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ARTICLE INFO ABSTRACT
Keywords: During our whole lifespan, from conception to death, the epigenomes of all tissues and cell types of our body
N“.frigeﬂofﬂics integrate signals from the environment. This includes signals derived from our diet and the uptake of macro- and
Epigenomics micronutrients. In most cases, this leads only to transient changes, but some effects of this epigenome pro-
Redox regulation . . . . .

. gramming process are persistent and can even be transferred to the next generation. Both epigenetic program-
Lifestyle . . . . . . . .
Evolution ming and redox processes are affected by the individual choice of diet and other lifestyle decisions like physical

Epigenetic programming activity. The nutrient-gene communication pathways have adapted during human evolution and are essential for

ROS maintaining health. However, when they are maladaptive, such as in long-term obesity, they significantly
contribute to diseases like type 2 diabetes and cancer. The field of nutrigenomics investigates nutrition-related
signal transduction pathways and their effect on gene expression involving interactions both with the genome
and the epigenomes. Several of these diet-(epi)genome interactions and the involved signal transduction cas-
cades are redox-regulated. Examples include the effects of the NAD"/NADH ratio, vitamin C levels and secondary
metabolites of dietary molecules from plants on the acetylation and methylation state of the epigenome as well as
on gene expression through redox-sensitive pathways via the transcription factors NFE2L2 and FOXO. In this
review, we summarize and extend on these topics as well as those discussed in the articles of this Special Issue
and take them into the context of redox biology.

are redox-active. This includes vitamins like vitamins C and E, but also
minerals that participate in cellular redox processes, such as Fe, Cu and
Se [2,3].

Another implication of O, being used in metabolism is that its partial
reduction generates reactive oxygen species (ROS), such as superoxide
and hydrogen peroxide [4]. While in the early days of research on
“oxidative stress” these byproducts were regarded as undesired and
potentially damaging, it is now understood that the endogenous gen-
eration of ROS contributes to signaling events [5]. This includes
nutrient-triggered signal transduction cascades that directly or indi-
rectly affect the genome and epigenome of all cell types by modulating
the activity of transcription factors and chromatin-modifying enzymes
[6]. This communication of dietary molecules with the genome and
epigenome is a central topic of nutrigenomics [7,8]. The purpose of this
summarizing review is to provide an overview on the contributions of
redox processes to this communication.

1. Introduction

For thermodynamic reasons, life is impossible without the uptake of
nutrients. Macronutrients, ie. the protein, lipid and carbohydrate
components of our diet, are used as providers of building blocks, such as
amino acids, fatty acids and glucose as well as for the anabolism of
endogenous macromolecules required for the structure and function of
organs, tissues and cells. In parallel, macronutrients are used to fuel
metabolism in general, as their catabolism provides energy in the form
of NADH and ATP [1]. The use of molecular oxygen (O,) as the terminal
electron sink in aerobic metabolism, driving the process of oxidative
phosphorylation at the inner mitochondrial membrane, renders the
extraction of energy from macronutrients far more efficient than
anerobic pathways like glycolysis. This also implies that redox processes
are at the core of human metabolism. This is further emphasized by the
fact that several micronutrients, which in contrast to macronutrients are
not used as energy sources but are required as cofactors in metabolism,
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Abbreviations

AKT AKT serine/threonine kinase
ATP adenosine triphosphate

CNV copy number variant

CREBBP CREB binding protein

DNMT  DNA methyltransferase

DOHaD Developmental Origins of Health and Disease
FAD flavin adenine dinucleotide

FOXO  forkhead box protein, class O

G6PC1  glucose-6-phosphatase catalytic subunit 1
G6PD glucose-6-phosphate dehydrogenase
GLUT glucose transporter

GWAS  genome-wide association study

HAT histone acetyltransferase

HDAC  histone deacetylase

IGF1IR  insulin-like growth factor 1 receptor
IGF2 insulin growth factor 2

INSR insulin receptor

KDM lysine demethylase

KEAP1  kelch-like ECH-associated protein 1
KMT lysine methyltransferase

MBD methyl-DNA-binding domain

NAD nicotinamide adenine dinucleotide

NFE2L2 nuclear factor erythroid-derived 2-like 2, also called NRF2
NOX NADPH oxidase

PCK1 phosphoenolpyruvate carboxykinase 2, cytosolic
PI3K phosphoinositide-3-kinase

PTEN phosphatase and tensin homolog

PTPN1 protein tyrosine phosphatase non-receptor type 1
ROS reactive oxygen species

