very promising, particularly in treat-
ing life-threatening diseases such as some cancers and neurological disorders. Some 
drugs that inhibit the DNA methyltransferases, which add methyl groups on DNA, 
are now approved for clinical use in hospitals in the United States for the treatment of 
certain cancers (Yoo and Jones 2006; Issa 2007). Valproic acid, a histone deacetylase 
(HDAC) inhibitor, increases the effectiveness of antipsychotic medications in the treat-
ment of schizophrenia and bipolar disorder (Citrome 2003). It is now widely accepted 
that histone modification and DNA methylation are significantly interrelated, almost 
working hand in hand to determine the extent of gene expression and to decide cell fate 
(Hashimshony et al. 2003). Resveratrol’s excellent epigenetic properties can be used to 
design antiaging, anticancer, and heart-smart drugs in the future. Therefore the main 
goal of epigenetic therapy using various epigenetic drugs is to restore normal DNA 
methylation patterns and to prevent the cells from acquiring further methylation in 
DNA that could lead to silencing of genes crucial for normal cell function.

In several preclinical experimental models, genetic manipulation (Flurkey et al. 
2001; Liang et al. 2003) and caloric restriction (Weindruch et al. 1986) have been 
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shown to increase the life span as compared to their control littermates fed ad libitum. 
Diet-related studies have shown that the Mediterranean diet might decrease mortal-
ity and its associated susceptibility to cardiovascular disease and cancer and thereby 
increase longevity (Trichopoulou, Bamia et al. 2005; Trichopoulou, Orfanos et al. 
2005). Most popular antiaging treatments involve human growth hormone (HGH) 
treatment (Rudman et al. 1990). Several animal studies supported the role of HGH 
in longevity (Flurkey et al. 2001; Liang et al. 2003; Al-Regaiey et al. 2005; Sun et al. 

tablE 2.2
natural and/or dietary compounds Modulating histone acetylation and/or 
hdac/hat activities

dietary components Examples of food/plant sources References

S-allylmercaptocysteine Garlic (Allium sativum L.) (Lea et al. 2002)

6-methylsulfinylhexyl-
isothiocyanate

Japanese horseradish (wasabi) (Morimitsu et al. 2002)

Allyl mercaptan Garlic (Allium sativum L.) (Lea and Randolph 2001)

Anacardic acid Cashew nut (Balasubramanyam et al. 2003)

Butein Rhus verniciflua (stems) (Howitz et al. 2003; 
Porcu and Chiarugi 2005)

Butyrate Dietary fiber fermentation (Davie 2003)

Copper Ubiquitous (Kang et al. 2004; 
C. Lin et al. 2005)

Curcumin Curcuma longa (turmeric roots) (Balasubramanyam et al. 2004; 
H. Liu et al. 2005)

Diallyl disulfide (DADS) Garlic (Allium sativum L.) (Lea et al. 1999; Druesne et al. 
2004; Marcu et al. 2006)

Dihydrocoumarin Melilotus officinalis (sweet clover) (Olaharski et al. 2005)

Fisetin Rhus toxicodendron (leaves) (Howitz et al. 2003; 
Porcu and Chiarugi 2005)

Garcinol Garcina indica (fruit) (Balasubramanyam et al. 2004)

Isoliquiritigenin Glycyrrhiza glabra (licorice) (Howitz et al. 2003; 
Porcu and Chiarugi 2005)

Luteolin Sweet red pepper, celery, parsley (Porcu and Chiarugi 2005)

Nickel Ubiquitous (Kang et al. 2003; Yan et al. 2003)

Piceatannol Blueberries (Porcu and Chiarugi 2005)

Psammapin A Marine sponges (C. Kim et al. 2007)

Quercetin Apple, tea, onion, nuts, berries (Howitz et al. 2003; 
Porcu and Chiarugi 2005)

Resveratrol Red grapes, wines, eucalyptus, 
spruce

(Howitz et al. 2003; 
Porcu and Chiarugi 2005)

Sulforaphane Broccoli, broccoli sprouts (Myzak et al. 2004)

Theophylline Black and green tea (Ito et al. 2002; Cosio et al. 2004)

Source: Adapted from Delage, B. and Dashwood, R. H., Annu Rev Nutr, 28: 347−66, 2008. With 
permission.
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2005). However, some contradictory results also show that transgenic mice expressing 
HGH have a shorter life span than control mice (Bartke et al. 1999; Forster et al. 2003). 
In addition, several age-related studies revealed defects in stem cells that can limit 
proper organ maintenance and hence contribute to a shorter life span (Chambers et 
al. 2007). However, the possible role of stem cell aging in the determination of human 
aging is still far from being completely understood. Further mechanistic understanding 
of stem cell aging is required before it can be translated into human antiaging therapy. 
We all are trying to find the “magic bullet” that delays the natural aging process. A 
study by Khaw et al. (2008) documented that people who exercise regularly, eat a diet 
high in vitamin C, don’t smoke, and consume moderate alcohol can add up to 14 years 
to their lives! Our near future awaits new therapies that could turn off “bad genes” and 
“turn on” the good ones to cure life-threatening diseases and extend longevity.

2.4 conclusion

Though still in its infancy, nutritional epigenetics has revealed much about the complex 
interactions between diet and genes. It is very likely that nutrition affects gene expression 
and human health and disease through epigenetic mechanism. Great progress already 
has been made with folate metabolism, which affects DNA methylation status and gene 
silencing. Methylation of CpG islands increases with age and could therefore yield vari-
ous chronic diseases in addition to cancer. Lifestyle changes such as exercise, controlled 
nutrition, and epigenetic drugs could bring about reversion of or slow down epigenetic 
modifications in patients with chronic diseases. Resveratrol has been documented as 
being involved in maintaining optimal health and longevity along with prevention or pos-
sible cure of chronic diseases such as atherosclerosis, diabetes, stroke, and various other 
cardiovascular diseases. However, further mechanistic research is needed to unravel the 
relation between diet, epigenetic events, and the predisposition to various cardiovascular 
diseases, aging, or cancer, in an attempt to exploit it for therapeutic purposes.
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3.1 EpigEnEtics

The inheritance of information based on gene expression levels is known as epige-
netics, as opposed to genetics, which refers to information transmitted on the basis 
of gene sequence (Esteller 2003). The field of epigenetics is therefore the study of 
modifications of DNA and DNA-binding proteins and histones that alter the struc-
ture of chromatin without altering the nucleotide sequence of DNA; some of these 
modifications may be associated with heritable changes in gene function (Egger et 
al. 2004). Silencing is a subset of epigenetics whereby gene expression and function 
are permanently lost. More recently, RNA interference has been emerging as an 
important mechanism in epigenetic silencing.

3.2 dna MEthylation

One of the most important epigenetic modifications in mammals is the methylation 
of cytosine located within the cytosine-guanine (CpG) dinucleotide sequences (Jones 
and Laird 1999; Jones and Baylin 2002). The pattern of methylation at cytosine resi-
dues in the CpG sequences is a heritable, tissue- and species-specific, postsynthetic 
modification of mammalian DNA (Jones and Laird 1999; Jones and Baylin 2002). 
Three to four percent of all cytosines in the human genome are methylated, and 
the resulting 5-methylcytosines make up 0.75–1% of all nucleotide bases in normal 
human DNA (Esteller 2003).

CpG sites are unevenly distributed in the mammalian genome; vast stretches of 
sequence (~99% of the genome) are deficient for CpGs and these are interspersed 
by CpG clusters called CpG islands. Generally, the CpG dinucleotide is greatly 
underrepresented throughout the mammalian genome (also termed CpG suppres-
sion) (Das and Singal 2004). The CpG dinucleotide should occur with a frequency 
of approximately 6%. However, the actual presence is only 5–10% of its predicted 
frequency (Das and Singal 2004). This CpG suppression may be related to the hyper-
mutable capacity of 5-methylcytosine to deaminate spontaneously, which results in 
methylcytosine-to-thymine transition mutations (Das and Singal 2004). Seventy to 
eighty percent of all CpG sites in human DNA are normally methylated (Esteller 
2003). However, this methylation occurs primarily in the bulk of the genome where 
CpG density is low, including exons, noncoding regions, and repeat DNA sites, and 
allows correct organization of chromatin in active and inactive states (Herman and 
Baylin 2003). Methylation of the CpG-depleted bulk of the genome facilitates tran-
scriptional silencing of noncoding regions, which prevents the transcription of repeat 
DNA elements, inserted viral sequences, and transposons (Herman and Baylin 2003). 
Transposons are common and potentially mobile sequences of DNA that move from 
their usual location into a new region of the genome (Yoder et al. 1997). The human 
genome is littered with transposons and endogenous retroviruses acquired through-
out the human history, and these parasitic sequences account for more than 35% of 
the human genome (Yoder et al. 1997). Parasitic DNA elements represent a signifi-
cant threat to the structural integrity of the genome by promoting chromosome rear-
rangements or translocation or by directly disrupting genes (Robertson and Wolffe 
2000). These parasitic sequences contain strong promoters that if integrated within 
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a transcriptional unit could result in internal initiation (Robertson and Wolffe 2000). 
If integrated in the “antisense” orientation relative to the normal direction of tran-
scription of the targeted genes, this could inhibit gene expression by transcriptional 
interference (Robertson and Wolffe 2000).

By contrast, about 1% of the genome consists of CpG-rich areas clustered in 
small stretches of DNA termed “CpG islands,” which are defined as a 500-base 
pair window with a G:C content of at least 55% and an observed overexpected 
CpG frequency of at least 0.65 (Takai and Jones 2002). These motifs span the 5ʹ 
end of approximately half of the human genes including the promoter, untrans-
lated region, and exon 1 (i.e., in and around the transcription start sites) (Takai and 
Jones 2002). Most CpG islands are unmethylated in normal cells, thereby allow-
ing transcription, with the exception of CpG island on the inactive X chromosome 
in females and silenced alleles of imprinted genes (Robertson and Wolffe 2000). 
When methylated, CpG islands cause stable heritable transcriptional silencing. 
Transcriptional repression by CpG islands methylation is mediated by the tran-
scriptional repressor, methyl-CpG binding proteins (MBDs), which binds methy-
lated CpG islands and recruits a complex containing a transcriptional co-repressor 
and a histone deacetylase (HDAC) (Robertson and Wolffe 2000). Deacetylation 
of histones suppresses transcription by allowing tighter nucleosomal packaging 
and thus rendering an inactive chromatin conformation (Robertson and Wolffe 
2000).

DNA methylation is a dynamic process between active methylation, mediated by 
CpG methyltransferases (DNMT13a, 3b) using S-adenosylmethionine (SAM) as the 
methyl donor, and removal of methyl groups from 5-methylcytosine residues by both 
passive and active mechanisms including demethylation by a purported demethylase 
(MBD2) (Li and Jaenisch 2000). DNA methylation patterns are reprogrammed dur-
ing embryogenesis by genome-wide demethylation early in embryogenesis, which 
erases significant parts of the parental DNA methylation, followed by de novo meth-
ylation, which establishes a new DNA methylation pattern soon after implantation, 
with methylation limited to non-CpG island areas, except for the rare genes silenced 
in normal cells (Reik et al. 2001; Li and Jaenisch 2000). Maintenance methylase 
(DNMT1) uses hemimethylated sites to ensure DNA methylation patterns, whereas 
de novo methylases (DNMT3a, 3b) do not require preexisting methylation and estab-
lish a new DNA methylation pattern (Li and Jaenisch 2000).

3.2.1 dna mEtHylation and cancEr

DNA methylation is an important epigenetic determinant in gene expression (an 
inverse relationship), in the maintenance of DNA integrity and stability, in chromatin 
modifications, and in the development of mutations (Jones and Laird 1999; Jones and 
Baylin 2002). As such, DNA methylation is mechanistically linked to the pathogen-
esis of several chronic diseases in humans, including cancer.

In contrast to methylated CpG sites in the CpG-poor bulk of the genome and 
unmethylated CpG islands in normal cells, cancer cells simultaneously harbor 
widespread loss of methylation in the CpG-depleted regions where most CpG 
di nucleotides should be methylated and gains in methylation of CpG islands in gene 
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promoter regions (Figure 3.1) (Jones and Laird 1999; Jones and Baylin 2002; Herman 
and Baylin 2003).

Global hypomethylation is an early and consistent event in carcinogenesis (Jones 
and Laird 1999; Jones and Baylin 2002; Herman and Baylin 2003). Global hypom-
ethylation of the coding and noncoding regions and demethylation of repetitive DNA 
sequences contribute to the development of cancer through the following mechanisms: 
chromosomal instability, increased mutations, reactivation of intragenomic parasitic 
sequences that could be transcribed and moved to other sites where they could disrupt 
normal cellular genes, mitotic recombination leading to loss of heterozygosity and 
promotion of rearrangements, aneuploidy, loss of imprinting, and up-regulation of 
protooncogenes (Esteller 2003). However, animal studies have indicated that global 
DNA hypomethylation may promote or protect against tumor development in a site-
specific manner. The combination of heterozygosity for a null mutation of the Dnmt1 
gene and treatment with the DNMT inhibitor 5-aza-2ʹ-deoxycytidine dramatically 
reduced the number of small intestinal polyps in ApcMin/+ mice (Laird et al. 1995). 
Similarly, mice deficient in one of the mismatch repair proteins, Mlh1, carrying the 
hypomorphic Dnmt1 allele had a lower incidence of small intestinal polyps; how-
ever, the incidence of lymphomas in these mice was increased (Trinh et al. 2002). 

Persistence of m5C
Residues: m5C      T

mutations

2 3

2

1

Normal

Cancer

Hypermethylation of
CpG islands:

Gene silencing
Hypermethylation of gene body

and bulk chromatine:
Chromosomal instability
LOH and rearrangements

Aneuploidy
Loss of imprinting

Activation of Transposons
Gene Up-Regulation

31

figuRE 3.1 Distribution of CpG dinucleotides in the human genome and CpG methyla-
tion patterns in normal and tumor cells. In contrast to methylated CpG sites in the CpG-poor 
bulk of the genome and unmethylated CpG islands in normal cells, cancer cells simultane-
ously harbor widespread loss of methylation in the CpG-depleted regions where most CpG 
dinucleotides should be methylated and gains in methylation of CpG islands in gene promoter 
regions. Open circles represent unmethylated CpG sites whereas filled circles are methylated 
CpG sites. Boxes 1, 2, and 3 represent exons and the lines between exons are introns. X at the 
transcription start site represents transcriptional silencing.
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Mice carrying a hypomorphic Dnmt1 allele, which reduces Dnmt1 expression to 
10% of wild-type levels and results in substantial genome-wide hypomethylaton in 
all tissues, developed aggressive T cell lymphomas that displayed a high frequency 
of chromosomal instability (Gaudet et al. 2003). Furthermore, genomic hypomethy-
lation induced by a hypomorphic Dnmt1 allele in the Nf1+/–p53+/– mice promoted the 
development of sarcomas at an earlier age compared with the Nf1+/–p53+/– mice with 
normal levels of DNA methylation via increased chromosomal instability (Eden et 
al. 2003). Therefore genomic demethylation may protect against some cancers (e.g., 
intestinal tumors) but may promote chromosomal instability and increase the risk of 
cancer in other tissues (e.g., lymphoma, sarcoma).

Methylation at promoter CpG islands is an important mechanism of silencing 
transcription in carcinogenesis; the affected genes are silenced and their function is 
stably lost in a clonally propagated fashion (Esteller et al. 2001; Herman and Baylin 
2003; Esteller 2003). That promoter CpG island methylation is essential for gene 
silencing is unequivocally established by several experiments including (1) loss of 
DNA methylation induced by homozygous deletion of the DNMT gene results in 
reexpression of previously silenced genes and (2) DNMT inhibition (pharmacologic 
or antisense) results in demethylation and reexpression of previously silenced genes 
(Esteller et al. 2001; Herman and Baylin 2003; Esteller 2003). The number of cancer-
related genes silenced by promoter CpG island methylation equals or exceeds the 
number that are inactivated by mutation (Esteller et al. 2001; Herman and Baylin 
2003; Esteller 2003). Many genes modified by promoter CpG methylation have 
classic tumor-suppressor function, and other genes play critical roles in cell cycle 
control, repair of DNA damage, apoptosis, differentiation, angiogenesis, metasta-
sis, growth-factor response, drug resistance, and detoxification (Herman and Baylin 
2003; Das and Singal 2004). Promoter CpG islands of over 60% of tumor suppressor 
and mismatch repair genes have been observed to be methylated in cancer (Herman 
and Baylin 2003; Das and Singal 2004).

Another means by which CpG methylation may contribute to carcinogenesis is 
the hypermutability of methylated cytosine. CpG dinucleotides within certain genes 
are not only the sites of DNA methylation but also mutational hot spots for human 
cancers (Zingg and Jones 1997). The majority of mutations observed in CpG sites 
are cytosine-to-thymine transitions mediated by the spontaneous deamination of 
5-methylcytosine to thymine, by the enzymatic deamination of 5-methylcytosine to 
thymine by DNMT, and by the enzymatic deamination of unmethylated cytosine 
to uracil and subsequent methylation of uracil to thymine by DNMT (Zingg and 
Jones 1997). CpG sites have been shown to act as hot spots for germline mutations, 
contributing to 30% of all point mutations in the germline, and for acquired somatic 
mutations that lead to cancer (Robertson and Wolffe 2000). For example, methylated 
CpG sites in the p53 tumor suppressor coding region contribute to as many as 50% 
of all inactivating mutations in colorectal cancer and to 25% of cancers in general 
(Robertson and Wolffe 2000).

Increased DNMT1, 3a, and 3b and decreased MBD2 expression and activity have 
been observed in many human cancers (Li and Jaenisch 2000). DNMT1 may promote 
tumorigenesis by its link to activation of the oncogenic ras signaling pathway; by 
increasing cellular proliferation by binding to proliferating cell nuclear antigen and 
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by reducing cellular p21, a member of the cyclin-dependent kinase (CDK) inhibitor 
family that inhibits a wide range of cyclin-CDK complexes involved in G1 and S phase 
progression; by inhibition of p53-dependent apoptosis; and by promoter CpG island 
methylation of tumor suppressor and mismatch repair genes (Li and Jaenisch 2000).

3.3 folatE and cancER

Folate is a water-soluble B vitamin that is naturally present in foods (e.g., green 
leafy vegetables, asparagus, broccoli, Brussels sprouts, citrus fruit, legumes, dry 
cereals, whole grain, yeast, lima beans, liver, and other organ meats). Folic acid is 
the synthetic form of this vitamin that is used commercially in supplements and in 
fortified foods.

Epidemiologic studies suggest an inverse association between folate status 
(assessed by dietary folate intake or by the measurement of blood folate levels) and 
the risk of several malignancies including cancer of the lungs, oropharynx, esopha-
gus, stomach, colorectum, pancreas, cervix, ovary, prostate, and breast and the risk 
of neuroblastoma and leukemia (Y. I. Kim 1999, 2003, 2007, 2008). The precise 
nature and magnitude of the inverse relation between folate status and the risk of 
these malignancies, however, have not yet been clearly established (Y. I. Kim 1999, 
2003, 2007, 2008).

The role of folate in carcinogenesis has been best studied for colorectal cancer. 
An accumulating body of evidence suggests that folate status is inversely related to 
the risk of sporadic and ulcerative colitis-associated colorectal cancer or its precur-
sor adenoma (Y. I. Kim 1999, 2003, 2007, 2008). Although the results from epide-
miologic and clinical studies are not uniformly consistent, the portfolio of evidence 
indicates ~20–40% reduction in the risk of colorectal cancer or adenoma in subjects 
with the highest folate status compared with those with the lowest status (Y. I. Kim 
1999, 2003, 2007, 2008). The role of folate in colorectal carcinogenesis has been 
further strengthened by the observations that genetic polymorphisms in the folate 
metabolic pathway (e.g., the methylenetetrahydrofolate reductase [MTHFR] C677T 
polymorphism) modify colorectal cancer risk (Potter 2002; L. B. Bailey 2003; Y. I. 
Kim 2009).

Although there is no definitive evidence supporting the protective effect of folate 
supplementation on colorectal carcinogenesis from human experiments at present, 
several small intervention studies have demonstrated that folate supplementation can 
improve or reverse surrogate endpoint biomarkers of colorectal cancer (Cravo et al. 
1994, 1998; Paspatis and Karamanolis 1994; Y. I. Kim et al. 2001; Khosraviani et 
al. 2002; Biasco et al. 1997; Lashner et al. 1999) and some epidemiologic studies 
have shown a beneficial effect of multivitamin supplements containing ≥400 µg folic 
acid on colorectal cancer risk and mortality (Giovannucci et al. 1995, 1998; Jacobs 
et al. 2001). However, in the recent Aspirin/Folate Polyp Prevention Study, folic acid 
supplementation was associated with a 67% increased risk of advanced lesions with 
a high malignant potential in men and women with a history of colorectal adenomas 
(Cole et al. 2007). In contrast, a recent trial has reported that folic acid supplementa-
tion had no beneficial effect on adenoma recurrence over three years among patients 
who previously had colorectal adenomas (Logan et al. 2008).
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The data from animal studies generally support a causal relationship between 
folate depletion and colorectal cancer risk and an inhibitory effect of modest levels of 
folate supplementation on colorectal carcinogenesis (Y. I. Kim 2003). However, ani-
mal studies have also shown that folate supplementation may increase colorectal risk 
and accelerate colorectal cancer progression if too much is given or if it is provided 
after neoplastic foci are established in the colorectum (Y. I. Kim 2003, 2004).

In addition, the role of folate in cancer risk is further complicated by common 
variants in critical genes involved in folate metabolism. Methylenetetrahydrofolate 
reductase (MTHFR) irreversibly catalyzes the conversion of 5,10-methylenetetrahy-
drofolate to 5-methyltetrahydrofolate, shuffling one-carbon units toward the methy-
lation cycle at the expense of thymidylate and purine synthesis (Figure 3.2) (Friso 
and Choi 2002; Y. I. Kim 1999, 2000). The MTHFR C677T polymorphisms cause 
thermolability and reduced MTHFR activity, leading to lower levels of 5-methyltet-
rahydrofolate, an accumulation of 5,10-methylenetetrahydrofolate, increased plasma 
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figuRE 3.2 Simplified scheme of the role of 5,10-methylenetetrahydrofolate reductase 
(MTHFR) in folate metabolism and one-carbon transfer reactions involved in DNA syn-
thesis and biological methylation reactions, including that of DNA. MTHFR catalyzes the 
irreversible conversion of 5,10-methylenetetrahydrofolate (5,10-methyleneTHF) to 5-meth-
yltetrahydrofolate (5-methylTHF), and hence the MTHFR C677T polymorphism, which 
results in decreased MTHFR activity and increased thermolability of MTHFR, leads to 
lower levels of 5-methylTHF and an accumulation of 5,10-methyleneTHF. SAM is both an 
allosteric inhibitor of MTHFR and an activator of cystathionine β-synthase. B12, vitamin 
B-12; BHMT, betaine:homocysteine methyltransferase; CβS, cystathionine β-synthase; 
CH3, methyl group; CpG, cytosine-guanine dinucleotide sequence; DHF, dihydrofolate; 
DHFR, dihydrofolate reductase; DNMT, DNA methyltransferase; MS, methionine syn-
thase; SAH, S-adenosylhomocysteine; SAHH, S-adenosylhomocysteine hydrolase; SAM, 
S-adenosylmethionine; SHMT, serine hydroxymethyltransferase; THF, tetrahydrofolate; TS, 
thymidylate synthase.
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homocysteine levels (a sensitive inverse indicator of folate status), and changes in 
cellular composition of one-carbon folate derivatives (Figure 3.2) (Friso and Choi 
2002; Y. I. Kim 1999, 2000). Another polymorphism in the MTHFR gene (A1298C) 
has also been recently associated with reduced enzyme activity (Castro et al. 2004; 
Friso et al. 2005). Several studies suggest that MTHFR polymorphisms in combina-
tion with a compromised folate status may modify the risk of colorectal adenomas 
or cancer (Ulrich et al. 1999; Levine et al. 2000; Marugame et al. 2003; Pufulete et 
al. 2003).

3.4 folatE and dna MEthylation

The mechanisms by which folate deficiency enhances and supplementation sup-
presses colorectal carcinogenesis have not yet been clearly elucidated. However, 
several potential mechanisms relating to the disruption of the known biochemical 
function of folate have been proposed and investigated (Choi and Mason 2002; Y. 
I. Kim 1999; Duthie 1999; Ames 2001; Fenech 2001; Lamprecht and Lipkin 2003). 
Folate plays an important role in mediating the transfer of one-carbon moieties 
(Figure 3.2) (Wagner 1995). The substrate 5,10-methylenetetrahydrofolate, an intra-
cellular coenzymatic form of folate, is required for conversion of deoxyuridylate to 
thymidylate and can be oxidized to 10-formyltetrahydrofolate for de novo purine 
synthesis (Figure 3.2) (Wagner 1995). Thus folate is an important factor in DNA 
synthesis, stability and integrity, and repair (Figure 3.2), aberrations of which have 
been implicated in colorectal carcinogenesis (Choi and Mason 2002; Y. I. Kim 1999; 
Duthie 1999; Ames 2001; Fenech 2001; Lamprecht and Lipkin 2003).

Folate, in the form of 5-methyltetrahydrofolate, is also involved in remethylation of 
homocysteine to methionine, which is a precursor of SAM, the primary methyl group 
donor for most biological methylation reactions including that of DNA (Figure 3.2) 
(Selhub and Miller 1992). After transfer of the methyl group, SAM is converted 
to S-adenosylhomocysteine (SAH), a potent inhibitor of most SAM-dependent 
methyltransferases (Figure 3.2) (Selhub and Miller 1992). Cravo and Mason first 
proposed that a mechanism by which folate deficiency enhances colorectal carcino-
genesis might be through an induction of genomic DNA hypomethylation based on 
the biochemical function of folate in mediating one-carbon transfer and on evidence 
from animal experiments that demonstrated methyl group donor deficiency-induced 
DNA hypomethylation (Cravo et al. 1992). Genomic and site-specific DNA hypom-
ethylation has been considered as a potential mechanism by which folate depletion 
enhances colorectal carcinogenesis (Choi and Mason 2002; Y. I. Kim 1999; Duthie 
1999; Ames 2001; Fenech 2001).

3.4.1 EffEcts of folatE status on dna mEtHylation in animal studiEs

3.4.1.1  Effects of Methyl group deficiency and 
supplementation on dna Methylation in Rodents

Diets deficient in methyl group donors (choline, folate, methionine, and vita-
min B12) are associated with spontaneous and chemically induced development of 
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hepatocellular carcinoma in rats (Newberne and Rogers 1986). Diets deficient in 
different combinations of methyl group donors have been consistently observed to 
induce genomic and proto-oncogene (c-myc, c-fos, c-Ha-ras) DNA hypomethyla-
tion and elevated steady-state levels of corresponding mRNAs (Zapisek et al. 1992; 
Wainfan et al. 1989; Wainfan and Poirier 1992; Dizik et al. 1991; Christman et al. 
1993; Pogribny, Basnakian et al. 1995). Methyl group donor deficiency has also been 
shown to induce site-specific p53 hypomethylation in rat liver (Pogribny, Poirier et 
al. 1995; Pogribny et al. 1997; Pogribny, Basnakian et al. 1995), although recent stud-
ies suggest that CpG methylation within the rat p53 promoter region appears to be 
site-specific and varies throughout the carcinogenic process (Pogribny, Miller et al. 
1997, 2000). Furthermore, in methyl-deficient rats, site-specific de novo methylation 
of the p16 gene 5ʹ CpG island has been shown to precede tumor development, and 
with tumor progression the incidence and extent of de novo methylation increases 
(Pogribny and James 2002). Methyl group donor deficiency has also been shown to 
up-regulate Dnmt (Wainfan et al. 1988; Pogribny, Poirier et al. 1995; Pogribny et al. 
1997; Wainfan et al. 1989; Wainfan and Poirier 1992).

Recent studies suggest that a prolonged diet deficient in methyl group donors 
can induce permanent changes in DNA methylation that cannot be reversed from a 
methyl-adequate diet (Pogribny et al. 2006, 2009). In one particular study, methyl 
group donor deficiency was shown to induce DNA damage and aberrant DNA meth-
ylation, resulting in a decrease in genomic DNA methylation and an increase in pro-
moter CpG island methylation of the Rassf1a gene in rat liver (Pogribny et al. 2009). 
Interestingly, in rats fed this methyl-deficient diet for 9 weeks followed by a methyl-
sufficient diet, DNA abnormalities were completely restored to the normal state, 
while feeding the methyl-deficient diet for 18 weeks followed by a methyl-sufficient 
diet repaired the DNA lesions but failed to restore the altered DNA methylation 
status to normal (Pogribny et al. 2009). A diet deficient in choline, methionine, and 
folate, which caused a 30% increase in DNA strand breaks, did not induce a signifi-
cant degree of genomic DNA hypomethylation in rat colon, suggesting that the col-
orectum may be resistant to the hypomethylating effect of methyl group deficiency 
(Duthie, Narayanan, Brand et al. 2000). Interestingly, a recent study has shown that 
long-term administration of a methyl-deficient diet lead to genomic DNA hyperm-
ethylation in rat brain (Pogribny et al. 2008). Taken together, the results from these 
studies suggest that the effect of methyl group donor deficiency on DNA methylation 
is tissue-, site-, and gene-specific, and varies throughout the carcinogenesis process 
in liver.

Animal studies using viable yellow agouti (Avy) mice have unequivocally demon-
strated that maternal dietary methyl group supplementation with a modest amount of 
folic acid, vitamin B12, choline, and betaine permanently alters the phenotype of the 
offspring via increased CpG methylation at the promoter CpG site of the agouti gene 
(Wolff et al. 1998; Cooney et al. 2002; Waterland and Jirtle 2003). Furthermore, 
Waterland and Jirtle (2003) have shown that the methylation status of the promoter 
CpG region of the agouti gene was highly correlated with the methylation status of 
the adjacent transposon gene (Waterland and Jirtle 2003). This indicates that there 
is a localized epigenetic instability in methylation that arises from an interaction 
between the transposon and its nearby genetic region and that genes that manifest a 
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transposon region adjacent to a promoter region of DNA could be influenced by early 
life nutrition containing methyl group donors.

3.4.1.2  Effects of isolated folate deficiency on 
dna Methylation in Rodents

Although isolated folate deficiency has been shown to reduce SAM concentrations 
and SAM-to-SAH concentration ratios and increase SAH levels in rat liver (Y. I. 
Kim et al. 1994, 1995, 1997; Miller et al. 1994; Balaghi et al. 1993; Uthus et al. 2006; 
Choi et al. 2005), conflicting data exist for the effect of isolated folate deficiency on 
DNA methylation in rodent liver (Table 3.1). One study reported a significant 20% 
decrease in genomic DNA methylation associated with a severe degree of dietary 
folate deficiency of 4 weeks’ duration in rat liver (Balaghi and Wagner 1993), while 
another study showed a paradoxical 56%, albeit nonsignificant, increase in genomic 
DNA methylation associated with the same severe folate deficient diet of 6 weeks’ 
duration in rat liver (Y. I. Kim et al. 1997). A prolonged, moderate degree of dietary 
folate deficiency in weanling rats failed to induce significant genomic DNA hypom-
ethylation, despite a decrease in hepatic SAM and an increase in both hepatic SAH 
and SAM-to-SAH concentration ratios (Uthus et al. 2006; Y. I. Kim et al. 1995). 
Similarly, in rats 6–7 weeks of age, a moderate degree of dietary folate deficiency 
for 24 weeks resulted in a significant decrease in hepatic SAM-to-SAH concentra-
tion ratios and genomic DNA methylation in rat liver was not altered (Duthie et al. 
2010). In elder rats, however, dietary folate deficiency of a moderate degree for 8 
and 20 weeks significantly increased hepatic SAH concentrations and in addition 
significantly decreased genomic DNA methylation in the liver compared with folate-
supplemented rats (Choi et al. 2005).

In pregnant female rats, folate deficiency of a moderate degree and short duration 
(approximately 5 weeks) was shown to have no effect on maternal hepatic genomic 
DNA methylation (Maloney et al. 2007), while this same degree of folate deficiency 
in mice 6 weeks of age for 5 weeks’ duration was shown to induce a significant 56% 
increase in genomic DNA methylation in the liver followed by the return of genomic 
DNA methylation value to that of the baseline by 8 weeks (Song et al. 2000).

A recent study examined the effects of both timing and duration of dietary folate 
intervention provided during the postweaning period on genomic DNA methylation 
in adult rat liver, and found that a moderate degree of folate deficiency provided at 
weaning and at 8 weeks of age and continued until 30 weeks of age failed to sig-
nificantly modulate genomic DNA methylation in adult rat liver (Kotsopoulos et al. 
2008). However, this same degree of dietary folate deficiency provided at weaning 
in rats and continued through early infancy and childhood for 5 weeks until puberty, 
followed by the control diet for 22 weeks, was shown to induce a significant 34–48% 
increase in genomic DNA methylation in adult rat liver compared with the control 
and folate-supplemented diet (Kotsopoulos et al. 2008).

Taken together, the results from these studies collectively suggest that dietary 
folate deficiency provided early on in life appears to induce genomic DNA hyperm-
ethylation in rodent liver, likely due to compensatory up-regulation of Dnmt and of 
the choline- and betaine-dependent transmethylation pathway, and if adequate levels 
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of dietary folate and other methyl group donors are provided in adolescence and con-
tinued into adulthood, this pattern of genomic DNA hypermethylation is maintained. 
On the other hand, if continual dietary folate deficiency is imposed, this compensa-
tory hypermethylation pattern will not be maintained. These studies also suggest that 
dietary folate may modulate DNA methylation more readily in the elderly compared 
to the young. Thus the results from these studies highlight the importance of timing 
of folate deficiency and subsequent supply of folate in establishing and maintaining 
the DNA methylation pattern in rodent liver.

An intriguing observation from one of these animal studies was that severe folate 
deficiency produced significant hypomethylation (by 40%) within mutation hot spot 
(exons 6–7), but not in exon 8, of the p53 tumor suppressor gene despite a 56% 
increase in genomic DNA methylation in rat liver (Y. I. Kim et al. 1997). This obser-
vation raises a possibility that the effect of folate deficiency on DNA methylation may 
be site- and gene-specific and suggests that the changes in genomic and site-specific 
DNA methylation in response to folate deficiency may not be in the same direction.

Several animal studies have also examined the effect of isolated folate deficiency 
on DNA methylation in the colorectum, the primary target tissue that is particularly 
susceptible to the folate deficiency-induced carcinogeneic effect; however, this effect 
has not yet been clearly elucidated (Table 3.1). A moderate degree of dietary folate 
deficiency for 15–24 weeks in weanling rats did not significantly alter colonic SAH 
concentrations, and failed to induce significant genomic and c-myc-specific DNA 
hypomethylation in rat colon (Y. I. Kim et al. 1995). This same degree of folate defi-
ciency for 10 weeks had no effect on genomic DNA methylation in rat colon, despite 
a significant increase in SAH concentrations and a significant decrease in SAM-to-
SAH concentration ratios (Uthus et al. 2006). In rats 6–7 weeks of age, a moderate 
degree of dietary folate deficiency for 10 weeks was associated with a significant 
degree of DNA strand breaks (Duthie, Narayanan, Brand et al. 2000), while a lon-
ger duration of 24 weeks failed to significantly alter colonic SAM and SAH levels 
(Duthie et al. 2010) and in both cases, genomic DNA methylation in the colon was 
not altered (Duthie, Narayanan, Brand et al. 2000; Duthie et al. 2010). Furthermore, 
in mice 4 months of age, a moderate degree of dietary folate deficiency for 10 weeks 
did not modulate genomic and Apc-specific DNA methylation in mouse colon (Liu 
et al. 2007).

A moderate degree of folate deficiency for 20 weeks in conjunction with an alkylat-
ing colon carcinogen, dimethylhydrazine (DMH), did not significantly alter genomic 
DNA hypomethylation in rat colon (Y. I. Kim, Salomon et al. 1996). In two other ani-
mal studies using a similar degree of moderate folate deficiency in conjunction with 
azoxymethane (AOM), a metabolite of DMH, genomic DNA methylation in rat colon 
was not affected (Le Leu et al. 2000a, 2000b). However, these studies (Le Leu et al. 
2000a, 2000b) were limited by the use of DMH or AOM, which can alter tissue SAM 
and SAH levels (Halline et al. 1988) and the extent of DNA methylation (Hepburn 
et al. 1991) independent of the effect of folate. Another study showed that moderate 
folate deficiency for 12 weeks in conjunction with DMH injection did significantly 
increase colonic SAH concentrations but did not change colonic SAM levels or the 
degree of genomic DNA methylation in rats (Davis and Uthus 2003).
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tablE 3.1
summary of the Effect of isolated folate deficiency on dna Methylation in Rodents

study (Reference)
folate 

deficiency age duration species organ/tissue
dna 

Methylation Effect

Balaghi and Wagner 1993 Severe 3 weeks 4 weeks Rat Liver Genomic 20% decrease (p = 0.032)

Y. I. Kim et al. 1997 Severe 3 weeks 6 weeks Rat Liver Genomic 60% increase (p = 0.1)

p53 (exons 6–7) 40% decrease (p = 0.002)

Y. I. Kim et al. 1995 Mild 3 weeks 15 and 24 weeks Rat Liver Genomic No effect

Colon Genomic No effect

c-myc No effect

Uthus et al. 2006 Mild 3 weeks 10 weeks Rat Liver Genomic No effect

Colon No effect

Duthie et al. 2010 Mild 6–7 weeks 24 weeks Rat Liver Genomic No effect

Colon No effect

Choi et al. 2005 Mild 1 year 8 and 20 weeks Rat Liver Genomic Deficient group 
significantly < than 
supplemented group 
(p < 0.05)

Maloney et al. 2007 Mild 8–10 weeks ~5 weeks Rat Liver Genomic No effect

Song et al. 2000 Mild 3 weeks 8 weeks Mouse Liver Genomic No effect

6 weeks 5 weeks 56% increase (p < 0.05)

Kotsopoulos et al. 2008 Mild 3 weeks 27 weeks Rat Liver Genomic No effect

8 weeks 22 weeks No effect

3 weeks 5 weeks followed by 
control for 22 weeks

34–48% increase at 30 
weeks of age (p < 0.04)

Duthie et al. 2000a Mild 6–7 weeks 10 weeks Rat Colon Genomic No effect
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Liu et al. 2007 Mild 4 months 10 weeks Mouse Colon Genomic No effect

Apc (promoter 
and intron 1)

No effect

Kim et al. 1996 Mild + DMH 3 weeks 20 weeks Rat Colon Genomic No effect

Le Leu et al. 2000a Mild + AOM 4 weeks 12 weeks Rat Liver Genomic No effect

Colon No effect

Le Leu et al. 2000b Mild + AOM 3 weeks 26 weeks Rat Colon Genomic No effect

Davis and Uthus 2003 Mild + DMH 3 weeks 12 weeks Rat Liver Genomic No effect

Colon No effect

Sohn et al. 2003 Severe 3 weeks 5 weeks Rat Colon Genomic 30% increase at week 3 
(p = 0.022) and no effect 
at other time points

p53 (promoter 
and exons 6–7)

Highly variable; decrease at 
CpG site 1 in exons 6–7 at 
week 5

Liu et al. 2008 Mild 4 months 10 weeks Mouse Colon p53 (exons 5–8) No effect

Y. I. Kim et al. 1996 Mild + DMH 3 weeks 20 weeks Rat Colon p53 (exon 8) 25% decrease (p = 0.038)

Linhart et al. 2009 Severe 3 months 32 weeks Mouse Colon Genomic 6% decrease (p < 0.04)

Small intestine No effect

Spleen No effect
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One study investigated the time-dependent effects of dietary folate on genomic 
and p53 (in the promoter region and exons 6–7) DNA methylation in rat colon, and 
how these changes are related to steady-state levels of p53 transcript (Sohn et al. 
2003). Despite a marked reduction in plasma and colonic folate concentrations, a 
large increase in plasma homocysteine, and a progressive decrease in colonic SAM-
to-SAH ratio, a severe degree of folate deficiency did not induce significant genomic 
DNA hypomethylation in the colon (Sohn et al. 2003). Paradoxically, isolated folate 
deficiency significantly increased (by 30%) the extent of genomic DNA methyla-
tion in the colon at an intermediate time point (Sohn et al. 2003). The extent of p53 
methylation in the promoter and exons 6–7 was variable over time at each of the CpG 
sites examined, and no associations with time or dietary folate were observed at any 
CpG site except for a significant degree of hypomethylation with folate deficiency at 
the CpG site 1 in exons 6–7 at an extreme time point (Sohn et al. 2003). This change 
was not evident at any earlier time point; however, its significance is questionable. 
Dietary folate deprivation progressively decreased steady-state levels of p53 tran-
script during the study period (Sohn et al. 2003). However, steady-state levels of 
p53 mRNA did not significantly correlate with either genomic or p53 methylation 
within the promoter region and exons 6–7 (Sohn et al. 2003). The observations from 
this study suggest that isolated folate deficiency, which significantly reduces steady-
state levels of colonic p53 mRNA, is not associated with a significant degree of 
genomic or p53 DNA hypomethylation in rat colon. Furthermore, a recent study has 
shown that folate deficiency of a moderate degree for 10 weeks’ duration in adult 
mice failed to induce a significant change in p53-specific methylation (exons 6–7); 
however, a nonsignificant, minor degree of colonic hypomethylation in exon 6 of the 
p53 gene was observed, and this was significantly amplified by multiple B-vitamin 
depletion (Liu et al. 2008). Interestingly, significant p53 hypomethylation in exon 8, 
but not in exons 6–7, was observed in the DMH-treated rat colon in conjunction with 
folate deficiency, although it remains unclear whether this was due to the DMH, the 
folate deficiency, or the combination of the two, and this was effectively overcome in 
a dose-dependent manner by increasing levels of dietary folate (Y. I. Kim, Pogribny 
et al. 1996). Taken together, the results from these studies suggest that isolated folate 
deficiency does not induce consistent and predictable changes in p53 methylation in 
rat colon whereas it may produce p53 hypomethylation in specific exons in rat liver 
and in rat colon in conjunction with alkylating agents. In contrast, dietary depletion 
of combined methyl donors predictably induces p53 hypomethylation within exons 
6–7 of the p53 gene in rat liver (Sohn et al. 2003; Pogribny, Basnakian et al. 1995; 
Pogribny, Poirier et al. 1995; Pogribny et al. 1997). These observations suggest that 
p53 methylation changes likely depend on the degree of methyl donor supply and 
consequent levels of methylation intermediates that are predictably and consistently 
achieved by combined methyl deficiency and not by isolated folate deficiency.

One critical factor that may explain the inability of folate deficiency to modulate 
genomic and site- and gene-specific DNA methylation in the colorectum appears to 
be SAM-to-SAH concentration ratios in the colorectum. Although isolated folate defi-
ciency progressively decreased colonic mucosal SAM-to-SAH concentration ratios 
during 5 weeks of dietary intervention in the study by Sohn et al. (2003), only in the 
extreme deficient state, associated with 20% growth retardation and a 22-fold rise 
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in plasma homocysteine, was there a significantly elevated level of colonic mucosal 
SAH and a significantly reduced colonic mucosal SAM-to-SAH concentration ratio 
compared with the control diet, indicating that modulation of SAM and SAH concen-
trations in the colonic mucosa is particularly resistant to the level of dietary folate. 
In contrast, folate deficiency, even to mild and moderate degrees, has been shown to 
modulate SAM and SAH in the brain (Ordonez and Wurtman 1974), kidney (Ordonez 
and Wurtman 1974), pancreas (Balaghi and Wagner 1992), and liver (Balaghi and 
Wagner 1993; Y. I. Kim et al. 1994, 1995, 1997; Miller et al. 1994) in rats. The rea-
son for this tenacious resistance to altered SAM and SAH levels in the colorectum 
compared with other tissues is unclear at present. Intestinal microflora are capable of 
synthesizing folate, which has been shown to be taken up into colonic epithelial cells 
by the colonic folate carrier (Zimmerman 1990; Dudeja et al. 1997; Said et al. 2000), 
raising the possibility that compensatory mechanisms are available.

Despite the majority of these animal studies demonstrating a resistance to altered 
SAM and SAH levels in the colorectum, a significant increase in colonic SAH concen-
trations and a decrease in colonic SAM-to-SAH concentration ratios were observed 
in one of the aforementioned studies (Uthus et al. 2006), although the reason for 
this observation is unclear at present. Collectively, these data suggest that changes 
in SAM and SAH concentrations induced by folate deficiency may not be sufficient 
enough to modulate colonic genomic DNA methylation; however, there remains the 
possibility that alterations in gene-specific DNA methylation may have occurred.

The results from these studies suggest that a prolonged, moderate degree of folate 
deficiency does not significantly alter genomic DNA methylation in the colon; how-
ever, the study by Sohn et al. (2003) demonstrates that folate deficiency of a short 
duration and severe degree may induce genomic DNA hypermethylation in the colon 
(Sohn et al. 2003), possibly due to a compensatory up-regulation of Dnmt, consistent 
with observations in rat liver (Y. I. Kim et al. 1997; Song et al. 2000). Interestingly, 
a recent study reported that chronic, severe folate deficiency in adult mice induced 
significant genomic DNA hypomethylation in the colon, and a nonsignificant degree 
of genomic DNA hypomethylation in the small intestine and spleen (Linhart et al. 
2009), suggesting that a prolonged and severe diet deficient in folate may induce 
genomic DNA hypomethylation. It is important to note, however, that the mice uti-
lized in this study were of older age and therefore may be more vulnerable to changes 
in DNA methylation compared to the young.

Taken together, the results from studies illustrate the importance of timing, dura-
tion, and degree of folate deficiency, and further studies are warranted to determine 
the effect of folate deficiency on DNA methylation in the colon.

3.4.1.3  Effects of isolated folate supplementation 
on dna Methylation in Rodents

The effect of isolated folate supplementation on DNA methylation in rodent liver has 
not yet been clearly elucidated. A recent study has found that dietary folate supple-
mentation at four times the basal dietary requirement of the rat (8 mg folic acid/
kg) did not affect genomic DNA methylation in adult rat liver, regardless of timing 
or duration of supplementation (Kotsopoulos et al. 2008). Another study found that 
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tablE 3.2
summary of the Effect of isolated folate supplementation on dna Methylation in Rodents

study (Reference)
folate 

supplementation age duration species organ
dna 

Methylation Effect

Kotsopoulos et al. 2008 8 mg folic acid/kg 3 weeks 27 weeks Rat Liver Genomic No effect

3 weeks 5 weeks No effect

8 weeks 22 weeks No effect

Achon et al. 2007 40 mg folic acid/kg 3 weeks 4 weeks Rat Liver Genomic No effect

Choi et al. 2005 18 µmol folate/kg 1 year 8 weeks Rat Liver Genomic Stepwise increase from folate-deplete, -replete, 
and -supplemented (ptrend = 0.08)

20 weeks Stepwise increase with increasing folate (ptrend = 
0.025)

Kim et al. 1996 8 and 40 mg folic 
acid/kg + DMH

3 weeks 20 weeks Rat Colon Genomic No effect

Sohn et al. 2003 8 mg folic acid/kg 3 weeks 5 weeks Rat Colon Genomic No effect

p 53 No effect

Choi et al. 2003 18 µmol folate/kg 3 weeks 8 weeks Rat Colon Genomic No effect

20 weeks No effect

1 year 8 weeks No effect

20 weeks No effect

Keyes et al. 2007 18 µmol folate/kg 4 months 20 weeks Mouse Colon Genomic No effect

p16 No effect

18 months Genomic Stepwise increase from folate-deplete, -replete, 
and -supplemented (ptrend < 0.023)

p16  Stepwise increase from folate-deplete, -replete, 
and -supplemented (ptrend = 0.009)
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dietary folate supplementation at 20 times the basal dietary requirement of the rat 
(40 mg folic acid/kg) provided for 4 weeks in weanling rats did not alter SAM and 
SAH, SAM-to-SAH concentration ratios, and genomic DNA methylation in the liver 
(Achon et al. 2007). Interestingly, in elder rats fed a folate-deficient (0 µmol folate/
kg), replete (4.5 µmol folate/kg), or supplemented (18 µmol folate/kg) diet for 8 and 
20 weeks, hepatic SAH levels decreased while genomic DNA methylation in liver 
increased incrementally with increasing levels of dietary folate, and folate-supple-
mented rats demonstrated significantly greater degree of genomic DNA methylation 
compared to folate-deplete rats at both 8 and 20 weeks (Choi et al. 2005).

In the colon, one study found that DMH administration in conjunction with 
folate supplementation of 8 mg folic acid/kg and 40 mg folic acid/kg for 20 weeks 
in weanling rats did not alter concentrations of SAM, SAH, SAM-to-SAH con-
centration ratios, and DNA methylation (Y. I. Kim, Salomon et al. 1996). As well, 
weanling rats fed a folate-supplemented diet (8 mg/kg folic acid) for 5 weeks 
showed no change in colonic concentrations of SAM, SAH, SAM-to-SAH con-
centration ratios, and colonic DNA methylation, and in addition, p53-specific 
DNA methylation was not altered (Sohn et al. 2003). Interestingly, dietary folate 
supplementation (18 µmol/kg) in both young and elder rats for 8 and 20 weeks 
resulted in a decrease in colonic SAH concentrations, although genomic DNA 
methylation in the colon was not altered (Choi et al. 2003). A recent study has 
also examined the effect of a folate-deficient, -replete, and -supplemented diet 
(0 µmol/kg, 4.5 µmol/kg, and 18 µmol/kg, respectively) in young (4 months) 
and old (18 months) mice for 20 weeks’ duration, and reported that in old mice 
only, genomic and p16-specific DNA methylation increased in a manner that was 
directly related to dietary folate (Keyes et al. 2007), similar to findings in elder 
rat liver (Choi et al. 2005).

Taken together, the results from these studies suggest that in the young, liver and 
colon are generally resistant to changes in SAM and SAH levels from folate supple-
mentation, and consequently, resistant to changes in DNA methylation. However, 
folate supplementation may modulate DNA methylation in the elderly. Further stud-
ies are warranted to investigate the effects of folate supplementation not only in 
colon and liver, but other tissues as well.

3.4.1.4  interactions between folate and other Environmental 
factors on dna Methylation in Rodents

Although isolated folate has been shown to modify DNA methylation, several other 
animal studies highlight the importance of interactions between folate and other 
environmental factors and their synergistic effect on DNA methylation (Uthus et 
al. 2006; Davis and Uthus 2003; Liu et al. 2007, 2008). In rats fed a deficient or 
adequate diet in folate and selenium, plasma homocysteine and liver SAH levels 
were highest in folate-deficient rats fed a diet adequate in selenium, resulting in 
a significant interaction between dietary folate and selenium (Uthus et al. 2006), 
and a similar interaction was reported in a previous study (Davis and Uthus 2003). 
Multiple vitamin depletion (riboflavin, vitamin B6, and vitamin B12) has been shown 
to induce a 45% decrease in genomic DNA methylation of the colon, while isolated 
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folate deficiency failed to induce significant colonic genomic DNA hypomethylation 
(Liu et al. 2007). Furthermore, moderate folate deficiency induced a minor degree of 
DNA hypomethylation of exon 6 of the p53 gene, while combined vitamin deficiency 
significantly magnified these alterations in DNA methylation (Liu et al. 2008).

3.4.2  EffEcts of folatE dEficiEncy and supplEmEntation 
on dna mEtHylation in in vitro systEms

There are a limited number of in vitro studies examining the effect of folate defi-
ciency and supplementation on DNA methylation. In one study by Duthie et al., 
normal human colonic epithelial cells were immortalized by SV40 T antigen and 
cultured in folate-deficient (<2.3 nmol/L) and control (9.1 µmol/L folic acid) medium 
for 14 days (Duthie, Narayanan, Blum et al. 2000). Folate deficiency led to genomic 
DNA hypomethylation, increased uracil misincorporation, and inhibition of DNA 
excision repair in colonic epithelial cells (Duthie, Narayanan, Blum et al. 2000). In 
a recent study using the human colonic adenocarcinoma cell line SW620, cells were 
grown in a folate-free medium or medium containing normal amounts of folic acid 
(3 µmol/L) for 7 and 14 days (Wasson et al. 2006). At day 7, genomic DNA hypom-
ethylation was observed in cells grown in the folate-free medium compared with 
folate-replete cells, and a significant difference was seen between the two by day 14 
(Wasson et al. 2006). Similarly, cells grown in the folate-free medium underwent a 
significant degree of DNA hypomethylation in the region of the p53 gene, although 
folate depletion beyond day 7 did not further increase genomic DNA hypometh-
ylation (Wasson et al. 2006). Interestingly, reintroducing folic acid into the cells 
returned both genomic and p53 gene region-specific DNA methylation levels to nor-
mal, completely reversing the effects of folate deficiency (Wasson et al. 2006).

In another study using untransformed cell lines, folate deficiency (0.6 nmol/L in 
the medium) was shown to induce significant genomic DNA hypomethylation in both 
a mouse fibroblast cell line, NIH/3T3, and a Chinese hamster ovarian cell line, CHO-
K1, by cell-specific mechanisms as indicated by cell-specific differential effects of 
folate deficiency on intracellular SAM, SAH, and DNMT (Stempak et al. 2005). In 
contrast, a similar experiment using two human colon adenocarcinoma cell lines, 
Caco2 and HCT116, has shown that that the extent and the direction of the changes of 
SAM and SAH in response to folate deficiency (0.6 nmol/L folic acid in the medium 
vs. 2.3 µmol/L in control medium) are cell specific, and that genomic-, site-, and 
gene-specific DNA methylation are not affected by the changes of SAM and SAH 
induced by folate depletion (Stempak et al. 2005). In a recent study using three cell 
lines derived from the normal human colon, HCEC, NCM460, NCM356, grown for 
32–34 days in media containing 25, 50, 75, or 150 nmol/L folic acid, folate status 
failed to alter genomic DNA methylation in any of the cell lines (Crott et al. 2008).

In contrast, human nasopharyngeal carcinoma KB cells grown in folate-deplete 
(2–10 nmol/L folic acid) medium was associated with paradoxical hypermethyla-
tion in a 5ʹ CpG island (by 40%) and consequent down-regulation of the H-cadherin 
gene compared with cells grown in a folate-replete (2.0 µmol/L folic acid) medium 
(Jhaveri et al. 2001).
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The results from these studies collectively suggest that the effects of folate defi-
ciency on DNA methylation are site and gene specific. In addition, the direction of 
methylation changes may be cell, target organ, and stage of transformation specific, 
and may not be the same between genomic and gene- or site-specific DNA methyla-
tion. These conclusions are supported by prior observations that suggest that can-
cers from different organs and histologically different subtypes of cancer within a 
given organ exhibit distinct global and gene-specific methylation patterns (Virmani 
et al. 2002; Esteller et al. 2001). The major limitation of the in vitro system to study 
the effect of folate on DNA methylation is that the degree of folate deficiency and 
supplementation used in this system is not physiologically and clinically relevant and 
applicable to in vivo systems.

3.4.3  EffEcts of folatE status on dna mEtHylation in Human studiEs

3.4.3.1  Effect of folate deficiency and supplementation on 
dna Methylation in human clinical trials

There are some observations in humans suggesting that altered folate status can 
affect genomic DNA methylation. Folate depletion in healthy human volunteers in a 
metabolic unit setting has been observed to diminish genomic DNA methylation in 
leukocytes (Table 3.3) (Jacob et al. 1998; Rampersaud et al. 2000). Rampersaud et al. 
(2000) showed that lymphocyte genomic DNA methylation significantly decreased 
by 10% in response to moderate (118 µg folate/day) folate depletion for a period of 7 
weeks in elderly women (60–85 years of age). No significant changes in leukocyte 
genomic DNA methylation were detected during the 7-week period of folate reple-
tion with either 200 or 415 µg of folate/day (Rampersaud et al. 2000). Another study 
by Jacob et al. (1998) housed healthy, postmenopausal women (49–63 years of age) 
in a metabolic unit and fed them folate-deplete diets (56–111 µg folate/day) for 9 
weeks. This resulted in a significant (by 120%) degree of lymphocyte genomic DNA 
hypomethylation, which was reversed during the 3-week period of folate supplemen-
tation (285–516 µg folate/day). However, an earlier study by the same group using 
healthy males (33–46 years of age) failed to show a change in in vivo methylation 
capacity (as measured by the ability to methylate orally administered nicotinamide 
as detected in the urine as methylated metabolites) in response to dietary folate and 
methyl group restriction (Table 3.3) (Jacob et al. 1995). In this study, male subjects 
housed in a metabolic unit were placed on a folate-deficient diet (25 µg folate/day) 
for 30 days (Jacob et al. 1995).

More recent controlled folate feeding studies include analysis of common MTHFR 
polymorphisms. Although daily folate restriction with 135 µg of dietary folate equiv-
alents (DFEs) for 7 weeks followed by repletion with 400 or 800 µg DFEs for 7 
weeks did not influence leukocyte genomic DNA methylation in a group of young 
and healthy women wild-type for MTHFR C677T (Axume et al. 2007a), another 
study by the same research group demonstrated a significant interaction between the 
timing of folate treatment and MTHFR polymorphism on DNA methylation (Axume 
et al. 2007b). Under the same controlled feeding conditions, Axume et al. observed 
that at the end of the 14-week period of folate treatment, leukocyte genomic DNA 
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methylation was significantly lower in women with the 677TT genotype relative to 
women with the CC or CT genotype (Table 3.3). Similarly, Shelnutt et al. (2004) 
reported a trend toward a decrease in leukocyte genomic DNA methylation in women 
depleted of folate (115 µg DFE/day for 7 weeks). This was corrected by folate reple-
tion of 400 µg DFE/day for 7 weeks but only in women with the MTHFR 677TT 
genotype. In addition, in a subgroup of women from this same population, in vivo 
analysis of genomic DNA methylation in monocytes as determined by methylde-
oxycytidine enrichment following radiolabeled infusions of [13C5]methionine also 
indicated that folate-dependent intracellular one-carbon metabolism was suppressed 
after 7 weeks of folate restriction (115 to ±120 µg DFE/day) but this effect was inde-
pendent of MTHFR genotype (Table 3.3) (Quinlivan et al. 2005).

In some human intervention studies, folate supplementation at 12.5–25 times 
the daily requirement for 3–12 months significantly increased the extent of colonic 
genomic DNA methylation in subjects with resected colorectal adenoma or cancer 
(Cravo et al. 1994, 1998; Y. I. Kim et al. 2001) whereas no such effect was observed 

tablE 3.3
summary of the Effect of dietary folate deficiency on dna Methylation 
in humans

study 
(Reference) subjects age dose duration

dna 
Methylation Effect

Rampersaud 
et al. 2000 

Women 60–85 
yrs

118 µg/day 7 weeks Leukocytes 
Genomic

10% decrease 
(p = 0.0012)

Jacob et al. 
1998

Women 49–63 
yrs

56–111 µg/
day

9 weeks Lymphocytes 
Genomic

120% 
decrease 
(p < 0.05)

Jacob et al. 
1999

Men 25 µg/day 30 days Methylation 
capacity 
(not DNA)

No change

Axume et al. 
2007a

Women 18–45yrs 135 µg/day 7 weeks Leukocytes 
Genomic

No change

400–800 
µg/day

14 weeks No change

Axume et al. 
2007b

Women 18–45yrs 135 µg/day 7 weeks Leukocytes 
Genomic

No change

400–800 
µg/day

14 weeks 4% decrease 
(p < 0.05)

Shelnutt et al. 
2004

Women 20–30 
yrs

115 µg/day 7 weeks Leukocytes 
Genomic

5% decrease 
(p = 0.08)

400 µg/day 14 weeks 8% increase 
(p = 0.04)

Quinlivan et 
al. 2004

Women 20–26 
yrs

±115–120 
µg/day

7 weeks Monocytes, 
MdC 
enrichment 
(not DNA)

40% decrease 
(p = 0.012)
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in patients with chronic ulcerative colitis who were given folate supplementation at 
12.5 times the daily requirement for 6 months (Table 3.4) (Y. I. Kim et al. 1995). 
Folate supplementation at three and five times the daily requirement, which was suf-
ficient to improve and correct a marker of DNA damage, failed to modulate genomic 
DNA methylation in lymphocytes in healthy volunteers (Fenech et al. 1998; Basten 
et al. 2006) (Table 3.4). Similarly, global genomic methylation, measured by methy-
lation of long interspersed nucleotide elements (LINE-1), in normal colonic mucosa 
derived from study participants from the Aspirin/Folate Polyp Prevention Study was 
not associated with folate treatment or circulating levels of folate and homocysteine 
(Table 3.4) (Figueiredo et al. 2009).

In another study, folate supplementation with 15 mg methyltetrahydrofolate a day 
for 8 weeks restored genomic DNA methylation in lymphocytes to normal levels in 
32 men with uremia, hyperhomocysteinemia, and preexisting genomic DNA hypom-
ethylation (Table 3.4) (Ingrosso et al. 2003). A physiological dose of folic acid (400 
µg/day) for 10 weeks has been demonstrated to increase genomic DNA methyla-
tion in lymphocytes (by 31%; p = 0.05) and in colonic mucosa (by 25%; p = 0.09) 
compared with placebo in patients with colorectal adenomas (Table 3.4) (Pufulete, 
Al-Ghnaniem, Khushal et al. 2005). In a more recent study that investigated the com-
bined effects of folic acid (12.5 times the daily requirement) and vitamin B12 (1.25 
mg/day) supplementation for 6 months on promoter methylation of tumor suppressor 
and DNA repair genes frequently reported to be aberrantly methylated in colorec-
tal cancer, a trend toward a 67% increase in promoter hypermethylation in rectal 
mucosal biopsies from patients with resected colorectal adenomas was reported in 
the intervention group compared with placebo, although this did not reach statistical 
significance (Table 3.4) (Van den Donk, Pellis et al. 2007).

The possibility of an inverse relationship between folate supplementation and 
DNA methylation status has recently been raised. Among reproductive-age women 
in China who were not previously exposed to folic acid, folic acid supplementation 
(100, 400, and 4000 µg/day) for 1 month significantly decreased genomic methyla-
tion by 13% (p = 0.001) and continued to remain significantly lower with further 
intervention (Table 3.4) (Quinlivan et al. 2008). An interesting observation in this 
study is that following a 3-month washout period after folic acid treatment, genomic 
methylation decreased even further (by 23%; p < 0.0001) relative to baseline val-
ues. This seemingly paradoxical effect of folic acid supplementation on global DNA 
methylation may be partly explained by the preferential shuttling of the flux of one-
carbon units to the nucleotide synthesis pathway over the methionine cycle neces-
sary for biological methylation reactions in response to folic acid supplementation. 
Although folic acid is an inhibitor of dihydrofolate reductase (DHFR) (S. W. Bailey 
and Ayling 2009), and an enzyme important in the maintenance of the intracellular 
folate pool, in certain situations it may up-regulate DHFR (Kamen et al. 1985) and 
this up-regulation may increase thymidylate synthase activity because the transcrip-
tion of these genes is co-regulated by several transcription factors (Slansky et al. 
1993; Sowers et al. 2003) (Figure 3.2). A mathematical modeling has indicated that 
this would increase thymidylate production, thereby increasing cellular prolifera-
tion, at the expense of biological methylation reactions (Nijhout et al. 2004).
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tablE 3.4
summary of the Effect of dietary folate supplementation on dna 
Methylation in human intervention trials

study subjects dose duration
dna 

Methylation Effect

Cravo et al. 
1994

Patients with CRC 
and adenoma

10 mg/day 6 months Rectal 
mucosa 
Genomic

93% increase 
(p < 0.002)

Cravo et al. 
1998

Patients with 
colonic adenoma

5 mg/day 3 months Rectal 
mucosa 
Genomic

37% increase in 
patients with 1 
adenoma 
(p = 0.05) and 
no change in 
those with >1 
adenomas

Y. I. Kim et al. 
2001

Patients with 
colonic adenoma

5 mg/day 6 months Rectal 
mucosa 
Genomic

57% increase 
(p = 0.001)

1 year No change

Cravo et al. 
1995

Patients with 
inflammatory 
bowel disease

5 mg/day 6 months Rectal 
mucosa 
Genomic

No change

Fenech et al. 
1998

Normal subjects 2 mg/day 12 weeks Lymphocytes 
Genomic

No change

Basten et al. 
2006

Normal subjects 1.2 mg/day 12 weeks Lymphocytes 
Genomic

No change

Ingrosso et al. 
2003

Uremic patients 
with hyperhomo-
cysteinemia and 
preexisting DNA 
hypomethylation

15 mg/day 
5-methyl 
THF

8 weeks Lymphocytes 
Genomic

Restored to 
normal levels

Pufulete et al. 
2005

Patients with 
colonic adenoma

400 µg/day 10 weeks Lymphocytes 
Genomic

31% increase 
(p = 0.05)

Rectal 
mucosa 
Genomic

25% increase 
(p = 0.09)

Figueiredo 
et al. 2009

Patients with 
colonic adenoma

1 mg/day 6–8 
years

Colonic 
mucosa 
Genomic

No change

Van den Donk, 
Pellis et al. 
2007

Patients with 
colorectal 
adenoma

5 mg/day 6 months Rectal 
biopsies

APC p14ARF 
p16INK4A

hMLH1
O6-MGMT
RASSFIA

67% increase in 
probability of 
promoter 
hyper-
methylation of 
all 6 genes 
(p = 0.08)
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3.4.3.2  Effects of folate status on genomic dna 
Methylation in human observational studies

There are observational studies that have investigated the association between folate 
status and genomic DNA methylation. In human subjects with normal folate status, 
no significant correlations between genomic lymphocyte DNA methylation and red 
blood cell folate and plasma homocysteine concentrations were observed (Table 3.5) 
(Fenech et al. 1998; Narayanan et al. 2004). Studies evaluating the relationship 
between serum folate status and methylation-related intermediates have also failed 
to demonstrate a clear association (Table 3.5). In normal human subjects, signifi-
cant differences in the SAM-to-SAH concentration ratio were not observed despite 
significantly higher serum SAM and SAH concentrations in study subjects with 
high serum folate levels (Hirsch et al. 2008). In an elderly population (50–70 years), 
serum and red blood cell folate were not associated with any of the aforementioned 
markers (Becker et al. 2003). However, in patients with colorectal adenocarcinomas, 
folate levels and SAM-to-SAH concentration ratios were lower in malignant tissue 
compared with normal-appearing adjacent colon mucosa (p = 0.08) (Alonso-Aperte 
et al. 2008).

Several other studies, on the other hand, have shown that global colonic DNA 
methylation is positively correlated with serum and red blood cell folate concen-
trations and negatively with plasma homocysteine concentrations in individuals 
with colonic adenomas and adenocarcinomas (Pufulete et al. 2003; Al-Ghnaniem 
et al. 2007) and in those without these lesions (Pufulete, Al-Ghnaniem, Rennie 
et al. 2005) (Table 3.5). A similar positive relationship between folate status and 
genomic DNA methylation has also been reported in peripheral blood mononuclear 
cells (Friso et al. 2002; Pilsner et al. 2007). In peripheral blood mononuclear cells, 
genomic DNA methylation was shown to directly correlate with folate status and 
inversely correlate with plasma homocysteine levels (Table 3.5) (Friso et al. 2002). 
Further analysis indicated that folate status interacted with MTHFR polymorphism 
to affect genomic methylation. MTHFR TT genotypes had a diminished level of 

tablE 3.4 (continuEd)
summary of the Effect of dietary folate supplementation on dna 
Methylation in human intervention trials

study subjects dose duration
dna 

Methylation Effect

Quinlivan et al. 
2008

Reproductive age 
Chinese women

100–4000 
µg/day 

1 month Genomic 13% decrease 
(p < 0.001)

100–4000 
µg/day

3 months No change

100–4000 
µg/day

6 months No change

0 µg/day 9 months 23% decrease 
(p < 0.0001)
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tablE 3.5
summary of the Effect of folate status on genomic dna Methylation in 
human observational studies

study subjects design folate levels
dna 

Methylation Effect

Fenech et al. 
1998

Normal 
subjects

Cross-
sectional

RBC 364–440 
nmol/l

Lymphocytes 
Genomic

No associations

Narayanan et 
al. 2004

Normal 
subjects

Cross-
sectional

Plasma 15–21 
nmol/l

Lymphocytes 
Genomic

No associations

RBC 192–254 
nmol/l

Hirsch et al. 
2008

Men Cross-
sectional

Serum 21 vs. 
63 nmol/l

Blood 
Genomic

No associations

Becker et al. 
2003

Normal 
subjects

Cross-
sectional

RBC 551 
nmol/l

Blood 
Genomic

No associations

Alonso-Aperte 
et al. 2007

Patients with 
colon 
cancer

Cross-
sectional

Colon 0.49 vs. 
0.95 nmol/g

Neoplastic 
vs. Normal 
Colon 
Genomic

28% decrease 
(p = 0.08)

Pufulete et al. 
2003

Patients with 
colon 
cancer or 
adenoma

Case-
control

Serum 12 vs. 
18 nmol/l

Colon 
mucosa 
Genomic

26% decrease 
(p = 0.009)

Leukocytes 
Genomic

14% decrease 
(p < 0.001)

Pufulete, 
Al-Ghnaniem, 
Rennie, et al. 
2005

Patients 
without 
colon 
cancer or 
adenoma

Cross-
sectional

Serum 18.6 
nmol/l (mean)

Colon 
mucosa 
Genomic

r = –0.311 
(p = 0.01)

RBC 648.1 
nmol/l 
(median)

r = 0.356 
(p = 0.03)

Hcy 9.9 µmol/l 
(median)

r = 0.256 
(p = 0.04)

Al-Ghnaniem 
et al. 2007

Patients with 
colon 
cancer or 
adenoma

Case-
control

Serum 12.3 vs. 
17.9 nmol/l

Colon 
mucosa 
Genomic

38% decrease 
(p < 0.001)

Rectal 
mucosa 
Genomic

25% increase 
(p = 0.09)

Pilsner et al. 
2007 

Adults 
chronically 
exposed to 
arsenic

Cross-
sectional

Plasma <9 vs. 
≥9 nmol/l

Plasma 8.6 
nmol/l (mean)

Leukocytes 
Genomic

3% decrease 
(p = 0.03)

r = 0.12 
(p ≤ 0.05)
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genomic DNA methylation compared with those with the CC wild type (Friso et 
al. 2002). When analyzed according to folate status, however, only the TT subjects 
with low levels of folate accounted for the diminished genomic DNA methylation 
(Friso et al. 2002). In healthy human volunteers, leukocyte genomic DNA methyla-
tion was directly and significantly related to RBC folate concentrations in subjects 
with the MTHFR 677TT genotype (p-interaction < 0.02), but not in those with wild-
type MTHFR (Table 3.5) (Stern et al. 2000). Furthermore, a strong trend toward 

tablE 3.5 (continuEd)
summary of the Effect of folate status on genomic dna Methylation in 
human observational studies

study subjects design folate levels
dna 

Methylation Effect

Friso et al. 
2002

Patients with 
and without 
coronary 
artery 
disease

Cross-
sectional

Plasma <12 vs. 
≥12 nmol/l

Lymphocytes 
Genomic

61% decrease 
(p < 0.0001) 
in subjects 
with MTHFR 
677TT

RBC <1.1 vs. 
≥1.1 nmol/g 
Hb

65% decrease 
(p < 0.0001) 
in subjects 
with MTHFR 
677TT

Stern et al. 
2000

Healthy 
volunteers

Cross-
sectional

RBC 2.3 
nmol/g Hb 
(mean)

Leukocytes 
Genomic

r = –0.738 
(p = 0.02) in 
subjects with 
MTHFR 
677TT

Schernhammer 
et al. 2009

Patients with 
colon 
cancer

Prospective Dietary intake 
≥400 vs. <200 
µg/day

Colon cancer 
Genomic

43% decreased 
risk of 
hypo-
methylation 
(p = 0.05)

Lim et al. 2008 Women 
50–79 yrs 
with colonic 
adenoma

Case-
control

Pre-
fortification: 
<317 vs. ≥317 
µg/1000 kcal/
day

Post-
fortification 
<413 vs. ≥413 
DFE/day

Leukocytes 
Genomic

Methylation 
inversely 
associated 
with colonic 
adenoma risk, 
especially in 
subjects with 
low folate 
intake in 
pre- and 
post-
fortification
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diminished DNA methylation was also observed in subjects with the TT variant with 
lower plasma folate levels (p-interaction = 0.06). These studies are consistent with 
previous reports that the TT genotype is associated with impaired MTHFR enzyme 
activity and suggests that the cellular consequences of this impairment is mediated, 
in part, by a low folate status (Stern et al. 2000).

Additional evidence lends support to a direct relationship between folate status 
and global DNA methylation. In a combined analysis of colorectal cancers from 
participants from the Nurse’s Health Study and the Health Professionals Follow-Up 
Study, the risk of genomic hypomethylation (determined by <55% LINE-1 methyla-
tion) was 43% lower in subjects with a high (≥400 µg) compared with a low (<200 
µg) total daily folate intake (Table 3.5) (Schernhammer et al. 2009). In a study that 
stratified folate intake according to pre- and postfortification levels, the observed 
inverse association between leukocyte genomic DNA methylation and adenoma was 
stronger among subjects with low as compared to high total folate intake in either 
fortification period (Table 3.5) (Lim et al. 2008). One human study did report that 
serum and cervical tissue folate concentrations correlated inversely, albeit weakly, 
with cervical genomic DNA methylation (Fowler et al. 1998), however, such obser-
vations were not observed for red blood cell folate levels (Flatley et al. 2009).

3.4.3.3  Effects of folate status on gene-specific dna 
Methylation in human observational studies

Aberrant CpG island methylation is characteristic of tumor development, and a num-
ber of studies have demonstrated that dietary intake or blood levels of folate can 
modulate promoter CpG methylation in colorectal tumors. Specific promoter CpG 
islands are frequently and simultaneously methylated in sporadic colorectal cancer, 
leading to transcriptional silencing (Markowitz and Bertagnolli 2009; Kawakami et 
al. 2003; Curtin et al. 2007). This phenomenon, known as the CpG island methyla-
tor phenotype (CIMP) (Toyota et al. 1999; Issa 2004), accounts for approximately 
15–30% of all colorectal cancers (Markowitz and Bertagnolli 2009; Kawakami et al. 
2003). Although the panel of genes currently used as a marker of CIMP has not been 
clearly established, it often includes CpG targets found in the promoter regions of 
the cell cycle regulator p16 and the mismatch repair gene MLH1 (Toyota et al. 1999). 
Several epidemiological studies evaluated CIMP patterns or genes that can be found 
in the CIMP panel to provide further clarification of the role of folate in regional 
CpG island methylation.

In The Netherlands Cohort Study on Diet and Cancer, the prevalence of CpG 
island promoter hypermethylation was higher, albeit nonsignificantly, in colorectal 
cancers derived from patients with low folate/high alcohol intake compared with 
colorectal cancers from patients with high folate/low alcohol intake for each of the 
six tested genes (APC, p14, p16, hMLH1, O6-MGMT, and RASSF1A) (Table 3.6) 
(Van Engeland et al. 2003). The number of colorectal cancers with at least one gene 
methylated was higher (84%) in the low-folate-intake/high-alcohol-intake group 
compared with the high-folate-intake/low-alcohol-intake group (70%; p = 0.085) 
(Van Engeland et al. 2003). A later follow-up analysis in a subcohort of this popula-
tion did not report any effect of isolated dietary folate intake on risk of colorectal 
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cancers specifically presenting with MLH1 hypermethylation (Table 3.6) (de Vogel 
et al. 2008). However, further investigation in the same panel of genes revealed that 
folate intake interacted with MTHFR C677T polymorphism to influence CpG pro-
moter methylation in colorectal adenomas (Table 3.6) (Van den Donk, Van Engeland 
et al. 2007). In this study, among individuals homozygous for this variant, the risk 
of promoter methylation was inversely related to dietary folate intake, but statisti-
cal significance was observed only for the O6-MGMT DNA-methyltransferase gene 
(p-interaction = 0.02). The results from this suggest that higher folate intakes may 
increase methyltransferase expression and as a result, methylation activity, particu-
larly in individuals with adenomas and reduced MTHFR enzyme activity (Van den 
Donk, Van Engeland et al. 2007). Similarly, Slattery et al. (2006) initially failed to 
identify a significant association between dietary folate and colon tumors showing 
CIMP (based on CpG island methylation of p16, MLH1, and MINT-1, -2, and -3 loci) 
(Table 3.6). In their follow-up study, however, subjects heterozygous or homozygous 
for the MTHFR A1298C genotype with low folate/low methionine/high alcohol 
intake had an over twofold greater risk (Odds Ratio [OR] = 2.1; 95% Confidence 
Interval [CI] 1.3–3.4, p-interaction = 0.03) of CIMP-positive tumors compared with 
subjects with the wild-type genotype and high folate/high methionine/low alcohol 
intake (Curtin et al. 2007). Al-Ghnaniem et al. (2007) also examined gene-specific 
methylation in biopsies of normal-appearing colorectal mucosa from subjects with 
and without colorectal neoplasia. In general, patients with neoplasia were reported 
to have lower serum folate and promoter CpG hypermethylation of the ERα and 
MLH1 genes compared with disease-free patients. ERα methylation was also posi-
tively correlated with plasma homocysteine in all subjects but significant inverse 
correlations between promoter CpG methylation and folate status were not observed 
(Al-Ghnaniem et al. 2007).

In contrast, the prevalence of promoter methylation of p16, but not hMLH1 or 
hMSH2, was higher in colorectal cancers from patients with high (>12.5 nmol/l) 
compared with low (<12.5 nmol/l) serum folate concentrations (Table 3.6; p = 0.04) 
(Mokarram et al. 2008). The risk of tumor promoter methylation was also 4.9-fold 
higher in patients with high circulating folate levels (OR = 4.9, 95% CI 1.4–17.7, p = 
0.01). This positive association was more apparent in males (p = 0.02) and the elderly 
(≥60 y) (p = 0.03) and was further modified by the MTHFR C677T polymorphism, 
reaching significance only in subjects heterozygous or homozygous for the MTHFR 
variant. A greater risk for CIMP positive colorectal tumors (OR = 2.96; 95% CI 
1.24–7.08, p < 0.05), using promoter methylation of CDKN2A, MLH1, CACNA1G, 
NEUROG1, RUNX3, SOCS1, IGF2, and CRABP1 as markers, has also been dem-
onstrated in patients with high circulating levels of plasma folate (Table 3.6) (Van 
Guelpen et al. 2009). Furthermore, colorectal carcinomas with frequent promoter 
methylation have been shown to have higher tumor concentrations of different 
folate metabolites, including 5,10-methylenetetrahydrofolate and tetrahydrofolate 
(Table 3.6) (Kawakami et al. 2003).

The effect of folate status on gene-specific methylation patterns at other tissue 
sites has also been examined. In women with cervical dysplasia, although lower 
red blood cell folate and cervical promoter hypermethylation were both indepen-
dently associated with increasing severity of cervical cancer, direct correlations 
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tablE 3.6
summary of the Effect of folate status on gene-specific dna Methylation 
in human observational studies

study subjects design folate levels
dna 

Methylation Effect

Van Engeland 
et al. 2003

Patients 
with 
colon 
cancer

Prospective Dietary intake 
<215/high alcohol 
vs. ≥215/low 
alcohol µg/day

Colon 
cancer

APC-1A
p14ARF

p16INK4A

hMLH1
O6-MGMT
RASSFIA

Increased 
prevalence for 
all genes 
(p > 0.05)

de Vogel et 
al. 2008 

Patients 
with 
colon 
cancer

Prospective Dietary intake 
142.4–163.2 vs 
247–279.9 µg/day

Colon 
cancer

MLH1

No associations

Van den 
Donk, Van 
Engeland, et 
al. 2007

Patients 
with 
CRC 
adenoma

Case-
control

Dietary intake 
<183 vs. >212 µg/
day

CRC 
adenoma

APC-1A
p14ARF

p16INK4A

hMLH1
O6-MGMT
RASSFIA

Increased with 
low folate and 
decreased with 
high folate in 
subjects with 
MTHFR 
677TT

Slattery et al. 
2006

Patients 
with 
colon 
cancer

Case-
control

Dietary intake 
<135–152 (low), 
135–201 (med), 
>180–201 (high) 
µg/1000kcal/day

Colon 
cancer

CIMP

No associations

Curtin et al. 
2007

Patients 
with 
colon 
cancer

Case-
control

Dietary intake 
<135–152 (low), 
135–201 (med), 
>180–201 (high) 
µg/1000kcal/day

Colon 
cancer

CIMP

Increased in 
subjects with 
low folate/low 
methionine/
high alcohol 
and MTFR 
1228AC/CC

Al-Ghnaniem 
et al. 2007

Patients 
with 
colon 
cancer or 
adenoma

Case-
control

Serum 12.3 vs.17.9 
nmol/l

Colon 
mucosa

ERα
MLH1

No associations

Mokarram et 
al. 2008

Patients 
with 
colon 
cancer

Case-
control

Serum  >12.5 vs. 
<12.5 nmol/l

Colon 
cancer p16

Increased 
prevalence 
(p = 0.04)
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between folate and methylation were not observed (Flatley et al. 2009). Similarly, no 
associations were found between dietary folate intake and promoter methylation of 
E-cadherin, p16, and RAR-β2 in breast tumors (Tao et al. 2009). For the ERα gene, 
however, lower dietary folate intake was associated with a twofold increase risk (OR 
= 2.0; 95% CI 0.8–4.8), albeit nonsignificantly, for breast cancers with ERα promoter 
methylation. A greater risk of p16INK4A hypermethylation (OR = 2.3; 95% CI 1.1–
4.8) was also observed in subjects with low compared with those with high dietary 
folate, which was further exacerbated in subjects with the MTHFR 677TT genotype 
(Kraunz et al. 2006). In addition, high folate intake has been shown to offer protec-
tion (OR = 0.84; 95% CI 0.72–0.99; p = 0.04) against methylation of several genes in 
subjects with a long history of smoking (Stidley et al. 2010). Whereas dietary folate 
intake derived from fruits was positively associated with a 34% increase in methyla-
tion frequency of the MGMT gene in esophageal squamous cell carcinoma (Wang et 
al. 2008) and tissue folate levels, measured as the sum of 5,10-methylenetetrahydro-
folate and tethrahydrofolate, correlated positively with LINE-1, CDH13, and RUNX3 
methylation in non-small-cell lung cancer (Jin et al. 2009).

3.4.3.4  summary of Effects of folate on dna 
Methylation in human studies

Although not entirely consistent, controlled folate depletion in a metabolic unit 
appears to reduce genomic DNA methylation in peripheral blood mononuclear 
cells. This observation is more apparent in elderly women and may interact with 
the MTHFR genotype in an as yet undefined manner. However, there are no con-
clusive data suggesting that folate deficiency of a physiologically and clinically 

tablE 3.6 (continuEd)
summary of the Effect of folate status on gene-specific dna 
Methylation in human observational studies

study subjects design folate levels
dna 

Methylation Effect

Van Guelpen 
et al. 2009

Patients 
with 
colon 
cancer

Case-
control

Plasma ≥ 6.8 vs. 
<6.8 nmol/l

Colon 
cancer

CIMP

~threefold 
increase 
(p < 0.05)

Kawakami et 
al. 2003

Patients 
with 
colon 
cancer

Cross-
sectional

5,10-methylene- 
tetrahydrofolate 
2.95 vs. 1.53 
pmol/g tissue

Tetrahydrofolate 
3.71 vs. 1.99 
pmol/g tissue

Colon 
cancer

hMLH
p16
TIMP3
ARF
MINT2
DAPK
APC

Tumors with 
methylated 
promoters had 
higher tissue 
concentration 
of folate 
intermediates
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relevant degree induces significant genomic DNA hypomethylation and/or site- and 
gene-specific aberrant DNA methylation in the colorectum. In contrast, folate sup-
plementation, even at the modest supplemental levels, appears to be able to increase 
genomic DNA methylation in the colorectum in certain situations.

The majority of observational studies have described a direct relationship between 
dietary and blood levels of folate and genomic DNA methylation in both lymphocytes 
and colonic tissues such that a low folate status is associated with genomic hypom-
ethylation. This positive association is more consistent in individuals with colorectal 
adenomas, adenocarcinomas, or previously resected neoplastic tumors as well as in 
those with a greater risk of health complications compared with normal subjects. In 
contrast, the direction and magnitude of effect due to dietary and blood folate con-
centrations on gene-specific methylation remain unclear. Some studies demonstrate 
a greater prevalence or risk of aberrant hypermethylation of certain genes involved 
in colorectal carcinogenesis in subjects with low folate while others have reported 
this in subjects with high folate. The discrepancies in identifying a clear association 
between folate status and gene-specific methylation may be explained in part by the 
different methods of stratifying folate levels for comparison and the use of different 
markers to evaluate folate status. Dietary intake and serum levels of folate may not 
necessarily be reflective of folate concentrations in the target organ. These studies 
are also complicated by the lack of consistency in the specific genes investigated and 
sampling of different tissues.

Moreover, the effect of folate on both genomic and gene-specific DNA methylation 
has been demonstrated to be dependent on MTHFR polymorphisms in some studies. 
Whether or not the MTHFR C677T and A1298C polymorphism in conjunction with 
marginal folate status affects DNA methylation in the colorectum in vivo needs to be 
further characterized. These studies emphasize the importance of taking into consid-
eration interactions between folate status and critical genes in the folate and one-car-
bon metabolic pathway when investigating the effect of folate on DNA methylation.