SAM S-adenosyl-i.-methionine

SIRT sirtuin

SLC solute carrier

SNV single nucleotide variant
T2D type 2 diabetes

TET ten-eleven translocation
TOR target of rapamycin
TP53 tumor protein p53

TSS transcription start site
UDP uridine diphosphate

VSC volatile sulfur compound
B-OHB  B-hydroxybutyrate

2. Nutrients and signaling
2.1. Evolutionary and transgenerational aspects

Macro- and micronutrients, such as polyunsaturated fatty acids [9]
and vitamin D [10], directly or indirectly affect the genome and epi-
genome. Nutrient availability has therefore been a driving factor in
evolutionary adaptation. The nutrient-(epi)genome interaction is a
lifelong process starting at conception and ending with death, encom-
passing the adaptation and modulation of gene expression in all organs,
including metabolic powerhouses, such as adipose tissue, skeletal mus-
cle, liver and pancreas, but also in brain and the immune system. Thus,
for understanding diet-(epi)genome communication one needs to take a
whole body’s perspective.

Humans differ from one another in properties like eye color [11] but
also with respect to their physiological characteristics, such as lactase
persistence or non-persistence [12]. The differences that characterize
humans as “individuals” relate only to some 0.5 % variations of the
genome but are significantly higher on the level of the epigenomes of the
>400 different tissues and cell types forming the human body.
Accordingly, also the risk of developing most common
non-communicable diseases like type 2 diabetes (T2D) or cancer has
both a genetic and an epigenetic basis [13]. Some of these differences in
these so-called “traits” are the result of an evolutionary adaptation,
referred to as “positive selection” [14]. During the past 50,000 years
modern humans (Homo sapiens) migrated from Africa to less sunny
higher latitudes, such as in Europe, or to high altitudes like in the Andes
or the Himalayas, and adapted to these significantly different
geographic locations. Moreover, some 10,000 years ago humans started
agriculture and domesticated many animal and plant species, so that
their diet’s content in starch or milk increased [15]. Within this adaption
period some 10 % of all protein-coding genes may have undergone
positive natural selection [16]. Skin, digestive tract and immune system
are in more intensive contact with the environment and therefore more
affected by this adaption process than other organs [17]. In addition,
there are also randomly occurring changes of the genome sequence,
which can cause genetic drifts [18,19], representing approximately 50
bp per individual and generation [20,21]. Nevertheless, it takes hun-
dreds to thousands of years, i.e., dozens to hundreds of generations, until
a specific trait gets common within a population. In contrast, the

Anthropocene (the human epoch) has started only two to three gener-
ations ago [22] and comes not only with geologically measurable al-
terations of the planet but also with significant changes in human
behavior, such as a sedentary lifestyle paired with a surplus of
energy-rich foods.

2.2. Missing heritability and nutritional epigenetics

The 1000 Genomes Project (www.internationalgenome.org) [23]
indicated that two individuals differ, on average, by 4-5 million single
nucleotide variants (SNVs) and some 1000 copy number variants
(CNVs). This means that approximately 0.5 % of a person’s genome
sequence differ from the public reference genome [24]. Interestingly,
there are, on average, some 150 SNVs causing protein truncation, 10,
000 leading to amino acid changes and 500,000 SNVs affecting tran-
scription factor binding sites [23]. Based on other, even lager whole
genome sequencing projects, such as TOPMed [25] and Genomics En-
gland [26], there are nearly 500 million known SNVs. Over the past 20
years a large number of genome-wide association studies (GWAS) have
described statistically significant associations between SNVs and various
traits [27,28]. This resulted in dozens to hundreds of SNVs for various
diseases, but, with a few exceptions like type 1 diabetes [29] and mac-
ular degeneration [30], the sum of presently known SNVs for a given
common disease explain less than 20 % of its risk [31]. This means that
having the whole genome sequence of an individual and knowing all
SNVs will explain no more than 20 % of the disease risk, which precludes
any reliable predictions. The remaining 80 % of the disease risk are often
referred to as “missing heritability”. Whole genome sequencing of mil-
lions of individuals may identify rare SNVs with large effect size [32],
but their contribution to the missing heritability will be minor. It is more
likely that environmental exposures, which directly or indirectly lead to
epigenetic changes, have the major contribution to most traits. This
suggests that, considering all traits establishing the phenotype of an
individual, environment and epigenetics plays a larger role than ge-
netics. Whereas the genetic composition of all cells of an individual will
largely stay stable over a lifespan as long as the person does not develop
cancer, a substantial part of the epigenome dynamically responds to
signals from the environment. Many of these signals are related to
nutritional molecules or their metabolites [33] (Fig. 1).

Genomic DNA is part of chromatin and covered by proteins. The latter


http://www.internationalgenome.org

L.-0. Klotz and C. Carlberg Redox Biology 68 (2023) 102920

(Signal transduction)

G

B mnsoensooreoooneconcoononocoononoEocosnocasaoeose
ISSEEUIS L S SIS U IS AN

REOOOIRRED.

WL

s 2
D @D =

L o8- .. P
ootz &
\

§S @, 1]
e} sl T

// c
S _amel e
- © BeH "
= ) l_ it ! T

Chromosome

@
G
D

ool

Bromo-, Chromo-,
Tudor-, PWWP-
and PHD finger
domain proteins

?Genomic
DNA

5-methyl cytosine

_______ %
(hoeoome) W,

Fig. 1. Concepts of nutritional epigenetics. Changes in the level of nutrients deriving from diet affect the epigenome of tissues and cell types by affecting
chromatin-modifying enzymes such as KMTs, DNMTs and HATSs (“writers”), KDMs, TETs and HDACs (“erasers”) and MBD (methyl-DNA-binding domain) proteins
(“readers™), via the modulation of signal transduction pathways (A), after their metabolism (B) or through direct binding (C). The activity of these enzymes determine
the local chromatin structure through covalent modifications of histones and genomic DNA and mediate a between the active state (euchromatin) and inactive state
(heterochromatin). This is essential for controlling gene expression.

Histone modifications
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are predominantly nucleosome-forming histone proteins that govern
accessibility of DNA. This accessibility is modulated by histone modifi-
cation, the patterns of which are therefore a physical expression of the
epigenome [34]. More specifically, the epigenome is composed of
genome-wide patterns of DNA methylation at cytosines, post-translational
modifications of histone proteins and the 3D organization of chromatin
into loops. These epigenetic patterns can be changed through the action of
chromatin-modifying enzymes, such as i) DNA methyltransferases
(DNMTs) and TET (ten-eleven translocation) enzymes, which attach or
eradicate methyl groups from DNA, ii) histone acetyltransferases (HATSs)
and histone deacetylases (HDACs) that add or remove acetyl groups from
lysines of histone proteins and iii) lysine methyltransferases (KMTs) that
provide histones with methyl groups and lysines demethylases (KDMs)
that erase them. The approximately 200 chromatin-modifying enzymes
encoded by the human genome are often the end point of signal trans-
duction cascades, i.e., their activity is regulated by environmental signals.
Interestingly, a wide spectrum of plant-based metabolites, such as epi-
catechin, genistein, resveratrol, catechin and curcumin from green tea,
soy, red grapes, cocoa and curcuma, respectively, are able to modulate the
activity of chromatin-modifying enzymes [35]. In addition, intermediary
metabolites representing energy metabolism, such as a-ketoglutarate,
NAD', FAD, acetyl-CoA, SAM (S-adenosyl-L-methionine), UDP-N-
acetylglucosamine or ATP, act as cofactors or substrates of
chromatin-modifying enzymes [36]. Importantly, the redox state of a cell
depends on the levels of the oxidized and reduced form of the cofactor
NAD, i.e., the NAD"/NADH ratio is inversely proportional to the energy
state of a cell [37]. Since HDACs of the sirtuin (SIRT) family use NAD" as a
cofactor, their enzymatic activity and impact on the epigenome increases
during fasting [38]. Thus, specific nutritional compounds as well as the
energy status of the cell affect the epigenome in multiple ways and induce
shifts from active euchromatin via facultative heterochromatin to inactive
heterochromatin or vice versa [39].

In summary, the mechanisms of nutritional epigenetics (also some-
times referred to as nutriepigenomics [40]) provide an explanation of
how exposure to environmental stimuli, the largest of which is the daily
uptake of diet, translate to changes in the epigenome. In terms of
evolutionary and adaptive pressure, epigenetics is able to respond faster
than genetics and therefore may explain the majority of the missing
heritability.

3. Lifelong epigenetic programming

Epigenetics comprises functionally relevant changes of chromatin
that do not alter the sequence of the genome [41]. The most prominent
example of the impact of epigenetics is embryogenesis, in which toti-
potent stem cells of the inner cell mass of the blastocyst differentiate into
the more than 400 tissues and cell types that form the human body [42].
In the context of this process the cells of the embryo are epigenetically
programmed through accurately timed cascades of changes in DNA and
histone methylation (Fig. 2A). A similar procedure of epigenetic pro-
gramming takes place in adult stem cells, e.g., in the bone marrow, colon
and skin, and leads to lifelong replenishment with new blood cells,
enterocytes and keratinocytes, respectively [43]. In both cases, in
particular the patterns of DNA methylation create a so-called epigenetic
landscape that preserves terminally differentiated cells in tight borders,
so that they keep their cellular identity for the rest of their life [44].
Thus, epigenetic marks that are created during cellular differentiation
are stable, i.e., this type of epigenetic programming is irreversible.