3.4.4 EffEcts of matErnal folatE intakE during 
prEgnancy on dna mEtHylation in tHE offspring

Because epigenetic patterns are established in utero, it has been suggested that mater-
nal dietary exposures during pregnancy may alter the intrauterine one-carbon precur-
sor milieu and as a result, disrupt one-carbon metabolism in the developing offspring. 
While the potential functional ramifications of modifying DNA methylation patterns 
in the offspring have not been clearly elucidated, it has been implicated in the risk of 
several diseases in later life (Gluckman and Hanson 2004). At present, several pre-
liminary studies have shown that maternal folic acid supplementation during preg-
nancy can modify the offspring’s epigenome with subsequent changes in phenotype.

Studies using viable yellow agouti mice have unequivocally demonstrated that 
maternal dietary methyl group supplementation containing folic acid can perma-
nently alter the phenotypic coat color of the offspring via increased CpG methy-
lation in the promoter of the agouti gene (Waterland and Jirtle 2003; Wolff et al. 
1998). Similarly, a methyl group-rich diet has been shown to significantly reduce the 
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proportion of progeny with a kinked tail, and this was paralleled to increased CpG 
methylation in the promoter of the axin fused gene (Waterland et al. 2006). In the 
agouti mouse model, folate has also been shown to interact with other environmental 
exposures during the intrauterine period to modulate methylation patterns in the 
developing offspring. Bisphenol A, an estrogenic xenobiotic chemical used in the 
manufacturing of polycarbonate plastics and associated with higher body weight, 
increased risk of cancer, and other chronic health conditions (Maffini et al. 2006), 
has been shown to shift the coat color of agouti mice by decreasing CpG methylation 
of the agouti gene when provided in utero, and maternal methyl donor supplementa-
tion including folic acid successfully reversed the epigenetic and phenotypic effects 
of bisphenol A (Table 3.7) (Dolinoy et al. 2007). In rats, promoter methylation of 
the Pparγ and Gr genes have been observed to be significantly lower, by 20% (p 
< 0.001) and 22.8% (p < 0.05), respectively, in offspring from dams fed a protein-
restricted diet compared with a control diet during pregnancy (Table 3.7) (Lillycrop 
et al. 2005). Concomitant increases in protein expression of the Pparγ and Gr genes 
were also reported, and maternal supplementation with folic acid prevented these 
changes (Lillycrop et al. 2005).

The effect of isolated folic acid supplementation in utero on epigenetic modula-
tion in the offspring has been displayed in other animal studies. In mice heterozy-
gous for the folate binding protein gene (Folbp1+/–), daily administration of folinic 
acid by gavage during the periconceptional period until day 15.5 of gestation resulted 
in a decrease in genomic DNA methylation in both the liver and brain of the off-
spring compared with controls (Table 3.7) (Finnell et al. 2002). In other rodent stud-
ies, folate deficiency and supplementation with other nutritional factors were not 
observed to affect liver genomic DNA methylation (Table 3.7) (Engeham et al. 2009; 
Maloney et al. 2007). However, in hyperhomocysteinmic rats, folic acid supple-
mentation with 8 mg/kg during pregnancy resulted in significant positive correla-
tions between placental genomic DNA methylation and folate levels in the placenta, 
plasma, and liver (Table 3.7) (J. M. Kim et al. 2009). Placental genomic DNA methy-
lation was also inversely correlated with plasma homocysteine concentrations (J. M. 
Kim et al. 2009). In a study involving maternal periconceptional folate and vitamin 
B12 restriction, aberrant methylation patterns were observed in 4% of the 1400 CpG 
islands examined, and the adult male offspring displayed increased adiposity, insulin 
resistance, altered immune function, and high blood pressure (Table 3.7) (Sinclair et 
al. 2007).

Recent human studies provide further support of isolated folate supplementa-
tion in utero on epigenetic consequences in the offspring. A preliminary prospec-
tive study in the United Kingdom found an inverse correlation between cord plasma 
homocysteine concentrations and global methylation in cord lymphocyte samples 
in offspring of mothers taking daily folic acid supplements during pregnancy 
(Table 3.7) (Fryer et al. 2009). Although the results of this study are consistent with 
the biological functions of folate, significant associations between cord blood folate 
and genomic lymphocyte methylation were not reported. Interestingly, an associa-
tion between genomic lymphocyte methylation and fetal birth weight was identified 
(Fryer et al. 2009). In another observational study conducted in The Netherlands, 
periconceptional maternal folic acid use of 400 µg/day significantly increased, by 
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tablE 3.7
summary of the Effect of Maternal folate intake during pregnancy on dna 
Methylation in the offspring

study species folate level duration
dna 

Methylation Effect

Fryer et al. 
2009

Humans 400 mg/day FA Pregnancy Cord blood 
Genomic

r = 0.364 
(p = 0.08)

Cord serum 15.8 
µmol/l (mean)

r = 0.209 
(p > 0.05)

Cord Hcy 10.8 
µmol/l (mean)

r = –0.688 
(p = 0.001)

Steegers-
Theunissen et 
al. 2009

Humans 400 µg/day FA Peri-
conceptional

Blood IGF2 4.5% higher 
(p = 0.014)

J. M. Kim et al. 
2009

Rats Plasma 30.1 
nmol/l (mean)

Peri-
conceptional 
and pregnancy

Placenta 
Genomic 

r = 0.752 
(p = 0.0003)

Liver 11.4 
nmol/g tissue 
(mean)

Placenta 
Genomic 

r = 0.700 
(p = 0.0012)

Placenta 1.45 
nmo/g tissue 
(mean)

Placenta 
Genomic 

r = 0.819 
(p < 0.0001)

Sinclair et al. 
2007

Sheep Vitamin B12 
and folate 
deficient vs. 
control

Peri-
conceptional

Liver 1400 
CpG sites

4% of CpG 
sites had 
altered 
status 
(p < 0.001)

Lillycrop et al. 
2005

Rats Restricted 
protein with 1 
vs. 5 mg/kg FA

Pregnancy Liver
GR
Liver Pparα

26% increase 
(p < 0.01)

17% increase 
(p < 0.001)

Liver Pparγ No change

Dolinoy et al. 
2005

Mice BPA alone vs. 
BPA with: 4.3 
mg/kg FA,

0.5 mg/kg B12,
5 mg/kg betaine, 
8 g/kg choline

Peri-
conceptional, 
pregnancy, and 
perinatal

Brain Liver 
Kidney 
Agouti

31% decrease 
(p = 0.004) 
and methyl 
groups 
reversed 
hypo-
methylation

Engeham et al. 
2009

Rats 1 vs. 5 mg FA Pregnancy Liver 
Genomic

No change

Pufulete, Al- 
Ghnaniem, 
Leather, et al. 
2005

Patients with 
colonic adenoma

400 µg/day 10 weeks Lymphocytes 
Genomic

31% increase 
(p = 0.05)
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4.5%, the methylation of IGF2 gene in whole blood derived from the offspring at 17 
months after delivery (Table 3.7) (Steegers-Theunissen et al. 2009). An independent 
inverse association was also observed between IGF2 methylation and birth weight.

Although limited, several lines of evidence support the notion that DNA methyla-
tion patterns of the developing offspring can be significantly modulated by intrauter-
ine exposure to varying levels of folic acid alone or in combination with other methyl 
donors or environmental factors. Furthermore, the changes in methylation status 
may be associated with permanent alterations in the phenotype of the offspring with 
potential health consequences in later adult life. Whether or not folate-mediated epi-
genetic changes in utero can affect the risk of colorectal cancer development in adult-
hood remains to be determined. Given the associations between folate and colorectal 
cancer risk, future studies are warranted to investigate whether intrauterine folic 
acid supplementation influences colorectal cancer risk via epigenetic mechanisms.

3.4.5 EffEcts of folatE and aging on dna mEtHylation

Aging has been shown to modify patterns of DNA methylation in a variety of species 
and tissues and is associated with genomic DNA hypomethylation and gene-specific 
promoter hypermethylation; however, this appears to be tissue specific (Vanyushin 
et al. 1973; Wilson et al. 1987; Fuke et al. 2004; Issa et al. 1994). Age-related meth-
ylation is a common event in human tissues and an important contributor to the 
promoter CpG island hypermethylation of several genes with consequent gene inac-
tivation observed in colorectal and other cancers (Toyota and Issa 1999). Aging is a 
major determinant of colorectal cancer risk (Winawer et al. 1997). It is therefore pos-
sible that age-related DNA methylation of certain genes serves as a functional link 

tablE 3.7 (continuEd)
summary of the Effect of Maternal folate intake during pregnancy on dna 
Methylation in the offspring

study species folate level duration
dna 

Methylation Effect

Rectal 
mucosa 
Genomic

25% increase 
(p = 0.09)

Finnell et al. 
2002

MiceFolbp1+/– 25 mg/kg/d 
folinic acid by 
gavage

Peri-
conceptional 
and 
midgestation

Liver 
Genomic

~fourfold 
decrease 
(p < 0.05)

~twofold 
decrease 
(p < 0.05)

Maloney et al. 
2007

Rats Folate deficient Peri-
conceptional 
and pregnancy

Liver 
Genomic

No change
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between aging and colorectal cancer by providing selective advantage for normal 
colon cells through deregulating growth and differentiation (Toyota and Issa 1999). 
These cells may then be at higher susceptibility for acquiring genetic lesions such 
as mutations.

Although the causes of age-related methylation changes are largely unknown, it 
has been proposed that environmental exposures or modifier genes may play a role 
(Ahuja et al. 1998). In human studies, folate depletion has been shown to be associ-
ated with diminished genomic DNA methylation in lymphocytes (Jacob et al. 1998) 
and leukocytes (Rampersaud et al. 2000) in healthy, postmenopausal women. In ani-
mals, one study has shown that the aging colon is highly susceptible to folate deple-
tion and consequent changes in SAM and SAH, compared with the young colon, in 
rats (Choi et al. 2003). Therefore, folate deficiency in the aging colon may predispose 
it to changes in SAM and SAH and consequent DNA methylation changes more 
readily than that in the young colon, and folate status and DNA methylation changes 
may serve as a functional link between aging and colorectal cancer.

A recent study has reported diminished genomic and increased p16 promoter 
DNA methylation in the colon of aged mice compared with that of young mice 
(Keyes et al. 2007). Interestingly, both genomic and p16 promoter DNA methylation 
increased in a manner that was directly related to dietary folate in old mice, whereas 
this pattern was not evident in young mice (Keyes et al. 2007). In elder rat liver, 
dietary folate over a wide range of intakes was also shown to modulate genomic 
DNA methylation, as genomic DNA methylation increased with increasing levels of 
dietary folate (Choi et al. 2005).

Taken together, the results from these studies suggest that the aging process can 
alter DNA methylation and folate may further modify DNA methylation in the colon 
and liver of the elderly. The precise mechanism of how folate and aging interact 
to modulate DNA methylation has not been clearly elucidated at present, and fur-
ther studies are required to investigate the interaction between folate and aging on 
genomic and gene-specific DNA methylation.

3.5 conclusion

Genetic changes in cancer are abrupt in onset, their effects are often all-or-nothing, 
the loss of function occurs at a fixed level, and they are not reversible in most cases. 
In contrast, epigenetic changes are gradual in onset and progressive; their effects 
are dose-dependent and are potentially reversible. These observations present new 
opportunities in cancer risk modification and prevention using dietary and lifestyle 
factors and potential chemopreventive drugs. In this regard, folate has been a focus 
of intense interest because of an inverse association between folate status and the 
risk of several malignancies and of its potential ability to modulate DNA methyla-
tion. The portfolio of evidence from animal, in vitro, and human studies collectively 
suggests that the effects of folate deficiency and supplementation on DNA methy-
lation are highly complex, appear to depend on cell type, target organ, and stage 
of transformation, and are gene and site specific. These studies also suggest that 
changes in DNA methylation depend on the magnitude and duration of folate manip-
ulations, on interactions with other methyl group donors and dietary factors, and on 
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genetic variants in the folate metabolic and one-carbon transfer pathways. Although 
some similarities do exist, animal models differ in several important physiological 
aspects from humans including bioavailability, metabolism, and excretion of folate. 
Therefore any extrapolation of the observations from these models to human situ-
ations should be made very cautiously. Furthermore, animal models may produce 
variable results owing to species differences, different diet compositions, and vari-
able dose, time, and duration of folate manipulations. Recent studies have demon-
strated that the exposure to folate deficiency and supplementation in the intrauterine 
environment and early life and during the aging process may have profound effects 
on DNA methylation with significant functional ramifications. Although the jury 
is still out, the potential for folate to modulate DNA methylation and thus modify 
the risk of chronic diseases including cancer in humans remains provocative and is 
worthy of further studies.
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4 Dietary Components, 
Epigenetics, and Cancer

Cindy D. Davis and Sharon A. Ross

4.1 intRoduction

Cancer is a leading cause of death in the United States. “Cancer” is a general term 
that represents more than 100 diseases, each with its own etiology. Cancer risk is 
influenced by both genetic and environmental factors, including dietary habits. 
While each type of cancer has unique characteristics, they share one common fea-
ture: unregulated cell division. All cancers begin when a single cell acquires mul-
tiple genetic changes and loses control of its normal growth and replication processes 
(Hanahan and Weinberg 2000). The cancer process, which can occur over decades, 
includes fundamental yet diverse, wide-ranging cellular processes that can be influ-
enced by diet, such as carcinogen bioactivation, cellular differentiation, DNA repair, 
cellular proliferation/signaling, and apoptosis (Davis and Milner 2007). These cel-
lular processes are altered via deregulation of key genes, resulting in an altered cel-
lular phenotype (Wiseman 2008). Such anomalous gene expression may result from 
genetic disruption, i.e., mutation, or from epigenetic modulation by silencing genes 
that should be active or activating genes that should be silent. Diet and bioactive food 
factors may directly influence both processes.

Several lines of evidence, including epidemiological and preclinical studies, sug-
gest that the increased intake of certain bioactive food components may modulate 
cancer risk and tumor behavior (Table 4.1). However, the specific molecular mecha-
nisms for these observations and the quantities needed (as well as issues of frequency, 
duration, and timing of exposure in the life span) to bring about the cancer-protective 
effect remain largely unanswered.
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Many studies provide intriguing evidence that part of the cancer-inhibiting proper-
ties associated with several dietary components may relate to modulation of epige-
netic processes. These include DNA methylation of the cytosine phosphate guanine 
dinucleotide (CpG) islands in promoters as well as other regions of the genome, chro-
matin remodeling and higher-order chromatin structural alterations, posttranslational 
ATP-dependent modifications of histone tail domains including methylation, acetyla-
tion, ubiquitination, and phosphorylation, and regulation through noncoding RNAs 
(Figure 4.1). We have previously delineated (Ross 2003) at least four different mecha-
nisms in which nutrients may modify DNA methylation. The first is that nutrients 
may influence the supply of methyl groups for the formation of S-adenosylmethionine 
(SAM), which is the universal methyl donor. The second mechanism is that nutrients 
may modify utilization of methyl groups by processes including altered DNA meth-
yltransferase activity. A third possible mechanism may relate to DNA demethylation 
activity. Finally, the DNA methylation patterns may influence the response to dietary 
component(s). Interestingly, such interactions may apply similarly to the way in which 
diet impacts histone methylation marks and processes. Moreover, diet can also affect 
other histone tail modifications. The interrelationship between dietary components, 
epigenetics, and cancer will be further explored in this review by providing additional 
examples and highlighting areas for further research.

tablE 4.1
dietary components linked with cancer prevention through Epigenetic 
Modifications

dietary component food sources

Allyl mercaptan Garlic and other Allium vegetables

Betaine Wheat germ, spinach, and shellfish

Biotin Yeast, egg yolk, organ meats, and grains

Butyrate Fermentation of dietary fiber

Choline Egg yolks, organ meats, and wheat germ

Copper Seafood, nuts, legumes, and organ meats

Curcumin Turmeric

Diallyl disulfide Garlic and other Allium vegetables

Epigallocatechin 3-gallate Green tea

Folate Green leafy vegetables, dried beans and peas, and enriched breads and 
cereals

Genistein Soybeans

Isothiocyanates Cruciferous vegetables

Lunasin Soybeans

Resveratrol Grapes, wine, and peanuts

Selenium Seafood, meat, and whole grains

Vitamin A Fat-containing and fortified dairy products, liver, and provitamin 
carotenoids in fruits and vegetables

Vitamin B12 Animal products

Zinc Meats, seafood, and whole grains
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4.2 EpigEnEtics and cancER

The cellular epigenetic apparatus consists of chromatin, which contains a histone 
protein-based structure around which DNA is wrapped, histone posttranslational 
modifications, and covalent modifications of a methyl group to cytosines residing 
at the dinucleotide sequence CG in DNA (McGowan et al. 2008). These modifica-
tions determine the accessibility of the transcriptional machinery to the genome and 
therefore influence gene expression: genes are inactivated (switched off) when the 
chromatin is closed (heterochromatin), and they are expressed (switched on) when 
the chromatin is open (euchromatin) (Rodenhiser and Mann 2006). Recently, small, 
noncoding RNAs have also been shown to provide an additional level of epigenetic 
regulation in the nucleus (D. H. Kim et al. 2008).

The most widely studied epigenetic modification in humans involves the cova-
lent addition of a methyl group (CH3) to the 5ʹ position of a cytosine that precedes a 
guanosine in the DNA sequence (the CpG dinucleotide) (Esteller 2005). DNA meth-
ylation does not act in isolation, but interacts with histone modifications and chro-
matin-remodeling complexes to influence chromatin structure and gene regulation 
(Tost 2009). This reaction is catalyzed by DNA methyltransferases (DNMTs), and 
SAM serves as the universal methyl donor. Three DNMTs—DNMT1, DNMT3A, 
and DNMT3B—have been extensively studied in developmental processes and 
in cancer. DNMT1 has been referred to as a “maintenance” methyltransferase, 
because it has a preference for a hemimethylated substrate and is involved in copy-
ing DNA methylation patterns during cellular replication (Razin and Riggs 1980). 
In contrast, DNMT3A and DNMT3B are responsible for de novo methylation. 

Biotin
Ubiquitin
Phosphate
Methyl
Acetyl Histone Modifications

Bioactive
Dietary Components

Chromatin FactorsNoncoding RNA

PCR1
BMI1

RING1

DNA Methylation

CpG
Methyl

figuRE 4.1 (Please see color insert following page 80.) Evidence suggests that bioactive 
food components can modify several epigenetic mechanisms, including DNA methylation, 
histone modifications, noncoding RNA, and chromatin factors such as the polycomb repres-
sive complex 1.
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Emerging evidence suggests that the targeting of DNMT toward DNA may be more 
complex in that these enzymes appear to target specific genes with the assistance 
of sequence-specific factors (Brenner et al. 2005). DNA methylation is thought to 
be removed passively by blocking methylation of newly synthesized DNA during 
DNA replication (Ooi and Bestor 2008). However, the presence of an active DNA 
demethylase has long been speculated in mammalian cells, and recent experimen-
tal findings suggest that the methyl DNA binding protein MBD2 and de novo DNA 
methyltransferases DNMT3A and DNMT3B possess DNA demethylase activity in 
mammalian cells (Ooi and Bestor 2008; J. K. Kim et al. 2009). These observations 
need to be confirmed and further examined to determine whether active mamma-
lian demethylation plays a role in the regulation of DNA methylation.

Regions rich in CpG dinucleotides, termed CpG islands, often occur in the pro-
moter regions of genes (Esteller 2007). These regions are usually unmethylated, 
which is associated with the ability of CpG-island-containing genes to be transcribed 
in the presence of the required transcriptional activators. Conversely, methylation at 
these critical sites inhibits the binding of transcription factors to their recognition 
elements, recruits methylated DNA binding proteins such as MeCP2 and MBD2 to 
the gene, and activates chromatin modification enzymes such as histone deacety-
lases (HDACs), which in turn introduce histone modifications, resulting in chroma-
tin silencing (Li 2002). The transcriptional silencing of tumor suppressor genes by 
CpG-island-promoter hypermethylation is at least as common as DNA mutations 
as a mechanism for inactivation of classical tumor suppressor genes in human can-
cer (Jones and Baylin 2002; Tsou et al. 2002). Furthermore, a number of candidate 
tumor suppressor genes not commonly inactivated by mutation are transcriptionally 
silenced by this mechanism (Jones and Baylin 2002). The aberrant methylation of 
genes that suppresses tumorigenesis appears to occur early in tumor development 
and increases progressively, eventually leading to the malignant phenotype (Fearon 
and Vogelstein 1990; Y. Kim and Mason 1995). In addition to region-specific hyper-
methylation, widespread global DNA hypomethylation (Ehrlich 2002) and increased 
DNA methyltransferase (Kautiainen and Jones 1986) activity are common charac-
teristics of tumor cells. Thus aberrant DNA methylation in cancer cells may result 
in inappropriate under- and overexpression of specific genes, which may, in turn, 
promote malignant transformation and progression. Importantly, DNA methylation 
changes are thought to be inherited mitotically in somatic cells, providing a potential 
mechanism whereby environmental factors, including dietary exposures, can have 
long-term effects on gene expression (Wolffe 1994).

In addition to the specific sequence of bases within DNA, the way the genetic 
material is packaged into chromatin can influence gene expression. The fundamental 
repeating unit of chromatin is the nucleosome. A single nucleosomal core particle is 
composed of a fragment of DNA (146 bp) wrapped around a histone octomer formed 
by four histone partners, an H3-H4 tetramer and two H2A-H2B dimers. Each suc-
cessive core is separated by a DNA linker of approximately 60 bp associated with 
a single molecule of histone H1. Changes to the structure of chromatin influence 
gene expression: genes are inactivated (switched off) when the chromatin is closed 
(heterochromatin), and they are expressed (switched on) when chromatin is open 
(euchromatin) (Kornberg and Lorch 1999; Rodenhiser and Mann 2006).
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The core histones undergo a wide range of posttranslational modifications, most 
of which are reversible, that cause structural changes in the chromatin. These modi-
fications, which usually occur at the amino acids that constitute the N-terminal tails 
of histones, can either facilitate or hinder the association of DNA repair proteins 
and transcription factors with chromatin and include methylation (Jenuwein 2001), 
phosphorylation (Oki et al. 2007), acetylation (Wade et al. 1997), sumoylation (Shiio 
and Eisenman 2003), ubiquitination (Shilatifard 2006), and biotinylation (Kothapalli 
et al. 2005). These modifications confer functional properties. For example, histone 
acetylation neutralizes the positive charge on histones and disrupts the electrostatic 
interactions between DNA and histone proteins; this promotes chromatin unfolding, 
which has been associated with gene expression (Zhang and Dent 2005). In contrast, 
deacetylation and condensation generally suppress transcription (Shukla et al. 2008). 
The specific pattern of histone modifications has been proposed to form a “histone 
code,” which explains, in part, the sections of the genome to be expressed at a given 
point in time in a given cell type (Jenuwein and Allis 2001). It has been hypothesized 
that similar to a genetic mutation, a change in the posttranslational modification(s) 
of histone tails around a regulatory region of a gene can silence an active gene, 
resulting in “loss of function,” or activate a silent gene, leading to “gain of function.” 
Such modifications may also enhance or impair the extent of gene expression in the 
absence of complete gene silencing or activation. In fact, aberrant histone posttrans-
lational modifications have been associated with cancer. For example, a common 
hallmark of human tumor cells is the loss of monoacetylation and trimethylation of 
histone H4 (Fraga, Ballestar, Villar-Garea et al. 2005).

Enzymes that add or remove histone modifications affect a wide range of DNA-
based events including transcription, replication, recombination, and repair, as well as 
chromosome condensation and nuclear organization (Hake et al. 2004). The acetyla-
tion state of histone tails is controlled by the antagonistic action of two enzyme fami-
lies: histone acetyltransferases (HATs), which transfer an acetyl group from acetyl 
CoA to an epsilon-amino group of lysine residues of histones, and histone deacety-
lases (HDACs), which catalyze the hydrolysis of these acetamides. HDACs can be 
divided into three groups based on sequence homology, enzymology, and biological 
properties. Type I HDACs are nuclear-localized; type II HDACs shuttle between 
the cytoplasm and the nucleus; and type III HDACs, which are often referred to as 
the SIR2 family, encompass those HDACs with homology to yeast Sir2. Type III 
HDACs require nicotinamide adenine dinucleotide (NAD) to function.

Histone modifications can alter gene expression and modify cancer risk (Gayther 
et al. 2000; Peters et al. 2001; Fischle et al. 2003; P. Zhu et al. 2004; Bannister and 
Kouzarides 2005; Fraga, Ballestar, Villar-Garea et al. 2005; Gibbons 2005; Marks 
and Dokmanovic 2005; Atsumi et al. 2006). Abnormal activities of both HATs and 
HDACs have been linked to the pathogenesis of cancer. Although inactivating muta-
tions of HATs and overexpression of HDACs have been described (Mahlknecht 
and Hoelzer 2000), the best functional link between HDACs and cancer progres-
sion comes from models of acute promyelocytic leukemias, where chromosomal 
translocations result in chimeric proteins that alter transcriptional events and 
thereby interfere with normal cell growth, differentiation, and apoptosis (R. J. Lin 
et al. 1998). Chromosomal translocations between retinoic acid receptor (RAR) and 
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promyelocytic leukemia zinc finger or promyleocytic leukemia protein lead to inap-
propriate recruitment of co-repressors and HDACs, and abolish the ability of RAR 
to mediate myelocytic differentiation (Atsumi et al. 2006). It is interesting to note 
that aberrant targeting of HDACs has been associated with transcriptional silenc-
ing of tumor suppressor genes, including p21, which encodes a cyclin-dependent 
kinase inhibitor that blocks cell cycle progression from G1 into S phase (Gibbons 
2005). The expression of p21 has been found to be reduced in many different tumors, 
allowing uncontrolled cell division. Interestingly, HDAC inhibitors have been shown 
to reactivate p21 expression, thereby inhibiting tumor cell proliferation (Gibbons 
2005). Furthermore, the HDAC inhibitor-induced expression of p21 correlates with 
an increase in the acetylation of histones associated with the p21 promoter region. 
These discoveries have led to the development of HDAC inhibitors as chemothera-
peutic agents in clinical trials (Rosato and Grant 2003). Recent studies implicating 
histone posttranslational modifications with cell identity, including stem cell identity 
and characteristics such as pluripotency, suggest that HATs and histone acetylation 
in conjunction with other chromatin modifications may regulate stem cell pluripo-
tency, and deregulation of such histone marking may lead to tumorigenesis (Shukla 
et al. 2008).

Several proteins or protein complexes have recently been recognized for their 
ability to regulate chromatin structure and dynamics. For example, ATP-dependent 
chromatin-remodeling factors define accessibility to the transcription machinery via 
altering the position of nucleosomes around the transcription start site (Varga-Weisz 
and Becker 2006). The SWItch/Sucrose NonFermentable (SWI/SNF) complex is 
a chromatin-remodeling complex that uses the energy produced from ATP hydro-
lysis to modify chromatin structure and therefore regulate gene expression; recent 
observations link an aberrant SWI/SNF complex to cancer (Medina and Sanchez-
Cespedes 2008). Emerging evidence suggests that both gene activation and gene 
repressive complexes participate in ATP-dependent chromatin-remodeling activities 
(Xue et al. 1998). In fact, depending on the context, the SWI/SNF complex can be 
involved in either transcriptional activation or repression. Another ATP-dependent 
chromatin-remodeling complex, a DNA helicase/ATPase-containing complex 
termed nucleosome remodeling and deacetylase corepressor complex (or NuRD), 
which represses transcription through chromatin remodeling (Xue et al. 1998), has 
recently been found to direct aberrant gene repression and transmission of epigenetic 
repressive marks in acute promyelocytic leukemia (Morey et al. 2008).

The polycomb group (PcG) of proteins, which contains at least two distinct com-
plexes, PcG complex 1 and 2, function as transcriptional repressors that silence spe-
cific sets of genes through chromatin modification. These proteins may also contribute 
to the pathogenesis of cancer (Sparmann and Van Lohuizen 2006). PcG complex 2, 
composed of several factors/proteins including histone methylase activity, is first 
recruited to silence chromatin with concomitant methylation of histone H3 at lysine 
27 (K27me3). This is followed by PcG complex 1 recruitment through recognition of 
this histone mark, which then triggers ubiquitination of histone H2A and/or inhibits 
chromatin remodeling to maintain the silenced state of the locus (Takihara 2008). 
Knockout mice lacking PcG have provided biological evidence that these chromatin 
repressive complexes are essential for sustaining stem cell activity. Furthermore, 
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enrichment of polycomb repressive complexes has been correlated with cancer pro-
gression and prognosis, in addition to cancer stem cell activity. Similar to develop-
mental genes in embryonic stem cells, genes hypermethylated in cancer cells adopt 
a bivalent pattern of histone marks and low-level expression when treated with DNA 
methylation inhibitors (McGarvey et al. 2008). Moreover, recent findings showing 
that PcG target genes in normal cells are more likely to acquire aberrant promoter 
hypermethylation in cancers (Widschwendter et al. 2007), along with evidence of 
interactions between DNMT1/DNMT3B and several PcG complex subunits (EZH2 
and BMI1) (Vire et al. 2006) are beginning to provide some insight as to how this 
process is occurring. Additional research is needed to better understand how and 
in what context these and other epigenetic mechanisms and regulatory factors may 
interact to regulate chromatin structure, dynamics, and gene expression. Moreover, 
what is the relationship between these chromatin regulatory factors and cancer devel-
opment and how can this knowledge be exploited for cancer prevention?

The role of small, noncoding RNA molecules in the regulation of gene expression 
is an emerging area of research. Noncoding RNAs, such as microRNA (miRNA 
or MiR), have been shown to modulate posttranscriptional silencing through the 
targeted degradation of mRNAs. There is considerable scientific interest in studying 
deregulation of these small RNAs in various diseases, including cancer (Fabbri et 
al. 2008). Recent evidence suggests that miRNAs may also transcriptionally silence 
gene expression in the nucleus (D. H. Kim et al. 2008). In this study, investigators 
performed a bioinformatic search for miRNA target sites proximal to known gene 
transcription start sites in the human genome. One conserved miRNA, miR-320, that 
was identified is encoded within the promoter region of the cell cycle gene POLR3D 
in the antisense orientation. Evidence for a cis-regulatory role for miR-320 in tran-
scriptional silencing of POLR3D expression was provided. Interestingly, using 
chromatin immunoprecipitation (ChIP) assays, miR-320 was suggested to direct the 
association of RNA interference (RNAi) protein Argonaute-1 (AGO1), polycomb 
group component EZH2, and trimethylation of histone H3 lysine 27 (H3K27me3) to 
the POLR3D promoter. These results support the existence of an epigenetic mecha-
nism for miRNA-directed transcriptional gene silencing (TGS) in mammalian cells. 
These investigators hypothesized that misregulation of endogenous miRNAs that 
target gene promoters may potentially play a role in the aberrant epigenetic silencing 
of cancer-related genes. Moreover, epigenetic modifications have recently been found 
to be induced and directed by other small RNA molecules in human cells (Hawkins 
and Morris 2008). These small RNAs are thought to act like the exogenous small 
inhibitory RNAs (siRNAs) in gene inactivation. In fact, this endogenous small RNA-
mediated transcriptional gene silencing was shown to be correlated with changes in 
chromatin structure (including modulation of histone marks and DNA methylation) 
at specific sites in promoter regions (Hawkins and Morris 2008).

Accumulating evidence is revealing an important role of miRNAs in the patho-
genesis of all types of human cancer. This is characterized by abnormal levels of 
expression for mature and/or precursor miRNA transcripts in comparison to the 
corresponding normal tissues (Bartel 2004). miRNAs have been shown to regulate 
cell proliferation, differentiation, and apoptosis, all of which are dysregulated dur-
ing carcinogenesis (Barbarotto et al. 2008). These data suggest that disturbance in 
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miRNA expression and function may contribute to the initiation and maintenance of 
tumors (Calin and Croce 2006).

miRNA microarrays and real-time quantitative reverse transcription polymerase 
chain reaction have been used to identify and compare the miRNA expression pro-
files in normal cells and tissues with those in tumors such as lung, colorectal, breast, 
thyroid cancers, glioblastomas, and lymphomas (J. Q. Yin et al. 2008). These types 
of studies demonstrate that there are distinct miRNA expression patterns associated 
with various tumor types and that cancer samples appear to have miRNA expres-
sion profiles that are distinct from normal tissues (reviewed in J. Q. Yin et al. 2008). 
For instance, the expression of miR-126, miR-143, and miR-145 were significantly 
decreased in >80% of the tumor samples compared with the corresponding normal 
tissue, whereas miR-21 was found to be overexpressed in 80% of the tumors (J. 
Q. Yin et al. 2008). Interestingly, when Lu and coworkers (2005) published a large 
miRNA expression profile study of >200 miRNAs in primary tumors, cancer cell 
lines, and normal tissues using a novel bead-based technology, they found that unsu-
pervised hierarchal clustering of the miRNA profiles was able to determine the his-
tologic origin of highly undifferentiated cancer samples with a significantly higher 
success rate than profiles obtained by measuring 16,000 protein-coding mRNAs (12 
out of 17 correct versus 1 out of 17 correct, respectively) (Lu et al. 2005). While these 
studies suggest that miRNA profiling may be a useful tool for molecular diagnosis 
and prognosis, additional research is needed to better understand the role of miRs in 
cancer development and prevention.

Bioactive dietary components have been shown to impact each of the epigenetic 
mechanisms described previously—DNA methylation, histone posttranslational mod-
ifications, chromatin remodeling and other chromatin factors, and noncoding RNA 
expression. The impact of dietary components on these processes and their role in can-
cer development and prevention are highlighted in the sections that follow. Ultimately, 
it will be important to understand how these and other newly identified epigenetic 
components interact to regulate gene expression and influence disease risk.

4.3 diEt and dna MEthylation: tiMing of ExposuRE

Recent evidence from preclinical models suggests that prenatal and early postnatal 
diet may alter DNA methylation, which may impact the risk of developing disease, 
such as cancer, later in life (Wolff et al. 1998; Waterland and Jirtle 2003; Cropley 
et al. 2006; Dolinoy et al. 2006; Waterland, Dolinoy et al. 2006; Waterland, Lin et 
al. 2006). For example, maternal nutrient restriction had long-term programming 
effects on fetal baboon development (Unterberger et al. 2009). These effects were 
organ specific and gestational age specific. Moreover, diet-induced epigenetic altera-
tions might also be inherited transgenerationally, thereby potentially affecting the 
health of future generations. In this regard, it was recently shown that individuals 
who were prenatally exposed to famine during the Dutch Hunger Winter in 1944–
1945 had, 6 decades later, less DNA methylation of the imprinted insulin-like growth 
factor II (IGF2) and increased methylation of IL10, LEP, ABCA1, GNASAS, and 
MEGF compared with their unexposed, same-sex siblings (Heijmans et al. 2008; 
Tobi et al. 2009). Additionally, a significant interaction with gender was observed 
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for a number of these genes (INSIGF, LEP, and GNSAS). These data indicate that 
persistent changes in DNA methylation may be a common consequence of prenatal 
famine exposure and that these changes depend on the gender of the exposed indi-
vidual as well as the gestational timing of the exposure. The results of these studies 
support the fetal basis or developmental origins of the adult-onset disease hypoth-
esis. This intriguing hypothesis implies that an organism can adapt to environmental 
signals in early life, but that these adaptations may also increase the risk of develop-
ing chronic diseases, including cancer, later in life when there is a disparity between 
the perceived environment and that which is encountered in adulthood.

There is also evidence to suggest that environmental exposures after birth can 
influence phenotype later in life through epigenetic changes. Monozygotic twins 
have been shown to be epigenetically indistinguishable during the early years of life, 
while older monozygotic twins exhibited remarkable differences in their content and 
genomic distribution of DNA methylation and histone acetylation, affecting their 
gene expression portrait (Fraga, Ballestar, Paz et al. 2005). Another investigation 
found that obesity-discordant monozygotic twins had several changes in the tran-
scription profiles of adipose tissue between the twins (Pietilainen et al. 2008). These 
results suggest that the effects of acquired human obesity, which is independent of 
genetic factors, may be related to epigenetic modulation of the genome.

Some of the best evidence for the impact of diet on DNA methylation comes from 
studies utilizing the yellow agouti (Avy) mouse model. In this model, an endogenous 

retrovirus-like transposon sequence is inserted close to the gene coding for the agouti 
protein (Duhl et al. 1994). Normally, a cryptic promoter within the retrotransposon is 
silenced by methylation allowing normal tissue-specific and regulated agouti expres-
sion. However, if this site is hypomethylated, the promoter is active and drives con-
stitutive ectopic expression of the agouti gene. Agouti expression results in a yellow 
coat color and obesity, as well as increased susceptibility to other chronic diseases, 
including cancer. Dietary supplementation with a combination of folic acid, vitamin 
B12, choline, betaine, and zinc to yellow agouti dams in utero has been shown to lead 
to changes in DNA methylation as well as profound effects on phenotype of the off-
spring (Wolff et al. 1998; Cooney et al. 2002; Waterland and Jirtle 2003; Cropley et 
al. 2006; Dolinoy et al. 2006). In initial experiments this supplementation regime to 
maternal diets was associated with a change in coat color from a yellow to an agouti 
or pseudo-agouti coat in the offspring (Waterland and Jirtle 2003). This phenotype 
change is typically associated with a lower risk of cancer, diabetes, and obesity, and 
with prolonged life in this model (Cooney et al. 2002). Furthermore, representative 
yellow mice displayed more hypomethylated long terminal repeats 5ʹ of the agouti 
gene compared to the mice with the agouti coat color (Cooney et al. 2002).

Another group of investigators verified these findings when pregnant dams were 
fed a diet supplemented with folic acid, vitamin B12, choline, and betaine, but not 
zinc, and found that coat color changes were directly associated with alterations in 
DNA methylation and there was a distribution shift toward increased CpG methyla-
tion at the Avy locus with methyl supplementation (Cropley et al. 2006). Moreover, 
the coat color phenotype and Avy methylation relationship persisted into adulthood as 
evidenced by a comparison of tail DNA at 21 days and liver DNA at 100 days. These 
studies clearly demonstrate that maternal methyl donor supplementation during 
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gestation can alter the phenotype of the offspring phenotype by methylation changes 
in the epigenome. It is not yet evident, however, which of the dietary constituents are 
necessary or sufficient for the DNA methylation and phenotypic change.

Similar alterations in coat color and DNA methylation were induced in offspring 
through maternal supplementation with genistein, the major phytoestrogen in soy, at 
amounts comparable to those a human might receive through a high-soy diet (250 
mg/kg diet) (Dolinoy et al. 2006). Furthermore, the offspring exposed to genistein 
in utero and had DNA hypermethylation at the Avy locus appeared to be protected 
against obesity in adulthood, indicating that maternal dietary supplementation is 
associated with not only altered fetal methylation patterns but also methylation-
dependent susceptibility to disease. The mechanism of how genistein affects methyl-
ation and epigenetic pathways has yet to be determined as these investigators did not 
find an association between genistein supplementation and one-carbon metabolism. 
Changes in other epigenetic marks or regulation of specific nuclear transcription fac-
tors are potential sites of action of genistein that should be explored further.

The agouti mouse has also been utilized as an environmental biosensor to evaluate 
the effects of maternal exposure to bisphenol A (BPA), a xenobiotic chemical used 
in the manufacturing of polycarbonate plastic, on the fetal epigenome (Dolinoy et al. 
2007). In utero or neonatal exposure to BPA was associated with higher body weight, 
increased breast and prostate cancer, and altered reproductive function. Maternal expo-
sure to 50 mg of BPA/kg body weight shifted the coat color distribution of Avy mouse 
offspring toward yellow by decreasing CpG methylation in an intracisternal-A particle 
(IAP) retrotransposon upstream of the agouti gene. Moreover, maternal supplementa-
tion with either dietary methyl donors or the phytoestrogen genistein rescued the BPA-
exposed animals by shifting the coat color distribution toward the control animals and 
by negating the DNA hypomethylating effect of BPA. These studies present convinc-
ing evidence that maternal exposure to a xenobiotic chemical such as BPA during 
pregnancy in rodents can alter the phenotype of their offspring by stably altering the 
epigenome, an effect that can be counteracted by maternal dietary supplements.

The agouti model has also recently been utilized to examine whether diet has 
transgenerational effects on phenotype. Interestingly, passing the Avy allele through 
three maternal generations resulted in amplification of obesity in the offspring of 
the mice fed a standard diet in each successive generation (Waterland et al. 2008). 
In contrast, by the third generation, offspring of methyl-supplemented animals had 
a significant decrease in body weight relative to the unsupplemented group. These 
results suggest a preventive effect on transgenerational amplification of obesity in 
adulthood. The transgenerational effect, however, was not explained by progressive 
Avy methylation in the methyl-supplemented group, and the authors speculate that 
rather than occurring at Avy locus, the transgenerational effect of methyl supplemen-
tation on body weight among isogenic Avy/a mice may involve epigenetic mechan-
isms operating at other loci. This study is extremely interesting because it examines 
the effect of maternal obesity among three generations of genetically identical mice 
that had an inclination to overeat due to the Avy allele. Furthermore, the authors 
hypothesize that the supplements investigated affected body weight by interfering 
with the area of the brain that regulates appetite.
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Studies using another murine metastable epiallele, axin fused (AxinFu), found epi-
genetic plasticity to maternal diet similar to the agouti mouse model (Waterland et al. 
2006). AxinFu is a mutation in mice that causes kinked, fused tails and other develop-
mental abnormalities including axial duplications. Female mice supplemented with 
methyl donors and factors (including choline, betaine, folic acid, vitamin B12, methi-
onine, and zinc) before and during pregnancy were found to have offspring with 
an increase in DNA methylation at the AxinFu locus and reduced incidence of tail 
kinking (Waterland et al. 2006). The hypermethylation was tail specific, suggesting 
a midgestation effect. The investigators speculate that the results indicate a stochas-
tic establishment of an epigenotype at metastable epialleles. The epigenotype can be 
modified by dietary supplementation, and such influences are likely not limited to 
early embryonic development.

It is important to clarify how observations in the agouti and axin fused models 
may relate to DNA methylation, phenotype, and disease risk in humans. Although 
the Avy locus and AxinFu locus—retrovirus-like transposon sequences—are not 
found in the human genome, there is the possibility that metastable epialleles 
(“metastable” refers to the labile nature of the epigenetic state of these alleles; 
“epiallele” defines their potential to maintain epigenetic marks transgeneration-
ally [Rakyan et al. 2002]) associated with other transposable elements could simi-
larly be influenced by methylation or another epigenetic regulating process via in 
utero exposure to dietary factors. An intriguing hypothesis is that transposable 
elements in the mammalian genome may cause considerable phenotypic variabil-
ity, making each individual mammal a “compound epigenetic mosaic” (Whitelaw 
and Martin 2001). Whether or not such an epigenetic mosaic exists in humans, 
whether it can be modulated by early diet, whether there is a critical time period 
for exposure, and how such phenotypes alter susceptibility to chronic disease in 
adulthood require further study. Additionally, other regions of the genome that 
may be susceptible to epigenetic variation need to be identified and characterized 
in human tissues.

Folate is the nutrient that has been most extensively studied in relation to dietary 
modification of DNA methylation and cancer risk. The portfolio of evidence from 
animal, human, and in vitro studies suggest that the effects of folate deficiency 
and supplementation on DNA methylation are gene and site specific, and appear 
to depend on cell type, target organ, stage of transformation, and the timing and 
duration of folate depletion/supplementation (Y. I. Kim 2005). Folate deficiency 
beginning at weaning and continued throughout puberty followed by control diet in 
adulthood until 30 weeks of age (when animals were sacrificed) induced a significant 
34–49% increase in genomic DNA methylation in adult rat liver compared with con-
trol and folate supplemented diets provided in the same manner (Kotsopoulos et al. 
2008). The authors hypothesized that a compensatory up-regulation of DNMT and 
of choline and betaine-dependent transmethylation pathways occurred in response 
to folate deficiency during the postweaning period. This was thought to result in 
genomic DNA hypermethylation in the liver, and this pattern was maintained in the 
presence of adequate folate when the animals were fed the control diet at puberty 
through adulthood. In contrast, dietary folate deficiency or supplementation imposed 
continuously from weaning to adulthood or from puberty to adulthood did not 
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significantly affect genomic DNA methylation in adult rat liver. Similarly, rats fed 
a methyl-deficient diet for 9 weeks experienced DNA damage (as evidenced by up-
regulation of base excision DNA repair genes and accumulation of strand breaks in 
DNA), pronounced global loss of DNA methylation, and hypermethylation of CpG 
islands in the rat livers (Pogribny et al. 2009). These abnormalities were completely 
restored in the livers of rat exposed to methyl-deficiency for 9 weeks after removal of 
the methyl-deficient diet and feeding of a methyl-sufficient diet. However, when rats 
were fed a methyl-deficient diet for 18 weeks and then given a methyl-sufficient diet, 
only DNA lesions were repaired. These data suggest that early folate nutrition during 
postnatal development can impact epigenetic programming, which can have a per-
manent effect in adulthood. More studies on the long-term functional consequences 
of such dietary epigenetic programming are encouraged.

Folate supplementation may also modify DNA methylation in adult humans 
(Ingrosso et al. 2003). Although global DNA methylation was reduced in patients 
with uremia and hyperhomocysteinemia, both DNA hypomethylation and hyperho-
mocysteinemia were reversed by administration of folate (15 mg oral methyltetra-
hydrofolate/day for 8 weeks). Furthermore, the DNA hypomethylation was linked 
to defects in the expression of genes controlled by methylation. To study this gene 
regulation, the pattern of allelic expression for the normally imprinted H19 gene in 
peripheral mononuclear cells in seven of the dialysis patients that were heterozygous 
for H19 RsaI restriction fragment length polymorphisms (RFLP) was examined. 
The RFLP analysis showed a shift from monoallelic to biallelic expression of H19 
(expression of both H19 T and H19 C alleles in the heterozygotes could be identi-
fied) when plasma total homocysteine concentration were between 39 μmol/L and 
62 μmol/L. In contrast, in the three patients with high total homocysteine concentra-
tions (<62 μmol/L) reverse transcriptase-PCR analysis showed a shift back to mono-
allelic expression of H19 after folate treatment. These data suggest that treatment of 
hyperhomocysteinemia with folate corrects DNA hypomethylation and provides a 
mechanism for the relevant changes in gene expression. Further work is needed to 
determine other genes and diseases that might be regulated in a similar fashion.

In addition to silencing inappropriately activated genes (e.g., imprinted genes) by 
DNA methylation, dietary components have also been shown to reactivate inappro-
priately silenced genes (e.g., tumor suppressor genes) by preventing demethylation or 
reversing hypermethylation-induced inactivation of key tumor suppression or DNA 
repair genes. For example, many different dietary components have been shown 
to modulate DNA methylation by interfering with DNMT activity; this has been 
shown to be an effective approach for cancer prevention. Epigallocatechin 3-gallate 
(EGCG) (5−50 microM) from green tea and genistein (2−20 µmol/L) from soybean 
have been found to restore methylation patterns and gene expression of tumor sup-
pressor genes in neoplastic cells in culture (M. Z. Fang et al. 2003, 2005; M. Fang et 
al. 2007). Both dietary components have been shown to inhibit DNA methyltrans-
ferase activity by binding to the enzyme that was associated with demethylation 
of CpG islands in the gene promoters and the reactivation of methylation-silenced 
genes such as p16INK4a, retinoic acid receptor beta, O6-methylguanine methyl-
transferase, human mutL homolog 1, and glutathione S-transferase-pi (M. Z. Fang 
et al. 2003, 2005; M. Fang et al. 2007). Changes in the expression of these genes have 
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been associated with growth inhibition in human esophageal, colon, prostate, and 
mammary cancer cell lines. Rats fed selenium- or folate-deficient diets had signifi-
cantly reduced liver and colon DNMT activity; however, the mechanism(s) for their 
inhibitory effect is not known (Davis and Uthus 2003). Cadmium is another active 
inhibitor of DNMT as has been shown in both cultured rat liver cells and animals 
(Takiguchi et al. 2003) In addition, both cadmium and zinc inhibited DNMT activity 
in the nuclear extracts from rats fed either a methyl-deficient or a control diet (Poirier 
and Vlasova 2002). The inhibitory effect of cadmium and zinc may be caused by 
binding of these metals to the cysteine residue of the active center of DNMT.

The Annurca apple, a variety of southern Italy, is rich in cancer-protective poly-
phenols. For example, populations in southern Italy who consume these apples have 
lower incidences of colorectal cancer than elsewhere in the Western world. Annurca 
polyphenol extract (APE) was evaluated for cancer-protective effects in RKO, SW48, 
and SW480 human colorectal cancer cells (Fini et al. 2007). Because some spo-
radic colorectal cancers display the CpG island methylator (CIMP) phenotype, DNA 
methylation of selected tumor suppressor genes was also evaluated in these cells 
after treatment with APE and compared with the synthetic demethylating agent 
5-aza-2ʹdeoxycytidine (5-aza-2dC). APE treatment (polyphenol dose comparable to 
that from dietary consumption of one apple) decreased cell viability and enhanced 
apoptosis in the RKO and SW48 cell lines, both in vitro models for CIMP. A simi-
lar dose of APE reduced DNA methylation in the promoters of hMLH1, p14(ARF), 
and p16(INK4a) genes with subsequent restoration of normal mRNA expression in 
RKO cells. These effects were qualitatively comparable with those obtained with 
5-aza-2dC. In addition, a significant reduction in expression of DNMT-1 and -3b pro-
teins without changes in mRNA was also observed after treatment with APE. Thus 
APE appears to decrease gene-specific DNA methylation through the inhibition of 
DNMT proteins.

The putative mechanism of action for selenium in cancer prevention has been 
an active area of research since the observation that selenium supplementation 
decreased prostate cancer incidence in the Nutritional Prevention of Cancer trial 
(Clark et al. 1996). Recently, selenium has been shown to induce promoter DNA 
demethylation and gene reexpression in LNCaP prostate cancer cells, suggesting 
that epigenetic modifications may be a possible mechanism for cancer prevention 
(Xiang et al. 2008). In particular, selenite treatment (at physiologically achievable 
levels, 1.5 μmol/L) caused partial promoter DNA demethylation and reexpression 
of the pi-class glutathione-S-transferase (GSTP1) in a dose- and time-dependent 
manner. Selenite treatment decreased mRNA levels of DNMTs 1 and 3A and pro-
tein levels of DNMT1. Additionally, selenite treatment caused partial promoter 
demethylation and reexpression of the tumor suppressor adenomatous polyposis coli 
and cellular stress response 1. Both of these genes have been shown to be hyperm-
ethylated in human prostate cancer cells. Interestingly, selenite also decreased his-
tone deacetylase activity and increased levels of acetylated lysine 9 on histone H3 
(H3K9), but decreased levels of methylated H3K9. More specifically, selenite treat-
ment influenced epigenetic marks associated with the GSTP1 promoter, including 
reduced levels of DNMT1 and methylated H3K9, but increased levels of acetylated 
H3K9. These epigenetic marks are correlated with gene activation. The relationship 
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between particular histone modifications and DNA methylation in gene reactiva-
tion may be gene specific and requires additional study, preferably in an in vivo 
setting.

Although the interactions between bioactive food components and DNA methyla-
tion are among the earliest studies of the relationship between diet and epigenetics in 
cancer prevention, there continues to be a growing body of literature encompassing 
more and more dietary factors that may impact DNA methylation at various times 
of vulnerability, including during cancer development and prevention. How these 
single observations will be united to reflect the complexity of human dietary pat-
terns as well as how the many epigenetic mechanisms and marks will be integrated 
to provide an understanding of specific and global gene regulation are the hopeful 
outcomes of future endeavors.

4.4  histonE Modification by bioactivE food 
coMponEnts and diEt coMposition

Several dietary factors, including butyrate (formed in the colon from the fermentation 
of dietary fiber), diallyl disulfide (present in garlic and other Allium vegetables), and 
isothiocyanates (found in cruciferous vegetables) have been found to inhibit HDAC 
enzymes (Myzak and Dashwood 2006) and to enhance histone acetylation (Myzak 
and Dashwood 2006), and have been associated with cancer prevention in various 
preclinical and clinical studies. Moreover, these dietary components have all been 
shown to inhibit cell proliferation and stimulate apoptosis in a manner analogous to 
other nondietary HDAC inhibitors.

Butyrate has been reported to inhibit HDAC activity and increase histone acetyla-
tion in a number of cell lines (Myzak and Dashwood 2006). These butyrate-induced 
alterations in histone enzymes and marks have been associated with several pro-
cesses that are important for inhibiting carcinogenesis, including cellular differentia-
tion, cell cycle arrest, apoptosis, and inhibition of invasion and metastasis. Butyrate 
has also been found to alter transcriptional regulation in a manner comparable to 
other HDAC inhibitors, such as trichostatin A (Mariadason et al. 2000). Similar to 
trichostatin A, butyrate caused down-regulation of c-myc mRNA expression, which 
likely accounts for its effect on reducing cell proliferation (Bernhard et al. 1999). 
Furthermore, both trichostatin A and butyrate increase histone H3 and H4 acetyla-
tion within the CDKN1A promoter (using ChIP experiments), which regulates the 
p21 protein, in colorectal cancer cells in culture (J. Y. Fang et al. 2004). Because only 
2% of genes are thought to be regulated by butyrate, specificity of HDAC inhibition 
and consequent transcriptional regulation may be due to sequences such as butyrate 
response elements in the promoter region of certain genes (Davie 2003). In addi-
tion to increasing global histone acetylation, butyrate may induce the deacetylation 
of certain histones that are close to transcription start sites, which is accompanied 
by decreased RNA levels at nearby genes (Rada-Iglesias et al. 2007). The epige-
netic influence of butyrate now extends beyond chromatin remodeling to include 
DNA methylation (Spurling et al. 2008). (Epi)genome-wide analysis (of both genetic 
sequence and epigenetic marks) could assist in uncovering this specificity.
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The active garlic constituent diallyl disulfide (DADS) has been shown to induce 
cell cycle arrest in the G2/M phase in both HT-29 and Caco-2 human colon cancer 
cell lines. These antiproliferative effects were correlated with increased CDKN1A 
mRNA and p21 protein levels, as well as increased H4 and/or H3 acetylation within 
the CDKN1A promoter (Druesne et al. 2004; Druesne-Pecollo et al. 2006). The find-
ings suggest that histone hyperacetylation of the promoter region may account for the 
cell cycle arrest induced by DADS. Histone acetylation changes have been observed 
in rat liver and transplanted Morris hepatoma 7777 cells with DADS treatment (200 
mg/kg body weight), demonstrating that altered acetylated histone status is achiev-
able in vivo (Lea and Randolph 2001). Furthermore, using a nontumorigenic animal 
model, investigators found that DADS (200 mg/kg) treatment increased histone H4 
and H3 acetylation in isolated colonocytes from rats (Druesne-Pecollo et al. 2007). 
Moreover, these experiments revealed the ability of DADS to modulate the expres-
sion of a few genes (e.g., glutathione S-transferase B class, mitogen-activated protein 
kinase 3, inhibitor of DNA binding 1) in colonocytes in vivo. More research that 
compares the effects of garlic constituents on normal and cancer cells is advocated 
in order to decipher the biological effects. Physiologic concentrations (low micromo-
lar range) of S-allyl-mercaptocysteine (SAC), another organosulfur compound found 
in garlic, have also been reported to induce growth arrest in various cell lines and 
increase the levels of acetylated histones H3 and H4 (Lea et al. 2002). When several 
garlic organosulfur compounds were screened, allyl mercaptan (AM) was found to 
be much more potent than DADS or SAC (Nian et al. 2008). Molecular modeling, 
structure activity, and enzyme kinetics studies with purified HDAC8 provided evi-
dence for a competitive mechanism (K1 = 24 μM AM). In human colon cancer cells, 
AM induced the accumulation of acetylated histones and enhanced the binding of 
Sp3 and p53 transcription factors to the p21WAF1 gene promoter. There was a cor-
responding increase in p21 mRNA and protein expression, resulting in cell cycle 
arrest and growth inhibition. These data suggest that multiple organosulfur com-
pounds present in garlic serve as HDAC inhibitors. Humans normally consume foods 
rather than the isolated components. Therefore future work is needed to determine 
whether the various compounds in garlic would have additive, synergistic or antago-
nistic effects.

Sulforaphane (SFN) (3-15 µM) has been shown to inhibit HDAC activity and in 
parallel increase acetylated histones in several cell systems, including human embry-
onic kidney 293 cells, HCT116 human colorectal cancer cells, and various prostate 
epithelial cells lines (BPH-1, LnCaP, and PC-3) (Myzak and Dashwood 2006). This 
increased histone acetylation induced by sulforaphane was linked with increased 
apoptosis and cell cycle arrest at the G2/M phase (Myzak and Dashwood 2006). 
Moreover, these observations were associated with increased acetylated histone H4 
in the p21 promoter and concomitant increased p21 protein expression (Myzak et al. 
2004). Furthermore, sulforaphane dose-dependently increased the amount of acety-
lated histone H4 associated with the p21 promoter (Myzak Hardin et al. 2006). Using 
the Apcmin mouse model, sulforaphane (443 mg/kg diet) suppressed tumor develop-
ment and increased acetylated histones in gastrointestinal polyps, including acety-
lated histones specifically associated with the promoter region of the p21 and bax 
genes (Myzak, Dashwood et al. 2006). Most remarkable is the finding that in healthy 
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human subjects (N = 3), a single ingestion of 68 g (1 cup) of broccoli sprouts rich in 
SFN inhibited HDAC activity in circulating peripheral blood mononuclear cells 3–6 
h after consumption, with simultaneous induction of histone H3 and H4 acetylation 
(Myzak et al. 2007). The biological consequences of reduced HDAC activity and 
enhanced histone acetylation in normal compared to cancer cells requires further 
study. Although SFN has been shown to selectively induce apoptosis and growth 
inhibition in cancer cells but not in normal cells, additional research is warranted 
to determine beneficial versus harmful responses to bioactive dietary components 
during vulnerable periods.

Another isothiocyanate present in cruciferous vegetables, namely phenethyl 
isothiocyanate (PEITC, 1 µM), was also found to inhibit the level and activity of 
HDACs in both androgen-dependent and -independent prostate cancer cells, and 
induce selective histone acetylation and methylation for chromatin unfolding (L. G. 
Wang et al. 2007). Chromatin immunoprecipitation revealed that the p21 gene was 
associated with PEITC-induced hyperactylated histones (L. G. Wang et al. 2008). 
As a result, the chromatin unfolding permitted the transcriptional activation of the 
p21 gene. PEITC also significantly reduced the expression of c-Myc, which represses 
p21. These results demonstrate that isothiocyanates can inhibit HDAC activity in 
vitro and in vivo and suggest that this inhibition might contribute to the cancer-
preventive effects of cruciferous vegetables.

Other components of vegetables may also exert cancer prevention via HDAC 
inhibition. Momordica charantia, known as bitter melon, is a plant that grows in 
tropical areas worldwide and is eaten as a vegetable. A protein present in bitter 
melon seeds (MCP30) induces apoptosis in prostatic intraepithelial neoplasia and 
prostate cancer cell lines but has no effect on normal prostate cells (Xiong et al. 
2009). Mechanistically, MCP30 inhibits HDAC activity and promotes acetylation of 
histones H3 and H4.

As mentioned previously, the mechanism of action of selenium in cancer prevention 
has been an active area of research. Of particular interest is why selenium-enriched 
yeast was protective against prostate cancer in the Nutritional Prevention of Cancer 
trial yet selenomethionine was not protective in the SELECT trial (Lippman et al. 
2009). Very recent observations suggest that this may be related to selenium metabo-
lites influencing HDAC expression (J. I. Lee et al. 2009; Nian et al. 2009). While the 
majority of selenium in selenium-enriched yeast is selenomethionine, other selenium 
metabolites, such as Se-methyl-selenocysteine (MSC), are also present. Colon cancer 
cells treated with MSC but not selenomethionine had increased acetylation of his-
tone H3 and dose-dependent inhibition of HDAC activity. Many mammalian cells, 
such as prostate and colon, contain the enzyme glutamine transaminase K, which 
can metabolize MSC but not selenomethionine to its α-keto acid metabolite. The 
α-keto acid metabolite of MSC is β-methylselenopyruvate (MSP). MSP is a com-
petitive inhibitor of HDAC8, and computational modeling supported a mechanism 
involving reversible interaction with the zinc atom at the active site. Moreover, MSP 
increased the activity of a P21WAF1 luciferase reporter in HT29 cells, except when 
the Sp1/Sp3 sites were eliminated, and p21 mRNA and protein levels were markedly 
elevated. These results suggest that MSC, and possibly other organoselenium com-
pounds, can generate α-keto acid metabolites, which are HDAC inhibitors with the 
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potential to modulate histone status and chromatin remodeling, leading to derepres-
sion of silenced tumor suppressor genes.

A recent report revealed that genistein (at both 10 and 25 µmol/L) induced the 
expression of the tumor suppressor genes p21 and p16 (INK4a) with a concomitant 

decrease in cyclins in prostate cancer cells (Majid et al. 2008). These investigators 
found that genistein increased acetylation of histones H3, H4, and H3 lysine 4 (H3K4) 
at the p21 and p16 transcription start sites with concomitant increased expression 
of histone acetyltransferases. Interestingly, DNA methylation analysis revealed the 
absence of p21 promoter methylation prior to genistein exposure. Furthermore, these 
same investigators found that genistein (50 μM) activated expression of several 
aberrantly silenced tumor suppressor genes that have unmethylated promoters such 
as PTEN, CYLD, p53, and FOXO3a in prostate cancer cells (Kikuno et al. 2008). 
Instead of turning on tumor suppressor genes through promoter demethylation, 
these investigators found that genistein influenced remodeling of the heterochro-
matic domains at promoters by reducing/modulating histone H3-Lysine 9 (H3K9) 
methylation and deacetylation. These findings suggest that genistein may be protec-
tive against cancers with various epigenetic profiles. Furthermore, the relationship 
between genistein, histone, and DNA methylation modifications in gene reactivation, 
which may be gene specific, is not entirely clear and requires further investigation.

The story is further complicated for soy consumption because of the activity of 
other constituents found in soy that may modify chromatin in a somewhat oppos-
ing fashion. For example, lunasin, a unique 43-amino acid soybean peptide that 
has cancer prevention properties, has been found to inhibit acetylation of core 
histones in mammalian cells and selectively kill cells that are in the process of 
transformation (e.g., E1A-transfected mouse fibroblast NIH 3T3 cells), but does 
not affect the growth rate of normal and established cancer cell lines at 10 μM 
concentrations (Lam et al. 2003). An epigenetic mechanism of action has been 
proposed whereby lunasin selectively kills cells being transformed or newly trans-
formed cells by binding to deacetylated core histones exposed by the transforma-
tion event, thereby disrupting the dynamics of histone acetylation-deacetylation. 
These results point to the importance of understanding the timing of cellular vul-
nerability to epigenetic modulation. Recently, investigators observed the histone 
H3- and H4-acetylation inhibitory properties of lunasin from different Korean 
soybean varieties used for various food purposes (Jeong et al. 2007). They found 
that various amounts of lunasin are found in the soybean varieties (4.40–70.49 ng 
of lunasin per μg of protein), and that the amount was correlated with the extent 
of inhibition of core histone acetylation. Furthermore, the blood from rats fed 
lunasin-enriched soy protein, but not the blood from control fed rats, was found to 
inhibit histone acetylation activity. Delineating the epigenetic activity of various 
soy constituents and products in different cellular contexts is another potential 
area for future research.

Recently, in primates maternal diet was shown to alter histone acetylation and 
gene expression profiles in the developing offspring (Aagaard-Tillery et al. 2008). 
In this study, chronic consumption of a maternal high-fat diet (35% fat versus 
13% fat for control animals) resulted in a threefold increase in fetal liver triglyc-
erides and histologic correlates of fatty liver disease, which was accompanied by 
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hyperacetylation of fetal hepatic tissue at histone 3 lysine 14 (H3K14) and decreased 
HDAC1 mRNA, protein, and activity. Gene expression changes were also observed, 
including increased glutamic pyruvate transaminase (alanine aminotransferase) 2 

(GPT2), DNAJA2 (a heat shock protein 70 co-chaperone), and Rdh12 (an all trans 
and 9-cis retinol dehydrogenase responsive to oxidative stress) in fetal hepatic tissue 
from maternal caloric-dense diet animals when compared with control. Furthermore, 
the gene Npas2, a peripheral circadian regulator, was significantly down-modulated 
in the offspring of animals fed the high-fat diet. Definitive conclusions regarding 
the role of H3K14 acetylation with respect to the observed altered gene expression 
requires additional study. These results, however, suggest that a caloric-dense mater-
nal diet leading to obesity epigenetically alters fetal chromatin structure in primates 

via covalent modifications of histones and hence offers a molecular basis to the fetal 
origins of adult onset of disease hypothesis.

Caloric restriction has been shown to decrease cancer susceptibility in many dif-
ferent animal models. These effects may be mediated by increasing the activity of 
type III HDACs. In yeast and worms, caloric restriction increases longevity by mod-
ulating the expression of the NAD-dependent HDAC SIR2 (Vaquero et al. 2006). 
Furthermore, the glucose analog 2-deoxyglucose, which blocks glucose metabo-
lism and results in decreased energy metabolism, decreased carcinogen-induced rat 
mammary tumor incidence and multiplicity and prolonged tumor latency (Z. Zhu 
et al. 2005). The expression of Sirt-1, a mammalian homolog of SIR2, was induced 
in a dose- and time-dependent manner by treatment with 2-deoxyglucose in these 
animals, suggesting that the sirtuin family of genes may be involved in the cancer-
protective effects of caloric restriction in mammals (Z. Zhu et al. 2005). Caloric 
restriction has also been shown to increase carbonylation of histones (Sharma et 
al. 2006). However, the functional significance of this observation is not known. A 
number of plant polyphenols have been shown to activate Sirt1 including quercetin 
and resveratrol (Allard et al. 2009). Resveratrol, a polyphenolic compound found 
in grapes, wine, and peanuts, has been shown to increase SIR2 as well as to mimic 
the caloric restriction pathways for longevity in both Caenorhabditis elegans and 
Drosophila melanogaster models (Wood et al. 2004). A recent report indicates that 
resveratrol treatment produces beneficial effects similar to the effects of caloric 
restriction in mice (Lagouge et al. 2006). These data suggest that dietary compo-
nents can either stimulate or inhibit various HDAC enzymes.

Histone acetyltransferases (HAT) are another important molecular target for 
dietary components. Both curcumin (20 μM) and copper (50 μM) have been shown 
to induce histone hypoacetylation by inhibiting HAT activity in vitro (Kang et al. 
2005; C. Lin et al. 2005). Exposure of human leukemia (HL60) cells to copper 
resulted in cell proliferation arrest and a concentration- and time-dependent decrease 
of histone acetylation (C. Lin et al. 2005). The histone acetylation was suppressed 
by exogenous hydrogen peroxide and enhanced by superoxide dismutase, catalase, 
or the combination of both, indicating that copper at least partially inhibits histone 
acetylation through triggering of oxidative stress (C. Lin et al. 2005). Similar results 
for curcumin were observed in human hepatoma Hep3B cells (Kang et al. 2005). 

Future studies are warranted to determine whether similar effects would be observed 
in vivo.
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The majority of the evidence for dietary-induced histone posttranslational modi-
fications concerns the effects of dietary HDAC inhibitors and the effects of diet on 
histone acetylation, much of which has been described in the preceding sections. 
Additional histone posttranslational modifications and their enzymatic partners have 
been shown to be influenced by dietary factors that have also been implicated in 
cancer prevention pathways. These include interactions between a methyl-deficient 
diet and histone methylation in early hepatocellular carcinogenesis (Pogribny, Ross, 
Wise et al. 2006) and the nutrient biotin and histone biotinylation in repression of 
transposable elements in cancer cells (Chew et al. 2008). Biotinylation of histone 4 
(at lysine 8 and 12) has been associated with heterochromatin structures, gene silenc-
ing, mitotic condensation of chromatin, and DNA repair. Like many of the histone 
modifications, biotinylation appears to be a reversible process, although debiotiny-
lases have not been characterized. Histone biotinylation depends on the exogenous 
biotin supply, and it has been hypothesized that some effects of biotin deficiency can 
be attributed to abnormal chromatin structures (Hassan and Zempleni 2006). These 
reports provide evidence for the impact of dietary factors on histone modification 
and in determining chromatin structures, including whether the chromatin is in the 
open (euchromatin, active) or closed (heterochromatin, inactive) state. Research on 
the identification and characterization of dietary triggers of histone modifications 
and associated affects such as gene silencing or activation is emerging. Some of 
these efforts will likely examine specificity of bioactive food factors for particular 
histone-modifying enzymes and perhaps will utilize epigenomic approaches to map 
the numerous histone posttranslational marks in normal and cancer cells following 
dietary exposure(s).

4.5  diEtaRy Modulation of polycoMb 
REpREssivE coMplExEs

Histone modifications triggered by polycomb repressive complex signaling are 
thought to be important during embryonic stem (ES) cell differentiation. For exam-
ple, PcG complex 2 binding mediates trimethylation of lysine 27 (K27me3) on 
histone H3, but this histone mark is lost on developmental genes that are transcrip-
tionally induced during ES cell differentiation. The active vitamin A constituent 
retinoic acid (RA) is involved in differentiation of ES cells as well as differentiation 
of various cancer cells in culture. Interestingly, a decrease in the H3K27me3 mark 
was recently observed in as little as 3 days after differentiation of mouse ES cells 
induced by RA (1 µM) treatment (E. R. Lee et al. 2007). The enzyme histone K27 
methyltransferase EZH2, which mediates the K27me3 mark, also decreased with 
RA treatment. A loss of EZH2 binding and H3K27me3 was observed locally on PcG 
complex 2 target genes induced after 3 days of RA, including the gene nestin. In con-
trast, direct RA-responsive genes that are rapidly induced, such as Hoxa1, showed 
a loss of EZH2 binding and K27me3 within only a few hours of RA treatment. 
These observations suggest that there are likely temporal stages of derepression of 
polycomb complex target genes during early differentiation and also emphasize the 
complexity of the histone code in regulating gene transcription as increased histone 
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acetylation was found to override this H3K27me3 repressive mark to induce gene 
transcription in some genes.

After the PcG complex 2 binds and increases H3K27me3 in a specific gene 
region, the second polycomb repressive complex 1 (PcG complex 1), which contains 
the protein Bmi-1, binds to the K27me3 in histone H3, and catalyzes the ubiquitiny-
lation of histone H2A. This cooperation between the two PcG complexes is what 
leads to silencing of gene expression. PcG complex 1, including Bmi-1, appears to 
remain attached to the chromatin after these events are completed. Bmi-1 is overex-
pressed in some human cancers, including colorectal cancer (J. H. Kim et al. 2004) 
and human non-small-cell lung cancer (Vonlanthen et al. 2001), as well as markedly 
elevated in epidermal squamous cell carcinoma cells (K. Lee et al. 2008).

The polyphenol EGCG reduces skin cancer cell survival. The impact of EGCG 
on the PcG complex 1 chromatin factor in cultured squamous cell carcinoma cells 
was recently examined to determine the involvement of Bmi-1 in the activity of 
EGCG (Balasubramanian et al. 2008). EGCG (40 μM) was found to suppress Bmi-1 
levels and reduce Bmi-1 phosphorylation, resulting in displacement of the Bmi-1 
polycomb protein complex from chromatin and reducing survival of transformed 
cells. These observations provide additional evidence for the role of dietary compo-
nents in reducing cancer cell survival by altering epigenetic control of gene expres-
sion. The importance of the polycomb repressive complexes in the development of 
cancer is currently an active research enterprise. Future research is needed to clarify 
the role of dietary regulation of PcGs (primarily focusing on cancer stem cells and 
perhaps adult stem cells) during the carcinogenic process.

4.6  sMall, noncoding Rna, EpigEnEtics, 
and diEtaRy factoRs

The methyl-deficient model of spontaneous hepatocarcinogenesis (HCC) in rodents 
is unique in that dietary inadequacy rather than exposure to chemical carcinogens or 
viral agents can cause tumor formation (Pogribny et al. 2007). Specifically, deficiency 
of the major dietary sources of methyl groups and cofactors (methionine, choline, 
folic acid, and vitamin B12) is sufficient to induce liver tumor formation in male rats 
and certain mouse strains (Newberne 1986; Wainfan and Poirier 1992; Christman et 
al. 1993; Poirier 1994; Denda et al. 2002). The methyl deficiency induced in these 
animals has been associated with several defects, including increased genomewide 
and gene-specific hypomethylation (Wainfan and Poirier 1992; Christman et al. 
1993; Pogribny et al. 2004). Recent studies examining the early stages of hepato-
carcinogenesis induced by methyl deficiency in rats found significant alterations in 
other aspects of the epigenetic machinery, including aberrant expression of DNA 
methyltransferases and methyl CpG binding proteins (Ghoshal et al. 2006), defects in 
histone methyltransferase protein expression and histone posttranslational modifica-
tions (Pogribny, Ross, Wise et al. 2006), and changes in the expression of microR-
NAs (miRNA) (Kutay et al. 2006; Tryndyak et al. 2009). The aberrant epigenetic 
alterations imposed by this diet have been hypothesized to be the primary mechanism 
responsible for malignant transformation of rat liver cells (Pogribny, Ross, Tryndyak 
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et al. 2006; Wainfan and Poirier 1992; Christman et al. 1993; Ghoshal et al. 2006; 
Pogribny, Ross, Wise et al. 2006), but which of the epigenetic defects is responsible 
initially for transformation has not been determined. In this regard, development of 
methyl-deficient induced HCC was shown to be characterized by prominent early 
changes in the expression of miRNA genes that are involved in the regulation of 
apoptosis, cell proliferation, cell-to-cell connection, and epithelial-mesenchymal 
transition (Tryndyak et al. 2009). These changes include inhibition of the expression 
of miR-34a, miR-127, miR-200b, and miR-16a with corresponding changes in the 
levels of E2F3, NOTCH1, BCL6, ZFHX1B, and BCL2, proteins that are targeted by 
these miRNAs. The significance of the disruption of miRNAs expression in HCC 
was confirmed by the persistence of these miRNA alterations in the livers of methyl-
deficient rats re-fed a methyl-adequate diet. These investigators hypothesized that 
the early occurrence of alterations in miRNA expression and their persistence dur-
ing the entire process of hepatocarcinogenesis indicated that the dysregulation of 
microRNA expression is likely to be an important contributing factor in the devel-
opment of HCC. Whether the inhibition of expression of these specific miRNAs in 
this HCC model is the earliest trigger(s) toward fixing the neoplastic state requires 
further study. However, it is interesting to note that the sequence of pathological 
and molecular events in the methyl-deficient model of HCC is remarkably similar to 
the development of HCC associated with viral hepatitis B and C infections, alcohol 
exposure, and metabolic liver diseases (Powell et al. 2005).

The incidence of nonalcoholic fatty liver disease is increasing dramatically, 
which can lead to an increase in the prevalence of nonalcoholic steatohepatitis 
(NASH) and associated complications such as HCC (Torres and Harrison 2008). 
Mice fed a choline-deficient diet had up-regulation of miR-155, miR-221/222, and 
miR-21 and down-regulation of the most abundant liver-specific miRNA, miR-122 
(B. Wang et al. 2009). Western blot analysis showed reduced expression of hepatic 
phosphatase and tensin homolog (PTEN) and CCAAT/enhancer binding protein beta 
(C/EBPbeta), respective targets of miR-21 and miR-155 at early stages of HCC, long 
before preneoplastic transformation, implicating their role in the initiation of tum-
origenesis. Similarly, long-term exposure to a high-fat diet in genetically susceptible 
(C57BL/6J) mice leads to NASH and a high rate of spontaneous HCC (Hill-Baskin 
et al. 2009). miRNA profiles revealed increased expression of miR-31, miR-146, and 
miR-182 and decreased expression of miR-191. A switch from a high-fat to a low-
fat diet reversed these changes. While these studies demonstrate that dietary fac-
tors can modulate miRNA expression and cancer risk, it is not clear why different 
miRNA targets were observed between the two studies. Clearly additional research 
is needed.

Curcumin, derived from the rhizome of Curcuma longa, is a naturally occurring 
flavanoid that stimulates apoptosis and has recently been shown to alter miRNA 
expression profiles in human BxPC-3 pancreatic cancer cells (Sun et al. 2008). In this 
study, 11 miRNAs were significantly up-regulated and 18 miRNAs were significantly 
down-regulated after 72 h of treatment with 10 µmol/L curcumin in these cells. For 
example, curcumin up-regulated miRNA-22 and down-regulated miRNA-199a*, 
and these findings were confirmed by RT-PCR analysis. Furthermore, the expres-
sion of two computationally predicted targets for miRNA-22 (because miRNA-22 
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function is unknown), SP1 transcription factor (SP1) and estrogen receptor 1 (ESR1), 
were investigated in the pancreatic cancer cells. Up-regulation of miRNA-22 expres-
sion by either treatment with 10 µmol/L curcumin or transfections with synthetic 
miRNA-22 mimics, reduced the expression of its target genes SP1 and ESR1, while 
experiments using miRNA-22 antisense-enhanced SP1 and ESR1 expression. These 
findings suggest that alterations of miRNA expression by curcumin may be an 
important mediator of its cancer-protective effects in pancreatic cancer cells.

One of the most important phytochemicals in cruciferous vegetables is indole-3-
carbinol (I3C). Considerable evidence has shown that I3C inhibits experimentally 
induced carcinogenesis in a number of rodent models at different sites, including 
lung, through induction of phase I and phase II enzymes, inhibition of proliferation 
and induction of apoptosis in tumor cells, and modulation of estrogen metabolism 
(Bradlow 2008). Mice treated with the chemical carcinogen vinyl-carbamate and 
given I3C in the diet have decreased expression of miR-21, miR-130a, miR-146b, and 
miR-377 compared to mice treated with the carcinogen only (Melkamu et al. 2010). 
All of these miRNAs have been shown to be aberrantly expressed in human tumors. 
Moreover, miR-21 is the most frequently up-regulated oncomir in solid tumors (Guil 
and Esteller 2009). Increased levels of miR-21 have been reported in cancer of the 
lung, glial cells, breast, liver, and pancreas. Increased expression of miR-21 leads 
to increased cell proliferation, reduced apoptosis, and enhanced tumor growth and 
invasion by down-regulating the expression of tumor genes such as PTEN, p53, and 
TGF-beta (Melkamu et al. 2010). Whether or not I3C would inhibit miR-21 expres-
sion in other types of tumors is not currently known. However, these data suggest 
that miRNAs and their target genes are promising biomarkers for the cancer-protec-
tive effects of dietary components.

The preceding evidence suggests that nutrient deficiency as well as bioactive food 
component supplementation may modify the expression of miRNAs and that this 
modulation has consequences for carcinogenesis. Whether the affected miRNA are 
acting in an epigenetic fashion through miRNA-directed transcriptional gene silenc-
ing (Melkamu et al. 2010) as well as by modulating posttranscriptional silencing 
(i.e., the targeted degradation of mRNAs) has not yet been delineated. In fact, the 
role that microRNAs themselves can have as chromatin modifiers is only beginning 
to be understood (Guil and Esteller 2009). Recent evidence suggests that this reg-
ulation can involve a direct or indirect repression of DNA and histone-modifying 
enzymes, as well as chromatin-remodeling factors. It is also interesting to note that 
microRNA genes are also epigenetically modified in cancer cells (Guil and Esteller 
2009). Evidence suggests that miRNA genes are subject to hypermethylation and 
hypomethylation in a tumor- and tissue-specific manner. Further characterization 
of the downstream mRNA targets for these miRNAs will shed light on the func-
tional consequences of their altered epigenetic regulation and how this contributes 
to human tumorigenesis. Whether dietary factors also influence DNA methylation 
near or within miRNA genes is another research topic for consideration. In addition 
to miRNA, other noncoding RNAs will likely to be impacted by dietary modula-
tion as well as have activity in epigenetic pathways and in cancer. Investigators have 
only begun to understand how small, noncoding RNAs act in gene regulation and 
disease.
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4.7 conclusions

Recent evidence suggests that many different bioactive food components exert 
cancer-protective effects through modulation of epigenetic mechanisms, such as DNA 
methylation of CpG islands in promoters and other regions of the genome, chromatin-
silencing complexes, posttranslational modifications of histone tail domains, and 
regulation of noncoding RNAs. Moreover, dietary alteration of epigenetic events has 
been associated with modulation of several cellular processes associated with car-
cinogenesis, including differentiation, inflammation, apoptosis, cell cycle control/
proliferation, carcinogen metabolism, and angiogenesis, among others.

In the near future, epigenomic approaches are likely to assist in characterizing 
genomewide epigenetic marks that are targets for dietary regulation. The ability to 
characterize reference epigenomes (be they profiles of DNA methylation or histone 
modifications) will greatly impact the ability to determine, on a global level, how 
diet impacts differential epigenetic effects on normal versus cancer tissue and in 
different tissues. This information will also provide the tools to elucidate epigenetic 
changes resulting from dietary exposures during critical periods of prenatal and post-
natal development, adolescence, and senescence, as well as investigate the potential 
impact of diet on transgenerational transmission of epigenetic changes. In addition, 
links between genetics and epigenetics may provide additional insights about tran-
scriptional regulation during carcinogenesis and how dietary factors participate in 
these interactions. Moreover, the identification and characterization of novel epige-
netic marks and mechanisms with the capacity to differentially silence and activate 
gene expression are likely to surface over the next few years.

Although the cancer epigenetic field has advanced in the last decade, much remains 
to be revealed especially with respect to potential modification by bioactive dietary 
components. Issues remain about the quantity of dietary components needed to bring 
about a biological effect, the timing of exposure, and other variables (chemical form, 
duration of exposure) that can influence the response. Importantly, for the future of 
nutrigenomics and personalized nutrition, epigenetic marks may be useful as biomark-
ers of cancer prevention, early disease, or nutritional status, as well as function as 
potential molecular targets that are modulated by dietary interventions.
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5.1 intRoduction

Classically, the development of cancer in humans has been viewed as a progressive 
multistep process of transformation of normal cells into malignant cells driven by 
genetic alterations (Hanahan and Weinberg 2000; Vogelstein and Kinzler 2004). 
However, a wealth of data in the past decade indicates that an accurate epigenomic 
landscape is critical for normal cell functioning, with evidence of extensive epige-
netic distortion in tumor cells having largely changed the view on cancer as being 
a solely genetic disease (Jones and Baylin 2007). Currently, cancer is recognized 
as a disease provoked by a combination of genetic and epigenetic aberrations, and 
both of these components cooperate and complement each other at every stage of 
tumor development (Jones and Baylin 2007). The remarkable feature of epigenetic 
abnormalities, unlike genetic alterations, is their potential reversibility. This capa-
bility of reversal has resulted in the emergence of a novel innovative epigenetic 
approach for the treatment of cancer (Brown and Strathdee 2002; Cortez and Jones 
2008; Ellis et al. 2009). However, the timely correction of epigenetic alterations 
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is a promising avenue not only for cancer treatment but also for prevention of the 
development of cancer (Kopelovich et al. 2003; Davis and Ross 2007; Yang and 
Seto 2007).

Epigenetics is defined as heritable changes in gene expression associated with 
modifications of DNA or chromatin proteins that are not due to any alteration in 
the DNA sequence (Egger et al. 2004; Feinberg 2008). The most common epige-
netic modifications include methylation of cytosine bases in DNA, posttranslational 
modifications of histone proteins, and their location along the DNA (Sharma et al. 
2010). DNA methylation, a well-known primary epigenetic regulator of gene expres-
sion, arises from the addition of a methyl group from the universal methyl donor, 
S-adenosyl-L-methionine (SAM), to the fifth carbon atom in the cytosine pyridine 
ring, resulting in the formation of 5-methylcytosine in DNA (Chiang et al. 1996). 
This reaction is catalyzed by DNA methyltransferases (DNMTs) (Goll and Bestor 
2005; Li and Bird 2007). In eukaryotes, this stable post-synthetic epigenetic mark is 
found exclusively at cytosine residues at CpG sequences (Bird and Wolffe 1999).

DNA methylation is initiated and established by means of the de novo DNA meth-
yltransferases DNMT3A and DNMT3B (Goll and Bestor 2005; Li and Bird 2007), 
whose expression is coordinated by DNMT3L (Gowher et al. 2005), Lsh (lymphoid-
specific helicase) (Zhu et al. 2006), microRNAs (Fabbri et al. 2007), and piRNAs 
(Aravin et al. 2008). During DNA replication, DNA methylation is maintained by a 
complex cooperative interplay of the maintenance methyltransferase DNMT1 with 
the de novo DNA methyltransferases DNMT3A and DNMT3B (Liang et al. 2002; 
El-Osta 2003), methyl-CpG-binding protein 2 (MeCP2) (Li and Bird 2007; Kimura 
and Shiota 2003), histone-modifying enzymes (Kim et al. 2009; J. Wang et al. 2009), 
and the UHRF1 (ubiquitinlike, containing PHD and RING finger domains 1) protein 
(Arita et al. 2008; Avvakumov et al. 2008; Hashimoto et al. 2008).