Epigenetic programming can also lead to transient chromatin marks
that control short-term effects on the accessibility of TSS (transcription
start site) and enhancer regions, which are the binding sites of RNA
polymerases and inducible transcription factors, respectively [45]. In
addition, extra- and intracellular signals affect via signal transduction
cascades the activity of transcription factors and chromatin-modifying
enzymes. Most of these signaling molecules are hydrophilic, such as cy-
tokines, growth factors and peptide hormones, and act via membrane
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receptors, but some lipophilic molecules, such as steroids, oxysterols,
polyunsaturated fatty acids and vitamin D3 [10] function via the direct
binding to a class of transcription factors referred to as nuclear receptors
[46]. Since most of these signals fluctuate in their intensity, they have only
short-term effects on transcription factors and chromatin-modifying en-
zymes, so that gene expression and the local chromatin status are mostly
only transiently affected. However, the repeated exposure to the same
signal may also lead to more persistent chromatin marks [47]. In this way,
our epigenome can memorize environmental events, such as what and
how much we have eaten, whether we have been in contact with microbes
or whether we have been exposed to stressful stimuli (including oxidative
stress) in any other way.

Importantly, the dynamic component of epigenome implies that
some epigenetic programming events are reversible [48]. For example,
an unhealthy lifestyle, such as food excess paired with physical inac-
tivity, over many years causes epigenetic programming of metabolic
tissues that causes insulin resistance. This programming process results
in an epigenetic memory, such as histone methylation changes within
aortic endothelial cells of T2D patient in response to increased glucose
exposure [49]. The “hyperglycemic memory” can lead to an increased
risk of macrovascular complications and organ damage even years after
initiation of glucose-lowering therapy. Thus, only a significant lifestyle
change that leads to the reprogramming of the dynamic component of
the epigenome has the potential to reverse the disease condition as long
as no irreversible tissue damage, such as fp-cell death, has happened.
Moreover, the epigenome of metabolic organs, such as skeletal muscle
and adipose tissue, is able to memorize nutrient availability and energy
status of the body and adapt accordingly, i.e., these tissues “memorize”
and integrate via changes of epigenetic patterns in the level of DNA
methylation, histone modifications and 3D chromatin structure how
much we have eaten and how much physical activity we have had [50].
For example, in caloric restriction, ie., a dietary regime where only
70-80 % of the recommended dietary (caloric) intake is provided over a
longer time period, NAD™ levels and SIRT activity rise and the level of
histone acetylation declines [51-53]. In contrast, short-chain fatty acids
like the ketone body B-OHB (B-hydroxybutyrate), whose levels are
increased after the consumption of fiber, can act as HDAC inhibitors,
increase the histone acetylation levels and affect the proliferation of
colon cells [40,54]. This suggests that at least part of the beneficial effect
of fiber-rich diet, such as the prevention of chronic inflammation and
cancer of the colon, is based on epigenetic programming [55].

The memory function of the epigenome can also explain, how under-
or overnutrition in the prenatal phase can lead to a postnatal predis-
position for obesity, T2D and the metabolic syndrome. Human fetuses
can of course not be studied, but there are so-called natural experiments,
where the exposure to severe environmental conditions was not under
experimental control. For example, in the Dutch Hunger Winter occur-
ring in the Netherlands during the winter of 1944/45 fetuses of their
starving mothers were exposed to extreme undernutrition in utero [56,
57]. This malnutrition led to impaired growth of the fetuses. The
resulting low birth weight favors a thrifty phenotype that is epigeneti-
cally programmed to use nutritional energy efficiently. Thus, the chil-
dren were prepared for a future environment with low resources during
adult life. Even many decades after birth the individuals undernourished
in utero showed subtle (<10 %) changes in DNA methylation at several
loci in adulthood, e.g., at the regulatory region of the imprinted IGF2
(insulin growth factor 2) gene [58]. This epigenetic pattern is associated
with an increased risk of obesity, dyslipidemia and insulin resistance,
when the respective individuals are exposed to an obesogenic environ-
ment. Since genomic DNA gets nearly completely demethylated in early
embryogenesis, DNA methylation is particularly sensitive to distur-
bances of correct epigenetic programming, such as through under- or
overnutrition, during the prenatal phase [59].

Similar observations of a rise in T2D prevalence have been made for
survivors of the Ukraine Famine (1932-33) [60] and the Chinese Famine
(1959-61) [61]. These examples led to the Developmental Origins of
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Fig. 2. Lifelong epigenetic programming. In every phase of life the phenotype of an individual is based on genetics, epigenetics and environment (A). This implies
that we have it to a large extent in our own hands to stay healthy and to avoid getting major common diseases. Intrauterine stressors, including maternal under-
nutrition or placental dysfunction can initiate abnormal patterns of development, histone modifications and DNA methylation (B). During embryogenesis epigenetic
marks, such as DNA methylation and histone modifications, are established in order to maintain cell lineage commitment (C). After birth, this epigenetic landscape
stays dynamic throughout lifespan and responds to nutritional, metabolic, environmental and noxious signals. Epigenetic drifts are part of homeostatic adaptations
and should keep the individual in good health. However, when an adverse epigenetic drift compromises the capacity of metabolic organs to adequately respond to
challenges as provided by nutrition and chronic inflammation, the susceptibility to diseases increases. Some of these acquired epigenetic marks can be inherited to
subsequent generations when they escape epigenetic reprograming during gametogenesis.