A second, well-studied epigenetic mechanism involves a variety of posttransla-
tional covalent modifications of histones (H2A, H2B, H3, and H4). Histones are 
evolutionary conserved proteins that have a globular carboxy-terminal domain criti-
cal to nucleosome formation and a flexible amino-terminal tail that protrudes from 
the nucleosome core and contacts adjacent nucleosomes in a higher-order structure. 
The amino-terminal tails of histones are subject of at least eight different classes 
of modifications, including acetylation, methylation, phosphorylation, ubiquitina-
tion, sumoylation, biotinylation, and ADP-ribosylation (Jenuwein and Allis 2001; 
Kouzarides 2007; Lennartsson and Ekwall 2009). These histone modifications func-
tion either by influencing chromatin packaging or by recruiting and/or occluding 
other protein complexes (Neff and Armstrong 2009; Sharma et al. 2010).

DNA methylation and modifications of histones are essential for normal develop-
ment and the maintenance of cellular homeostasis and functions in adult organisms, 
particularly for X chromosome inactivation in females (Singer-Sam and Riggs 1993; 
Brinkman et al. 2006), genomic imprinting (Razin and Cedar 1994; Ideraabdullah 
et al. 2008), silencing of repetitive DNA elements (Yoder et al. 1997; Martens et al. 
2005), regulation of chromatin structure (Bernstein et al. 2007; Miranda and Jones 
2007), and proper expression of genetic information (Razin and Riggs 1980; Berger 
2007). The precise epigenetic status is balanced in normal cells; however, a number 
of exogenous and endogenous factors may disrupt this balance and compromise the 
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stability of the epigenome, leading to the development of a wide range of human 
pathologies, including cancer.

5.2 histonE Modifications and cancER

Although a number of histone modifications have been described, acetylation and 
methylation of histones are the two main modifications, which disturbances have 
been well established in cancer cells.

5.2.1 HistonE lysinE acEtylation and cancEr

The association between histone lysine acetylation and gene transcriptional acti-
vation was first reported in 1964 (Allfrey et al. 1964). In contrast, histone lysine 
deacetylation correlates with gene silencing (Iizuka and Smith 2003; Ropero and 
Esteller 2007). Deacetylated lysines are positively charged and react strongly with 
the negatively charged DNA. This leads to dense chromatin condensation at gene 
promoters and transcriptional gene silencing by limiting the accessibility to tran-
scription machinery (Grønbaek et al. 2008; Ropero and Esteller 2007). On the other 
hand, acetylation of the lysines neutralizes this charge, which generates the open 
chromatin structure and activation of gene transcription. The accurate balance 
between histone lysine acetylation and deacetylation in normal cells is maintained 
by the opposing activities of histone acetyltransferases (HATs or KATs) and his-
tone deacetylases (HDACs). Three main families of HATs, including the MOZ/
YBF2/SAS2/TIP60 (MYST) family, the GCN5 N-acetyltransferase (GNAT), and 
the p300/CBT family, catalyze the transfer of acetyl groups from acetyl-CoA to 
the lysine ε-amino group, resulting in acetylated lysine and CoA (Smith and Denu 
2009). HDACs catalyze the removal of acetyl groups from the acetyl-lysine residues 
within histones. There are four classes of HDACs. Class I consists of HDAC1-3 
and HDAC8 that are localized in the nucleus, whereas class II HDACs, including 
HDAC4-7, HDAC9, and HDAC10, shuttle between nuclear and cytoplasmic com-
partments. Class III, which consists of SIR2 (Silent Information Regulator 2) fam-
ily members, or sirtuins (SIRT1-7), can be found in the cytoplasm, nucleus, and 
mitochondria (Michan and Sinclair 2007), while HDAC11, which represents the 
most recently described class IV HDACs, is primarily localized in the nucleus. 
Class I, II, and IV HDACs share homology in both sequence and structure and 
utilize an active-site metal-dependent (Zn) catalytic mechanism, whereas class III 
HDACs utilizes a distinct nicotinamide adenine nucleotide (NAD+)-dependent cat-
alytic mechanism (Smith and Denu 2009).

The results of numerous studies have convincingly established that the balance 
between histone lysine acetylation and deacetylation in cancer cells is extensively 
altered, resulting in profound loss of histone lysine acetylation. Deacetylation of 
lysine residues, especially lysine 9 on histone H3 (H3K9) and lysine 16 on histone 
H4, has been detected in various human tumors including leukemia, colon, lung, and 
breast cancers (Fraga et al. 2005; Kondo and Issa 2004; Elsheikh et al. 2009). It is 
widely believed that the abnormal state of histone lysine acetylation in cancer cells 
is associated with altered activity of HATs and/or HDACs. Indeed, down-regulation 
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of HAT and up-regulation of various classes of HDACs have been reported in both 
hematological and solid tumors (Ropero and Esteller 2007; Mariadason 2008; Ellis 
et al. 2009).

5.2.2 HistonE lysinE mEtHylation and cancEr

In addition to widespread abnormal histone lysine acetylation, cancer cells also 
display profound changes in histone methylation patterns. Histones can be methy-
lated on either their lysine or arginine residues. Lysine methyltransferases (HMTs or 
KMTs) catalyze mono-, di-, and trimethylation by transferring a methyl group from 
SAM to the lysine ε-amino group. Until recently, histone lysine methylation has been 
considered as a permanent modification. However, the discovery and characteriza-
tion of a lysine specific demethylase LSD1/KDM1 in 2004 (Shi et al. 2004) and fam-
ily of jumonji histone demethylases (JHDMs) in 2006 (Klose et al. 2006; Tsukada et 
al. 2006) has changed this view.

Unlike histone lysine acetylation, methylation of lysine residues leads to either 
transcriptional activation or transcriptional repression depending upon which resi-
due is modified and the extent of methylation. For instance, trimethylation of lysine 
4 on histone H3 (H3K4) and lysine 36 on histone H3 (H3K36) generally correlates 
with transcriptional activity. In contrast, demethylation of H3K4 is required for gene 
silencing. Trimethylation of H3K9 and H3K27 are hallmarks of transcriptional 
repression. Likewise, trimethylation of H4K20 is an integral part of heterochromatin 
mediated silencing, whereas monomethylation of H4K20 correlates with ongoing 
transcription (Jenuwein 2006; Hublitz et al. 2009).

The results of numerous studies have clearly established that cancer cells are 
characterized by two different types of alterations in histone lysine methylation pat-
terns: loss of global histone H3K9, H3K27, and H4K20 trimethylation and increase 
of these marks at gene promoter regions. Substantially reduced trimethylation of 
histone H3K9, H3K27, and H4K20 has been documented in many types of human 
tumors, including colon, breast, ovarian, pancreatic, and lung cancers (Kondo and 
Issa 2004; Fraga et al. 2005; Wei et al. 2008; Van den Broeck et al. 2008). In con-
trast, increased trimethylation of histone H3K9 and H3K27 is associated with aber-
rant gene silencing in various forms of cancer (Snowden et al. 2002; Schlesinger 
et al. 2007; Kondo, Shen, Cheng et al. 2008). It is widely believed that alterations 
in histone lysine methylation patterns are associated with dysregulation of HMTs 
responsible for these marks. For instance, down-regulation of G9a, RIZ1, and Suv4-
20h2 HMTs is tightly correlated with the loss of global histone H3K9 and H4K20 
trimethylation in cancer (Kondo, Shen, Ahmed et al. 2008; Zhou et al. 2008; Van 
den Broeck et al. 2008).

5.3 histonE Modifications and tuMoRigEnEsis

The development of cancer is a complex multifactorial process characterized by 
many biologically significant and interdependent alterations. One of these changes is 
epigenetic dysregulation. It is clear that cancer, by itself, can trigger epigenetic alter-
ations that reflect the transformed state of neoplastic cells; however, the distortion 
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of the cellular epigenetic status in normal cells can also have an impact on the pre-
disposition to precancer-specific pathological states and cancer development. This 
leads to the suggestion that epigenetic alterations, including aberrant histone modi-
fications, not only are important features of cancer cells, but also play a major role 
in the initiation and propagation of cancer. The epigenetic model of cancer initiation 
suggests that epigenetic alterations that occur in stem, progenitor, or differentiated 
cells are the earliest events in cancer initiation that may predispose to mutational 
events, give rise to cancer stem cells, and contribute to tumor heterogeneity (Jaffe 
2003; Feinberg 2004; Karpinets and Foy 2005; Feinberg et al. 2006; Shukla et al. 
2008). The results of recent studies demonstrating the early emergence of epigeneti-
cally reprogrammed cells, which have epigenetic alterations that are similar to those 
found in malignant cells, provided strong experimental support to this hypothesis. 
Specifically, using different models of liver carcinogenesis induced by genotoxic or 
nongenotoxic carcinogens, a marked decrease in the trimethylation of H3K9 and, 
especially, H4K20 in the preneoplastic livers has been demonstrated (Tryndyak et al. 
2006; Pogribny, Tryndyak, Woods et al. 2007). Similar changes were also detected 
during estrogen-induced mammary gland carcinogenesis (Kovalchuk et al. 2007) and 
lung tumorigenesis (Van den Broeck et al. 2008). More importantly, changes in the 
normal histone modification pattern precede the formation of preneoplastic lesions, 
thereby indicating the significance of epigenetic events in the induction of oncogenic 
pathways during the early stages of carcinogenesis (Kovalchuk et al. 2007; Van den 
Broeck et al. 2008; Starlard-Davenport et al. 2010; Pogribny et al. 2010).

Emerging evidence suggests a crucial role of histone H3K9 and H4K20 trimethy-
lation in the maintenance of genomic stability (Schotta et al. 2004; Kourmouli et al. 
2004). One of the primary functions of H3K9, H3K27, and H4K20 trimethylation 
is the formation of constitutive heterochromatin. These marks are concentrated at 
centric, pericentric, and telomeric chromosomal regions and are considered to be 
a prominent epigenetic signature of silenced heterochromatin (Schotta et al. 2004; 
Kourmouli et al. 2004; Martens et al. 2005; Jenuwein 2006). Loss of H3K9 and 
H4K20 trimethylation, triggered by the down-regulation of HMTs, including G9a, 
RIZ1, Suv39h, and Suv4-20h2, markedly compromises genome stability, diminishes 
the ability of cells to maintain cell cycle arrest, and severely impairs the viability of 
cells (Peters et al. 2001; Kondo, Shen, Cheng et al. 2008; Peng and Karpen 2009). 
As mentioned earlier, the decreased levels of trimethylated H3K9 and H4K20 have 
been shown not only in several forms of human cancer, but also at early preneoplas-
tic stages. This led to a suggestion that low levels of H3K9 and H4K20 trimethyla-
tion may contribute to the etiology of cancer and can be used as an indicator and 
diagnostic marker for neoplastic transformation and tumor growth (Jenuwein 2006; 
Watanabe et al. 2008).

The mechanistic link between the loss of H3K9, H3K27, and H4K20 trimethy-
lation and cancer development is associated with events that destabilize genomic 
integrity via chromatin decondensation, the induction of centromere and telomere 
abnormalities, chromosome segregation defects, and by activation of mobile repeti-
tive DNA elements and proto-oncogenes (Martens et al. 2005; Benetti et al. 2007). 
The causal role of these lesions, as an integral part of neoplastic transformation in 
the etiology of cancer, is now commonly accepted (Coleman and Tsongalis 2006).
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5.4  diEtaRy Modifications of histonE 
lysinE acEtylation and MEthylation 
pattERns and cancER pREvEntion

5.4.1 diEtary Hdac inHibitors and cancEr prEvEntion

Experimental and clinical evidence has convincingly established that correcting of 
aberrant histone lysine acetylation by suppressing the activity of abnormally elevated 
HDACs is one of the main epigenetic therapeutic interventions for cancer treatment 
(reviewed in Glozak and Seto 2007; Lane and Chabner 2009). This is evidenced by 
the fact that two HDAC inhibitors, Zolinza and Istodax, have been approved by the 
U.S. Food and Drug Administration for clinical use. HDAC inhibitors have also been 
speculated to use in cancer prevention.

Several dietary components, such as sulforaphane (SFN), present in cruciferous 
vegetables, including broccoli, kale, and cauliflower, and diallyl disulfide (DADS), 
found in Allium vegetables, such as garlic, exhibit distinct HDAC inhibitory activ-
ity by targeting type I and type II HDAC enzymes (Myzak and Dashwood 2006a, 
2006b; Dashwood et al. 2006; Dashwood and Ho 2007; Garfinkel and Ruden 2004) 
(Figure 5.1). Administration of SFN in the diet to APCmin mice, a mutant mouse 
strain that is highly susceptible to formation of multiple spontaneous adenomas in 
intestine, resulted in 50% decrease of tumor incidence (Myzak et al. 2006). The 
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figuRE 5.1 (Please see color insert following page 80.) Schematic model showing a 
dynamic state of histone lysine acetylation and methylation. The dysbalance between acety-
lation and deacetylation processes in cancer cells resulted in inappropriate histone lysine 
deacetylation during tumorigenesis. Dietary HDAC inhibitors restore the normal pattern of 
histone lysine acetylation and prevent and/or halt tumorigenesis. Likewise, aberrant histone 
lysine methylation may be corrected by adequate dietary supplementation of methyl group 
donors and normalization of HMT functioning.
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authors correlate these results with SFN-mediated inhibition of HDAC activity and 
increased lysine acetylation of histones H3 and H4 (Myzak et al. 2006). Similarly, 
butyrate, a byproduct of dietary fiber fermentation in the colon, is one of the most 
effective inhibitors of HDAC activity among other short-chain fatty acids (Myzak 
and Dashwood 2006b) and is currently recognized as potent chemopreventive agent 
for colon cancer (Scharlau et al. 2009).

The newly emerged inhibitor of HDAC-1 activity, MCP30, promises to become 
a powerful tool in prostate cancer therapy (Xiong et al. 2009). MCP30 is a protein 
isolated from the bitter melon Momordica charantia, grown in tropical climates. 
Inhibition of HDAC-1 activity by MCP30 results in increased acetylation on histones 
3 and 4. Remarkably, these features were paralleled by increased levels of apoptosis, 
observed selectively in prostate cancer cells, but not in normal prostate cells (Xiong 
et al. 2009). Moreover, similar results were obtained from studies using a premalig-
nant prostate cancer cell line, suggesting that the bitter melon derivate MCP30 may 
be a potential cancer preventive agent.

Interestingly, the activation of sirtuins, which are class III HDACs, by dietary 
polyphenols, such as resveratrol, found in grapes and peanuts, have been shown to 
increase life span and delay cancer development (Tissenbaum and Guarente 2001; 
Delage and Dashwood 2008). Although the pro-longevity effects of resveratrol in 
mammals have been recently challenged by some studies (Bass et al. 2007; Kaeberlein 
2010), the cancer therapeutic and cancer preventive abilities are well recognized and 
accepted (Jang et al, 1997; Carbó et al. 1999; Hecht et al. 1999; Schneider et al. 2001; 
Banerjee et al. 2002). Other polyphenols with anticancer activity include: butein (Y. 
Wang et al. 2005), which is found in the stems of Rhus verniciflua; quercetin (Shaik 
et al. 2006), which is present in berries, apples, and onions; and piceatannol (Potter 
et al. 2002), which is contained in blueberries.

Recent studies suggest that patterns of histone lysine acetylation can also be regu-
lated by micronutrients in the diet. Treatment of human prostate cancer cells with 
selenium (Se) resulted in decreased HDAC activity, paralleled by an increase in the 
levels of H3K9 acetylation (Xiang et al. 2008). Moreover, treatment with selenite 
led to increased acetylation of glutathione-S-transferase gene (GSTP1) promoter, a 
phase II detoxification enzyme that protects cells from carcinogen-mediated dam-
age. Interestingly, the aforementioned cruciferous vegetables that are rich in sul-
foraphane also exhibited high levels of selenium.

5.4.2 diEtary mEtHyl group donors and cancEr prEvEntion

The methyl groups that are needed for all cellular biological methylation reactions, 
including histone lysine methylation, are acquired from SAM, the primary universal 
donor of methyl groups in mammals, derived from methionine in the one-carbon 
metabolic pathway (Chiang et al. 1996). This indispensably connects the status of 
histone methylation to the functioning of the one-carbon metabolic pathway. There 
are two types of risk factors that may compromise the normal functioning of the one-
carbon metabolic pathway and subsequently alter the cellular epigenetic profile. The 
first group consists of nonmodifiable genetic risk factors, such as genetic variations 
in genes encoding enzymes involved in the cellular one-carbon metabolism. The 
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second group consists of potentially modifiable factors, such as essential nutrients, 
involved in the metabolism of methyl-groups, including methionine, choline, folic 
acid, and vitamins B6 and B12. Indeed, there is an extensive amount of data showing 
the regulatory effect of dietary methyl group donors on histone lysine methylation 
(Pogribny et al. 2006; Pogribny, Tryndyak, Woods et al., 2007; Davison et al. 2009; 
Mehedint et al. 2010) (Figure 5.1).

Previously, we and other researchers have demonstrated that a long-term inad-
equate supply of methionine, choline, folic acid, and vitamin B12 resulted in signifi-
cant alterations in histone lysine methylation in the livers of male rats and mice and 
development of liver tumors (Pogribny et al. 2006; Zhou et al. 2008; Pogribny et al. 
2009). In this respect, the accustomed Western diet, which primarily consists of meat 
and is usually low in both fruits and vegetables and therefore is imbalanced in terms 
of nutrients involved in one-carbon metabolism, may be one of the major causes 
of human cancer induced by imbalanced diet (Zhou et al. 2008). Indeed, existing 
evidence implicates HMTs and histone lysine methylation as potential targets for 
cancer preventive dietary correction. RIZ1, which exerts its tumor suppression prop-
erties by methylating H3K9, has been shown to be involved in methyl-imbalanced 
diet-mediated liver carcinogenesis in the rodent model (Zhou et al. 2008). It has been 
proposed that maintenance of RIZ1 activity may serve as a crucial cancer preventive 
mechanism (Huang 2008; Zhou et al. 2008).

Also, histone lysine methylation can be regulated by treatment with micronutri-
ents, specifically selenium. Treatment of LNCaP prostate cancer cells with selenite 
resulted in decreased levels of methylated H3K9 (Xiang et al. 2008). In particular, 
implementation of Se led to reduced levels of H3K9 methylation associated with the 
GSTP1 promoter, which is silenced in the LNCaP prostate cancer cell line.

5.4.3 diEt and otHEr HistonE modifications and cancEr prEvEntion

Recent evidence suggests that dietary prevention of cancer is not limited to cor-
rection of aberrant histone lysine acetylation and methylation. At least two lysine 
residues on histone 4 (lysine 8 and lysine 12) can be modified by the covalent addi-
tion of the vitamin biotin (Camporeale et al. 2004; Hassan and Zempleni 2006). 
Additional biotinylation sites were more recently identified on histone 2A (H2A) 
at lysines 9, 13, 125, 127, and 129 (Chew et al. 2006), and histone H3 at lysines 
4, 9, 18, and 23 (Kobza et al. 2005). The process of biotinylation is catalyzed by 
two enzymes—biotinidase and holocarboxylase synthetase; however, debiotinylases 
have yet to be identified (Narang et al. 2004; Camporeale et al. 2006; Hassan and 
Zempleni 2006; Davis and Ross 2007). Histone biotinylation is correlated with the 
mitotic condensation of chromatin structures, resulting in gene silencing. The bioti-
nylation of lysine 12 on histone 4 (H4K12) is often associated with repetitive regions 
and has been identified as an epigenetic mechanism for the repression of long ter-
minal repeat retrotransposons (Camporeale et al. 2007; Zempleni et al. 2009). As 
with methylation, biotinylation of histone residues seems to be dependent on the 
exogenous levels of substrate. Biotin deficiency has been assumed to be associated 
with abnormal chromatin structure, which implicitly links histone biotinylation to 
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cancer. Further studies are needed to elucidate the exact mechanisms underlying 
histone biotinylation and its correlation with carcinogenesis.

Genistein, the isoflavone abundant in fava beans and soybeans, has been charac-
terized as another chemopreventive agent. It is believed to have a strong potential for 
the significant reduction of the breast and prostate cancer rates (Lamartiniere et al. 
1995; Gong et al. 2003; Molinie and Georgel 2009). One of the possible mechanisms 
through which genistein exhibits it chemopreventive effects is by targeting phospho-
rylation of H1 and H3 histones.

5.5 conclusions and REMaRks

Many nutrients have been reported to affect directly only one type of histone modifi-
cation; however, considering a tight link between histone modifications, dietary fac-
tors may influence indirectly other types of histone modifications. The first reports 
suggesting such an interrelationship appeared over 30 years ago when rats treated 
with a biotin-deficient diet were characterized by decreased levels of phosphorylation 
and methylation on histone residues, in parallel with increased levels of acetylation in 
the liver tissue (Petrelli et al. 1978). Additionally, histone modifications and histone-
modifying enzymes also interact with DNA methylation machinery, including DNA 
methyltransferases and methyl-binding proteins, influencing DNA methylation and 
vice versa (reviewed in Guil and Esteller 2009). Despite the notable progress in iden-
tifying epigenetic mechanisms of chemoprevention, and the role of histone modifica-
tions in particular, there are still a lot of gaps that need to be filled. Specifically, more 
research is required on the dose and timing for the dietary constituent in cancer pre-
vention. Studies similar to those performed with drugs such as pharmacodynamics 
and pharmacogenomics are also necessary for dietary agents (including interactions 
of agent with other agents and interactions of agent with other genetic and epigenetic 
factors), as well as the side effects and long-term consequences of administrating a 
dietary compound, particularly when consumed in isolation rather than in dietary 
form. These studies will provide information to assist in selecting the most beneficial 
dietary patterns as well as dietary supplements while at the same time identify safe 
dietary factors for cancer prevention.
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6.1 intRoduction

Epidemiological studies have suggested a link between the fetal environment 
(including nutrition) and postnatal health, particularly cardiovascular function or 
dysfunction, in humans (Barker and Osmond 1986; Chmurzynska 2010; Hill and 
Duville 2000; Phillips 2007). For example, high rates of death from ischemic heart 
disease and the metabolic syndrome are positively correlated with low birth weight, 
which may result, in part, from a reduced availability of nutrients to the fetus in 
utero (Barker 2007; Hales and Barker 1992). The concept of fetal programming has 
been experimentally tested in a number of species, including nonhuman primates 
(Nijland et al. 2010), rats (Anderson et al. 2006), mice (Dunn and Bale 2009), cattle 
(Cafe et al. 2009), and sheep (Symonds et al. 2009). Of particular interest, effects of 
changes in nutrition or endocrine status during fetal or neonatal life can be carried 
forward to subsequent developmental stages (Figure 6.1). This phenomenon may be 
explained by epigenetics, which is defined as stable and inheritable alterations of 
genes through covalent modifications of DNA and core histones without changes in 
DNA sequences (Evertts et al. 2010).

Undernutrition due to a variety of factors (including a limited supply of food, 
severe nausea and vomiting, early or closely spaced pregnancies, multiple pregnan-
cies, and placental dysfunction) is a significant problem in humans (Marsal 2002). 
Most of these factors are also common in livestock production (G. Wu et al. 2006). 
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On the other side of the nutrition spectrum, obesity is a growing problem worldwide 
(Hardie et al. 2006; Ogden et al. 2007). Indeed, 65% of women of reproductive age 
in the United States are overweight or obese (Flegal et al. 2010). Thus recent years 
have witnessed increasing interest in the effect of maternal obesity on fetal and post-
natal health in humans (Catalano 2007; Cleal et al. 2007; Kiel et al. 2007). Likewise, 
increasing feed provision to dams during a short period of time (termed “flushing”) 
around conception has been employed by livestock producers to enhance ovulation. 
However, this practice is known to reduce the survival and growth of embryos and 
fetuses in a number of species, including pigs, cattle, horses, and sheep, because 
of impaired secretions of progesterone (Han et al. 2004; G. Wu et al. 2006, 2010). 
Because of ethical concerns with obtaining human fetal tissues, use of animal models 
is important to understanding the mechanisms responsible for the developmental ori-
gins of health and disease in humans and to designing effective means for prevention 
and treatment. While multiple organs are affected by maternal nutrition during preg-
nancy (G. Wu et al. 2004, 2006), this review focuses on the cardiovascular system 
because vascular disease is the leading cause of death in the world (AHA 2010).

6.2 EpigEnEtics and fEtal pRogRaMMing

Fetal programming can be defined as an adaptive process whereby nutrition and 
other environmental factors alter developmental pathways during the critical 

Epigenetics

Fetal Programming

Impairment of Growth, Development, and
Health of Offspring

Undernutrition Overnutrition

Hormonal
imbalance

Metabolic
disorders

Organ
dysfunction Defects in

cell signaling

figuRE 6.1 Impacts of maternal nutrition on fetal programming. Either undernutrition or 
overnutrition affects expression of the fetal genome, which may have lifelong consequences. 
Thus alterations in fetal nutrition may result in developmental adaptations that permanently 
change the structure, physiology and metabolism of the offspring, thereby predisposing indi-
viduals to metabolic, endocrine, and cardiovascular diseases in adult life.
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period of prenatal growth, therefore inducing changes in postnatal metabolism 
and chronic disease susceptibility (G. Wu et al. 2004). Such changes may provide 
a mechanism for the adaptation of the affected offspring to the extrauterine envi-
ronment that may confer an evolutionary advantage for the survival of the species. 
However, when environmental cues during prenatal life inappropriately program 
offspring, there are adverse consequences, including the increased prevalence of 
disease in adult life. For example, birth weight was inversely correlated with the 
incidences of coronary heart disease and hypertension in a cohort of 4630 adult 
men (Barker et al. 2002; Eriksson et al. 2001) and 3447–4130 women (Barker et 
al. 2002; Forsen et al. 1999) born in Helsinki, Finland, between 1924 and 1933 
(Table 6.1). Moreover, among adult men and women, a small size at birth was asso-
ciated with increased mortality rates from cardiovascular causes (Kajantie et al. 
2005). Additionally, studies from animal models have documented that maternal 
undernutrition or overfeeding results in cardiovascular and renal dysfunctions as 
adults (Cleal et al. 2007; Han et al. 2004; Evertts et al. 2010).

The genetic code established by the DNA sequence exhibits minimal rates of 
change after the formation of the diploid chromatin state at fertilization (Evertts 
et al. 2010). Therefore a search for alternative mechanisms of gene regulation was 
undertaken. These studies resulted in the now widely accepted notion that changes 
in gene expression can be manifested by mitotically and/or meiotically heritable 
alterations in the DNA-protein complex without any change in the DNA sequence 
(C. Wu and Morris 2001). This phenomenon was originally termed “epigenetics,” 
derived from the Greek prefix “epi,” which means “over” or “above.” At present, 

tablE 6.1
Effects of birth weight on the hazard Ratios for coronary heart disease 
and the cumulative incidence of hypertension in adult Men and women

adult Men adult women

birth weight (g)

hazard Ratios 
for coronary 

heart diseasec

cumulative 
incidence of 
hypertension 

(%)b

hazard Ratios 
for coronary 

heart diseasea

cumulative 
incidence of 
hypertension 

(%)d

≤ 2500 3.63 — 1.34 —

2501–3000 1.86 19.0 1.38 21.1

3001–3500 1.99 17.0 1.24 16.3

3501–4000 2.08 14.1 1.17 13.0

> 4000 1.00 12.5 1.00 12.1

P value for trend 0.006 < 0.001 0.007e < 0.001

a Eriksson et al. (2001). A cohort of 4630 adult men was studied.
b Barker et al. (2002). A cohort of 4630 adult men was studied.
c Forsen et al. (1999). A cohort of 3447 adult women was studied.
d Barker et al. (2002). A cohort of 4130 adult women was studied.
e Adjusted for gestation and placental weight.
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four mechanisms mediating epigenetic effects are: (1) chromatin modifications, 
(2) DNA methylation (occurring in 5'-positions of cytosine residues within CpG 
dinucleotides throughout the mammalian genome), (3) histone modifications 
(acetylation, methylation, and phosphorylation), and (4) RNA-based mechanisms 
such as noncoding RNA or inhibitory RNAs (Evertts et al. 2010). The enzymes 
involved in these reactions include specific DNA and protein methyltransferases, 
DNA demethylases, histone acetylase (lysine acetyltransferase), and GCN5-related 
N-acetyltransferase (a super family of acetyltransferase). DNA methylation is a 
reversible biological process.

DNA methylation predominantly involves the donation of a methyl group to the 
5-position of cytosine linked to a guanine by a phosphodiester bond. The multiple 
CpG sites form clusters termed CpG islands, which are located in the regulatory 
regions of many genes. Due to their presence in these regulatory regions, changes 
in methylation status can be either stimulatory (hypomethylation) or inhibitory 
(hypermethylation) to the expression of that gene (Matouk and Marsden 2008). 
Histone modifications are posttranslational modifications that alter the properties 
and structure of chromatin. These posttranslational modifications, including methy-
lation, acetylation, phosphorylation, and ubiquitination, among others, mediate the 
accessibility of the transcriptional machinery to the DNA binding elements, thus 
regulating gene expression (G. Wu, 2009). Epigenetic regulation of gene expres-
sion by RNA-based mechanisms can occur at both the posttranscriptional level 
and the level of chromatin. These mechanisms are mediated by small, interfering 
RNAs, which can act through their respective pathways to induce DNA methyla-
tion or histone modifications to silence or enhance gene expression (Thambirajah 
et al. 2009; Kawasaki et al. 2005).

Environmental cues appear to be the primary trigger to induce changes in the 
epigenome and include such factors as nutrients, stress, environmental pollutants, 
and toxins (Godfrey et al. 2007). The extent to which cells are able to respond to 
these cues lies in large part with the plasticity of cells. Thus the developing embryo/
fetus is a prime target for epigenetic modifications (Evertts et al. 2010), and interven-
tions during pregnancy may be an important strategy for ameliorating or preventing 
metabolic disorders (including vascular insulin resistance) in adult life (G. Wu et al. 
2006). Despite a recognized role for epigenetics in fetal programming of cardiovas-
cular disease (Turunen et al. 2009), this field is still in its infancy.

6.3  iMpacts of MatERnal nutRition on 
EpigEnEtics and vasculaR function

6.3.1 matErnal undErnutrition

Severe nausea and vomiting, known as hyperemesis gravidarum, is a life-threatening 
disorder that occurs in 1–2% of pregnancies and generally extends beyond the 16th 
week of gestation (Marsal 2002). Under this condition, the mother mobilizes her own 
stores of nutrients (e.g., protein, lipids, and glycogen) and the fetus is malnourished. 
In livestock production, insufficient nutrient supply is common across all species 
due to poor forage quality and/or availability, heat or cold stress, increased rates of 
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twinning in typically monotocous species, and poor management practices (G. Wu et 
al. 2006). In both clinical medicine and agriculture, birth weight is the predominant 
indicator of prior nutrient availability in utero.

Low birth weight is correlated with adult-onset diseases such as cardiovascu-
lar disease and metabolic syndrome, highlighting the importance of this simple 
measure on predicting and potentially managing potential health risks (Barker 
2007; Kajantie et al. 2005). For example, at 4 years of age, children with low birth 
weight had elevated levels of glucose and insulin in response to glucose challenge 
(Yajnik and Deshmukh 2008). In addition, individuals exposed to the Dutch winter 
famine of 1944–45 in utero had higher rates of insulin resistance, vascular disease, 
morbidity, and mortality in adulthood (Lumey 1998). Interestingly, 60 years after 
birth, offspring with early prenatal experience of the famine exhibited less DNA 
methylation of the imprinted IGF2 gene, in comparison with same-sex siblings 
without exposure to prenatal malnutrition (Heijmans et al. 2008). Furthermore, 
individuals with periconceptional exposure to the famine had lower methylation 
of the INSIGF gene but higher methylation of several genes (IL10, LEP, ABCA1, 
GNASAS, and MEG3) (Tobi et al. 2009). These genes are closely linked with 
nutrient metabolism and cardiovascular function. Interaction between undernutri-
tion and sex affected the methylation of INSIGF, LEP, and GNASAS (Tobi et al. 
2009). Moreover, a cohort study of 15,000 Swedish men and women born between 
1915 and 1929 perhaps provides by far the most convincing evidence for the close 
association between reduced fetal growth rate and increased risk of death from 
ischemic heart disease (Leon et al. 1998). These observations underscore the need 
to monitor low-birth-weight children for the development of diabetes and to edu-
cate these children and their families about maintaining an appropriate diet to 
mitigate the effects of this altered metabolic profile. The same principle could be 
applied to nutritional management of livestock.

Experimental evidence from a variety of species and models has provided a 
wealth of knowledge regarding the mechanisms by which reduced nutrient avail-
ability in utero gives rise to adult disease. For example, fetal undernutrition 
due to placental insufficiency impaired vascular function in two generations of 
rats (Anderson et al. 2006), indicating an intergenerational effect. Interestingly, 
the effects on endothelium-dependent relaxation appear to be gender specific 
(Anderson et al. 2006). Also, maternal protein restriction induces hypertension 
and vascular dysfunction in adult female offspring of rats (Sathishkumar et al. 
2009). Interestingly, these effects were maintained in the F2 generation, indicating 
that these alterations were likely due to epigenetic modifications inherited across 
generations (Harrison and Langley-Evans 2009).

Research with large animals (e.g., sheep and nonhuman primates) provides fur-
ther evidence for the fetal programming of vascular dysfunction and metabolic 
abnormalities. For example, in sheep, maternal undernutrition induces left ventricu-
lar hypertrophy and alters gene expression in the fetal left ventricle (Han et al. 2004; 
Vonnahme et al. 2003). Additionally, maternal nutrient restriction results in increased 
myocardial lipid and altered gene expression in offspring at 1 year of age (Chan et 
al. 2009). Moreover, studies with sheep have demonstrated that maternal nutrient 
restriction impairs renal function, increases the development of glomerulosclerosis, 
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and enhances apoptosis in kidneys, while altering the expression of proteins involved 
in regulating the inflammatory process (Williams et al. 2007; Sharkey et al. 2009). 
Interestingly, in primates a 30% reduction in maternal nutrient intake did not affect 
fetal weight at 0.5 and 0.9 week of gestation. However, under such conditions tissue-
specific global methylation status was altered in the kidney at both 0.5 and 0.9 week 
of gestation (Unterberger et al. 2009) and the availability of methyl group donors 
was reduced (Schlabritz-Loutsevitch et al. 2009). Furthermore, emerging evidence 
indicates epigenetic modification of fetal baboon hepatic phosphoenolpyruvate car-
boxykinase (a key enzyme in gluconeogenesis) after exposure to moderately reduced 
nutrient availability (Nijland et al. 2010). These data indicate that even a relatively 
mild nutrient restriction can induce epigenetic alterations in the DNA complex and 
provide a potential mechanism for the incidence of endothelial dysfunction, renal 
impairment, and hypertension in offspring with previous experience of malnutrition 
during the period of fetal growth.

The consequences of intrauterine growth restriction (IUGR), defined as impaired 
growth and development of the fetus or its organs, have been investigated in a num-
ber of livestock species and go well beyond animal health, to factors that could 
potentially affect athletic performance (G. Wu et al. 2004, 2006). In both pigs and 
sheep, IUGR results in decreased skeletal muscle fiber number, increased deposition 
of adipose tissue, and increased connective tissue content (Bee 2004; Greenwood et 
al. 1998, 2000; Powell and Aberle 1980). Collectively, these alterations in normal 
development result in reduced growth performance, including both whole-body and 
skeletal muscle growth rates and reduced nutrient utilization. Given the combina-
torial effects of impaired vascular function and muscle growth, it is possible that 
endurance exercise and performance of humans and animals may be highly sus-
ceptible to fetal programming. These effects likely result from genomic imprinting, 
which is defined as the parent-of-origin-dependent expression of a single allele of 
a gene in the embryo/fetus, namely parental influence on the genome of progeny 
(G. Wu et al. 2006).

6.3.2 matErnal ovErnutrition

Almost 65% of the adult population in the United States is overweight (defined as 
a body mass index [BMI] > 25 kg/m2), while 31% of the adult population is obese 
(defined as BMI > 30 kg/m2) (Ogden et al. 2007). The current global obesity epi-
demic in humans results primarily from a chronic imbalance between energy intake 
and output (Jobgen et al. 2006). Overweight and obese women may unknowingly 
enter pregnancy and continue overeating during gestation. Unless effective interven-
tions are adopted, these women usually gain more weight during the first pregnancy 
and accumulate more fat during subsequent pregnancies (Edwards et al. 1996). 
Maternal obesity or overnutrition before or during pregnancy may result in fetal 
growth restriction and increased risk of neonatal mortality and morbidity in mam-
mals (Wu et al. 2004). Thus limited or no weight gain in obese pregnant women (<15 
lb body weight gain) has favorable pregnancy outcomes (e.g., lower risk of preec-
lampsia, cesarean delivery, and large-for-gestational-age birth, as well as higher risk 
of small-for-gestational-age birth) (Kiel et al. 2007). Likewise, companion animals 
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(e.g., cats and dogs) and livestock (e.g., pigs and sheep) can become obese if they 
have free access to their foods (G. Wu et al. 2006). Interestingly, the “civilization” 
of the horse in the Western culture has followed a similar trend to that of humans 
and has increased the incidence of obesity and its associated metabolic disorders 
(Sillence et al. 2006; Johnson et al. 2009).

Maternal obesity has been linked to metabolic perturbations and cardiovascular 
disorders in the offspring of a number of species (Armitage et al. 2005; Khan et al. 
2005; Zhu et al. 2009). In nonhuman primates, a maternal high-fat diet has been 
reported to promote the development of nonalcoholic fatty liver and atherosclerosis 
(McCurdy et al. 2009). In these primates, a maternal high-fat diet was associated 
with the alteration of seven metabolites in the fetus that are related to one-carbon 
unit metabolism (Cox et al. 2009). Notably, alteration of the fetal metabolome results, 
at least in part, from an altered fetal hepatic chromatin structure that leads to aber-
rant hepatic gene expression (Aagaard-Tillery et al. 2008).

Feeding a high-fat diet during pregnancy or during suckling induces cardiovas-
cular dysfunction characterized by elevated systolic blood pressure and impaired 
endothelium-dependent relaxation in rats (Khan et al. 2005). Importantly, response 
to maternal dietary treatment differed between male and female offspring in that 
female offspring were more susceptible to elevated systolic and diastolic blood pres-
sure when their mothers were fed a high-fat diet during gestation and/or lactation. 
Despite observing sex differences for blood pressure and heart rate, endothelium-
dependent relaxation in response to acetylcholine was consistently blunted in both 
males and females exposed to a high-fat diet either in utero or during lactation. A 
major underlying mechanism is likely the reduced release of nitric oxide (a major 
vasodilator) from endothelial cells (G. Wu and Meininger 2009). Interestingly, feed-
ing a high-fat diet to pregnant dams reduced the mitochondrial copy number in the 
kidney in 1-year-old offspring, while altering the expression of a number of mitochon-
drial genes in the aorta (Taylor et al. 2005). These findings suggest that mitochondria 
may play a central role in developmental programming of vascular function. Similar 
observations have been observed in offspring of pregnant mice fed a high-fat diet 
including increased adiposity, hypertension, and insulin resistance (Samuelsson et 
al. 2008; Dunn and Bale 2009). In sheep, maternal obesity down-regulates expres-
sion of genes involved in myogenesis and placental angiogenesis (Zhu et al. 2009) 
and fetal skeletal muscle (Tong et al. 2009), while reducing the phosphorylation of 
AMP-activated kinase in the fetal and neonatal liver (Philp et al. 2008) as well as 
energy metabolism (Wallace et al. 2005).

Importantly, these changes in gene and protein expression in response to maternal 
overnutrition result in increased fetal and/or neonatal adiposity (Ford et al. 2009; 
Muhlhausler et al. 2007) and increased leptin gene expression in perirenal and sub-
cutaneous adipose tissue depots (Muhlhausler et al. 2007). The consequences of 
maternal overnutrition continue to manifest in the postnatal offspring as evidenced 
by impaired glucose uptake on postnatal day 210 despite growing in an identical 
nutritional environment from birth (M. C. Satterfield and G. Wu, unpublished obser-
vation). Similarly, a maternal high-fat diet during pregnancy results in impaired glu-
cose homeostasis in rat offspring characterized by elevated plasma insulin levels at 
1 year of age (Taylor et al. 2005).
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6.4  aMino acids as nutRiEnts to REgulatE 
EpigEnEtics and vasculaR function

Besides serving as building blocks of proteins, amino acids are signaling molecules, 
regulators of gene expression and the protein phosphorylation cascade, and key pre-
cursors for syntheses of hormones and low-molecular-weight nitrogenous substances 
with enormous biological importance (Figure 6.2). Amino acids also modulate cel-
lular redox state and the secretion of hormones from endocrine organs (e.g., insulin, 
growth hormone, lactogen, and insulinlike factors) (G. Wu 2009). Physiological con-
centrations of metabolites (e.g., nitric oxide, polyamines, glutathione, taurine, thyroid 
hormones, and serotonin) of amino acids are required for the functions of cells and 
whole-body homeostasis (G. Wu 2009). It is noteworthy that maintenance and regu-
lation of the epigenetic state, which depend on one-carbon unit metabolism, require 
adequate provision of methionine, serine, glycine, histidine, choline, creatine, and B 
vitamins (including folate, vitamin B12, and vitamin B6) (G. Wu 2009). These nutri-
ents play an important role in regulating the availability of S-adenosylmethionine, 
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figuRE 6.2 Roles of nutrients in epigenetics and physiological responses. Nutrients, par-
ticularly amino acids, regulate cellular redox state, the secretion of hormones (e.g., insulin and 
insulinlike growth factors), physiological functions, and whole-body homeostasis in humans 
and animals through three mechanisms: (1) the expression of genes, (2) the production of sig-
naling gases and other metabolites, and (3) mTOR activation. S-adenosylmethionine (SAM) 
is the major methyl group donor in cells and its synthesis is affected by amino acids (e.g., 
methionine, serine, glycine, and histidine), B vitamins (including folate, vitamin B12, and 
vitamin B6), choline, and creatine. Methylation of DNA and protein contributes to epige-
netics, which results in transcriptional activation or inhibition of select genes. Changes in 
intracellular protein turnover (protein synthesis and degradation) and protein kinase cascades 
can alter physiological responses in the fetus and offspring. CO, carbon monoxide; 4EBP1, 
eIF4E-binding protein-1; H2S, hydrogen sulfide; mTOR, mammalian target of rapamycin; 
NO, nitric oxide; S6K1, ribosomal protein S6 kinase-1.
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a major methyl donor for DNA and protein methylation by specific DNA and pro-
tein methyltransferases (G. Wu et al. 2006). Thus restriction of essential B vita-
mins, folate, and methionine during the periconceptional period in sheep resulted in 
altered DNA methylation, insulin resistance, and elevated blood pressure, observed 
most notably in adult male offspring (Sinclair et al. 2007).

S-adenosylmethionine is synthesized from methionine by S-adenosylmethionine 
synthase (also known as methionine adenosyltransferase) (G. Wu 2009). In addi-
tion to its role as a methyl donor, S-adenosylmethionine is required for the synthe-
sis of polyamines, cysteine, taurine, and creatine. Polyamines are required for the 
proliferation of endothelial cells and the remodeling of the vasculature (Li et al. 
2002). Importantly, the nutritional and physiological state of the animal will alter the 
production of these bioactive substances, thus regulating the availability of methyl 
donors. When cysteine or taurine is deficient in the diet, their synthesis from methi-
onine will be increased in vivo, thus decreasing total S-adenosylmethionine avail-
ability for DNA or protein methylation. Inadequate synthesis of glycine and serine, 
coupled with low supplies from the diet, can also impair one-carbon unit metabolism 
(G. Wu et al. 2006). Therefore amino acid deficiency can alter the epigenetic code 
through changes in DNA methylation as well as histone modifications (Oommen et 
al. 2005).

Either enteral feeding or intravenous administration of amino acids (e.g., arginine 
and citrulline) is effective in increasing their circulating concentrations in mother 
and fetus (Lassala et al. 2009; G. Wu et al. 2008). Therefore these nutrients may 
provide an effective solution to fetal growth restriction in underfed and overfed dams 
and postnatal metabolic disorders. The importance of amino acids in supporting 
fetal growth, development, and health is an emerging area of investigation and will 
undoubtedly shape the future of nutritional management in medicine and animal pro-
duction (G. Wu et al. 2008). The translation of basic research on amino acid nutrition 
into practice has yielded fruitful outcomes. For example, in pigs arginine supplemen-
tation to pregnant sows during gestation increases the placental vascularity (G. Wu 
et al. 2010) and embryonic/fetal survival (Mateo et al. 2007). Additionally, supple-
menting the gestational diet for gilts with 0.4% L-arginine plus 0.6% L-glutamine 
between days 30 and 114 of gestation enhanced the efficiency of nutrient utilization, 
reduced variation in piglet birth weight, and increased litter birth weight (G. Wu et 
al. 2010). In sheep, maternal arginine administration during late gestation increased 
the development of fetal perirenal brown adipose tissue (Satterfield et al. 2009), 
which is enriched with endothelial cells. The increased mass of brown adipose tis-
sue may lead to enhancement of blood flow to tissues and the ability of neonates to 
combat cold exposure at birth. Moreover, intravenous administration of L-arginine-
HCl (3 × 27 mg/kg body weight per day) enhanced fetal growth in ovine models of 
both undernutrition-induced and naturally occurring IUGR (Lassala 2008). Finally, 
during late (week 33) gestation, daily intravenous infusion of L-arginine (20 g/day) 
for 7 days to women with unknown causes of IUGR increased birth weight at term 
(week 39) by 6.4% (Xiao and Li 2005). The beneficial effects of arginine likely result 
from increases in angiogenesis, the number and size of blood vessels, and ultimately 
the transfer of nutrients from the mother to the embryo/fetus through utero-placental 
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blood flows. Future studies are required to determine the cardiovascular function and 
health of offspring from mothers supplemented with arginine during pregnancy.

6.5 conclusion and pERspEctivEs

Either undernutrition or overnutrition during pregnancy (particularly the pericon-
ception period), which remains a significant problem in both medicine and ani-
mal agriculture, can result in epigenetic changes of some genes in both animals 
and humans. These changes are affected by multiple factors (e.g., sex, gestational 
period, and the severity of malnutrition), may persist in offspring throughout 
postnatal life, and may carry on to the next generation. A unified explanation for 
impairment of fetal growth and development in response to both maternal undernu-
trition and overnutrition may be reduced utero-placental blood flow and therefore 
the reduced transfer of nutrients from mother to fetus (G. Wu et al. 2004). This 
hypothesis is gaining support from studies with rats, pigs, and sheep (Satterfield et 
al. 2010; G. Wu et al. 2008; Zeng et al. 2008). Nutrients, particularly amino acids, 
are essential for the regulation of epigenetics and vascular function. Compelling 
evidence indicates that the fetal and early neonatal periods of development are 
extremely sensitive to environmental cues, which have long-lasting consequences 
to postnatal growth, health, and likely athletic performance. Much research is 
needed with animal models (e.g., pigs, sheep, and rodents) to understand the basic 
mechanisms responsible for specific nutrients (e.g., arginine, citrulline, glutamine, 
proline, polyunsaturated fatty acids, vitamins, and minerals) in fetal programming 
and to design effective therapeutic means for endothelial dysfunction and meta-
bolic abnormalities in offspring with previous experience of an adverse intrauter-
ine environment.
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ovERviEw

It is now well established that cancer is both a genetic and epigenetic disease. 
Although existence of DNA methylation and histone modifications in biological 
systems was known for decades, only studies in the last 15 years have recognized 
that these postreplication modifications play key roles in epigenetic regulation of 
gene expression (Figure 7.1). Emerging studies now support the notion that noncod-
ing RNAs will be major players in the regulation of expression of coding regions 
by affecting chromatin structure, transcription, mRNA stability, and translation, 
thereby adding to the ensemble of epigenetic “equipment.” Indeed, a surprising rev-
elation of the postgenomic era is that only a miniscule amount of the mammalian 
genome (<5%) codes for proteins, while the major part of the once thought to be 
“junk DNA” codes for noncoding RNAs ranging in size from a few nucleotides to 
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mechanism of methylation mediated silencing. B. Schematic diagram of MBD family mem-
bers. MBD and TRD stand for methyl CpG binding domain and transcriptional repressor 
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several hundred kb (Figure 7.2). Among these, microRNAs (miRs) are small (21–25 
nt) noncoding RNAs that negatively regulate expression of protein-coding genes pri-
marily at the posttranscriptional level in animals. These tiny RNAs are essential for 
animal development, and aberrations in their expression lead to different diseased 
states such as cancer, viral infection, inflammation, diabetes, and cardiovascular 
neuronal disorders. Recent studies have shown that in addition to genetic factors 
and lifestyle, diet plays a major causal role in metabolic syndromes that increase 
the risk of several diseases including cardiovascular disorders, diabetes, and can-
cer in humans. MicroRNAs have tremendous therapeutic potential since they are 
involved in every aspect of biology including metabolic disorders that often lead to 
liver cancer. In this chapter, we discuss how dietary manipulations modulate epige-
netic machinery and the expression of cancer-causing protein-coding and noncoding 
(microRNA) genes during multistage hepatocarcinogenesis in animal models. We 
also discuss how epigenetic mechanisms modulate microRNA expression in hepato-
cellular cancer. Finally, we conclude with the potential of epigenetic and microRNA 
therapy against this disease with increasing mortality.

7.1 hEpatocEllulaR caRcinoMa

Hepatocellular carcinoma (HCC) is the fifth most prevalent cancer in the world and 
the third leading cause of cancer-related death with the annual death rate exceed-
ing 500,000 (1–3). Primary hepatocellular carcinoma, the most common primary 
malignant tumor, accounts for >90% of all primary liver cancer. Metastatic liver 
tumors are often disseminated from primary colon, prostate, or breast carcinomas. 
Liver cancer may be a single localized mass or contain multiple cancerous lesions 
resulting from intrahepaic metastasis. The disease is progressive, and death usually 
occurs within 10 months of initial diagnosis. The high mortality rate is because of 
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figuRE 7.2 The protein-coding fraction of the genome is minimal in mammals, whereas 
the noncoding region of the genome expanded enormously during evolution. Based on the 
genome and transcriptome sequence data from different organisms including bacteria, lower 
eukaryote, worm, fly, and mammals.
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lack of biomarkers for early detection of this cancer and ineffectiveness of available 
therapies at later stages. The 5-year survival rate for this cancer is only 5%, and the 
death rate is expected to rise in the next 20 years because of increase in epidemic 
proportion in metabolic syndromes that constitute obesity, cardiovascular diseases, 
hyperlipidemia, diabetes, and insulin resistance. This is projected to be a major epi-
demic, especially in people on a Western diet that is enriched in fats and carbohy-
drates (4, 5). Major risk factors for HCC include alcohol consumption, hepatitis C 
infection, diabetes (6), and certain toxins. Indeed, alcohol is the most common cause 
of HCC in the United States, accounting for 32–45% of HCC cases. Further, alco-
hol use by individuals exposed to chronic hepatitis C doubles the risk for HCC as 
compared to the risk due to hepatitis C alone (2, 7). On the other hand, the majority 
of the population in sub-Sahara Africa and Asia is highly exposed to aflatoxin (8, 
9). This toxin, which is ingested with food contaminated by Aspergillus flavus, sig-
nificantly enhances the carcinogenic effects of viral hepatitis. There is also mount-
ing evidence that the liver is highly susceptible to tobacco carcinogenicity. Another 
common liver disease is nonalcoholic steatohepatitis (NASH). Although this “silent” 
disease resembles alcoholic liver disease, it occurs in people with little or no alcohol 
consumption (10–12). It affects 2–5% of Americans and is becoming more com-
mon, possibly due to a dramatic increase in obesity, a risk factor for NASH. NASH 
can lead to cirrhosis, which increases the risk of HCC. It is therefore predicted to 
be a major etiological factor for HCC in the not so distant future. However, unlike 
HBV/HCV-induced HCCs, there is very little knowledge about the pathogenesis of 
NASH-associated HCC, which has been increasing rapidly in the past 10 years. At 
the molecular level, the development of hepatocellular carcinoma is a complex, mul-
tistep process involving both genetic and epigenetic aberrations (13, 14). Animal 
models are invaluable resources that enable development of biomarkers for early 
detection, assist in identification of molecular targets for therapy, and provide a pre-
clinical platform for testing emerging drugs for preclinical trials. Although several 
rodent models are widely used for these purposes, we will limit our discussion here 
to observations made in rodent models of diet-induced HCC.

7.2 folatE dEficiEncy

Although nutritional deficiency and imbalance are prevalent in third world countries, 
their occurrence is not uncommon in the Western world due to various reasons. In 
the United States, folate insufficiency occurs particularly during pregnancy and lac-
tation, and among alcoholics, smokers, AIDS patients, adolescent females, and low-
income elderly (15). Epidemiological and clinical studies have clearly demonstrated 
that folate deficiency in humans could lead to susceptibility to certain types of can-
cers, e.g., colorectal adenoma, colorectal carcinoma, cervical dysplasia, and liver 
and esophageal cancers (16–21). Premalignant dysplasia of cervical, bronchial, and 
colonic epithelial cells could be reversed by folate supplementation, implying that 
folate deficiency may have a casual role in the process. Insufficient folate intake has 
been shown to increase the frequency of somatic mutations caused by chemotherapy 
(22, 23), the level of uracil and micronuclei in erythroblasts (24–27), and heritable 
fragile sites at translocation hot spots in tumors (16, 28) (Figure 7.2). The importance 
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of sufficient folate intake in reducing colon cancer risk is further substantiated in 
individuals with biallelic C to T mutation in the methylene tetrahydrofolate reductase 
gene (21, 27, 29–33). Studies have shown that moderate folate deficiency potentiates 
tumor induction by chemical carcinogens (19, 23, 34). Emerging studies indicate 
that folate status also modulates mitochondrial DNA (mtDNA) stability (35–38). A 
recent study with human HCC patients has shown a correlation of low blood folate 
with increased risks of liver damage and HCC (26), suggesting a possible role of 
folate deficiency in the human liver carcinogenesis (36). The genetic instability that 
results in a high rate of mtDNA deletions in lymphocytes of HCC patients correlated 
inversely with serum folate level in humans (36). Low folate status or large deletions 
in mtDNA may result in mitochondrial dysfunction, causing excessive ROS genera-
tion and leading to apoptotic cell death (39), which may ultimately lead to cancer 
development. Rats fed folic acid supplementation have reduced mtDNA deletions in 
the liver upon exposure to chemotherapeutic agents or at old age (40, 41).

Choline, a quaternary amine, is an essential nutrient that is required for impor-
tant cellular processes like neurotransmission (acetylcholine synthesis), cell 
membrane signaling (phospholipids synthesis), transport of lipids (lipoprotein 
synthesis), and as a source of methyl group for biological methylation reactions 
(42, 43). Although choline is made available through diet and de novo biosynthe-
sis, increasing demand during pregnancy and lactation could result in depletion of 
tissue stores (44). It is therefore considered a required dietary nutrient since 1998 
by the U.S. Institute of Medicine’s Food and Nutrition Board. Further, almost 
50% of the U.S. population is thought to have genetic polymorphisms that make 
them susceptible to choline deficiency due to increase in their dietary methyl 
requirements (32, 45). Choline deficiency is thought to cause nonalcoholic fatty 
liver disease, atherosclerosis, and neurological disorders (46). A study of healthy 
adult subjects has demonstrated that 77% of men and 80% of postmenopausal 
women developed fatty liver and muscle damage upon dietary choline depriva-
tion (42). Interestingly, another study has shown that individuals with inadequate 
choline intake develop fatty liver despite adequate folate and methionine intake. 
This liver damage was resolved upon dietary supplementation with choline (42). 
These studies reinforce the importance of methyl sources in the diet.

7.2.1  rodEnt modEls of folatE dEficiEncy and 
HEpatocEllular carcinoma

Rodent models have been extremely valuable for elucidating the mechanisms by 
which folic acid deficiency causes tumor induction. It is noteworthy that while 
humans depend almost exclusively on dietary folate for synthesis of methionine and 
for the conversion of folate into metabolically active forms, rats can efficiently syn-
thesize methionine de novo from choline due to higher activity of betaine-homo-
cysteine methyltransferase (47). Rats are therefore less sensitive to folate deficiency 
alone and have to be fed a diet deficient in folate as well as choline and methion-
ine to mimic metabolic alterations caused by folate/choline/methionine deficiency 
in humans (30, 48–52). This “lipotrope deficient” or “folate-methionine-choline 
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deficient” (FMD, folate and methyl deficient) diet consists of 6% casein and 6% gela-
tin not supplemented with methionine, choline, and folate). This diet model (48–50, 
53) is extensively studied as a rat model of HCC because nutritional deprivation of 
methyl groups rather than exogenous carcinogens reproducibly causes preneoplastic 
nodule formation after 32 weeks and HCC formation after 54 weeks (48–50, 54–59). 
More importantly, the underlying pathological changes during FMD diet-induced 
hepatocarcinogenesis mimic those of human HCCs associated with HBV and HCV 
infections, alcohol consumption, and metabolic syndrome (60). Therefore the lipo-
trope-deficient model is an ideal system to study the mechanisms by which nutri-
tional imbalance and deficiency, quite common among malnourished humans, can 
lead to human cancers (Figure 7.3). The liver-specific carcinogenesis is consistent 
with the accumulation of lipid within a few days of this dietary regimen, followed 
by development of fibrosis and cirrhosis of the liver at a later period (61, 62). One 
advantage of this animal model is that tumor progression occurs slowly and involves 
different stages that include steatosis, apoptosis, fibrosis, cirrhosis, and formation of 
adenomas and carcinomas.

Similar to rats, a semisynthetic, choline-deficient, L-amino acid-defined (CDAA) 
diet, lacking choline and low in methionine, induces HCCs in mice (63–67). This 
diet that consists of Lombardi’s choline-deficient (0g/Kg), low-methionine (1.7g/Kg), 
and amino acid-defined diet (CDAA diet, #518753 from Dyets Inc., Philadelphia). 
The control is a choline-sufficient (14.48g/Kg), amino acid–defined diet (CSAA diet, 
#518754) fortified with methionine (4g/Kg). Both diets were supplemented with AIN-
76A vitamin mix (#300050), providing 0.2% folic acid (w/w) to the diet (68). Feeding 
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the CDAA diet reproducibly triggers severe and persistent fatty liver coupled with 
extensive cell death, a combination that is frequently considered to be appropriate 
for the induction of “micronodular” (fatty) cirrhosis in humans. In male mice, fatty 
change and fibrosis occur at 22 weeks, and preneoplastic foci are evident in 100% 
of the animals at a multiplicity of 6.6 +/– 4.0 per mouse at 65 weeks. Hepatocellular 
adenomas and carcinomas develop at incidences of 66% and 21%, at multiplicities of 
1.42 +/– 1.32 and 0.29 +/– 0.62, respectively, at 84 weeks of feeding the CDAA diet 
(69). Dietary supplementation with methionine completely prevents the development 
of both preneoplastic nodules and carcinomas (70, 71). As in humans, the female 
mice are resistance to development of these lesions because the CDAA diet increases 
the levels of 8-hydroxydeoxy guanine (8-OHdG), a marker of DNA damage only in 
male mice.

7.2.2 EpigEnEtic altErations in rodEnt modEls of diEt-inducEd Hcc

Both genetic and epigenetic changes occur during multistage hepatocarcinogenesis 
in rats fed the FMD diet. Several hypotheses have been put forward to explain car-
cinogenesis induced by this diet. These include DNA hypomethylation leading to 
enhanced expression of oncogenes, DNA damage mediated by free radicals, altered 
membrane phospholipid metabolism, receptor and protein kinase C-mediated signal 
transduction, abnormal deoxynucleotide metabolism that promotes DNA base tran-
sition mutations, and oncogene and tumor suppressor gene aberrations (30, 72–75). 
The most promising hypothesis that has received substantial experimental support 
involves global DNA hypomethylation and regional hypermethylation of certain 
genes, particularly those of tumor suppressors, in a variety of preneoplastic and 
transformed cells (52, 76). It appears that carcinogenesis caused by folate deficiency 
is largely due to depletion of S-adenosyl methionine (SAM) (49, 50, 53, 55, 57, 77), 
the cofactor for DNA methyltransferase (Figures 7.3 and 7.4). This model is based on 
some published results and some hypothesized consequences of SAM deficiency.

It is now well established that global hypomethylation leading to genomic insta-
bility and silencing of tumor suppressor genes (TSGs) by hypermethylation of CpG 
island located in their promoters plays a key role in carcinogenesis (78–80). DNA 
hypomethylation can alter the conformation and stability of the chromatin struc-
ture that results in aberrant expression of growth-promoting genes and exposure of 
the affected regions to DNA-damaging agents as well as DNA methyltransferase. 
Hypermethylation usually silences the affected genes, and their functions are sta-
bly lost in a clonally propagated fashion (81–86). The latter gene modification has 
received considerable attention in recent years, as hypermethylation of many tumor 
suppressor genes is responsible for their silencing. In fact, at least half of the genes 
suffer loss of function through epigenetic modification rather than through genetic 
defects. Interestingly, many epigenetically silenced genes are not mutated, and these 
genes can be reactivated by DNA hypomethylating agents. Indeed, more than 100 
clinical trials with these agents (5-azacytidine or 5-deoxy-azycytidine) have been 
reported in the National Cancer Institute database. It now appears that promoter 
hypermethylation, like mutation, can be at least one of the “hits” in Knudson’s two-
hit theory of carcinogenesis, one “hit” triggering initiation and the other “hit” causing 



148 Nutrition, Epigenetic Mechanisms, and Human Disease

progression of tumorigenesis (79, 85, 87). Some examples of genes methylated and 
in most cases silenced in specific types of cancer include RB, P15, BRAC1, E-CAD, 
GSTP1, DAPK1, ID4, C/EBPa, and P16 (84).

With the methyl-deficient diet where tumor progression can be followed step-
wise, it was possible to discern how “methyl” deficiency alters methylation status of 
different genes, which probably contribute to carcinogenesis. As a first step to eluci-
date the role of DNMTs in FMD diet-induced hepatocarcinogenesis, we monitored 
temporal changes in the mRNA and protein levels of three major DNA methyltrans-
ferases (Dnmt1, Dnmt3a, and Dnmt3b). DNA methyltransferases heritably maintain 
DNA methylation that is normally required for the silencing of spurious retrovi-
ral promoters, transposable elements in the genome, and regulating expression of 
imprinted genes and of genes on the inactive X chromosome (88). DNA methylation 
is initiated by Dnmt3a and Dnmt3b, which is maintained in the newly synthesized 
DNA strand by Dnmt1 (89). At the C-terminal these enzymes harbor methyltrans-
ferase domain, which is homologous to bacterial CpG methylase. The N-terminal 
regions that harbor several domains involved in interaction with DNA and protein 
are absent in bacterial methyltransferases (Figure 7.1A). These enzymes also act as 
transcriptional repressors by recruiting corepressors like histone deacetylase, his-
tone methyltransferase, and the polycomb group of proteins (90). The Dnmt1 and 
Dnmt3a mRNA and protein levels were significantly elevated (P < 0.001) as early 
as 9 weeks following feeding the diet (Figure 7.5). Maximal changes occurred at 9 
weeks (two- to fourfold), which persisted even after 36 weeks. It is likely that the 
elevated levels of these enzymes could play a critical role in de novo methylation 
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of tumor suppressor genes (Figure 7.5). Surprisingly, Dnmt3b expression was 
not altered in response to FMD diet (91). Methyl CpG binding domain proteins 
(MBDs) are mediators (92, 93) of the DNA methylation signal. Five MBDs that 
harbor characteristic methyl CpG binding domain have been identified in mam-
mals (Figure 7.1B). These proteins bind symmetrically methylated 5-methyl-CpG 
through their conserved methyl CpG binding domain. MBDs suppress methylated 
promoters by recruiting a variety of histone-modifying enzymes and chromatin 
remodelers. Methylated DNA acquires a chromatin configuration that is refrac-
tory to transcription factors, resulting in gene silencing (Figure 7.1C) (94–96). We 
therefore also studied alteration in the expression profile of MBDs in response to 
folate deficiency. The mRNA levels of MBD1, MBD2, MBD3, and MeCP2 were 
significantly (P < 0.001) higher in the livers of rats fed FMD diet than in controls 
(Figure 7.6). The increase in the expression of these proteins was observed as early 
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figuRE 7.5a Temporal changes in expression of hepatic Dnmt1, Dnmt3a, and Dnmt3b 
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and data was normalized to 18S rRNA. The nuclear extracts were subjected to immunoblot 
analysis with respective antibodies. The blot was reprobed with β-tubulin antibody. HRP-
conjugated antirabbit was used as a secondary antibody, and the signal was developed using 
ECL reagent; the scanned x-ray film was quantified by Kodak Imaging software. (Modified 
from Ghoshal, K., Li, X., Datta, J., et al, J Nutr, 136, 1522–27, 2006. With permission.)   
        (Continued)
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as 9 weeks at both the RNA and protein levels. Thus FMD diet causes coordinate 
induction of DNMTs and MBDs (53). The lack of correlation between RNA and 
protein levels of MeCP2 implicates involvement of posttranscriptional regulation 
probably through microRNAs.

Next, to identify differentially methylated genes during hepatocarcinogenesis in 
rats fed the FMD diet we used a genomewide screening approach called Restriction 
Landmark Genomic Scanning. This two-dimensional gel electrophoresis technique 
allows detection of DNA rearrangements and altered DNA methylation patterns 
(97, 98). Methylation analysis using this technique (RLGS-M) involves digestion of 
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antibody. HRP-conjugated antirabbit was used as a secondary antibody, and the signal was 
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genomic DNA with a rare-cutting methylation-sensitive enzyme and 32P labeling of 
resulting ends. The digested, end-labeled DNA is then digested with another enzyme 
(e.g., EcoR V), separated by cylindrical agarose gel electrophoresis, digested in-gel 
with Hinf I and separated in a second direction on an acrylamide gel. The gel is 
dried and subjected to autoradiography. If a genomic Not I site is methylated, the 
enzyme cannot cleave, the site will not be end-labeled, and the spot will be missing 
(Figure 7.7A). On the other hand, if the Not I site is unmethylated, the site will be 
cut and the restriction ends will be end-labeled. The resulting RLGS profile displays 
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figuRE 7.5c (Continued) Temporal changes in expression of hepatic Dnmt1, Dnmt3a, 
and Dnmt3b RNA and protein levels in rats fed the FMD diet or a methyl-adequate diet for 
different time periods. Total liver RNA was subjected to real-rime RT-PCR with rat gene-
specific primers, and data was normalized to 18S rRNA. The nuclear extracts were subjected 
to immunoblot analysis with respective antibodies. The blot was reprobed with β-tubulin 
antibody. HRP-conjugated antirabbit was used as a secondary antibody, and the signal was 
developed using ECL reagent; the scanned x-ray film was quantified by Kodak Imaging soft-
ware. (Modified from Ghoshal, K., Li, X., Datta, J., et al, J Nutr, 136, 1522–27, 2006. With 
permission.)
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a highly reproducible spot pattern in which each spot represents an end-labeled Not 
I site. Up to 2000 end-labeled rare-cutting restriction sites are displayed in a single 
RLGS profile. Most of the rare-cutting restriction enzyme sites with GC-rich recog-
nition sequences are located in the promoter region of genes, resulting in a selective 
display of gene sequences rather than random genomic sequences. Several novel 
tumor suppressor genes (TSGs) such as TCF21, ID4, TWIST2, DAPK1, and FOXD3 
have been identified using RLGS-M analysis of different human malignancies (80, 
99–104).

RLGS-M analysis of preneoplastic nodules (PNNs) and HCCs developed in 
Fisher 344 rats fed FMD diet for 36 and 54 weeks, respectively, revealed 6 meth-
ylated fragments in the PNNs with an additional 33 methylated fragments in the 
tumors (Table 7.1) (77). In contrast, the appearance of several new spots indica-
tive of hypomethylation at the Not I were also observed. One of the spots lost in 
tumors (Figure 7.7A) was identified as protein tyrosine phosphatase receptor-type 
O (PTPRO) after cloning the spot from a rat Not I-EcoR V library and sequencing 
(77). Southern blot analysis of genomic DNA confirmed that this gene was methy-
lated in PNNs and tumors (Figure 7.7B). Subsequent functional analysis has shown 
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that this protein exhibits tumor suppressor characteristics (105). Similarly, one of 
the amplified spots was identified as c-Myc (Figure 7.7). Gain of this spot (c-Myc) 
was, however, not due to hypomethylation but due to gene amplification in the liver 
tumors formed feeding folate-depleted diet. Thus animal models are valuable tools 
to identify novel cancer causing genes. The identity and functions of other spots lost 
or gained in RLGS gel remains to be established.
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figuRE 7.6c,d,E (Continued) Temporal changes in expression of hepatic MeCP2 and 
Mbd1-4 RNA and protein levels in rats fed the FMD diet or a methyl-adequate diet for dif-
ferent time periods. RNA and protein levels of 5 methyl CpG binding proteins with signature 
MBD (shown in Figure 7.1) were measured by real-time RT-PCR using SYBR Green method 
and Western blot analysis with specific antibodies, respectively. (Modified from Ghoshal, K., 
Li, X., Datta, J., et al., J Nutr, 136, 1522–27, 2006. With permission.)
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7.3 intRoduction to MicroRna

MicroRNAs (miRs) are small noncoding RNAs that negatively regulate expres-
sion of protein-coding genes. After sequencing of the genomes of different organ-
isms, it has become clear that, unlike prokaryotes and lower eukaryotes, less 
than 5% of the animal genome codes for protein (Figure 7.2) (106–108). Recent 
high-throughput sequencing of transcriptome from animals and plants revealed 
that most of the genome is transcribed into nonprotein coding RNAs (ncRNAs) 
that include microRNAs (miRNA), piwi-interacting RNAs, PASR (polymerase-
associated small RNA), small nuclear RNAs (snRNAs), small nucleolar RNAs 
(snoRNAs), small interfering RNAs (siRNAs), long noncoding RNAs, and anti-
sense RNAs (109, 110). MicroRNAs are short (20–25 nucleotide) single-stranded 
RNAs, identified in plants, animals, and some viruses but not in yeasts. Since their 
first discovery in 1993 (111, 112), more than a thousand miRs have been identified 
by high-throughput sequencing and bioinformatic analysis, among which several 
hundreds are experimentally validated by Northern blot and/or real-time RT-PCR 
analysis (113–115). Subsequent cloning and deep sequencing of small RNAs, once 
thought to be “degraded RNAs” (reviewed in 116), identified hundreds of conserved 
miRNAs in animals. The majority of the microRNAs are ubiquitously expressed, 
while some are tissue specific. For example, miR-1 and miR-133 are predominantly 
expressed in the heart (117, 118), whereas miR-122 is liver specific (119). The ver-
sion 14 of miRbase database contains 10,883 entries representing hairpin precursor 
miRNAs, expressing 10,581 mature miRNA products, in 115 species (http://www.
mirbase.org/). Many of these microRNAs are highly conserved. Furthermore, some 
of these noncoding RNAs are developmentally regulated and are critical for organ-
ismal development. It is likely that the ncRNAs evolved to regulate the complexities 
of higher organism. In animals it is believed that ~5% of genes encode miRNAs, 
which in turn regulate ~30% of protein-coding genes (120). Although individual 

tablE 7.1
Rlgs analysis of liver dna identified several spots (Not i-EcoR v 
fragment) lost or gained in the preneoplastic nodules and hccs 
developed in Rats after feeding fMd diet for 36 and 54 weeks, 
Respectively

control preneoplastic tumor

Total spots counted 1020 1020 1020

Spot lost (total) 3 32

Spot lost (partial) 3 7

Spot gained (total) 7 14

Spot gained (partial) 1 10

Source: Wang, B., S. Majumder, G. Nuovo, H., et al. 2009. Hepatology 50:1152–61.
Note: DNA from age-matched rat livers fed chow diet was used as controls.
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microRNAs affect the expression of target mRNAs only modestly (121, 122), the 
cumulative effect of different miRs on target mRNAs may be significant because 
microRNAs act in combinatorial fashion to regulate protein expression.

7.3.1 microrna gEnEs and biogEnEsis of micrornas

As of March 1, 2010, the miRNA database (www.mirbase.org) contains the fol-
lowing numbers of miRNAs: 174 Caenorhabditis elegans, 190 Arabidopsis thali-
ana, 157 Drosophila melanogaster, 360 Danio rerio (zebrafish), 479 Gallus gallus 
(chicken), 721 human, 325 Rattus norvegicus, 579 Mus musculus, and 7 Xenopus 
levis. Among these, certain microRNAs such as miR-122 are conserved across 
species, whereas a large number of microRNAs are species specific. The existence 
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Translational repression

miRNA and mRNA partial complementarity

Transcription

Primary miRNA

Drosha/Pasha
C.  MRNA cleavage

Precursor miRNA

miRNA and mRNA extensive complementarity

Dicer

Guide and passenger Strand duplex

mRNA degradation

Argonaute 2

Mature miR (guide strand) loaded onto RISC

An

An

An

An

Short complementary segments in 3'–UTR

P
P

figuRE 7.7 Schematic presentation of microRNA biogenesis and function. Primary 
microRNAs are transcribed and processed in the nucleus to form precursor miRs, which are 
then transported to the cytoplasm for further processing to imperfect duplex. The mature 
miR is then recognized by miRISC to exert their functions. The seed sequence (nucleotides 
at the 5ʹ end of the miR that form Watson-Crick base pairing with 3ʹ-UTR) is critical for base 
pairing with target mRNA.
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of highly conserved miRNAs in animals indicates that miRNAs have performed 
critical functions throughout evolution. The genes coding miRs can be intergenic, 
intragenic, or intronic, and approximately 50% are in clusters (123, 124). The 
majority of miRs are transcribed in the nucleus by RNA polymerase II into pri-
mary miRs (pri-miRs) with 5ʹ-Cap and 3ʹ-poly(A) tails (Figure 7.7A), whereas those 
associated with repeat elements are generally transcribed by pol III. Intronic miRs 
are processed from lariant intermediates. The largest known human miRNA gene 
cluster, C19MC (chromosome 19 miRNA cluster) harboring 46 miRNA genes, is 
transcribed by RNA polymerase III (123). Pri-miRs with characteristic stem-loop 
structure of variable sizes are processed by RNase III like enzyme Drosha and 
its partner, double-stranded RNA binding protein Pasha (DGCR8) microprocessor 
complex in the nucleus into ~70-nucleotide precursor miRs (pre-miRs) that have 
a 2-nucleotide 3ʹ overhang (Figure 7.7A). Half-lives of pri-miRs are very short, 
and processing of intronic miRs appears to occur before splicing (124). Pre-miRs 
transported into the cytoplasm by exportin 5/Ran GTPase are further processed by 
RNase III like enzyme Dicer to cleave the stem-loop structure generating imper-
fectly base-paired double-stranded miR (sense) and miR* (antisense). This is fol-
lowed by dissociation of the two strands and degradation of the antisense (miR*) 
strand, by an unidentified mechanism, provided it does not function as a microRNA 
itself. The mature miRs are then loaded into Argounaute proteins and incorporated 
into miR-induced gene-silencing complex (miRISC), which then interact with 
specific target mRNAs to cause either degradation and/or translation suppression. 
Mammalian miRNAs interact with target mRNAs by forming imperfect base pair-
ing to sequences located predominantly in the 3ʹ-untranslated region (UTR) and in 
some cases with the 5ʹ-UTR or coding regions (125). The interaction of the seed 
sequence (nucleotides 2–8 on the 5ʹ end) of the miRNA with its cognate site on its 
target mRNA is critical for its function. Extensive complementarity between the 
miRs and mRNA results in degradation of the mRNA by Argonaute 2, whereas 
imperfect base pairing occurring in a majority of cases leads to translational sup-
pression that sometimes results in mRNA destabilization (Figure 7.8B, C). At least 
30% of protein-coding genes are regulated by the concerted action of different 
miRs.

7.3.2 function of micrornas

The inability of Dicer null mice to survive demonstrates that miRs are essential 
for mammalian development (126). The development of hepatitis and spontaneous 
liver tumors in adult mice deleted of Dicer in the adult liver indicates that miRs are 
required for normal liver function (127, 128). In animals, miRs are involved in various 
biological processes such as organ development, cell proliferation, cell fate determi-
nation, cell cycle regulation, differentiation, apoptosis, immune response, metabo-
lism, signal transduction, hematopoietic lineage differentiation, viral infection, and 
energy metabolism, including fat metabolism and glucose homeostasis (reviewed in 
109, 129–134). For example, miR-375 is involved in glucose homeostasis by inhibit-
ing insulin secretion in pancreatic β-cells in response to feeding glucose. Similarly 
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miR-122, a miRNA abundantly expressed in the liver, regulates plasma cholesterol 
level in mice by an as yet unidentified mechanism (135, 136).

7.3.3 micrornas ExprEssEd in tHE livEr

The majority of the microRNAs are ubiquitously expressed, whereas some are 
tissue specific. miR-122 was identified as the most abundant liver-specific RNA 
by Lagos-Quintana et al. (137). In addition to miR-122, miR-192, 194, and 148 
are also liver-specific miRs. Ubiquitous miRNAs, such as miR-192, miR-194, 
miR-221, miR-223, miR-26a, miR-16, the miR-17-92 family, miR-27b, miR-30d, 
miR-126, miR-miR-143, and the let-7 family members, are also highly expressed 
in the adult liver tissue. Unlike miR-122, miR-92a and miR-483 are specifically 
expressed in the fetal liver (138). Thus expression of certain miRNAs is develop-
mentally regulated. Loss of liver functions and development of spontaneous HCCs 
in mice lacking Dicer 1 in adult hepatocytes indicate that microRNAs play essen-
tial functions in the adult liver (128).

7.4  abERRations in MicRoRna ExpREssion 
occuR in hEpatocEllulaR caRcinoMas

A link between miRNA and cancer was the seminal observation from Croce’s group. 
They identified that two miRNAs (miR-15 and miR-16) localized in the region of 
chromosome 13 (13q14), frequently deleted in chronic lymphocytic leukemia (CLL), 
function as tumor suppressors (139–141). Extensive profiling studies of differ-
ent human cancers have revealed that expression of miRNAs is altered in almost 
all cancers including hepatocellular carcinoma, and that miR signature is a more 
reproducible and reliable marker for neoplastic cells than the mRNA profile. Here 
we discuss microRNAs that are dysregulated in two different animal models of liver 
cancer.

7.4.1  micrornas dysrEgulatEd in tHE rat modEl of folatE 
mEtHyl-dEficiEnt (fmd) diEt-inducEd Hcc

To understand the role of microRNA in FMD diet-induced HCC model, RNA isolated 
from HCCs developed in rats on FMD diet for 54 weeks and liver RNA from con-
trol animals were subjected to microarray analysis using custom-made microRNA 
microarray (142). Among 245 miRs analyzed, expression of 23 miRs was elevated 
whereas the expression of only 3 miRs was suppressed (Table 7.2). Among these up-
regulated miRs, 9 (miR-17-92, -23a,b, -24, -101b, -130, -172a, -219, and -328) were 
elevated twofold or higher in all three tumors. Among the down-regulated miRs only 
miR-122, a liver-specific miR, was reduced by 50% in all three tumors, whereas 
miR-123 and miR-215 levels decreased in two out of three tumors. Northern blot 
analysis was performed to validate microarray data and to measure miR expres-
sion also at 36 weeks when PNNs are formed (53). The results revealed reduced 
expression of miR-122 in all tumors but not in PNNs (Figure 7.8A, B) suggesting 
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tablE 7.2
MicroRnas dysregulated in the hccs developed in fisher Rats fed 
fMd diet for 54 weeks

miRna t1/n t2/n t2/n

miR-101b 3.7 2.7 3.1

miR-130 5.9 2.5 2

miR-130a 5.7 2.6 2.2

miR-172a 3.6 2.4 3.5

miR-219 2.9 2 2.4

miR-23a 4.1 2.8 2.2

miR-23b 4.6 3.8 2.6

miR-24 3.4 2.9 3.1

miR-328 3.8 2.9 2.9

Let-7a 3.9 1.8 3.7

miR-103 3.1 2.2 1

miR-106 3.6 2.7 1.3

miR-106a 3.8 2.8 1.4

miR-106b 2.9 2.2 1.3

miR-130a 5.4 2.2 1.9

miR-17 4.4 3.7 1.5

miR-20 4.7 3.9 1.7

miR-21 2.4 1.8 2.4

miR-320 2.3 1.6 2.4

miR-93 3 2.1 1.2

miR-99b 4.8 3.8 1.2

miR-122 0.4 0.3 0.2

miR-123 0.9 0.5 0.4

miR-215 0.5 0.9 0.4

Source: Reproduced from Kutay, H., Bai, S., Datta, et al., J Cell Biochem, 99, 671–78, 2006.
Note: Age-matched control livers from rat fed chow diet were used as controls. Total RNA from 

three HCC samples and three age-matched livers from rats on normal diet were used for 
microarray analysis. RNA labeling and hybridization on miR microarray chips was done as 
described (194). Five µg of RNA from each sample was biotin-labeled during reverse tran-
scription using random hexamers. Hybridization was carried out on miR microarray chip 
(KCI version 1.0), which contains 368 probes, including 245 human and mouse miR genes 
(both precursors and mature), in duplicate. Each sample was hybridized to duplicate array. 
Hybridization signals were detected by binding of a streptavidin-Alexa 647 conjugate and 
detected using a Perkin-Elmer ScanArray XL5K. Scanned images were quantified by the 
Quantarray software (Perkin-Elmer, Wellesley, Massachusetts). The miR signal in each 
tumor was normalized to the average signal in three normal livers. T and N denote HCCs 
developed in rats fed FMD diet and livers from rats fed control diet, respectively.
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that the down-regulation of miR-122 starts during neoplastic transformation. miR-
122 expression was not detectable in Morris hepatoma, a transplanted liver tumor 
initially generated by treatment with the carcinogen methylmethane sulfonate (143), 
implicating that down-regulation of miR-122 is not restricted to the diet model. It is 
noteworthy that miR-122 level reversed to the control level when rats were provided 
folate- and methyl-adequate diet for 18 weeks after 36 weeks of feeding FMD diet 
(Figure 7.9A, B). Animals switched to folate/methyl-adequate diet after 36 weeks of 
feeding deficient diet did not develop hepatomas at 54 weeks. Thus dietary interven-
tion at preneoplastic stage can prevent or delay down-regulation of miR-122 and 
development of liver tumors. These observations support the notion that miR-122 
down-regulation is associated with neoplastic changes in hepatocytes. Among the 
up-regulated miRs, miR-21 and miR-23 are likely to be involved in the initiation of 
preneoplastic transformation as evident from their increase at both 36 weeks and 54 
weeks, whereas miR-130 and let-7 were up-regulated only in tumors (Figure 7.8A, 
B). miR-23 and miR-130 were also induced in the transplanted rat hepatoma.
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Liver Tumors

Rat# 1 2 3 4 1 2 3 4 1 2 3 4 N T N T
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figuRE 7.8a A. Northern blot analysis confirmed down-regulation of miR-122 and up-
regulation of miR-23, miR-21, miR-130, and let-7 in HCC compared with the controls. Total 
RNA was isolated from the livers of four rats fed normal diet and four rats fed FMD diet 
for 36 and 54 weeks, respectively. An aliquot (30 μg) of the total RNA was separated by 
denaturing PAGE, transferred to a nylon membrane, and subjected to Northern blot analysis 
with 32P-labeled deoxyoligonucleotide antisense to specific miRs. The blot was reprobed with 
oligo antisense to 5S rRNA, and the ratio of miR signals to that of 5S rRNA were determined. 
B. Quantitative analysis of Northern blot data showed significant down-regulation of miR-
122 and up-regulation of miR-21, miR-23, miR-130, and let-7 in rat HCCs. 32P-signal was 
measured using Imagequant software and quantified using volume analysis program. PNNs 
denote preneoplastic nodules. The results represent the average signal of each miR normal-
ized to that of 5S rRNA SD. The p-value of ≤0.05 was considered significant. Asterisks indi-
cate significant changes. (Reproduced from Kutay, H., Bai, S., Datta, et al., J Cell Biochem, 
99, 671–78, 2006.)        (Continued)
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figuRE 7.8b (Continued) A. Northern blot analysis confirmed down-regulation of miR-122 and up-regulation of miR-23, miR-21, miR-130, and let-7 in HCC compared with the 
controls. Total RNA was isolated from the livers of four rats fed normal diet and four rats fed FMD diet for 36 and 54 weeks, respectively. An aliquot (30 μg) of the total RNA was 
separated by denaturing PAGE, transferred to a nylon membrane, and subjected to Northern blot analysis with 32P-labeled deoxyoligonucleotide antisense to specific miRs. The blot 
was reprobed with oligo antisense to 5S rRNA, and the ratio of miR signals to that of 5S rRNA were determined. B. Quantitative analysis of Northern blot data showed significant 
down-regulation of miR-122 and up-regulation of miR-21, miR-23, miR-130, and let-7 in rat HCCs. 32P-signal was measured using Imagequant software and quantified using volume 
analysis program. PNNs denote preneoplastic nodules. The results represent the average signal of each miR normalized to that of 5S rRNA SD. The p-value of ≤0.05 was considered 
significant. Asterisks indicate significant changes. (Reproduced from Kutay, H., Bai, S., Datta, et al., J Cell Biochem, 99, 671–78, 2006.)
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Suppression of miR-122 in rat primary liver tumors raised the obvious question: 
What happens to its expression in human primary hepatocellular cancer? To address 
this question we performed Northern blot analysis of RNA from tumors and match-
ing liver tissues from 20 samples (Figure 7.10A, B). The results showed significant 
decrease in miR-122 levels in almost all HCC compared to the surrounding liver 
tissues. This was the first report of down-regulation of the most abundant liver spe-
cific microRNA in hepatocellular cancer. Notably, as observed in rat primary HCCs 
(Figure 7.8), miR-21 was up-regulated in human HCC samples compared to match-
ing livers (142). These observations validate animal models for the discovery of novel 
biomarkers for human disease.