L.-O. Klotz and C. Carlberg

Health and Disease (DOHaD) concept indicating that early develop-
mental events, such as perturbations of the nutritional state in utero,
have significant effects on disease risk as adult [62] (Fig. 2B). In times of
continued famine, this epigenetic sensitizing is a survival advantage,
whereas in times of plenty of food it may drive the individual into
obesity and T2D. In this way, diseases that are related to the exposure
with environmental factors, such as overnutrition causing obesity or
microbe infection causing inflammation, have a large epigenetic
component [33,63]. Furthermore, diseases that have their onset a long
time before the phenotype emerges, such as cancer and T2D, are most
susceptible to stepwise epigenetic programming [40].

The epigenomes of all tissues and cell types of our body can record
information about their external and internal stimulation in the form of
epigenetic drifts, i.e., as changes in the patterns of DNA methylation,
histone modifications and 3D organization of chromatin [64,65].
Hypermethylation of CpG islands close to the regulatory regions of key
genes, such as TP53 (tumor protein p53), is an example of an epigenetic
drift, which significantly contributes to the risk for cancer (Fig. 2C).
Avoiding such epimutations, e.g., by dietary polyphenols that affect the
activity of DNMTs, will contribute to the prevention of disease onset
through a healthy diet [66]. Alterations of histone acetylation patterns
are mostly transient, while changes in histone methylation and in
particular in DNA methylation are more persistent [67]. In part, this is
related to the fact that demethylation occurs via a multistep process that
involves an intermediate oxidation requiring enzymes kept active by
reductants such as ascorbate (see below).

When epigenetic programming through environmental exposures,
including dietary compounds, affects the epigenome of germ cells, there
is the chance that epimutations get inherited [68,69]. However, the
nearly complete erasure of the DNA methylome during early embryo-
genesis will filter most epigenetic marks out and only a few selected
positions, which may be protected by proteins that bind to methylated
DNA, will reach the next generation. Thus, epigenetic inheritance is not
as persistent as genetic inheritance [70]. Interestingly, it was observed
that populations like Polynesians or Native Americans, such as the Pima,
that made a transition from famine to food surplus within just 1-2
generations, are under a significantly higher risk for developing obesity,
T2D and the metabolic syndrome, than those that were improving their
nutritional conditions gradually over many generations [71]. The an-
cestors of these populations may have been evolutionarily selected for
energetic efficiency, i.e., they went through an evolutionary bottleneck
and developed a thrifty metabolism. Thus, populations in countries with
rapid changes in urbanization and economic development have an
increased risk of the different features of the metabolic syndrome [72].

Taken together, epigenetic programming is an important process
that directs the properties and responsiveness of the tissues and cell
types forming the human body not only in the prenatal phase but also
postnatal and in adult live.

4. Nutrition and aging: from the free radical theory to
nutritional epigenetics

Aging is a complex natural phenomenon that applies to everyone, but
its rate is individual [73]. Like the risk for common diseases, the rate of
aging is a trait that has a genetic and an environmental/epigenetic
component. Although longevity has a genetic basis, the process of aging
is predominantly (by more than 70 %) determined by non-genetic fac-
tors [74]. These are largely lifestyle choices, such as smoking or physical
inactivity, but also many environmental factors like air pollution and
other stressful stimuli [75]. Aging and metabolism are associated with
an oxidative component, giving rise to theories like the “free radical
theory of aging” or the “mitochondrial theory of aging” [76,77]. These
redox-related theories of aging have been expanded and rephrased, e.g,
as “cell signaling disruption theory of aging” [78] by integrating find-
ings [79] like these: (i) antioxidant supplementation has been without
beneficial effect with respect to attenuating aging, (ii) signal
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transduction pathways have been identified that not only respond to
nutrient supply, but also regulate aging and (iii) these pathways are part
of the cellular redox signaling network, such as insulin signaling via
FOXO (forkhead box protein, class O) transcription factors [80].

Animal models suggest that a low basal metabolic rate, which is
caused by caloric restriction, paired with increased responsiveness to
environmental signals has a major impact on the lifespan of worms, flies
and mice [81]. The effect of non-genetic factors on the rate of aging can
be explained by the modulation of signal transduction pathways that
affect the activity of chromatin-modifying enzymes and transcription
factors, i.e., by direct and indirect effects on the epigenome. As already
discussed for diseases (Fig. 2C), the process of aging can also result in
epigenetic drifts [82]. For example, metals and metalloids like cadmium,
arsenic and mercury, air pollutants like carbon black particles and
benzene or endocrine disruptors like diethylstilbestrol, bisphenol A and
dioxin not only affect the integrity of DNA but also cause epimutations,
such as changes in DNA methylation patterns. Thus, epigenetic modifi-
cations are a major contributor to the aging process [82].