Recently, Pogribny et al. analyzed miR profile in Fisher 344 rats fed FMD diet 
starting from 9 weeks when widespread metabolic changes occur in the liver (144). 
They measured selected miR levels by qRT-PCR after 9, 18, 36, and 60 weeks on 
FMD or control diet. They observed down-regulation of hepatic miR-34a, miR-127, 
and miR-200b by 80–90% after 9 and 18 weeks on the diet, which correlated with 
extensive steatosis, fibrosis, hepatocyte regeneration, and proliferation of oval (liver 
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folate/methyl adequate diet after 36 weeks on the FMD diet. The control animals were on 
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another 18 weeks. A. Total RNA isolated from the livers was analyzed by Northern blotting. 
B. The quantitative representation of the data in A. The results represent the average signal 
of each miR normalized to that of 5S rRNA ± SD. The p-value of ≤0.05 was considered 
significant. The ratio of miR-122 to 5S rRNA in the controls (36 wk-C and 54 wk-C) was 
assigned a value of 1. (Reproduced from Kutay, H., Bai, S., Datta, J., et al., J Cell Biochem, 
99, 671–78, 2006.)
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progenitor) cells in animals fed deficient diet. FMD diet also induced loss of miR-16 
expression, albeit at a less pronounced level. They also observed concomitant up-reg-
ulation of some oncogenic or antiapoptotic predicted targets of these miRs, e.g., E2F3, 
NOTCH1, BCL6, ZFHX1B, and BCL2 proteins of these miRNAs. Thus early onset 
of dysregulation of these miRNAs is likely to play a causal role in liver pathogenesis 
by altering expression of various targets involved in different biological processes.

7.4.2  micrornas dysrEgulatEd in tHE mousE modEl of nasH-
inducEd HEpatocarcinogEnEsis dEvElopEd by fEEding cdaa diEt

In order to address the role of microRNAs in NASH-induced hepatocarcinogenesis, we 
fed C57BL6 mice (which are naturally resistant to hepatocarcinogenesis) the choline-
deficient L-amino acid-defined (CDAA) diet that has been shown to mimic human 
NASH in both mice and rats by causing steatohepatitis, liver fibrosis, and liver cancer 
(71). Microarray analysis of liver RNAs of mice on tumorigenic diet for different time 
periods demonstrated temporal changes in miR expression (Table 7.3) (66, 67). We 
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figuRE 7.10 miR-122 is suppressed in human primary HCCs. A. An aliquot (5 μg) of 
total RNA from tumor (T) and matching normal (N) tissues was subjected to Northern blot 
analysis. Asterisks denote human primary HCCs in which miR-122 is down-regulated. The 
signal of miR-122 normalized to that of 5S rRNA is presented below each sample. Asterisks 
indicate HCCs with decrease in miR-122 compared with the respective matching controls. 
B. Quantitative analysis in 20 samples showed that the decrease in miR-122 in HCCs was 
statistically significant. (Reproduced from Kutay, H., Bai, S., Datta, J. et al., J Cell Biochem, 
99, 671–78, 2006.)
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tablE 7.3
hepatic MicroRnas dysregulated in Mice fed cdaa diet for 6, 18, 32, and 
65 weeks

gene 
symbol

fold change
parametric 

p-value

fdR false 
discovery 

Rate6 week 18 week 32 week 65 week

miR-200c 1.00 0.84 1.00 2.67 0.000 0.004

miR-200b 1.00 1.00 1.00 2.53 0.001 0.010

miR-181d 0.77 0.45 4.21 2.40 0.000 0.005

miR-155 0.87 1.43 2.81 1.90 0.000 0.000

miR-487a 3.04 0.92 0.46 1.78 0.006 0.040

miR-181b 0.70 0.92 3.20 1.73 < 1e-07 < 1e-07

miR-223 0.47 1.84 2.82 1.62 < 1e-07 < 1e-07

miR-342-3p 0.51 1.54 1.73 1.40 0.000 0.000

miR-150 0.99 0.92 2.79 1.39 0.000 0.005

miR-99b 0.76 1.00 1.68 1.33 0.000 0.001

miR-214 0.80 0.98 1.73 1.32 0.002 0.017

miR-221 0.80 1.19 1.51 1.32 0.009 0.057

miR-195 0.90 1.02 1.67 1.29 0.000 0.000

miR-142-5p 0.54 1.03 2.19 1.28 0.005 0.035

miR-222 0.84 1.17 1.37 1.28 0.002 0.017

miR-34a 0.57 1.22 1.62 1.26 0.004 0.032

miR-16 0.88 1.12 1.72 1.16 0.000 0.000

miR-107 1.01 0.69 0.67 0.92 0.001 0.006

miR-30a 1.02 0.92 0.81 0.88 0.005 0.038

let-7a 1.10 0.66 0.62 0.85 0.005 0.038

miR-103 1.00 0.71 1.08 0.81 0.009 0.054

miR-30b 0.99 0.73 0.96 0.74 0.004 0.032

miR-30e 0.96 0.83 0.70 0.70 0.010 0.059

miR-323-5p 1.34 0.75 0.52 0.60 0.001 0.008

miR-27a 1.06 1.01 0.97 0.40 0.007 0.048

miR-802 1.00 0.74 0.71 0.28 0.000 0.000

miR-32 0.98 0.87 0.79 0.21 0.000 0.001

miR-17 0.83 0.99 1.45 0.90 0.000 0.003

miR-346 1.50 1.19 1.34 0.41 0.000 0.001

miR-20b 0.77 0.92 1.20 0.76 0.002 0.016

Source: Wang, B., Majumder, S., Nuovo, G., et al., Hepatology, 50, 1152–61, 2009.
Note: Analysis of variance with randomized block design identified 30 hepatic miRNAs that are altered 

(p < 0.01) upon feeding mice CDAA diet compared to CSAA diet. RNA from four mice on CSAA 
diet and five mice on CDAA diet at each time point was used for microarray analysis. Average 
values of the replicate spots of each miRNA were background-subtracted and subjected to further 
analysis. Data normalization was performed by using quantiles. Minimal miRNAs expression was 
set to 75. Genes showing minimal variation across the set of arrays were excluded from the analy-
sis. Accordingly, 175 miRNAs whose expression differed by at least 1.5-fold from the median in 
at least 5% of the arrays were subjected to further statistical analysis. This filtering was applied to 
limit the number of false positive findings.
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identified deregulation of 30 miRNAs (p < 0.01) after 6, 18, 32, and 65 weeks of feed-
ing CDAA diet among which 21 were up-regulated ≥1.5-fold or down-regulated ≥50% 
in at least one time point. Based on temporal pattern of expression, the up-regulated 
miRs in mice fed CDAA diet were grouped into four different classes:

 1. miR-155, miR-221, miR-222, miR-34a, miR-223, miR-342, and miR-16 were 
consistently up-regulated and remained high from 18 weeks to 65 weeks.

 2. miR-181, miR-150, miR-99b, miR-214, miR-142, and miR-195 were up-reg-
ulated from 32 weeks to 65 weeks.

 3. miR-17 and miR-346 up-regulated transiently after 32 weeks.
 4. miR-200 up-regulated only after 65 weeks.

It is notable that several oncogenic microRNAs such as miR-155 and miR-221/222, 
which are known to be elevated in a variety of cancers including HCC (153), were 
up-regulated as early as 18 weeks compared to the age-matched mice fed control 
(choline sufficient and amino acid defined, CSAA) diet (Table 7.3). In situ hybridiza-
tion with LNA probe demonstrated that miR-155 was up-regulated in the hepatocytes 
of mice fed CDAA diet and correlated with increased NAS score (145), a cumulative 
marker for steatosis, inflammation, and fibrosis, in mice fed CDAA diet. Thus miR-
155, a mediator of inflammatory signal (146), can be a potential marker for NASH.

Analysis of microarray data for each time point between the two diet groups showed 
more microRNAs to be dysregulated with increasing time of feeding CDAA diet. For 
example, after 6 weeks, most miRs were down-regulated (16 out of 19) whereas only 3 
miRs were up-regulated (miR-487a, miR-383, and miR-96), which is probably due to 
dramatic alteration in metabolic activity in the liver upon switching from low-fat pro-
tein-rich chow diet to CDAA diet. Interestingly, more miRs were up-regulated with 
prolonged consumption of CDAA diet, e.g., 7 out of 18 after 18 weeks, 17 out of 20 
after 32 weeks, and 16 out of 32 after 65 weeks. Many more miRs were deregulated 
after 65 weeks when preneoplastic changes occur, implicating their role in hepatocyte 
transformation. Up-regulation of miR-181b/d variants occurred from early stages of 
feeding CDAA diet (Table 7.3). The level of Let-7a, a well-known tumor suppressor 
(147, 148), was reduced after 18 weeks of feeding the deficient diet. As observed in rats 
fed FMD diet, we observed down-regulation of miR-122 by Northern blot analysis in 
mouse liver only at 65 weeks when hepatocytes undergo preneoplastic changes (68). 
Similarly, up-regulation of miR-21 in CDAA livers was demonstrated by Northern 
blot analysis. Taken together, the CDAA diet model is an ideal system to identify 
microRNAs that may play a causal role in NASH-induced hepatocarcinogenesis.

7.4.3 microrna altEration in Human Hcc

Recently, hundreds of dysregulated miRNAs have been identified in HCCs by differ-
ent investigators (reviewed in [149]). Some of these miRNAs may be potential bio-
markers for HCCs and play key roles in the pathogenesis of HCC (150). Among these 
miRNAs, some are up-regulated and function as oncogene. For example, miR-21 is 
up-regulated in HCCs and has been validated to target PTEN (151). PTEN is a nega-
tive regulator of Akt signaling pathway, which phosphorylates several protein targets 
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and promotes cell survival. Other studies have also shown that miR-21 can target 
PDCD4, TIMP1, and maspin, thereby promoting invasion and metastasis of HCC 
cells (152). miR-221/222, two oncogenic miRs transcribed from the same primary 
transcript, are reported to be the most up-regulated miRs in primary human HCCs 
(153–156). These miRs directly target cyclin-dependent kinase inhibitors CDKN1B/
p27 and CDKN1C/p57, DNA damage inducible protein DDIT4, a regulator of mTOR 
pathway (153–156), and well-known tumor suppressors PTEN and TIMP3 (63–67). 
Thus miR-221/222 promotes cell cycle progression and imparts resistance to TRAIL-
induced apoptosis. Several other miRNAs up-regulated in HCCs were also reported 
recently, such as miR-224 targeting apoptosis inhibitor-5 (API-5) (157), miR-18a tar-
geting estrogen receptor-alpha (158), and miR-143 targeting fibronectin (159). On 
the other hand, some miRs are identified to be decreased in HCCs and function as 
tumor suppressor. miR-122, the most abundant miR in liver, was found to be down-
regulated in most of HCCs, and cyclin G1 (160), Bcl-w (161), ADAM17 (162), SRF, 
ADAM10, and IGF1R (163) are its validated targets. miR-223, another miR that is 
commonly repressed in HCCs, targets STMN1 (164). Met, a tyrosine kinase receptor 
of HGF that plays an important role in the tumorigenesis and metastasis of HCC, 
has been confirmed to be a direct target of miR-1 (165) and miR-199a* (166, 167), 
both of which are down-regulated in HCCs. Recently, miR-101 was reported to be a 
tumor suppressor in HCC by targeting oncogene FOS and antiapoptotic Mcl-1 (168). 
miR-195 was found to inhibit tumorigenesis and promote G1/S transition of human 
hepatocellular carcinoma cells by targeting cyclin D1, CDK6, and E2F3 (169).

7.4.4 HEpatic micrornas dysrEgulatEd in nasH patiEnts

Nonalcoholic fatty liver disease (NAFLD) is emerging as a major health problem 
affecting 70 million adults (30% of the adult population) in the United States. It is 
projected that 20% of these individuals will develop NASH, which may result in 
cirrhosis and HCC. NASH can also be associated with obesity, diabetes, and insu-
lin resistance, all of which can contribute to an increased risk of HCC (170–172). 
Although the etiology underlying the development and progression of NASH is not 
well understood, factors such as diet, lifestyle, and genetic predisposition appear 
to play a causal role. It is characterized by abnormal lipid metabolism. Depending 
upon its severity, NAFLD can be classified into different types: (a) steatosis alone, 
(b) steatosis plus inflammation, (c) steatosis plus hepatocyte injury or ballooning 
degeneration, and (d) steatosis plus sinusoidal fibrosis, Mallory bodies (4, 173). 
Severe forms of NAFLD (types c and d) lead to NASH and often lead to cirrhosis 
and hepatocellular carcinoma. Insulin resistance is currently thought to be a key 
factor in the development of both NAFLD and NASH. Since dietary effects on 
lipid and glucose metabolic pathways play a critical role in NAFLD, a key strategy 
in affected patients is the control of diet to decrease body weight, which in turn 
will improve insulin resistance and dyslipidemia, reduce cardiovascular risks, and 
treat fatty liver. A recent study has analyzed the expression of 474 human microR-
NAs in subjects with the metabolic syndrome and NASH (characterized by steato-
sis, cytoloplasmic ballooning, and inflammation in liver histology) with those in 
control subjects with normal liver histology (174). Their results showed that a total 
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of 46 microRNAs were dysregulated, among which 50% were down-regulated in 
NASH patients (Table 7.4). Interestingly, among the up-regulated microRNAs, 
miR-16, 21, 23a, 23b, 24, 34a, 99b, 221, 222, and 214 are also elevated in rodent 
livers upon feeding FMD or CDAA diets that cause NASH (compare Tables 7.2 
and 7.3 with Table 7.4). Similar to mice fed CDAA diet, which causes NASH, miR-
122 level decreased ~63% in the livers of NASH patients (p < 1 × 105). Among the 
up-regulated miRs were well-known oncogenes like miR-221/222, miR-21, and 
miR-181b. Down-regulated tumor suppressor miRs included miR-34a and miR-
199/199*. Notably, the only common microRNA down-regulated in rodent and 
human NASH livers is miR-122, suggesting that its loss may play a critical role in 
the initiation/progression of NASH.

7.5  MicRoRnas with iMpoRtant 
function in livER and hcc

7.5.1 mir-122

miR-122, a developmentally regulated liver-specific miR, functions as a tumor sup-
pressor. miR-122 is the most abundant liver-specific microRNA, constituting 70% 
of total hepatic miRs (119, 137). It is transcribed by pol II into a noncoding pri-
mary RNA of 4.6kb (mouse) and 4.9kb (human) that is first processed into a 66-nt 
long pre-miRNA with a characteristic hairpin structure and ultimately processed by 
Dicer to generate the mature miR-122 (119). Expression of this evolutionarily con-
served microRNA starts during gestation and attains maximal level in the adult liver. 
Transcription of miR-122 gene follows circadian rhythm and is regulated by the 
orphan nuclear receptor REV-ERBalpha (175). miR-122 facilitates replication (176) 
and translation (177) of HCV RNA in HCC cells in culture. Depletion of miR-122 
with antisense-miR in mice results in decrease in serum cholesterol and triglyceride 
levels (135, 178). Microarray analysis of hepatic RNA from mice depleted of miR-
122 by antagomirs showed that the majority of the genes induced upon miR-122 
depletion are normally repressed in the liver, implicating that it is involved in the 
maintenance of differentiated state of hepatocytes (179). In contrast, genes involved 
in lipid synthesis were predominantly up-regulated by an unknown mechanism 
(136). miR-122 level is very high in mouse and human hepatocytes, but it is either 

tablE 7.4
miRs significantly (p<0.05) dysregulated in nash patients
Down-Regulated miRs 26b, 28, 30d, 92b, 122, 126, 139, 145, 188, 191*, 198, 203, 223, 361, 375, 

563, 574, 601, 617, 641, 671, 765, 768-5p

Up-Regulated miRs 16, 21, 23a, 23b, 24, 27b, 34a, 99b, 100, 125b, 127, 128a, 128b, 146b, 
181b, 199a*, 199a, 200a, 221, 222, 214, 224, 455

Note: These miRs were identified by microarray analysis of 15 control (normal liver histology) and 15 
NASH patients. Those in bold are also similarly affected during diet-induced hepatocarcinogenesis 
in rodents (described in Tables 7.2 and 7.3).
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silent or expressed at a very low level in most HCC and transformed cell lines (180). 
As described earlier, we first identified the down-regulation of miR-122 in the rodent 
model of diet-induced multistage hepatocarcinogenesis (142). Analysis of human pri-
mary HCCs has also shown suppression of miR-122 compared to the matching liver 
tissues (142, 160, 162, 181) (Figure 7.8). It is also repressed in patients with NAFLD 
(Table 7.4) (182), which often leads to liver cancer. Subsequent functional analy-
ses to understand the consequence of its loss in HCC demonstrated that miR-122 
exhibits tumor suppressor characteristics (162, 163). Its ectopic expression in nonex-
pressing cells inhibited growth, clonogenic survival, migration, invasion, and tumor 
growth in nude mice (163). Furthermore, ectopic expression of its oncogenic targets 
SRF, ADAM-10, and Igf1R could partially reverse its antitumorigenic properties. 
Additionally, it has been reported to inhibit intrahepatic metastasis in human HCC 
patients and also in an orthotopic model of HCC by suppressing its target ADAM-17 
(162). It would be of interest to test therapeutic potential of miR-122 against NASH-
related HCCs at least in animal models.

7.5.2 mir-181

Recently there has been considerable interest in understanding the roles of miR-
181 family of miRNAs in cancer. These studies have suggested that miR-181 fam-
ily members function as both oncogenes and tumor suppressors depending upon 
the cellular context. These miRNAs are elevated in colon tumors (183) and pancre-
atic cancer (184) but are reduced in gliomas (185). They play an inhibitory role in 
hematopoietic differentiation, and their increased levels are associated with acute 
myeloid leukemia (186). In CLL, the relationship between miR-181 expression and 
disease phenotype is complex. For example, in CLL patients harboring chromo-
some 17p deletion, low expression of miR-181 family is strongly associated with 
disease progression, whereas in those harboring only trisomy 12, high expression 
of the miR-181a is associated with more aggressive disease (187). miR-181 fam-
ily members are also up-regulated in HCCs and are associated with EpCAM+ (a 
marker for hepatic stem cells) HCC cells (188). Thus the role of miR-181 in tum-
origenesis depends not only on the tissue type but also on genetic aberrations in 
the tumors, which is probably because of differential expression of the targets in 
different tumors. For example, miR-181b functions as a tumor suppressor in glioma 
cells (189) whereas it enhances tumorigenesis of HCC cells (188). We first identi-
fied up-regulation of miR-181 family members in the livers of mice fed CDAA diet 
for different time periods (Table 7.3) (67). Extension of this observation to human 
primary HCCs confirmed induction of these miRs in human tumors. Expression of 
miR-181 inversely correlated with its tumor suppressor target Timp3. Our study also 
showed that up-regulation of TGFβ and its downstream mediators Smad2, 3, and 4 
contributed to induction of miR-181b/d in mice fed CDAA diet. Reduced miR-181 
expression upon siRNA-mediated depletion of Smad4 confirmed the involvement of 
TGFβ pathway in the up-regulation of miR-181b. Furthermore, by ectopic expression 
and depletion studies we have confirmed that miR-181b functions as an oncogene by 
enhancing matrix metallopeptidase activity, promoting growth, clonogenic survival, 
migration, and invasion of hepatocellular carcinoma (HCC) cells. Additionally, the 
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ability of anti-miR-181b in inhibiting ex vivo growth of HCC cells in nude mice 
and in sensitizing HCC cells to Doxorubicin, a potent anticancer drug, suggest its 
therapeutic potential.

7.5.3 mir-155

miR-155 is primarily involved in normal physiological processes like hematopoietic 
lineage differentiation and immune response (190, 191). It also contributes to various 
pathological processes such as inflammation, cancer, and cardiovascular diseases 
(reviewed in 192, 193). miR-155 is expressed at low levels in most cell types unless 
these cells are activated by inflammatory cytokines, which rapidly increase miR-
155 expression (146). The available experimental evidence indicates that miR-155 
is overexpressed in a variety of solid tumors (194) and hematopoietic malignancies 
(195). Elevated expression of miR-155 along with microRNAs 203, 210, and 222 
in pancreatic tumors is associated with poorer survival (196). The increased level 
of miR-155 is also a candidate biomarker of diffuse large B cell lymphomas and 
many solid tumors (141, 194, 197, 198). Development of lymphoma in transgenic 
mice overexpressing miR-155 underscores its role in tumorigenesis (199). Our stud-
ies on the mouse model of CDAA diet-induced HCC indicated that up-regulation of 
hepatic miR-155 correlated with NASH as early as 18 weeks of feeding the deficient 
diet (66). Since chronic inflammation can lead to cancer, consistent up-regulation of 
miR-155 with reciprocal decrease in its target C/EBPβ from early stages could play 
a causal role in hepatocarcinogenesis. We also observed significant up-regulation of 
miR-155 in human primary HCCs and its growth stimulatory property in HCC cells 
(200). Therefore anti-miR-155 therapy that can potentially inhibit liver cancer by 
blocking proliferation of hepatocytes as well as inflammatory cells like lymphocytes 
and Kupffer cells in the tumor microenvironment could be extremely beneficial for 
therapy against HCC.

7.6  EpigEnEtic REgulation of MicroRna 
ExpREssion in hEpatocEllulaR cancER

Several mechanisms such as chromosomal deletion/translocation/amplification, 
mutations in the miR genes or factors involved in their processing, DNA methylation, 
histone modifications, and polymorphisms (SNPs) may play a causal role in dysregu-
lation of miR expression in diseased states including cancer (187). Since ~70% of the 
protein-coding genes are associated with CpG islands (CGI) in their promoters and 
many are silenced due to promoter methylation in cancer cells, it is likely that dif-
ferential DNA methylation of certain microRNA genes embedded in CGIs is likely 
to regulate their tissue-specific expression or alter their expression in cancer cells. 
Bioinformatic analysis of chromosomal regions harboring miR genes revealed that 
almost half of these genes identified to date are surrounded by CGIs, suggesting their 
potential regulation by DNA methylation (for review, see [187]). Indeed, miR-127, 
that targets BCL6 (201), miR-124a that targets CDK6 (202), and let-7a3 that targets 
RAS are differentially methylated (203) in different cancers.
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To identify tumor suppressor microRNAs that are epigenetically silenced in 
liver cancer, the microRNA expression profile of hepatocarcinoma (HCC) cell 
lines treated with 5-azacytidine (DNA hypomethylating agent) and/or trichostatin 
A (histone deacetylase inhibitor) was studied (165). The results showed that these 
epigenetic drugs differentially regulated the expression of a few miRs, particularly 
miR-1-1, in several HCC cell lines tested. This gene, located in the intron of an open 
reading frame, is embedded in several CGIs. Our studies showed that the CGI span-
ning exon 1 and intron 1 was tumor-specifically methylated. Up-regulation of miR-
1-1 upon treatment with DNA hypomethylating agent 5-AzaC was accompanied 
by down-regulation of its oncogenic targets like FoxP1, MET, and HDAC4 (165). 
Functional analysis demonstrated that miR-1 indeed functions as a tumor suppres-
sor. The induction of miR-1 is likely to be one of the mechanisms by which DNA 
hypomethylating agents inhibit growth of liver cancer. It is possible that some key 
factors (protein or microRNA) are also repressed in other liver diseases by epige-
netic mechanism. It would therefore be of interest to test the therapeutic potential of 
epigenetic drugs not only against cancer but also against other liver diseases at least 
in animal models.

7.7 concluding REMaRks

Therapeutic intervention against hepatocellular carcinoma is very limited and 
depends on several factors, with the underlying liver disease being the key deter-
minant. Although surgical resection and liver transplantation are by far the best 
options, with a 5-year survival of >75% and a tumor recurrence rate of <15% and 
5 years (204), their applicability is limited to about 5% of patients based on liver 
function. Other therapies include chemoembolization and radiotherapy for local 
tumors, whereas systemic chemotherapy is the only option for advanced HCC. 
Currently used chemotherapeutic drugs against HCC are doxorubicin, cisplatin, 
and fluorouracil. These drugs, however, have very low response rates with no 
benefit to overall survival (205). Unfortunately, chemotherapy is not very well 
tolerated and is not very effective, especially in patients with hepatic dysfunction. 
Further, HCC is generally a highly chemoresistant tumor. More recently, antian-
giogenic agent (e.g., bevacizumab) and multikinase inhibitor (e.g., sorafenib) have 
shown promise for HCC patients. There is, however, an immense requirement for 
the development of novel, more effective therapeutic strategies for HCC.

In this era of personalized medicine, the advances made in the identification of 
molecular diagnostic, prognostic, and therapeutic markers will play an important 
role in dictating the future of drug development, especially against chemo-resistant 
tumors like HCC. Two such areas with potential to advance to the clinical setting are 
epigenetics and microRNAs. While genetic aberrations like chromosomal transloca-
tions or deletions are nonreversible, epigenetic alterations that lie DNA methylation 
and histone posttranslational modifications are “temporary” reversible changes. With 
the elucidation of the role of epigenetics in cancer, lots of interest in the last decade has 
focused on developing epigenetic drugs for therapeutic intervention. DNA hypom-
ethylating agents Vidaza (5-azacytidine) and Dacogen (5-aza-2ʹ-de-oxycytidine, or 
decitabine) are currently approved by the Food and Drug Administration (FDA) for 
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treatment of myelodysplastic syndrome (for review, see 206). These drugs are also 
undergoing clinical trials against a variety of leukemia and solid tumors. In a rat 
model of hepatocellular cancer, we first showed that 5-AzaC completely regressed 
tumor growth (207). However, it remains to be seen whether these hypomethylating 
agents have therapeutic potential in human patients suffering from different liver 
diseases including NAFLD, NASH, cirrhosis, and HCC.

Another approach to target specific genetic alterations has been gene therapy. 
Despite considerable efforts at developing gene therapy, several drawbacks like 
short-lived nature, immune response, risk with viral vectors, and the multigene 
nature of most disorders have restricted its effectiveness. There is, therefore, 
no current FDA-approved gene therapy against cancer. Because expression of 
microRNAs is dysregulated in almost all types of cancer, and certain miRs play a 
causal role in tumorigenesis by targeting classic oncogenes or tumor suppressors 
(reviewed in 208, 209), they have become important targets for therapy. They gain 
advantage over gene therapy due to their small size, stability, and ability to target 
multiple genes/proteins. Further, microRNA levels can be manipulated with rela-
tive ease, essentially following RNA interference technology. MicroRNA therapy 
against human disease seems quite feasible based on the success of anti-miR-122 in 
lowering blood cholesterol in primates (210). For their use in therapy, the effect of 
chemical modification to siRNAs on their activity in vivo and stability in biologi-
cal fluids have been extensively studied (for review, see 211). LNA-, 2ʹ-O-methyl 
ribose substitution, phosphorothioate linkages at the 3ʹ-end and/or conjugation 
of 3ʹ-end to cholesterol are likely to enhance stability and activity of siRNA. A 
major problem with the delivery of high molecular weight and highly charged oli-
gonucleotides is the lack of a natural mechanism for targeted delivery to epithelial 
cells such as hepatocytes or HCC. The best way to accomplish this is likely by 
combining chemical modification of the miRNA (sense or antisense) backbones 
and encapsulation of miRNAs into targeted liposomal nanoparticles. It has been 
shown that introduction of galactosylation selectively targets siRNA nanoparticles 
to HCC cells, which express the asialoglycoprotein receptor (ASGR) (212). The 
advantage of miR-based therapy is that multiple miRs can be simultaneously tar-
geted using combinations. Thus the liver represents an ideal organ target for miR 
therapy. Since microRNAs regulate numerous targets regulating different cellular 
processes, development of resistance to these agents is unlikely. It is hoped that the 
extensive basic knowledge on microRNAs can be extended to patients’ bedside in 
the near future.
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Oxidative stress as a result of cigarette smoking is an important etiological factor in 
the pathogenesis of chronic obstructive pulmonary disease (COPD). Various reports 
are available on the imbalance of oxidant-antioxidant in the lungs as a result of ciga-
rette smoke and airborne particulate matter. Abnormal inflammation is the hall-
mark of chronic airway diseases (COPD and asthma), which is caused by oxidative 
stress. Keeping in mind that only about 15–20% of smokers develop COPD, a new 
paradigm in COPD research has now emerged that suggests that epigenetic altera-
tions might be a clue for understanding the pathophysiology of COPD and other 
chronic lung disorders such as asthma. At present, no effective treatment exists to 
halt the progressive decline in lung function of smokers who get the disease. Since 
COPD is considered to be a result of oxidative stress imposed by smoking, treat-
ment with dietary antioxidants has been in vogue for some time. Other than thiols, 
and vitamins such as C and E, the most prominent antioxidant candidate of choice 
has been dietary polyphenols. Besides thiols, which are mucolytic, vitamins C and 
E are less efficacious as antioxidants in the lung. Recently, a unique role of dietary 
polyphenols is described via modulation of redox signaling in inflammation. In 
this chapter, a brief overview of the pathophysiology of COPD and asthma is given 
in light of oxidative stress and inflammatory response, followed by information 
on epigenetic changes due to environmental factors linked to oxidative stress and 
inflammation, and mechanisms of epigenetic alterations in chronic lung diseases. 
Furthermore, how polyphenols may be beneficial and have influence in modulating/
intervening the epigenetic changes and associated pathophysiological alterations in 
chronic airway disorders is explored.

8.1  cigaREttE sMoking and pathophysiology of 
chRonic aiRway disEasEs including copd

COPD/chronic airway obstruction disease is a condition characterized by largely 
irreversible airflow limitation (Pauwels et al. 2001). The airflow limitation is usu-
ally progressive and is associated with an abnormal inflammatory response of the 
lungs to noxious particles or gases. The diagnosis is usually based on the history of 
exposure to toxic stimuli (mainly tobacco smoke) and abnormal lung function tests. 
Cigarette smoking has been strongly implicated as the major etiological cause of the 
disease. Only about 15–20% of smokers develop the disease, and they exhibit a rapid 
decline in forced expiratory volume in one second (FEV1). Factors such as air pollut-
ants, indoor cooking/biomass fuel burning, infections, and occupational dusts may 
cause and/or exacerbate COPD.

Neutrophils, macrophages, and T cells (CD8+) play an important role in the 
pathophysiology of COPD. In view of their ability to release a wide array of inflam-
matory mediators and tissue-degrading enzymes, neutrophils and macrophages can 
orchestrate tissue destruction and chronic inflammation (K. F. Chung 2001; Stockley 
2002). Infiltration of neutrophils and macrophages and their activation in the pulmo-
nary microvasculature could lead to damage of lung microenvironment, due to the 
release of reactive oxygen species (ROS) and proteases, thus leading to destruction of 
the alveolar wall, which occurs in emphysema. COPD is characterized by increased 



Epigenetic Mechanisms in Lung Inflammation and Chronic Airway Diseases 187

oxidative stress in the lungs, resulting in oxidant/antioxidant imbalance. Lipid per-
oxidation products, such as 4-hydroxy-2-nonenal (4-HNE) and F2-isoprostanes, are 
increased in response to cigarette smoking in bronchiolar epithelial, alveolar-type 
cells and macrophages, and in lungs of patients with COPD (Aoshiba et al. 2003; 
Rahman and Adcock 2006). Chronic smokers exhibit decreased total antioxidant 
capacity, which is mainly associated with depletion of major plasma antioxidants 
such as ascorbic acid, vitamin E, β-carotene, and selenium in the serum (Mezzetti 
et al. 1995). Glutathione (GSH), an important thiol antioxidant, has been shown to 
be decreased in lungs of patients with COPD. Asthma is characterized by increased 
CD4+ cells, mast cells, and eosinophils along with other inflammatory/immune cells 
associated with increased oxidative stress and inflammatory response in the lung 
(reviewed by Jeffery 2001).

Nuclear factor kappa B (NF-κB) is an inducible pleiotropic transcription factor that 
plays a key role in the expression of multiple genes, leading to transcription of proin-
flammatory mediators such as cytokines and chemokines. It has been shown that cells 
obtained from bronchoalveolar lavage fluid (BALF) of smokers exhibit 10-fold higher 
activation of NF-κB in response to lipopolysaccharide (LPS) as compared to that of 
nonsmokers (Mochida-Nishimura et al. 2001). NF-κB is activated in lungs of patients 
with COPD and plays a pivotal role in inducing the chronic proinflammatory response 
seen in lungs of patients with COPD and asthma (Di Stefano et al. 2002; Caramori et 
al. 2003; Rajendrasozhan, Yang, Edirisinghe et al. 2008; Szulakowski et al. 2006; Ito 
et al. 2002). Another important facet of NF-κB is its ability to bring about epigenetic 
modifications by altering the histones upon binding to the DNA, leading to proinflam-
matory gene transcription (discussed later in this chapter).

COPD is associated with airway/airspace inflammation and is characterized by the 
presence of inflammatory biomarkers, such as IL-8 and TNF-α, which are elevated 
in patients with COPD (Keatings et al. 1996). Increased leukocyte adhesion to vas-
cular endothelium has been attributed to cigarette smoking due to up-regulation of 
NF-κB-dependent cell adhesion molecules such as intercellular adhesion molecule 
(ICAM-1), endothelial leukocyte adhesion molecule 1 (ELAM-1), and vascular cell 
adhesion molecule (VCAM-1). For further reading the reviewers are directed to sev-
eral exhaustive reviews describing oxidative stress, inflammation, and other aspects 
of pathogenesis of asthma and COPD that are relevant to this chapter (Rahman and 
Adcock 2006; Rajendrasozhan, Yang, Edirisinghe et al. 2008; Rajendrasozhan et al. 
2009; Yoshida and Tuder 2007; K. F. Chung and Adcock 2008; Jeffery 2001).

8.2  EpigEnEtics, EnviRonMEntal factoRs, and 
pREdisposition to chRonic inflaMMatoRy 
lung disoRdERs including copd

Recent research has mostly focused on chronic airways disease therapy based on 
palliative cure. However, much remains to be understood as to the molecular mecha-
nisms involved and the genetic pattern/epigenetic modifications that make people 
susceptible to such chronic diseases due to environmental stimuli. There is a recent 
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surge in the belief that many diseases start early in life, possibly in utero due to epi-
genetic modifications in the epigenome (Castro et al. 2009).

The lung is one of the organs that develops and matures very rapidly in the fetus 
in order to support breathing at birth. Abnormal development and maturation may 
therefore lead to chronic lung diseases later in life. There are now increasing reports 
that pre- and postnatal environmental exposures can induce long-term effects on 
lung structure and function related to cellular and molecular events that may vary 
from individual to individual. Studies have revealed that epigenetic phenomenon 
associated with nutritional/dietary and environmental factors have a role in acceler-
ated decline in lung function, and hence in pathogenesis of chronic lung diseases. 
Several epidemiologic studies have identified various environmental factors that alter 
lung development and have been well characterized in animal models. For example, 
the in utero and postnatal effect of environmental tobacco smoke as well as the 
effect of nutritional deficiencies of vitamins A and D or a high methyl donor diet 
(Litonjua and Weiss 2007) during lung development are predictive of chronic dis-
eases later in life (Wang and Pinkerton 2008; Doherty et al. 2009; Lim and Kobzik 
2009). However, very little information is available on other environmental factors 
that might influence fetal and postnatal lung development. It is now suggested that 
the epigenome might be affected in the early critical periods of lung development 
by environmental factors, such as diet, drugs, toxins, pollutants, and interestingly, 
the socioeconomic environment and lifestyle of an individual (Jaenisch and Bird 
2003). It might, therefore, be prudent to investigate whether such environmental fac-
tors can cause subtle epigenetic effects that might influence developmental genes 
during gestation and predispose an individual to a particular postnatal or adult lung 
disease(s) (Gicquel, et al. 2008). However, no such information is currently available 
linking these factors to epigenetics of chronic lung diseases except the epidemiologi-
cal aspects of environment to lung diseases.

Although regulation of gene expression by epigenetic mechanisms has been reported 
to influence early embryonic development (Bernstein et al. 2007), little is known as to 
how epigenetic changes regulate cell differentiation during pre- and postnatal lung 
development (Cortese et al. 2008; Millien et al. 2008). There are emerging reports that 
epigenetic alterations might be associated with chronic lung diseases. One of the best 
characterized epigenetic mechanisms of lung gene regulation is the methylation pat-
tern of the regions of genomic DNA rich in CG content, a phenomenon now associated 
with regulation of tumor suppressor genes (Hsu et al. 2007), fibrosis (Sanders et al. 
2008), and asthma-related genes (Adcock et al. 2007; Bousquet et al. 2004; Y. Yang et 
al. 2008). Furthermore, hypermethylation of CpG islands in the promoter region of the 
tumor suppressor genes is now considered to be a key factor in many types of cancer 
associated with tobacco smoking (Meissner et al. 2008; Zochbauer-Muller et al. 2001). 
Such epigenetic changes can now be detected for a candidate tumor suppressor gene, 
genomewide or in localized regions of the genome, which would enable early progno-
sis and treatment of various types of cancer (Meissner et al. 2008).

Methylation in the promoter region of several genes in patients with stage I non-
small cell lung cancer has also been recently associated with early recurrence of the 
disease (Brock et al. 2008). Determination of specific DNA methylation of genes may 
thus prove to be useful clinical markers for early detection and/or chemoprotective 
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intervention in lung cancer. Although reports of DNA methylation pattern are now 
emerging in lung cancer (Brock et al. 2008; Meissner et al. 2008; Zochbauer-Muller 
et al. 2001), sporadic reports exist for histone/DNA methylation in cigarette smoke-
induced chronic lung inflammatory diseases. Available reports have demonstrated 
frequent methylation of p16 (INK4a) promoter, a tumor suppressor gene in sputum 
of patients with COPD, which correlated significantly with heavy cigarette smok-
ing (Georgiou et al. 2007). Similarly, hypermethylation of p16-regulating lung can-
cer was reported to be a result of exposure to environmental tobacco smoke (ETS) 
(Digel and Lubbert 2005). To date, very little data are available regarding histone/
DNA methylation in cigarette smoke-mediated chronic lung inflammatory diseases. 
Detailed investigations regarding methylation pattern of histone/DNA and other 
modifications may yield new biomarkers and therapeutic targets for the treatment of 
inflammatory airway diseases.

Epigenetic alterations can also be due to covalent modifications of the histones 
by various post-translational modifications, such as histone acetylation, deacetyla-
tion, phosphorylation, ubiquitination, sumoylation, and methylation mechanisms 
(Rajendrasozhan et al. 2009). These chromatin/epigenetic mechanisms may play an 
important role in disease development, which is evident by the report that asthmatic 
and COPD lungs exhibit abnormally high regions of acetylated histones and reduced 
deacetylates (Islam and Mendelson 2008; Rahman and Adcock 2006; Ito et al. 2002, 
2005; Szulakowski et al. 2006; Coward et al. 2009). Certainly, the role of these 
epigenetic modifications in modulation of gene expression in lung development and 
predisposition to environmental mediated chronic lung diseases are areas of future 
research. Following are some current thoughts in light of the recent research on epi-
genetics of asthma, but no other such studies are available linking lung at birth with 
environmental effects on epigenetic modifications in COPD.

8.2.1  astHma: link witH EnvironmEntal factors 
and EffEcts on EpigEnEtic cHangEs

Asthma is a complex genetic disease triggered by a variety of environmental factors. 

Individual asthmatics are unique in their clinical presentation, which is suggestive of 
a specific genetic-environmental interaction in individual cases. The onset of asthma 
also differs, as some develop the condition at an early age, while others do so in adult-
hood (Hoppin et al. 2004). Furthermore, occupational exposures are responsible for 
the asthmatic attack in some individuals, whereas urban air, pollens, pet dandruffs, 
and allergens can induce the disease in others (Venn et al. 2001). Therefore, it appears 
that early specific epigenetic alterations in the fetal stages due to specific environmen-
tal exposures might be responsible for clinical heterogeneity among asthmatics.

The history of asthma varies from one individual to another and is often a result of 
early or later environmental exposure that is responsible for specific epigenetic altera-
tions (Miller and Ho 2008). There is now a spate of evidence that has revealed that 
there are specific time periods, such as prenatal development, early childhood, and 
adolescence, when an individual is more susceptible to the effects of environmental 
exposures and other asthma-inducing factors, as highlighted earlier (Kurukulaaratchy 
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et al. 2004; Mandhane et al. 2005). These are the time periods when the cells are also 
more prone to epigenetic alterations that lead to altered antigen processing, and once 
these cells (memory T-cells) are epigenetically imprinted, then these modifications 
persist. A large number of studies have revealed that impaired respiratory function, 
wheezing, asthma, and other respiratory problems in infants, young children, and ado-
lescents may be associated with exposures to environmental tobacco smoke (ETS) 
(Alati et al. 2006). For example, altered airway structures in the prenatal lungs have 
been observed upon exposure to ETS (Elliot et al. 2003). Therefore, early prenatal 
environmental exposures might play a role in the subsequent development of asthma 
or even other chronic lung diseases in adult life. Additional factors other than ETS that 
may lead to epigenetic changes in the prenatal stage include low maternal intake of 
vitamin E and zinc (Devereux et al. 2006), and use of antibiotics and steroids during 
pregnancy (Jedrychowski et al. 2006). These are the factors that also render an indi-
vidual susceptible to childhood asthma, which can be prevented by maternal intake of 
probiotic foods and other foods having higher nutritional value (Fitzsimon et al. 2007). 

Hence, maternal history of asthma is implicated in the postnatal consequences that, if 
present during pregnancy, may influence the fetal epigenetic response to environmen-
tal triggers and hence the postnatal asthma risk.

8.2.1.1 Epigenetic Mechanisms in asthma
It is normally believed that interactions between genetic polymorphisms and environ-
mental factors are the sole determinants of inter-individual risk for asthma (Miller and 
Ho 2008). However, recent advances in asthma research have suggested that epigenetic 

mechanisms, such as genomic imprinting, histone modifications, DNA methylation 
of regulatory sequences, and regulation by microRNA also contribute to susceptibil-
ity, predisposition, and complexity of the disease (Tang and Ho 2007). Maternal and 
paternal alleles have been reported to express unequally as a consequence of genomic 
imprinting. Establishing a specific genomic imprint might involve differential DNA 
methylation of the target genes (Jiang et al. 2004). This is supported by the observation 
that there is a vertical transmission of genomic imprints of infections and associated 
inflammation to the offspring when a mother is infected during pregnancy (Finch and 
Crimmins 2004). This has been shown to make the offspring increasingly susceptible 
to environmental pathogens, and in turn leads to morbidity and mortality (Finch and 
Crimmins 2004). However, more in-depth studies are required to establish a direct 
epigenetic mechanism(s) linking to pathogenesis of asthma.

DNA methylation and consequent alterations in chromatin structure lead to loss 
of plasticity of Th helper cells and also their ability to differentiate into Th1 versus 
the pro-allergic Th2 pattern of cytokine gene expression (Wilson et al. 2009). In 
contrast, increased IL-4 production and differentiation into Th2 cells takes place 
when the promoter and conserved intronic regulatory element regions of the first 
intron of IL-4 gene are demethylated, and concomitantly counter regulatory inter-
feron (IFN)-γ promoter is hypermethylated (Jones and Chen 2006). It is now known 
that in Th2 cells, many genes have multiple CpG islands, which are highly con-
served across the species (Finch and Crimmins 2004). Methylation of CpG253 of 
the activator protein-1 (AP-1)-binding site leads to the alteration in the binding of the 
transcription factor (Young et al. 1994). Furthermore, there was a polarization of the 
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Th2 cells when the CpG253 regions in the IFN-γ promoter was methylated, cAMP 
response element binding protein (CREB) was inhibited, and activating transcrip-
tion factor 2 (ATF2)/c-Jun binding to the CpG-containing AP1 site was activated 
(Young et al. 1994). It is interesting to note that IL-4, AP-1, CREB, and ATF2/c-Jun 
are all active components of the inflammatory machinery in various chronic respi-
ratory diseases (Rahman and Adcock 2006; Barnes 2008). Atopic development of 
polarized Th2 phenotype therefore is now suggested to be a consequence of altered 
methylation patterns of genes regulating differentiation of Th2 cells. This suggestion 
is supported by a study wherein mice exposed to diesel and Aspergillus fumigatus 
led to hypermethylation of the IFN-γ promoter and hypomethylation of the inter-
leukin (IL)-4 promoter, which in turn were associated with significant alterations 
in IgE levels (Liu et al. 2008). Similar observations were found when mice were 
fed with high-methyl donor diet at pregnancy, and the progeny had more airway 
hyperresponsiveness due to hypermethylation of various promoters (Hollingsworth 
et al. 2008). Epidemiological studies have also linked maternal smoking to asthma 
incidence in children, which in turn also provided evidence for higher susceptibility 
in grandchildren of women who smoked during pregnancy as well (Li et al. 2005). In 
addition, a direct link between prenatal dietary exposure to a high-methyl donor diet 
and increased severity of asthma symptoms upon challenge with ovalbumin has been 
demonstrated in mice (Hollingsworth et al. 2008). Therefore, the methylation of Th2 
genes and IgE production may be directly regulated in vivo by inhaled environmen-
tal factors and dietary components. However, the association of the phenomena just 
discussed with clinical asthma needs further validation and experimental support.

Induction of reversible histone modifications is another mechanism that can bring 
about chromatin remodeling and proinflammatory gene transcription. Acetylation 
of histones is now reported in asthma, which involves generation of reactive oxygen 
intermediates and release of inflammatory mediators (Ito et al. 2002; Jeffery 2001). 
It has been reported that untreated asthmatic subjects exhibited elevated levels of 
histone acetyltransferase (HAT) activity and decreased histone deacetylase (HDAC) 
activity in bronchial samples (Ito et al. 2002).

The aforementioned sections clearly highlighted the role of epigenetics in chronic 
inflammatory diseases in relation to environmental factors and dietary components. 
This chapter now provides details on how polyphenols may be beneficial in modulat-
ing/intervening the epigenetic changes (histone acetylation/deacetylation and protein 
deacetylation by SIRT1) and associated steroid resistance in COPD and asthma.

8.3  diEtaRy polyphEnols and Modulation/
intERvEntion of EpigEnEtic changEs 
associatEd with chRonic lung disEasEs

8.3.1  dEacEtylasEs (sirt1 and Hdacs), EpigEnEtic 
cHangEs, and polypHEnols

Polyphenols are secondary metabolites of plants and represent a vast group of com-
pounds having aromatic ring(s), characterized by presence of one or more hydroxyl 
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groups with varying structural complexities. The most widely distributed group of 
plant phenolics are flavonoids. The flavonoids subclasses comprise flavonols, fla-
vones, flavanols, isoflavones, anthocyanins, and others. Dietary polyphenols, such 
as resveratrol, curcumin, quercetins, and catechins, are shown to modulate NF-κB 
activation and chromatin remodeling through modulation of deacetylase activ-
ity attenuating inflammatory gene expression in lung epithelium and macrophages 
(Aggarwal and Shishodia 2004; Biswas et al. 2005; Kode et al. 2008; Rahman et al. 
2006; Sharafkhaneh et al. 2007). NF-κB (due to intrinsic HAT activity) can lead to 
acetylation of histones, thus causing epigenetic effects (Rahman et al. 2002). Dietary 
polyphenols potentially have beneficial effects in lung cancer and COPD, particu-
larly in reversing the epigenetic modifications (Lawless et al. 2009). The following 
sections deal with the biological properties with special reference to epigenetics and 
inflammation of some well-known and well-studied polyphenols, such as resveratrol 
(present in red wine), curcumin (active ingredient in turmeric), quercetins (present in 
onion), and the catechins (present in green tea).

8.3.1.1 hdac2 and Epigenetic changes
Acetylation of core histone proteins on the lysine residues in the N-terminal tails by 
HAT led to uncoiling of the DNA, allowing increased accessibility to transcription 
factors. While HAT acetylates the lysine residues, HDACs remove the acetyl group 
leading to DNA recoiling. HATs and HDACs also target nonhistone proteins, particu-
larly transcription factors (RelA/p65 at lysine 310) to modify their activity and hence 
proinflammatory gene expression. HDACs can also deacetylate nonhistone proteins 
such as NF-κB, thus regulating NF-κB-dependent proinflammatory gene transcrip-
tion (Sengupta and Seto 2004; S. R. Yang et al. 2006). Corticosteroids have been one 
the major modes of therapy against various respiratory diseases, such as asthma and 
COPD. Chronic resistance to glucocorticoids is observed in patients with moderate 
to severe COPD and in asthmatics who smoke. HDAC2 is an important mediator of 
glucocorticoid activity and is found to be reduced in lungs of patients with COPD 
and cells exposed to oxidative stress or cigarette smoke (Adenuga et al. 2009; Culpitt, 
Rogers, Shah et al. 2003; Ito et al. 2001; Meja et al. 2008; S. R. Yang et al. 2006). 
Glucocorticoids suppress expression of inflammatory genes by recruiting HDAC2 to 
the transcription complex via the glucocorticoid receptor (Barnes 2009), leading to 
deacetylation of histones and hence decreasing inflammatory gene transcription. It 
has been demonstrated that cigarette smoke solution treatment led to release of IL-8 
and GM-CSF, a phenomenon that was not inhibited by dexamethasone in alveolar 
macrophages obtained from patients with COPD compared to that of smokers (Culpitt, 
Rogers, Shah et al. 2003). Failure of corticosteroids to ameliorate such disease condi-
tions has been attributed to their failure to recruit HDAC2 to the presence of an oxida-
tively modified HDAC2 in lungs of asthmatics and COPD patients. Hence, as discussed 
previously, modulation of HDAC2 by dietary polyphenolic compounds may be useful 
in overcoming the steroid resistance in patients with severe asthma and COPD.

8.3.1.2 Modulation of hdacs by dietary polyphenols
Restoration of glucocorticoid function by dietary polyphenol curcumin is mediated 
through up-regulation of HDAC2 activity and restoration of HDAC1 and HDAC3 



Epigenetic Mechanisms in Lung Inflammation and Chronic Airway Diseases 193

levels (Figure 8.1) (Meja et al. 2008; S. R. Yang et al. 2006). Curcumin restored both 
HDAC2 activity and corticosteroid resistance in a concentration-dependent manner 
with an EC50 of 15 nM and 200–300 nM respectively in the monocytes and mac-
rophages. Interestingly, it has recently been suggested that the anti-inflammatory 
actions of curcumin at 50 µM are propagated through inhibition of HAT activity, 
preventing NF-κB-mediated chromatin acetylation. Histones H3 and H4 are acety-
lated on specific lysine residues in rodent lungs in response to cigarette smoke, and 
in lungs of smokers/patients with COPD (Szulakowski et al. 2006; Ito et al. 2005; S. 
R. Yang et al. 2009; S. R. Yang, Valvo et al. 2008). Therefore polyphenol-dependent 
restoration of ROS-induced HAT/HDAC imbalance can have a significant impact 
on epigenome, therefore down-regulating inflammation, a concept that is corrobo-
rated by other reports on the ability of curcumin to inhibit HAT activity at very 
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high concentrations and stalling NF-κB-mediated chromatin acetylation (Kang et al. 
2005). Alternative mechanisms of polyphenol-mediated inhibition of inflammatory 
response could be through the quenching ROS or reversing posttranslational protein 
modifications caused by oxidants and reactive aldehydes.

Cigarette smoke-induced reduction in HDAC2 was associated with increased 
levels of total and acetylated RelA/p65 (Yao et al. 2008). Furthermore, recent stud-
ies revealed that RelA/p65 interacts with HDAC2, and RelA/p65 is retained in the 
nucleus, leading to activation of pro-inflammatory gene transcription when HDAC2 
is reduced (S. R. Yang et al. 2006; Yao et al. 2008). In light of this, it is important to 
note that there is a significant decrement in the expression/activity of HDAC2 in lung 
parenchyma, bronchial biopsies, and alveolar macrophages of COPD patients. Such a 
decrease in the expression/activity of HDAC2 agrees well with the disease severity and 
the intensity of lung inflammation and hypoxic environment of the tissue (Adenuga et 
al. 2009; Ito et al. 2005). In contrast to increased HAT activity in bronchial biopsies 
and alveolar macrophages of asthmatics (Barnes et al. 2005), there was no observed 
alteration in HAT activity in the lungs of patients with COPD (Ito et al. 2005). HDAC2 
is required for the anti-inflammatory effects of glucocorticoids in COPD patients (Ito 
et al. 2005). Reduction in the levels/activity of HDAC2 leads to corticosteroid resis-
tance in such patients (Ito et al. 2005). Polyphenolic compounds, such as theophyl-
line, have been shown to significantly increase HDAC2 activity, thereby enhancing 
dexamethasone-induced suppression of IL-8 release in alveolar macrophage of COPD 
subjects (Cosio et al. 2004). However, theophylline has a narrow window of efficacy 
and in higher doses it is toxic; it may also have several other biological effects, e.g., 
prevention of NAD+ depletion via poly (ADP-ribose) polymerase (PARP)1 inhibi-
tion and associated sparing SIRT1 activity in macrophages and lung cells of patients 
with COPD (Moonen et al. 2005; Hageman et al. 2003; Weseler et al. 2009). Another 
polyphenolic compound, epigallocatechin gallate (EGCG), given in drinking water 
at a dose of 50 mg/ml to mice, induced lung levels of HDAC2 (Adenuga et al. 2009). 
Furthermore, the ability of HDAC2 to deacetylate glucocorticoid receptor (GR) and 
enable GR and RelA/p65 association, which leads to the attenuation of proinflamma-
tory gene transcription, is described (Ito et al. 2006). Therefore, therapeutic restora-
tion of HDAC2-dependent deacetylation of RelA/p65 and GR appears to be a good 
strategy for enhancing glucocorticoid sensitivity in COPD. As glucocorticoids are the 
main thrust of anti-inflammatory treatment, any therapeutic agent that can be used as 
an add-on to improve steroid responsiveness in COPD would be of significant clinical 
benefit. Clearly, clinical trials by using a combination approach of a steroid with poly-
phenols are warranted in patients with COPD.

In contrast to COPD, lung cancer inhibition of HDACs is now believed to be a new 
concept in cancer chemoprevention. Of the many HDAC inhibitors known, butyrate, 
diallyl disulfide (DADS), present in garlic, and sulforaphane (SFN), an active ingredi-
ent in broccoli/cruciferous vegetables, are reported to exhibit anticancer properties 
(Myzak and Dashwood 2006). However, in contrast to the traditional HDAC inhibitors 
such as trichostatin A or SAHA, which are effective at lower concentrations (nano-
molar range), the new range of HDAC inhibitors are required in greater concentra-
tions (micromolar range) (R. H. Dashwood et al. 2006). Therefore it is important to 
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determine whether or not the concentrations of the new class of inhibitors are achiev-
able under normal physiological conditions despite their low bioavailability.

DADS, found in garlic, is another global HDAC inhibitor (Druesne et al. 2004). 
In vivo, it is metabolically converted to S-allylmercaptocysteine, and its structure 
is similar to butyrate except that it has a “spacer” ending with a carboxylate group 
(Guyonnet et al. 2004). SFN-cysteine (SFN-Cys) contains a similar spacer and is 
a metabolite of SFN found in cruciferous vegetables, such as broccoli and broc-
coli sprouts. In the concentration range of 3–15 mM, SFN-Cys significantly inhibits 
HDAC activity (Myzak et al. 2004). In contrast, the parent compound SFN alone 
had no effect on HDAC activity. However, little is known about the distribution 
and concentrations/bioavailability of SFN and its active form(s) in different tissues. 
Although there are many dietary compounds having HDAC inhibitory properties, 
more investigations are required in order to understand their bioavailability and the 
achievable concentrations of these compounds within the body.

EGCG predominates among the various tea polyphenols and is considered 
to down-regulate the expression of genes related to angiogenesis and metastasis 
(Fassina et al. 2004). Similar to curcumin, green tea polyphenols also modulate a 
myriad of inflammatory signaling pathways and perhaps similarly the epigenetic 
modifications (Biesalski 2007; Di Paola et al. 2005), and therefore a single pathway 
cannot be assigned to the anti-inflammatory/anticancer properties of these dietary 
natural compounds as major therapeutic agents (C. S. Yang et al. 2008). Various 
studies on the effect of EGCG on cancer cells have revealed that EGCG can induce 
apoptosis, cell-growth arrest, and deregulation of the cyclin kinase inhibitor p21WAF 
possibly due to inhibition of HDACs (Ahmad et al. 2000; Qin et al. 2008; Raza and 
John 2008).

8.3.2 sirtuins and EpigEnEtic cHangEs

Sirtuins (SIRT) and the mammalian equivalent SIRT1 belong to class III HDACs. 
SIRT1 was the first to be shown in determining the life span in yeast, flies, and the 
nematode. Unlike class I and II deacetylases, sirtuins are NAD+-dependent and are 
not inhibited by trichostatin A or SAHA (Imai et al. 2000). Since sirtuins require 
NAD+ coming from metabolic reactions, it is hypothesized that sirtuins might act as 
a molecular link between cellular metabolic status (expressed by the NAD+/NADH 
levels) and cellular transcription (Bordone and Guarente 2005). The best character-
ized and studied among the sirtuins is SIRT1. It is a nuclear deacetylase that primar-
ily but not exclusively deacetylates proteins involved in transcriptional regulation. 
SIRT1 can therefore influence a wide range of physiological aspects such as apopto-
sis/cell survival, autophagy, chromatin remodeling, gene transcription, senescence, 
endocrine signaling, and differentiation (Anastasiou and Krek 2006).

The epigenetic effects of SIRT1 can be appreciated in view of the ability of SIRT1 
to deacetylate various transcription factors such as p53, FOXO (drosophila forkhead 
transcription factor), and RelA/p65 subunit of NF-κB. Some of the physiological 
phenomena regulated by these transcription factors in response to environmental and 
genotoxic challenge include stress resistance, apoptosis, and inflammation (T. Yang 
and Sauve 2006). While acetylation of FOXO3 leads to its inactivation, deacetylation 
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by SIRT1 leads to its activation. Therefore, it can be surmised that SIRT1-mediated 
deacetylation of FOXO3 can induce cell cycle arrest, a phenomenon altered in cancer 
cells (Motta et al. 2004). Furthermore, increased transcription of GADD45 (DNA 
repair system) and MnSOD (reactive oxygen detoxification) is a direct physiological 
consequence of SIRT1 deacetylation of FOXO3, a modulator of stress-positive path-
ways (Kobayashi et al. 2005).

The proapoptotic role of p53 is governed by the acetylation status of its C-terminal 
regulatory domain (Vaziri et al. 2001). While increased acetylation of p53 leads to 
apoptosis, removal of the acetyl moieties by SIRT1 decreases the proapoptotic prop-
erties of p53. Hence SIRT1 may play an important role in cellular defense against 
stress-induced apoptosis (Vaziri et al. 2001). It has been reported that accelerated 
accumulation of acetylated p53 due to oxidative stress may lead to augmented cel-
lular senescence (Furukawa et al. 2007). This phenomenon has been associated with 
a concomitant drop in SIRT1 activity and depleted levels of NAD+ during oxidative/
genotoxic stress (Furukawa et al. 2007), wherein NAD+ is consumed by ROS due to 
activation of PARP-1. Further support to this phenomenon has been lent by findings of 
decreased SIRT1 levels in the nucleus in response to cigarette smoke exposure, both 
in vivo in mouse lung and in vitro in epithelial cells and macrophages (S. R. Yang et 
al. 2007). However, whether or not SIRT1-dependent deacetylation of FOXO3 plays 
a role in cigarette smoke-mediated apoptosis and senescence still remains obscure. It 
is also known that SIRT1 when localized in the cytoplasm induces apoptosis, while 
in the nucleus it acts as an antiapoptotic factor (Jin et al. 2007). Therefore, nucleus-
cytoplasmic translocation of SIRT1 might be an important mechanism regulating 
cell death and differentiation (Vaziri et al. 2001).

A series of reports have now emphasized the role of SIRT1 in epigenetic regula-
tion of gene expression in cancer cells. Hyperacetylation of H4-K16 and decreased 
trimethylation of H3-K9 and H4-K20 have been observed after down-regulation of 
SIRT1 by siRNA in mammalian cells (Vaquero et al. 2004). SIRT1 preferentially 
deacetylates H4-K16 in vitro (Vaquero et al. 2004). In addition, loss of H4-K16 
acetylation and H4-K20 trimethylation has been a hallmark in various tumors and 
tumor-derived cell lines, suggesting that these modifications may be characteristic 
epigenetic markers of cancer (Fraga et al. 2005). Promoter regions of tumor sup-
pressor genes, whose DNA are hypermethylated and are silenced in many types of 
cancers, are characteristic sites of localization of SIRT1 (Pruitt et al. 2006). Such 
silenced genes were up-regulated in breast and colon cancer cells by down-regula-
tion of SIRT1 levels/activity via increased H4-K16 as well as H3-K9 acetylation in 
such promoters (Pruitt et al. 2006). Thus SIRT1-mediated epigenetic changes may 
play an important role in the modulation of various types of cancers. However, such 
modulation during lung inflammation/carcinogenesis is not known. Nevertheless, 
SIRT1-mediated epigenetic changes may play an important role in modulation of 
various types of cancers and in pathogenesis of chronic lung disorders and modula-
tion of SIRT1 by polyphenols may serve as a chemopreventive agent (Figure 8.2).

8.3.2.1 Modulation of siRt1 by dietary polyphenols
A wide variety of natural compounds have now been identified that can inhibit 
and/or activate sirtuins. Resveratrol (3,5,40-trihydroxystilbene—a flavonoid) is a 
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phytoalexin present in red wine (grapes) that activates SIRT1 and stalls p53 activa-
tion by significantly inhibiting p53 acetylation or by increased deacetylation of p53 
(Howitz et al. 2003). Thus resveratrol can protect from p53-mediated cellular apopto-
sis. In addition, resveratrol can also impart protection against Bax induced by favor-
ing SIRT1-induced formation of Ku70-Bax complex (Cohen et al. 2004). Resveratrol 
has also been reported to increase DNA repair capacity and stress resistance via 
FOXO1/3-dependent expression of GADD43 and p27kip1 (Daitoku et al. 2004). Such 
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figuRE 8.2 (Please see color insert following page 80.) SIRT1 and regulation of lung 
inflammation by polyphenols. Cigarette smoke oxidants increased abnormal human lung 
inflammation by degradation of SIRT1, a class III HDAC. SIRT1 is modified by phosphory-
lation, carbonylation, and aldehyde adducts formation, leading to export of modified SIRT1 
in the cytosol and subsequent degradation. SIRT1 suppresses transcription factor NF-κB by 
deacetylation of RelA/p65 at Lys 310 residue. Acetylation of RelA/p65 by cigarette smoke 
induces the expression of proinflammatory mediators. Decreased SIRT1 leads to increased 
histone acetylation, which causes increased chromatin modifications and release of proin-
flammatory mediators. CBP/p300 functions as intrinsic histone acetyltransferases (HATs). 
Polyphenol, such as resveratrol, can restore the activity of SIRT1, leading to repression of 
proinflammatory response. SIRT1 regulates FOXO transcription factor acetylation/deacetyla-
tion, which is involved in DNA repair, cell cycle, oxidative stress, and apoptosis. Acetylation 
of FOXO is associated with inflammatory gene induction, stress response genes, and cellular 
apoptosis. Under the resting condition, inflammatory-related genes are controlled by SIRT1 
deacetylase. However, when NF-κB and FOXO3 are acetylated by CBP/p300, transcription of 
pro-inflammatory and apoptotic/stress genes are up-regulated. Polyphenols inhibit the acety-
lation of FOXO3 via activation of SIRT1 by increasing NAD+ or inhibiting PARP1. SIRT1: 
sirtuin1; P: phosphate; Ac: acetylation; 4HNE: 4-hydroxy-2-nonenal; CBP; CREB (cAMP 
response element binding protein)-binding protein; PARP: poly (ADP-ribose) polymerase; 
FOXO: drosophila forkhead transcription factor.
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an effect has also been reported for other sirtuin-activating compounds. Thus res-
veratrol can impart cellular protection via modulating multiple targets (Middleton et 
al. 2000; Csiszar et al. 2008).

Alternatively, cancer cells might be targeted using sirtuin inhibitors. These inhib-
itors induce cell damage by sensitizing the cells to p53-dependent apoptosis (Howitz 
et al. 2003). Pharmacological inhibition of SIRT1 decreases cellular resistance to 
stress and hence promotes cellular apoptosis due to reduced constraint on FOXO3/4 
otherwise inhibited by SIRT1 (Brunet et al. 2004). SIRT1 is known to sensitize tumor 
cells to tumor necrosis factor (TNF)-α-induced cell death via inhibiting transactiva-
tion of NF-κB (Yeung et al. 2004). Thus it appears that SIRT1 inhibitors might yield 
cytoprotective effects by desensitizing the cells to TNF-α and therefore preventing 
cell death. Recently, it has been shown that SIRT1 levels are decreased in lungs of 
patients with COPD (Nakamaru et al. 2009; Rajendrasozhan, Yang, Kinnula et al. 
2008). SIRT1 activators inhibit the release of NF-κB-mediated inflammatory media-
tors and possibly serve to overcome steroid resistance in response to oxidative stress 
(Nakamaru et al. 2009; Rajendrasozhan, Yang, Kinnula et al. 2008; S. R. Yang et 
al. 2007). Therefore the dietary modulators of sirtuins might act as novel immu-
nomodulatory drugs via modulation of NF-κB. Activation of SIRT1 by SRT1720 
and resveratrol inhibited the release of proinflammatory mediators in response to 
cigarette smoke exposure (Rajendrasozhan, Yang, Kinnula et al. 2008; Csiszar et al. 
2008), suggesting that modulation of SIRT1 with activators or endogenous regulators 
(Milne and Denu 2008; Milne et al. 2007) would be an approach for the interven-
tion of COPD. As reports emerge, it is becoming increasingly attractive to consider 
whether a combination of sirtuin inhibitors and DNA-damaging antitumor drugs 
might offer a novel strategy for effective chemotherapeutic cancer therapy.

8.3.3 nrf2, EpigEnEtic cHangEs, and diEtary polypHEnols

Nrf2 is expressed in a wide range of cells/tissues, many of which are sites of expres-
sion for phase 2 detoxification genes. Nrf2, a member of the “cap ‘n’ collar” fam-
ily of transcription factors, binds to the nuclear factor-erythroid derived 2 (NF-E2) 
binding sites (GCTGAGTCA), which consists of a subset of antioxidant response 
elements (ARE) having the sequence GCNNNGTCA. ARE regulates the expression 
of several phase 2 detoxification genes that are inducible by xenobiotics and anti-
oxidants and thereby provide cytoprotection against chemically induced oxidative/
electrophilic stress (Dinkova-Kostova et al. 2002). A recent study has shown that 
Nrf2 is acetylated by its interaction with CBP/p300, implicating the importance of 
deacetylases in regulation of Nrf2 (Sun et al. 2009). NF-κB/RelA antagonizes Nrf2 
pathway by depriving CREB (cAMP response element binding protein)-binding pro-
tein (CBP) from Nrf2. The imbalance of Nrf-RelA, which occurs in patients with 
COPD (Malhotra et al. 2008; Rajendrasozhan, Yang, Kinnula et al. 2008; Csiszar et 
al. 2008), may lead to initiation of inflammatory response (G. Liu et al. 2008; Katoh 
et al. 2001).

Sulforaphane (present in broccoli and cruciferous vegetables), curcumin, resvera-
trol, caffeic acid phenethyl ester (CAPE), 4ʹ-bromoflavone, and other polyphenols 
are potential chemopreventive agents and are first known to be selective activators of 
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Nrf2-Keap1-ARE (Dinkova-Kostova et al. 2002; J. S. Lee and Surh 2005; Prestera 
and Talalay 1995). Mechanistically, the interaction of Nrf2 with Keap1 enables Nrf2 
to translocate into the nucleus, binds to the ARE, and initiates the transcription of 
detoxifying and cytoprotective genes. Such cellular responses are also triggered by 
other electrophilic compounds including polyphenols and plant-derived constituents. 
Curcumin, resveratrol, and CAPE have been identified to induce heme oxygenase-1 
(HO-1) via Nrf2 and provide protection against various forms of stresses (Balogun et 
al. 2003). Similarly, curcumin induces HO-1 gene expression by promoting dissocia-
tion of the Nrf2-Keap1 complex and increased binding of Nrf2 to the HO-1 AREs.

Since sulforaphane, curcumin, and resveratrol are also known to activate Nrf2 
expression (Balogun et al. 2003; J. S. Lee and Surh 2005; H. Yang et al. 2005; C. Y. 
Chen et al. 2005), it appears that the antioxidant function of curcumin/resveratrol 
may be mediated via Nrf2-ARE-GCLC axis, which may, therefore, increase the lev-
els of GSH (a major cellular thiol antioxidant) by modulating the activity status of 
Nrf2. EGCG also induced transcriptional activation of phase II detoxifying enzymes 
through ARE/EpRE (Yu et al. 1997). It is evident from the preceding discussion that 
polyphenols (alone or in combination), in addition to their antioxidant function, can 
also modulate a wide range of signaling processes in different types of cells. Hence it 
is interesting to consider the therapeutic potential of dietary polyphenols in reversing 
epigenetic changes seen in patients with COPD and lung cancer.

8.4  bEnEficial EffEcts of diEtaRy polyphEnols 
in iMpRoving lung function

Several epidemiological studies have established a beneficial link between dietary 
polyphenol intake and reduced risk of disease, which were attributed to both the 
antioxidant and anti-inflammatory properties of polyphenols (Arts and Hollman 
2005). The beneficial anti-inflammatory effect of polyphenols was demonstrated 
by two separate studies: (1) a Finnish study that involved over 10,000 participants, 
wherein a significant inverse correlation was observed between polyphenol intake 
and the incidence of asthma (Knekt et al. 2002; M. Lee et al. 2009), and (2) a study 
encompassing over 13,000 adults, wherein similar beneficial associations were also 
observed for COPD. This study reported that increased polyphenols, such as cat-
echin (e.g., green tea polyphenols, epigallocatechin gallate), flavonol (e.g., quercetin 
and kaempferol), and flavone (such as apigenin and luteolin) intake correlated with 
improved symptoms, as assessed by cough, phlegm production, and breathlessness as 
well as improved lung function as measured by FEV1 (Tabak et al. 2001). Two other 
studies appeared to corroborate these findings. One study showed a beneficial pro-
tective effect against COPD symptoms for increased fruit intake, high in polyphenol 
and vitamin E content (Walda et al. 2002). In the second study, a standardized poly-
phenol extract administered orally was shown to be effective in reducing oxidant 
stress and increasing arterial oxygen saturation (PaO2), as well as improvements in 
FEV1 between initial enrollment and the end of the study (Santus et al. 2005). More 
importantly, while single-component intake, such as catechin, was independently 
associated with FEV1 and all three COPD symptoms, flavonol and flavone intake 
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was independently associated with chronic cough only. The importance of this study 
was further substantiated by Walda and colleagues (2002), who showed the protec-
tive effect of fruit containing polyphenols and vitamin E intake against COPD symp-
toms in a 20-year COPD mortality study from three European countries consisting 
of Finnish, Italian, and Dutch cohorts. These important studies certainly encour-
age carrying out further multinational clinical studies to demonstrate the beneficial 
effects of a high intake of polyphenols against epigenetic modifications related to 
COPD symptoms/preventing the progression of COPD. Recent studies have shown 
that dietary polyphenol alone or in combinations can have beneficial chemopreven-
tive effects in lung carcinogenesis in smokers (reviewed by Hecht et al. 2009).

While the aforementioned studies would appear to demonstrate an epidemi-
ological link between polyphenol intake and the clinical benefit in asthma and 
COPD, other studies have demonstrated a direct impact of specific polyphenolic 
compounds on inflammation in vitro and in vivo. For example, the flavonoid res-
veratrol, a constituent of red wine, inhibits inflammatory cytokine release from 
macrophages isolated from COPD patients (Culpitt et al. 2003). Similarly, in 
another study resveratrol was shown to act as an anti-inflammatory in rat lungs 
challenged with LPS (Birrell et al. 2005). Furthermore, in both monocytic U937 
cells and alveolar epithelial A549 cells, resveratrol inhibits NF-κB and AP-1 
activation (Manna et al. 2000; Donnelly et al. 2004). Therefore, it appears that 
resveratrol can modulate a variety of proinflammatory pathways via inhibiting 
NF-κB activation (Leiro et al. 2005; Biesalski 2007). It has been recently shown 
that resveratrol, a red wine polyphenol, induces GSH synthesis via activation of 
Nrf2 in human lung epithelial cells (Kode et al. 2008). However, the clinical util-
ity of resveratrol in terms of inhibiting inflammation and improving lung function 
by epigenetic modifications in smokers and in patients with COPD is not known. 
Curcumin, the active constituent of Curcuma longa, commonly known as tur-
meric, inhibits NF-κB activation and suppresses IL-8 release, COX-2 expression, 
and neutrophil recruitment in the lungs (Biswas et al. 2005). Curcumin inhibits 
cigarette smoke-induced NF-κB activation by inhibiting IκBα kinase in human 
lung epithelial cells (Biswas et al. 2005; Shishodia et al. 2003). Curcumin also has 
been shown to reverse the oxidative posttranslational modifications on HDAC2 
and have an impact on epigenetic modifications on proinflammatory genes (Meja 
et al 2008). Therefore, inhibition of NF-κB and restoration of HDAC2 levels by 
curcumin may be considered to be a potential therapeutic strategy against chronic 
inflammatory diseases (Nanji et al. 2003; Rajendrasozhan, Yang, Edrisinghe et al. 
2008). A recent study has shown that curcumin inhibits COPD-like airway inflam-
mation and lung cancer progression in mice via suppression of k-ras and inflam-
mation (Moghaddam et al. 2009). Green tea polyphenol EGCG has been shown 
to inhibit cigarette smoke extract-induced proinflammatory cytokine release in 
lung epithelial cells (Syed et al. 2007). EGCG has also been shown to modulate 
NF-κB/AP-1 activity in PMA-stimulated mouse epidermal JB6 cells via inactiva-
tion of AP-1 (Dong et al. 1997) and/or NF-κB (Nomura, Ma, Chen et al. 2000). 
Importantly, EGCG has been shown to reverse promoter methylation of Wnt inhib-
itory factor-1, which is a fundamental mechanism of epigenetic silencing in human 
cancers (Gao et al. 2009).
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Despite many successful reports of the beneficial effects of polyphenols in vitro, 
it is important to note that many polyphenols are either very less bioavailable in vivo 
and/or are biotransformed in the gastrointestinal tract into compounds that may lose 
the bioactivity or may also be toxic. Future studies employing polyphenols should be 
designed keeping in view of the preceding observations and limitations.

8.5 advERsE EffEcts of polyphEnols

There have been no serious adverse effects noticed with high dietary intake of poly-
phenols reported. This is possibly due to the relatively low bioavailability and rapid 
metabolism and elimination of most dietary (fruits and vegetables) flavonoids and 
polyphenols. Moreover, no long-term studies on the effect of polyphenols and fla-
vonoids are available in humans; therefore it would be premature to consider that all 
the polyphenols and flavonoids (either taken alone or in combinations) do not have 
any adverse effects. Despite the several beneficial effects attributed to polyphenols/
flavonoids, sporadic reports of ill effects of polyphenols and flavonoids are available. 
For example, people consuming up to 1000 mg/day of quercetin (present in onion) 
for 1 month reported nausea, headache, or tingling of the extremities (Dong et al. 
1997). Some cancer patients administered intravenous quercetin in phase I clini-
cal trial reported nausea, vomiting, sweating, flushing, and dyspnea (Nomura, Ma, 
Huang et al. 2000). In another trial on cancer patients, caffeinated green tea extracts 
(6 g/day in 3−6 divided doses) caused mild to moderate gastrointestinal discomfort, 
including nausea, vomiting, abdominal pain, and diarrhea (J. Y. Chung et al. 1999; 
G. Y. Yang et al. 2000). However, the side effects were associated with the caffeine in 
the green tea extract (Nomura, Ma, Huang et al. 2000), which were greatly alleviated 
in a trial using decaffeinated green tea extracts (800 mg/day of EGCG) (Nomura et 
al. 2001). Similarly, it has been reported that a higher intake of EGCG present in 
green tea is linked to the development of asthma in susceptible populations (Shirai 
et al. 2003), whereas another study has shown no beneficial effects of dietary intake 
of flavonoids in asthmatics (Garcia et al. 2005). This simply may be due to low bio-
availability, interference of signaling pathways, and interaction with other mediators, 
oxidants, and aldehydes.

Polyphenols and flavonoids have also been reported to interfere with the drug 
metabolism ability in humans. For example, cytochrome P450 (CYP 3A4), an impor-
tant intestinal drug detoxifying system, was found to be irreversibly inhibited by 
grapefruit juice (Pianetti et al. 2002). Furanocoumarins, particularly dihydroxyber-
gamottin, were found to be the active components of grapefruit juice effecting such 
inhibition. However, certain flavonoids (naringenin and quercetin) have also been 
found to inhibit CYP3A4 in vitro. Inhibition of CYP3A4 can in turn increase the 
bioavailability and toxicity of a number of drugs, such as HIV protease inhibitors, 
immunosuppressants, HMG-CoA reductase inhibitors, calcium channel antagonists, 
antiarrhythmic agents, antihistamines, anticonvulsants, anxiolytics, and serotonin 
specific reuptake inhibitors for a long period of time (Yu et al. 1997). Therefore, 
subjects using any of the aforementioned therapies are advised against consuming 
grapefruit juice during the course of treatment (Pianetti et al. 2002). No other reports 
are available for dietary intake of higher doses of other polyphenols and flavonoids.
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Toxic effects of drugs are reduced by their efflux and decreased absorption medi-
ated by P-glycoproteins in the intestinal tract. Polyphenols such as quercetin, nar-
ingenin, and the green tea flavanol (EGCG) have been reported to inhibit the efflux 
activity of P-glycoprotein in cultured cells (C. Chen et al. 2000). Several drugs such 
as digoxin, antihypertensive, antiarrhythmic, chemotherapeutic, antifungal agents, 
HIV protease inhibitors, immunosuppressive agents, H2 receptor antagonists, and 
some antibiotics are known to be substrates of P-glycoproteins (W. M. Dashwood et 
al. 2002). Hence, high intake of such flavonoids/polyphenols may adversely increase 
the bioavailability and the risk of toxicity of such drugs. Certain flavanols present 
in purple grapes and dark chocolate are reported to inhibit platelet aggregation in 
vitro (Caporali et al. 2004). Therefore high intakes of flavonoids could increase the 
risk of bleeding when taken with anticoagulant, antiplatelet, and nonsteroidal anti-
inflammatory drugs (NSAIDs), but no data are available for combination of polyphe-
nols/flavonoids with endogenous steroids. Flavonoids can also bind nonheme iron 
and inhibit intestinal absorption of iron from food (Lin and Lin 1997). Flavonoids 
have also been reported to inhibit the transport of vitamin C into cells, which may 
cause oxidation of vitamin C (Wheeler et al. 2004). More in-depth investigations are 
needed, however, to determine the significance of the preceding findings in humans, 
particularly in smokers or in susceptible population, and whether the beneficial 
effects outweigh the harmful effects of dietary polyphenols/flavonoids.

8.6  bioavailability and EffEctivE dosEs 
of diEtaRy polyphEnols

Pharmacologically, curcumin is reported to be safe, and human clinical trials indi-
cated no toxicity even when administered at doses up to 10–15 g/day (Cheng et 
al. 2001; Aggarwal and Sung 2009). Curcumin has low oral toxicity in humans, 
but has low oral bioavailability (500–1000 nM after 8 g/day oral dose). However, 
consumption of curcumin (2 g) along with piperin (20 mg) (an active ingredient in 
peppers), a known inhibitor of intestinal and hepatic β-glucuronidation of curcumin, 
may improve the oral bioavailability to 2000-fold, but with a half-life of 0.25–1 hr 
(Aggarwal and Sung 2009; Shoba et al. 1998). Curcumin, after metabolism in the 
liver, is mainly excreted through bile. Curcumin may be distributed in only a limited 
number of organs/tissues and that, too, in small amounts (due to low bioavailability 
and absorption). Therefore it is important to investigate which tissues/organs are 
amenable to curcumin and the average half-life of curcumin in these tissues. Dosage 
studies with resveratrol in humans have shown that a person of 70 kg can safely 
consume a minimum of 14 mg resveratrol per day. It is also calculated that daily 
consumption of pure resveratrol and its analog piceatannol with a dose of 25–50 mg 
daily leads to nM concentration (which is beneficial) of circulatory levels of resvera-
trol. It is estimated that 20 glasses of red wine provide 25 mg of resveratrol, which of 
course differs from region to region where the grapes are grown. Since polyphenols 
are poorly absorbed and undergo extensive biotransformation, clinical studies have 
demonstrated that it is safe to consume EGCG or polyphenol E (a defined, decaf-
feinated green tea polyphenol mixture) in amounts equivalent to the EGCG content 
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in 8–16 cups of green tea once a day, or in divided doses twice a day for 4 weeks. 
About three cups of green tea per day provide 240–320 mg of EGCG, which is 
effective in producing anti-inflammatory response in vivo (Feng 2006; Scholz and 
Williamson 2007).

8.7 conclusions and futuRE pERspEctivEs

Epigenetic changes are increasingly believed to modulate the initiation and progres-
sion of many diseases including cancer and respiratory disorders. Although it is 
important to identify the gene(s) undergoing epigenetic alterations, it is more impor-
tant to understand the epigenome, which reflects the overall epigenetic state of a cell. 
Obviously, it is imperative to map the pattern of the entire epigenetic alteration of 
a cell in order to identify disease mechanism and therapeutic targets. Another area 
of importance will be to understand whether or not a common target is shared by 
HDACs and sirtuins, so that a common therapeutic agent may be designed. Recent 
reports highlight the pharmacological significance of HDAC and SIRT1-modulating 
drugs, and also suggest that identification of substrates, specifically targeted by 
HDAC and SIRT1, would have considerable therapeutic implications in chronic 
inflammatory diseases.

Polyphenols and flavonoids seem to be important metabolic modulators by virtue 
of their ability to modulate and influence several cellular processes such as signaling, 
proliferation, apoptosis, redox balance, and differentiation. Dietary polyphenols such 
as curcumin, resveratrol, and catechins have been reported to modulate epigenetic 
alterations in various experimental models. In addition, dietary polyphenols, such as 
curcumin and resveratrol, have been reported to overcome glucocorticoid resistance 
in COPD subjects. The anti-inflammatory property of curcumin, resveratrol, and 
catechins may be due to their ability to induce HDAC2 activity thereby restoring the 
efficacy of glucocorticoids or overcome its resistance. Thus these polyphenolic com-
pounds have a therapeutic value as adjuvant therapy with steroids against chronic 
inflammatory epigenetically regulated diseases.

Although polyphenols are abundant in most dietary sources such as fruits, veg-
etables, tea, and wine, more detailed studies are still required to determine their 
true absorption and bioavailability. It is important to note that most of the beneficial 
effects have been obtained from in vitro studies. In addition, most human exposure 
studies using polyphenols have been on a short-term basis; therefore more studies are 
required on an extended basis in order to determine the long-term effects of these 
diverse compounds. Given the fact that polyphenols undergo a considerable degree 
of chemical modifications during digestion and absorption, and that the modified 
forms may have altered biological properties and potencies, it is extremely impor-
tant to practice caution before claiming any definite pharmacological and epigenetic 
applications for these compounds. Moreover, despite their beneficial health effects, 
polyphenols have also been shown to have adverse effects. In view of their anti-
inflammatory and antioxidant abilities and their capacity to modulate important 
inflammatory and anti-inflammatory signaling pathways, epigenetic modifications, 
glucocorticoid efficacy, polyphenols and flavonoids hold great promise as potential 
therapeutic strategies for controlling epigenetic modifications seen in chronic lung 
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inflammation and airway diseases. Thus, regulation of inflammatory response by 
dietary polyphenols and restoration of glucocorticoid efficacy at the molecular level 
are possible ways forward to design therapeutic strategies in the treatment of chronic 
inflammatory diseases. However, future studies on bioavailability, absorption, and 
tissue distribution, and understanding of the in vivo molecular effects of curcumin, 
resveratrol, quercetins, and cathechins are needed in order to consider these dietary 
polyphenols as natural therapy “nutraceuticals” for chronic inflammatory disorders.

acknowlEdgMEnts

Supported by the NIH-NHLBI Grant RO1-HL-085613 and NIEHS Environmental 
Health Sciences Center Grant ES-01247. I thank Dr. Saibal Biswas for useful discus-
sions and proofreading, and Dr. S. W. Chung for organizing the manuscript.

REfEREncEs

Adcock, I. M., L. Tsaprouni, P. Bhavsar, and K. Ito. 2007. Epigenetic regulation of airway 
inflammation. Curr Opin Immunol 19:694–700.

Adenuga, D., H. Yao, T. H. March, J. Seagrave, and I. Rahman. 2009. Histone deacetylase 2 is 
phosphorylated, ubiquitinated, and degraded by cigarette smoke. Am J Respir Cell Mol 
Biol 40:464–73.

Aggarwal, B. B., and S. Shishodia. 2004. Suppression of the nuclear factor-kappaB activation 
pathway by spice-derived phytochemicals: reasoning for seasoning. Ann N Y Acad Sci 
1030:434–41.

Aggarwal, B. B., and B. Sung. 2009. Pharmacological basis for the role of curcumin in chronic 
diseases: an age-old spice with modern targets. Trends Pharmacol Sci 30:85–94.

Ahmad, N., S. Gupta, and H. Mukhtar. 2000. Green tea polyphenol epigallocatechin-3-gallate 
differentially modulates nuclear factor kappaB in cancer cells versus normal cells. Arch 
Biochem Biophys 376:338–46.

Alati, R., A. Al Mamun, M. O’Callaghan, J. M. Najman, and G. M. Williams. 2006. In utero 
and postnatal maternal smoking and asthma in adolescence. Epidemiology 17:138–44.

Anastasiou, D., and W. Krek. 2006. SIRT1: linking adaptive cellular responses to aging-asso-
ciated changes in organismal physiology. Physiology (Bethesda) 21:404–10.

Aoshiba, K., M. Koinuma, N. Yokohori, and A. Nagai. 2003. Immunohistochemical evalua-
tion of oxidative stress in murine lungs after cigarette smoke exposure. Inhal Toxicol 
15:1029–38.

Arts, I. C., and P. C. Hollman. 2005. Polyphenols and disease risk in epidemiologic studies. 
Am J Clin Nutr 81:317S–325S.

Balogun, E., M. Hoque, P. Gong, E. Killeen, C. J. Green, R. Foresti, J. Alam, and R. Motterlini. 
2003. Curcumin activates the haem oxygenase-1 gene via regulation of Nrf2 and the 
antioxidant-responsive element. Biochem J 371:887–95.

Barnes, P. J. 2008. The cytokine network in asthma and chronic obstructive pulmonary dis-
ease. J Clin Invest 118:3546–56.

Barnes, P. J. 2009. Role of HDAC2 in the pathophysiology of COPD. Annu Rev Physiol 
71:451–64.

Barnes, P. J., I. M. Adcock, and K. Ito. 2005. Histone acetylation and deacetylation: impor-
tance in inflammatory lung diseases. Eur Respir J 25:552–63.

Bernstein, B. E., A. Meissner, and E. S. Lander. 2007. The mammalian epigenome. Cell 
128:669–81.



Epigenetic Mechanisms in Lung Inflammation and Chronic Airway Diseases 205

Biesalski, H. K. 2007. Polyphenols and inflammation: basic interactions. Curr Opin Clin Nutr 
Metab Care 10:724–28.

Birrell, M. A., K. McCluskie, S. Wong, L. E. Donnelly, P. J. Barnes, and M. G. Belvisi. 2005. 
Resveratrol, an extract of red wine, inhibits lipopolysaccharide induced airway neu-
trophilia and inflammatory mediators through an NF-kappaB-independent mechanism. 
FASEB J 19:840–41.

Biswas, S. K., D. McClure, L. A. Jimenez, I. L. Megson, and I. Rahman. 2005. Curcumin 
induces glutathione biosynthesis and inhibits NF-kappaB activation and interleukin-8 
release in alveolar epithelial cells: mechanism of free radical scavenging activity. 
Antioxid Redox Signal 7:32–41.

Bordone, L., and L. Guarente. 2005. Calorie restriction, SIRT1 and metabolism: understand-
ing longevity. Nat Rev Mol Cell Biol 6:298–305.

Bousquet, J., W. Jacot, H. Yssel, A. M. Vignola, and M. Humbert. 2004. Epigenetic inheritance 
of fetal genes in allergic asthma. Allergy 59:138–47.

Brock, M. V., C. M. Hooker, E. Ota-Machida, Y. Han, M. Guo, S. Ames, S. Glockner, S. 
Piantadosi, E. Gabrielson, G. Pridham, K. Pelosky, S. A. Belinsky, S. C. Yang, S. B. 
Baylin, and J. G. Herman. 2008. DNA methylation markers and early recurrence in 
stage I lung cancer. N Engl J Med 358:1118–28.

Brunet, A., L. B. Sweeney, J. F. Sturgill, K. F. Chua, P. L. Greer, Y. Lin, H. Tran, S. E. Ross, R. 
Mostoslavsky, H. Y. Cohen, L. S. Hu, H. L. Cheng, M. P. Jedrychowski, S. P. Gygi, D. 
A. Sinclair, F. W. Alt, and M. E. Greenberg. 2004. Stress-dependent regulation of FOXO 
transcription factors by the SIRT1 deacetylase. Science 303:2011–15.

Caporali, A., P. Davalli, S. Astancolle, D. D’Arca, M. Brausi, S. Bettuzzi, and A. Corti. 
2004. The chemopreventive action of catechins in the TRAMP mouse model of pros-
tate carcinogenesis is accompanied by clusterin over-expression. Carcinogenesis 
25:2217–24.

Caramori, G., M. Romagnoli, P. Casolari, C. Bellettato, G. Casoni, P. Boschetto, K. F. Chung, 
P. J. Barnes, I. M. Adcock, A. Ciaccia, L. M. Fabbri, and A. Papi. 2003. Nuclear localisa-
tion of p65 in sputum macrophages but not in sputum neutrophils during COPD exacer-
bations. Thorax 58:348–51.

Castro, M., M. I. Ramirez, J. E. Gern, G. Cutting, G. Redding, J. S. Hagood, J. Whitsett, S. 
Abman, J. U. Raj, R. Barst, G. J. Kato, D. Gozal, G. G. Haddad, N. R. Prabhakar, E. 
Gauda, F. D. Martinez, R. Tepper, R. E. Wood, F. Accurso, W. G. Teague, J. Venegas, F. 
S. Cole, and R. J. Wright. 2009. Strategic plan for pediatric respiratory diseases research: 
an NHLBI working group report. Proc Am Thorac Soc 6:1–10.

Chen, C., R. Yu, E. D. Owuor, and A. N. Kong. 2000. Activation of antioxidant-response ele-
ment (ARE), mitogen-activated protein kinases (MAPKs) and caspases by major green 
tea polyphenol components during cell survival and death. Arch Pharm Res 23:605–12.

Chen, C. Y., J. H. Jang, M. H. Li, and Y. J. Surh. 2005. Resveratrol upregulates heme oxy-
genase-1 expression via activation of NF-E2-related factor 2 in PC12 cells. Biochem 
Biophys Res Commun 331:993–1000.

Cheng, A. L., C. H. Hsu, J. K. Lin, M. M. Hsu, Y. F. Ho, T. S. Shen, J. Y. Ko, J. T. Lin, B. R. 
Lin, W. Ming-Shiang, H. S. Yu, S. H. Jee, G. S. Chen, T. M. Chen, C. A. Chen, M. K. 
Lai, Y. S. Pu, M. H. Pan, Y. J. Wang, C. C. Tsai, and C. Y. Hsieh. 2001. Phase I clinical 
trial of curcumin, a chemopreventive agent, in patients with high-risk or pre-malignant 
lesions. Anticancer Res 21:2895–2900.

Chung, J. Y., C. Huang, X. Meng, Z. Dong, and C. S. Yang. 1999. Inhibition of activator pro-
tein 1 activity and cell growth by purified green tea and black tea polyphenols in H-ras-
transformed cells: structure-activity relationship and mechanisms involved. Cancer Res 
59:4610–17.

Chung, K. F. 2001. Cytokines in chronic obstructive pulmonary disease. Eur Respir J Suppl 
34:50s–59s.



206 Nutrition, Epigenetic Mechanisms, and Human Disease

Chung, K. F., and I. M. Adcock. 2008. Multifaceted mechanisms in COPD: inflammation, 
immunity, and tissue repair and destruction. Eur Respir J 31:1334–56.

Cohen, H. Y., C. Miller, K. J. Bitterman, N. R. Wall, B. Hekking, B. Kessler, K. T. Howitz, M. 
Gorospe, R. de Cabo, and D. A. Sinclair. 2004. Calorie restriction promotes mammalian 
cell survival by inducing the SIRT1 deacetylase. Science 305:390–92.

Cortese, R., O. Hartmann, K. Berlin, and F. Eckhardt. 2008. Correlative gene expression and 
DNA methylation profiling in lung development nominate new biomarkers in lung can-
cer. Int J Biochem Cell Biol 40:1494–508.

Cosio, B. G., L. Tsaprouni, K. Ito, E. Jazrawi, I. M. Adcock, and P. J. Barnes. 2004. Theophylline 
restores histone deacetylase activity and steroid responses in COPD macrophages. J Exp 
Med 200:689–95.

Coward, W. R., K. Watts, C. A. Feghali-Bostwick, A. Knox, and L. Pang. 2009. Defective 
histone acetylation is responsible for the diminished expression of cyclooxygenase 2 in 
idiopathic pulmonary fibrosis. Mol Cell Biol 29:4325–39.

Csiszar, A., N. Labinskyy, A. Podlutsky, P. M. Kaminski, M. S. Wolin, C. Zhang, P. 
Mukhopadhyay, P. Pacher, F. Hu, R. de Cabo, P. Ballabh, and Z. Ungvari. 2008. 
Vasoprotective effects of resveratrol and SIRT1: attenuation of cigarette smoke-induced 
oxidative stress and proinflammatory phenotypic alterations. Am J Physiol Heart Circ 
Physiol 294:H2721–35.

Culpitt, S. V., D. F. Rogers, P. S. Fenwick, P. Shah, C. De Matos, R. E. Russell, P. J. Barnes, 
and L. E. Donnelly. 2003. Inhibition by red wine extract, resveratrol, of cytokine release 
by alveolar macrophages in COPD. Thorax 58:942–46.

Culpitt, S. V., D. F. Rogers, P. Shah, C. De Matos, R. E. Russell, L. E. Donnelly, and P. J. 
Barnes. 2003. Impaired inhibition by dexamethasone of cytokine release by alveolar 
macrophages from patients with chronic obstructive pulmonary disease. Am J Respir 
Crit Care Med 167:24–31.

Daitoku, H., M. Hatta, H. Matsuzaki, S. Aratani, T. Ohshima, M. Miyagishi, T. Nakajima, and 
A. Fukamizu. 2004. Silent information regulator 2 potentiates Foxo1-mediated tran-
scription through its deacetylase activity. Proc Natl Acad Sci U S A 101:10042–47.

Dashwood, R. H., M. C. Myzak, and E. Ho. 2006. Dietary HDAC inhibitors: time to rethink 
weak ligands in cancer chemoprevention? Carcinogenesis 27:344–49.

Dashwood, W. M., G. A. Orner, and R. H. Dashwood. 2002. Inhibition of beta-catenin/Tcf 
activity by white tea, green tea, and epigallocatechin-3-gallate (EGCG): minor contri-
bution of H(2)O(2) at physiologically relevant EGCG concentrations. Biochem Biophys 
Res Commun 296:584–88.

Devereux, G., S. W. Turner, L. C. Craig, G. McNeill, S. Martindale, P. J. Harbour, P. J. Helms, 
and A. Seaton. 2006. Low maternal vitamin E intake during pregnancy is associated 
with asthma in 5-year-old children. Am J Respir Crit Care Med 174:499–507.

Digel, W., and M. Lubbert. 2005. DNA methylation disturbances as novel therapeutic target in 
lung cancer: preclinical and clinical results. Crit Rev Oncol Hematol 55:1–11.

Dinkova-Kostova, A. T., W. D. Holtzclaw, R. N. Cole, K. Itoh, N. Wakabayashi, Y. Katoh, M. 
Yamamoto, and P. Talalay. 2002. Direct evidence that sulfhydryl groups of Keap1 are 
the sensors regulating induction of phase 2 enzymes that protect against carcinogens and 
oxidants. Proc Natl Acad Sci U S A 99:11908–13.

Di Paola, R., E. Mazzon, C. Muia, T. Genovese, M. Menegazzi, R. Zaffini, H. Suzuki, and S. 
Cuzzocrea. 2005. Green tea polyphenol extract attenuates lung injury in experimental 
model of carrageenan-induced pleurisy in mice. Respir Res 6:66.

Di Stefano, A., G. Caramori, T. Oates, A. Capelli, M. Lusuardi, I. Gnemmi, F. Ioli, K. F. 
Chung, C. F. Donner, P. J. Barnes, and I. M. Adcock. 2002. Increased expression of 
nuclear factor-kappaB in bronchial biopsies from smokers and patients with COPD. Eur 
Respir J 20:556–63.



Epigenetic Mechanisms in Lung Inflammation and Chronic Airway Diseases 207

Doherty, S. P., J. Grabowski, C. Hoffman, S. P. Ng, and J. T. Zelikoff. 2009. Early life insult 
from cigarette smoke may be predictive of chronic diseases later in life. Biomarkers 14 
(Suppl 1):97–101.

Dong, Z., W. Ma, C. Huang, and C. S. Yang. 1997. Inhibition of tumor promoter-induced 
activator protein 1 activation and cell transformation by tea polyphenols, (-)-epigallo-
catechin gallate, and theaflavins. Cancer Res 57:4414–19.

Donnelly, L. E., R. Newton, G. E. Kennedy, P. S. Fenwick, R. H. Leung, K. Ito, R. E. 
Russell, and P. J. Barnes. 2004. Anti-inflammatory effects of resveratrol in lung 
epithelial cells: molecular mechanisms. Am J Physiol Lung Cell Mol Physiol 
287:L774–83.

Druesne, N., A. Pagniez, C. Mayeur, M. Thomas, C. Cherbuy, P. H. Duee, P. Martel, and C. 
Chaumontet. 2004. Diallyl disulfide (DADS) increases histone acetylation and p21(waf1/
cip1) expression in human colon tumor cell lines. Carcinogenesis 25:1227–36.

Elliot, J. G., N. G. Carroll, A. L. James, and P. J. Robinson. 2003. Airway alveolar attach-
ment points and exposure to cigarette smoke in utero. Am J Respir Crit Care Med 
167:45–49.

Fassina, G., R. Vene, M. Morini, S. Minghelli, R. Benelli, D. M. Noonan, and A. Albini. 
2004. Mechanisms of inhibition of tumor angiogenesis and vascular tumor growth by 
epigallocatechin-3-gallate. Clin Cancer Res 10:4865–73.

Feng, W. Y. 2006. Metabolism of green tea catechins: an overview. Curr Drug Metab 
7:755–809.

Finch, C. E., and E. M. Crimmins. 2004. Inflammatory exposure and historical changes in 
human life-spans. Science 305:1736–39.

Fitzsimon, N., U. Fallon, D. O’Mahony, B. G. Loftus, G. Bury, A. W. Murphy, and C. C. 
Kelleher. 2007. Mothers’ dietary patterns during pregnancy and risk of asthma symp-
toms in children at 3 years. Ir Med J 100:suppl 27–32.

Fraga, M. F., E. Ballestar, A. Villar-Garea, M. Boix-Chornet, J. Espada, G. Schotta, T. Bonaldi, 
C. Haydon, S. Ropero, K. Petrie, N. G. Iyer, A. Perez-Rosado, E. Calvo, J. A. Lopez, 
A. Cano, M. J. Calasanz, D. Colomer, M. A. Piris, N. Ahn, A. Imhof, C. Caldas, T. 
Jenuwein, and M. Esteller. 2005. Loss of acetylation at Lys16 and trimethylation at 
Lys20 of histone H4 is a common hallmark of human cancer. Nat Genet 37:391–400.

Furukawa, A., S. Tada-Oikawa, S. Kawanishi, and S. Oikawa. 2007. H2O2 accelerates cellular 
senescence by accumulation of acetylated p53 via decrease in the function of SIRT1 by 
NAD+ depletion. Cell Physiol Biochem 20:45–54.

Gao, Z., Z. Xu, M. S. Hung, Y. C. Lin, T. Wang, M. Gong, X. Zhi, D. M. Jablon, and L. You. 
2009. Promoter demethylation of WIF-1 by epigallocatechin-3-gallate in lung cancer 
cells. Anticancer Res 29:202–30.

Garcia, V., I. C. Arts, J. A. Sterne, R. L. Thompson, and S. O. Shaheen. 2005. Dietary intake 
of flavonoids and asthma in adults. Eur Respir J 26:449–52.

Georgiou, E., R. Valeri, G. Tzimagiorgis, J. Anzel, D. Krikelis, C. Tsilikas, G. Sarikos, C. 
Destouni, A. Dimitriadou, and S. Kouidou. 2007. Aberrant p16 promoter methylation 
among Greek lung cancer patients and smokers: correlation with smoking. Eur J Cancer 
Prev 16:396–402.

Gicquel, C., A. El-Osta, and Y. Le Bouc. 2008. Epigenetic regulation and fetal programming. 
Best Pract Res Clin Endocrinol Metab 22:1–16.

Guyonnet, D., R. Berges, M. H. Siess, M. F. Pinnert, M. C. Chagnon, M. Suschetet, and A. M. 
Le Bon. 2004. Post-initiation modulating effects of allyl sulfides in rat hepatocarcino-
genesis. Food Chem Toxicol 42:1479–85.

Hageman, G. J., I. Larik, H. J. Pennings, G. R. Haenen, E. F. Wouters, and A. Bast. 2003. 
Systemic poly(ADP-ribose) polymerase-1 activation, chronic inflammation, and oxida-
tive stress in COPD patients. Free Radic Biol Med 35:140–48.



208 Nutrition, Epigenetic Mechanisms, and Human Disease

Hecht, S. S., F. Kassie, and D. K. Hatsukami. 2009. Chemoprevention of lung carcinogenesis 
in addicted smokers and ex-smokers. Nat Rev Cancer 9:476–88.

Hollingsworth, J. W., S. Maruoka, K. Boon, S. Garantziotis, Z. Li, J. Tomfohr, N. Bailey, 
E. N. Potts, G. Whitehead, D. M. Brass, and D. A. Schwartz. 2008. In utero supple-
mentation with methyl donors enhances allergic airway disease in mice. J Clin Invest 
118:3462–69.

Hoppin, J. A., D. M. Umbach, S. J. London, M. C. Alavanja, and D. P. Sandler. 2004. Diesel 
exhaust, solvents, and other occupational exposures as risk factors for wheeze among 
farmers. Am J Respir Crit Care Med 169:1308–13.

Howitz, K. T., K. J. Bitterman, H. Y. Cohen, D. W. Lamming, S. Lavu, J. G. Wood, R. E. 
Zipkin, P. Chung, A. Kisielewski, L. L. Zhang, B. Scherer, and D. A. Sinclair. 2003. 
Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature 
425:191–96.

Hsu, H. S., T. P. Chen, C. H. Hung, C. K. Wen, R. K. Lin, H. C. Lee, and Y. C. Wang. 2007. 
Characterization of a multiple epigenetic marker panel for lung cancer detection and risk 
assessment in plasma. Cancer 110:2019–26.

Imai, S., C. M. Armstrong, M. Kaeberlein, and L. Guarente. 2000. Transcriptional silencing and 
longevity protein Sir2 is an NAD-dependent histone deacetylase. Nature 403:795–800.

Islam, K. N., and C. R. Mendelson. 2008. Glucocorticoid/glucocorticoid receptor inhibition of 
surfactant protein-A (SP-A) gene expression in lung type II cells is mediated by repres-
sive changes in histone modification at the SP-A promoter. Mol Endocrinol 22:585–96.

Ito, K., G. Caramori, S. Lim, T. Oates, K. F. Chung, P. J. Barnes, and I. M. Adcock. 2002. 
Expression and activity of histone deacetylases in human asthmatic airways. Am J 
Respir Crit Care Med 166:392–96.

Ito, K., M. Ito, W. M. Elliott, B. Cosio, G. Caramori, O. M. Kon, A. Barczyk, S. Hayashi, I. M. 
Adcock, J. C. Hogg, and P. J. Barnes. 2005. Decreased histone deacetylase activity in 
chronic obstructive pulmonary disease. N Engl J Med 352:1967–76.

Ito, K., S. Lim, G. Caramori, K. F. Chung, P. J. Barnes, and I. M. Adcock. 2001. Cigarette 
smoking reduces histone deacetylase 2 expression, enhances cytokine expression, and 
inhibits glucocorticoid actions in alveolar macrophages. FASEB J 15:1110–12.

Ito, K., S. Yamamura, S. Essilfie-Quaye, B. Cosio, M. Ito, P. J. Barnes, and I. M. Adcock. 
2006. Histone deacetylase 2-mediated deacetylation of the glucocorticoid receptor 
enables NF-kappaB suppression. J Exp Med 203:7–13.

Jaenisch, R., and A. Bird. 2003. Epigenetic regulation of gene expression: how the genome 
integrates intrinsic and environmental signals. Nat Genet 33 (Suppl):245–54.

Jedrychowski, W., A. Galas, R. Whyatt, and F. Perera. 2006. The prenatal use of antibiotics 
and the development of allergic disease in one year old infants. A preliminary study. Int 
J Occup Med Environ Health 19:70–76.

Jeffery, P. K. 2001. Remodeling in asthma and chronic obstructive lung disease. Am J Respir 
Crit Care Med 164:S28–38.

Jiang, Y. H., J. Bressler, and A. L. Beaudet. 2004. Epigenetics and human disease. Annu Rev 
Genomics Hum Genet 5:479–510.

Jin, Q., T. Yan, X. Ge, C. Sun, X. Shi, and Q. Zhai. 2007. Cytoplasm-localized SIRT1 enhances 
apoptosis. J Cell Physiol 213:88–97.

Jones, B., and J. Chen. 2006. Inhibition of IFN-gamma transcription by site-specific methyla-
tion during T helper cell development. EMBO J 25:2443–52.

Kang, J., J. Chen, Y. Shi, J. Jia, and Y. Zhang. 2005. Curcumin-induced histone hypoacetyla-
tion: the role of reactive oxygen species. Biochem Pharmacol 69:1205–13.

Katoh, Y., K. Itoh, E. Yoshida, M. Miyagishi, A. Fukamizu, and M. Yamamoto. 2001. Two 
domains of Nrf2 cooperatively bind CBP, a CREB binding protein, and synergistically 
activate transcription. Genes Cells 6:857–68.



Epigenetic Mechanisms in Lung Inflammation and Chronic Airway Diseases 209

Keatings, V. M., P. D. Collins, D. M. Scott, and P. J. Barnes. 1996. Differences in interleukin-8 
and tumor necrosis factor-alpha in induced sputum from patients with chronic obstruc-
tive pulmonary disease or asthma. Am J Respir Crit Care Med 153:530–34.

Knekt, P., J. Kumpulainen, R. Jarvinen, H. Rissanen, M. Heliovaara, A. Reunanen, T. 
Hakulinen, and A. Aromaa. 2002. Flavonoid intake and risk of chronic diseases. Am J 
Clin Nutr 76:560–68.

Kobayashi, Y., Y. Furukawa-Hibi, C. Chen, Y. Horio, K. Isobe, K. Ikeda, and N. Motoyama. 
2005. SIRT1 is critical regulator of FOXO-mediated transcription in response to oxida-
tive stress. Int J Mol Med 16:237–43.

Kode, A., S. Rajendrasozhan, S. Caito, S. R. Yang, I. L. Megson, and I. Rahman. 2008. 
Resveratrol induces glutathione synthesis by activation of Nrf2 and protects against 
cigarette smoke-mediated oxidative stress in human lung epithelial cells. Am J Physiol 
Lung Cell Mol Physiol 294:L478–88.

Kurukulaaratchy, R. J., S. Matthews, and S. H. Arshad. 2004. Does environment mediate ear-
lier onset of the persistent childhood asthma phenotype? Pediatrics 113:345–50.

Lawless, M. W., K. J. O’Byrne, and S. G. Gray. 2009. Oxidative stress induced lung cancer and 
COPD: opportunities for epigenetic therapy. J Cell Mol Med 9A:2800–21.

Lee, J. S., and Y. J. Surh. 2005. Nrf2 as a novel molecular target for chemoprevention. Cancer 
Lett 224:171–84.

Lee, M., S. Kim, O. K. Kwon, S. R. Oh, H. K. Lee, and K. Ahn. 2009. Anti-inflammatory and 
anti-asthmatic effects of resveratrol, a polyphenolic stilbene, in a mouse model of aller-
gic asthma. Int Immunopharmacol 9:418–24.

Leiro, J., J. A. Arranz, N. Fraiz, M. L. Sanmartin, E. Quezada, and F. Orallo. 2005. Effect of cis-
resveratrol on genes involved in nuclear factor kappa B signaling. Int Immunopharmacol 
5:393–406.

Li, Y. F., B. Langholz, M. T. Salam, and F. D. Gilliland. 2005. Maternal and grandmaternal 
smoking patterns are associated with early childhood asthma. Chest 127:1232–41.

Lim, R. H., and L. Kobzik. 2009. Maternal transmission of asthma risk. Am J Reprod Immunol 
61:1–10.

Lin, Y. L., and J. K. Lin. 1997. (-)-Epigallocatechin-3-gallate blocks the induction of nitric 
oxide synthase by down-regulating lipopolysaccharide-induced activity of transcription 
factor nuclear factor-kappaB. Mol Pharmacol 52:465–72.

Litonjua, A. A., and S. T. Weiss. 2007. Is vitamin D deficiency to blame for the asthma epi-
demic? J Allergy Clin Immunol 120:1031–35.

Liu, G. H., J. Qu, and X. Shen. 2008. NF-kappaB/p65 antagonizes Nrf2-ARE pathway by 
depriving CBP from Nrf2 and facilitating recruitment of HDAC3 to MafK. Biochim 
Biophys Acta 1783:713–27.

Liu, J., M. Ballaney, U. Al-alem, C. Quan, X. Jin, F. Perera, L. C. Chen, and R. L. Miller. 2008. 
Combined inhaled diesel exhaust particles and allergen exposure alter methylation of T 
helper genes and IgE production in vivo. Toxicol Sci 102:76–81.

Malhotra, D., R. Thimmulappa, A. Navas-Acien, A. Sandford, M. Elliott, A. Singh, L. Chen, X. 
Zhuang, J. Hogg, P. Pare, R. M. Tuder, and S. Biswal. 2008. Decline in NRF2-regulated 
antioxidants in chronic obstructive pulmonary disease lungs due to loss of its positive 
regulator, DJ-1. Am J Respir Crit Care Med 178:592–604.

Mandhane, P. J., J. M. Greene, J. O. Cowan, D. R. Taylor, and M. R. Sears. 2005. Sex differ-
ences in factors associated with childhood- and adolescent-onset wheeze. Am J Respir 
Crit Care Med 172:45–54.

Manna, S. K., A. Mukhopadhyay, and B. B. Aggarwal. 2000. Resveratrol suppresses TNF-
induced activation of nuclear transcription factors NF-kappa B, activator protein-1, 
and apoptosis: potential role of reactive oxygen intermediates and lipid peroxidation. J 
Immunol 164:6509–19.



210 Nutrition, Epigenetic Mechanisms, and Human Disease

Meissner, A., T. S. Mikkelsen, H. Gu, M. Wernig, J. Hanna, A. Sivachenko, X. Zhang, B. E. 
Bernstein, C. Nusbaum, D. B. Jaffe, A. Gnirke, R. Jaenisch, and E. S. Lander. 2008. Genome-
scale DNA methylation maps of pluripotent and differentiated cells. Nature 454:766–70.

Meja, K. K., S. Rajendrasozhan, D. Adenuga, S. K. Biswas, I. K. Sundar, G. Spooner, J. A. 
Marwick, P. Chakravarty, D. Fletcher, P. Whittaker, I. L. Megson, P. A. Kirkham, and 
I. Rahman. 2008. Curcumin restores corticosteroid function in monocytes exposed to 
oxidants by maintaining HDAC2. Am J Respir Cell Mol Biol 39:312–23.

Mezzetti, A., D. Lapenna, S. D. Pierdomenico, A. M. Calafiore, F. Costantini, G. Riario-
Sforza, T. Imbastaro, M. Neri, and F. Cuccurullo. 1995. Vitamins E, C and lipid per-
oxidation in plasma and arterial tissue of smokers and non-smokers. Atherosclerosis 
112:91–99.

Middleton, E., Jr., C. Kandaswami, and T. C. Theoharides. 2000. The effects of plant fla-
vonoids on mammalian cells: implications for inflammation, heart disease, and cancer. 
Pharmacol Rev 52:673–751.

Miller, R. L., and S. M. Ho. 2008. Environmental epigenetics and asthma: current concepts 
and call for studies. Am J Respir Crit Care Med 177:567–73.

Millien, G., J. Beane, M. Lenburg, P. N. Tsao, J. Lu, A. Spira, and M. I. Ramirez. 2008. 
Characterization of the mid-foregut transcriptome identifies genes regulated during lung 
bud induction. Gene Expr Patterns 8:124–39.

Milne, J. C., and J. M. Denu. 2008. The Sirtuin family: therapeutic targets to treat diseases of 
aging. Curr Opin Chem Biol 12:11–17.

Milne, J. C., P. D. Lambert, S. Schenk, D. P. Carney, J. J. Smith, D. J. Gagne, L. Jin, O. Boss, 
R. B. Perni, C. B. Vu, J. E. Bemis, R. Xie, J. S. Disch, P. Y. Ng, J. J. Nunes, A. V. Lynch, 
H. Yang, H. Galonek, K. Israelian, W. Choy, A. Iffland, S. Lavu, O. Medvedik, D. A. 
Sinclair, J. M. Olefsky, M. R. Jirousek, P. J. Elliott, and C. H. Westphal. 2007. Small 
molecule activators of SIRT1 as therapeutics for the treatment of type 2 diabetes. Nature 
450:712–16.

Mochida-Nishimura, K., K. Surewicz, J. V. Cross, R. Hejal, D. Templeton, E. A. Rich, and Z. 
Toossi. 2001. Differential activation of MAP kinase signaling pathways and nuclear fac-
tor-kappaB in bronchoalveolar cells of smokers and nonsmokers. Mol Med 7:177–85.

Moghaddam, S. J., P. Barta, S. G. Mirabolfathinejad, Z. Ammar-Aouchiche, N. Torres Garza, 
T. T. Vo, R. A. Newman, B. B. Aggarwal, C. M. Evans, M. J. Tuvim, R. Lotan, and B. 
F. Dickey. 2009. Curcumin inhibits COPD-like airway inflammation and lung cancer 
progression in mice. Carcinogenesis 11:1949–56.

Moonen, H. J., L. Geraets, A. Vaarhorst, A. Bast, E. F. Wouters, and G. J. Hageman. 2005. 
Theophylline prevents NAD+ depletion via PARP-1 inhibition in human pulmonary epi-
thelial cells. Biochem Biophys Res Commun 338:1805–10.

Motta, M. C., N. Divecha, M. Lemieux, C. Kamel, D. Chen, W. Gu, Y. Bultsma, M. McBurney, 
and L. Guarente. 2004. Mammalian SIRT1 represses forkhead transcription factors. Cell 
116:551–63.

Myzak, M. C., and R. H. Dashwood. 2006. Histone deacetylases as targets for dietary can-
cer preventive agents: lessons learned with butyrate, diallyl disulfide, and sulforaphane. 
Curr Drug Targets 7:443–452.

Myzak, M. C., P. A. Karplus, F. L. Chung, and R. H. Dashwood. 2004. A novel mechanism 
of chemoprotection by sulforaphane: inhibition of histone deacetylase. Cancer Res 
64:5767–74.

Nakamaru, Y., C. Vuppusetty, H. Wada, J. C. Milne, M. Ito, C. Rossios, M. Elliot, J. Hogg, 
S. Kharitonov, H. Goto, J. E. Bemis, P. Elliott, P. J. Barnes, and K. Ito. 2009. A 
protein deacetylase SIRT1 is a negative regulator of metalloproteinase-9. FASEB J 
9:2810–19.



Epigenetic Mechanisms in Lung Inflammation and Chronic Airway Diseases 211

Nanji, A. A., K. Jokelainen, G. L. Tipoe, A. Rahemtulla, P. Thomas, and A. J. Dannenberg. 2003. 
Curcumin prevents alcohol-induced liver disease in rats by inhibiting the expression of 
NF-kappa B-dependent genes. Am J Physiol Gastrointest Liver Physiol 284:G321–27.

Nomura, M., A. Kaji, W. Ma, K. Miyamoto, and Z. Dong. 2001. Suppression of cell trans-
formation and induction of apoptosis by caffeic acid phenethyl ester. Mol Carcinog 
31:83–89.

Nomura, M., W. Ma, N. Chen, A. M. Bode, and Z. Dong. 2000. Inhibition of 
12-O-tetradecanoylphorbol-13-acetate-induced NF-kappaB activation by tea polyphe-
nols, (-)-epigallocatechin gallate and theaflavins. Carcinogenesis 21:1885–90.

Nomura, M., W. Y. Ma, C. Huang, C. S. Yang, G. T. Bowden, K. Miyamoto, and Z. Dong. 
2000. Inhibition of ultraviolet B-induced AP-1 activation by theaflavins from black tea. 
Mol Carcinog 28:148–55.

Pauwels, R. A., A. S. Buist, P. M. Calverley, C. R. Jenkins, and S. S. Hurd. 2001. Global strat-
egy for the diagnosis, management, and prevention of chronic obstructive pulmonary 
disease. NHLBI/WHO Global Initiative for Chronic Obstructive Lung Disease (GOLD) 
Workshop summary. Am J Respir Crit Care Med 163:1256–76.

Pianetti, S., S. Guo, K. T. Kavanagh, and G. E. Sonenshein. 2002. Green tea polyphenol epi-
gallocatechin-3 gallate inhibits Her-2/neu signaling, proliferation, and transformed phe-
notype of breast cancer cells. Cancer Res 62:652–55.

Prestera, T., and P. Talalay. 1995. Electrophile and antioxidant regulation of enzymes that 
detoxify carcinogens. Proc Natl Acad Sci U S A 92:8965–69.

Pruitt, K., R. L. Zinn, J. E. Ohm, K. M. McGarvey, S. H. Kang, D. N. Watkins, J. G. Herman, 
and S. B. Baylin. 2006. Inhibition of SIRT1 reactivates silenced cancer genes without 
loss of promoter DNA hypermethylation. PLoS Genet 2 (3):e40.

Qin, J., H. G. Chen, Q. Yan, M. Deng, J. Liu, S. Doerge, W. Ma, Z. Dong, and D. W. Li. 2008. 
Protein phosphatase-2A is a target of epigallocatechin-3-gallate and modulates p53-Bak 
apoptotic pathway. Cancer Res 68:4150–62.

Rahman, I., and I. M. Adcock. 2006. Oxidative stress and redox regulation of lung inflamma-
tion in COPD. Eur Respir J 28:219–42.

Rahman, I., S. K. Biswas, and P. A. Kirkham. 2006. Regulation of inflammation and redox 
signaling by dietary polyphenols. Biochem Pharmacol 72:1439–52.

Rahman, I., P. S. Gilmour, L. A. Jimenez, and W. MacNee. 2002. Oxidative stress and TNF-
alpha induce histone acetylation and NF-kappaB/AP-1 activation in alveolar epithe-
lial cells: potential mechanism in gene transcription in lung inflammation. Mol Cell 
Biochem 234:239–48.

Rajendrasozhan, S., S. R. Yang, I. Edirisinghe, H. Yao, D. Adenuga, and I. Rahman. 
2008. Deacetylases and NF-kappaB in redox regulation of cigarette smoke-induced 
lung inflammation: epigenetics in pathogenesis of COPD. Antioxid Redox Signal 
10:799–811.

Rajendrasozhan, S., S. R. Yang, V. L. Kinnula, and I. Rahman. 2008. SIRT1, an antiinflam-
matory and antiaging protein, is decreased in lungs of patients with chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med 177:861–70.

Rajendrasozhan, S., H. Yao, and I. Rahman. 2009. Current perspectives on role of chromatin 
modifications and deacetylases in lung inflammation in COPD. COPD 6:291–97.

Raza, H., and A. John. 2008. In vitro effects of tea polyphenols on redox metabolism, oxida-
tive stress, and apoptosis in PC12 cells. Ann N Y Acad Sci 1138:358–65.

Sanders, Y. Y., A. Pardo, M. Selman, G. J. Nuovo, T. O. Tollefsbol, G. P. Siegal, and J. S. 
Hagood. 2008. Thy-1 promoter hypermethylation: a novel epigenetic pathogenic mech-
anism in pulmonary fibrosis. Am J Respir Cell Mol Biol 39:610–18.

Santus, P., A. Sola, P. Carlucci, F. Fumagalli, A. Di Gennaro, M. Mondoni, C. Carnini, S. 
Centanni, and A. Sala. 2005. Lipid peroxidation and 5-lipoxygenase activity in chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med 171:838–43.



212 Nutrition, Epigenetic Mechanisms, and Human Disease

Scholz, S., and G. Williamson. 2007. Interactions affecting the bioavailability of dietary poly-
phenols in vivo. Int J Vitam Nutr Res 77:224–35.

Sengupta, N., and E. Seto. 2004. Regulation of histone deacetylase activities. J Cell Biochem 
93:57–67.

Sharafkhaneh, A., S. Velamuri, V. Badmaev, C. Lan, and N. Hanania. 2007. The potential role 
of natural agents in treatment of airway inflammation. Ther Adv Respir Dis 1:105–20.

Shirai, T., K. Reshad, A. Yoshitomi, K. Chida, H. Nakamura, and M. Taniguchi. 2003. Green 
tea-induced asthma: relationship between immunological reactivity, specific and non-
specific bronchial responsiveness. Clin Exp Allergy 33:1252–55.

Shishodia, S., P. Potdar, C. G. Gairola, and B. B. Aggarwal. 2003. Curcumin (diferuloyl-
methane) down-regulates cigarette smoke-induced NF-kappaB activation through 
inhibition of IkappaBalpha kinase in human lung epithelial cells: correlation with sup-
pression of COX-2, MMP-9 and cyclin D1. Carcinogenesis 24:1269–79.

Shoba, G., D. Joy, T. Joseph, M. Majeed, R. Rajendran, and P. S. Srinivas. 1998. Influence of 
piperine on the pharmacokinetics of curcumin in animals and human volunteers. Planta 
Med 64:353–56.

Stockley, R. A. 2002. Neutrophils and the pathogenesis of COPD. Chest 121:151S–155S.
Sun, Z., Y. E. Chin, and D. D. Zhang. 2009. Acetylation of Nrf2 by p300/CBP augments 

promoter-specific DNA binding of Nrf2 during the antioxidant response. Mol Cell Biol 
29:2658–72.

Syed, D. N., F. Afaq, M. H. Kweon, N. Hadi, N. Bhatia, V. S. Spiegelman, and H. Mukhtar. 
2007. Green tea polyphenol EGCG suppresses cigarette smoke condensate-induced 
NF-kappaB activation in normal human bronchial epithelial cells. Oncogene 
26:673–82.

Szulakowski, P., A. J. Crowther, L. A. Jimenez, K. Donaldson, R. Mayer, T. B. Leonard, W. 
MacNee, and E. M. Drost. 2006. The effect of smoking on the transcriptional regula-
tion of lung inflammation in patients with chronic obstructive pulmonary disease. Am J 
Respir Crit Care Med 174:41–50.

Tabak, C., I. C. Arts, H. A. Smit, D. Heederik, and D. Kromhout. 2001. Chronic obstruc-
tive pulmonary disease and intake of catechins, flavonols, and flavones: the MORGEN 
Study. Am J Respir Crit Care Med 164:61–64.

Tang, W. Y., and S. M. Ho. 2007. Epigenetic reprogramming and imprinting in origins of dis-
ease. Rev Endocr Metab Disord 8:173–82.

Vaquero, A., M. Scher, D. Lee, H. Erdjument-Bromage, P. Tempst, and D. Reinberg. 2004. 
Human SirT1 interacts with histone H1 and promotes formation of facultative hetero-
chromatin. Mol Cell 16:93–105.

Vaziri, H., S. K. Dessain, E. Ng Eaton, S. I. Imai, R. A. Frye, T. K. Pandita, L. Guarente, and 
R. A. Weinberg. 2001. hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. 
Cell 107:149–59.

Venn, A. J., S. A. Lewis, M. Cooper, R. Hubbard, and J. Britton. 2001. Living near a main road 
and the risk of wheezing illness in children. Am J Respir Crit Care Med 164:2177–80.

Walda, I. C., C. Tabak, H. A. Smit, L. Rasanen, F. Fidanza, A. Menotti, A. Nissinen, E. J. 
Feskens, and D. Kromhout. 2002. Diet and 20-year chronic obstructive pulmonary 
disease mortality in middle-aged men from three European countries. Eur J Clin Nutr 
56:638–43.

Wang, L., and K. E. Pinkerton. 2008. Detrimental effects of tobacco smoke exposure during 
development on postnatal lung function and asthma. Birth Defects Res C Embryo Today 
84:54–60.

Weseler, A. R., L. Geraets, H. J. Moonen, R. J. Manders, L. J. van Loon, H. J. Pennings, E. F. 
Wouters, A. Bast, and G. J. Hageman. 2009. Poly (ADP-ribose) polymerase-1-inhibiting 
flavonoids attenuate cytokine release in blood from male patients with chronic obstruc-
tive pulmonary disease or type 2 diabetes. J Nutr 139:952–57.



Epigenetic Mechanisms in Lung Inflammation and Chronic Airway Diseases 213

Wheeler, D. S., J. D. Catravas, K. Odoms, A. Denenberg, V. Malhotra, and H. R. Wong. 2004. 
Epigallocatechin-3-gallate, a green tea-derived polyphenol, inhibits IL-1 beta-depen-
dent proinflammatory signal transduction in cultured respiratory epithelial cells. J Nutr 
134:1039–44.

Wilson, C. B., E. Rowell, and M. Sekimata. 2009. Epigenetic control of T-helper-cell differen-
tiation. Nat Rev Immunol 9:91–105.

Yang, C. S., M. Fang, J. D. Lambert, P. Yan, and T. H. Huang. 2008. Reversal of hypermethyla-
tion and reactivation of genes by dietary polyphenolic compounds. Nutr Rev 66 (Suppl 
1):S18–20.

Yang, G. Y., J. Liao, C. Li, J. Chung, E. J. Yurkow, C. T. Ho, and C. S. Yang. 2000. Effect of 
black and green tea polyphenols on c-jun phosphorylation and H2O2 production in trans-
formed and non-transformed human bronchial cell lines: possible mechanisms of cell 
growth inhibition and apoptosis induction. Carcinogenesis 21:2035–39.

Yang, H., N. Magilnick, C. Lee, D. Kalmaz, X. Ou, J. Y. Chan, and S. C. Lu. 2005. Nrf1 and 
Nrf2 regulate rat glutamate-cysteine ligase catalytic subunit transcription indirectly via 
NF-kappaB and AP-1. Mol Cell Biol 25:5933–46.

Yang, S. R., A. S. Chida, M. R. Bauter, N. Shafiq, K. Seweryniak, S. B. Maggirwar, I. Kilty, 
and I. Rahman. 2006. Cigarette smoke induces proinflammatory cytokine release by 
activation of NF-kappaB and posttranslational modifications of histone deacetylase in 
macrophages. Am J Physiol Lung Cell Mol Physiol 291:L46–57.

Yang, S. R., S. Valvo, H. Yao, A. Kode, S. Rajendrasozhan, I. Edirisinghe, S. Caito, D. Adenuga, 
R. Henry, G. Fromm, S. Maggirwar, J. D. Li, M. Bulger, and I. Rahman. 2008. IKK 
alpha causes chromatin modification on pro-inflammatory genes by cigarette smoke in 
mouse lung. Am J Respir Cell Mol Biol 38:689–98.

Yang, S. R., J. Wright, M. Bauter, K. Seweryniak, A. Kode, and I. Rahman. 2007. Sirtuin 
regulates cigarette smoke-induced proinflammatory mediator release via RelA/p65 
NF-kappaB in macrophages in vitro and in rat lungs in vivo: implications for chronic 
inflammation and aging. Am J Physiol Lung Cell Mol Physiol 292:L567–76.

Yang, S. R., H. Yao, S. Rajendrasozhan, S. Chung, I. Edirisinghe, S. Valvo, G. Fromm, M. J. 
McCabe Jr., P. J. Sime, R. P. Phipps, J. D. Li, M. Bulger, and I. Rahman. 2009. RelB is 
differentially regulated by IkappaB Kinase-alpha in B cells and mouse lung by cigarette 
smoke. Am J Respir Cell Mol Biol 40:147–58.

Yang, T., and A. A. Sauve. 2006. NAD metabolism and sirtuins: metabolic regulation of pro-
tein deacetylation in stress and toxicity. AAPS J 8:E632–43.

Yang, Y., H. M. Haitchi, J. Cakebread, D. Sammut, A. Harvey, R. M. Powell, J. W. Holloway, 
P. Howarth, S. T. Holgate, and D. E. Davies. 2008. Epigenetic mechanisms silence a dis-
integrin and metalloprotease 33 expression in bronchial epithelial cells. J Allergy Clin 
Immunol 121:1393–99, 1399, e1–14.

Yao, H., I. Edirisinghe, S. Rajendrasozhan, S. R. Yang, S. Caito, D. Adenuga, and I. Rahman. 
2008. Cigarette smoke-mediated inflammatory and oxidative responses are strain-
dependent in mice. Am J Physiol Lung Cell Mol Physiol 294:L1174–86.

Yeung, F., J. E. Hoberg, C. S. Ramsey, M. D. Keller, D. R. Jones, R. A. Frye, and M. W. Mayo. 
2004. Modulation of NF-kappaB-dependent transcription and cell survival by the SIRT1 
deacetylase. EMBO J 23:2369–80.

Yoshida, T., and R. M. Tuder. 2007. Pathobiology of cigarette smoke-induced chronic obstruc-
tive pulmonary disease. Physiol Rev 87:1047–82.

Young, H. A., P. Ghosh, J. Ye, J. Lederer, A. Lichtman, J. R. Gerard, L. Penix, C. B. Wilson, 
A. J. Melvin, M. E. McGurn, and et al. 1994. Differentiation of the T helper phe-
notypes by analysis of the methylation state of the IFN-gamma gene. J Immunol 
153:3603–10.



214 Nutrition, Epigenetic Mechanisms, and Human Disease

Yu, R., J. J. Jiao, J. L. Duh, K. Gudehithlu, T. H. Tan, and A. N. Kong. 1997. Activation of 
mitogen-activated protein kinases by green tea polyphenols: potential signaling path-
ways in the regulation of antioxidant-responsive element-mediated phase II enzyme 
gene expression. Carcinogenesis 18:451–56.

Zochbauer-Muller, S., K. M. Fong, A. K. Virmani, J. Geradts, A. F. Gazdar, and J. D. Minna. 
2001. Aberrant promoter methylation of multiple genes in non-small cell lung cancers. 
Cancer Res 61:249–55.



215

9 Glycemic Memory and 
Epigenetic Changes

Andrew L. Siebel, Ana Z. Fernandez, 
and Assam El-Osta

9.1 glycEMic vaRiability and diabEtic coMplications

Cardiovascular complications remain the major cause of morbidity and mortality 
in the diabetic population (Cooper and Johnston 2000). Patients with type 1 or type 
2 diabetes have a two- to fourfold higher risk of cardiovascular disease compared 
to healthy individuals (Hu et al. 2001; Fox et al. 2004), and those with impaired 
glucose tolerance alone have a cardiovascular disease risk comparable to type 2 dia-
betics (Qiao et al. 2002). It is increasingly appreciated that exposure to high glucose 
is the major factor leading to these complications. Furthermore, there appears to 
be a “metabolic memory” (Nathan et al. 2005) or “legacy effect” (Chalmers and 
Cooper 2008) whereby diabetic complications, particularly vascular events, continue 
to develop and progress even in individuals who have returned to normal glycemic 
control after a period of transient hyperglycemia. In the latest follow-up from the 
Diabetes Control Complications Trial (DCCT) and the Epidemiology of Diabetes 
Interventions and Complications (EDIC) trial, it is evident that the deleterious effects 
in the vasculature of both conventional and intensified glycemic control continue to 
operate more than 5 years after the patients have returned to normoglycemia (Nathan 
et al. 2005). Further to this, the results of the action in diabetes and vascular dis-
ease—preterax and diamicron MR controlled evaluation (ADVANCE) and Action 
to Control Cardiovascular Risk in Diabetes (ACCORD) trials—raise the debate 
about whether tight glucose control is beneficial at all in diabetes (Patel et al. 2008; 
Gerstein et al. 2008). Whereas the initial interpretation of the results from the UK 
Prospective Diabetes Study (UKPDS) showed no significant effect of strict glycemic 
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control on myocardial infarction, meta-analysis of these data show significant reduc-
tions in all diabetes-related endpoints (Nathan 1998). A recent follow-up in type 2 
diabetics from this study argues for the utility of long-term hyperglycemic control in 
preventing cardiovascular disease (Holman et al. 2008).

Although the underlying molecular explanation for this “metabolic memory” has 
not yet been clearly defined, this phenomenon is not new, as it was first observed 
more than 20 years ago in the retina of diabetic dogs exposed to high glucose for 
2.5 years, then allowed normal glucose control for a further 2.5 years (Engerman 
and Kern 1987). Those animals that returned to normoglycemia for 2.5 years had a 
similar incidence of retinopathy to that of their control counterparts who had poor 
glucose control throughout the 5-year study, suggesting that these cells retained a 
“memory” of the early hyperglycemic episodes (Engerman and Kern 1987). Soon 
after this study, another group showed that there was a persistent up-regulation of 
extracellular matrix (ECM)-related gene expression in isolated endothelial cells and 
kidneys of diabetic rats 1 week after glucose normalization following 2 weeks of 
hyperglycemia (Roy et al. 1990). Recent in vitro studies by our laboratory suggest 
an important role for epigenetic modification as a result of both ambient and prior 
hyperglycemia, in primary human aortic endothelial cells (El-Osta et al. 2008).

Further elucidation of the regulatory mechanisms associated with hyperglycemic 
memory and the role of histone methyltransferases, particularly SET domain-con-
taining protein 7/9 (Set7/9) and suppressor of variegation 3–9 homologue 1 (Suv39h1)/
SuVa39, was demonstrated in human microvascular endothelial cells (Brasacchio et 
al. 2009). These results indicate that glucose is conferring gene-activating events 
that are associated with diabetic complications in specific cell types (see Figure 9.1). 
The ability of epigenetic changes to confer sustained effects on the vasculature, as a 
result of acute hyperglycemia, emphasizes the potential deleterious long-term effects 
of “metabolic memory.” This could have direct implications for clinicians, empha-
sizing the importance of achieving tight metabolic control in an attempt to avoid 
episodic hyperglycemia. In addition, it may provide a potential mechanism for the 
adverse outcomes that have been suggested in various studies after institution of 
strict glycemic control. This includes the adverse effects on retinopathy in the initial 
phases of the early insulin pump studies in the Kroc Collaborative Study Group 
or the recent unexpected findings of increased mortality in the ACCORD study 
(Gerstein et al. 2007). Finally, the delineation of the key epigenetic events in vivo 
that are involved in glucose-induced gene modulation in blood vessels will assist 
in identifying appropriate targets for new treatments to reduce, reverse, or prevent 
diabetic complications.

9.2 EpigEnEtic MEchanisMs—back to basics

Epigenetics describes the study of gene regulation events independent of changes to 
nucleotide sequence; this may include heritable changes in gene activity and expres-
sion but also long-term alterations in the transcriptional potential of a cell that are 
not heritable (Bird 2007). These epigenetic changes are potentially reversible and 
modulated by the environment, diet, or pharmacological intervention (Figure 9.2). 
This in turn may affect genomic stability and gene expression (Kouzarides 2007; 
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figuRE 9.1 Proposed mechanism—epigenetic effects of hyperglycemia on vascular cells. 
Hyperglycemia is associated with epigenetic changes leading to transcriptional activation of 
the proinflammatory transcription factor NFκB. Increased mobilization of Set7/9 to the p65 
promoter results in enhanced H3K4me (active mark) leading to transcriptional activation, 
whereas decreased localization of SuVa39/Suv39h1 to the gene promoter results in decreased 
H3K9me (repressive mark) and transcriptional inactivation. Relative levels of the histone 
demethylase LSD1 are also decreased in response to hyperglycemia, therefore blocking its 
demethylase activity on H3K4. These epigenetic modifications and gene-activating events 
can persist in the absence of sustained hyperglycemia, establishing a hyperglycemic memory 
in vascular cells.



218 Nutrition, Epigenetic Mechanisms, and Human Disease

Ozanne and Constancia 2007; Talbert and Henikoff 2006). Essentially the field of 
epigenetics provides a link between genotype and phenotype, which can help explain 
how cells carrying identical DNA differentiate into different cell types with dis-
tinct functions (Jaenisch and Young 2008). The principal mechanisms of epigenetic 
changes in mammals are DNA methylation (not covered in this chapter) and modifi-
cations of histone tails, which result mostly in altered chromatin structure (Matouk 
and Marsden 2008).

Genomic DNA is packaged in eukaryotic cells with histone proteins to form a 
protein/DNA complex known as chromatin. The fundamental unit of chromatin is 
the nucleosome and is composed of an octamer of the four core histones (H2A, 
H2B, H3, and H4) around which approximately 146 base pairs (bp) of DNA are 
wrapped (Klug et al. 1980) (see Figure 9.3). The core histones are predominantly 
globular except for their amino-terminal tails, which are accessible to histone modi-
fying enzymes (Luger et al. 1997). Histones can be modified at many sites with 
over 60 amino acid residues currently identified and detected by specific antibodies 
or by mass spectrometry (Kouzarides 2007). The timing of appearance of a par-
ticular posttranslational modification will depend on the signaling conditions within 
the nucleus of the cell. Histone modifications of different classes (e.g., acetylation, 
methylation, ubiquitination, and phosphorylation) can define epigenetic regulation of 
a variety of biological functions (Jenuwein and Allis 2001; B. Li et al. 2007; Mack 
2008). Histone modifications help to partition the genome into distinct domains 
such as active euchromatin, where DNA remains in an open conformation acces-
sible for transcription and silent heterochromatin, where chromatin is condensed 

Environment Nutrition diet, lifestyle
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Genomic DNA

Genome stability Gene expression

Epigenomic pathologies
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figuRE 9.2 Schematic of how various stimuli, epigenetic mechanisms, and gene-activat-
ing events can lead to epigenomic pathologies. Epigenetic changes can be modulated by the 
environment, diet, or pharmacological intervention. As outlined, epigenetics essentially pro-
vides a link between genotype and phenotype, which can help explain how cells carrying 
identical DNA differentiate into different cell types with distinct functions. Nutrient-driven 
epigenetic changes are also involved in the development of disease.
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and inaccessible to transcriptional machinery (Jenuwein and Allis 2001; Birney et al. 
2007). Gene transcription and activation are dynamic processes involving the con-
version of compact heterochromatin into transcription factor-accessible euchromatin 
(Berger 2007). Euchromatin represents a large proportion of the genome allowing 
DNA flexibility to turn genes on or off and allow DNA repair or replication.

The term “histone code” has been used to describe the role of modifications to 
enable DNA-related functions (Jenuwein and Allis 2001). Heterochromatin plays an 
important role in protecting chromosome ends, controlling chromosome stability, 
and preventing mutations and translocations (Talbert and Henikoff 2006; Huang et 
al. 2004). In mammals, demarcation between the different environments is set up by 
boundary elements, which recruit enzymes to modify the chromatin. The regulation 
of gene expression within euchromatin requires the delivery of chromatin-modifying 
enzymes by DNA-bound transcription factors (B. Li et al. 2007). Following an envi-
ronmental stimulus, such as glucose, and in the presence of essential transcriptional 
machinery, transcription factors bind to the promoter of specific genes and initiate a 
cascade of modification events, which result in the activation or silencing of the gene 
(B. Li et al. 2007). Generally, modifications are divided into those that correlate with 
gene activation and those that correlate with gene repression.

There are two established mechanisms for the function of modifications. The 
first is the disruption of contacts between nucleosomes in order to “unravel” chro-
matin and the second is the recruitment of nonhistone proteins (Kouzarides 2007). 
Modifications may affect higher-order chromatin structure by affecting the contact 
between different histones in adjacent nucleosomes or the interaction of histones 
with DNA. Acetylation has the greatest potential to unfold chromatin, since its major 
action is to neutralize the basic charge of the lysine residue (Jenuwein and Allis 
2001). Histone acetyltransferases (HATs), such as p300 and CREB-binding protein, 
have been shown to modify a variety of lysine residues on H3 and H4. The histone 
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figuRE 9.3 (Please see color insert following page 80.) Nucleosome structure with known 
histone modifications on specific amino acid residues. A single nucleosome is composed of 
approximately 146 bp of double-stranded DNA (dsDNA) wrapped around an octamer core of 
histone proteins from which histone N-terminal tails protrude. Specific amino acids (R: argi-
nine; K: lysine) are subjected to different posttranslational modifications. Here only acetyla-
tion (A: blue) and methylation (M: red) marks are included, the most relevant to diabetes and 
hyperglycemic response being: H3K4 methylation (active mark: green +) and H3K9 methyla-
tion (repressive mark: purple –).
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deacetylases (HDACs) remove acetyl groups and inhibit transcription factor bind-
ing and transcription. Binding proteins are recruited to modifications via specific 
domains. Unlike histone acetylation, histone methylation can be associated with 
both gene activation and inactivation, and the effects of methylation are essentially 
mediated by recruitment of additional positive or negative transacting factors. The 
recent isolation of several proteins that recognize Histone-3-Lysine-4 methylation 
(H3K4me) has highlighted the fact that their purpose is to tether enzymatic activities 
onto chromatin. In mammals, the silent heterochromatic state is associated with low 
levels of acetylation and high levels of specific methylated sites at H3K9, H3K27, 
and H4K20 (Ruthenburg et al. 2007). Further enzymatic activities are required for 
transcription to take place, which is typically characterized by high levels of acetyla-
tion and trimethylation of lysines at H3K4, H3K36, and H3K79 (Koch et al. 2007). 
Additional complexity arises from the fact that methylation occurs not only at lysines 
but also at arginines, and these may be mono- (me), di- (me2), or trimethylated (me3) 
for lysines and mono- or dimethylated for arginines, being that these dynamic modi-
fications are not uniformly distributed (reviewed in Mack 2008).

9.3  nutRitional intERvEntion and 
EpigEnEtic MEchanisMs

Many studies have examined the intimate links between obesity, energy metabolism, 
nutrient balance, and epigenetic modifications (Tateishi et al. 2009; Milagro et al. 
2009; Khan et al. 2005; Armitage et al. 2003; Taylor et al. 2005), the majority of 
which have used rodent models to examine these links and interrogate the mecha-
nisms in more detail. Obesity is associated with loss of function of the histone dem-
ethylase, Jhdm2a, resulting in decreased expression of the metabolically active gene 
peroxisome proliferator-activated receptor-alpha (PPAR-alpha) in skeletal muscle 
and impaired cold-induced uncoupling protein 1 expression in brown adipose tissue, 
suggesting a relationship between epigenetic mechanisms and obesity (Tateishi et al. 
2009). The nicotinamide adenine dinucleotide (NAD+)-dependent sirtuins (class III 
HDACs) target both histone and nonhistone proteins in another example of epige-
netic control of metabolic pathways, including adipogenesis, glucose utilization, and 
insulin secretion (Schwer and Verdin 2008). It has also been recently recognized that 
glucose availability can affect histone acetylation in an ATP-citrate lyase-dependent 
manner, further linking energy metabolism to epigenetic regulation.

An elegant example of how environmental exposure to nutrients may change 
gene expression and alter phenotype through epigenetic modifications is the ago-
uti mouse. The agouti gene encodes a paracrine-signaling molecule that promotes 
melanocytes to produce a yellow pigment rather than black, altering their coat color 
and making these yellow mice prone to develop obesity and diabetes (Morgan et al. 
1999; Duhl et al. 1994; Wolff et al. 1998). The coat color and subsequent disease 
susceptibility is essentially controlled by the degree of methylation on the agouti 
gene. Supplementation of pregnant mice diets with folic acid, a known methyl donor, 
increases DNA methylation of the agouti gene in offspring, resulting in suppressed 
gene expression and a brown coat color (Jirtle and Skinner 2007). Interestingly, this 
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phenomenon can also be inherited in the next generation via germline transmission 
(Cropley et al. 2006). Nutrient-driven epigenetic changes are also involved in the 
development of disease as outlined in Figure 9.2. For example, rats exposed to a 
high-fat diet during pregnancy are associated with impaired glucose tolerance, as 
well as mitochondrial and cardiovascular dysfunction in adult offspring, possibly 
due to epigenetic modifications (Khan et al. 2005; Armitage et al. 2003; Taylor et 
al. 2005).

9.4 EpigEnEtic REgulation of diabEtic coMplications

Oxidative stress, dyslipidemia, and hyperglycemia are thought to be associated with 
the development of diabetic complications. The major event in the progression of 
diabetic complications is vascular inflammation, triggered by a cascade of mediators 
to enhance inflammatory signaling. Nuclear factor-κB (NF-κB) is the predominant 
transcription factor activated under diabetic conditions that regulates expression of 
genes in the inflammatory pathway, leading to recruitment of monocytes and mac-
rophages to the vessel and macrovasculature atherosclerosis (Miao et al. 2004). 
In fact, poor glycemic control increases NF-κB activity in monocytes and in turn 
up-regulates gene expression of inflammatory cytokines (Shanmugam et al. 2003; 
Hofmann et al. 1998). This involves an interaction between NF-κB and HATs, result-
ing in hyperacetylation of target genes including tumor necrosis factor-alpha (TNF-
α) and cyclooxygenase-2 promoters (Miao et al. 2004). Hyperglycemia-induced 
oxidative stress and the formation of advanced glycation end products (AGEs) leads 
to the release of cytokines, cell adhesion molecules, and ECM-modifying genes that 
facilitate lymphocyte activation and invasion (Brownlee 2001; Libby and Plutzky 
2002; Dragomir and Simionescu 2006; Hansson 2005).

9.5  thE RolE of histonE-Modifying 
EnzyMEs in glycEMic MEMoRy

Intensive research has gone into identification and characterization of the enzymes 
that control and direct histone modifications (Dillon et al. 2005; Martin and Zhang 
2005), of which the methyltransferases are most specific (see Table 9.1). Lysine meth-
yltransferases have enormous specificity compared to acetyltransferases, usually 
modifying one single lysine on a single histone (Bannister and Kouzarides 2005; 
Kouzarides 2007). The existence of lysine demethylases remained contentious for 
many years following the discovery of histone methyltransferases (HMTase). The first 
of these discovered was lysine-specific demethylase 1 (LSD1), which acts to demethy-
late H3K4 and repress transcription (Shi et al. 2004). This effectively dispelled the 
myth that histone methylation is a permanent mark (Shi and Whetstine 2007).

To explore the effects of glycemic variability, we have specifically developed an 
in vitro model to determine gene-activating events that are associated with epige-
netic modifications. Primary human aortic endothelial cells were incubated in high 
glucose (HG, 30 mM) for 16 hours then returned to physiological levels (LG, 5 mM) 
for 6 days. Analyses revealed a persistent increase in expression of the NFκB subunit 
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p65 gene, despite a return to normoglycemia (El-Osta et al. 2008). Parallel experi-
ments were performed in human microvascular endothelial cells, confirming a simi-
lar upregulation of p65 as well as proteins linked to ECM accumulation, such as 
fibronectin (El-Osta et al. 2008). Thus transient hyperglycemia is capable of inducing 
persistent gene-activating events associated with epigenetic change. Further studies 
revealed that this was as a result of histone modifications, specifically H3K4me, 
associated with activation of the p65 gene (El-Osta et al. 2008). Furthermore, 
increased p65 gene expression was associated with NFκB activation as determined 
by gel shift analyses and upregulation of the NFκB-dependent chemokine, monocyte 
chemoattractant protein-1 (Mcp-1), implicated in diabetes-associated vascular injury 
(El-Osta et al. 2008; Dragomir and Simionescu 2006).

In our laboratory we are interested in understanding the function of histone meth-
yltransferases (HMTase), and we have recently demonstrated a central role for the 
HMTase enzyme, Set7/9, in promoting H3K4 methylation in endothelial cells, both 
from the macrovasculature and in primary aortic endothelial cells (El-Osta et al. 
2008; Brasacchio et al. 2009). Set7/9 has also been shown to influence the recruitment 
of NFκB p65 to gene promoters and thereby its regulation of proinflammatory genes 
in macrophages from diabetic mice (Li et al. 2008). In order to assess whether Set7/9 
is mobilized to maintain the active transcriptional state, immunopurified chromatin 
from microvascular endothelial cells exposed to acute hyperglycemia for 16 hours 
was enriched for Set7/9 on the p65 promoter (Brasacchio et al. 2009). Furthermore, 
gene silencing of Set7/9 with small interfering RNA (siRNA) in monocytes signifi-
cantly inhibited TNF-induced inflammatory genes and H3K4 methylation on these 
promoters, as well as monocyte adhesion to endothelial or smooth muscle cells (Y. 
Li et al. 2008).

tablE 9.1
histone-Modifying Enzymes Related to diabetes 
and glycemic variability 

Enzyme target function/family

Set7/9 H3K4 Histone methyltransferase

LSD1 H3K4 Lysine demethylase

SuVa39/Suv39h1 H3K9 Histone methyltransferase

Jhdm2a H3K9 Histone demethylase

p300 Multiple Histone acetyltransferase

CBP Multiple Histone acetyltransferase

PRMT5 H4R3 Arginine methyltransferase

Note: Set7/9: SET domain-containing protein 7/9; LSD1: Lysine-
specific demethylase 1; Suv39h1: Suppressor of variegation 
3–9 homologue 1; Jhdm2a: JmjC domain-containing histone 
demethylation protein 2a; p300: Histone acetyltransferase 
p300; CBP: CREB-binding protein; PRMT5: Protein arginine 
N-methyltransferase 5.
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Further evidence of the involvement of Set7/9 in glucose-stimulated insulin 
secretion is that the Set7/9 gene promoter contains an islet-specific enhancer 
located 5–6 kb downstream of the transcriptional start site that exhibits pancre-
atic and duodenal homeobox 1 (Pdx1)-responsive activation in β-cells within the 
pancreas (Deering et al. 2009). Interestingly, siRNA knockdown in insulinoma 
and mouse islets suppressed genes in glucose-stimulated insulin secretion, includ-
ing insulin 1/2 (Ins1/2), glucose transporter 2 (Glut2), and v-maf musculoaponeu-
rotic fibrosarcoma oncogene homolog A (MafA). These changes in expression 
were correlated with reduced H3K4me2 and RNA Polymerase II recruitment on 
these gene sequences. In fact, Set7/9 knockdown in primary mouse islets led to 
defects in glucose-stimulated Ca2+ mobilization and insulin secretion (Deering et 
al. 2009).

Hyperglycemia was also associated with reduced localization of the HMTase 
SuVa39/Suv39h1 to the p65 promoter, and this was indirectly but tightly correlated 
with reduced H3K9 methylation on gene sequences (Brasacchio et al. 2009), sug-
gesting that the sustained increase in p65 gene expression is linked to specific epi-
genetic modifications that are typically associated with increased gene transcription. 
Furthermore, vascular smooth muscle cells isolated from diabetic mice have reduced 
levels of H3K9me3 and elevated levels of H3K4me2 at the promoters of inflammatory 
genes interleukin-6 (IL-6) and Mcp-1 in parallel with decreased levels of H3K9me3 
methyltransferase Suv39h1 and the histone demethylase LSD1 (Reddy et al. 2008; 
Villeneuve et al. 2008). Taken together, these studies suggest that hyperglycemia 
may induce epigenetic modifications on proinflammatory genes, which subsequently 
regulate gene expression and lead to the development of vascular inflammation. 
Figure 9.1 outlines a proposed mechanism, by which acute hyperglycemia can lead 
to diabetic complications in specific vascular cells.

9.6  thE cuRREnt landscapE and 
pERspEctivEs—whERE to nExt?

Investigators in our laboratory are interested in examining the dynamic state of epi-
genetic changes in response to environmental stimuli. Specifically, hyperglycemia 
and the persistence of epigenetic phenomena are a primary focus of some of the 
research currently investigated. In fact, many researchers are attempting to unravel 
the molecular determinants associated with recognizing the chromatin template 
and that regulate the histone code. The observation that H3K4me3 patterns persist 
to subsequent generations or transmits to daughter chromatin gives it true epige-
netic status (Kouzarides 2007). However, further elucidation of the exact changes in 
histone methylation, the enzymes responsible for these posttranslational modifica-
tions, and the direct in vivo characterization of these changes in response to glucose 
in specific cell types is paramount. Future research may focus on the translation 
of established in vitro findings to an in vivo setting, such as the investigation of 
glucose on the chromatin template in specific vascular cell types, the transcrip-
tional decisions that histone-modifying enzymes mediate, and the location of such 
spatial modifications. The recent advent of massive parallel sequencing now allows 
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investigators to examine in greater depth genomewide associations and unravel the 
locality of histone modifications. Coupled with the characterization of changes in 
the transcriptome, this will allow us to identify gene targets for pharmaceutical 
or dietary intervention. It may also be possible that drugs that mediate epigenetic 
changes, such as HDAC inhibitors, will be used in the treatment of diabetic compli-
cations (Bieliauskas and Pflum 2008; Szyf 2009; Haberland et al. 2009). In support 
of this concept are the recent experimental findings indicating that HDAC inhibitors 
during myocardial infarction can reduce infarct area as well as programmed cell 
death (Granger et al. 2008). Several drugs that currently target epigenetic changes 
in malignant cells might also be tested for their effects on atherosclerotic plaque 
formation. The role of epigenetics in the pathogenesis of cardiovascular diseases 
represents an essentially unexplored territory that importantly may suggest new 
therapeutic possibilities.
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10.1 intRoduction

The importance of maternal nutrition during gestation with regard to pregnancy out-
come has long been acknowledged. The tendency of mothers to briefly overhaul their 
lifestyle and diet is a classic one, with many women changing their habits and aban-
doning many of their vices, such as alcohol and caffeine drinking or cigarette smok-
ing. This importance has been further emphasized in the recent new understanding 
of fetal programming on adult outcomes demonstrated by numerous laboratory and 
epidemiological studies. We are only beginning to understand how maternal nutrition 
and intrauterine environment may impact not only immediate pregnancy outcomes, 
but also the life and health course of the offspring. We need a better understanding of 
diet and dietary supplements during pregnancy and of whether diets are particularly 
low in some nutrients. Also, we need to understand how common epigenetic varia-
tions influence nutrient requirements during these periods. Associations between 
maternal nutrition and infant growth and development suggest that improving the 
diets of women of child-bearing age might be an important component of public 
health strategies aimed at improving the health, nutrition, and well-being of women 
themselves, as well as reducing the burden of chronic disease in their offspring.

The concept that epigenetic alterations occur during gestation and may have the 
ability to program adult diseases has led to a multitude of studies focusing on maternal 
behavior and health during pregnancy. Epigenetics is the study of heritable altera-
tions in gene expression patterns not caused by changes in genomic DNA sequence. 
Genetic imprinting and X chromosome inactivation are two well-studied examples 
of epigenetic mechanisms related to gene expression regulation. Genomic imprint-
ing controls gene expression depending on the parent of origin, and X chromosome 
inactivation controls gene expression by silencing one of the two copies of the X 
chromosome within each cell in females. Maintenance of different gene expression 
patterns among the diverse cell types also relies on epigenetic modifications using 
the molecular mechanisms such as DNA methylation, microRNA expression, and 
covalent modifications of the histone proteins that package DNA into chromatin 
structure in the nucleus.

Epigenetic alterations of chromatin via covalent modifications allow for heritable 
gene regulation without altering the DNA sequence. Chromatin comprises DNA, 
linker histones H1 and H5, core histones H2A, H2B, H3, and H4, and nonhistone 
proteins. Histones are strongly alkaline proteins packaging the DNA into structural 
units called nucleosomes. The nucleosome core is formed of two H2A-H2B dimers 
and an H3-H4 tetramer. The H3 and H4 histones have long tails protruding from the 
nucleosome that can be covalently modified at several places. Covalent modifications 
of the H3 and H4 histone tails, such as acetylation, biotinylation, methylation, phos-
phorylation, ubiquitination, and sumoylation, alter the interaction between histones 
and DNA, which consequently affects nucleosome locations as well as higher-order 
chromatin folding. In doing so, these posttranslational modifications form the basis 
for the epigenetic regulation of chromatin structure and gene function (Strahl and 
Allis 2000; Jenuwein and Allis 2001). Modifications of distinct amino acid residues 
in histones have unique functions. For example, dimethylation of lysine (K) 4 in his-
tone H3 is associated with transcriptional activation of surrounding DNA, whereas 
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tri-methylation of K9 in histone H3 is associated with transcriptional repression 
(Table 10.1).

10.2 placEntal dEvElopMEnt and gEnE ExpREssion

Placenta is a structure formed during gestation. Its main function is to provide sup-
plies for fetal growth. Because the placenta acts as the sole nutritional bridge between 
mother and fetus, its development has been a crucial focal point of studies interested 
in the programming of adult diseases. Placental development has been connected to 
maternal nutritional status as well as the mother’s overall health. In turn, placental 
insufficiency, in either size or transfer capacity, has been strongly linked to fetal 
IUGR (intrauterine growth restriction). Initial structural studies began by showing 

tablE 10.1
Modifications of distinct amino acid Residues in histones have unique 
functions

type of 
Modification sites and functions of histone Modifications

Acetylation H3K9 H3K14 H4K5 H4K8 H4K16

activationa activation a activationb activationc activationc

Biotinylation H3K4 H3K9 H3K18 H4K8 H4K12

gene 
expressiond

gene 
expressiond

gene 
expressiond

gene 
expressione

gene 
expressione 

Methylation (mono) H3K4 H3K9 H3K27 H3K79 H4K20

activationf activationg activationg activationg,h activationg

Methylation (di) activationh

Methylation (tri) activationa repressiong repressiong repressiong

activationh

Phosphorylation H3S10 H3S28

activationi activationj

Sumoylation H4 N-terminal 
tail

Repressionk

a Koch et al. (2007).
b Kawasaki et al. (2000).
c Kuo et al. (1996).
d Kobza et al. (2005).
e Camporeale et al. (2004).
f Benevolenskaya (2007).
g Barski et al. (2007).
h Steger et al. (2008).
i Saloaga et al. (2003).
j Zhong et al. (2001).
k Shiio and Eisenman (2003).
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that placentas of IUGR offspring had altered vasculature, and therefore altered oxy-
gen and nutrient transport. Further studies, focusing on the molecular causes of these 
placental phenotypes, attribute the alterations to imprinted genes, a relatively small 
group of genes that have vital functions within the placenta. Because imprinted genes 
are expressed only from one parental allele, any epigenetic change in these genes has 
dire consequences for placental development and transport. Additionally, because 
the protein products of these genes can affect other placental transporters, such as 
the system A amino acid transporter (Cutfield et al. 2007), their epigenetic regulation 
is of great consequence to overall placental and fetal development. Several placental 
microarray studies have been performed to determine how imprinted genes from 
IUGR births are expressed in comparison to healthy patients. A study by McMinn 
et al. (2006) looking at mouse placentas of IUGR and healthy animals found that 
IUGR placentas demonstrated different expression patterns of important imprinted 
genes, including those responsible for placental development and function. However, 
a more recent human microarray study by Sitras et al. (2009) comparing placental 
gene expression between IUGR and healthy women showed that although MBD3 
(methyl-CpG binding protein domain 3, an imprinted gene important for recruiting 
histone deacetylases and DNA methyltransferases for methylation-dependent gene 
silencing) was down-regulated in the microarray analysis but not after RT-PCR con-
firmation, none of the other microarray-analyzed imprinted genes showed altered 
expression in IUGR cases. The McMinn group discussed that although there may 
be epigenetic modifications in syndromic IUGR, their results suggest that there may 
be little epigenetic effects in the pathogenesis of placental insufficiency. They also 
suggest that not all epigenetically modified genes are imprinted, so their analysis is 
a small representation of IUGR-respondent genes. Despite the somewhat conflict-
ing results between these studies, it is clear that imprinted genes are, at least in 
part, affected during IUGR, and that it is possible that these genes, because of their 
imprinted nature, can be easily regulated by the same physiological conditions that 
cause IUGR itself, such as maternal stress, disease, and potentially diet.

Once the relationship between placental and fetal development was established by 
a variety of human and animal studies, the primary question became whether mater-
nal diet alone is capable of producing the changes seen within IUGR fetuses and the 
associated small placentas. Despite the multitude of studies linking maternal dietary 
interventions to altered fetal outcomes, so far few of these have been able to connect 
specific epigenetic events within the placenta or fetus that respond to maternal diet. 
The most commonly utilized interventions have included maternal low-protein (LP), 
high-fat (HF), calorie-restricted, and one-carbon (1-C)-supplemented diets. Of these, 
only diets high in or depleted of 1-C units have shown direct and clear effects on 
placental and fetal epigenetic markers. Placental and fetal genes do respond to other 
maternal dietary manipulations, since several studies have shown that maternal LP 
and HF diets can alter placental transport and therefore fetal health (Kwong et al. 
2007; McArdle et al. 2006; Symonds et al. 2003), but many more analyses will need 
to be performed to show whether these genes are regulated by epigenetic mecha-
nisms and whether these changes will program the fetus into a disease-prone adult.
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10.3 MatERnal nutRition and placEntal dEvElopMEnt

Several approaches have been taken in order to study the effects of maternal diet 
on placental development and fetal programming. As expected, human studies are 
complicated by the ethical responsibility to do no harm. Therefore most human stud-
ies have been observational. These focus on interviewing mothers about their habits 
before and during pregnancy, and doing a few blood and placental tissue analy-
ses. However, human studies do not allow scientists to intervene and observe the 
outcomes, compelling us to turn to animal models of fetal programming. Animal 
studies have undoubtedly demonstrated that maternal macronutrient undernutrition, 
particularly during rapid placental growth, affects placental and fetal growth (Nafee 
et al. 2008). In such models, where the intention is often to induce IUGR, a definite 
set of genes has been related to placental underdevelopment. These genes, known as 
imprinted genes, have been suggested to act as the primary epigenetic mechanisms 
responding to maternal malnutrition or diet imbalance. The nutrient−gene inter-
action has been implied for these genes in particular because of their monoallelic 
nature, where only one allele is expressed, from either the mother or the father, and 
the other is silenced. The chief mechanism for silencing of the second allele is via 
hypermethylation of the imprinting control regions (ICR), a CG-rich chromosomal 
domain within imprinted genes. During normal development, the first methylation 
events occur at fertilization, when all paternal genes, except the paternally imprinted 
genes, heterochromatin, and few repetitive elements, become actively demethylated. 
During normal early embryogenesis, the inner cell mass, the precursor of all fetal 
tissues, becomes hypermethylated, but the trophectoderm, which develops into the 
placenta, is hypomethylated. During early gametogenesis, genomewide methylation 
stops, allowing for the development of the intended parent-of-origin and sex-specific 
methylation patterns. Because of the many methylation events that occur during 
early implantation and further gestation, any shifts in the availability or deposition 
of methyl groups could have dire consequences for both the placenta and fetus.

Some of the placental imprinted genes and the observed effects of their manipu-
lations are listed in Table 10.2. Dysregulation of imprinted genes is an important 
factor for placental and fetal development. Because of their monoallelic nature and 
vital function within the placenta, the effect of epigenetic modifications on imprinted 
genes has become a widely studied phenomenon. Of particular interest is the recip-
rocally imprinted gene cluster of Igf2/H19, which has been shown to regulate both 
placental nutrient transport as well as matching maternal nutritional status to fetal 
supply. The link between these two genes is a result of their coordinated regulation, 
where the maternally expressed H19 silences the paternally expressed Igf2, and vice 
versa. One major difference between methylation of Igf2 and other imprinted genes 
is that Igf2 requires methylation upstream of its promoter in order to recruit tran-
scription machinery, so increased methylation will increase gene expression of this 
gene. Because Igf2 is maternally imprinted and H19 is paternally imprinted, these 
genes are believed to be coordinately regulated via methylation of their ICRs. The 
function of these genes is indispensable to the proper functioning of the placenta. 
Gene knockouts of Igf2P0, a specific promoter region of Igf2, result in significant 
shrinking of the placenta and poor outcome in the fetus, while overexpression of Igf2 
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resulted in the overgrowth of the placenta and an overabundance of nutrients to the 
fetus. However, studies of maternal nutrient restriction in rats have not been able to 
clearly demonstrate that limiting nutrient availability directly affects Igf2 expression 
in the placenta (Kwong et al. 2007). Lillycrop et al. (2005) showed that manipulat-
ing both maternal folate and protein can generate changes in methylation patterns 
of both Igf2 and H19 within the livers of the offspring. Because DNA methylation 
occurs primarily in utero, these changes within the promoters of offspring livers sug-
gest that maternal environment has dire consequences for the offspring. Because the 
Igf2/H19 cluster has a similar regulation within the placenta as in other organs (such 
as liver) (Fowden et al. 2006), it has been suggested that maternal nutrition should 
affect the methylation and expression of these genes in the placenta, but the clear 
connection has been elusive. The effects of maternal nutrition on other imprinted 

tablE 10.2
imprinted genes in placenta

imprinted 
gene ko or abnormality phenotype References

Peg10 Incomplete placenta formation, undeveloped 
labyrinth zone, absence of spongiotrophoblasts

Ono et al. 2006

Mest/Peg1 Embryonic and placental growth retardation Lefebvre et al. 1998
M. Takahashi et al. 2005

Peg3 Embryonic and placental growth retardation L. Li et al. 1999

H19 Increase in placental weight, fetal overgrowth, 
slightly decreased fetal:placental ratio

Leighton et al. 1995

Igf2 Igf2: decreased placental weight, fetal weight, 
and fetal:placental ratio

Igf2-P0: decreased placental weight and fetal 
weight, and increased fetal:placental ratio

Igf2R: increased placental weight and fetal 
weight, and normal fetal:placental ratio

Disruption of both Igf2R and H19: increased 
placental weight and fetal weight and 
decreased fetal:placental ratio

Chiao et al. 2002
Constancia et al. 2002, 2005
Efstratiadis 1998
Moore et al. 1997

Ascl2/Mash2 Placental failure: absence of 
spongiotrophoblasts, disorganized labyrinth 
zone

Guillemot et al. 1994, 1995

Cdkn1c Abnormal placental development (placentomegaly 
and trophoblast dysplasia)

K. Takahashi et al. 2000
Yan et al. 1997

Phlda2 Placental overgrowth, decreased fetal-to-
placental weight ratio, decreased labyrinthine 
zone

Frank et al. 2002
Salas et al. 2004

Grb10 Embryo and placenta overgrowth Charalambous et al. 2003, 2010

Rtl1 Placental abnormalities and functional 
deficiencies, placental growth retardation

Sekita et al. 2008

Slc38a4 Placental and fetal growth restriction Angiolini et al. 2006
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genes are unclear. Recent unpublished observations from our lab (Rita Strakovsky) 
show that a 9% low-protein diet during Sprague-Dawley (S-D) gestation did not 
affect maternal food intake or body weight compared with an 18% protein control 
diet. There was a significant decrease in Peg3, Dnmt1, Cd68, and Emr1 expression 
in the maternal low-protein placenta, and a significant increase in ATF3, Glut1, and 
Snat2 expression. We detected changes in placental DNA methylation in only some 
of these genes (increased methylation in the coding region of Peg3 gene), indicating 
that control of gene expression for the remaining genes is accomplished by means 
other than DNA methylation. However, the observed changes in DNA methylation 
suggest that a maternal low-protein diet has the potential to cause epigenetic pro-
gramming, which will have significant consequences for the offspring. Interestingly, 
livers of newborn male offspring born to mothers fed the gestational LP diet showed 
an increase in Peg3, as well as an increase in Snat2 and Glut1. Livers of newborn 
female offspring showed a decrease in Snat2 and Dnmt1 as well as a slight but sig-
nificant increase in Pon2. The exact consequences of these changes and physiologi-
cal significance for both the placenta and fetus are still under investigation.