Alterations in the DNA methylome are found in the context of
chronological aging but are also associated with cancer [83]. The
methylation status of a few hundred CpG islands, which can be easily
measured from skin or white blood cells, were identified as markers for
biological age [84]. Correlating the chronological and the biological age
with each other indicates significant interindividual variations. For
example, at a given chronological age some individuals show a
“younger” epigenome, i.e., less than the average extent of epigenetic
drift compared to young persons, while that of others is significantly
older, ie., their epigenome exhibits more drift. Since the epigenetic
programming of the latter is already progressed, the respective in-
dividuals more likely develop age-related diseases and eventually may
die at younger chronological age than persons with a younger epigenetic
age. Moreover, the different organs of an individual do not age pro-
portionally but respond in a tissue-specific way to environmental chal-
lenges, such as nutritional overload or other forms of stress. For
example, the liver of an obese person may age faster than his/her skel-
etal muscles [85]. Thus, the pace of epigenetic programming during the
aging process can be considered as an epigenetic clock that serves as a
more accurate predictor for mortality by all causes than other bio-
markers of aging, such as telomere length [84].

Epigenetic alterations, i.e., epimutations or epigenetic drifts, and
genomic instability due to point mutations, deletions, insertions, am-
plifications and translocations are both hallmarks of aging as well as of
cancer [86]. Thus, the processes of aging and tumorigenesis mechanis-
tically overlap. At a cellular level, senescence may be a means of pre-
venting tumorigenesis through attenuation of cell cycle progression.
Accordingly, basically all tissues and cell types of the human body age
(although at different rates), while only in some 50 % of the population
one or the other tissue develop a detectable form of cancer. Cells of
young individuals show a robust transcriptome and normal chromatin
states, while with aging the transcriptome becomes unstable, and
aberrant chromatin states are accumulating. This involves changes in
DNA methylation, such as a global hypomethylation primarily lost at
repetitive genomic regions and a focal hypermethylation at CpG islands
close to TSS regions, a general loss of histones due to local and global
chromatin remodeling and an imbalance of activating and repressive
histone modifications (Fig. 3). This leads to a site-specific loss and gain
in heterochromatin, such as senescence-associated heterochromatin
foci, a significant nuclear reorganization and changes in gene expres-
sion, such as the upregulation of genes involved in cell adhesion and the
downregulation of those related to cell cycle regulation, DNA repair and
replication.

Many of the changes in the transcriptome, up- and downregulation,
negatively affect longevity [87]. All these changes are heavily dictated
by lifestyle choices and environmental stimuli. This includes nutrient
availability and levels of intracellular metabolites, such as NAD™,
acetyl-CoA or a-ketoglutarate. The peptide hormone insulin and its
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receptors, the amino acid-sensing kinase TOR (target of rapamycin) and
the NAD"-sensing chromatin-modifying enzyme SIRT1 are central ele-
ments of nutrient signal transduction pathways that are conserved from
worm to human [88]. These pathways inform the epigenome on nutrient
availability. They act as proaging, when food is available, and as anti-
aging under fasting conditions or when one or the other component of
the pathway is knocked down [89].

In summary, the process of aging involves epigenetic programming,
i.e., it creates epigenetic drifts in response to environmental stimuli.
Since many of these stimuli relate to nutritional molecules, their me-
tabolites or intermediary metabolites, the principles of nutritional epi-
genetics help to understand the molecular basis of aging.

5. Redox regulation in nutritional (epi)genomics

The communication and interaction between dietary molecules and
the human genome as well as the epigenome is a central aspect of
nutrigenomics. Redox processes govern several of these communication
pathways. A relation between diet/nutrition and oxidative stress has
long been recognized, e.g., through the obvious liaison between meta-
bolism and the endogenous generation of ROS as well as owing to di-
etary components resulting in antioxidant metabolites. Urate, the
breakdown product of purines in humans, which is present at relatively
high concentrations (300-400 pM) in human plasma, is a famous
example of the latter: a cellular urate transporter, SLC2A9 (GLUT9), is
upregulated by tumor suppressor protein TP53, likely in order to exploit
urate antioxidant activity [90].