Oversupply or limitation of methyl groups has been an important dietary inter-
vention in animal studies interested in epigenetic events within the placenta and 
fetus. Additionally, human observational and folate-intervention studies have been 
an important tool for establishing the importance of methyl groups in placental and 
fetal development. As a cofactor, folate acts as a carrier of methyl groups for the 
production of S-adenosyl methionine, which becomes the primary donor of methyl 
groups for gene methylation. Additionally, any dietary factors that directly or indi-
rectly feed into the folate cycle, including exogenous choline, methionine, folic acid, 
vitamins B6 and B12, and zinc, will have an effect on the availability of methyl groups. 
Although human studies have suggested a strong link between folate deficiency and 
placental growth retardation and rupture, few genetic analyses have shown the direct 
effect of nutrition on imprinted genes in placenta. However, the relationship is still 
being considered because of the placental phenotypes observed when these genes are 
knocked out or overexpressed and because of the fetal outcomes that are observed 
when the methyl supply is affected. The effects of gestational folate manipulation on 
fetal outcomes are slightly clear. In mice, choline or methionine restriction during 
pregnancy led to a decrease in CpG methylation of genes important for fetal brain 
development and cell-cycling inhibition (Zeisel 2009). Additionally, in sheep gesta-
tional methyl donor restriction led to insulin resistance and blood pressure elevation 
in male offspring, which was accompanied by a 4% change in global CpG methyla-
tion in the fetal liver (Langley-Evans 2008). Because, like all nutrients, folate trans-
port to the fetus is controlled via the placenta, folate availability for the fetus may be 
a direct result of the crosstalk between the placenta and the fetus. In this case, methy-
lation or demethylation within the placenta sends a message of maternal nutrient 
status, thus resulting in epigenetic events within the fetus. This message is not only 
important for immediate fetal development, but also for the heritable attribute of 
epigenetic changes. Although the term “epigenetic changes” describes events that do 
not directly affect the genome, the methylation of DNA and associated histones can 
be maintained throughout the process of cell division by DNMT1, and can therefore 
be passed on to future generations, to affect their health and disease susceptibility.
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The rising obesity rate in the United States is a risk to the health of both women 
and fetuses. About one-third of U.S. women of reproductive age are obese. Obesity 
has become a common complication of pregnancy. Obesity during pregnancy raises 
the risk of numerous problems for the mother, such as hypertension and diabetes. 
Babies born to obese mothers are one-third more likely to have a significant birth 
defect such as neural tube defects, heart defects, and hydrocephaly. Birth defects 
are responsible for about 20% of all infant deaths in the United States (Stothard et 
al. 2009). Maternal obesity during pregnancy may also increase the risk for meta-
bolic compromise in the offspring that is already apparent at birth (Catalano et al. 
2009). What it is about obesity that may lead to all these developmental defects is 
not completely understood. One possibility is that the maternal obesity may have 
some type of nutritional imbalance that modifies the development of placenta and 
fetus aberrantly. While placental response to obesity has been moderately inves-
tigated, data related to the effect of maternal nutrition during obese pregnancy 
on placental development are limited. Several studies have shown that high-fat 
feeding during gestation may affect placental size, efficiency, and nutrient trans-
fer. A recent unpublished observation in our laboratory (Rita Strakovsky) dem-
onstrated that maternal obesity and gestational high-fat diet affect fetal weight in 
combination with a dysregulation of the placental Wnt pathway. The Wnt pathway 
involves a number of proteins that can regulate the production of Wnt-signaling 
molecules, their interactions with receptors on target cells, and the physiological 
responses of target cells that result from the exposure of cells to the extracellular 
Wnt ligands. Selective deletion studies in placenta demonstrated the importance 
of Wnt components in placental development, including angiogenesis, vascular-
ization, cell adhesion, and differentiation. In our observation, Wnt pathway com-
ponents, including Axin2, Dkk1, Sfrp5, and Wnt3a genes, and nuclear β-catenin, 
are affected differently by gestational high-fat diet in obese animals. Our results 
indicate that obese and normal-weight pregnant animals have different responses 
to dietary modulation, and specifically to the switch between high-fat and balanced 
diets. The fact that birth weights of offspring of obese dams remained lighter than 
control regardless of maternal diet may suggest that for an obese animal, dietary 
modulations during gestation may not be enough to lead to an improvement in 
pregnancy outcomes.

Maternal Nutrition and Offspring Disease Risk: Many adult diseases have fetal 
origins, including obesity, diabetes, and cancers. Links between maternal nutrition, 
intrauterine environment of the fetus, and susceptibility to these adult diseases have 
attracted great attention. An unfavorable prenatal environment can trigger epigenetic 
changes that increase the risk of developing those diseases and reduce the chances 
of postnatal survival. Major epigenetic programming events take place during 
fetal development. This chapter describes investigations that target the relationship 
between maternal nutrition and offspring’s obesity, diabetes, and cancer risks.

10.4 MatERnal nutRition and obEsity

Obesity is among those adult diseases that have roots in the fetal programming and 
is studied extensively because of its prevalence in the modern world (Stocker et al. 
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2005; Fernandez-Twinn and Ozanne 2006). Maternal nutrition status is one of the 
most important causes of programming that influence the risk of obesity in later life. 
Both maternal undernutrition and overnutrition are linked to abnormalities of fetal 
growth and their postnatal obesity risk. The intrauterine environment for fetal growth 
can be altered by maternal calorie/protein restriction, high-fat feeding, iron intake, 
mother’s smoking status, and other maternal factors. Fetal response and adaptation 
to the altered intrauterine environment during the critical period of development 
may lead to long-term changes and prevalence of many chronic diseases in postnatal 
life including obesity (Table 10.3).

Maternal undernutrition during the pregnancy has been demonstrated to result in 
IUGR and low birth weight. Malnutrition of pregnant women is still an important 
public health problem in the world, especially in the developing countries. In order 
to adapt to the maternal undernutrition environment and increase the chance of post-
natal survival, the fetus responds with a number of strategies, such as changing its 
metabolic rate, altering the production of hormones, storing nutrients as fat, and 
redistribution of fetal blood flow to protect brain at the expenses of other tissues such 
as muscle. These factors lead to a slower fetal growth and low birth weight.

The term IUGR is often used and assigned to newborns with a birth weight and/or 
length below the 10th percentile for their gestational age and whose abdominal cir-
cumference is below the 2.5th percentile with pathologic restriction of fetal growth 
(Wollmann 1998). During recent years significant progress has been made in the 

tablE 10.3
Maternal nutrition and offspring’s Risk of obesity

subjects Maternal nutrition observations References

Human Malnutrition Low birth weight but gaining 
weight rapidly in childhood

Yajnik et al. 2003

Malnutrition in early 
stages of gestation

Increased obesity rate in young men 
and 50-year-old women

G. P. Ravelli et al. 1976
A. C. Ravelli et al. 1999

Overexposure to 
glucocorticoids

Reduction in body size but an 
increase in central distribution of 
fat

Gillman et al. 2006

Smoking during 
pregnancy

Low birth weight but elevated risk of 
obesity at age 33

Power and Jefferis 2002

Animal Calorie restriction Induce hyperphagic behavior and 
obesity of offspring

Vickers et al. 2005

Protein restriction Low birth weight but catch-up 
growth on obesity

Ozanne et al. 2004

High fat A marked obesity independent of 
postnatal nutrition

Howie et al. 2009

Malnutrition Leptin treatment of offspring 
reverses obesity risk resulting from 
relative fetal undernutrition

Vickers et al. 2005

Iron restriction Low birth weight Lewis et al. 2001
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understanding of IUGR-associated pathophysiology. Data have shown that IUGR is 
associated with a late-life increased prevalence of metabolic syndrome, like obesity. 
Large cohorts in epidemiological research programs have also studied IUGR phe-
nomena. For example, an Indian cohort study showed that babies who are thin and 
lack muscle at birth gain weight rapidly in childhood, leading to a disproportionately 
high fat mass in later life (Yajnik et al. 2003). It is also shown that timing of maternal 
nutrient restriction has a major influence on the outcome in terms of predisposing the 
offspring to adult obesity. In a Dutch Hunger Winter Study, maternal undernutrition 
in the first and second trimesters of pregnancy is associated with higher obesity rates 
in young men (G. P. Ravelli et al. 1976) and higher BMI and waist circumference in 
50-year-old women (A. C. Ravelli et al. 1999).

A “thrifty phenotype” hypothesis was proposed by Hales and Barker (1992) in 
order to link the fetal intrauterine environment to the susceptibility to chronic dis-
eases in later life. It is believed that adaptations associated with fetal malnutrition 
become detrimental to the health of the offspring if they experience a period of 
adequate or plentiful nutrition leading to postnatal obesity.

Maternal calorie restriction to 50% of ad-lib in the last week of pregnancy retards 
beta-cell development. Continued restriction of the mother during the lactation 
period results in a permanent reduction of beta-cell mass and impaired glucose tol-
erance in the offspring. Calorie restriction in the pregnancy period was also found 
to induce hyperphagic behavior and obesity of offspring (Vickers et al. 2000). IGF-I 
treatment of 6-month-old undernourished offspring was found to alleviate hyperin-
sulinemia and obesity. Leptin treatment of neonatal rats normalized caloric intake, 
body weight, fat mass, and insulin concentrations in later life.

The maternal LP model is one of the most extensively studied models. Ozanne 
and coworkers (2004) tested the “thrifty phenotype hypothesis” and investigated the 
effects of fetal programming and postnatal catch-up growth on obesity and longev-
ity. The offspring of LP-fed dams were switch to mothers receiving control diets for 
lactation. The body weights of those rats caught up and exceeded the weight of the 
control group by 7 days of age, and this pattern persisted in adulthood (Ozanne et 
al. 2004).

Impacts of Western-style diet, which contain a high percentage of saturated fats, 
on offspring risk have attracted the attention of researchers in developed countries. 
Animal studies have shown the adverse effects caused by high-fat feeding includ-
ing fetal insulin resistance, gender-specific hypertension, and increased adiposity. A 
marked obesity in male and female offspring of Virgin Wistar rats can be induced by 
maternal high-fat intake during the pregnancy. These phenomena are independent of 
postnatal nutrition (Howie et al. 2009).

Data from human studies comparing breast-fed and bottle-fed infants also suggest 
that the lactation period is a critical time window for determination of obesity risk 
in humans. Breast-fed babies are at reduced risk of obesity compared to those who 
were formula fed, as bottle-fed infants have higher total and protein caloric intake 
(Locke 2002). Higher circulating leptin levels in breast-fed infants may contribute 
to the subsequent reduced obesity risk. Breast milk is also rich in long-chain poly-
unsaturated fatty acids, which are thought to be protective against the development 
of obesity.
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Leptin plays a major role in the regulation of metabolism and neuroendocrine func-
tions. It increases energy expenditure and modulates appetite by inhibition of hypo-
thalamic arcuate nucleus neurons through the leptin receptor (Ashworth et al. 2000). 
Obese individuals have sustained elevated adipocyte-derived leptin levels, which may 
cause selective leptin resistance at the hypothalamic level. In rodents, leptin levels are 
very low at birth and then display a surge at the end of the second postnatal week. 
Injecting leptin into the offspring of undernourished mothers prevents hyperphagia and 
excessive body weight and fat mass gain of neonatal rat offspring (Vickers et al. 2005). 
In contrast, treating male offspring of normally nourished mothers caused an induced 
weight gain and increased total body adiposity (Vickers et al. 2008). Altering leptin 
levels during early postnatal key periods of hypothalamic development may induce 
long-lasting susceptibility to a postnatal obesity depending on the prenatal maternal 
nutrition status. In humans, fetuses in gestational age and known to be at risk of obesity 
in later life had lower levels of cord leptin (Ong 2006).

About 50% of pregnant women are iron deficient. The main causes of iron defi-
ciency are poor absorption of iron due to insufficient vitamin C levels and inadequate 
daily intake of iron or high menstrual blood loss. Maternal anemia has been shown to 
associate with low birth weight. The rodent maternal iron restriction model resulted 
in low-birth-weight offspring and programs hypertension and obesity through adult 
life (Lewis et al. 2001).

In humans, glucocorticoids are administered during pregnancy for the treatment 
of neonatal respiratory morbidity and maternal asthma. But overexposure of gluco-
corticoids results in the fetus with reduced birth weight and program responses that 
lead to later adult disease. Glucocorticoid is regulated by its receptor in the cell. An 
isoform of 11β-hydroxysteroid dehydrogenase,11β-HSD-2, inactivates corticosol by 
converting it to corticosterone. Dietary protein restriction attenuates 11β-HSD-2 in 
the placenta and may provide a mechanism relating the maternal nutrition to fetal 
programming (Lindsay et al. 1996). In an epidemiology study, it was found that 
overexposure to maternal glucocorticoids in humans is associated with reduced birth 
weight and an increase in central adiposity (Gillman et al. 2006).

In a British cohort study, C and Jefferis (2002) studied the insult effect of maternal 
smoking during pregnancy on fetal growth and the influence of obesity risk through 
childhood to age 33. It was found the infants of mothers who smoked in pregnancy 
have lower birth weight than infants of nonsmokers and had an increased risk of 
obesity from adolescence to age 33.

10.5 MatERnal nutRition and typE 2 diabEtEs

Diabetes influences more than 180 million people worldwide, and this number is 
most likely to double by 2030 (www.who.int/mediacentre/factsheets/fs312/en). Type 
2 diabetes, a major prevalent form of diabetes, is suggested to have its origin during 
fetal development. Maternal nutrition during all the stages of gestation and lactation 
plays an important role in the control of type 2 diabetes risk. Although type 1 dia-
betes has been suggested to also have its origins in the fetal period, most epidemio-
logical studies have confirmed the association between low birth weight and adult 
impairment of glucose metabolism and increased predisposition to type 2 diabetes 
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in adult life. It was also suggested that some physical parameters of the baby, such as 
abdominal circumference, body length, head circumference, low birth weight up to 
one year of age, and catch-up growth are associated with the development of type 2 
diabetes risk in later life. As we discussed regarding the relation of maternal nutrition 
with obesity, it is because maternal undernutrition causes the fetus to adapt through 
endocrine and metabolic changes that such adaptations result in insulin resistance 
and a predisposition of offspring to developing type 2 diabetes (Table 10.4).

Barker et al. (1993) were the first to associate the birth size to the later development 
of metabolic syndrome in adult life. Over 20,000 newborns between 1911 and 1930 

tablE 10.4
Maternal nutrition and offspring’s Risk of type 2 diabetes

subjects
Maternal 
nutrition observations or conclusions References

Human Low birth weight Smallest at birth (<2.5 kg) were more 
likely to have impaired glucose 
tolerance or type 2 diabetes

Barker et al. 1993

Low birth weight is associated with the 
increased risk for the onset of type 2 
diabetes

Harder et al. 2007

An increased ratio of placental weight to 
birth weight exhibited impaired glucose 
tolerance or type 2 diabetes in adult life

Godfrey and Barker 
2001

IUGR IUGR children have a specific 
impairment in insulin sensitivity

Hofman and Cutfeld 
2006

Obesity Big babies had the increased risk of 
developing type 2 diabetes

Hadden 2008

Animal Calorie restriction A defect in β-cell function, reduced 
insulin content in β-cell, 
hypoinsulinemia, hyperglycemia, and 
onset of type 2 diabetes in later life

Jimenez-Chillaron et al. 
2005

Protein restriction Adverse effect on pancreas development, 
β cell proliferation

Snoeck et al. 1990

A reduction in both GLUT4 and PKC 
zeta in muscle in males

Ozanne et al. 2005

Down-regulation of pdx-1 and IGF-II Arantes et al. 2002
Petrik et al. 1998

Up-regulation of PEPCK and down-
regulation of glycolytic glucokinase

Desai et al.
Rees et al. 2000

Down-regulation of p110β subunit of 
PI3-kinase

Ozanne et al. 2005

Lower methylation level in the promoter 
regions of PPAR and GR promoter and 
higher expression of these genes in F1 
and F2 generations

Burdge et al. 2007
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in a county were studied, and they demonstrated that men who were smallest at birth 
(<2.5 kg) were nearly seven times more likely to have impaired glucose tolerance or 
type 2 diabetes than those heaviest at birth (>4.3 kg). Hofman and Cutfield (2006) 
showed that short prepubertal IUGR children have a specific impairment in insulin 
sensitivity compared to their normal-birth-weight peers. A recent study conducted 
in Minnesota found that excess mortality for the adult-onset type 2 diabetes was 
concentrated in individuals who have abnormal birth weight. A recent meta-analysis 
conducted by Harder and coworkers (2007) involved a total of 132,280 people and 
concluded that low birth weight is associated with the increased risk for the onset 
of type 2 diabetes in later life. Another study conducted in Preston, UK, performed 
glucose tolerance tests on 226 men and women and found that an increased ratio of 
placental weight to birth weight exhibited impaired glucose tolerance or type 2 dia-
betes in adult life (Godfrey and Barker 2001).

Further evidence of the contribution of low birth weight to type 2 diabetes comes 
from some animal studies. Jimenez-Chillaron and coworkers (2005) performed a 
study to determine whether insulin resistance or insulin secretion dysfunction is 
associated with low birth weight and type 2 diabetes. In offspring of undernourished 
mothers, comparisons of offspring from mice fed with a control diet and offspring 
from mice fed with an undernourished diet (restricted to 50% of that of controls) 
were studied to explore whether undernutrition contributes to a defect in β-cell func-
tion resulting in abnormal glucose-stimulated insulin release and eventually in type 
2 diabetes. Insulin content of β-cells was reduced by 25% in mice of the undernour-
ished mothers, the cause of which was suggested to be that reduced nutrient deliv-
ery compromised insulin secretion. Others have also shown that nutrient restriction 
during pregnancy results in impaired glucose tolerance in low-birth-weight mice. A 
restriction in the maternal food intake by 50% during the last week of pregnancy led 
to the generation of IUGR pups with impaired β-cell development and a reduction in 
plasma glucose and insulin concentrations. Moreover, at approximately 8 months of 
age, the offspring demonstrated 40% decrease in pancreatic insulin content and an 
increase in nonfasting plasma glucose concentrations, which eventually led to fast-
ing hypoinsulinemia, hyperglycemia, and insulin-to-glucose ratio, all of which con-
tribute to the development of type 2 diabetes (Martin-Gronert and Ozanne 2005).

It is recommended that the mother increase her protein intake during pregnancy to 
provide the additional nitrogen source that is demanded by both the mother and the 
fetus because of an increase in protein metabolism due to the rapid growth demands 
of the fetus. In both early and late pregnancy periods, the amount of energy obtained 
from protein is positively associated with birth weight.

A great deal of evidence comes from the extensively studied LP animal models. 
Some mechanism insights of early growth restriction caused by insufficient pro-
tein were obtained from such a model. The model was established by Snoeck and 
coworkers (1990), where dams were fed a diet containing 8% protein throughout 
pregnancy and lactation and compared offspring to those of a control dam fed an 
isocaloric 20% protein diet. A low protein diet reflects the relevance to cultures, 
economies, and social-economic groups, where protein sources (meat, egg, etc.) 
are expensive. The effects on pregnancy outcome are therefore expected to have 
no effect on litter size. The model has firstly shown that protein restriction dams 
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deliver litters with lower birth weight. There were also adverse effects on pancreas 
development and β-cell proliferation. Insulin content was reduced and its secretion 
was impaired. Giving offspring control diet improved these adverse effects in a time-
dependent matter. After 6 weeks to 3 months, litters demonstrate improved glucose 
tolerance, but after 15 months they had an impaired glucose tolerance, and by 17 
months, frank diabetes with insulin resistance was observed in male low-protein off-
spring. Insulin-stimulated glucose uptake was reduced in both muscle and adipose 
tissue of 15-month-old males. The observation was accompanied by a reduction in 
both GLUT4 and PKC zeta in muscle (Ozanne et al. 2003). Female offspring demon-
strated only hyperglycemia and impaired glucose tolerance. Fernandez-Twinn et al. 
(2003) employed a maternal protein restriction rat model throughout gestation and 
lactation. Offspring were again born smaller than controls and developed diabetes, 
hyperinsulinemia, and tissue insulin resistance in adulthood.

In the mechanistic investigations, in pups delivered from LP-fed dams, expression 
of pancreatic duodenal homeobox-1 (pdx-1) and insulinlike growth factor II (IGF-II) 
in the islet cells were reduced (Arantes et al. 2002; Petrik et al. 1998). Pdx-1 is 
responsible for the regulation of a number of genes that are accountable for the proper 
development and maturation of the pancreas. IGF II functions in the prevention of 
apoptosis from development. When these two gene expressions were reduced, devel-
opment of the pancreas and production of insulin are compromised, thus contributing 
to an increased predisposition to adult-onset type 2 diabetes. In other animal studies, 
an increase in hepatic gluconeogenic phosphoenolpyruvate carboxykinase (PEPCK) 
activity (Desai et al. 1997b) and reduced glycolytic glucokinase levels (Desai et al. 
1997a; Rees et al. 2000) have been reported in response to a maternal low-protein 
diet. Of note is the decrease in glycolytic glucokinase activity seen in subjects 
diagnosed with type 2 diabetes (Vaxillaire and Froguel 2006). Overexpression of 
PEPCK has also been shown to cause the development of type 2 diabetes in mice 
(Franckhauser et al. 2006). Ozanne and coworkers (2005) reported that the offspring 
of LP diet-treated mothers had a reduction in epididymal adipocytes and an increase 
in basal and insulin-stimulated glucose uptake. However, both the muscle and adi-
pocyte insulin receptor expression in the restricted-protein offspring were similar to 
that of the control group, and the molecular alteration resulting in insulin resistance 
must occur downstream of the insulin receptor. In this regard, a reduction in the 
expression of the p110β subunit of phosphatidylinositol (PI3-kinase) and a reduction 
of the activity of insulin-stimulated protein kinase B were found in the adipocytes of 
IUGR animals at 3 and 15 months of age.

Accumulating evidence has shown that epigenetic regulation of transcription 
is a mechanism for inducing changes in phenotype of fetal programming and the 
increased risk of diabetes in adulthood. The reversible changes that occur as a result 
of heritable modifications without involvement of primary DNA sequence alterations 
are defined as epigenetic changes. Histone modification and DNA methylation are two 
main molecular events known to initiate and sustain such epigenetic modifications.

Our laboratory also investigated the impact of a maternal low-protein diet on the 
expression of glucose transporter 4 (GLUT4) in offspring skeletal muscle (Zheng and 
Pan, submitted). A maternal LP diet during pregnancy and/or lactation was reported 
as affecting postnatal growth, appetite, triglyceride and cholesterol concentrations, 
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as well as insulin resistance in male but not female offspring (Zambrano et al. 2006). 
However, the molecular mechanism underlying the sex-differentiated carbohydrate 
metabolism and insulin sensitivity is rarely explained. The major insulin-respon-
sive protein involved in glucose absorption is glucose transporter 4 (GLUT4). We 
observed sex-dependent GLUT4 mRNA expression and increased GLUT4 protein 
content in female pup skeletal muscle by maternal low protein. Analysis of tran-
scriptional and epigenetic regulation underlying increased skeletal muscle GLUT4 
expression in offspring rats also revealed the regulatory mechanisms. Increases in 
regulatory genes associated with carbohydrate metabolism, C/EBPβ and Nur77, were 
observed in female pups whose mothers were fed a low-protein diet. Modifications of 
chromatin structure, including acetylated histone 3, acetylated histone 4, and dim-
ethylated histone 3 at lysine 4, were detected at a significantly increased level at 
the GLUT4 promoter region in female pup muscle following maternal low-protein 
diet. Such modifications include increased levels of acetylated histone 3, acetylated 
histone 4, and di-methylated histone 3 at lysine 4 in female offspring rats. However, 
the restricted diet did not activate the amino acid response pathway or alter GLUT4 
expression through DNA methylation. These results demonstrated that maternal pro-
tein restriction during pregnancy induces GLUT4 expression in female offspring 
skeletal muscle but not in males, which may indicate sex-dependent adaptation of 
insulin sensitivity and of glucose metabolism to maternal-protein diet (Figure 10.1).

In another report, Burdge et al. (2007) investigated whether the altered methy-
lation of PPARγ and glucocorticoid receptor (GR) promoters are passed to the F2 
generation in response to a maternal low-protein diet. It was observed that hepatic 
PPARα and GR promoter methylation was significantly lower in the protein restric-
tion group in the F1 and F2 generations. There were also trends toward a higher 
expression of PPARγ, GR, acyl-CoA oxidase, and PEPCK in the F1 and F2 males, 
although this was significant only for PEPCK. These data showed that the altered 
methylation of gene promoters in the F1 generation by maternal protein restriction 
during pregnancy is transmitted to the F2 generation. This may represent a mecha-
nism for the transmission of induced phenotypes between generations. The potential 
to affect subsequent generations by maternal undernutrition during pregnancy has 
also been reflected in other studies. The Dutch famine study showed that the preg-
nant women who experienced undernourishment during the famine period consisting 
of 5 months of food deprivation in the winter of 1944–1945 gave birth to offspring 
that were of average or normal birth weight. Those offspring went on to give birth to 
offspring of low birth weight, which illustrated again that maternal undernutrition 
can affect more than one generation (Stein and Lumey 2000).

Maternal undernutrition can result in the overexposure of the fetus to glucocor-
ticoids. An animal model showed the adverse effects of overexposure to glucocor-
ticoids continue to further generations. Offspring overexposed to dexamethansone 
(glucocorticoid) during late pregnancy have low birth weight and developed glu-
cose intolerance and hypertension in adulthood (Seckl 2004). When these offspring 
gave birth to offspring of their own, their offspring also had low birth weights and 
impaired glucose intolerance, thus confirming that adverse events during pregnancy 
affect not only the first generation but also future generations. A recent study reveals 
that a low-protein diet during gestation had adverse effects on glucose, insulin, and 
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leptin metabolism, resulting in insulin resistance in adult F2 offspring (Lindsay et al. 
1996). Future prenatal and gestational nutritional recommendations may need to be 
formulated on the basis of region, culture, and risk assessment criteria.

Both clinical and experimental studies have shown that maternal obesity has 
been linked to the alteration in fetal development and increased risk of diabetes. 
Particularly, human studies have linked maternal diabetes with a higher incidence 
of type 2 diabetes in the offspring in adulthood (Hadden 2008). The concept of 
prediabetes has come to be recognized again with the worldwide epidemic of type 2 
diabetes. Maternal hyperglycemia has been related to fetal macrosomia in diabetic 
pregnancy. The recent large studies about the outcome of pregnancy in type 2 dia-
betic mothers in England, Wales, and Northern Ireland in 2002–2003 shows that 
there is still an increase in the numbers of both big babies and small babies born 
to these diabetic women in comparison with the national population data (babies 
≥4.5 kg: type 2 diabetes 5.1%, national population 1.7%) (Confidential Enquiry into 
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figuRE 10.1 Schematic presentation of the combinatorial progression of upstream regula-
tors and epigenetic modifications leading to the increased GLUT4 transcription in female 
offspring skeletal muscle by maternal low-protein diet.
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Maternal and Child Health Pregnancy in Women with Type 1 and Type 2 Diabetes 
in 2002–2003; England, Wales, and Northern Ireland).

In a small study of 99 babies with verified birth weight > 5 kg in 45 prediabetic 
women, 5 years prior to the diagnosis of diabetes, 36% of the mothers producing a 
big baby were obese, while none of the babies born to nonobese mothers weighed as 
much as 5 kg. A similar difference persisted at 1.5 years before the onset of diabetes 
but was reversed after the onset of diabetes, where non-obese mothers had a 28% 
prevalence of babies above 5 kg (Pedersen 1977).

Hypotheses exist to explain the relationship between intrauterine nutrition and 
risk of diabetes relevant to the big baby and the small baby. The Pedersen hypoth-
esis, simply stated, is that maternal hyperglycemia causes fetal hyperglycemia by 
direct transplacental passage. After the fetal islet cells become functional, this leads 
to excess fetal insulin secretion, which facilitates excess fetal growth, particularly 
the fat component. The alternative but not exclusive concept, known as the Barker 
hypothesis, is that maternal malnutrition associated with placental insufficiency will 
lead to impaired fetal growth and small babies, which are associated with neonatal 
insulin resistance and long-term epidemiological evidence of type 2 diabetes and 
hypertension. It is possible to consider these two ends of the nutritional background 
to type 2 diabetes in a single concept of transgenerational diabetes. The studies of 
David McCance and coworkers (1994) on the Pima Indians demonstrated in that 
population, where type 2 diabetes is very prevalent, that there was a “U-shaped” 
curve where type 2 diabetes at age 30–34 years was more common among those who 
had been less than 2.5 kg or more than 4.5 kg at birth.

10.5.1 rEcommEndations

To prevent obesity and reduce diabetes risk, one immediate measure would be to 
ensure adequate maternal nutrition throughout pregnancy and lactation; however, it 
is important that any dietary enhancement in the mother should promote lean and 
not fat mass. Smoking is the lifestyle choice that affects the unborn child. Stress and 
infection are also factors that are not easily controllable but have adverse effect for 
the fetus. Suitable therapeutic approaches must be applied to address these factors. 
On the other hand, the risk of obesity could be reduced by controlling postnatal 
nutrition. Encouragement to breast-feed should remain a high priority given the ben-
efits of immunity to certain diseases as well as protection against obesity.

10.6 MatERnal nutRition and cancERs

Cancers are age-related diseases caused by the interaction of genetic susceptibil-
ity and environmental factors (Uauy and Solomons 2005). In recent years, cancer 
prevention has attracted great attention. Avoiding exposure to some environmental 
factors, such as radiation, carcinogenic compounds, infectious agents, some dietary 
factors, and contaminants in food, water, and air, has been used to prevent can-
cers from occurring. However, the knowledge of cancer risk management is still 
very limited, especially in early-life intervention. More recently, approaches to iden-
tify early metabolic syndrome and its underlying genetic susceptibility have shown 
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promising prevention of cancers before any symptoms or laboratory indicators. For 
example, obesity has been recognized as a contributory risk factor for some types of 
cancers (Key et al. 2004). Relationships between maternal nutrition and obesity risk 
have been addressed in previous discussions. There is research evidence indicating 
that maternal nutrition should be considered as a factor to control postnatal cancer 
risk. The first human evidence came from a study of transient exposures to chemi-
cal substances during embryonic and fetal life on triggering cancer in offspring in 
1970 (Herbst et al. 1999). Herbst found seven women who were treated with dieth-
ylstilbestrol (DES) during the first trimester of pregnancy, and they have a clear-cell 
vaginal adenocarcinoma. Diethylstilbestrol was a drug that was believed to reduce 
the incidence of premature births and neonatal deaths. However, the Herbst study 
demonstrated that the diethylstilbestrol treatment in the pregnancy period has the 
potential adverse consequence of exposing the fetus to a toxic substance and may 
increase fetal susceptibility to cancer during such a rapid growth and differentiation 
period. Along this line, maternal intake of the synthetic estrogen during the preg-
nancy period increases multigenerational uterine cancer risk in female offspring, 
and this effect is demonstrated in animals as well (Giusti et al. 1995). Thus recently 
natural estrogens have been classified as known human carcinogens (Table 10.5).

10.6.1 brEast cancEr

The link between the breast cancer susceptibility and the fetal environment has 
attracted extensive attention recently (Hilakivi-Clarke and de Assis, 2006). Maternal 
exposure to dietary factors during pregnancy or lactation alters the risk of offspring 
in developing breast cancer. Some exposures induce epigenetic changes and cause 
gene expression alteration in the mammary gland development. However, evidence is 
still lacking to link the epigenetic changes in the fetal development to the increased 
vulnerability for malignant transformation in postnatal life. Thus clarifying the tar-
get genes in the epigenetic modifications and the underlying mechanism may lead to 
useful approaches to prevent breast cancer in women.

Recent epidemiological studies have indicated that women with either high birth 
weight (>4kg) or very low birth weight are at increased risk of breast cancer (Troisi 
et al. 2003). The effect is more apparent in women who developed premenopausal 
rather than postmenopausal breast cancer. For instance, in a British cohort of 2547 
girls followed from birth in 1946 to 1999, girls who were heavy at birth reached 
menarche earlier than others with similar growth in infancy. The findings suggested 
that women who grow faster in childhood and reach an adult height above the aver-
age for their menarche category are at a particularly increased risk of breast cancer 
(De Stavola et al. 2004). Elevated estrogenic environment is related to high birth 
weight in most studies except Asian women, who have a low risk of breast cancer but 
have significantly higher estrogen concentrations during pregnancy than Caucasian 
women (Shibata et al. 2002). This phenomenon might indicate that the increased 
risk of breast cancer in daughters caused by high concentration of estrogen during 
pregnancy could be potentially overridden by other factors during the pregnancy or 
postnatal life. On the other hand, a very low birth weight may also increase the risk 
of developing breast cancer (Ahlgren et al. 2003).
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In a rat model, exposing the mother to E2, the synthetic estrogen, during preg-
nancy increases carcinogen-induced mammary tumorigenesis in the offspring. 
Elevated maternal and/or cord-blood levels of estrogens, leptin, adiponectin, and 
IGF-1 might all increase the risk of a daughter developing breast cancer, but an 
increase in one of these does not necessary translate to an increase in later breast 
cancer risk. Rather, many alterations in utero could contribute to the later breast 
cancer risk modification.

At the cellular and molecular level, estrogen is known to act through two dis-
tinct pathways: (1) through intracellular signaling following activation of membrane 

tablE 10.5
Maternal nutrition and offspring’s Risk of cancer

subjects Maternal nutrition observations References

Human Diethylstilbestrol 
exposure in 
pregnancy

Vaginal adenocarcinoma in mothers 
and increased fetal susceptibility to 
develop uterine cancers

Herbst et al. 1999
Giusti et al. 1995

Elevated estrogenic 
environment

High birth weight and increased risk 
of breast cancer

De Stavola et al. 2004

Maternal intake of 
fruits, vegetables, and 
fish and seafood

Reduced risk of developing acute 
lymphoblastic leukemia in 
offspring

Petridou et al. 2005

Animal Exposure to synthetic 
estrogen

Increased carcinogen-induced 
mammary tumorigenesis in the 
offspring

Ottaviano et al. 1994

In utero overexposure 
of estrogen

Increased estrogen receptor α level 
in the offspring’s mammary gland 
and overexpression of estrogen-
regulated genes such as cyclin D1, 
pSrc, and pAkt and down-regulate 
a tumor suppressor gene 
Caveolin-1

Hilakivi-Clarke et al. 
2006

Rats with high birth weight have 
reduced mammary ERα and 
develop mammary tumors earlier 
than control rats

De Assis et al. 2006

High-fat diet Increased E2 level in utero 
environment and increased 
susceptibility of female offspring 
to develop carcinogen-induced 
mammary tumors as adults

Hilakivi-Clarke et al. 
1996

Genistein exposure Increased number of TEBs, which 
are targets for malignant 
transformation

Hilakivi-Clarke et al. 
2006

Soy intake Did not increase offspring’s risk of 
developing mammary tumors

Trock et al. 2006
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bound estrogen receptors and (2) through more classical genomic routes in which 
estrogen binds to nuclear estrogen receptors leading to transcriptional activation.

Estrogens function through binding to estrogen receptors, ERα and ERβ. These 
estrogen receptors are nuclear transcription factors that regulate gene expressions. 
Genes encoding ERs are targets of epigenetic modifications and can be silenced by 
hypermethylation (Ottaviano et al. 1994). In normal mammary epithelial cells, ERα 
is not located in the cells that proliferate, but close to them, whereas in breast tumors, 
proliferating cells frequently express ERα (Potten and Morris 1988). It was suggested 
that ERβ might negatively control cell proliferation and may have a protective role in 
the normal breast (Cheng et al. 2004). In utero exposure of increased estrogen could 
increase or reduce the concentration of ERα in offspring (Newbold et al. 2004), and 
correspondingly trigger the ER-mediated pathways, including cell proliferation and 
expression of estrogen-regulated genes. It has been shown that in-utero exposure to 
elevated E2 increases ERα levels in the offspring mammary gland and up-regulates 
estrogen-regulated genes such as cyclin D1, pSrc, and pAkt, and down-regulates a 
suppressor gene, Caveolin-1. It is known that the expression of Caveolin-1 inhibits 
phosphorylation deactivation of the oncogenes Src and ras and prosurvival factors 
such as Akt (Acconcia et al. 2005). Therefore it was suggested that elevated exposure 
to estrogen in utero would alter postnatal susceptibility to malignant transformation 
in breast tissue by altering the expression of ERα and ERα-mediated downstream 
gene expression.

On the other hand, low concentrations of ERα in the mammary gland are also 
associated with increased risk of breast cancer. For example, rats with high birth 
weight have reduced mammary ERα and develop mammary tumors earlier than con-
trol rats (de Assis et al. 2006). Maternal leptin intake during pregnancy reduces ERα 
in the mammary gland and increases mammary tumorigenesis in offspring.

Maternal diet and nutrition are important factors because during pregnancy they 
may modify pregnancy hormone levels, especially estrogen levels in utero, and 
affect the later risk of breast cancer of the offspring. A high-fat diet increases E2 
concentration during pregnancy. A high-fat diet, which is high in n-6 polyunsat-
urated fatty acids, also increases the susceptibility of female offspring to develop 
carcinogen-induced mammary tumors as adults (de Assis et al. 2006). It also shows 
mammary tumorigenesis in outbred mice and mice that overexpress the c-neu onco-
gene (Luijten et al. 2004). These phenomena may be caused by increased exposure 
of the fetus to estrogens because of a high-fat diet (Hilakivi-Clarke et al. 1996). 
The Ozanne group (Fernandez-Twinn et al. 2007) reported that compensatory mam-
mary growth in the offspring following protein restriction during both pregnancy 
and lactation increased the number of early mammary tumors. The increased inci-
dence of mammary tumors was accompanied by elevated expression of receptors 
to insulin, IGF-1, epidermal growth factor, and estrogen. This report became the 
first study on the effect of maternal low-protein diet on mammary cancer develop-
ment and provided an extremely relevant model for further study of such processes, 
and ultimately the development of potential interventions. Our laboratory employed 
two well-established models (Lillycrop et al. 2005; Fernandez-Twinn et al. 2007) to 
measure the effect of maternal protein restriction during pregnancy on the promoter 
chromatin status and expression of p16 (CDKN2A) in the mammary gland of the 
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offspring after weaning. The protein p16 (CDKN2A) is known to negatively control 
cell cycle and to retain pRb in a hypophosphorylated form in order to inhibit cellu-
lar growth (Voorhoeve and Agami, 2004). Down-regulated p16 (CDKN2A) expres-
sion has been related to aggressive cell growth, leading to many types of tumors in 
humans (Enders 2003). Our present study took advantage of the clinical features 
of the rat maternal low-protein model and addressed the mechanistic question by 
uncovering changes in epigenetic regulation related to p16 (CDKN2A). Our results 
show the histone modifications at the p16 (CDKN2A) promoter in the mammary 
gland of offspring rats. An 84.6% decrease in acetylated H4 and a 92.5% decrease of 
methylation at H3K4 were detected in the maternal LP pups, correlating to the 75.8% 
transcript repression. The data obtained from our analysis support that maternal low 
protein programs p16 (CDKN2A) gene expression in offspring mammary glands 
through histone modifications and transcriptional repression. A rapid compensatory 
mammary epithelial growth in LP offspring pups may occur after weaning with 
normal diet, which led us to hypothesize that maternal protein restriction resulted in 
the repression of some cell cycle regulators, including p16 (CDKN2A), which could 
contribute to increase the offspring’s breast cancer risk later in life.

Genistein, a phytochemical in soybeans, induces epigenetic changes and influ-
ences estrogenic activity by binding to estrogen receptors (Uauy and Solomons 
2005). Exposure in utero increases the number of TEBs, which are targets for malig-
nant transformation (Hilakivi-Clarke et al. 2001). In contrast, prepubertal exposure 
to genistein reduces later mammary tumorigenesis. Maternal soy intake did not 
increase offspring’s risk of developing mammary tumors, although the soy diet con-
tained high levels of genistein (Trock et al. 2006). The soy diet also increased preg-
nancy estrogen levels. These results indicate that soy must contain some additional 
components, which reverse the effects of genistein on offspring’s breast cancer risk 
when administered in utero.

10.6.2 otHEr cancErs

Maternal intake of the synthetic estrogen DES during pregnancy induces multi-
generational uterine cancer risk in daughters. Investigations reveal that persistent 
expression of the proto-oncogene c-fos (S. Li et al. 2003) and the lactoferrin gene, 
and permanent repression of Hoxa-10 and Hoxa-11 in the female uterine tract (Block 
et al. 2000), correlate with increased uterine cancers and structural defects in the 
reproductive system. In particular, the CpG sites in the promoters and other reg-
ulatory regions of the c-fos and lactoferrin genes are hypomethylated. However, 
promoter CpG methylation of Hox genes is not altered by DES exposure, which 
indicates histone modifications might be involved (S. Li et al. 2001).

Causes of developing acute lymphoblastic leukemia (ALL) have not been revealed. 
Some evidence indicates that intrauterine environments may play an important etio-
logic role. At first, leukemia clone-specific chromosomal translocations are present at 
birth in children who have later developed leukemia (Hjalgrim et al. 2002). Second, 
birth weight has been suggested to be associated with risk of ALL (Hjalgrim et al. 
2003). The relationship is particularly observed among children ages <5 years. But 
there are some null results being reported as well. Maternal diet and nutrition during 
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pregnancy should be important factors in controlling the risk of ALL if the relation-
ship between birth weight and ALL risk exists. A recent epidemiology study of ALL 
among children ages <5 years in Greece with a focus on maternal diet during the 
pregnancy indicates that the risk of ALL in the offspring was lower with increased 
maternal intake of fruits, vegetables, and fish and seafood. The risk of ALL is higher 
with increased maternal intake of sugars and syrups, and meat and meat products 
(Petridou et al. 2005).

10.6.3 rEcommEndations

Mothers should start pregnancy with a healthy weight for their height and avoid 
excessive or low weight gain during pregnancy. Key micronutrients such as folate, 
iron, copper, zinc, and vitamins are important for normal embryonic development 
and fetal growth. The present bigger-is-better model may increase cancer risk in later 
life. For women who are already overweight or obese, careful weight management 
in the prenatal period and a modest weight loss in the postpartum period can have 
important health benefits and can be undertaken safely for mother and infant.

10.7 suMMaRy and futuRE diREctions

Maternal nutrient supplementation or exposure to environmental agents may change 
metabolic processes and the accompanied alteration in epigenome, thereby predis-
posing offspring to the development of disease. However, the molecular mechanism 
remains relatively limited, which retards our further determining the physiological 
role of maternal nutrition in disease prevention. Experiments designed specifically 
to improve our understanding of the role of maternal dietary intake in nutritional 
signaling and regulation to placenta and fetus will provide novel insight into the 
key factors contributing to the current increasing offspring diseases. Using pathway-
specific analysis, one should be able to show that maternal diets are associated with 
gene expression changes not only to those nutrient transporters, but also to genes 
that may affect tissue functions broadly. New knowledge generated may ultimately 
enable the development of nutritional intervention to promote prenatal intrauterine 
nutritional regulation that would be beneficial to fetus development and reduce off-
spring diseases.
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11.1 MEtabolic syndRoME: dEfinition and pathogEnEsis

Metabolic syndrome, one the fastest-growing health problems worldwide, is charac-
terized by a cluster of metabolic abnormalities. Classically, it can be defined as a con-
dition pertaining to a combination of abdominal obesity, dyslipidemia, hypertension, 
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disturbances in glucose, and insulin metabolism (insulin resistance and glucose tol-
erance) that subsequently leads to type 2 diabetes (T2D) and/or cardiovascular dis-
ease (CVD). This syndrome is often synonymously referred as Syndrome X, the 
deadly quartet, and insulin resistance syndrome. Until 1998, it was called the insulin 
resistance syndrome, when the World Health Organization proposed a more unify-
ing definition for the syndrome and chose to call it metabolic syndrome.

Metabolic syndrome is a result of multifactorial aberrations, with visceral obesity 
being one of the major driving factors. Notably, visceral obesity is associated with 
many pathophysiological changes like increase in sympathetic nervous system activ-
ity, volume expansion due to sodium retention, and increased secretion of adipokines 
that in turn affects vasculature and metabolism (Bogaert and Linas 2009). Moreover, 
the proinflammatory state associated with obesity often appears to mediate the pro-
gression to T2D and CVD. Dyslipidemia is characterized by abnormalities in the 
lipoprotein levels, resulting from an elevated triglyceride, low density lipoprotein 
(LDL), and low high density lipoprotein (HDL) levels. These abnormalities result in 
an atherogenic state. Elevated blood pressure or hypertension frequently is associated 
with obesity and atherogenic state in elders. Though several nonmetabolic contribu-
tors are known, hypertension is considered a primary risk factor for metabolic syn-
drome. Insulin resistance strongly associates with other metabolic risk factors and 
correlates to incidence of CVD. This also is correlated to manifestation of glucose 
tolerance, which, when evolved into diabetes-level hyperglycemia, predisposes the 
individual to CVD. A proinflammatory state characterized by elevated C-reactive 
protein (CRP) levels is often contributed to by the adipokines released due to obe-
sity and is a common feature of individuals with metabolic syndrome. Similarly, in 
prothrombic state, fibrinogen, an acute-phase protein, is elevated, pointing out the 
possible metabolic connection between prothrombic and proinflammatory states.

11.2  MEtabolic syndRoME coMponEnts 
undERlying t2d and cvd

Overall, the risk for T2D in patients with the metabolic syndrome is 3- to 5-fold 
higher, and for new incidences of CVD the risk is 1.5- to 3-fold higher (Eckel et al. 
2005); however, follow-up studies in middle-age men and women suggest a much 
higher percentage of incidences of CVD and T2D (Rutter et al. 2005; Wilson et al. 
2005). The current section will elaborate on the individual components and their 
contribution to the disease manifestation (depicted in Figure 11.1).

11.2.1 insulin rEsistancE

Insulin resistance is best defined as a defect in insulin secretion and/or action that 
results in fasting hyperinsulinemia to maintain euglycemia. Circulating free fatty 
acids are one of the major reasons for development of insulin resistance. This is pri-
marily due to the antilipolytic activity of insulin by stimulation of lipoprotein lipases 
in adipocytes. However, when the fat accumulation in adipocytes increases, causing 
monocyte infiltration and release of proinflammatory cytokines, insulin sensitivity 
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is impaired, promoting lipolysis. This causes an elevated level of Acetyl coA that 
unfavorably modifies a number of downstream pathways including insulin signaling, 
insulin-dependent glucose transport and phosphorylation, insulin-stimulated glycogen 
synthesis, insulin-stimulated oxidative phosphorylation (ATP synthesis), accumula-
tion of triglycerides, expression of PPARγ coactivator-1 and PPARγ coactivator-1-con-
trolled genes involved in mitochondrial biogenesis and oxidative phosphorylation, and 
potentially the initiation of inflammatory processes by activation of protein kinase C 
and NF-kB, and expression of matrix metalloproteinases (Roden 2005).

Detailed studies of cellular and molecular basis of insulin resistance show a defect 
in mitochondrial oxidative phosphorylation in insulin-resistant subjects with obesity 
and/or T2D (Petersen et al. 2003, 2004; Barbato et al. 2004). Murine models have 
established that the endoplasmic reticulum X-box-binding protein-1 and hyperactiva-
tion of c-Jun N-terminal kinase increase serine phosphorylation of insulin receptor 
substrate-1 (IRS1) and insulin resistance (Ozcan et al. 2004). Mice lacking the fatty 
acid-binding proteins aP2 and mal1 exhibit a striking phenotype with strong protec-
tion from diet-induced obesity, insulin resistance, T2D, and fatty liver disease (Maeda 
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figuRE 11.1 The metabolic syndrome represents a summation of risk factors for ath-
erosclerotic CVD and type 2 diabetes. Insulin resistance appears to explain much of the 
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et al. 2005). Studies by Shuldiner and McLenithan (2004) demonstrate that PPARγ 
coactivator-1a and -1b mRNA levels decrease with age in individuals with a genetic 
variant in PPARγ coactivator-1a, and that these decreases correlate with alterations in 
whole-body glucose and fatty acid oxidation, linking changes in oxidative phosphorya-
tion to T2D. Oxidative stress has also been viewed as a cellular mechanism for insulin 
resistance. For example, the knockout of Neil 1, a purine pyrimidine base excision 
repair enzyme, promotes severe obesity, dyslipidemia, and hepatic steatosis with more 
modest hyperinsulinemia (Vartanian et al. 2006). Therefore these biochemical changes 
in insulin-mediated signaling pathways result in decreases in insulin-mediated glucose 
transport and metabolism in the metabolic syndrome as well.

11.2.2 glucosE intolErancE

The relationship between impaired fasting glucose or glucose intolerance and insulin 
resistance is well supported by human studies (Abdul-Ghani et al. 2006). Insulin 
resistance leads to glucose intolerance, both prediabetes (largely IGT) and type 2 
diabetes, if insulin secretion from pancreatic beta cells is insufficient to overcome 
the insulin resistance. Oxidative stress is a major contributor to the development 
of glucose intolerance. Underlying mechanisms include increased apoptosis due 
to decrease in the antiapoptotic protein Bcl-2, decreased insulin secretion due to 
decrease in the transcription factor PDX-1, and decreased glucose-stimulated insulin 
secretion due to increases in uncoupling protein-2 (Kawamori et al. 2003; Krauss 
1995). Interestingly, the tissue-specific autoregulation of insulin also plays a role in 
manifestation of glucose intolerance. This has been demonstrated in mice, where 
the deletion of insulin receptor in skeletal muscle does not result in hyperglycemia; 
however, the β-cell-specific knockout of the insulin receptor produces progressive 
glucose intolerance and diabetes (Kulkarni et al. 1999).

11.2.3 abdominal obEsity

The worldwide obesity epidemic has been one of the major contributors for the 
increasing incidence of metabolic syndrome. The increase in waist circumference 
has routinely been considered as an indicator for obesity that is a result of increased 
nonessential fatty acid (NEFA) flux and fat deposits. The impact of body fat dis-
tribution on insulin resistance and the metabolic syndrome have been evaluated in 
the mouse model where the overexpression of 11-hydroxysteroid dehydrogenase 1 
results in central obesity, hypertension, impaired glucose tolerance, hypertriacylg-
lyceroemia, and elevated intra-adipose corticosterone levels (Masuzaki et al. 2001). 
Conversely, mice that fail to express 11-hydroxysteroid dehydrogenase 1 are resis-
tant to the development of metabolic syndrome (Kotelevstev et al. 1997). More 
recent studies show that uncoupling protein 1 expression in epididymal fat improves 
glucose tolerance and decreases food intake in both diet-induced and genetically 
obese mouse models (Yamada et al. 2006). Moreover, in the case of lipoatrophy, 
it is well documented that insulin resistance and the metabolic syndrome typically 
coexist (Garg and Misra 2004). The genetic basis of the syndrome has been sup-
ported by studies demonstrating the role of single-gene defects in PPAR-l, lamin 
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A/C, 1-acylglycerol-3-phosphate, O-acyltransferase, Seipin, β-2 adrenergic receptor, 
and adiponectin (Hegele 2003; Dallongeville et al. 2003; Fumeron et al. 2004).

11.2.4 dyslipidEmia

In the case of insulin resistance, increased flux of NEFA to the liver increases hepatic 
triacylglycerol (TAG) synthesis, while under physiological conditions insulin inhibits 
the secretion of VLDL into the systemic circulation (Lewis and Steiner 1996). This 
two-prong effect of insulin can be attributed to the degradation of ApoB (Taghibiglou 
et al. 2002) along with increasing the transcription and enzymatic activity of many 
genes that relate to TAG biosynthesis (Foufelle and Ferré 2002). Recent evidence 
suggests that mutations in genes that affect LPL expression are associated with both 
dyslipidemia and insulin resistance (Hölzl et al. 2002; Ma et al. 2003; Goodarzi et al. 
2004). The levels of lipoproteinlipase (LPL) mass in preheparin plasma may also be a 
quantitative indicator of whole-body insulin resistance (Miyashita and Shirai 2005). 
Alterations in the HDL metabolism are another major change in dyslipidemia. The 
ability of HDL to inhibit or to enhance vascular inflammation, lipid oxidation, plaque 
growth, and thrombosis reflects changes in specific enzyme and protein components, 
e.g., increases in serum amyloid A, an acute-phase reactant and proinflammatory 
molecule (Kontush and Chapman 2006). This change in lipoprotein composition 
also results in an increased clearance of HDL from the circulation (Brinton et al. 
1991; Chan et al. 2006). The relationship between these changes in HDL and insulin 
resistance is indirect, occurring in concert with the changes in TAG-rich lipoprotein 
metabolism. In addition to HDL, LDL is also modified in composition in a similar 
way by depletion of nonesterified cholesterol, esterified cholesterol, and phospholipid 
with either no change or an increase in LDL-TAG (Halle et al. 1999; Kwiterovich 
2002). The small, dense LDL is more atherogenic because it is more likely to perme-
ate the basement endothelial membrane, adhere to arterial wall glycosaminoglycans, 
be susceptible to oxidation, and get bound to scavenger receptors on monocyte-
derived macrophages (Packard, 1996).

11.2.5 HypErtEnsion

The relationship between insulin resistance and hypertension is well established 
(Ferrannini et al. 1987), and the spontaneous-hypertensive rat is a widely studied 
model of hypertension that exhibits metabolic abnormalities that share features 
with the human metabolic syndrome. Insulin-resistant subjects lack the vasodila-
tory effect of insulin (Tooke and Hannemann 2000), and the vasoconstriction due 
to fat deposition may also contribute to this. Interestingly, a defective CD36 gene 
encoding a membrane fatty acid transporter results in hyperinsulinemia in the spon-
taneous-hypertensive rat because of uncoupling of glucose oxidation from its uptake 
and enhanced protein O-linked N-acetylglucosaminylation, suggesting increased 
glucose shunt through the hexose monophosphate pathway (Tanaka et al. 2007). In 
addition to mild hypertension and dyslipidemia, whole-body insulin-mediated body 
glucose uptake is reduced in CD36-deficient patients, indicating the presence of 
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insulin resistance. The frequency of CD36 deficiency is also higher in patients with 
CVD than in control subjects (Yamashita et al. 2007).

11.3 hERitability of MEtabolic syndRoME

Although the heritability of metabolic syndrome has not been estimated, individual 
components of the syndrome are known to be strongly inherited (Groop and Orho-
Melander 2001). For example, in the case of hypertension, estimates of heritability 
vary between 22% and 62% for systolic blood pressure and 38% and 63% for dia-
stolic BP. Similarly, family aggregation studies have shown that 45% of first-degree 
relatives of T2D patients are insulin resistant compared to only 20% of individuals 
without a family history (Groop et al. 1996).

The Lamarckian theory of “inheritance of acquired characters,” though lam-
pooned in the nineteenth and early twentieth centuries, has now been accepted as 
the origin of the concept of “epigenetics.” Waddington in 1942 introduced the term 
epigenetics to best explain the causal mechanisms by which genotype brings about 
the phenotypic effects. Nanney in 1958 further refined this term and described it as 
mechanisms of cellular heredity that were not based on template-replicating mecha-
nisms. Since then, epigenetics has come to refer causes of heritable differences that 
are not dependent on changes in DNA sequence.

In higher organisms, the interplay between finely tuned genetic and epigenetic 
programs by means of proliferation, differentiation, and apoptosis tailors the tissue 
and organ modalities. Like the genetic component, the epigenetic mechanisms can 
also arise in mature organisms by random changes or by the influence of environ-
ment. It has now been widely acknowledged that epigenetic code comprises several 
layers of complex yet coordinated codes like the DNA methylation, the histones, 
modifications, and various other coregulators. This in turn is dependent on the myr-
iad of chromatin remodelers that govern the accessibility of transcription factors to 
the specific regions in the genome, thereby activating or silencing genes either tran-
siently or permanently. This requires that the epigenetic marks be initially set up in 
an establishment phase that then subsequently gets transmitted from the mother to 
daughter cell and potentially from generation to generation (transgenerational inheri-
tance). Therefore these epigenetic marks serve as a memory bank to maintain the 
genome function for cell identity, viability, and proliferation after differentiation. 
From the aforementioned facts, it is quite fathomable that disturbances in the balance 
of epigenetic networks may lead to manifestation of diseases.

The first clue about the involvement of epigenetic changes in manifestation of 
human diseases came from the research by Feinberg and Vogelstein (1983), who 
showed that cancer cells exhibit an unusual pattern of DNA methylation. Since then 
a number of studies have documented correlation between aberrant DNA methyla-
tion and manifestation of cancer. However, the relevance of epigenetics to physio-
pathological mechanisms in common diseases such as metabolic syndrome was less 
clear. Although the individual system components of metabolic syndrome can be 
clustered, the underlying molecular and pathological mechanisms can be explained 
only by taking into account the interplay between environment and genetic determi-
nants. Recently, there has been an immense interest in this field, and data are now 
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available to support the hypothesis that individuals with metabolic syndrome have 
undergone aberrant “epigenetic programming” due to nutrition at postnatal/neonatal 
states or due to adult-life metabolic disturbances.

11.4 EpigEnEtics in MEtabolic syndRoME

Steep temporal trends in the incidence rates of metabolic syndrome across various 
populations suggest that these epidemiological associations are unlikely to have arisen 
exclusively through the pleiotropic effects of genes. Accordingly, the effects are now 
viewed as phenotypes established by the interaction between genes and the develop-
mental environment using the mechanisms of developmental plasticity. Developmental 
plasticity attempts to “tune” gene expression to produce a phenotype best suited to 
the predicted later environment (Godfrey et al. 2007). A match between the resulting 
phenotype and its environment ensures a healthy life. However, a mismatch might 
trigger an inappropriate response to environmental challenges, increasing the risk for 
disease manifestation. Thus the degree of the mismatch determines the degree of an 
individual’s susceptibility to chronic disease. The processes of phenotypic induction 
through developmental plasticity produce integrated changes in a range of organs via 
epigenetic processes. This was first established by Waddington (1952) in Drosophila 
melanogaster where he used heat shock to alter the wing vein pattern, which eventu-
ally led to a stable population exhibiting this phenotype even without the environ-
mental stimulus. This demonstrated a dynamic interaction between the genome and 
the environment during the plastic phase of development, producing effects that can 
be heritable. Though it is difficult to dissect the relative contribution of genetic, epi-
genetic, and environmental or behavioral factors in humans, a great deal of evidence 
suggests transgenerational nongenomic inheritance.

It is now quite conceivable that the epigenetic modifications establish a life course 
strategy for meeting the demands of the predicted later environment. This explains 
why an impaired early environment produces a range of effects causing alterations in 
cardiovascular and metabolic homeostasis, growth and body composition, cognitive 
and behavioral development, reproductive function, repair processes, and longevity. 
Some of these are associated with increased risk of cardiovascular and metabolic 
disease, “precocious” puberty, osteoporosis, and some forms of cancer (Gluckman 
et al. 2007, 2008). Understanding the underlying epigenetic processes thus holds the 
key to determining pathophysiology and to developing approaches for early diagno-
sis, prevention, and therapeutic intervention. What remains elusive, though, is the 
knowledge of the underlying mechanisms detailing the contributions from environ-
mental and genetic components and their interplay.

11.5  EpigEnEtic pRocEssEs undERlying 
MEtabolic syndRoME

The major epigenetic changes accomplishing gene regulation include DNA methy-
lation, histone tail modifications, chromatin remodeling, and RNA interference 
(depicted in Figure 11.2). In the following sections, specific cases of epigenetic 
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modifications of candidate genes and their ramification in the onset of various com-
ponents of metabolic syndrome shall be discussed.

11.5.1 typE 2 diabEtEs

Type 2 diabetes is typically characterized by a combination of peripheral insulin 
resistance, mostly accompanied by defects in insulin secretion that varies in severity. 
Moreover, the production of insulin appears to be governed by constraints imposed 
at the level of transcription of the gene encoding insulin (INS), by an intricate inter-
play between transcription factors. Intriguingly, the proximal promoter of INS is 
selectively hyperacetylated at histone H3 only in β−islet cells and is highly cor-
related with recruitment of the histone acetyltransferase p300 (Chakrabarti et al. 
2003). This indicates that epigenetic variables relating to the chromatin structure of 
INS might preclude transcription factor-mediated chromatin remodeling under unfa-
vorable conditions. The known mechanisms for disrupted insulin secretion in T2D 
include accumulated damage caused by hyperglycemia, hyperlipidemia, and oxida-
tive stress. In combination these directly affect DNA methylation pattern and histone 
organization, therefore tuning the expression of multiple genes like the glucocorti-
coid receptor (GR) and peroxisome proliferator-activated receptor gamma (PPARγ) 
(Simmons 2007). PPARγ coactivator 1 α (PGC-1 α encoded by PPARGC1A) is a 
well-established node in the pathogenesis of T2D and a master transcriptional coacti-
vator of mitochondrial genes (Scarpulla 2006). A reduced expression of this gene is 
related to impaired ATP production caused by a reduced oxidative phosphorylation. 
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The increased DNA methylation of the PPARGC1A promoter in diabetic islets 
has been demonstrated as a plausible mechanism for reduced PPARGC1A mRNA 
expression and insulin secretion in pancreatic islets of patients with T2D (Ling et al. 
2008). Similarly, the developmental regulator Pax2, which is associated with H3K4 
methyltransferase complex, has been shown to specifically transactivate glucagon 
promoter (Patel et al. 2007).

An additional layer of transcriptional control is provided by microRNAs (miRs). 
For instance, the pancreatic islet-specific miR-375 has been shown to inhibit insu-
lin secretion in mouse pancreatic β-cells by inhibiting the expression of the pro-
tein myotrophin (Poy et al. 2009). Also, levels of miR-192, which controls TGF-β 
induced extracellular matrix proteins collagen 1-α 1 and 2 expression levels, have 
been shown to be increased in glomeruli isolated from streptozotocin-injected dia-
betic mice as well as diabetic mice (db/db) when compared to nondiabetic mice, 

suggesting a potential role of miR-192 in kidney diseases associated with T2D (Kato 
et al. 2007). Recent studies indicate that miR-30d up-regulated by glucose increased 
insulin gene expression, while its inhibition abolished glucose-stimulated insulin 
gene transcription (Tang et al. 2009). miR-143 regulates genes that are crucial for 
adipocyte differentiation, including GLUT4, HSL, fatty acid-binding protein aP2, 
and PPAR-γ 2, demonstrating a role for miRNAs in fat metabolism and in endocrine 

function in humans (Esau et al. 2004).

11.5.2 HypErtEnsion

Although hypertension is recognized as one of the major contributing factors to cere-
brovascular and cardiovascular diseases, its pathogenesis is not completely under-
stood. Several studies suggest a significant role of the renin-angiotensin system (RAS) 
in hypertension pathogenesis. Studies by Bogdarina et al. (2007) show that the devel-
opment of hypertension in rat offspring was associated with increased expression of 
the AT1b angiotensin receptor (AT1b) and reduced methylation of its promoter in the 
adrenal gland. This provides a link between fetal insults to epigenetic modification of 
genes and the resultant alteration of gene expression in adult life leading to the devel-
opment of hypertension. Also, studies indicate that the Dot1a-Af9 pathway may also 
be involved in the control of genes implicated in renal fibrosis and hypertension by 
methylation at the Histone H3 Lysine 79 (W. Zhang et al. 2004). Recent studies also 
highlight the role of promoter methylation of 11 β-hydroxysteroid dehydrogenase 
2 (11β-HSD2), a major epigenetic modification of DNA, in regulation of HSD11B2 
expression, which classically induces hypertension (Friso et al. 2008).

11.5.3 obEsity

The protein product of FTO (fat mass and obesity associated) contains a 2-oxoglutarate 
oxygenase fold (2OG), and this enzyme has been found to be involved in diverse cellu-
lar processes, ranging from DNA repair to histone demethylation (Gerken et al. 2007). 
Interestingly, variants in the FTO gene are associated with increased body mass index in 
humans. The histone demethylase activity of this protein would therefore present an inter-
esting study if there is an actual causal relationship between obesity and epigenetics.
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11.5.4 cardiovascular disEasEs

The essential role of a histone acetyltransferase (HAT) protein in cardiac muscle was 
first proven by deletion of the coactivator p300, which perturbed heart development and 
cell proliferation (Gusterson et al. 2003). Class II histone deacetylases (HDACs) can act 
as signal-responsive repressors of cardiac hypertrophy, inhibiting gene expression that is 
dependent on myocyte enhancer factor-2 (C. L. Zhang et al. 2002). In addition, overex-
pression of the transcriptional corepressor homeodomain-only protein (Hop) causes car-
diac hypertrophy by the recruitment of a class I HDAC. Also, different HDACs can act, 
in some contexts, as repressors of cardiac hypertrophy by inhibiting the gene expression 
of prohypertrophic genes, while in other contexts they effectively contribute to cardiac 
hypertrophy by inhibiting the expression of growth-suppressing antihypertrophic tran-
scriptional pathways (e.g., recruitment by HOP that inhibits transcriptional activity of 
serum response factor) (Hammamori and Schneider 2003; Kook et al. 2003).

The stability and expression of the cardiac troponin gene associated with cardiac 
contractility function (and disease) is affected by cytosine methylation (D’Cruz et al. 
2000). Recently, it has also been demonstrated that the expression of genes known 
to be essential in maintaining homeostatic cardiac physiology can be modulated by 
targeted DNA methylation; e.g., the KVLQT1 gene involved in cardiac membrane 
transport is subject to regulation by DNA methylation, which alters its expression 
(Smilinich et al. 1999; Cerrato et al. 2002).

11.6  diEt as an EpigEnEtic ModulatoR 
in MEtabolic pRocEssEs

The past decade has seen a series of seminal studies, notably by Hales and Barker, whose 
studies on “fetal programming” led to the “thrifty phenotype” hypothesis, proposing 
an early initiation of these common traits that laid the foundation for the epigenetic 
basis for metabolic syndrome (1992). According to the thrifty phenotype hypothesis, 
poor fetal and infant growth resulting from poor nutrition in early life, in part due to 
maternal malnourishment, produces permanent changes in insulin secretion by pan-
creatic β-cells, and hence glucose metabolism. These changes, when combined with 
the effects of obesity, aging, and physical inactivity, strongly predispose to T2D and 
metabolic syndrome. Several studies have reiterated these findings in different popula-
tions and ethnic groups, laying the foundation for what is popularly known as “devel-
opmental origins of health and disease” (Figure 11.3). A thorough introspection of the 
thrifty phenotype hypothesis carried out by several groups worldwide demonstrated 
that diet is a critical modulator of epigenetic programming in metabolic syndrome.

Several recent studies demonstrate the effect of diet and dietary components at 
the molecular level on both DNA methylation and posttranslational modifications of 
histones. This is exerted at the levels of methyl donors such as folate, choline, and 
methionine. Alcohol and zinc are the other factors that influence the CpG methyla-
tion by influencing the availability of S-adenosyl methionine (SAM), essential for 
DNA methyltransferase activity (Ross 2003; Davis and Uthus 2004; Pogribny et al. 
2006). It is postulated that diet may also exert influence on the response to bioactive 
compounds in food (Niitsu et al. 2001). For example, dietary methyl supplement 
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deficiency led to hepatocarcinogenesis even in the absence of an external carcinogen, 
and this can be reversed by refeeding of methyl-sufficient diet in early weeks of the 
disease onset in rat model (Poirier 1994). Thus epigenetic regulation by diet appears 
to be critical for regulation of cellular proliferation.

Studies by Dashwood et al. (2006) suggested that butyrate, diallyl sulfide, and 
sulforapane, some of the essential components of a normal diet, can lead to con-
formational changes in the histone deacetylase pocket, leading to its inactivation. 
Moreover, acute methyl deficiency has also been shown to be involved in histone 
3 lysine 9 and histone 4 lysine 20 trimethylation by affecting the Suv 4, Suv 39 
methyltransferases (Schotta et al. 2006). The role of biotin has also now been estab-
lished in regulating the chromatin modifications, causing an epigenetic reprogram-
ming (Hassan and Zempleni 2006). In the case of some chronic noncommunicable 
diseases, certain histone modifications have been identified as markers along with 
the increased of proinflammatory genes. For example, decreased H3 methylation 
associated with transcriptional repression has been proposed to underlie the sus-
tained proinflammatory phenotype of vascular smooth muscles seen in diabetic ani-
mals even after control of glycemia (Villeneuve et al. 2008). Similarly, transient 
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figuRE 11.3 The epigenetic reprogramming at the fetal stage is mainly attributed to the 
nutritional status of the mother. The maternal nutrition can modulate the fetal epigenetic 
programming mediated by specific dietary components, which play a role during a specific 
window period. Once born, the child is subjected to environmental cues to be fine-tuned 
by the external system. If such a fine-tuning fails to occur, the individual is subjected to 
a mismatched environment that increases the incidence of risk factors contributing to the 
metabolic syndrome.
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hyperglycemia causes changes in histone 3 methylation in vascular endothelial cells, 
causing changes in proatherogenic genes (El-Osta et al. 2008). Moreover, a single 
nucleotide polymorphism in the promoter of respiratory chain component gene 
NDUFB6 introduces a CpG site, the methylation of which negatively correlates with 
gene expression and insulin sensitivity (Ling et al. 2007).

Noncoding RNAs have also been shown to be affected by methyl deficiency 
(Datta et al. 2008). In the case of methyl deficiency-induced hepatocarcinogenesis, 
some of the microRNA genes were up-regulated while some were down-regulated 
when compared with normal tissue in mouse. Interestingly, miR 122, a liver-specific 
microRNA, was down-regulated in hepatocellular carcinoma in both rodent and 
human tissues (Kutay et al. 2006). Similarly, miR 155 has been shown to have a 
role in early hepatocarcinogensis (B. Wang et al. 2009). The subsequent effects of 
RNA-mediated transcriptional or posttranscriptional gene silencing by dietary com-
ponents and its role in metabolic diseases is yet to be investigated.

11.7  diEtaRy coMponEnts influEncing 
EpigEnEtic Modifications

Methyl donors have been the most well-characterized factors in diet that affect epige-
netic mechanisms (Mariman 2007). For example, SAM is an important component 
of folic acid metabolism, and low intake by the mother during pregnancy may alter 
the activity and status of genes that may in later life contribute to risk for diet-
related disorders. Apart from methylation of DNA, other histone modifications like 
acetylation/deacetylation, phosphorylation, and methylation are also influenced by 
dietary components (Yang and Sauve 2006). Histone acetylation has been associated 
with gene activation and deacetylation with gene silencing. The specific family of 
acetyltransferases/deacetylases are involved in this histone tail-modifying activity. 
Therefore inhibition or activation of any of these enzymes by bioactive components 
in the food could change the epigenetic programming in the cell. Calorie restriction 
studies in many organisms have been shown to influence metabolic changes such 
as decreasing blood glucose, insulin, glycogen, fat, and body weight, and improv-
ing insulin sensitivity. In this regard the gene that has been found to be overex-
pressed during calorie restriction in yeast is the silent information regulator (Sir2), 
a class III histone deacetlyase dependent on NAD+ for its enzymatic activity. In 
humans, the most well-studied class III histone deacetylase is SIRT1. This enzyme 
acetylates not only histones but also other transcription factors like p53, FOXO, and 
NFκB. Interestingly, NAD levels determine the deacetylase activity, providing a link 
between the activity of glycolysis and TCA cycle as sensors of food availability and 
chromatin remodeling with altered gene expression (Meijer and Codogno 2008).

11.8  nutRiEnts and nutRiEnt sEnsoRs 
in gEnE REgulation

Though environment and genes have an absolute impact on the risk, a general dis-
ease risk is the result of their interaction. An important finding supporting this aspect 
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is that nutrients can act as signaling molecules for gene regulation (Van Sluijters 
et al. 2000; Müller and Kersten 2003). These nutrients are recognized by the cel-
lular sensor systems that influence gene and protein expression and subsequently 
metabolite production. These “dietary signatures” of nutrients/nutrient regimes 
can affect specific cells and tissues and regulate the homeostasis of the organism 
(Corthésy-Theulaz et al. 2005). Similar to normal gene regulation, transcription 
factors are the major players in regulating the nutrient-mediated gene expression 
(Afman and Muller 2006). The nuclear hormone receptors and superfamily mem-
bers are the prime nutrient sensors, which bind to nutrients and metabolites. Some 
of these include retinoic acid receptor (RAR), retinoic X receptor (RXR), liver X 
receptor (LXR), oxysterols, bile salts (farnesoid X receptor), estrogen receptor, and 
carbohydrate-responsive element binding protein (ChREBP) (Glass 1994). Nuclear 
receptors bind to specific target sequences in promoter regions of a number of genes, 
and when bound by respective ligands undergo conformational changes that result 
in a coordinated recruitment or dissociation of corepressor and coactivators, thereby 
affecting the transcription machinery (Bocher et al. 2002). In metabolically active 
organs, these factors act as nutrient sensors and affect the rate of gene transcription 
in response to change in the nutrient influx.

For instance, the nuclear hormone receptor FXR mediates the response to 
high bile acids by activating the expression of genes involved in lipid metabolism 
like PPARα, apolipoprotein E, and APOC11. This inhibits further synthesis of 
bile acids and facilitates the export of bile acids from the cell. Similarly, PPARα 
acts as nutrient sensors for fatty acids and is important during food deprivation 
and starvation. These fatty acids bind to PPARα, which then activates a cascade 
of genes involved in ketogenesis, amino acid metabolism, cellular proliferation, 
and acute phase response (Jeter et al. 1975). This is an elegant pathway in which 
the initial signal that originates from adipocytes acts through a receptor whose 
expression is up-regulated by fatty acids during fasting and affects the metabo-
lism in liver.

Several studies detail the relation between the nutrient availability and the chro-
matin compaction. Macronuclear chromatin normally condenses upon starvation, 
coincident with decreased global gene expression and cellular metabolic activity. 
These events require linker histone H1 for the regulation of specific genes and an 
HP1-like protein (Shen et al. 1995; Parker et al. 2007).

Studies by Moraes et al. (1995) also show that in adult mice, starvation increased 
the chromatin-packing states, especially in areas of noncondensed chromatin, and 
induced drastic decreases in concanavalin. This reactivity results due to nuclear 
matrix glycoproteins and the frequency of nuclei with chromatin extensibility under 
gravity. Changes in the liver cell nuclei associated with starvation and refeeding of 
adult mice involved chromatin supraorganization, hepatocyte proliferation (refeed-
ing), and the loss, regain, and redistribution of nuclear proteins, especially nuclear 
matrix components, related to chromatin organization and extensibility. These 
changes are suggested as favoring the silencing and reactivation of transcriptional 
activities, depending on the organism’s nutritional state. Moreover, the chromatin 
from the livers of rats fed with varying nutritional diets—i.e., a high-carbohydrate, 
fat-free diet (diet 1) or a low-carbohydrate, protein-free diet (diet 2)—revealed an 
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increase in ratios of RNA:DNA and nonhistone:DNA, relative to control ratios. The 
nonhistone:DNA ratios in liver of rats fed diet 1 or diet 2 were 2.4-fold and 3.5-fold, 
respectively, larger than control ratios (Castro and Sevall 1982). Rozovski (1984) and 
others have demonstrated that during the first 3 weeks of malnutrition in adult male 
rats, there is an increase in RNA polymerase activity and increased incorporation of 
orotic acid into nuclear RNA. Further refeeding of proteins to animals deprived of 
all essential amino acids led to an increase of Pol I activity and an increase in the 
nucleolar material in the nucleus.

11.9  EpigEnEtic REpRogRaMMing by nutRiEnts 
duRing diffEREnt phasEs

The epigenetic programming by nutrients is critical during early life development. 
The Dutch Hunger Winter (1944–1945), during which there was a lack of food sup-
ply that led to severe malnutrition in northern Holland, serves as a classic model for 
this proposal. Detailed studies by Roseboom et al. (2006) suggest that the first tri-
mester could be the most critical period that decides the risk for later-life metabolic 
syndrome. This could be because of the lack of certain nutrients or metabolites that 
alters the expression activity of particular genes to a level during the critical devel-
opmental period that is fixed and remains so throughout life (de Rooij et al. 2007). 
It could also be explained on the basis of the thrifty phenotype hypothesis where the 
nutritional stress in the prenatal state changes its metabolism to a thrifty phenotype 
by resetting the activity of certain genes; the individual will be able to survive better 
under those conditions. But if in the postnatal state food is readily available, then 
those with thrifty phenotype will catch up with normalcy during childhood and early 
adulthood (catch-up growth); but in later life, this may lead to disease. For instance, 
low birth weight is reported as a risk condition for later-life obesity (Monteiro and 
Victora 2005).

Changes in methylation patterns during early embryo and development have 
been extensively studied. For instance, apolipoproteins encoded by the gene cluster 
APOA1-C3-A4 at a given stage in development show dynamic changes in methyla-
tion pattern during the entire phase of development, which can lead to synchronous 
locking of transcription (Shemer et al. 1991). Similarly, the hormone leptin, which 
regulates the electrophysiological modulation of orexigenic neurons and anorexigenic 
neurons, has a tropic effect on some of the neurons in hypothalamus in response to 
nutrients intake that affects their plasticity. However, this effect of leptin is exerted 
only during a narrow window period of neonatal period, after which it is involved 
in regulation of food intake in adults (Melzner et al. 2002). Therefore failure of lep-
tin intake (from breast milk) during that particular period may have long-standing 
consequences due to incorrect epigenetic remodeling of chromatin. At the chromatin 
level, a loss of DNA methylation and H3K9me1/2, replaced by increased levels of 
H3K27me3, characterizes the reprogramming events occurring in primordial germ 
cells (Seki et al. 2005). At the differentiated oocyte stage, prophase I displays a high 
level of acetylation at histones H3 and H4, whereas the level dramatically drops at 
metaphase I, and a complete deacetylation affecting H3K14, H4K12, H4K8, H4K16, 
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and H4K5 occurs later at metaphase II (Akiyama et al. 2006; Adenot et al. 1997). 
The global histone deacetylation during the progression of meiosis may be required 
for an appropriate recruitment of heterochromatin proteins, and consumption of 
deacetylase inhibitors in diet during these phases may affect the development of the 
fetus (Delage and Dashwood 2008).

Animal models have been extensively used to evaluate the effect of dietary 
restriction during gestation and development of adult disease. In murine model, the 
offspring of rat fed with a low-protein diet during pregnancy have increased sus-
ceptibility to diabetes, insulin resistance, and hypertension when fed with a high-fat 
diet, promoting obesity (Galler and Tonkiss 1991). In fact, changes in methionine 
metabolism result in increased homocysteine production, which lead to an increased 
endogenous methylation of DNA in liver alone but not in kidney or heart tissue (Rees 
et al. 2006). The epigenetic reprogramming in one-carbon metabolism pathways 
and increased methyl donor supply are suggested to be the causative mechanisms 
for this increased methylation, which in turn silence the growth-promoting genes 
during an influential growth period (Waterland and Garza 1999). Similarly, a low-
protein maternal diet has been shown to affect the promoter methylation status of 
glucocorticoid receptor and PPAR genes in the liver of offspring. However, when 
this diet was supplemented with folic acid, these changes could be prevented, sug-
gesting that a one-carbon metabolism defect was involved. That the hypomethylation 
effect also persisted after weaning when the maternal effect ceased to exist demon-
strates the influence of maternal diet in persistent changes to the phenotype of the 
offspring (Lillycrop et al. 2007). Early-life exposure to glucocorticoid receptor has a 
role in hypertension, and PPAR activity is associated with induction of dyslipidemia. 
Further, increase in PPAR activity may promote a program of lipid-induced activa-
tion of genes regulating fatty acid uptake, β-oxidation, fatty acid transport into per-
oxisomes, and β-oxidation of unsaturated fatty acids. Studies by Anway et al. (2006) 
demonstrated that developmental exposure to fungicide vinclozolin affects male rat 
fertility, which is transmitted through four generations without further exposure to 
the chemical. Moreover, the adult offspring of dams fed with vinclozolin during 
pregnancy exhibited a significant increase in the abnormalities of prostate, kidneys, 
testes, and immune system. These effects at similar proportions were seen also in 
F2-F4 generation, by inheritance through the male germline (Nilsson et al. 2008).

Studies in the agouti model of mice showed that dietary methylation in utero can 
have profound effects on the phenotype of offspring by inducing changes in DNA 
methylation. In these studies, a retotransposon with a cryptic promoter normally 
silenced was inserted close to the gene-encoding agouti gene, enabling a tissue-spe-
cific and regulated agouti expression. Hypomethylation of this site leads to constitutive 
expression of agouti gene, leading to yellow coat color, obesity, and other symptoms for 
metabolic syndrome. Dietary supplementation with folic acid, betaine, zinc, and vita-
min B12 in maternal diet lead to a change in the coat color from yellow to normal agouti 
coat, which is associated with lower risks of obesity, cancer, diabetes, and a prolonged 
life compared with yellow mice. This was associated with the hypomethylation of long 
terminal repeats of 5ʹ agouti gene in yellow mice compared to the degree of hyperm-
ethylation of this site in normal/brown mice. Another study found that the changes 
in the pup hair or pigmentation are directly associated with the supplementation of 
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methyl groups in the mother’s diet (Wolff et al. 1998). Studies by Dolinoy et al. (2006) 
demonstrated that the ingestion of genistein, a major phytoestrogen in soy, protected 
the offspring against obesity in adulthood, which suggests that dietary supplementation 
is also involved in methylation-dependent susceptibility to disease. One example by 
which dietary exposure may affect genomic imprinting involves imprinted gene insulin 
like growth factor-2 (IGF2). The maternally inherited allele is normally silenced, and 
the phenotype is exclusively affected by the paternal allele. The loss of heterozygosity 
at IGF2 locus has been implicated in biallelic expression of this mitogenic growth fac-
tor in human adults as well as in various cancers and Beckwith-Weiderman syndrome 
(phenotypic and metabolic abnormalities). Though the reason for loss of imprinting in 
mice is yet unclear, mice weaned on synthetic or methyl donor cofactor-deficient diet 
displayed hypomethylation of IGF2, and this persisted during a subsequent 100-day 
recuperation period even after mice were switched to the control diet (Waterland et 
al. 2006). These tantalizing findings suggest that early nutrition may influence adult 
obesity, diabetes, CVD, and cancers.

11.9.1 gEndEr-dEpEndEnt nutri-EpigEnomE inHEritancE

Several lines of evidence indicate that changes in the epigenome can be established 
during prenatal life by a variety of environmental factors affecting the mother (nutri-
tion, stress, xenibiotics, nursing behavior) and to some extent the father. There have 
also been instances when epigenetic influence is stronger than the environmental 
influence as is the case with the “parent of origin effect,” a strong indicator for epi-
genetic involvement. This is especially seen in multiple case of families with multi-
factorial disorders like spina bifida and anencephaly where the second patient from 
the index is more often found among the maternal relatives (Mariman and Hamel 
1992; Chatkupt et al. 1992). This might be because of the risk factors carried as 
an imprint of the transmitting parent. Genomic imprinting in which gene activity 
depends on the sex of the parent of origin has been demonstrated for several cases 
like the Prader-Willi syndrome (where the gene in maternal chromosome is inac-
tive while the paternal one is active), type 1 diabetes, and other autosomal diseases 
(Mascari et al. 1992; Bennett et al. 1996). Apart from the transgenerational phe-
nomena explained by the fetal and parent-of-origin effects, grandparental effect has 
also been established. Longevity was associated with the food availability to the 
paternal grandfather during his slow growth period before the prepubertal growth 
peak. Moreover, the food supply to the paternal grandparent had an effect only on 
the risk of grandson, and the paternal grandmother’s food supply was linked with 
the mortality risk of her granddaughter (Bygren et al. 2001; Kaati et al. 2007). For 
example, patterns of smoking, diet, and exercise can affect risk across more than 
one generation by several mechanisms (Brook et al. 1999). Records from Overkalix 
in northern Sweden for individuals born in 1890, 1905, and 1920 have shown that 
diabetes mortality increased in men if the paternal grandfather was exposed to 
abundant nutrition during his prepubertal growth period, an effect later extended 
to paternal grandmother/granddaughter pairs and transmitted in a gender-specific 
fashion. Intriguingly, the nutrition-related circumstances of social environment have 
transgenerational effects in diabetes- and cardiovascular-related mortality down the 
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male line (Kaati et al. 2002). Nutrition seems to have an effect on the regulation in 
developing oocytes, and there might be an involvement of X and Y chromosomes. 
The complex sex-specific male line transgenerational responses to environmental 
cues like nutrition are more complex in humans and resemble Lamarckism (Pembrey 
et al. 2006). Under this perspective, the epigenome can also be described as the 
“cellular memory” of nutritional exposure of the parents and/or even grandparents 
(Figure 11.4). The precise mechanisms by which this information (posed by environ-
mentally induced methylation/genomic imprinting) survives the reprogramming and 
is transmitted is yet to be unraveled.

11.10 nutRiEnts in EpigEnEtic thERapy

The preceding sections obviate the effect of alteration in epigenetic program in 
manifestation of disease. Intuitively, correcting these epigenetic defects may provide 
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figuRE 11.4 External factors affecting the onset of metabolic syndrome include the mater-
nal malnutrition that leads to epigenetic reprogramming and maternal stress. These then 
jointly with an individual’s predisposition to the disease, namely transgenerational inheri-
tance (from grandparents), and genetic predisposition contribute to an altered metabolism and 
growth resulting in phenotypic plasticity where the individual is unable to match to the envi-
ronmental cues. This results in various components contributing to metabolic syndrome.
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an attractive alternative to ameliorate the effects of deleterious genes. The fact that 
epigenetic marks can be readily reversed and nutrition can have influence on these 
generates an interesting possibility that these epigenetic processes can be influenced 
by diet.

This is supported by the observation that several drugs are able to modify the 
activity of enzymes like methyltransferases and histone deacetylases (Allen 2007). 
Currently, some of them are under clinical and preclinical trials for cancer therapy 
(solid tumors) and hematological malignancies. As mentioned earlier, treatment with 
folic acid alleviates neural tube defects by removing the epigenetic block. A pop-
ulation-based study has revealed that up to 65% occurrence of neural tube defects 
and 50% recurrence can be prevented by periconceptional folic acid supplementa-
tion (Van der Put 1996). The effectiveness of folic acid has also been demonstrated 
in activation of PPARα and glucocorticoid receptor in liver of offspring even in a 
protein-restricted maternal diet (Lillycrop et al. 2008). Both type 1 and 2 diabetes 
have been identified as pathological factors resulting from modulation of methyl 
metabolism in rat models (Williams and Schalinske 2007). The metabolic distur-
bances in diabetic state lead to dysregulation of hepatic methyl group methylation, 
characterized by elevation in glycine-N-methylase expression and activity leading to 
hypomethylation. Therefore interventions in these processes by supplementation of 
methyl group donors would be an effective therapy.

Inhibiting the activity of DNMT has been shown to have effects on cellular differ-
entiation (Vogiatzi et al. 2007). The key polyphenol in green tea called epigallocate-
chin-3-gallate has been shown to have a strong DNMT inhibitory activity. Similarly, 
a bioactive component from Artemisia dracunculus L. has been identified as a prom-
ising candidate for development of a nutritional supplement for diabetes owing to its 
strong hypoglycemic activity. Data are also suggestive of this flavanoid being effec-
tive in increasing the molecular events of insulin action in skeletal muscle, thereby 
improving carbohydrate metabolism (Z. Q. Wang et al. 2008). This is thought to be 
brought about by the down-regulation of DNMT 1 and 3B activity while up-regu-
lating the NANOG expression. Similarly, the fruit extracts of Ligustrum lucidum 
have been reported to have antidiabetic, anticancer, antioxidant, and neuroprotective 
activities (Li et al. 1994). This is attributed to the up-regulation of glycine-N-methyl-
transferase gene activity by NZ-01, a bioactive component of the fruit. A list of some 
bioactive components in natural diet with their enzyme-modifying activity is shown 
in Table 11.1. Taken together, it is evident that the modulators of epigenetic patterns 
are found in nutrients/bioactive components in diet and may be relevant to modulate/
maintain the epigenome for maintaining the homeostasis.

11.11 futuRE diREctions

The possibility of intervening and correcting the epigenetic processes that precipitate 
metabolic syndrome and its symptoms has generated a lot of interest and speculation 
in the field of nutritional (epi)genomics. Figure 11.4 shows a schematic depiction of 
the molecular events through the life span of an individual affected by nutrition. 
Novel techniques to unravel the information about “epigenome” would enhance our 
understanding of the relation between food availability and diet and their role on 
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gene expression and phenotype in later life or even for future generations. Further 
such studies will provide knowledge for the use of specific nutrients or diets to treat 
nutrition-related disorders with epigenetics as part of their etiology. However, several 
important issues need to be addressed before use of these nutrient-derived com-
pounds as inhibitors/activators of epigenetic machinery:

 1. As to specificity of the treatment, will the nutrients/bioactive components 
be safe and not affect the nontarget cells?

 2. Since these treatments will not be exclusively restricted to fetal origin, will 
they be relevant in maintaining good health throughout the life span?

 3. What is the best way to design effective means of delivery to targets?
 4. Considering that the epigenome is more flexible than the genome per se, 

will it be possible to optimize nutritional interventions in a personalized 
manner by a detailed study of nutrient-induced epigenetic changes?
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12 Nutrition and the 
Emerging Epigenetic 
Paradigm
Lessons from 
Neurobehavioral Disorders

Axel Schumacher

Schizophrenia (SCZ) (MIM 181500) and bipolar disorder (BD) (MIM 125480) are 
etiologically related psychiatric disorders, collectively termed “major psychosis,” 
a disorder that affects approximately 2% of the population (Craddock et al. 2006; 
Mill et al. 2008). SCZ is primarily characterized by abnormal perceptions of real-
ity, social apathy, disorganized thought, delusions, or hallucinations and is usually 
accompanied in varying degrees by other emotional, behavioral, or intellectual dis-
turbances. BD, also known as manic depressive disorder or bipolar affective dis-
order, is an illness that characteristically involves alternating periods of elevated 
mood, called manic episodes, and depression. SCZ is often classified as a “thought” 
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disorder, while BD is sometimes classified as a “mood” disorder. Nevertheless, there 
is increasing evidence of substantial overlap between the two, indicating that these 
diseases may share a common etiology (Craddock et al. 2006; Owen et al. 2007). For 
example, extreme manic episodes in BD can sometimes lead to psychotic symptoms, 
such as delusions and hallucinations, that are also present in SCZ, thereby chal-
lenging the validity of the dichotomous classification of these disorders (Mill and 
Petronis 2009).

Although numerous genetic linkage and association studies have been conducted 
in order to explain the heritable predisposition to major psychosis, these studies suf-
fer from small effect sizes, and the resulting data are quite often inconsistent. In 
addition to the immense complexity of major psychosis, the slow progress in under-
standing the molecular origins of major psychosis could be due to limitations in clas-
sical hypotheses concerning the origin of complex disorders as well as in traditional 
research strategies, which are primarily focused on DNA sequence variation (e.g., 
mutations, single-nucleotide polymorphisms) and the exposure to environmental risk 
factors during critical periods of brain development (Tandon et al. 2008). However, 
DNA sequence variation and environment-based mechanisms do not fully explain 
many of the epidemiological, clinical, and molecular peculiarities associated with 
these disorders. As a result, a new interpretation of the classical paradigm of “genes 
plus environment” emerged in recent years, whereby the emphasis has been shifted 
to epigenetic dysregulation as a major etiopathogenic factor (Petronis 2004; Petronis 
et al. 2003; Schumacher and Petronis 2006).

12.1 EpigEnEtics and coMplEx disoRdERs

Epigenetics refers to regulation of various genomic functions that are brought about 
by heritable but reversible changes in DNA modification (particularly methylation 
of cytosines) and chromatin organization, i.e., histone modifications such as acety-
lation, methylation, and phosphorylation, among others. Growing epidemiological 
and experimental evidence supports a role for epigenetic dysfunction in SCZ and 
BD. Indeed, consistent with the epigenetic theory of major psychosis (Schumacher 
and Petronis 2006), a number of loci were found to be epigenetically altered in the 
brain of SCZ and BD patients relative to unaffected controls (Mill et al. 2008). 
Abnormal epigenetic patterns in the human brain could be caused by a chain of 
aberrant epigenetic events that begins with a pre-epimutation, a primary epigenetic 
problem that takes place during the maturation of the germline (Mill and Petronis 
2009; Flanagan et al. 2006; Schumacher and Petronis 2006). Generally, the epi-
genetic status of genes and genomes is far more dynamic in comparison to the 
DNA sequence and can be changed under the influence of developmental programs 
and the internal and external environment of the organism (Cooney et al. 2002; 
Sutherland and Costa 2003; Waterland and Jirtle 2003; Weaver et al. 2004). Many of 
the environmental risk factors that have been consistently proposed to interact with 
genetic factors in major psychosis exert their influence in very early developmental 
stages, particularly in prenatal stages. The most significant risk factors during the 
prenatal period have been reported to be paternal age, hypoxia, nutritional defi-
ciency, impaired homocysteine metabolism, maternal infection, and maternal stress 
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(reviewed in Rutten and Mill 2009). Other environmental risk factors that become 
increasingly important during childhood and early adolescence include chronic 
stress/victimization, urban environment, migration, and drug abuse. However, the 
mechanism by which environmental factors act upon the epigenetic machinery 
in the human brain and ultimately give rise to psychosis-related phenotypes and 
pathology remains poorly understood.

Of all of these environmental risk factors, epigenetic changes induced by diet have 
been of particular interest. Diet is one of the most important environmental factors 
that humans are exposed to during their lifetime, and it is able to modulate epigenetic 
blueprints in various cell types, thereby affecting critical patterns of gene expression. 
For example, intake of folic acid and other nutrients affects both the global methyla-
tion level in the genome and the regulation of imprinted genes (Ingrosso et al. 2003; 
Wolff et al. 1998). In this way, dietary lifestyle choices affect physiologic and patho-
logic processes in our body. It can be speculated that a certain nutrient deficiency 
or overexposure may induce an abnormality in the epigenetic condition that may in 
turn induce psychotic symptoms, and conversely a proper nutritional intervention 
program may reverse abnormal epigenetic patterns. In this chapter, we summarize 
current evidence on how nutrition may affect epigenetic processes in SCZ and BD, 
and review the emerging epigenetic paradigm that has led to the reinterpretation of a 
series of clinical and molecular findings in major psychosis.

12.1.1 EpigEnEtic mEcHanisms

Change in the composition and higher-order structure of chromatin with age is a 
major causative mechanism for the deterioration of cellular and tissue functions. The 
major components of chromatin are DNA and histones, although numerous other 
chromosomal proteins also have important functions. The smallest unit of chroma-
tin is the nucleosome, consisting of a histone octamer core that contains two copies 
of histones H2A, H2B, H3, and H4, wrapped by a 147 base pair DNA segment in 
a superhelical turn. To lock the DNA in place, the linker histone H1 binds to the 
nucleosome at the entry and exit sites of the DNA, therefore allowing the forma-
tion of higher-order chromatin structures. Long N-terminal tails protrude from the 
nucleosome at histones H3 and H4, and several locations on these tails can undergo 
a number of covalent posttranslational modifications, such as acetylation, methy-
lation, sumoylation, phosphorylation, ubiquitination, ribosylation, biotinylation, 
deamination (citrullination), proline isomerisation, and the lesser known carbonyla-
tion (Kouzarides 2007; Sharma et al. 2006). Different combinations of modifications 
are thought to constitute a histone code, which directs the binding of transcription 
factors to the DNA and changes the chromatin structure on a genomewide scale. 
A 2005 study examining different age categories in a large cohort of monozygotic 
(MZ) twins found major differences in DNA methylation and histone modifications, 
signifying that there is a significant epigenetic drift between siblings during aging 
(Fraga et al. 2005). At the time, these changes were associated with phenotypic dis-
cordance, which was attributed to an unshared environment, although several of the 
observed epigenetic changes could also be the result of stochastic or other influences, 
rather than environmental effects. Overall, it appears that histone modifications 
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drastically change during aging and frequently occur in concert with changes in 
DNA methylation.

12.1.2 dna mEtHylation

Not much is known about histone modifications in complex neurobehavioral dis-
orders, partly due to the instability of histone modification patterns in postmortem 
brain samples. In contrast, DNA methylation patterns remain relatively stable in post-
mortem tissues and therefore provide a better target to study epigenetic mechanisms 
in complex disorders such as major psychosis. DNA methylation is a universal phe-
nomenon observed in bacteria, plants, and animals. In mammals, DNA methylation 
usually refers to methylation at the 5-position of cytosine bases (mC; Figure 12.1), and 
nearly all CpG dinucleotides are symmetrically methylated. Recently, 5-hydroxym-
ethylcytosine (hmC) was discovered to be an additional DNA modification in humans 
(Kriaucionis and Heintz 2009; Loenarz and Schofield 2009; Tahiliani et al. 2009). 
5-hydroxymethylcytosine is a stable base that is formed through conversion of mC by 
the oxygenase TET1 (Figure12.1). It seems that hmC is overrepresented in regulatory 
regions and is highly tissue specific. For example, hmC was identified as significant 
component of human embryonic stem (ES) cells (Tahiliani et al. 2009) as well as 
Purkinje cells in the brain (Kriaucionis and Heintz 2009), where it represents around 
40% of the abundance of mC, but it was not detected in dendritic cells or T cells. 
Expression patterns in Purkinje cells of SCZ patients were reported to be abnormal 
(Bernstein et al. 2001); however, since hmC is only a recent discovery, no information 
exists on the molecular, cellular, and physiological roles of the hmC modification 
and it is unknown if this DNA modification plays an essential role in brain regula-
tory processes.
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figuRE 12.1 DNA methylation in humans. DNA methyltransferases catalyze the transfer 
of a methyl group (-CH3) from S-adenosylmethionine (SAM) to the five-carbon position of 
cytosine. In humans, the resulting methylcytosine can be oxygenized to 5-hydroxymethylcy-
tosine. It is possible that further modifications at the cytosine 5-position occur, either to enable 
active demethylation of cytosine or to reverse the function of cytosine methylation by modu-
lating the affinity of proteins that bind to the methylated CpG dinucleotides (Kriaucionis and 
Heintz 2009; Loenarz and Schofield 2009). This concept is supported by the discovery that 
the methyl-CpG binding protein (MeCP2) has a lower affinity toward sequences containing 
5-hydroxymethylcytosine (Valinluck et al., Nucleic Acids Res. 32(14) 4100−8, 2004).
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DNA methylation is mediated by a family of conserved DNA methyltransferases 
(Dnmts). Maintenance methylation, which is necessary after each round of DNA 
replication, is carried out by Dnmt1, the most abundant DNA methyltransferase in 
mammalian cells (Bestor et al. 1988). Accurate transmission of epigenetic infor-
mation to the next cellular generation critically depends on the degree of specific-
ity of Dnmt1 for hemimethylated DNA. In contrast, DNMT3a and DNMT3b are 
responsible for de novo DNA methylation reactions of unmethylated DNA. DNA 
methylation is associated with the silencing of gene expression. Consequently, DNA 
methyltransferases are able to influence numerous biological processes by modulat-
ing gene repression in a heritable manner, allowing DNA methylation to act as a form 
of information or cellular memory.

12.2 EpigEnEtic altERation in MajoR psychosis

Although the idea of epigenetic dysregulation in major psychosis is not new, so far 
only a limited number of studies have empirically investigated the role of epigenetic 
factors in major psychotic disorders. The majority of studies examine global changes 
in methylation or opt for a relatively more biased approach of selecting candidate 
genes in the vicinity of which methylation differences are assessed. In a study by 
Kuratomi et al. (2008), differences in DNA methylation were observed in the lym-
phoblastoid cells of healthy and bipolar monozygotic twins discordant for the dis-
order. Particularly, two regions upstream of the spermine synthase (SMS) gene and 
the peptidylprolyl isomerase E-like gene (PPIEL) showed aberrant DNA methylation 
status in BD patients. While DNA methylation at the SMS locus was not corre-
lated with expression of the SMS gene, a strong inverse correlation between expres-
sion of the PPIEL gene and DNA methylation was observed. In contrast, Bromberg 
and colleagues (2009) did not find any methylation differences in leukocytes of BD 
patients compared to age-matched controls. Similarly, the same group did not find 
any changes in leukocyte global DNA methylation in SCZ patients, although a corre-
lation between leukocyte methylation levels and the smoking habits of the probands 
was observed (Bromberg et al. 2008). In another study that controlled for effects 
of sex, a tendency of global hypomethylation of peripheral leukocyte DNA was 
observed in male SCZ patients but not females (Shimabukuro et al. 2007).

DNA methylation patterns were also investigated in the 5ʹ-regulatory region of 
the dopamine D2 receptor gene (DRD2) in lymphocytes of two pairs of monozygotic 
twins (MZ), one concordant and one discordant for SCZ. Numerous DNA methyla-
tion differences were identified in the analyzed regions of DRD2, both within and 
between the pairs of MZ twins (Petronis et al. 2003). “Epigenetic distances” between 
MZ twins were calculated and used for the comparison of twin DRD2 methylation 
profiles. It was detected that the affected twin from the pair discordant for SCZ was 
epigenetically “closer” to the affected concordant twins than to his unaffected MZ 
cotwin. This result suggested that even between genetically identical individuals the 
expression and function of the genome is not equivalent. Such phenotypic discor-
dance between MZ twins is often attributed to nonshared environmental factors. 
However, the empirical evidence for such an influential environmental contribution 
to major psychosis is still lacking, and no specific environmental risk factor has 
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been conclusively linked to etiology (Schumacher and Petronis 2006; Rutten and 
Mill 2009). DRD2 seems to be, generally, up-regulated in peripheral blood lym-
phocytes of SCZ patients. Yet no statistically significant differences in frequency of 
site-specific cytosine methylation in DRD2 were found between patients and normal 
controls (Zhang et al. 2007). Furthermore, DRD2 methylation patterns did not show 
any significant association between sex, age on admission, or age at onset of SCZ, 
indicating that the methylation status of DRD2 has no significant role in the etiology 
of SCZ. This would suggest that the observed methylation difference in the MZ twin 
pair is not directly linked with SCZ. However, an alternative explanation would be 
that the epigenetic and phenotypic discordance between MZ twins is related to the 
partial instability of epigenetic signals that change progressively during life (Petronis 
et al. 2003; Schumacher and Petronis 2006; Rutten and Mill 2009). Indeed, one 
study demonstrated that although twins are fairly indistinguishable on an epigenetic 
level during the early years of life, older MZ twins exhibit remarkable differences 
in their overall content and genomic distribution of DNA methylation and histone 
acetylation, consequently affecting their gene-expression portrait and highlighting 
the dynamic nature of epigenetic processes (Fraga et al. 2005). MZ twin methyla-
tion differences in non-disease-related tissues, such as buccal swabs, have previously 
been reported at CpG sites located at several genes associated with major psychosis, 
including the catechol-O-methyltransferase (COMT) gene (Mill et al. 2006).

Aberrant epigenetic patterns are most likely to be found in disease-related tissues, 
e.g., the parietal lobe or prefrontal cortex in major psychosis. Early studies on brain 
samples reported DNA methylation differences associated with SCZ in the vicinity 
of both the COMT gene (Abdolmaleky et al. 2006) and the reelin gene (RELN) 
(Abdolmaleky et al. 2005; Grayson et al. 2005), which control processes of neuronal 
migration and positioning in the developing brain (reviewed in Connor and Akbarian 
2008). Unfortunately, these findings were not confirmed by other groups using more 
sophisticated methylation-profiling methods (Dempster et al. 2006; Murphy et al. 
2005; Tamura et al. 2007; Tochigi et al. 2008; Mill et al. 2008; Schumacher et al. 
2006). Another study found that a CpG island in the sex-determining region Y-box 
containing gene 10 (SOX10), an oligodendrocyte-specific transcription factor, tended 
to be highly methylated in brains of patients with SCZ, correlating with a reduced 
expression of SOX10 (Iwamoto et al. 2005). One interesting and very thorough study 
by Mill and coworkers (2008) utilized 105 frontal cortex brain tissue samples from 
SCZ and BD patients. Following enrichment of the unmethylated fraction of genomic 
DNA, samples were hybridized on high-density CpG island microarrays to identify 
DNA methylation changes associated with SCZ and BD. This study found evidence 
for psychosis-associated DNA methylation differences in numerous loci, including 
several genes that have been functionally linked to disease etiology such as dysbin-
din, which is known to confer a genetic risk for psychosis. Consistent with increasing 
evidence for altered glutamatergic and GABAergic neurotransmission in the patho-
genesis of major psychosis (Coyle 2004), the Mill et al. study identified epigenetic 
changes at a number of loci associated with both these neurotransmitter pathways. 
Glutamate is the most abundant fast excitatory neurotransmitter in the mammalian 
nervous system and has a critical role in synaptic plasticity. Dysfunction of gluta-
matergic neurotransmission may play a significant role in the pathophysiology of 
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major psychosis. Indeed, a number of studies have revealed alterations in pre- and 
postsynaptic markers for glutamatergic neurons in several brain regions in SCZ and 
BD (Harrison and Weinberger 2005; Millan 2005). The major subtype of glutamate 
receptors are the N-methyl-D-aspartate (NMDA) receptors, whose function is con-
sidered critical for the proper expression of numerous complex behaviors, such as 
associative learning, working memory, behavioral flexibility, and attention, many of 
which are impaired in psychosis (Coyle 2006). In the last decades, basic and clinical 
evidence has been accumulating to support the idea that abnormal NMDA receptor 
functions elicit many aspects of molecular, cellular, and behavioral abnormalities 
associated with SCZ.

Intriguingly, the Mill et al. (2008) study demonstrated that the methylome in the 
brain and other tissues possesses a highly modular network structure, indicating 
that the human epigenome can be split into distinct groups of correlated loci, which 
potentially correspond to distinct functional pathways and/or physical regions. A 
network comprises distinct clusters of elements, termed “modules,” which are highly 
connected within themselves but have fewer connections with the rest of the net-
work (Newman 2006; Mill et al. 2008). Importantly, even though DNA methylation 
in both affected and unaffected groups was clearly modular, the number of inter-
connections between specific genomic regions was clearly higher in the psychosis 
group compared to the unaffected control group, demonstrating more between-mod-
ule interference in both brain and germline DNA of patients with major psychosis 
(Figure 12.2). Given that modules within such biological networks are likely to have 

Healthy Controls Bipolar Disorder

figuRE 12.2 (Please see color insert following page 80.) Decreased germline epigenetic 
modularity in major psychosis. Partial-correlation network analysis of microarray data illus-
trating significant connections between nodes, demonstrating strong hierarchical modularity 
for male healthy controls and BD samples. (Data from Mill, J. et al., Am J Hum Genet, 141B, 
4, 421–5, 2008). Although modularity is apparent in both sample groups, it is significantly 
lower in the BD group, resulting in increased between-module interference, reflected by the 
higher number of interconnections between specific genomic regions in the psychosis group. 
A similar pattern of modularity was seen in the comparison of methylation between brain 
SCZ samples and unaffected controls.
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specific functional tasks separate from those of other modules, the lower degree of 
methylation modularity observed in the major psychosis samples indicates a certain 
level of systemic epigenetic dysfunction associated with major psychosis.

Another potentially important epigenetic phenomenon in major psychosis is 
skewed X chromosome inactivation. MZ female twin pairs are sometimes discordant 
for monogenic X-linked disorders because of differential X inactivation. Hence it 
was postulated that similar mechanisms may also occur in disorders with more com-
plex inheritance patterns, including major psychosis. Examination of X chromosome 
inactivation patterns in DNA samples from blood and/or buccal swabs in a series 
of 63 female MZ twin pairs concordant or discordant for BD or SCZ and healthy 
MZ controls suggested that X-linked loci may contribute to discordance within twin 
pairs for BD (Rosa et al. 2008). Discordant female BD twins showed greater differ-
ences in the methylation of the maternal and paternal X alleles than concordant twin 
pairs. This suggests that differential skewing of X chromosome inactivation may 
contribute to the discordance observed for BD in female MZ twin pairs.

Although significant differences in methylation were observed in major psycho-
sis, the absolute methylation differences between psychosis and control samples were 
relatively small in most studies. Nevertheless, because of its enormous complexity, the 
human brain is likely to be susceptible to even mild epigenetic changes, which may 
lead to a wide variety of small morphological and functional changes in major psycho-
sis. Overall, DNA methylation changes in major psychosis appear to be more subtle 
compared to those observed in other complex disorders such as cancer. One of the cen-
tral obstacles hampering progress in the field of epigenetics related to neurobehavioral 
disease is the inherent heterogeneity of brain cells. To date, most methylation studies 
in the brain have utilized DNA extracted from pooled cell lysates, without taking into 
account the multiple different cell types such as neurons, astrocytes, and satellite cells, 
among others, which are known to possess unique methylation patterns. Moreover, 
specific subpopulations of cells within distinct brain regions are thought to be affected 
in psychotic disorders, such as parvalbumin-immunoreactive neurons, oligodendro-
cytes, and astrocytes (reviewed in Connor and Akbarian 2008). However, standard 
population measurement techniques merely describe average behavior and are insuf-
ficient to investigate variability among cells (Le et al. 2005). Epigenetic analyses tra-
ditionally probe cell ensembles, thereby completely averaging the relevant individual 
cell responses, such as differences in cell proliferation, lack of synchrony of cells in 
a culture, responses to external stimuli, disease onset, or stochastic events (Sims and 
Allbritton 2007). As a consequence, it is presently impossible to understand whether 
a small increase in methylation determined in the ensemble of cells results from a 
small, homogeneous increase across all cells or a large increase in a subset of cells. It is 
likely that differences in the cellular composition of the analyzed brain tissue samples 
account for some of the controversial results observed in the aforementioned studies. In 
cancer studies, methylation patterns in CpG islands that are important in gene regula-
tion could be different from cell to cell even in a single tumor tissue. Indeed, cancer 
cells with distinct epigenetic profiles display distinct phenotypic behavior and drug 
response (Cluzel et al. 2000; Wilkinson 2005).

In contrast to DNA methylation, histone modifications are far less stable in post-
mortem brain; hence it is significantly more difficult to derive accurate measurements 
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from such samples. Nevertheless, using postmortem prefrontal cortex samples, one 
study reported decreased GAD1 expression and H3K4-trimethylation (H3K4me3), a 
type of histone modification linked to transcriptional mechanisms and RNA poly-
merase II activity, predominantly in female SCZ patients (Huang et al. 2007). Altered 
expression of GAD1, a key enzyme for GABA synthesis that is regulated by neuronal 
activity, has been implicated in prefrontal dysfunction in major psychosis. The same 
study demonstrated that SCZ subjects biallelic for GAD1 haplotypes previously asso-
ciated with major psychosis were affected by a deficit in prefrontal GAD1 mRNA, 
in conjunction with a shift from open (H3K4me3) toward repressive (H3K27me3) 
chromatin-associated histone methylation. Additional support for the proposal that 
epigenetic factors are operative in the pathophysiology of SCZ came from a study 
that measured the histone deacetylase 1 expression in the prefrontal cortex of SCZ 
patients (Sharma et al. 2008). The authors reported that HDAC1 expression levels 
were significantly higher in SCZ versus normal subjects and that the mRNA expres-
sion level of one of the SCZ candidate genes, GAD67, was strongly and negatively 
correlated with the expression levels of HDAC1, HDAC3, and HDAC4.

Previously, it has been suggested that major psychosis may result from a primary 
epigenetic defect (preepimutation) occurring already in the germline and in addition 
to further changes to an individual’s chromatin state as a result of hormones, sto-
chastic factors, and various environmental influences such as diet or overall lifestyle 
(Schumacher and Petronis 2006; Petronis 2004). If this hypothesis is correct, one 
would expect to observe epigenetic modification also in tissues that are not primar-
ily associated with the disease. Using lymphocytes from 19 healthy controls and 25 
patients with SCZ, Gavin and coworkers (2009) examined mean baseline levels of 
dimethylated lysine 9 of histone 3 (H3K9me2), a histone modification that likely rep-
resents a repressive mark and is associated with a decreased probability and intensity 
of genomewide promoter activity. Gavin et al. found that SCZ patients had signif-
icantly higher basal levels of H3K9me2 compared to healthy controls. Moreover, 
there was a significant negative correlation between age at onset of illness and levels 
of H3K9me2. A restrictive chromatin state has been thought to be operant in the 
pathophysiology of SCZ. Accordingly, patients with SCZ have been found to have 
significantly lower levels of acetylated histone 3, an indicator of open chromatin, 
compared with healthy controls (Gavin et al. 2008). Alternatively, these results may 
indicate that individuals with major psychosis are afflicted with an overall dysfunc-
tion and lack of organization in the epigenetic machinery, rather than simply an 
overly restrictive chromatin state (Gavin and Sharma 2009). Furthermore, aberrant 
histone modification in the non-disease-related tissues may be an indicator of the 
severity of the individual’s preepimutation.

12.3  nutRitional dEficiEncy and onE-
caRbon MEtabolisM

Converging evidence suggests that disruption of the one-carbon metabolism may 
play a central role in major psychosis. The one-carbon metabolism comprises chem-
ical reactions and pathways involving the transfer of one-carbon units in various 
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oxidation states and influences a variety of epigenetic processes such as DNA or 
histone methylation. An in-depth description of its components is beyond the scope 
of this chapter; however, the reader is directed to several excellent reviews on the role 
of one-carbon metabolism in psychiatric disorders (Rutten and Mill 2009; Mill and 
Petronis 2009; McGowan et al. 2008; Frankenburg 2007; Krebs et al. 2009).

12.3.1 abErrant onE-carbon mEtabolism in major psycHosis

One of the main components of the one-carbon metabolism is homocysteine (Hcy), a 
sulfur-containing amino acid that has been widely investigated for its putative role in 
neuropsychiatric and neurodegenerative disorders (Figure 12.3). Normal serum level 
is maintained by enzymes that require B vitamins such as folate (B9), cobalamin 
(B12), and pyridoxine (B6). High levels of Hcy were suggested to contribute to the 
pathogenesis of major psychosis, as mean plasma Hcy levels are usually significantly 
higher in patients than in the control individuals (Applebaum et al. 2004; Adler Nevo 
et al. 2006; Levine, Sela et al. 2005; Dittmann et al. 2007).

It seems that compared to individuals with average plasma levels, BD patients 
with hyperhomocysteinemia display greater functional deterioration and cognitive 
impairment, particularly related to verbal learning, delayed memory tasks, and exec-
utive function (Dittmann et al. 2007, 2008). These observations suggest that elevated 
Hcy levels may play a role in the pathophysiology of cognitive deficits, specifically 
with executive dysfunction. Executive function processes are highly dependent on 
the prefrontal cortex, a brain region that is centrally involved in complex cogni-
tive behaviors, personality expression, decision making, and social behavior. Both 
SCZ and BD have been repeatedly linked to dysfunction of the prefrontal cortex. 
Interestingly, plasma levels of Hcy tend to increase with age, which is correlated with 
the finding that homocysteinemia may have a higher impact in the pathophysiology 
of neurocognitive deficits among older patients or those who have a delayed onset 
of illness (Dias et al. 2009). Variation in the age at onset and rate of progression is a 
hallmark of complex disorders with non-Mendelian anomalies (Wang et al. 2008).

Some of the observed phenotypes may derive from neurotoxic properties of Hcy, 
e.g., through stimulation of the N-methyl-D-aspartate receptors (Lipton et al. 1997). 
Nevertheless, it is important to note that increased Hcy levels in patients with major 
psychosis are not present in all tissues. For example, no difference was found in cere-
brospinal fluid (CSF) Hcy levels between SCZ patients and controls (Levine, Sela 
et al. 2005; Levine, Agam et al. 2005). The nature of the Hcy imbalance in major-
psychosis patients is still poorly understood, and clinical parameters such as folate 
or vitamin B12 concentration, age, duration of illness, age at onset of disease, and 
family history of mental illness, as well as smoking or coffee consumption habits 
do not appear to be related to serum Hcy levels. Nevertheless, in SCZ patients Hcy 
levels seem to correlate with the disease state; i.e., levels vary between the exacerba-
tion phase (immediately upon admission to the hospital) and later stages (remission 
phase) (Petronijevic et al. 2008). Folate and B12 levels do not seem to vary between 
the exacerbation and remission phases of the illness. The significant decrease of 
plasma Hcy levels, without changes in folate and vitamin B12 concentrations in the 
remission phase of SCZ, could indicate that dietary deficiencies are less likely to 
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figuRE 12.3 Aberrant one-carbon metabolism in major psychosis. The transmethylation (one-
carbon) pathway is present in most mammalian tissues and centrally involves S-adenosylmethionine 
(SAM) as the universal methyl group donor for a variety of methyltransferases, resulting in the 
methylation of substrates such as nucleic acids, histones, and lipids, among others. SAM is gener-
ated via the activation of methionine by methionine adenosyltransferase. During DNA methy-
lation and other methyl group transfers, the DNA methyltransferase (DNMT) reaction converts 
SAM to S-adenosylhomocysteine, which can subsequently be converted to homocysteine by SAH 
hydrolase. Hcy levels as well as other components of the one-carbon metabolisms are typically 
abnormal in MD patients (see arrows). Folate and vitamin B12 are essential cofactors for the methi-
onine/homocysteine cycle in the brain and mediate the remethylation of Hcy in the remethylation 
pathway. Saturating one of the two key carbon-carbon double bonds in folate yields dihydrofolate, 
and adding another hydrogen to the second carbon yields tetrahydrofolate (THF). Alternatively, in 
the liver and kidney, Hcy can be metabolized by the irreversible trans-sulfuration pathway, which 
degrades homocysteine via cystathionine to cysteine, beginning with the irreversible conversion 
to cystathionine by cystathionine β-synthase (CBS). Cysteine can be further catabolized into other 
important biological compounds such as the antioxidant glutathione. Cellular concentrations of 
cysteine influence Hcy metabolism by a feedback mechanism: high concentrations of cysteine 
decrease homocysteine catabolism to cysteine and may stimulate homocysteine remethylation. 
5,10-MTHF 5,10-methylene tetrahydrofolate; 5-MTHF, 5-methylene tetrahydrofolate; methionine; 
PEDHA, phosphatidylethanolamine with docosahexaenoic acid attached to position 2; PC-DHA, 
phosphatidylcholine with docosahexaenoic acid attached to position 2; NE, nor-epinephrine; EP, 
epinephrine; DNA, deoxyribonucleic acid; RNA, ribonucleic acid, histone. Key enzymes are 
shown in rounded rectangles: MTHFR, methylene, tetrahydrofolate reductase; PEMT, phosphati-
dyl ethanolamine methyl transferase; COMT, catecholamine-O-methyl transferase; MT, methyl 
transferase; CBS, cystathionine beta synthase. B = Brain, S = Serum.
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play a role in the disease. The influence of pathogenetic processes involved in SCZ 
that affects Hcy metabolism and various epigenetic processes is a more plausible 
causative factor for Hcy abnormalities in major psychosis.

The major methyl donor in the one-carbon metabolism is S-adenosylmethionine 
(SAM). The methyl group (CH3) attached to the methionine sulfur atom in SAM 
is chemically highly reactive. SAM is the sole methyl donor in many important 
methylation reactions in the nervous system, involving neurotransmitters, amines 
and polyamines, membrane phospholipids, proteins (e.g., histones), and DNA 
(Figure 12.1). Hence the abundance of key components of the one-carbon metabolic 
pathway directly influences the epigenetic machinery of the cell. The process of 
methylation generates S-adenosyl-homocysteine (SAH), which is a potent and com-
petitive inhibitor of methylation reactions. The maintenance of healthy SAM levels 
in various cell types is a complex process and seems to be disturbed for specific tis-
sues in major psychosis. For example, prefrontal cortex levels of SAM were reported 
to be increased by about twofold in SCZ and BD patients (Guidotti et al. 2007). 
Because the DNA methylation is dependent on the supply of SAM and removal of 
SAH, the [SAM]:[SAH] ratio has been proposed as a “methylation index” to indicate 
the likelihood of hyper- or hypomethylation of DNA (Waterland 2006). In summary, 
it is becoming evident that the availability of methyl donors and cofactors is a major 
external influence on DNA methylation and the development of neuropsychiatric dis-
orders. Yet an estimation of the impact deriving from an aberrant one-carbon metab-
olism is difficult and not straightforward. It was postulated that altered one-carbon 
metabolism with an increase in brain SAM may be associated with DNMT1 over-
expression and may become a crucial factor mediating DNA hypermethylation and 
transcriptional down-regulation of putative candidate genes in cortical GABAergic 
neurons of SCZ or BP patients (Guidotti et al. 2007). In contrast, a negative correla-
tion between plasma Hcy and global DNA methylation has been reported (Castro et 
al. 2003; Yi et al. 2000), although other reports failed to demonstrate such a correla-
tion (Bonsch et al. 2004; Fux et al. 2005; Bromberg et al. 2009).

12.4 diEt and MajoR psychosis

Nutrition during diverse stages of life can influence epigenetic gene regulation 
(Waterland 2006), and the evidence that nutrition plays a role at the interface 
between the environment and the genome in complex disorders is slowly beginning 
to be recognized. It is entirely possible that sustained exposure to specific dietary 
components, especially during a developmental period, benefits mental health and 
may lower the risk for psychopathology.

An obvious target for dietary intervention is nutritional deficiency, one of the main 
risk factors for major psychosis during the prenatal period (Brown and Susser 2008; 
Xu et al. 2009). Indeed, epidemiological data suggest that dietary changes in methyl 
contents affect DNA methylation and gene expression programming (McGowan et 
al. 2008). Potentially, nutritional sufficiency in methyl donors can therefore help to 
minimize some of the unpleasant symptoms or completely resolve them. Generally, a 
balanced diet and regular exercise are probably the best measures to protect the brain 
and ward off mental disorders. In general, the proper maintenance of the epigenomic 
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landscape in an otherwise disease-free brain appears to depend on the adequate supply 
of essential nutrients involved in the metabolism of methyl groups. Long-term feeding 
of a folate- or methyl-deficient diet to Fisher 344 rats resulted in genomewide DNA 
hypermethylation of brain cells; crucially, this increase extended to normally unm-
ethylated CpG-rich DNA (Pogribny et al. 2008). In contrast, the level of SAM, SAH, 
and SAM:SAH ratio in the brain of folate/methyl-deficient rats remained mostly unaf-
fected, whereas the level of Hcy steadily increased, with differences being significant 
after 36 weeks of deficiency (Pogribny et al. 2006). Dietary supplementation may be 
able to target specific epigenetically metastable loci in the genome as demonstrated for 
the Avy locus (expressing the pigmentation protein Agouti) in mice (Wolff et al. 1998). 
Viable yellow (Avy/a) mice are epigenetic mosaics, ranging from a yellow fur phe-
notype due to maximum ectopic agouti overexpression to a pseudoagouti phenotype 
due to minimal ectopic expression. Pseudoagouti Avy/a mice are leaner, healthier, and 
longer-lived than their yellow littermates. It was shown that feeding pregnant black a/a 
dams methyl-supplemented diets altered the epigenetic regulation of Agouti expression 
in their offspring, as indicated by increased agouti/black mottling in the direction of 
the pseudoagouti phenotype (Wolff et al. 1998). Moreover, this epigenetic phenotype 
was maternally heritable, suggesting that maternal dietary supplementation may posi-
tively affect the health and longevity of multiple generations. A similar developmental 
effect has been observed when genistein (the major phytoestrogen in soy) is added 
to the diet of pregnant dams at levels comparable with humans consuming high-soy 
diets (Dolinoy et al. 2006). The genistein supplementation shifted the coat color of 
heterozygous viable yellow agouti (Avy/a) offspring toward the pseudoagouti pheno-
type associated with increased methylation upstream of the Avy locus. Interestingly, 
this genistein-induced hypermethylation persisted into adulthood, decreasing ectopic 
Agouti expression and protecting offspring from obesity.

12.4.1 mEtHyl donors and vitamins

A plausible target for nutritional intervention in major psychosis may involve com-
ponents of one-carbon metabolism, because several of the involved methylation 
pathways are highly dependent on diet. Unfortunately, our current knowledge in the 
matter is inadequate, making it difficult to give specific dietary advice. Consuming 
excessive quantities of one-carbon metabolism components may affect DNA methy-
lation, thereby causing misregulation of gene expression. For example, it has been 
shown that nutritional supplementation during early development can increase DNA 
methylation at specific loci, resulting in permanent changes in gene expression 
(Waterland and Jirtle 2003). However, it cannot be excluded there is a possibility 
that for certain individuals, an increased intake of dietary methyl-donors such as 
methionine or folate may be an effective component of a therapeutic dietary regimen 
to restore appropriate levels of locus-specific DNA methylation. In general, deficien-
cies in important components of methylation homeostasis, such as folate or Hcy, 
should be corrected. Hcy levels can be lowered by oral folic acid and B6 (Levine 
et al. 2006). B12 may also lower Hcy levels; however, supplementation is probably 
not helpful in some cases. It was shown that Hcy levels decrease significantly with 
vitamin therapy relative to placebo treatment, a decrease that in turn correlates with 
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a decline in clinical symptoms of SCZ. Overall, neuropsychological test results were 
significantly better after vitamin treatment, indicating that a subgroup of patients 
with hyperhomocysteinemia might benefit from the simple addition of B vitamins. 
Hence it is probably important to check a patient’s folate, B12, homocysteine, and 
methylmalonic levels in certain situations such as alcoholism, malnutrition, malab-
sorption of vitamins, and the concurrent use of some medications, because B vita-
min supplementation may help alleviate symptoms in such cases.

Folate supplementation is routinely recommended to pregnant women, but it may 
exacerbate the effects of vitamin B12 deficiency. Natural folate (also known as pte-
roylmonoglutamic acid) is found in animal products, particularly liver, yeast, and 
many green vegetables such as spinach (reviewed in Frankenburg 2007). As with 
many vitamins, folate is highly temperature-sensitive and thus can be destroyed by 
heat during cooking. Folate is not stored in large amounts in the body, so a regular 
intake of this vitamin is essential. A common cause of folate deficiency is alcohol-
ism, as alcohol possibly exerts toxic effects on hepatic parenchymal cells, thereby 
inhibiting folate secretion into bile, which then inhibits reabsorbtion of the folate 
into the gut and delivery to other tissues. Additionally, some medications that inhibit 
dihydrofolate reductase such as antineoplastic or antimicrobial agents, as well as 
medications that interfere with absorption and storage of folate (e.g., certain anti-
convulsants and oral contraceptives) interfere with folate metabolism and can lead 
to folate deficiency (Frankenburg 2007). Following absorption in the small intestine, 
ingested folates undergo hydrolysis to methyltetrahydrofolate, the predominant form 
of folate in plasma; however, this process becomes saturated at doses of ~270 μg, so 
that additional folate is transported into the plasma unchanged (Sweeney et al. 2007). 
Hence a daily intake of ~400 μg, a dose commonly used in supplements, produces 
a sustained level of plasma folic acid. Although folic acid seems to exhibits a higher 
bioavailability than natural folate, dietary foods naturally rich in folate can also be 
effective in increasing serum folate levels. A reduced dose of folate in supplements 
may help to restore parts of the one-carbon metabolism, in turn helping alleviating 
symptoms of major psychosis.

Like folate, methionine is considered essential because it cannot be manufac-
tured in the body and must be obtained through diet. This particular amino acid 
is found primarily in meat, fish, eggs, and dairy products. Methionine is quickly 
metabolized and directly influences the [SAM]:[SAH] ratio in brain cells toward 
SAH (Finkelstein 1998), which presumably causes global DNA hypomethylation. 
The connection between methionine and DNA methylation status appears not to 
be straightforward; subcutaneous injections of methionine in mice paradoxically 
hypermethylate specific CpG sites in the reelin promoter of cortical cells and were 
also associated with silencing of the reelin promoter (Dong et al. 2005). However, 
high doses of dietary methionine may be a risk factor for psychiatric disorders; there 
was a report showing that treatment with methionine actually exacerbates psychotic 
symptoms in patients with SCZ (Cohen et al. 1974). Similarly, prolonged methi-
onine treatment in mice induces behavior patterns that mimic several phenotypic 
aspects of SCZ (Tremolizzo et al. 2002). Since the effect of methionine supplemen-
tation seems to be age and tissue specific, some have suggested that high dietary 
intake of methionine may induce DNA hypermethylation in some circumstances 
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and hypomethylation in others (Waterland 2006). Hence despite the potential risks 
in dietary methionine uptake, intake of additional dietary methionine may be an 
effective element of therapeutic dietary regimens for some individuals to restore 
appropriate locus-specific DNA methylation. However, more data on interindividual 
methylation pattern in patients are needed to understand the relationship between 
abnormal epigenetic patterns and course of disease.

Many studies have found SAM to be an effective antidepressant, although ques-
tions remain about the mechanism of action, bioavailability, and absorption of oral 
SAM (Williams et al. 2005). The fact that SAM is effective in the treatment of 
depression is apparently contradictory to the effects of methionine. On the other 
hand, SAM is a methyl donor not only for DNA methylation but also for other enzy-
matic reactions (McGowan et al. 2008). For example, SAM treatment increases 
phosphocreatine levels in the brain, which may also contribute to the antidepres-
sive effect of SAM, as decreased phosphocreatine levels have been reported in BD 
(Kato et al. 1994). However, despite its antidepressant effect, those suffering from 
BD should not take SAM, as it was shown that it may induce or heighten the manic 
phase of this condition (Carney et al. 1989).

One of the most promising approaches in treating symptoms in SCZ and BD is 
to lower serum Hcy levels. Some studies have demonstrated that vitamin B6 supple-
mentation in low doses may lead to the lowering of plasma Hcy levels in individuals 
with hyperhomocysteinemia depending on their folate status (McKinley et al. 2001). 
Another study analyzed the efficacy of vitamin B6 and folic acid administered either 
alone or in combination and demonstrated a reduction in Hcy serum level induced 
by B6 administered alone during a 5-week period in a moderate dose (120 mg/d) 
(Mansoor et al. 1999). It was further demonstrated that after vitamin B6 treatment, 
Hcy serum levels significantly decreased in patients diagnosed with SCZ or with 
schizoaffective disorders; this decrease was however only statistically significant in 
men and not in women (Miodownik et al. 2007). Additional research efforts in a 
larger sample are necessary to substantiate such gender-specific effects, and to deter-
mine if the decrease in Hcy influences the course of the disease.

In summary, despite the recent progress in the field, the medical sciences still 
need a better understanding of how dietary supplements impact the metabolism of 
methyl groups, and in turn the epigenetic machinery for optimizing health and mini-
mizing adverse consequences.

12.4.2 natural diEtary factors witH impact on tHE EpigEnomE

It is generally acknowledged in medical circles that a balanced diet has the potential 
to alter our overall health and mental function. However, in contrast to methylation 
supplements, it is difficult to estimate the impact of specific natural dietary sources 
on cellular epigenomic patterns, since dietary nutrients are normally ingested in com-
plex combinations, and they interact with each other in their normal metabolic and 
physiological functions; consequently, identifying effective components is difficult. 
Nevertheless, in recent years a number of natural substances were reported to affect 
epigenetic patterns and health; these include taurin, all-trans-retinoic acid, the fla-
vonoid baicalein, creatine, theophyllin, curcumin, pomegranate extracts, quercetin, 
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selenium, alpha- and gamma-tocopherols, the antioxidant carotenoid lycopene, and 
the isoflavone genistein as well as various isothiocyanates from plant foods. For 
example, the polyphenolic plant compound curcumin (diferuloymethane), which is 
found in the rhizome of the Indian curry spice turmeric (Curcuma longa L.), may 
alter several cellular pathways involved in DNA and histone modification (Moiseeva 
et al. 2007). Similarly, genistein, one of the phytoestrogens contained in soy, was 
positively associated with changes in DNA methylation at CpG islands of mouse 
genes and is able to dose-dependently inhibit the activity of DNA methyltransferases 
thereby reactivating methylation-silenced genes (Day et al. 2002). Indeed, mater-
nal dietary supplementation of genistein was shown to reduce the DNA methylation 
status of the agouti locus, thereby changing the coat color of heterozygous yellow 
agouti (Avy/a) pups toward the black phenotype (Dolinoy et al. 2006). Also, the 
main polyphenol from green tea, Epigallocatechin-3-gallate (EGCG), was found to 
be an inhibitor of nuclear DNA methytransferase activity and reactivate methylation-
silenced genes in cancer cells (Fang et al. 2003). These findings raise the possibility 
that changes in diet are a viable strategy for enhancing cognitive abilities, protecting 
the brain from damage and counteracting the effects of psychiatric phenotypes.

Various clinical studies have shown that omega-3 fatty acids could potentially 
be useful in the prevention and treatment of SCZ. Omega-3 fatty acids, also known 
as polyunsaturated fatty acids (PUFAs), are considered essential fatty acids and 
play a crucial role in synaptic plasticity, affecting the expression of several mol-
ecules related to, and enhancing, learning and memory. There are three major types 
of omega-3 fatty acids: alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), 
and docosahexaenoic acid (DHA). They are essential to human health but cannot 
be manufactured by the human body. Consequently, omega-3 fatty acids must be 
obtained from food, particularly fish (i.e., salmon or halibut) or other marine life 
such as algae and krill, nut oils, and various plants, e.g., the leaf vegetable purslane 
(Portulaca oleracea) and kiwis. Dietary omega-3 fatty acids have effects on diverse 

physiological processes that affect gene expression and hence are likely to influ-
ence several epigenetic pathways (Benatti et al. 2004), although the effect on DNA 
methylation or histone modification patterns is still unknown. Nevertheless, omega-3 
fatty acids, particularly EPA, are increasingly being used by psychiatric patients, 
and many studies have shown reduced levels of omega-3 fatty acids in the cell mem-
branes of red blood cells from SCZ patients (reviewed in Peet 2008). Several lines 
of evidence suggest that people with SCZ experience an improvement in symptoms 
when given omega-3 fatty acids. However, results of omega-3 fatty acid supplementa-
tion in chronic and acutely relapsing SCZ patients have been mixed (Peet 2008). One 
advantage of omega-3 fatty acid DHA may be its effect on the signaling molecule 
brain-derived neurotrophic factor (BDNF). For example, DHA dietary supplemen-
tation has been found to elevate levels of hippocampal BDNF and enhance cogni-
tive function in rat models of brain trauma (Wu et al. 2004). In patients with major 
depression and SCZ, levels of BDNF are often reduced in serum, hippocampus, and 
various cortical areas (Durany et al. 2001). In humans, a mutation in a BDNF recep-
tor has been linked to impairments in learning and memory (reviewed in Monteggia 
2007). BDNF is one of the most promising targets for pharmacological intervention, 
and it could be shown that antidepressant can elevate BDNF levels. The conflicting 
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results suggest that more research is needed before conclusions can be drawn about 
the benefit of omega-3 fatty acids on reducing the cognitive deficits that are associ-
ated with psychiatric disorders.

Many other substances, especially medications such as histone deacetylase inhib-
itors, ibuprofen, or valproic acid, are known for their effect on epigenetic processes. 
Given the dynamic nature of the epigenome, it is not surprising that methylation pat-
terns are also highly susceptible to medication. For example, methylation of a CpG 
island located upstream of the MEK1 gene was found to be strongly correlated with 
antipsychotic use in the frontal cortex of SCZ patients (Mill et al. 2008). The link 
between MEK1 and antipsychotic exposure in SCZ is remarkable given the involve-
ment of mitogen-activated protein-kinase (MAPK) signaling pathways in mediation 
of intraneuronal signaling and the observation that clozapine, a widely used medi-
cation in the treatment of SCZ, selectively activates this pathway via an interaction 
with MEK1.

Overall, a wealth of epidemiological data and genetic studies highlight a crucial 
role for environmental factors, such as Western-style diet, in the etiology of major 
psychotic disorders (reviewed in Rutten and Mill 2009). Intriguingly, due to epige-
nome-genome interaction, individuals from different genetic backgrounds may show 
significantly different responses to such environmental influences. For example, it 
could be shown that frontal-cortex DNA methylation in BDNF genes is associated 
with the genotype at a nearby nonsynonymous SNP (rs6265–val66met) (Mill et al. 
2008), which has been previously associated with major psychosis. The observation 
of a correlation between genotype and DNA methylation adds to the increasing evi-
dence that DNA sequences can influence epigenetic profiles (Flanagan et al. 2006). 
The notion that epigenetic changes might be associated with DNA sequence varia-
tion is relevant in light of many inconsistent genetic-association studies in complex 
diseases and suggests that a comprehensive epigenetic analysis of candidate SNPs 
and haplotypes in neurobehavioral disorders may be necessary.

12.4.3 transgEnErational EffEcts

In addition to environmental influences, accumulating evidence from epidemiologic 
studies suggests that epigenetic marks can be inherited across multiple generations 
and may affect the likelihood of complex diseases in the offspring. Several mecha-
nisms, such as genetic anticipation and nutritional imbalances during fetal develop-
ment, or a combination of these factors, are likely to influence epigenetic marks 
passed through the germline.

One of the best documented transgenerational phenomena is the correlation 
between advanced paternal age with an increased risk of SCZ in the offspring 
(Lopez-Castroman et al. 2009; Malaspina et al. 2001). It was shown that the inci-
dence of SCZ increased progressively with increasing paternal age, the risk being 
up to threefold for offspring of fathers aged 45 or more years, compared with those 
of fathers aged less than 25 years (reviewed in Perrin et al. 2007). Classical theories 
of advanced paternal age are primarily focused on a potential higher frequency of 
point mutations in males, the frequency of which increases with age. However, stud-
ies in a number of other disorders that show clear effects of paternal age suggest 
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that mutations in sperm DNA cannot fully explain the association (Tiemann-Boege 
et al. 2002). Instead, advanced paternal age may be associated with epigenetic dys-
regulation, leading to abnormalities in genomic imprinting and other epigenetic pro-
cesses. Genomic imprinting is a molecular mechanism by which a subset of genes is 
expressed in certain tissues in a parent-of-origin-specific manner.

According to the model of evolutionary epigenetics of aging (Schumacher 2010), 
human aging results from progressive accumulation of epigenetic damage as a direct 
consequence of evolved limitations in the genetic and epigenetic settings of main-
tenance and repair functions. The theory suggests that, along with other causes, 
age-dependent epigenetic drift is a natural phenomenon that is present in all healthy 
individuals, but may become hazardous with age, thereby potentially playing a central 
role in many complex disorders. Indeed, epigenetic drift was reported to be present 
in tissues from healthy individuals, but was also notably increased in tissues derived 
from patients with late-onset Alzheimer’s disease (Fraga et al. 2005; Wang et al. 2008). 
Supporting the model of evolutionary epigenetics of aging, a microarray analysis by 
Flanagan et al. (2006) identified numerous intra- and interindividual DNA methyla-
tion-variable positions in the human germ cell genome. The largest degree of variation 
was detected within the promoter CpG islands and pericentromeric satellites among 
the single-copy DNA fragments and repetitive elements, respectively. A number of 
genes, such as EED, CTNNA2, CALM1, CDH13, and STMN2, exhibited age-related 
DNA methylation changes. Age-dependent germline epigenotypes may arise from 
a variety of risk factors, such as multiple cell divisions, malnutrition, or stochastic 
fluctuations, among others, that directly act on the epigenomic machinery, thereby 
increasing epigenetic variability with age, the consequence of which may be a greater 
susceptibility to neuropsychiatric disorders in the offspring (Perrin et al. 2007).

12.4.4 malnutrition and major psycHosis

In a landmark study, David Barker and colleagues (1989) demonstrated an inverse 
relationship between birth weight and the incidence of cardiovascular disease. The 
Barker hypothesis states that many adult chronic conditions might have a develop-
mental origin, resulting from adaptations made by the fetus as a result of limited 
(or excessive) supply of specific nutrients (Barker 1997). A large body of subse-
quent discoveries has supported this hypothesis and has shown that diseases of the 
cardiovascular system, hypothalamic-pituitary-adrenal (HPA) axis, and diabetes, 
among other complex disorders, can also be affected by nutritional imbalances dur-
ing periconceptional, embryonic, fetal, and infantile phases of life. Study of the 
Barker hypothesis and recent findings demonstrating epigenetic drift have prompted 
a new line of thinking that accounts for the shortcomings and paradigms of earlier 
hypotheses, resulting in theories such as the “thrifty epigenotype” (Stoger 2008), the 
“Latent Early-life Associated Regulation” (LEARn) model (Lahiri et al. 2009), the 
hypothesis of age-dependent epigenetic drift (Wang et al. 2008), and the epigenetic 
paradigm of major psychosis (Schumacher and Petronis 2006; Wang et al. 2008; 
Petronis 2004). Thus the epigenome is able to unify a wide variety of biological and 
psychological theories as well as empirical findings that pertain to major psychosis.
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The main evidence demonstrating that prenatal nutritional deficiency may 
increase risk of major psychosis comes from studies that analyzed some of the most 
severe human-made famines: the 1944–1945 Dutch Hunger Winter and the 1959–
1961 Chinese famine. The Dutch famine was the result of a blockade imposed by 
the Nazi occupation, in which the Nazi regime banned all transport of food to the 
western part of the Netherlands, resulting in a sharp but time-limited decline in 
food intake (Heijmans et al. 2008). A total of 18,000 people died during the famine, 
which ended abruptly when the Allied forces liberated the nation in May 1945. The 
Dutch famine had several phenotypic consequences in the offspring. First of all, as 
expected, the children of women who were pregnant during the famine were smaller 
than average. However, surprisingly, when these children grew up and had children 
themselves, those children were also smaller than average, suggesting the involve-
ment of transgenerational epigenetic processes. Furthermore, a twofold increase in 
the cumulative risk of SCZ was found among children conceived during the famine 
(Susser et al. 1996), as well as a significant increased risk of developing schizoid 
personality disorder (Hoek et al. 1996). Importantly, caloric rations of <1000 kcal 
were associated with an increased risk of SCZ, while exposure to a lesser severity of 
famine (1000–1500 kcal) was not related to an increased SCZ risk, indicating that 
the degree of nutritional deficiency may also be relevant (Brown and Susser 2008; 
Brown et al. 1995).

Similarly, a correlation between prenatal famine and risk of SCZ was observed 
in Chinese cohorts from the Wuhu region of the Anhui Province (St. Clair et al. 
2005) and the Liuzhou prefecture of Guangxi autonomous region (Xu et al. 2009). 
The 1959–1961 Chinese famine affected all provinces of China and was one of the 
twentieth century’s tragic horrors. It was partially caused by political and social 
upheaval in a period termed the Great Leap Forward. In addition, bad weather, the 
collectivization of agriculture, the adoption of unsound agricultural practices, and 
a reduction of cultivated land led to the interruption food supplies to the popula-
tion (St. Clair et al. 2005). By spring 1959, the provinces were starving and people 
were dying in huge numbers (over 30 million deaths in China, with a mortality 
rate of over 3.0%). Among the births that occurred during the famine years in the 
Anhui Province, the risk of developing SCZ in later life increased significantly, 
from 0.84% in 1959 to over 2% in 1960 (St. Clair et al. 2005). Similarly, the mor-
tality-adjusted relative risk for SCZ in the Liuzhou prefecture was 1.5% in 1960 
and 2.05% in 1961 (Xu et al. 2009). Interestingly, epidemiologic studies conducted 
nationwide revealed a significant difference in the way the Great Leap Forward 
Famine influenced the risk of SCZ in urban and rural populations. In rural popula-
tions, the post-famine cohort had a significantly higher SCZ risk than either the 
famine or the pre-famine cohort, while SCZ risk in the famine cohort was only 
marginally higher than the pre-famine cohort (Song et al. 2009). In contrast, the 
urban famine cohort had higher SCZ risk than both the pre-famine and the post-
famine cohort. A possible explanation for the urban/rural gap may be the signifi-
cantly higher mortality level caused by the famine among the rural populations 
(Song et al. 2009).

Epigenetic mechanisms have been proposed to underlie the associations between 
famine and SCZ. In support of this hypothesis, individuals who received prenatal 
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exposure to famine in the Dutch Hunger Winter had six decades later less DNA 
methylation in the imprinted IGF2 gene compared to their unexposed, same-sex 
siblings (Heijmans et al. 2008). The association was specific to periconceptional 
exposure, reinforcing that very early mammalian development is a crucial period 
for establishing and maintaining epigenetic marks. Furthermore, it was reported that 
methylation in the INSIGF gene was lower in individuals who were periconception-
ally exposed to famine in comparison to their unexposed same-sex siblings, whereas 
methylation in the IL10, LEP, ABCA1, GNASAS, and MEG3 genes was higher (Tobi 
et al. 2009). The methylation changes in the INSIGF, LEP, and GNASAS genes were 
also sex dependent. Furthermore, exposure to famine late in gestation produced dif-
ferent methylation patterns in the GNASAS gene and, in men, the LEP gene com-
pared to unexposed siblings. These data indicate that persistent changes in DNA 
methylation may be a common consequence of prenatal famine exposure and that 
these changes depend on the sex of the exposed individual and the gestational timing 
of the exposure (Tobi et al. 2009).

12.4.5 anticipation in major psycHosis—an EpigEnEtic componEnt?

Anticipation refers to the increase in disease severity or decrease in age of onset 
as it is transmitted down through successive family generations. There have been 
several reports of the phenomenon of anticipation existing in cases of major psy-
chosis that date back even to the 19th century. However, these incidents of anticipa-
tion were largely ignored because no molecular mechanism to explain these types 
of inheritance patterns was envisioned at the time. The putative role of epigenetic 
factors in genetic anticipation comes from several experimental findings describ-
ing intergenerational changes in the degree of DNA methylation (Petronis et al. 
1999). For example, experiments with transgenic mouse strains revealed gradual 
intergenerational changes in DNA methylation in the mouse offspring (Allen et 
al. 1990; Schumacher et al. 2000). The level of DNA methylation increased or 
decreased in the offspring, depending on the genetic background of the nontrans-
genic parent. This suggests that differences in the genome of the unaffected par-
ent may determine whether an epigenetic condition progresses or regresses in the 
subsequent generation, hence contributing to phenotypic variance (Figure 12.4). 
So far, the only other known mechanism for anticipation is a class of mutations 
containing unstable repetitive sequences, as exemplified by pathogenic trinucle-
otide repeats that have been observed in Huntington’s disease, myotonic dystro-
phy, pancreatic cancer, and other diseases. Many of the non-Mendelian genetic 
features of major psychosis have the potential to be explained by the behavior 
of unstable sequences; however, despite promising findings in the mid-1990s, no 
trinucleotide repeat expansions have yet to be identified as a causative factor of 
idiopathic SCZ or BD (Fortune et al. 2003). In contrast, epimutations may play a 
significant role in determining the age of disease onset, challenging the traditional 
trinucleotide repeat expansion-based mechanism of genetic anticipation (Petronis 
et al. 1999).

In this context it is noteworthy that epidemiologic analysis has revealed sev-
eral social factors as having a significant influence on the age of disease onset in 
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neuropsychiatric disorders, including year of birth and residence (urban dwellers show 
psychotic symptoms sooner than rural ones) (Stompe et al. 2000). Environmental 
risk factors such as urban environment (Krabbendam and Van Os 2005; Crow 2007) 
as well as migration (Cantor-Graae and Selten 2005) are known to increase the rate 
of major psychosis significantly. Intriguingly, this risk of developing psychosis as 
well as its severity is further increased in the second generation (Dealberto 2007). 
This phenomenon could suggest that, among other causes, a change in nutritional 
exposure may also influence anticipation (e.g., the introduction of immigrants to a 
North American diet). This hypothesis could answer some puzzling issues in the epi-
demiology of major psychosis, including the association between short birth interval 
and SCZ in the offspring (Smits et al. 2004), which has been related to folic acid 
deficiency but could also be related to vitamin D insufficiency (Dealberto 2007). 
A nutrition component in anticipation could also clarify the role of the protective 
factor of ethnic density for ethnic minorities (Boydell et al. 2001), which could be 
explained by easier availability of ethnic food in these areas.

Overall, the impact of nutrition on the epigenome and its relation to the devel-
opment of major psychosis is still poorly understood. To assess the influence of 
dietary factors, particularly methyl donors, cohort studies were suggested to monitor 
changes in SCZ and psychosis rates with systematic folic acid supplementation dur-
ing pregnancy (Dealberto 2007). Folic acid supplementation is often recommended 
for pregnant women to prevent neural tube defects, making it relatively straightfor-
ward to monitor changes in the prospective rate of major psychosis. Other transla-
tional research efforts across many disciplines are also warranted because there are 
currently more questions than answers in the field of nutritional epigenetics.

12.5 conclusions

It is now increasingly accepted that the human epigenetic machinery interacts with 
dietary factors in mediating susceptibility to various complex diseases such as neu-
ropsychiatric disease or age-related disorders. Although investigations are still at a 
very early stage, studies on the interaction of specific dietary compounds and the 
human epigenome have the potential to lead us to safe and effective nutritional and 
pharmaceutical intervention strategies against major psychosis and various nonpsy-
chiatric disorders. To understand these interactions, it will be beneficial not only 
to focus on research of neurobehavioral disorders, but also to incorporate studies 
in healthy cohorts, e.g., observing the epigenetic patterns in centenarians to see if 
health-promoting factors exist. One of the main obstacles in nutritional epigenet-
ics is interindividual variance, which is partly avoided by large-scale epidemiologic 
studies that are able to test models that describe the establishment and spread of 
epigenetic variations in human populations. The new molecular methods that allow 
the epigenetic profile of millions of sequences to be simultaneously observed and 
studied will greatly broaden and refine the ability to assess disease phenotypes and 
relate them to present and past environmental factors, as well as to genotypes. Such 
studies may focus on critical periods of prenatal and postnatal mammalian develop-
ment, to establish how nutrition and other environmental stimuli influence devel-
opmental pathways and thereby induce susceptibility to complex diseases. Another 
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line of research should focus on long-term changes in epigenetic regulation and dis-
ease, which may ultimately enable specific early-life interventions to improve human 
health by finding effective treatments for complex diseases and for reducing their 
incidence. Although it would be premature to conclude that epigenetics will lead to 
ground-breaking discoveries, research on the epigenome-environment interface may 
one day contribute to the growing awareness of the importance of the environment, 
in particular, the Western-style diet, in the neurobiology of severe mental illness.
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Maternal nutrition plays an important role in the proper neurodevelopment of 
mammals, particularly humans. Of all the important nutrients in the maternal diet, 
folate and other B vitamins are the most implicated dietary factors for preventing 
neural tube defects and perhaps other neurodevelopmental disorders, but their 
mechanisms of action are likely complex. This chapter reviews the biochemistry 
and genetics of folate and B vitamin metabolism, as well as the neurodevelopmen-
tal disorders with known or suspected genetic causes in which folate supplemen-
tation or administration has been tested. The emerging role of DNA methylation 
as an epigenetic mechanism important for normal neurodevelopment and the 
development of multiple neurodevelopmental disorders are discussed. Folate and 
other B vitamins may impact the essential pathways required for establishing 
and maintaining high global levels of DNA methylation and histone methylation 
during the critical periconception window of dynamic epigenetic changes in the 
mammalian genome.

13.1  RolE of folatE and othER b vitaMins 
in nEuRodEvElopMEnt

Most of what we know about the role of B vitamins in neurodevelopment is derived 
from examining the consequences of dietary or metabolic deficiencies. While dis-
covering associations between low levels of B vitamins and neurodevelopmental 
outcomes has been important for determining B vitamin involvement in neurodevel-
opmental aspects, often the mechanisms behind their action remain unclear.

13.1.1  dEscription of tHE rolE of folatE and otHEr 
b vitamins in nEurodEvElopmEnt

13.1.1.1 folate/folic acid
Folate is the natural form of the water-soluble vitamin B9, obtained from the diet 
from green, leafy vegetables such as spinach, Brussels sprouts, broccoli, asparagus, 
turnip greens, and lettuces. Other dietary sources of folate include beans, peas, sun-
flower seeds, oranges, baker’s yeast, and liver. Dietary folate absorption involves 
conversion of polyglutamates to monoglutamates in the jejunum, which then enter 
the intestinal cells. Folic acid, or pteroyl-L-glutamic acid, is the synthetic form of 
folate found in supplements and fortified foods. Folic acid must be reduced to tetra-
hydrofolate (THF) and converted to methyl or formyl forms before entering portal 
circulation. The predominant form of folate in serum and tissues is 5-methyl THF 
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monoglutamate. Storage locations include the liver, pancreas, kidneys, brain, and red 
cells. Folate is necessary for the production and maintenance of new cells, making 
it especially important during periods of rapid cell division and growth. More spe-
cifically, folate acts as a donor and acceptor of one-carbon units, important for the 
biosynthesis of nucleic acids, proteins, and methyl groups. Given folate’s essential 
role in nucleic acid synthesis, folate deficiency hinders DNA synthesis and cell divi-
sion. Hematopoietic cells appear to be the most affected cell type because of their 
frequent cell divisions compared to other cell types. Folate deficiency results in a 
limited production of red blood cells, leading to megaloblastic anemia, characterized 
by large immature red blood cells called megaloblasts, showing clumping and frag-
mentation of nuclear chromatin (Zittoun 1993). In addition to the essential roles for 
folate in hematopoesis and nucleic acid synthesis, dietary folate provides the methyl 
donors for methylation of proteins involved in the formation and maintenance of 
neuronal and glial membrane lipids (Hirata and Axelrod 1980), and numerous other 
methylation reactions of DNA, RNA, histones, neurotransmitters, membrane phos-
pholipids, and proteins, as discussed in more detail later. As discussed in the sections 
that follow, adequate levels of folate are required during the first weeks of pregnancy 
for proper closure of the neural tube, which later forms the brain and spinal cord.

13.1.1.2 vitamin b12

Vitamin B12 is another water-soluble vitamin with important roles in brain and ner-
vous system function and the formation of blood. Cyanocobalamin is the common 
synthetic form of the vitamin. Intrinsic factor, a glycoprotein produced by the pari-
etal cells of the stomach, is necessary for the absorption of vitamin B12. As dis-
cussed more later, vitamin B12 is necessary for synthesis of neurotransmitters and 
catecholamines and is a required cofactor for the conversion of methylTHF to THF, 
and homocysteine to methionine, a substrate for production of S-adenosylmethionine 
(SAM), a key enzyme for methylation reactions including DNA methylation (see 
later discussion of Figure 13.1) and methylation of myelin sheath phospholipids.

The effects of vitamin B12 deficiency were first discovered in association with 
pernicious anemia, an autoimmune disease that destroys parietal cells in the stomach 
that release intrinsic factor, and consequently vitamin B12 cannot be absorbed. If left 
untreated, pernicious anemia results in neurological complications including neu-
ropathy, intellectual disability, and ultimately death. Because vitamin B12 stores can 
last years, nutritional deficiencies of vitamin B12 are uncommon in adults. However, 
deficiencies of vitamin B12 can occur more rapidly in infants. Vitamin B12 deficien-
cies rarely occur before about 4 months of age, when vitamin B12 stores established 
in utero are typically depleted. Infants of vitamin B12-deficient, often vegan, veg-
etarian, or lacto-ovo vegetarian, breastfeeding mothers and infants receiving low 
amounts of animal-source foods are vulnerable to vitamin B12 deficiency and neu-
rological symptoms. Case reports observe central nervous system effects, develop-
mental delays, and in severe cases, brain atrophy (Wighton et al. 1979; Lovblad et 
al. 1997).

The function of vitamin B12 in DNA synthesis overlaps with folate and can be com-
pensated for with sufficient quantities of folic acid. However, even in the presence of 
adequate folate and absence of anemia, vitamin B12 deficiencies cause neuropathies. 
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A function uniquely lost in vitamin B12 deficiency (unaffected by folate supplementa-
tion) is the ability of methylmalonyl coenzyme A mutase (MUT) to use the 5ʹ-deoxy-
adenosylcobalamin form to catalyze the conversion of methylmalonyl coenzyme A 
to succinyl coenzyme A. Failure of this reaction to occur results in elevated methyl-
malonic acid (MMA) levels. Some suggest that MMA is a myelin destabilizer, that 
excessive MMA prevents normal fatty acid synthesis, and that abnormal fatty acids 
are then incorporated into myelin, which results in fragile myelin, demyelinatination, 
and subacute combined degeneration of the central nervous system and spinal cord 
(Naidich and Ho 2005). Others believe that subacute combined degeneration of the 
spinal cord results from methyl group deficiency and deficient methylation (Scott et 
al. 1981). This hypothesis is supported by evidence that prolonged exposure in mam-
mals to nitrous oxide, which inactivates methionine synthetase and impairs methi-
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figuRE 13.1 B vitamin-dependent folate cycle and transmethylation and transsul-
furation pathways. Enzymes are in boxes; vitamin substrates or cofactors are in ellipses. 
Abbreviations: DHFR, dihydrofolate reductase; DHF, dihydrofolate; FA, Folic acid; THF, 
tetrahydrofolate; SHMT, serine hydromethyltransferase; 5,10-CH2-THF, 5,10-methylenetet-
rahydrofolate; MTHFR, methylenetetrahydrofolate reductase; 5-CH3-THF, 5-methyltetrahy-
drofolate; SLC19A1, solute carrier family 19 member 1; FOLR1, folate receptor 1; FOLR2, 
folate receptor 2; MTR, 5-methyltetrahydrofolate-homocysteine methyltransferase; MTRR, 
5-methyltetrahydrofolate-homocysteine methyltransferase reductase; TCN2, transcobalamin 
II; BHMT, betaine-homocysteine methyltransferase; SAM, S-adenosylmethionine; MTase, 
methyltransferase; COMT, catechol-O-methyltransferase; SAH, S-adenosylhomocysteine; 
SAHH, SAH hydrolase; CBS, cystathionine beta synthase; GSH, reduced active glutathi-
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from S. J. James et al., Am J Genet B Neuropsychiatr Genet, 141, 947–56, 2006.)
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onine synthesis, results in a myelopathy indistinguishable from subacute combined 
degeneration of the spinal cord.

13.1.1.3 choline and other b vitamins
Choline is an essential water-soluble nutrient, usually grouped with the B complex 
vitamins. It is a natural amine found in lipids of cell membranes and in the neu-
rotransmitter acetylcholine. A variety of foods provide both free and esterified forms 
of choline; excellent sources include liver, eggs, and wheat germ. Choline can also 
be synthesized de novo primarily in the liver when phosphatidylcholine is formed 
through a methylation reaction by phosphatidylethanolamine N-methyltransferase 
(PEMT) (Zeisel 2006). As reviewed by Zeisel, this PEMT activity tends to be higher 
in females than in males (Noga and Vance 2003), especially for premenopausal 
women, and could be mediated by estrogen (Drouva et al. 1986; Zeisel 2006). Demand 
for choline is especially high during mammalian pregnancy, as large amounts of 
choline are delivered to the fetus across the placenta, resulting in a much greater 
concentration of choline in the amniotic fluid and fetus than in the maternal blood 
(Zeisel and Niculescu 2006). In rodents, perinatal choline supplementation increases 
choline metabolite concentrations in the blood and fetal brain (Garner et al. 1995) 
as it is transported across the blood−brain barrier (Pardridge 1986). Research on 
associations between choline levels and neurodevelopment and neurologic function 
is growing. Similar to folate, evidence suggests that choline is essential for normal 
neural tube closure in early pregnancy in both animal and human studies (Fisher et 
al. 2001, 2002; Shaw et al. 2004). Choline also has effects similar to folate on cell 
proliferation and apoptosis in the fetal rat brain (Craciunescu et al. 2003, 2004). 
Studies show that choline supplementation during days 11–18 of gestation in rats 
(corresponding to day 56 of pregnancy through the first few months of pregnancy in 
humans) can increase proliferation and decrease apoptosis of hippocampal progeni-
tor cells (Albright, Friedrich et al. 1999; Albright, Tsai et al. 1999), with long-term 
effects on memory capacity (Meck and Williams 1997a, 1997b, 1997c, 1999, 2003; 
Meck et al. 1988; Williams et al. 1998). Maternal choline deficiency during this 
period has the opposite effects on offspring (Albright, Friedrich et al. 1999; Albright, 
Tsai et al. 1999; Meck and Williams 1997b, 1999). The timing of this period of 
choline sensitivity correlates with periods of neurogenesis and synaptogenesis in the 
hippocampus and basal forebrain (Zeisel 2006). Though mechanisms for neurode-
velopmental effects of altered choline levels are not completely understood, evidence 
for decreased methylation and increased expression of certain genes, like CDKN3, 
which inhibits cell proliferation (Niculescu et al. 2004), suggest that DNA methyla-
tion might play a role. Protective effects of perinatal choline supplementation have 
also been shown against a few different neurotoxic exposures (Guo-Ross et al. 2002, 
2003; Holmes et al. 2002; Riley and McGee 2005; Thomas et al. 2000, 2004, 2007, 
2009).

Choline’s metabolite, betaine (trimethylglycine), is a methyl donor that partici-
pates in the synthesis of SAM through conversion of homocysteine to methionine. 
Methionine is another essential amino acid that needs to be obtained from the diet 
in addition to being regenerated from homocysteine (discussed as part of the methi-
onine cycle in a later section).
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13.1.2  b vitamin-dEpEndEnt mEtabolic patHways and 
EnzymEs rElEvant to nEurodEvElopmEnt

The folate cycle is intimately intertwined with the methionine/transmethylation 
cycle, as shown in Figure 13.1. The folate cycle and the role of the participatory 
enzymes have been reviewed extensively, often in context of the candidate genes 
for neural tube defect research (van der Linden et al. 2006; van der Put and Blom 
2000). Dietary folates are primarily polyglutamates (Tamura and Stokstad 1973), 
and must be deconjugated to monoglutamates by folypoly-γ-glutamate carboxypep-
tidase, encoded by the glutamate carboxypeptidase II (GCPII) gene, before uptake 
and transport in the body (van der Linden et al. 2006). The solute carrier family 19, 
member 1 (SLC19A1), also known as the reduced folate carrier (RFC1) enzyme, par-
ticipates in the absorption of folate monoglutamates in the proximal small intestine. 
Synthetic folic acid is converted to dihydrofolate and is reduced into tetrahydrofolate 
(THF) by dihydrofolate reductase (DHFR). Folic acid itself is not biologically active; 
all the biological functions are performed by THF and other derivatives, the avail-
ability of which depends on DHFR. A deletion in the DHFR gene affecting gene 
expression (Johnson et al. 2004) has been associated with decreased serum and red 
blood cell folate (Stanislawska-Sachadyn et al. 2008; Kalmbach et al. 2008). THF 
can be metabolized into 5,10-CH2-THF by serine hydroxymethyltransferase (SHMT) 
transferring a methylene group from serine using the active form of vitamin B6 (pyri-
doxal phosphate) as a cofactor, or through other pathways. Methylenetetrahydrofolate 
reductase (MTHFR) enzyme then reduces the methylene group in 5,10-CH2-THF 
with flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide phos-
phate (NADPH) serving as cofactors. MTHFR is a key regulatory enzyme for folate 
availability and the remethylation of homocysteine that is allosterically inhibited 
by SAM. As discussed previously, the C677T and perhaps the C1298A polymor-
phism in the MTHFR gene are associated with reduced MTHFR enzyme activity 
and higher plasma homocysteine levels (van der Put et al. 1998).

Once in the bloodstream, folate, mainly present as 5-CH3-THF, can enter cells 
through receptor- or carrier-mediated transport. Folate receptor α (FR-α), encoded 
by FOLR1, has a high affinity for 5-CH3-THF but is expressed in a limited number 
of epithelial cells, predominantly in the proximal tubules of the kidney, the choroid 
plexus, and the placenta (Kamen and Smith 2004). The other folate receptors, FR-β 
(encoded by FOLR2) and FR-γ, and the ubiquitously expressed SLC19A1 responsible 
for carrier-mediated transport, possess a lower affinity for 5-CH3-THF than does 
FR-α.

In the cell, the function of 5-CH3-THF as a methyl donor with subsequent forma-
tion of THF, during the remethylation of homocysteine to methionine, is the key 
connection between the folate cycle and the methionine cycle. The methyl-group 
transfer is mediated by 5-methyltetrahydrofolate-homocysteine methyltransferase 
(MTR or methionine synthase) and requires activation of MTR by methionine syn-
thase reductase (MTRR) and vitamin B12 (methylcobalamin, present in the cytosol) 
as a cofactor. It is important to note that vitamin B12 is the only acceptor of methyl 
groups from 5-CH3-THF and that homocysteine is the only acceptor of methyl groups 
from methylcobalamin. Thus a defective methionine synthase enzyme or a vitamin 
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B12 deficiency can lead to a “methyl trap,” generating a pool of 5-CH3-THF that 
is unable to undergo reactions, creating the equivalent of a folate deficiency (Scott 
1992). Transcobalamin (encoded by TCN2) is a plasma globulin that serves as the 
primary transport protein for vitamin B12 cellular uptake (Hakami et al. 1971).

The conversion of homocysteine to methionine can also occur by a secondary 
pathway involving choline and its metabolite, betaine, which can provide a methyl 
group for betaine-homocysteine methyltransferase (BHMT). Although the MTR 
enzyme is expressed in almost every cell and BHMT expression is primarily limited 
to the liver and kidneys, this pathway is responsible for about 50% of the homo-
cysteine remethylation (van der Linden et al. 2006). Notably, because of the close 
metabolic relationship in the one-carbon transfer cycle between folate and choline, 
deficiencies in folate are compensated for by choline, leading to its depletion in tis-
sues (Zeisel 2009; Kim et al. 1994). Dietary deficiencies in either choline or folate 
are associated with elevated plasma homocysteine concentrations (da Costa et al. 
2005; Chiuve et al. 2007) and reduced methylation capacity.

Methionine and ATP are biosynthesized into SAM in reactions catalyzed by meth-
ionine adenosyltransferases. SAM is the universal donor of methyl groups for various 
methylation reactions, including DNA methylation. The transfer of a methyl group from 
SAM to a methyl receptor involves a methyltransferase and results in the formation of 
S-adenosylhomocysteine (SAH). Different methyltransferases act on DNA (DNMT1, 
DNMT3A, and DNMT3B), proteins such as histones (G9a) and catecholamines such 
as the neurotransmitter dopamine (catechol-O-methyltransferase, COMT). SAH is 
then hydrolyzed into adenosine and homocysteine by S-adenosylhomocysteine hydro-
lase (SAHH). The equilibrium of this reversible reaction favors SAH formation, which 
is an allosteric inhibitor of methylation. Thus homocysteine and adenosine need to be 
metabolized rapidly in order to maintain low SAH levels. The resultant homocysteine 
either begins the methionine cycle again or is permanently removed from the cycle 
through degradation into cysteine by cystathionine-beta-synthase (CBS) with vitamin 
B6 as a cofactor in the transsulfuration cycle.

13.2  folatE, b vitaMins, and 
nEuRodEvElopMEntal disoRdERs

13.2.1 nEural tubE dEfEcts

The essential role of folate in the proper development of the brain and spinal cord 
was recognized through the observation that the incidence of neural tube defects 
(NTDs) was notably higher in children of women who were folate deficient during the 
first trimester of pregnancy (Smithells et al. 1976). This observation was supported 
by predictions of a dietary role in NTD pathology based on the seasonal patterns 
observed in NTD prevalence (Elwood 1975; Sandahl 1977; Barry et al. 1983; Fraser 
et al. 1986), and increased prevalence of NTDs in cohorts of children conceived 
during periods of famine (Susser et al. 1996). There was also an increased risk of 
NTDs in women of lower social classes (Fedrick 1976), who tended to have lower 
nutrient intake in the first trimester of pregnancy (Smithells et al. 1977). Clinical 
trials in the early 1990s confirmed the ability of folic acid supplementation prior to 



324 Nutrition, Epigenetic Mechanisms, and Human Disease

and early in pregnancy to prevent or rescue 50–70% of NTDs (MRC Vitamin Study 
Research Group 1991; Czeizel and Dudas 1992). A randomized, double-blind trial 
conducted by the Medical Research Council (MRC) Vitamin Study Research Group 
demonstrated that administration of 4000 µg folic acid per day before conception 
was associated with a 72% reduction in NTD occurrence for women at high risk of 
having a pregnancy with a neural tube defect, because of a previous affected preg-
nancy (MRC Vitamin Study Research Group 1991). Another randomized clinical 
trial demonstrated the ability of multivitamins containing 800 µg folic acid taken 
for at least 1 month before conception and during the first months of pregnancy to 
reduce the risk of first-occurrence NTDs (Czeizel and Dudas 1992). Based on the 
findings of these studies and several retrospective case-control studies (Milunsky et 
al. 1989; Mulinare et al. 1988; Shaw et al. 1995; Bower and Stanley 1989), recom-
mendations were implemented in the United States for women of childbearing age 
to consume at least 400 µg of folic acid per day to reduce their risk for an NTD-
affected pregnancy (Centers for Disease Control and Prevention 1992). All women 
of childbearing age were targeted due to the timing of neural tube closure, occur-
ring in the third and fourth week of gestation, when many women are unaware that 
they are pregnant. Because about half of all pregnancies in the United States are 
unplanned (Henshaw 1998) and women might not comply with recommendations, 
the U.S. Food and Drug Administration (FDA) mandated the addition of folic acid 
to enriched breads, cereals, flours, corn meals, pastas, rice, and other grain products 
by January 1, 1998 (Daly et al. 1997). Several studies have shown a declining preva-
lence of NTDs in the United States (Honein et al. 2001; Boulet et al. 2008) after 
manufacturers were mandated to fortify cereals with folic acid, though some suggest 
that food fortification levels of folic acid are too low to reduce the risk of NTDs to the 
fullest extent possible (Oakley 1999; McNulty et al.; Cuskelly et al. 1999). Several 
other countries have also initiated folic acid fortification, while other countries still 
debate the issue.

The molecular mechanisms underlying the reduction in risk of NTDs associated 
with periconceptional folic acid supplementation are unknown (Finnell et al. 2003). 
The most intuitive possibility is that additional folic acid compensates for insufficient 
maternal folate levels. However, most mothers of affected fetuses have either normal 
folate status or are, at most, mildly folate-deficient, arguing against this mechanism 
for the majority of cases (van der Put et al. 2001; Mills et al. 1996; Scott 1999).

Alternatively, supplemental folic acid may overcome insufficient folate uptake or 
metabolism. Defects in folate uptake, transport, and metabolism that could result from 
maternal or fetal genetic variations have been thoroughly investigated as risk factors 
for NTDs. The first discovered and most studied single-nucleotide polymorphism 
(SNP) in association with NTDs is the C677T (Ala222Val) SNP in the MTHFR gene 
that results in a less efficiently functioning “thermolabile” MTHFR enzyme. In 1995, 
Frosst et al. demonstrated that the MTHFR 677 TT genotype was associated with 
elevated plasma homocysteine levels, and van der Put et al. (1995) reported increased 
risk of spina bifida risk associated with both maternal and child MTHFR 677 TT gen-
otypes. Although it was well established that NTDs had genetic contributions based 
on skewed sex ratios and findings from heritability and twin studies (Bassuk and 
Kibar 2009), this was the first genetic risk factor identified for spina bifida. Following 
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this study, many additional studies evaluated MTHFR C677T as a risk factor for 
NTDs. Although findings differed among populations, a meta-analysis observed an 
overall twofold increase in the risk of having NTD-affected children for mothers with 
the MTHFR 677 TT genotype (OR 2.0; 95% CI 1.5, 2.8), and an 80% higher risk for 
children with the MTHFR 677 TT genotype (OR 1.8; 95% CI 1.4, 2.2) (Botto and 
Yang 2000). It should be pointed out that, at most, 25% of NTDs can be explained 
exclusively by the MTHFR C677T variant (Posey et al. 1996). Excluding individuals 
with the MTHFR 677 TT genotype, children with NTDs and their parents still have 
decreased folate and increased homocysteine levels (van der Put et al. 1997).