A free radical component has been described for a plethora of dis-
eases and pathologies, including nutrition-related disorders, such as T2D
or cancer, as well as more confined phenomena such as favism, which is
an acute hemolytic syndrome that can occur after eating fava beans in
individuals with G6PD (glucose-6-phosphate dehydrogenase) defi-
ciency. However, in many instances it is not clear whether the link be-
tween disorder and ROS is a cause-effect relationship or rather a mere
association [4]. Toning it down from “disease” to “stress”, dietary (or
nutritional) oxidative stress was defined as “an imbalance between the
prooxidant load and the antioxidant defense as a consequence of excess

oxidative load or of inadequate supply of the organism with nutrients”
[91]. This rather broad definition was then further broken down by
defining postprandial oxidative stress as “characterized by an increased
susceptibility of the organism toward oxidative damage after con-
sumption of a meal rich in lipids and/or carbohydrates” [91]. These
definitions implicitly refer to stress and nutritional inadequacy, which
are potentially damaging. Moreover, they usually refer to what happens
with dietary compounds after their absorption into the bloodstream.

It is now clear that the generation of ROS, including superoxide or
hydrogen peroxide, per se does not equal damage through oxidative
stress, but rather may be a component of cellular signal transduction
cascades. In contrast to distress this is referred to as eustress [92], i.e. a
beneficial stress that, e.g., causes adaptation to an adverse environment.
Moreover, processes prior to absorption, e.g., interactions with the gut
microbiome, need to be considered when discussing the relation be-
tween diet, redox processes and cellular signaling. An example illus-
trating both aspects is the recently identified thiol oxidase activity of
SELENBP1 (selenium binding protein) [93], which is strongly expressed
in differentiated enterocytes [94] and catalyzes the oxidation of meth-
anethiol as well as other volatile sulfur compounds (VSC) to generate
H30, and the gasotransmitter HoS [3]. As the gut microbiome is a major
source of VSCs, it establishes an interaction between ingested food,
microbial degradation thereof, and enterocytic generation of HyO5 and
H,S (Fig. 4A). This is of significance with respect to the “communication
between diet and genome”, because HyO2 and H,S are not necessarily
damaging, but also redox-regulatory molecules that are involved in the
modulation of cellular signal transduction cascades, including
nutrient-responsive cascades.

Insulin signaling is a classic example of a pathway controlled by a
nutrient like glucose, whose blood levels are translated into release of
insulin by pancreatic p-cells into the bloodstream. This pathway regu-
lates nutrient and energy metabolism at several levels, including the
regulation of gene expression. Insulin signaling is also a pathway under
close redox control at multiple stages [95], including both the regulation
of glucose-stimulated insulin secretion [96] and the signal transduction
cascades triggered in insulin target tissues [95,97] (Fig. 4B). Transient
oxidation of phosphatases, such as the tyrosine phosphatase PTPN1
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Fig. 4. Redox regulation in nutritional (epi)genomics. Nutrition-related redox regulation occurs through nutrients involved in redox processes, and redox-
regulated signal transduction cascades that control the expression of metabolism-associated genes. Cellular generation of redox regulators, such as hydrogen
peroxide and hydrogen sulfide, occurs already at the microbiome/enterocyte (here: colonocyte) interface (A). The gut microbiome is a major source of volatile sulfur
compounds which, following absorption by enterocytes, are oxidized by the activity of SELENBP1, which is a copper-dependent thiol oxidase. Insulin signaling
following stimulation of INSR (insulin receptor) or IGF1R (insulin-like growth factor 1 receptor) causes attenuation of FOXO-dependent gene expression (B). The
INSR/FOXO cascade is redox-sensitive at several stages (see text for details), including FOXOs per se. FOXOs contain conserved cysteine residues (1) that, through an
intermediate sulfenic acid stage (2), may be oxidized to disulfides, including persulfides (3) when interacting with hydrogen sulfide, or disulfides (4) with various
thiol-containing factors, ranging from glutathione to thiol-containing proteins such as the histone acetyl transferase CREBBP (C). Ascorbic acid (vitamin C) is a
cofactor of enzymes catalyzing demethylation of KDMs or TETs, which belong to the family of a-ketoglutarate-dependent dioxygenases (D). Generated with BioR

ender.com.

(protein tyrosine phosphatase non-receptor type 1) or the lipid phos-
phatase PTEN results in their reversible inactivation, which is crucial for
cellular insulin-induced signaling. The inactivation of the phosphatases
would prevent an interruption of the cascade implying that high levels of
antioxidants may have adverse effects under certain conditions [95,98].
However, there are also adverse effects of high levels of ROS that may
contribute to the development of insulin resistance [95].
Insulin-induced activation of PI3K (phosphoinositide-3'-kinase) and the
downstream serine/threonine kinase AKT results in the phosphorylation
and inactivation of FOXO transcription factors (Fig. 4B). In liver, FOXO
target genes include those encoding G6PC1 (glucose-6-phosphatase
catalytic subunit 1) and PCK1 (phosphoenolpyruvate carboxykinase 1,
cytosolic), ie, enzymes of the gluconeogenesis pathway.
Insulin-induced inhibition of FOXOs transcriptionally counteracts
gluconeogenesis and insulin resistance [99,100]. A considerable number
of FOXO target genes encode proteins with antioxidant activity, ranging
from those preventing ROS generation, such as metallothioneins or
ceruloplasmin, enzymes intercepting ROS like superoxide dismutases,
catalase or peroxiredoxins to others repairing oxidative damage, such as
the thioredoxin system [101]. Both stimulation and attenuation of
transcriptional activity of FOXOs under the influence of redox regulation
has been shown, including the HO,-induced oxidation resulting in
mixed disulfides with regulatory cofactors, such as the histone deace-
tylase CREBBP (CREB binding protein) [102] (Fig. 4C). Both H202 and
H,S are able to regulate FOXOs, with HyO, generating the sulfenic acid

form of cysteine, which then interacts with thiols, such as glutathione,
resulting in S-glutathionylation, or with protein cysteines, or HjS,
altering FOXO activity.

A key redox-sensing mechanism in human cells that is sensing not
only oxidants but also electrophilic compounds is the KEAP1 (kelch like
ECH associated protein 1)-NFE2L2 (NFE2 like BZIP transcription factor
2) pathway [103] It regulates NFE2L2-dependent expression of genes
encoding proteins required for antioxidant defense and adaptation as
well as for xenobiotic metabolism. Numerous plant-derived dietary
compounds, such as sulforaphane, cardamonin or curcumin are activa-
tors of NFE2L2 and stimulate the expression of antioxidant enzymes
[104]. Interestingly, endogenous formation of HyO3, such as by NADPH
oxidases (NOX), particularly NOX4, modulate NFE2L2-dependent gene
expression in relation to metabolism. NOX4 expression as well as
NOX4-triggered generation of HyO2 is upregulated in skeletal muscle
during exercise. Furthermore, NOX4-derived H30O, upregulates
NFE2L2-dependent expression of protective enzymes, which in skeletal
muscle helps to attenuate the decline in insulin sensitivity in obesity and
during aging [105].

In addition to signal transduction cascades resulting in the modula-
tion of gene expression at the transcriptional level, the accessibility of
the genome is controlled by the redox and nutrient status. This epige-
netic control of gene expression was already alluded to above when
CREBBP was mentioned in relation to FOXO activity. As also mentioned
above (Fig. 1), deacetylation, e.g., by SIRTs, depends on the cellular
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redox status, particularly the NAD"/NADH ratio [51]. In addition to
histone acetylation status being redox-controlled, the methylation status
is as well, e.g., through KDMs or TET enzymes that both require ascor-
bate and a-ketoglutarate as cofactors, i.e., an antioxidant vitamin and an
energy metabolism intermediate, respectively, establishing yet another
link between diet, metabolism and redox control of epigenetics
(Fig. 4D).

6. Conclusions

The communication between dietary molecules and the genome and
epigenome is a central topic of nutrigenomics. Redox processes are
involved in the modulation of signal transduction cascades mediating
this communication. These cascades both regulate nutrient metabolism
and are, in turn, controlled by macro- and micronutrients. Nutritional
epigenetics is a subdiscipline of nutrigenomics that studies the effects of
macro- and micronutrients, their metabolites and/or metabolites of
energy metabolism on the programming of the epigenome in all tissues
and cell types.

Epigenetic programming plays a role in all phases of life ranging
from early embryogenesis to the last moments of life, ie., it concerns
fetuses, children adults and the elderly. Both transcription factors and
chromatin-modifying enzymes are the endpoints of signal transduction
cascades triggered by environmental signals, of which dietary molecules
have a major contribution. While the action of transcription factors is
only transient and restricted to the moment of their contact with DNA,
chromatin-modifying enzymes leave marks to both parts of the chro-
matin, genomic DNA and histone proteins, which can last for hours, days
or even decades. In this way, epigenetic programming through the ac-
tion of chromatin-modifying enzymes has not only signaling function
but in addition creates short-term to long-term memory.

The insight that for most traits epigenetics has a larger impact than
genetics has important consequences for the rapidly changing environ-
ment and lifestyle that humans are exposed to. Rapid genetic adaption of
the average population to the changes cannot be expected, but epige-
netic adaption, e.g., to Western diet, is significantly faster. Moreover,
appropriate epigenetic programming can be directed by lifestyle
changes, such as healthy diet and sufficient physical activity, and the
optimization of the environment, such as stress reduction and better
sleep. In this way, not only the process of aging may slow down, but also
diseases are prevented. In addition, the fact that humans do not only
differ in their genome but even more in their epigenome is important for
personalized/precision nutrition [40,106,107]. Thus, personalized di-
etary advice should be rather directed by the epigenetic than the genetic
profile of the individuals. In addition, other levels, such as the individual
proteome or metabolome need to be addressed [106].
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