As reviewed by van der Linden et al. (2006), several other genetic variants related 
to the folate cycle and related homocysteine and methionine metabolism have since 
been studied for their association with altered risk of NTDs. Only one variant other 
than MTHFR C677T has been somewhat consistently associated with increased 
NTD risk. Mothers with the MTRR A66G (Ile22Met) variant are associated with 
about a 48% increased risk of NTDs in their offspring (van der Linden et al. 2006). 
The substitution of a methionine for an isoleucine at position 22 of the MTRR 
enzyme results in less efficient repair of the methionine synthase enzyme (Olteanu 
et al. 2002, 2004). Although an association between the MTRR A66G variant and 
elevated plasma homocysteine levels has been observed (Gaughan et al. 2001), most 
studies have not observed an effect of MTRR A66G on homocysteine levels (Jacques 
et al. 2003; Kluijtmans et al. 2003; Feix et al. 2004; Wilson et al. 1999).

Other gene variants examined in association with NTD risk include: SLC19A1 
A80G (rs1051266), maternal methylenetetrahydrofolate dehydrogenase (MTHFD) 
G1958A (rs2236225) (Brody et al. 2002), thymidylate synthase (TS or TYMS) 
5ʹ-untranslated region (UTR) 28 base pair (bp) tandem repeat (2 versus 3 repeat) 
and 3ʹ-UTR 6 bp deletion (del) (Volcik et al. 2003), DHFR 19 bp del (Johnson et al. 
2004), MTR A2756G (rs1805087) (Christensen et al. 1999), and BHMT rs3733890 
(Boyles et al. 2006). Although maternal and fetal genetic variations leading to defi-
ciencies in folate uptake, transport, and metabolism likely play a role in NTD etiol-
ogy, few genetic variations have been found to be independently and consistently 
associated with NTD risk. The lack of consistent findings across studies evaluating 
genetic risk factors could result from different allele frequencies, diverse genetic 
backgrounds, or varied dietary folate or supplemental folic acid intake among popu-
lations. Notably, maternal nutrition, primarily supplemental B vitamin intake, has 
been shown to influence the association between several gene variants and the child’s 
risk for NTDs.

Gene-by-environment interaction effects have been demonstrated for the MTHFR 
C677T variant such that the TT genotype is more strongly associated with NTD risk 
in children whose mothers did not consume a periconceptional folic acid supplement 
(Boyles et al. 2006; Volcik et al. 2003; Shaw et al. 1998) and those with low red 
blood cell folate (Christensen et al. 1999). Several other candidate genes related to 
the folate cycle demonstrate an association with increased risk for NTDs in children 
whose mothers did not consume vitamin supplements. The SLC19A1 A80G variant 
has been reported as a risk factor for NTDs primarily in children whose mothers did 
not use folic acid periconceptionally (Shaw et al. 2002; Pei et al. 2005). Conversely, 
the BHMT rs3733890 variant was significantly associated with NTD risk in children 
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whose mothers were supplemented in a study by Boyles et al. (2006). In the same 
study, there were associations between CBS and MTR gene variants and NTDs only 
in children whose mothers did not supplement with folic acid before conception. 
Another study (Wilson et al. 1999) reported an association between the MTRR 66 
GG genotype and NTDs only when plasma vitamin B12 concentration was low.

Gene-by-gene interaction effects within folate-related genes also contribute to 
NTD risk. If both the mother and child of a mother-child pair have gene variants 
associated with less efficient metabolism, the risk of the child having an NTD is 
increased. For example, if both the mother and the child possess the MTHFR C677T 
genotype, estimated risk of an NTD was three times greater than if either the mother 
or the child had the genotype alone in a study by Christensen et al. (1999). Relton 
et al. (2004) demonstrated that the combination of a maternal MTRR A66G variant 
with a child MTHFR C677T variant was associated with higher risk for NTDs than 
for either variant separately.

Similarly, the more variants associated with less efficient folate metabolism the 
child or the child’s parent has, the higher his/her risk for NTDs tends to be. Multiple 
variants in the same gene can lead to higher risk through less efficient enzyme activ-
ity. For example, the combination of both the C677T and C1298A variants within the 
MTHFR gene is associated with reduced MTHFR specific activity, higher plasma 
homocysteine levels (van der Put et al. 1998), lower vitamin B12 concentrations 
(Cunha et al. 2002), and higher risk for NTDs (van der Put et al. 1998; Richter et al. 
2001) than for either variant by itself. Notably, if an individual is homozygous for the 
variant allele at either MTHFR locus, he or she is almost always homozygous for the 
wild-type allele at the other locus and compound homozygosity for the two MTHFR 
SNPs appears to be embryonic lethal (van der Put et al. 1998; Yates and Lucock 
2003). Variants across multiple genes can also increase risk by blocking compensa-
tion by genes in alternate pathways. Several studies have found interaction effects 
between the MTHFR C677T variant and other candidate gene variants related to 
one-carbon metabolism. The combination of the child CBS 844ins68 and MTHFR 
C677T variants are associated with both higher homocysteine levels (Afman et al. 
2003) and NTD risk (Relton et al. 2004; Speer et al. 1999; Botto and Mastroiacovo 
1998) than each single variant. Interaction effects have also been observed between 
child MTHFR C677T and BHMT (Boyles et al. 2006), MTR (Boyles et al. 2006), 
and MTRR (Relton et al. 2004), between child MTRR and GCPII, and between 
maternal CBS and SLC19A1 (Relton et al. 2004).

Although maternal and child genetic variations leading to deficiencies in folate 
uptake, transport, and metabolism are risk factors for at least a subset of NTDs, either 
independently, or in combination with each other, and/or nutritional factors, other 
disruptions leading to deficiencies in folate uptake and utilization have also been 
proposed. Rothenberg et al. (2004) reported the presence of autoantibodies directed 
against the folate receptor in the serum of women whose pregnancy is or was compli-
cated by NTDs. These autoantibodies were shown to block the binding of folic acid 
to the folate receptors and to inhibit cellular folic acid uptake. Further studies are 
needed to replicate the finding of this small study, to determine whether this associa-
tion is causal and to investigate how the folate receptors become self-antigens. One 
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proposed mechanism involves homocysteinylation of the folate receptor (Taparia et 
al. 2007).

Folic acid might also protect against NTDs through its potentially toxic effects 
of homocysteine. Studies report that mothers of children with NTDs have increased 
postnatal homocysteine levels (Steegers-Theunissen et al. 1991, 1994; van der Put et 
al. 1995, 1997; Mills et al. 1995), and administration of folic acid can reduce homo-
cysteine levels (Brouwer et al. 1999). It has been proposed that homocysteine is in 
itself a teratogen, and that the protective effect of folic acid works through the reduc-
tion of homocysteine levels (Ubbink 1995; van der Put and Blom 2000). Although 
animal studies have shown inconsistent associations between homocysteine admin-
istration and NTDs (Rosenquist et al. 1996; Afman et al. 2003; Bennett et al. 2006), 
genetic findings seem compatible with this mechanism (van der Put and Blom 
2000).

Several lines of evidence are consistent with folic acid’s ability to compen-
sate for decreased DNA methylation capacity, as reviewed by Blom et al. (2006). 
Interestingly, all of the previously proposed mechanisms for the protective effect of 
folic acid on neural tube development can also be linked to DNA methylation. The 
genetic variants implicated as risk factors for NTDs, including MTHFR C677T, are 
involved in methylating homocysteine into methionine, needed to create SAM for 
carrying out methylation reactions (as discussed later). In addition, one proposed 
explanation behind folate receptor antibody production could be decreased T cell 
DNA methylation (Blom 2009), because decreased DNA methylation could result 
in the overexpression of genes and cause autoreactivity in vitro and autoimmunity 
in vivo (Richardson 2002, 2003). Finally, high levels of homocysteine negatively 
impact DNA methylation, as discussed further later. Increased levels or inefficient 
removal of homocysteine lead to an accumulation of SAH (Hoffman et al. 1980), and 
excess SAH inhibits DNA methyltransferases (Hoffman et al. 1979; Cox et al. 1977; 
De Cabo et al. 1995; Yi et al. 2000). This could be especially important for preim-
plantation embryos as methylation patterns are erased and reprogrammed (Reik et 
al. 2001), as discussed further later. Because DNA methylation patterns established 
during early embryogenesis determine tissue-specific gene expression during devel-
opment, it seems plausible that any number of pathways influencing DNA methyla-
tion could alter neurodevelopmental trajectories. Indeed, disrupting de novo DNA 
methylation by inactivating the DNA methyltransferase DNMT3B results in multiple 
developmental defects, including NTDs, in mice (Okano et al. 1999).

Another convincing finding in favor of a DNA methylation mechanism for the 
protection against NTDs by folic acid supplementation is that other B vitamins that 
are methyl donors or cofactors in the methylation cycle also are associated with 
decreased risk for NTDs. Many studies have observed that deficient or inadequate 
maternal vitamin B12 status is a risk factor for NTDs independent of folate status 
(Molloy et al. 2009; Thompson et al. 2009; Zhang et al. 2009; Ray et al. 2007; Gaber 
et al. 2007; Groenen et al. 2004; Gardiki-Kouidou and Seller 1988; Kirke et al. 1993; 
Afman et al. 2001), though a few studies have not found evidence for an association 
(Molloy et al. 1985; Economides et al. 1992; Wald et al. 1996). Recent studies have 
also shown associations between low maternal dietary and serum levels of choline, 
and increased risk for NTDs (Shaw et al. 2004, 2009). Higher periconceptional levels 
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of dietary betaine (choline metabolite) and methionine also have shown associations 
with lower risk of neural tube defects (Shaw et al. 2004). Direct evidence for global 
DNA hypomethylation has recently been published by Chen et al. (2010), showing 
significantly reduced global DNA methylation in fetal brain tissue of NTD cases 
compared to controls, especially for those with the MTHFR 677 TT genotype.

13.2.2 autism spEctrum disordErs

Studies of maternal folic acid or other B vitamin supplementation and the risk for 
autism spectrum disorders (ASDs) are nonexistent to date, though several individuals 
have hypothesized a link. Autism prevalence in the United States has progressively 
increased during the period since recommendations for periconception folic acid 
supplements were released and mandatory folic acid fortification of cereal grains 
was implemented in 1998 (Hertz-Picciotto and Delwiche 2009). Some suggest that 
folic acid fortification could be responsible for this trend toward increased preva-
lence of autism (Leeming and Lucock 2009; Rogers 2008; Currenti 2009). This type 
of time trend analysis is crude, as comparisons over time must consider all other 
factors. For example, increases in environmental exposures to toxins, changes in 
patterns of medication use, growing prevalence of obesity and diabetes, or shifts in 
other factors could be contributing to the rising incidence of autism, which might 
be superimposed on contributions from changes in diagnostic criteria and practices 
(Hertz-Picciotto and Delwiche 2009). It is nearly impossible to disentangle the con-
tribution of folic acid fortification to either increases or decreases in autism across 
this time span from other potential contributors, especially given the current com-
plexity of genetic and environmental factors contributing to autism risk.

Despite the hypothetical nature of the correlation between folic acid fortification 
and autism prevalence, mechanisms behind such a connection have been speculated. 
Rogers (2008) suggested that enhanced folate status during pregnancy could have 
altered natural selection by increasing the survival rates of fetuses possessing genetic 
polymorphisms associated with hyperhomocysteinemia and subsequently requiring 
higher levels of folic acid for proper neurodevelopment. A study by Haggarty et 
al. (2008) failed to find evidence that the frequencies of variants in relevant folate-
pathway genes have increased between generations since the initiation of folic acid 
fortification, as would be predicted under this “rescue” hypothesis. However, as dis-
cussed later, researchers have found a higher prevalence of variants in folate-depen-
dent genes in children with autism (Boris et al. 2004; M. Adams et al. 2007; James 
et al. 2006). Similarly, it is possible that folate fortification has increased survival 
of fetuses with gene variants in other pathways affected by hyperhomocysteinemia 
and folate status, possibly including some of the known genetic risk factors for ASD. 
Finally, for women who do not consume prenatal vitamins periconceptionally, cur-
rent levels of folic acid fortification may have raised blood folate levels enough to 
facilitate neural tube closure, but not enough to prevent more subtle anomalies of 
brain development in certain fetuses that later display neurodevelopmental con-
ditions like autism. Despite few studies on folate and B vitamin supplementation 
and risk for autism, many studies on folate and methionine metabolites, genes, and 
treatments in children with autism have been conducted, without definitive results. 
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This research is reviewed systematically by Main and colleagues (2010), and a brief 
review follows.

13.2.2.1 Metabolites
Altered metabolic profiles relating to the folate and one-carbon metabolism cycles, 
including atypical homocysteine levels, suboptimal vitamin B12 status, reduced 
methionine levels, and impaired methylation capacity, have been observed for chil-
dren with autism and their parents compared to children who are typically developed 
and their parents (James et al. 2004, 2006, 2008; Pasca et al. 2006; Wakefield et al. 
1998). One small study has examined serum and red blood cell folate levels in chil-
dren with autism compared to typically developed children (M. Adams et al. 2007). 
Although no significant differences were found, levels of red cell folate were higher 
in children with autism. To our knowledge, no studies have evaluated maternal folate 
status during pregnancy and risk for autism. No study to date has examined choline 
blood or intake levels in children with autism compared to typically developing chil-
dren, but one study has reported lower levels of choline-containing metabolites in 
the left side of the thalamus in children with autism (Hardan et al. 2008). Pasca et 
al. (2006) found increased homocysteine levels in children with autism compared 
to typically developed controls, while studies by James et al. found reduced homo-
cysteine levels for children with autism (2004), but increased homocysteine levels 
for mothers of children with autism (2008). Wakefield et al. (1998) reported raised 
urinary concentrations of methylmalonic-acid (MMA), a marker of functional B12 
deficiency, in all eight of the children with a pervasive developmental disorder (PDD) 
examined compared with age-matched controls. In another study, by Pasca et al. 
(2006), suboptimal or low levels of plasma vitamin B12 were found for the majority 
(9 of 12) of children with autism. In contrast, findings from a small study found non-
significantly higher mean levels of vitamin B12 for children with autism compared 
to typical controls (M. Adams et al. 2007). Individuals with autism have shown sig-
nificantly higher total vitamin B6, and lower pyridoxal kinase activity compared to 
typically developing (TD) children, suggesting that low conversion of pyridoxal and 
pyridoxine to pyridoxal 5 phosphate (PLP) results in low levels of PLP, which is the 
active cofactor for 113 known enzymatic reactions, including the formation of many 
key neurotransmitters (J. B. Adams et al. 2006). No peer-reviewed studies have mea-
sured the active form of vitamin B6 (PLP) in children with autism. Although these 
studies have several limitations including small sample sizes and some inconsistent 
findings, and the retrospective nature of these studies precludes determining whether 
these differences are causal, they present some evidence for altered one-carbon 
metabolism and methylation capacity in families of children with autism.

13.2.2.2 folate pathway genes implicated in autism
Several studies have identified some of the same folate- and vitamin B12-dependent 
gene variants associated with NTDs (Whitehead et al. 1995; Ou et al. 1996; van der 
Put et al. 1998; De Marco et al. 2001; Johnson et al. 2004) as risk factors for autism, 
including variants in MTHFR, DHFR, SLC19A1, MTRR, and TCN2 in addition to 
variants of other genes connected to the one-carbon metabolism cycle, including glu-
tathione-S-transferase M1 (GSTM1) and COMT (Boris et al. 2004; M. Adams et al. 
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2007; James et al. 2006). The study that investigated a 19 base-pair deletion within 
DHFR was small (M. Adams et al. 2007). Only one study examined associations 
with parental genotypes, which could be as or more pertinent to fetal health than 
infant genotypes because fetal homocysteine levels appear to be regulated mater-
nally rather than intrinsically by the fetus (Molloy et al. 2002). In this study, James 
et al (2010) found an association between the maternal, but not the child SLC19A 
(reduced folate carrier) A80G variant and autism, suggesting that more studies on 
maternal genotypes are warranted. Despite their limitations, these studies suggest 
that families affected by autism and ASD might be genetically predisposed to less 
efficient folate metabolism and function. As described previously, studies of NTDs 
have shown significant effect modification between folic acid intake and common 
genetic variants in folate-dependent pathways, such that increased folic acid intake 
can resolve differences in risk across genotypes (Christensen et al. 1999). The intake 
of folic acid and other vitamins was not collected or examined as an effect modifier 
of genotypes in previous studies of autism. An additional study has identified cor-
relations between the MTHFR C677T polymorphism and the frequency and severity 
of specific behaviors in children with autism (Goin-Kochel et al. 2009).

13.2.2.3 uptake to the central nervous system
Impaired folate delivery to the central nervous system and maternal autoanti-
bodies to folate receptors during pregnancy are potentially risk factors for ASDs 
(Ramaekers et al. 2007). Several case reports and small studies have shown that 
a subset of children with developmental delay, regression, seizures, and autistic 
symptoms suffer from cerebral folate deficiency, regardless of blood levels of 
folate in peripheral tissues (Moretti et al. 2005, 2008; Ramaekers et al. 2007). 
One of these studies showed that serum folate receptor autoantibodies might block 
the folate binding site on receptors and impede transport across the blood-CSF 
(cerebrospinal fluid) barrier (Ramaekers et al. 2007). Treatment with folinic acid 
in these children corrected CSF abnormalities and improved motor symptoms, but 
cognitive delays remained (Moretti et al. 2005; Ramaekers et al. 2007). One can 
speculate that if this subset of children had received supplemental folic acid during 
early neurodevelopment, there might have been a greater recovery or even preven-
tion of developmental symptoms.

13.2.2.4 treatment
Studies have also investigated the effects of interventions involving folic acid 
supplementation on symptoms of ASDs, but the evidence for folic acid supple-
mentation as treatment for those symptoms is insufficient. Interventions including 
the administration of folinic acid or folic acid-containing supplements have been 
reported to help normalize metabolites and improve symptoms of ASD in some 
instances (Moretti et al. 2005; James et al. 2004, 2009; Ramaekers et al. 2007), 
but these studies were small and did not include rigorous measures of symptom 
improvement. Importantly, folic acid could potentially alleviate most of the dif-
ferences described earlier; supplemental folic acid is able to resolve differences in 
risk across folate-related genotypes (Christensen et al. 1999), reduce homocysteine 
levels (Daly et al. 2002), increase global DNA methylation levels (Pufulete et al. 
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2005; Dolinoy et al. 2007), and overcome problems of central nervous system 
uptake. These preliminary findings have implications for folic acid as a potential 
treatment in children with ASDs, but as findings for NTDs suggest, there could 
exist a critical window during periconceptional development when folate supple-
mentation could prevent the occurrence of ASDs.

Vitamin B6 has also been used to treat children with autism, sometimes in combi-
nation with magnesium and/or other vitamins. Research on the treatment of children 
with autism with vitamin B6 began in the 1960s with most studies reporting posi-
tive findings, as reviewed by Rimland (1988) and Pfeiffer et al. (1995). However, as 
reported by Pfeiffer et al., many of these studies had methodological limitations 
such as a small number of participants, no long-term follow-up, and lack of precise 
outcome measures. These studies included those by Rimland et al. (1973, 1974) that 
deemed vitamin B6 the most effective of several vitamin treatments among over 200 
children with autism after a 4-month trial for autism, and that reported positive find-
ings for a double-blind placebo-controlled crossover experiment of 16 children with 
autism who were responsive to vitamin B6 treatment in the first study (Rimland et 
al. 1978). Other researchers followed up these initial findings with studies of behav-
ior and evoked potentials in addition to metabolite measures, and most reported 
improvement in at least a portion of the children with autism (Barthelemy et al., 1981, 
1983; Jonas et al. 1984; Lelord et al. 1981; Martineau et al. 1985, 1986). In a survey 
of parents of children with autism, vitamin B6 (combined with magnesium) was the 
biomedical treatment with the highest rating for efficacy and safety (Rimland 1988). 
However, a more recent 10-week double-blind, placebo-controlled trial found that an 
average dose of 638.9 mg of pyridoxine and 216.3 mg of magnesium oxide was inef-
fective in ameliorating autistic behaviors as assessed by the Children’s Psychiatric 
Rating Scale (CPRS), the Clinical Global Impression Scale, and the NIMH Global 
Obsessive Compulsive Scale (Findling et al. 1997).

13.2.2.5 Rett syndrome
Rett syndrome is an ASD primarily affecting females due to X-linked dominant 
mutation in the MECP2 gene (Amir et al. 1999). The protein product of MECP2 
binds to methylated DNA and is an essential transcriptional modulator for postnatal 
neuronal maturation. Notably, some children with Rett syndrome have low CSF lev-
els of the biologically active form of folate (cerebral folate deficiency) (Ormazabal 
et al. 2005; Temudo et al. 2009; Ramaekers et al. 2003). Treatment of Rett patients 
with folinic acid normalized CSF levels of the active folate metabolite, and was more 
effective for recovery of clinical symptoms if it was delivered early in development, 
before 6 years of age (Ramaekers and Blau 2004). A 12-month double-blind placebo-
controlled trail of folate and betaine supplementation of Rett patients did not find 
significant improvement in objective measures, regardless of age group, although 
subjective improvement was reported by parents with children less than 5 years old 
(Glaze et al. 2009). Another study showed no clinical improvement for the 32% of 
Rett patients that were found to have low CSF folate levels and were subsequently 
treated with folinic acid (Temudo et al. 2009). Choline supplementation resulted in 
improved motor coordination, striatal nerve growth factor expression, and N-acetyl 
aspartate levels in a mouse model of Rett syndrome (Nag and Berger-Sweeney 2007; 
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Nag et al. 2008; Ward et al. 2009), but choline supplementation has not yet been 
evaluated in human Rett patients. Interestingly, MTHFR deficiency in humans can 
clinically mimic Rett, with overlapping symptoms including mental retardation, the 
presence of seizures, ataxia, and absent speech (Arn et al. 1998).

13.2.2.6 fragile x syndrome
Fragile X syndrome is another X-linked ASD caused by triplet expansion of CGG in 
the promoter of FMR1. DNA methylation of the full expansion mutation results in 
silencing of FMR1, encoding a protein required for translation at neuronal synapses 
(Oostra and Willemsen 2009). Folic acid has been used to treat children with fragile 
X syndrome (Rosenblatt et al. 1985; Strom et al. 1992; Madison et al. 1986; Lejeune 
et al. 1984; Hagerman et al. 1986; Gillberg et al. 1986; Fisch et al. 1988; W. T. Brown 
et al. 1986; Gustavson et al. 1985; Froster-Iskenius et al. 1986). Although study results 
are mixed and tend to not report significant benefits (Rueda et al. 2009), evidence 
indicates that fragile X-affected children might be more likely to benefit from folic 
acid treatment when it is administered early in development (prepuberty) (Froster-
Iskenius et al. 1986; Greenblatt et al. 1994; Hagerman et al. 1986). Studies have also 
found evidence for cholinergic dysfunction in fragile X syndrome (D’Antuono et 
al. 2003), with significantly reduced levels of choline in the right prefrontal cortex 
compared to controls (Kesler et al. 2009). In controls, left and right prefrontal cortex 
choline was positively correlated with intelligence measures (Kesler et al. 2009).

13.2.3 scHizopHrEnia

There is now general acceptance that schizophrenia should be considered a neurode-
velopmental disorder. Despite the late onset of schizophrenia in young adulthood, 
evidence points to prenatal or perinatal origins and abnormalities of brain function 
much earlier in life (Lewis and Levitt 2002; Rapoport et al. 2005). Evidence for 
effects of maternal nutrition also fit a neurodevelopmental model for schizophrenia. 
Susser et al. (1996) observed that individuals conceived at the height of the Dutch 
Hunger Winter of 1944–45 showed a twofold increase in the risk for schizophrenia 
in both male and female offspring. A similar study found that schizophrenia was 
increased for offspring exposed prenatally to the Chinese famine of 1959–61 (St. 
Clair et al. 2005). However, it remains unclear whether factors other than nutri-
tion during periods of famine could have predisposed offspring to schizophrenia. A 
more recent study has compared prenatal maternal serum homocysteine levels from 
individuals diagnosed with schizophrenia and age- and sex-matched controls with-
out any major affective disorders and found elevated third-trimester homocysteine 
levels for mothers of children who later developed schizophrenia (A. S. Brown et 
al. 2007). Elevated homocysteine levels have also been described for individuals 
with schizophrenia, with and without low plasma folate and vitamin B12 levels, and 
tend to correlate positively with negative symptom scores (Petronijevic et al. 2008; 
Feng et al. 2009; Muntjewerff et al. 2003; Goff et al. 2004; Regland Jet al. 1994; 
Kemperman et al. 2006). In addition, plasma levels of the active form of vitamin B6 
are lower in schizophrenic patients with movement disorders such as tardive dyski-
nesia (Miodownik et al. 2008).
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13.2.3.1 genes
Studies have identified gene variants associated with the folate-dependent one-car-
bon metabolism/methylation cycle as risk factors for schizophrenia. MTHFR C677T 
has been associated with increased risk of developing schizophrenia in several stud-
ies (Mavros et al. 2008; Kempisty et al. 2006; Feng et al. 2009; Muntjewerff et al. 
2005; Sazci et al. 2003; Arinami et al. 1997). Other studies have not found evidence 
for an association between increased risk of schizophrenia and either maternal or 
patient MTHFR C677T (Muntjewerff et al. 2007; Philibert et al. 2006; Vilella et 
al. 2005; Virgos et al. 1999; Yu et al. 2004; Jonsson et al. 2008). Meta-analyses of 
maternal MTHFR C677T and schizophrenia risk show a small pooled effect, if any 
(Zintzaras 2006; Muntjewerff et al. 2006). MTHFR C677T has been associated with 
earlier age at onset (Vares et al. 2009), more negative symptoms (Roffman, Weiss, 
Purcell et al. 2008), and deficits in executive function (Roffman et al. 2007).

COMT Val158Met has also been identified as a genetic risk factor for schizophrenia 
(Egan et al. 2001), but a recent meta-analysis failed to find evidence for a significant 
contribution of COMT val158met to schizophrenia susceptibility (Okochi et al. 2009). 
One study suggests that both the Val allele and hypomethylation of the membrane-bound 
COMT promoter region associated with COMT overexpression contribute to schizo-
phrenia pathology (Abdolmaleky et al. 2006). Interaction effects between the MTHFR 
C677T and the COMT variants have also been described as risk factors for susceptibility 
to schizophrenia (Muntjewerff et al. 2008) and for poor prefrontal executive function in 
schizophrenia (Roffman, Gollub et al. 2008; Roffman, Weiss, Deckersbach et al. 2008). 
Interestingly, COMT is located on chromosome 22q11.2, a common region of deletion 
and duplication associated with autism and mental retardation (Portnoi 2009).

13.2.3.2 treatment
In addition to finding low levels of folate and vitamin B12 and high levels of homo-
cysteine, some studies in psychiatric patients (including those with schizophrenia) 
showed improvements after administration of methylfolate (Godfrey et al. 1990; 
Procter 1991) or a combination of vitamin B6, vitamin B12, and folic acid (Levine et al. 
2006). Although the research is limited, it has reinforced a hypothesis that methylation 
deficiencies contribute to schizophrenia pathology (Smythies et al. 1997; Regland et al. 
1994). Preliminary trials of vitamin B6 supplementation have been initiated in schizo-
phrenic patients, both alone and in combination with existing treatments, with limited 
success at reducing certain motor symptoms (Miodownik et al. 2006, 2007; Lerner et 
al. 2004; Lerner et al. 2002, 2007). Individuals with schizophrenia often present with 
lower activity of choline acetyltransferase, the enzyme synthesized within neurons 
that forms the neurotransmitter acetylcholine from acetyl-CoA and choline (Bird et 
al. 1977; Karson et al. 1993, 1996). Consequently, choline chloride has been tried as a 
treatment for schizophrenia, but with no significant effects (Davis et al. 1979).

13.2.4 down syndromE (trisomy 21)

Down syndrome is a genetic disorder that results from trisomy of chromosome 21. 
Down syndrome is the most common genetic cause of human intellectual disability, 
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with a prevalence of 1 in 600 live births (Hobbs et al. 2000). In the majority of Down 
syndrome cases, the extra chromosome is a result of a failure of maternal chromo-
somal segregation (nondisjunction) during meiosis I in the maturing oocyte, prior to 
conception (Antonarakis et al. 1992). In 1999, James and colleagues (1999) found 
that mothers of children with Down syndrome had significantly higher plasma homo-
cysteine levels and were more likely to possess the MTHFR 677T allele. More than 
25 studies within various populations have gone on to investigate whether genetic 
polymorphisms within one-carbon metabolism pathways increase a mother’s risk 
of delivering a child with Down syndrome. As reviewed by Patterson (2008), subse-
quent findings have been inconclusive as to whether there are differences between 
homocysteine levels and the prevalence of MTHFR alleles between mothers of chil-
dren with or without Down syndrome. Some researchers report increased risk for 
having a child with Down syndrome in mothers with combinations of more than one 
variant within the folate metabolism pathway (Brandalize et al. 2009; Fintelman-
Rodrigues et al. 2009; Hobbs et al. 2000; O’Leary et al. 2002; Grillo et al. 2002; 
Acacio et al. 2005; Coppede et al. 2006; Scala et al. 2006), and nutritional back-
grounds might play a role. Additional studies have examined how alterations in one-
carbon metabolism, including those due to extra copies of several genes known to be 
involved in folate metabolism located on chromosome 21, affect the development of 
intellectual disabilities in children with Down syndrome. One such study by Gueant 
et al. (2005) demonstrated correlations between the highest quartile of total homo-
cysteine, the MTHFR 677 T and TCN2 776 G alleles, and low IQ in individuals with 
Down syndrome. Future investigations with mouse models of Down syndrome and 
folate deficiency as well as experiments designed to investigate potential epigenetic 
mechanisms of trisomy risk appear to be needed to sort out the important unresolved 
understanding of folate metabolism and risk for Down syndrome.

13.2.5 otHEr nEurodEvElopmEntal outcomEs

13.2.5.1 cognitive functioning
Rodent studies show that the effects on hippocampal progenitor cells from choline 
supplementation during days 11–18 of gestation and postnatal days 16–30 (discussed 
earlier in Section 13.1.1.3) have substantial and irreversible changes in hippocampal 
function in the adult rodent, including altered long-term potentiation (J. P. Jones et 
al. 1999; Montoya et al. 2000; Pyapali et al. 1998) and visuospatial and auditory 
memory (Meck and Williams 1997a, 1997b, 1997c, 1999, 2003; Meck et al. 1988; 
Williams et al. 1998). These effects have not been tested in humans, though at least 
one pilot study is under way (Zeisel 2006).

Craciunescu et al. (2003) followed up the choline studies with a study of folic 
acid and observed that offspring of pregnant rats fed a folic acid-deficient diet dur-
ing gestation had a reduction of 54% of progenitor cells in the fetal neocortex, 47% 
in the septum, and 43% in the caudate and putamen. They did not find differences 
between pups of folic acid-supplemented mice and pups of control mice. Though the 
neocortex is the part of the brain responsible for complex behaviors such as cogni-
tion, attention, and social competence, behavioral deficits were not tested.
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In humans, case studies have found that inadequate B vitamin intake, uptake, or 
metabolism increases risk for deficits in cognitive functioning (Tallur et al. 2005; 
Gueant et al. 2005; Black 2003, 2008; Trimble et al. 1980). An early study dem-
onstrated delayed maturation patterns in brain function for infants breast-fed by 
folate-deficient mothers compared to folate replete (6+ mγ/ml) mothers (Arakawa, 
Mizuno, Honda et al. 1969), which corroborated their previous study of treatment 
with a folic acid analog in rats (Arakawa, Mizuno, Sakai et al. 1969). Mechanisms 
proposed for the association between low vitamin B12 status during early develop-
ment and reduced cognitive ability include disruptions to myelination (Black 2008). 
The functional CBS 844ins68 allele related to homocysteine metabolism has been 
linked to cognitive function in children, while variants in other genes, includ-
ing MTHFR and MTR, have not (Barbaux et al. 2000). A couple of small studies 
showed that administration of folic acid-containing supplements to anemic children 
increased cognitive performance, though the effects could have been attributed to 
the iron contained in the supplements (Seshadri et al. 1982; Seshadri and Gopaldas 
1989). There is limited research examining effects of maternal perinatal intake of 
folic acid and other B vitamins on cognitive development and intelligence, but most 
studies to date have reported a lack of correlations. A randomized clinical trial of 
multivitamin supplementation during pregnancy did not find significantly improved 
neurodevelopment in children at 2 years and 6 years of age, but found nonsignifi-
cantly higher IQ scores among 6-year-old children of mothers with periconceptional 
intake of multivitamins containing 800 µg folic acid and other B vitamins (Dobo 
and Czeizel 1998).

Another study found that folate status of mothers during pregnancy (after the 
first trimester) was not associated with later mental and psychomotor development 
of their children at 5 years of age (Tamura et al. 2005). Bhate and colleagues (2008) 
found that maternal plasma vitamin B12 concentration at 28 weeks gestation was 
associated with attention and short-term memory tasks, but not intelligence of the 
child at 9 years of age. In addition, Bhate and colleagues found that maternal con-
centrations of total homocysteine, methylmalonic acid, and folate were not associ-
ated with the child’s cognitive performance. A study of gestational maternal serum 
at four gestational age intervals (16–18 wk, 24–26 wk, 30–32 wk, and 36–38 wk) 
and cord blood concentrations of free and total choline found no associations with 
overall or selected scales of childhood intelligence at age 5.5±0.5 years (Signore 
et al. 2008). Although these studies have not demonstrated consistent evidence for 
the importance of maternal and fetal B vitamin status for intelligence, these studies 
did not examine B vitamin levels during the very earliest stages of brain develop-
ment in the first trimester of pregnancy when levels could be the most critical for 
neurodevelopment.

13.2.5.2 behaviors
Animal studies have reported impaired learning of avoidance behaviors associated 
with folate deficiency (Bachevalier and Botez 1978), diminished exploratory behav-
iors with perinatal vitamin B6 deficiency (Krishna and Ramakrishna 1984), and the 
preservation of exploratory behaviors and certain features of hippocampal plasticity 
by prenatal choline supplementation that last long into adulthood (Glenn et al. 2008; 
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Wong-Goodrich et al. 2008). Several studies in humans have reported findings on 
behavioral outcomes as they relate to B vitamin intake, most of which focused on 
folic acid. A recent population-based cohort study has found evidence for a higher 
risk of behavioral problems in the offspring of mothers with inadequate use of folic 
acid supplements during early pregnancy (before and during the first 10 weeks) 
(Roza et al. 2009). These behaviors, assessed using the Child Behavior Checklist at 
18 months, included both internalizing and externalizing problems. Another recent 
population-based cohort study supplements these findings with improved neurode-
velopment of children at 4 years of age associated with maternal use of folic acid 
supplements during early pregnancy (first trimester), including higher verbal (b = 
3.98, SE = 1.69), motor (b = 4.54, SE = 1.66), and verbal-executive function (b = 
3.97, SE = 1.68) scores, higher social competence ratings (b = 3.97, SE = 1.61), and 
fewer inattention symptoms (OR = 0.46; 95% CI 0.22, 0.95) (Julvez et al. 2009). 
Psychological outcomes were assessed by two psychologists and teachers, and asso-
ciations were adjusted for a number of sociodemographic and behavioral factors. 
Another recent prospective cohort study by Schlotz et al. (2010) provides further evi-
dence for reduced folate status in early pregnancy impairing fetal brain development 
and affecting hyperactivity/inattention and peer problems in childhood.

Earlier studies had results that are not easily interpretable. A study by Wehby and 
Murray (2008) reported improved gross-motor development and overall develop-
ment, but poorer performance for the personal-social domain in 3-year-old children 
of mothers with periconceptional folic acid use (at least 3 days per week, 3 months 
before and/or after conception).

A double-blind study found that vitamin B6 levels in the mothers’ milk were asso-
ciated with neonatal behaviors and maternal-infant interactions (McCullough et al. 
1990). Finally, a large population-based study found that higher choline concentrations 
were associated with fewer anxiety symptoms in older adults (Bjelland et al. 2009).

13.3  RolE of folatE and othER b 
vitaMins in MEthylation

13.3.1 rElationsHip bEtwEEn folatE lEvEls and dna mEtHylation status

As described previously, the folate cycle and the methylation cycle are intimately 
connected. Importantly, early nutrition is able to influence DNA methylation, as 
dietary methyl donors and cofactors are needed for one-carbon metabolism, which 
provides the methyl groups for all biological methylation reactions (van den Veyver 
2002). Dietary methyl donors include methionine and choline in addition to folate, 
and vitamin B12 is a critical cofactor in methyl metabolism (Waterland and Jirtle 
2004). Low levels of folate and vitamin B12 lead to decreased methylation reactions 
of proteins, phospholipids, DNA, and neurotransmitters (Moretti et al. 2004).

In the mouse, the best example of an effect on dietary folate change on a specific 
phenotype through DNA methylation changes is at the IAP retrotransposon in the 
agouti viable yellow (Avy) mouse model (Morgan et al. 1999). Increasing dietary 
methyl donors through perinatal maternal supplementation of folic acid, vitamin 
B12, choline, and betaine reduced the frequency of pups born with the yellow obese 
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phenotype through hypermethylation of the IAP allele (Waterland and Jirtle 2003). 
In addition, increasing maternal dietary methyl donors could negate the effect of 
hypomethylation associated with environmental exposure to bisphenol A (Dolinoy 
et al. 2007).

In humans, the first examples of the effects of maternal nutrition on DNA methy-
lation patterns come from studies of humans who had been exposed to famine pre-
conceptually during the Dutch Hunger Winter in 1944–1945 (Heijmans et al. 2008). 
There was a specific association between periconceptional exposure to famine and 
reduced methylation of the insulinlike growth factor 2 gene (IGF2) promoter, and 
a later study found altered DNA methylation patterns in an additional six genes, 
with some of the loci being specific to male offspring (Tobi et al. 2009). A recent 
study demonstrated a 4.5% higher methylation of the IGF2 differentially methylated 
region (DMR) for children of mothers who used periconceptional folic acid (400+ 
µg/day) than children of mothers who did not, providing the first direct evidence 
that maternal periconceptional folic acid use relates to DNA methylation in the child 
(Steegers-Theunissen et al. 2009). IGF2 DMR methylation was also inversely asso-
ciated with birth weight, implying that developmental growth, birth outcome, and 
perhaps long-term health could be affected by these changes. These studies suggest 
that nutrition effects of DNA methylation patterns in the genome are widespread and 
specific in timing to the periconception period.

Human genetic variation at the MTHFR locus has also been shown to influence 
DNA methylation patterns. Individuals with a MTHFR 677 T/T genotype had dimin-
ished levels of global DNA methylation compared to those with the C/C genotype, 
but only the T/T subjects with low serum folate levels accounted for the reduced 
DNA methylation (Friso et al. 2002). Another study took a different approach of 
examining by an enzymatic assay the capacity of DNA to accept methyl groups 
and also found evidence in favor of global DNA hypomethylation associated with 
the MTHFR 677 T/T genotype and low folate (Stern et al. 2000). These combined 
results suggest that individuals with the risk allele at MTHFR and low dietary folate 
have detectable deficiencies in global measures of DNA methylation.

13.3.2  ovErlapping timing of nEurodEvElopmEntal nEEd for folic 
acid and dna mEtHylation in tHE pEriconcEptional pEriod

As evidence grows in support of a link between dietary methyl donors and detect-
able changes to DNA methylation pattern, the critical question is why is the perinatal 
period of human development the critical window for protection by folate and other 
B vitamins? Studies investigating the reprogramming of DNA methylation patterns 
during mouse embryonic development have shed light on the global waves of demeth-
ylation and remethylation occurring with the first week of embryonic life (reviewed 
in Guibert et al. 2009). Immediately after fertilization of the zygote, the paternal 
genome is actively demethylated, while the maternal genome is passively and more 
gradually demethylated, resulting in a diminished methylation of the embryo by the 
preimplantation blastocyst stage (Santos et al. 2002). After implantation, DNA meth-
ylation patterns are reset in the developing embryo and restored to the global DNA 
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methylation levels observed in adulthood. The DNA methyltransferases DNMT3a 
and DNMT3b are primarily responsible for the de novo methylation marks occur-
ring in the early embryo, while the maintenance DNA methyltransferase DNMT1 is 
responsible for maintaining DNA methylation patterns following each somatic cell 
division in the embryo and adult.

In addition to CpG methylation, which is the primary and virtually exclusive 
site of methylation in somatic tissues of mammals, non-CpG methylation at CpA 
or CpT sites is present at high levels in embryonic stem cells and likely mediated 
by DNMT3a (Ramsahoye et al. 2000). The specific heavy non-CpG methylation 
of human embryonic stem cells was especially apparent in the first description of 
the human DNA methylome at base resolution compared to that between a pluri-
potent embryonic stem cell line and a fetal fibroblast line (Lister et al. 2009). The 
pluripotent embryonic stem cells had a greater total methylcytosine count than dif-
ferentiated fetal fibroblasts largely because 25% of the methylC sites were non-CpG 
compared to 0.02% in the somatic cells. Remarkably, non-CpG methylation was 
primarily found in gene bodies and appeared to be an important mark of pluripo-
tency because it was restored in the fibroblasts induced to pluripotency in culture. 
In addition, there were multiple regions showing differentiation-specific changes in 
CpG methylation patterns between embryonic stem cells and fetal fibroblast, provid-
ing the first large-scale glimpse of dynamic epigenetic changes in DNA methylation 
patterns occurring in the preimplantation stages of human development.

Together, these studies suggest that the mammalian periconceptional period is 
characterized as having the most critical need for dietary methyl donors for DNA 
methylation compared to any other stage of development. Pluripotent stem cells of 
the preimplantation blastocyst appear to have additional sites requiring DNA methy-
lation at non-CpG sites and overall increased global methylC. The global wave of 
demethylation and reestablishment of DNA methylation patterns that occurs around 
implantation is likely another critical periconception period where dietary methyl 
donors are likely to be critical. A limiting dietary supply of methyl donors in a 
genetically susceptible individual (MTHFR 677 T/T) could impact the epigenetic 
switch between pluripotency and cellular identity as well as the establishment of 
DNA methylation patterns for tissue differentiation, X chromosome inactivation, 
and parental imprinting.

13.3.3 b vitamins and mEtHylation of products otHEr tHan dna

Exclusive of DNA methylation, methylation of other products could also play a role 
in neurodevelopmental outcomes, and can be influenced by B vitamin levels. SAM-
dependent methyltransferase activity is essential for hundreds of other cellular meth-
ylation reactions, including methylation of phospholipids, proteins, RNA, and other 
molecules, many of which are potentially relevant for neurodevelopment and ner-
vous system functioning (Chiang et al. 1996). Of particular relevance is the involve-
ment of SAM as a cofactor in methylation reactions in catecholamine synthesis and 
metabolism (A. J. Turner 1977), and requirement of 5-methylhydrofolate, vitamin 
B12, and SAM for biosynthesis and maintenance of adequate amounts of tetrahy-
drobiopterin (Hamon et al. 1986), a key cofactor in the synthesis of serotonin and 
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the catecholamine neurotransmitters (A. J. Turner 1977). Serotonin deficits during 
synaptogenesis lead to decreased synaptic density and learning deficits in adult rats 
(Mazer et al. 1997), and evidence suggests that early abnormalities in the stimula-
tion of dopamine or serotonin receptor subtypes during brain development can lead 
to the types of neuroanatomical changes observed in individuals with schizophrenia, 
bipolar affective disorder, and autism (Todd 1992). As reviewed by Yi et al. (2000), 
SAH inhibits cellular methyltransferases including COMT (Schatz et al. 1981), phos-
phatidylethanolamine methyltransferase (Hoffman et al. 1981), histone methyltrans-
ferase (Hoffman et al. 1979), tRNA and mRNA methyltransferases (Glick et al. 1975; 
Pugh and Borchardt 1982), acetylserotonin methyltransferase (Deguchi and Barchas 
1971), and histamine N-methyltransferase (Schatz et al. 1981; Borchardt et al. 1978), 
which in addition to reduced neurotransmitter synthesis (Deguchi and Barchas 1971; 
Schatz et al. 1981) can lead to central nervous system demyelination (Scott et al. 1994; 
Molloy et al. 1992), decreased chemotaxis and macrophage phagocytosis (Garcia-
Castro et al. 1983; Leonard et al. 1978), altered membrane phospholipid composition 
(Chiang et al. 1980), and cell differentiation (Chiang 1981; Aarbakke et al. 1986). All 
of these potential functional consequences of SAH inhibition of methyltransferases 
could put a developing nervous system at increased risk for abnormal development. 
Hypomethylation specific for proteins located in neural tubes that failed to close and 
the ability to rescue neural tube closure with the addition of methionine suggests that 
protein methylation also might play a role in proper neural tube closure (Moephuli et 
al. 1997; Coelho and Klein 1990).

Histone methylation is another essential epigenetic mark of the developing embryo 
for the specification and maintenance of cellular identity. The histone H3 subunit 
has multiple sites of lysine methylation that can be either activating (H3K4me3) or 
repressing (H3K27me3) to the DNA sequences coiled by the modified nucleosomes 
(reviewed in Hublitz et al (2009). Mitotic cell divisions as well as tissue differentia-
tion occurring in the early embryo undergo dynamic changes in histone methylation 
patterns, so the need for dietary methyl donors for the establishment and maintenance 
of histone methylation patterns is expected to be greatest in the early embryo.

13.4 EpigEnEtics and nEuRodEvElopMEntal disoRdERs

Epigenetic mechanisms, including DNA methylation, create pathways through which 
the environment can make its mark on the human genome. DNA methylation (addi-
tion of a carbon group) occurs at specific cytosine-phosphorous-guanosine (5ʹ-CpG-
3ʹ sites) sites (Holliday and Grigg 1993), and in mammals, about 60–80% of CpG 
sites in DNA are methylated, except for within CpG islands, where most CpGs are 
not methylated (Jeltsch 2002). This addition of a methyl group influences multiple 
cellular events, including gene transcription, genomic imprinting, X chromosome 
inactivation, and genomic stability (Jaenisch 1997; P. A. Jones and Gonzalgo 1997; 
Robertson and Wolffe 2000). Therefore DNA methylation analysis is an essential 
addition to a repertoire for understanding genetic and environmental risk factors in 
the etiology of neurodevelopmental disorders.

The involvement of epigenetic regulatory mechanisms in the pathway of ASDs 
has been implicated by the co-occurrence of ASD in disorders such as fragile X 
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syndrome (FXS), Rett syndrome (RTT), Angelman syndrome (AS), and Prader-Willi 
syndrome (PWS), all of which have known epigenetic contributions (Samaco et al. 
2005; Schanen 2006; Hogart et al. 2007). FXS arises through a combination of genetic 
and epigenetic mutations, where the expansion of a CGG repeat in the 5ʹ-untranslated 
region of the FMR1 gene renders the region susceptible to methylation and epigenetic 
silencing, resulting in the loss of expression of the gene (Hagerman et al. 2005). Rett 
syndrome is a complex neurological disorder included among the pervasive devel-
opmental disorders in the DSM-IV (Diagnostic and Statistical Manual of Mental 
Disorders, 4th edition) that arises from mutations in the X-linked gene MECP2, 
encoding methyl-CpG-binding protein 2 (MeCP2) (Amir et al. 1999). MeCP2 is a 
key mediator of epigenetic regulation of gene expression, by binding with methylated 
cytosine residues and interacting with chromatin remodeling complexes to modulate 
gene expression. In addition to females with RTT, males with duplication of MECP2 
have an increased risk of ASDs (Meins et al. 2005; Friez et al. 2006). Moreover, 
aberrant DNA methylation at MECP2 in male autism brain samples correlated with 
reduced MeCP2 in postmortem brain (Nagarajan et al. 2008). The X chromosome 
is probably the most vulnerable sector of the male genome, and mutations of brain-
expressed genes on the X chromosome often cause mental retardation. This vul-
nerability is also true for epigenetic influences of the X chromosome, and thus the 
epigenetic alterations in X chromosome genes such as FMR1 and MECP2 are plau-
sible mechanisms for males’ increased vulnerability to ASDs. X chromosome DNA 
methylation patterns may depend on maternal capacity for methylation or demethy-
lation, during precise developmental stages of XCI erasure and reestablishment.

Also relevant is an observation made by Schanen (2006) that many gene loci 
linked to autism are near or overlap with regions that are subject to genomic imprint-
ing, with the most common linkage to chromosome 15q11-13. Several studies have 
found an association between autism and duplication of 15q11-13, a region subject 
to methylation-dependent genomic imprinting (Thatcher et al. 2005). The regulatory 
region of the small nuclear riboprotein N gene (SNRPN) is an important imprint-
ing control region (ICR) for establishing and maintaining imprinting at the 15q11-
13 locus associated with Prader-Willi and Angelman syndromes. PWS is caused 
by paternal deletion of 15q11-13, maternal disomy, or small paternal deletions in 
the ICR. In contrast, AS is caused by maternal 15q11-13 deletion, paternal disomy, 
maternal UBE3A mutations, or lack of maternal methylation at the ICR (Carrel et al. 
1999). Imprinted genes within 15q11-13 include UBE3A, encoding a type 3 ubiquitin 
ligase, that is mutated in AS and shows reduced expression in RTT. In addition, three 
GABA receptor subunit genes (GABRB3, GABRA5, GABRG3) are located in this 
region, and GABAergic inhibition is suggested to predispose individuals to autism. 
Reduced expression levels of UBE3A and GABRB3 (encoding for the β3 subunit 
of the GABAA receptor) in Rett, Angelman, and autism brains are also associated 
with MeCP2 deficiency (Samaco et al. 2005). Hogart et al. (2007) showed that epi-
genetic dysregulation was the mechanism for the reduced expression of GABRB3 
in neurons of ASD brains, or more specifically, by MeCP2 binding to methylated 
CpG sites within GABRB3. Decreased function of another methyl-CpG binding pro-
tein, MBD1, is also associated with autismlike behavioral phenotypes, potentially 
through the elevated expression of Htr2c, a serotonin receptor (Allan et al. 2008). 
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Other candidate genes for autism, including reelin (RELN), MET, and ROAA genes, 
are either epigenetically regulated or alter transcription factor binding (Campbell et 
al. 2006; Schanen 2006; Nguyen et al. 2010).

Most evidence for involvement of epigenetic mechanisms and studies of methy-
lation in the pathway of autism has focused on specific genetic loci of imprinted 
genes, with findings for aberrant methylation. In a case-control study that included 
measurement of global DNA methylation levels, James and colleagues (2008) found 
evidence for genomewide DNA hypomethylaton in a subset of parents of children 
with autism with elevated SAH. However, because their measure for global meth-
ylation might have underestimated levels of DNA methylation at 6–7% compared 
to 30–90% expected from other studies (Tucker 2001; S. E. Brown et al. 2007), 
the level of differences between groups might have been obscured. Thus a more 
encompassing measurement of global DNA methylation in mothers and children in 
families who are and are not affected by autism is warranted. Epigenetic mecha-
nisms have also been implicated for schizophrenia, as summarized in recent reviews 
(Roth et al. 2009; Akbarian 2009). Schizophrenia cortex is characterized by reduced 
expression due to increased promoter methylation of RELN and GAD67, encoding 
proteins essential for GABAergic neurons (Grayson et al. 2005; Huang and Akbarian 
2007). Histone methylation modifications have also been observed in schizophrenia 
(Akbarian et al. 2005; Stadler et al. 2005), further implicating a potential epige-
netic etiology of this common neuropsychiatric disorder. The evidence for maternal 
nutrition effects in the etiology of schizophrenia is also consistent with epigenetic 
involvement in schizophrenia development.

13.5 chaptER suMMaRy and conclusions

Folate, vitamin B12, and choline are essential dietary ingredients for the transmethyla-
tion pathway that provide methyl donors for DNA, RNA, proteins, and neurotrans-
mitters during brain development. Dietary deficiencies in methyl donors have been 
implicated in neural tube defects as well as more subtle neurodevelopmental outcomes 
of reduced IQ, behavioral problems, and schizophrenia. Dietary methyl-donor supple-
mentation has been attempted in autism spectrum disorders including fragile X and 
Rett syndromes, but the critical timing of supplementation appears to be much ear-
lier than tested in these studies. The early mammalian embryo is characterized by an 
additional need for methyl donors for DNA methylation patterns marking pluripotency 
and tissue differentiation, and the periconceptional period may be especially vulner-
able to dietary deficiency in folate and other methyl donors. Prenatal vitamins have 
been recommended for women considering pregnancy since the early 1990s, and the 
increased usage of prenatal vitamins and folate supplementation of cereal have been 
credited with a significant reduction in neural tube defects. For neurodevelopmental 
disorders with a postnatal onset, including autism, schizophrenia, fragile X, and Rett 
syndromes, the protective nature of periconception folate and other B vitamins has not 
been investigated. Considering the emerging insight into the role of epigenetics in these 
disorders, investigations into the combined role of genetic and dietary factors appears 
warranted. Since dietary supplementation of B vitamins is a relatively low-cost and 
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simple preventative measure, the protective nature of these important nutrients should 
be investigated in a broader spectrum of neurodevelopmental disorders.
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14 Dietary Factors and 
the Emerging Role 
of Epigenetics in 
Neurodegenerative 
Diseases

Lucia Migliore and Fabio Coppedè

14.1 nutRition, Evolution, and disEasEs

There is evidence of a strong relationship between human dietary habits and changes 
of the human genome, since the beginning of the evolution of our species. Today, 
population growth, globalization, and economic pressure powerfully affect diets 
worldwide. It is generally accepted that socioeconomic status influences dietary 
habits as well as health-related outcomes in various parts of the world (Vlismas et 
al. 2009). The modern environment encourages a sedentary lifestyle and provides 
easy access to processed food, which leads to a reduction of energy expenditure 
and increased caloric intake (Y. S. Lee 2009). Indeed, dietary habits affect several 
human diseases, including among others, obesity, cardiovascular disease, diabetes, 
cancer, and age-related neurodegenerative diseases (Joseph et al. 2009). Within this 
context, recent studies suggest that the reduction of caloric intake and the consump-
tion of diets rich in antioxidants and anti-inflammatory components, such as those 
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found in fruits, nuts, vegetables, and spices, may lower age-related cognitive declines 
and the risk of developing neurodegenerative disease (Joseph et al. 2009). Studies 
in rodents (see Sections 14.3 and 14.4) have demonstrated that early-life exposure 
to neurotoxic compounds during brain development or dietary modifications can 
modify the epigenome with consequences on the levels of expression of Alzheimer’s 
disease (AD)-related genes later in life (Fuso et al. 2009; Zawia et al. 2009). These 
studies have been paralleled by others performed in human neuroblastoma cell cul-
tures and demonstrate that the deprivation of B vitamins from the media resulted 
in epigenetic modifications and altered expression of AD-related genes (Fuso et al. 
2005, 2007). Overall, there is increasing indication that environmental and particu-
larly dietary factors could affect neurodegeneration by modifying the epigenome. 
The aim of this chapter is to review the possible epigenetic effects of dietary factors 
and their relevance to neurodegeneration and neuroprotection.

14.2  nutRition and thE EpigEnoME: folatE 
MEtabolisM and dna MEthylation

Folates are essential nutrients required for one-carbon biosynthetic and epigenetic 
processes. They are derived entirely from dietary sources, mainly from the con-
sumption of green vegetables, fruits, cereals, and meat. Folic acid is the synthetic 
form added to foods and found in dietary supplements. After intestinal absorption, 
folate metabolism requires reduction and methylation into the liver to form 5-meth-
yltetrahydrofolate (5-methylTHF), release into the blood, and cellular uptake; then 
it can be used for the synthesis of DNA and RNA precursors or for the conversion 
of homocysteine (Hcy) to methionine, which is then used to form the main DNA 
methylating agent S-adenosylmethionine (SAM). Folic acid is converted to a natural 
biological form of the vitamin as it passes through the intestinal wall, with enzy-
matic reduction and methylation resulting in the circulating form of the vitamin, 
5-methylTHF (Bailey and Gregory 1999; Coppedè 2009).

Folate does not cross biological membranes by diffusion alone, but requires sev-
eral transport systems to enter the cells, the best characterized being the reduced 
folate carrier (RFC1). Methylenetetrahydrofolate reductase (MTHFR) is the first 
enzyme in the DNA methylation pathway since it reduces 5,10-methylentetrahydro-
folate (5,10-MTHF) to 5-methylTHF. Subsequently, methionine synthase (MTR) 
transfers a methyl group from 5-methylTHF to homocysteine (Hcy), forming methi-
onine and tetrahydrofolate (THF). Methionine is then converted to SAM in a reaction 
catalyzed by methionine adenosyltransferase (MAT). Most of the SAM generated is 
used in transmethylation reactions, whereby SAM is converted to S-adenosyl homo-
cysteine (SAH) by transferring the methyl group to diverse biological acceptors, 
including proteins and DNA. Cobalamin (or vitamin B12) is a cofactor of MTR, and 
methionine synthase reductase (MTRR) is required for the maintenance of MTR in 
its active state. If not converted into methionine, Hcy can be condensed with serine 
to form cystathionine in a reaction catalyzed by cystathionine β-synthase (CBS), 
which requires vitamin B6 as a cofactor. Cystathionine can then be utilized to form 
the antioxidant compound glutathione (GSH). Indeed, SAM allosterically regulates 
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the activity of CBS (Coppedè 2009). A diagram illustrating folate metabolism is 
shown in Figure 14.1.

A deficiency in cellular folates results in aberrant DNA methylation, point mutations, 
chromosome breakage, and increased frequency of micronuclei (MN), defective chro-
mosome recombination, and aneuploidy (Fenech, 2001). Impaired folate metabolism, 
resulting from the presence of common functional polymorphisms of genes encoding for 
metabolic enzymes, has been associated with several human diseases including cardio-
vascular diseases (Smulders and Stehouwer 2005; Trabetti 2008), various kinds of cancer 

FOLATES

THF 

dTMP 

DHF 5,10-methyleneTHF

MTHFR

5-methylTHF 

10-formyl THF Purines

Pyrimidines

Homocysteine 

DNA SYNTHESIS

Cell membrane 

Methionine

 SAM

dUMP 

MTHFD1

B12

Blood 

SAH

GART 
MAT

TYMS

MTR/MTRR 

RFC1

Unmethylated
DNA

Methylated
DNA 

DNMT 

NH2

N

O N O

N

N

CH3

NH2

+ +

GSH 

figuRE 14.1 Simplified overview of the human folate metabolic pathway. Enzymes: DNMT: 
DNA methyltransferase; GART: phosphoribosylglycineamide transformylase; MAT: methi-
onine adenosyltransferase; MTHFD1: methylenetetrahydrofolate dehydrogenase; MTHFR: 
methylenetetrahydrofolate reductase; MTR: methionine synthase; MTRR: methionine syn-
thase reductase; RFC1: reduced folate carrier; TYMS: thymidilate synthase. Metabolites: 
DHF: dihydrofolate; GSH: glutathione; THF: tetrahydrofolate; dTMP: deoxythymidine 
monophosphate; dUMP: deoxyuridine monophosphate; SAH: S-adenosylhomocysteine 
SAM: S-adenosylmethionine. Cofactors: B12: vitamin B12.
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(Bolufer et al. 2006; Kono and Chen 2005; Lin et al. 2007; Skibola et al. 2004), neural 
tube defects (Molloy et al. 2009; van der Put et al. 2001), Down syndrome (Coppedè 
2009), and neurodegenerative diseases (Anello et al. 2004; Bi et al. 2009). Moreover, 
recent studies in cells and animal models indicate that low folate levels induce epigenetic 
modifications, possibly affecting the expression of several genes (Linhart et al. 2009; 
Pogribny et al. 2008; Wasson et al. 2006). However, studies attempting to demonstrate 
whether or not folate deficiency from the diet induces global DNA hypomethylation 
have yielded conflicting or opposite results, depending on the cells or the organs tested 
(Maloney et al. 2007; Pogribny et al. 2008; Wasson et al. 2006).

There is indication that plasma Hcy levels are increased in AD patients and folate 
levels decreased. The levels of vitamins B12 and B6 have been studied less frequently 
than folate and Hcy, but there is some indication that also vitamin B12 levels might be 
decreased in AD patients (Van Dam and Van Gool 2009). We have recently genotyped 
118 AD patients and 105 controls for the presence of the MTHFR 677C>T polymor-
phism. No significant difference in MTHFR 677T allele and genotype frequencies 
was observed between the two groups. We also measured blood levels of folate, Hcy, 
and vitamin B12 in a subgroup of AD patients and controls, observing significantly 
increased Hcy levels in AD patients, lower folate levels in AD subjects, and vitamin 
B12 levels that were similar between the two groups. An inverse correlation between 
blood Hcy and folate values was found in AD subjects, and the MTHFR 677TT geno-
type was associated with higher plasma Hcy levels (Coppedè, Ricci et al. 2009). 
Hyperhomocysteinemia has been repeatedly reported in Parkinson’s disease (PD) 
patients; the increase, however, seems mostly related to the methylated catabolism of 
l-Dopa, the main pharmacological treatment of PD. Therefore hyperhomocysteine-
mia may not be specific to this movement disorder, the condition being, in fact, rather 
the result of the combinations of different factors, including the pharmacological 
treatment (Martignoni et al. 2007). Elevated plasma Hcy levels have been observed 
in amyotrophic lateral sclerosis (ALS) patients (Zoccolella et al. 2008), and studies 
in ALS animal models have shown that folic acid protects motor neurons against 
increased Hcy, inflammation, and apoptosis (Zhang et al. 2008). Cerebral folate defi-
ciency (CFD) is associated with low levels of 5-methylTHF in the cerebrospinal fluid 
(CSF) with normal folate levels in the plasma and red blood cells. The onset of symp-
toms caused by the deficiency of folates in the brain is at around 4 to 6 months of age. 
This is followed by delayed development, with deceleration of head growth, hypoto-
nia, and ataxia, followed in one-third of children by dyskinesias (choreo-athetosis, 
hemiballismus), spasticity, speech difficulties, and epilepsy (Gordon 2009). The pos-
sible contribution of folate deficiency to epigenetic modifications in patients with 
neurodegenerative diseases will be discussed in the next sections.

14.3  oxidativE stREss and nEuRodEgEnERation: 
thE link bEtwEEn oxidativE stREss, dna 
REpaiR, and dna MEthylation

Oxidative stress describes a condition in which cellular antioxidant defenses 
are insufficient to keep the levels of reactive oxygen species (ROS) below a toxic 
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threshold. Increasing evidence suggests crucial implications for oxidative stress 
in several steps of the pathogenesis of many neurodegenerative diseases, and the 
current opinion is that it could have a causative role, instead of being an epiphe-
nomenon of the pathological processes. Significant biological changes related to a 
condition of oxidative stress have been found not only in brain tissues but also in 
peripheral tissues of individuals affected by AD, mild cognitive impairment (MCI; 
which is a pre-dementia phase preceding AD), PD, ALS, and Huntington’s disease 
(HD) among others (Lovell et al., 1999, 2007; Migliore, Fontana, Colognato et al. 
2005; Migliore, Fontana, Trippi et al. 2005). Overall, there is substantial evidence 
indicating that a condition of increased oxidative damage to lipids, proteins, and 
nucleic acids characterizes neurodegenerative diseases (Mancuso et al., 2006). We 
have recently reviewed environmental factors that could contribute to a condition 
of increased oxidative stress in neurodegenerative diseases (Migliore and Coppedè 
2009a, 2009b): among them metals, pesticides, air pollutants, and the inflammation 
resulting from head traumas could play an important role in increasing oxidative 
damage, whereas the consumption of fruits, fish, and vegetables, rich in antioxidant 
compounds, could partially counteract human exposure to oxidant compounds (see 
Section 14.6). Glutathione is one of most important endogenous antioxidant com-
pounds deriving from the trans-sulfuration pathway of Hcy. There is some indication 
that GSH levels are lower in AD brain regions and blood cells; moreover, the GSH 
content is significantly lower in the substantia nigra of PD patients (Ballatori et al. 
2009). We measured oxidative DNA damage and glutathione S-transferase (GST) 
activity in plasma from PD patients and controls. Oxidative damage to purine bases 
was higher in PD patients, and the GST enzymatic activity in PD patients was lower 
than in healthy controls (Migliore et al. 2001).

Increasing evidence suggests that neurodegenerative diseases are also characterized 
by deficiencies of proteins involved in the repair of oxidative DNA damage (Cardozo-
Pelaez et al. 2005; Coppedè et al. 2007, 2010; Coppedè, Migheli, Lo Gerfo 2009; 
Coppedè, Migheli, Ceravolo 2009, 2010; Coppedè and Migliore 2009, 2010; Fukae et 
al. 2005; Jarem et al. 2009; Wong et al. 2008). Recently Zawia et al. (2009) proposed a 
model linking epigenetic modifications, oxidative DNA damage, DNA repair, and AD. 
One of the most studied epigenetic modifications is the change of methylation patterns 
of CpG-rich regions in the promoter of specific genes, resulting in gene silencing (hyper-
methylation) or overexpression (hypomethylation). The authors observed that environ-
mental influences occurring during brain development of rats, such as exposure to the 
xenobiotic metal lead (Pb), inhibit DNA-methyltransferases, thus resulting in hypometh-
ylation of the promoters of genes associated with AD, such as APP (the gene encoding 
the amyloid precursor protein) and BACE1 (the β-secretase gene that cleaves the amyloid 
precursor protein APP). This early life imprint was sustained and triggered later in life 
to increase the levels of APP and amyloid-beta (Aβ). These latent effects were accompa-
nied by an increase of cerebral oxoguanine (8-oxo-G) levels, indicating that epigenetic 
imprinting in early life influenced the expression of AD-related genes and promoted 
DNA damage and AD pathogenesis. Whereas AD-related genes were overexpressed 
late in life, others were repressed, suggesting that the early life perturbations resulted in 
hypomethylation of some genes as well as hypermethylation of others (Basha et al. 2005; 
Bolin et al. 2006; Wu et al. 2008). However, hypermethylated genes are more susceptible 
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to Aβ-induced oxidative DNA damage since methylation of cytosines at CpG dinucle-
otides restricts the ability of oxoguanine DNA glycosylase (OGG1) to repair an adja-
cent 8-oxo-G. Therefore the authors concluded that although the conditions leading to 
early life hypo- or hypermethylation of specific genes are not yet fully understood, these 
changes can have an impact on gene expression and imprint susceptibility to oxidative 
DNA damage in the aged brain (Zawia et al. 2009). Kruman and colleagues (2002) 
observed that when maintained on a folic acid-deficient diet, APP mutant transgenic 
mice exhibited increased oxidative DNA damage and hippocampal neurodegeneration. 
The authors suggested that folic acid deficiency could impair DNA repair in neurons, 
which sensitizes them to oxidative DNA damage induced by Aβ.

14.4  EpigEnEtic studiEs in ad (including 
cEllulaR and aniMal ModEls)

Alongside the studies performed by Zawia and colleagues on AD animal models 
described in the previous section, several studies performed on neuroblastoma cells 
suggest that the manipulation of environmental factors can epigenetically modify the 
expression of AD-related genes and proteins. Particularly, the levels of methylation of 
CpG islands in the promoters of the APP and the PSEN1 (Presenilin 1, the core of the 
γ-secretase activity that cleaves APP) genes were analyzed on human neuroblastoma 
SK-N-SH or SK-N-BE cell lines, and it was observed that under conditions of folate 
and vitamin B12 deprivation from the media, the status of methylation of the promoter 
of the PSEN1 gene underwent a variation, with a subsequent deregulation of the pro-
duction of presenilin1, BACE, and APP proteins (Fuso et al. 2005). Both γ-secretase 
and β-secretase are required during the amyloidogenic cleavage of APP, leading to 
the formation of Aβ fragments. Therefore this study confirmed that some of the genes 
responsible for the production of Aβ fragments in AD can be regulated through an 
epigenetic mechanism depending on the cellular availability of folate and B12 vitamins, 
and involving the production of SAM and the status of methylation of CpG islands in 
the DNA. Subsequently, the authors observed, on the same experimental model, that 
Hcy accumulation induced through vitamin B deprivation could impair the “methy-
lation potential” of the cells with subsequent presenilin 1, BACE, and amyloid-beta 
up-regulation (Fuso et al. 2007). The same group recently observed that B-vitamin 
(folate, vitamin B12, and vitamin B6) deprivation induces hyperhomocysteinemia and 
brain SAH, depletes brain SAM, and enhances PSEN1 and BACE expression and Aβ 
deposition in mice (Fuso et al. 2008). Similarly, they observed that B-vitamin depriva-
tion induces PSEN1 epigenetic changes in mice (Fuso et al. 2009).

Recent studies on murine cerebral endothelial cells have demonstrated that Aβ 
reduces global DNA methylation while increasing DNA methylation of the gene-
encoding neprilysin (NEP), one of the enzymes responsible for Aβ degradation, thus 
suppressing the NEP expression in mRNA and protein levels. These results indicate 
that Aβ induces epigenetic effects, suggesting that DNA methylation might be part 
of a vicious cycle involving the reduction in NEP expression along with a resultant 
increase in Aβ accumulation, which in turn induces global DNA hypomethylation 
(Chen et al. 2009). Studies performed in postmortem brain samples and lymphocytes 
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of late-onset AD patients revealed a notably age-specific epigenetic drift, supporting 
a potential role of epigenetic effects in the development of the disease. Particularly, 
some genes that participate in Aβ processing (PSEN1, APOE) and methylation 
homeostasis (MTHFR, DNMT1) showed a significant interindividual epigenetic 
variability, which could contribute to AD pathology (Wang et al. 2008).

14.5  EpigEnEtic studiEs in nEuRodEgEnERativE 
disEasEs othER than ad

Studies about the possible role of epigenetics in other neurodegenerative diseases are 
still in their infancy. Few data exists on the aberrant DNA methylation patterns and 
histone modification profiles of DNA sequences of genes that have a fundamental 
role in neurodegenerative diseases other than AD, such as PD, HD, and ALS. To 
explain the variable phenotypic expressivity (the age of onset, severity, and/or pen-
etrance of the pathological phenotype), disturbances in methylation levels have been 
involved. Moreover, observations on whether a particular disease is more commonly 
inherited from an individual’s mother or father are suggestive of an involvement of 
imprinted genes (Chao et al. 2009). DNA methylation is dynamically regulated in 
the human cerebral cortex throughout the life span, involves differentiated neurons, 
and affects a substantial portion of genes predominantly by an age-related increase 
(Siegmund et al. 2007). Sporadic ALS (SALS) results from the death of motor neu-
rons in the brain and spinal cord. It has been proposed that epigenetic silencing of 
genes vital for motor neuron function could underlie SALS. However, the promoter 
of genes thought to be implicated in SALS—SOD1 and VEGF, or two common 
human isoforms of the metallothionein family—has not been found with inappro-
priate methylation levels (Oates and Pamphlett 2007; Morahan et al. 2007). In PD 
patients the TNF-alpha promoter DNA from substantia nigra was found significantly 
less methylated in comparison to DNA from cortex; however, although there was a 
tendency for hypomethylation in PD, the analysis revealed no particular pattern in 
PD patients compared to controls (Pieper et al. 2008).

Some of the DNA methylations and histone modifications observed in neurode-
generative disorders such as AD, PD, and HD, and in other neurological disorders 
such as multiple sclerosis, epilepsy, and ALS (see the recent review by Urdinguio et 
al. 2009) might prove to be useful as early biomarker indicators of disease, while 
they might also be targeted with epigenetic drugs such as DNA-demethylating drugs 
and histone demethylase inhibitors (already clinically approved for the treatment of 
subtypes of leukaemia and lymphoma) (Urdinguio et al. 2009).

14.6  diEtaRy factoRs in thE tREatMEnt and 
pREvEntion of nEuRodEgEnERativE disEasEs: 
possiblE EpigEnEtic iMplications

The findings on the early involvement of oxidative stress in many neurodegenerative 
diseases (Keller et al. 2005; Migliore, Fontana, Trippi et al. 2005; Moreira et al. 2007; 
Chang et al. 2008) have led to the idea that lifestyle factors, and especially the diet, may 
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counteract oxidative damage and could be of help in aging and neurodegeneration. In 
general the potential therapeutical treatments are currently divided in two different cat-
egories: vitamin and nonvitamin antioxidants, mainly including the phytochemicals.

Studies in vitro or in animal models have indicated that many compounds can 
decrease neurodegeneration, excitotoxicity, oxidative stress, apoptosis, protein 
aggregation, and disturbance of Ca2+ homeostasis, and compensate the energy 
impairment. Zhao (2009) reviewed the studies on the protecting effects of natural 
antioxidants on in vitro models of neurodegenerative diseases. The protective effect 
of green tea polyphenols, such as epigallocatechin-3-gallate (EGCG), on neurons 
against apoptosis has been shown in cellular and animal PD models. Also nicotine 
and genistein, the most active component of soy isoflavone, have been found to pro-
tect against Aβ-induced apoptosis of hippocampal neurons in transgenic mouse AD 
models (Zhao 2009). The potential therapeutic efficacy of creatine, coenzyme Q10, 
idebenone, synthetic triterpenoids, and mitochondria- targeted antioxidants and pep-
tides (SS-31) in in vitro studies and in animal models of PD, HD, ALS, and AD has 
been reviewed by Chaturvedi and Beal (2008).

It is well known that many vitamins directly scavenge ROS but can also up-reg-
ulate the antioxidant capacity of the oxidative defense system of the body. Among 
the antioxidant treatments, those using vitamin E, vitamin E analogs, and vitamin C 
have been evaluated over several years. Oral supplementation of vitamin C and vita-
min E alone and in combination have been shown to decrease oxidative DNA dam-
age in animal studies in vivo, in vitro, and in situ. A diet fortified with antioxidants 
(vitamin E, vitamin C, alpha-lipoic acid, l-carnitine) in combination with a program 
of behavioral enrichment was capable of reducing the levels of oxidative damage 
and increasing the activity and expression of key endogenous antioxidant enzymes 
in the aging canine brain (Opii et al. 2008). Results of a prospective observational 
study (n = 4740) suggested that the combined use of 400 IU of vitamin E daily and 
500 mg of vitamin C daily for at least 3 years was associated with the reduction 
of AD prevalence and incidence. However, subsequent meta-analyses reached the 
conclusions that in the absence of prospective, randomized, controlled clinical trials 
documenting benefits that outweigh recently documented morbidity and mortality 
risks, vitamin E supplements should not be recommended for primary or secondary 
prevention of AD (Boothby and Doering 2005). In 2005, over 187 studies on spe-
cific antioxidants in the prevention of AD were evaluated (Frank and Gupta 2005). 
Among nonvitamin agents taken into account there were aged garlic extract, cur-
cumin, melatonin, resveratrol, Ginkgo biloba extract, and green tea. However, the 
conclusions were that while the clinical value of antioxidants for the prevention of 
AD is often ambiguous, some can be recommended based upon epidemiological 
evidence, known benefits for prevention of other diseases, and benign nature of the 
substance; but for drawing more conclusive information about their usefulness, long-
term prospective studies are indeed recommended (Frank and Gupta 2005).

Curcumin and ferulic acid, two powerful antioxidants, the first from the curry 
spice turmeric and the second a major constituent of fruits and vegetables, have 
emerged as strong inducers of the heat shock response. Food supplementation with 
curcumin and ferulic acid is considered a nutritional approach to reduce oxidative 
damage and amyloid pathology in AD (Calabrese et al. 2006).
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Recent experimental evidence suggests protective and trophic effects of ginseng 
in the memory function of AD. Ginseng extract has been reported to have antioxi-
dant potential and scavenge superoxide radicals (S. T. Lee et al. 2008).

Several epidemiological studies indicate that moderate consumption of red wine is 
associated with a lower incidence of dementia and AD. Red wine is enriched in anti-
oxidant polyphenols with potential neuroprotective activities, and in vivo data have 
clearly demonstrated the neuroprotective properties of the naturally occurring poly-
phenol resveratrol in rodent models for stress and diseases (Vingtdeux et al. 2008).

Higher intake of food rich in antioxidants such as fruit and vegetables confers 
protection against the development of ALS even if no statistically significant dose-
response relationship was observed between intake of beta-carotene, vitamin C, and 
vitamin E and the risk of ALS (Okamoto et al. 2009).

Indeed, many intervention trials with antioxidants are presently considered incon-
clusive in demonstrating benefits in humans. The main observation supporting these 
findings is that the administration of antioxidants in subjects who already had exten-
sive pathology may be too late. Moreover, the doses used may not be the most effec-
tive: there is limited evidence to date that lower doses and/or mixtures of antioxidants 
might have more benefit than higher doses of single agents (Halliwell 2009).

Since diet is a major source of antioxidants, attention has been devoted also to 
various antioxidants supplied to human body through diet, both vegetarian as well as 
nonvegetarian. Although epidemiological data on diet and AD have been conflicting 
(Luchsinger et al. 2007), higher adherence to the Mediterranean diet (rich in fruits, 
vegetables, legumes, cereals, and fish) is associated with a trend for reduced risk 
for developing MCI and with reduced risk for MCI conversion to AD (Scarmeas et 
al. 2009). The main source of fat of the Mediterranean diet is olive oil, which has 
been shown to be effective against oxidative stress-associated diseases and also with 
aging. Besides its richness in monounsaturated fatty acid, the oleic acid, olive oil 
is a good source of phytochemicals with antioxidant properties, such as polyphe-
nolic compounds, squalene, and alpha-tocopherol. Moreover, in the context of the 
Mediterranean diet, the benefits associated with the consumption of several func-
tional components may be intensified by certain forms of food preparation (Ortega et 
al. 2006; Covas 2008). In a recent meta-analysis on more than 1.5 million people, a 
higher adherence to the Mediterranean diet is associated with a significantly reduced 
risk of incidence and mortality from all causes and from cardiovascular, neoplastic, 
and neurodegenerative diseases (Sofi et al. 2009). The Mediterranean diet is also rich 
in polyunsaturated fatty acids, of which the principal sources are fatty fish (salmon, 
tuna, and mackerel). Epidemiological evidence supports a possible role of fatty acid 
intake in maintaining adequate cognitive functioning and possibly for the prevention 
and management of cognitive decline and dementia, but not when the AD process 
has already taken over (Solfrizzi et al. 2006).

Despite the huge and increasing amount of data on food polyphenols that have 
potential antiaging and brain-protective activities, data partially confirmed by the 
results of some epidemiological studies, the research in this field is still incomplete, 
and questions about bioavailability, biotransformation, synergism with other dietary 
factors, mechanisms of the antioxidant activity, and risks inherent to their possible 
pro-oxidant activities are still unanswered (Rossi et al. 2008). Indeed, only a few 
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studies were focused on the ability of phytonutrients from dietary supplementation 
to cross the blood−brain barrier (BBB). Polyphenolic compounds present in blue-
berry-supplemented rat diet can be detected in various brain regions important for 
learning and memory (Andres-Lacueva et al. 2005). Green tea catechins are brain 
permeable (Mandel et al. 2006) and, after oral ingestion, can be found in the rat 
brain as in vivo metabolite, 3’-O-methyl epicatechin (Abd El Monhsen et al. 2002). 
Experimental studies so far have reported beneficial effect of curcumin in ameliorat-
ing the increased BBB permeability in hypoxic conditions (Kaur and Ling 2008); 
however, the bioavailability of curcumin is very low, since the drug is rapidly metab-
olized by conjugation (Kelloff et al. 1996).

Recent findings suggest that several phytochemicals exhibit biphasic dose 
responses on cells with low doses, activating signaling pathways that result in 
increased expression of genes encoding survival proteins, as in the case of the Keap1/
Nrf2/ARE pathway activated by curcumin and NAD/NADH-sirtuin-1 activated by 
resveratrol. Consistently, the neuroprotective roles of dietary antioxidants includ-
ing curcumin, acetyl-L-carnitine, and carnosine have been demonstrated through 
the activation of these redox-sensitive intracellular pathways (Calabrese et al. 2008). 
Interesting findings provide evidence that one mechanism of cancer chemopreven-
tion by sulforaphane, an isothiocyanate found in cruciferous vegetables, such as 
broccoli and Brussels sprouts, is via epigenetic changes associated with inhibition 
of histone deacetylase activity. Moreover, other diet components such as butyrate, 
biotin, lipoic acid, garlic organosulfur compounds, and metabolites of vitamin E 
also have structural features compatible with histone deacetylase activity inhibition 
(Dashwood and Ho 2007). It was also suggested that polyphenolic compounds found 
in fruits such as blueberries may exert their beneficial effects through signal trans-
duction and neuronal communication (Lau et al. 2007).

The best-known epigenetic marker is DNA methylation, and diet is a major aspect 
of the environment that may influence DNA methylation patterns thus providing 
an important common link between a variety of disease conditions and nutrition. 
Several reports have been published in recent years indicating that phytochemicals 
may reactivate genes silenced by aberrant methylation. Dietary phytochemicals, 
particularly catechol-containing polyphenols, were shown to inhibit DNA methyl-
transferases and reactivate epigenetically silenced genes (Paluszczak et al. 2008). 
On the other hand, food-derived compounds are able to induce epigenetic changes 
in intestinal mucosa during colorectal tumorigenesis (Nyström and Mutanen 2009). 
Furthermore, recent work in cell cultures and animal models suggests that the bene-
ficial effects of resveratrol intake against the neurodegenerative process in AD could 
imply the gene expression regulation in the mechanism of Aβ clearance (Vingtdeux 
et al. 2008). Figure 14.2 summarizes possible implications of dietary factors to epi-
genetic modifications of genes relevant to neurodegeneration.

14.7 conclusions

The evolution of the human diet over the past 10,000 years from a Paleolithic diet 
to our current modern pattern of intake has resulted in profound changes in feed-
ing behavior. Shifts have occurred from diets high in fruits, vegetables, lean meats, 
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and seafood to processed foods high in sodium and hydrogenated fats and low in 
fiber (Jew et al. 2009). Moreover, in recent years the diet has been recognized as a 
potential source of hazardous chemicals (i.e., heterocyclic aromatic amines, nitroso 
compounds, food additives, pesticide residuals). Both these dietary changes and the 
presence of hazardous chemicals in food have adversely affected dietary parameters 
known to be related to health, resulting in an increase in obesity as well as chronic 
age-related diseases such as cardiovascular disease, diabetes, and cancer.

We can now reconsider diet as a potential source of protective compounds, 
provided that our diet habits change by accepting dietary patterns rich in fruits 
and vegetables including omega-3 fatty acids, polyphenols, fiber, and plant sterols. 
Interestingly, one of the brain structures associated with learning and memory, 
as well as mood, is the hippocampus. The hippocampus is the region undergoing 
selective neurodegeneration in AD, but it is also one of the two structures in the 
adult brain where the formation of newborn neurons, or neurogenesis, persists. The 
level of neurogenesis in the adult hippocampus has been linked directly to cogni-
tion and mood. Therefore modulation of adult hippocampal neurogenesis by diet 
emerges as a possible mechanism by which nutrition impacts on mental health. 
Moreover, adult hippocampal neurogenesis is also subject to epigenetic regulation, 
and both DNA methylation and histone acetylation are important. For example, 
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figuRE 14.2 Possible implications of dietary factors to epigenetic modifications of genes 
relevant to neurodegeneration. A. Studies in rodents and in human neuroblastoma cells 
have demonstrated that dietary B vitamin deprivation causes epigenetic modifications of 
AD-related genes with subsequent increased production of the Aβ peptide (see Section 14.4 
for details). B. Studies in rodents suggest that early-life exposure to environmental agents can 
result, later in life, in hypomethylation of AD-related genes with increased production of the 
Aβ peptide, as well as in hypermethylation of other genes. Hypermethylated genes are less 
accessible to DNA repair proteins and more prone to be damaged by Aβ-induced oxidative 
species. Within this context, dietary antioxidants could counteract the production of oxida-
tive species and delay the onset of neurodegeneration (see Section 14.3 for details). C. In the 
near future, dietary factors with known epigenetic properties could be used to modulate the 
expression of neurodegenerative disease-related genes (see Section 14.6 for details).
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the histone deacetylase inhibitor, valproic acid, induces neuronal differentiation 
of adult hippocampal progenitors most likely through the induction of neurogenic 
transcription factors. Adult hippocampal neurogenesis responds to neurodegenera-
tive diseases such as AD and PD. Several studies have reported decreased adult 
hippocampal neurogenesis in AD mouse models, and mouse models of PD show a 
decrease in the survival rate of newborn hippocampal neurons. Moreover, the inte-
gration of newborn neurons is disrupted by central nervous system (CNS) inflam-
mation (reviewed in Stangl and Thuret 2009). Studies in rodents have demonstrated 
that caloric restriction, omega 3 fatty acids, flavonoids, blueberry, and low concen-
trations of curcumin increased adult hippocampal neurogenesis. On the contrary, 
folate deficiency, increased Hcy levels, zinc deficiency, vitamin A deficiency, and 
high-fat diets decreased or inhibited adult hippocampal neurogenesis (Stangl and 
Thuret 2009).

One of the most exciting areas for future research remains the study of trans-
generational effects of the human exposure to environmental factors. The studies 
described in Section 14.3 (Basha et al. 2005; Bolin et al. 2006; Wu et al. 2008) sug-
gest that early-life exposure of rodents to metals, happening during fetal brain devel-
opment, results in epigenetic modifications of several genes that are not triggered 
until late in life. Further studies are required to clarify if something similar happens 
in neurons and to understand if this process is not reversible or if it can be reversed 
or attenuated by dietary interventions later in life. The contribution of dietary factors 
during brain development needs to be clarified as well.

In conclusion, the discovery of epigenetic properties of several foods, coupled 
with their antioxidant and neuroprotective ones, should lead us to think that we must 
pay attention to our diet from the beginning of our life, given that a wrong dietary 
habit could potentially affect not only our own health but even that of our offspring.
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