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Abstract

The percentage of elderly people with associated age-related health deterioration, including cancer, has been increasing
for decades. Among age-related diseases, the incidence of cancer has grown substantially, in part because of the overlap
of some molecular pathways between cancer and aging. Studies with model organisms suggest that aging and age-
related conditions are manipulable processes that can be modified by both genetic and environmental factors, including
dietary habits. Variations in genetic backgrounds likely lead to differential responses to dietary changes and account for
some of the inconsistencies found in the literature. The intricacies of the aging process, coupled with the interrelational
role of bioactive food components on gene expression, make this review a complex undertaking. Nevertheless, intriguing
evidence suggests that dietary habits can manipulate the aging process and/or its consequences and potentially may have
unprecedented health benefits. The present review focuses on 4 cellular events: telomerase activity, bioenergetics, DNA
repair, and oxidative stress. These processes are linked to both aging and cancer risk, and their alteration in animal models

by selected food components is evident. J Nutr2016;146:1931-9.
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Introduction

Although cancer and aging have been studied as independent
diseases, mounting evidence suggests that cancer is an aging-
associated disease and that cancer and aging share many
molecular pathways (1). The development of genomic technol-
ogies provides an exciting opportunity to examine the molecules
controlling cellular networks common in aging and cancer.
Investigations that use functional genomics argue that certain
facets of the mammalian aging process can be the result of the
accumulation, over time, of various forms of molecular and
cellular damage. It is possible that some genetic programs that
coordinate aspects of growth and development in early age
may persist into adulthood, at which time they may become
detrimental (2). The deterioration of cellular biology may lead
to cellular abnormalities, tissue death, and senescence of the
entire organism. Another consequence of these molecular events
may be cellular aberrations, which may lay the foundation for
many diseases, including cancer. DNA repair and gene expres-
sion, as described below, are highly dependent on adequate
nourishment and, thus, dependent on the appropriate dietary
supply of essential and nonessential dietary components. The
emergence of nutrigenomics as a science offers possibilities to
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better define specific dietary needs and the effect of food
and food components on gene expression, and to understand
the nutrigenomics—disease interrelation (3). Nutrigenomics com-
prises variations in genetic profiles, along with the impact of
epigenetic processes and transcriptomic homeostasis on the
response to individual bioactive food components. The nutrige-
nomics concept builds on the assumption that 1) bioactive
food components can influence the human genome directly or
indirectly and thereby influence the expression of genes and
gene products; 2) as a result of this influence, dietary patterns
and/or specific dietary components may modify multiple cellu-
lar processes, including aging, as well as the onset, incidence,
progression and/or severity of multiple diseases, including
cancer; and 3) the health consequences of a diet are dependent
on the balance states of health and disease on an individual’s
genetic background. Advances in nutrigenomics and nutrient
signaling possibly might lead to unraveling the link between
aging and cancer. Other “-omics” (including, e.g., proteomics,
lipidomics, metabolomics, and microbiomics) surely may influ-
ence the response to foods and supplements, and they are often
referred to collectively as the “-omics of nutrition.” Neverthe-
less, other factors can influence the direction and/or magnitude
of the response. The understanding of mechanistic controls in
response to different diets and associated bioactive constituents
may help to identify dietary changes that could delay aging and
its related physiologic and pathologic changes, including cancer.

The 4 processes presented in this review—telomerase activa-
tion, calorie restriction, DNA repair, and oxidative stress—will
be discussed from the standpoint of bioactive food components
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existent in the blood or tissue that contribute to general nu-
tritional status. Through gene activation or suppression, food
components or their metabolic products can block, initiate,
or maintain specific reactions related to aging and cancer
(Figure 1).

Multiple other factors beyond the scope of this review
might also influence the aging process and the associated risk of
developing cancer and other diseases. One of these variables is
the microbiome (4). Aging has been recognized as affecting
the human gut microbiota composition, which may be related
to the progression of diseases and frailty in the elderly
population. Microbially produced metabolites may exhibit
enhanced beneficial effects, or they may be degraded to
inactive or toxic compounds (5). At least part of the impact of
the microbiome likely relates to its influence on the inflam-
matory process, which is a common pathway for aging and
cancer (Table 1).

Telomerase as a Target

Telomeres are nucleoprotein complexes that are essential for
genomic stability and are located at the end of eukaryotic
chromosomes. Telomeres shorten after each DNA replication, so
their length relates to the number of past replications, and they
could be considered biological markers of aging in normal human
cells (6, 7). In addition, telomere length may reflect the cumulative
burden of oxidative stress and inflammation, proposed by some as
a potential biomarker of biological age, or a telomeric clock of
human aging (8). However, age-adjusted telomere length is highly
variable because of interindividual differences in telomere length at
birth, and most likely because of the rate of telomere attrition
thereafter (9). Regardless, when telomeres become critically short,
they lose their capping capacity and induce DNA damage-like
responses (6). This process is paralleled by the silencing of
telomerase, which is responsible for de novo telomere extension in
most normal adult tissues, resulting in the loss of proliferative
ability known as replicative senescence (1). In cancer, this property
is lost, and because of great telomerase activity, cancer cells
continue to replicate (Figure 2). Upregulation of telomerase
activity has been observed to prolong the life of cells in culture
in a phenotypical youthful state, whereas its downregulation may
be used in cancer therapy (10), providing evidence that the aging
and cancer processes can involve common genes, and their
regulation can result in entirely different responses. However,
telomerase downregulation prevents tissue renewal and repair,
which contributes to senescence and aging (11). Telomerase
activity is characterized by the expression of the telomerase reverse
transcriptase (TERT)? gene, suggesting that TERT serves as the
major limiting agent for telomerase activity (12). Various nutrients
potentially influence telomere length through mechanisms that

4 Abbreviations used: ATTD, attacin-D; CDK2, cyclin dependent kinase 2; CecB,
Cecropin B; Def, Defensin; DHEAS, dehydroepiandrosterone sulfate; d/nR, InR-
insulin-like-receptor in Drosophila melanogaster; DptB, Diptericin B; FOXO,
O-type forkhead domain transcription factor; FTO, fat mass obesity; HSP-16.2,
heat shock protein 16.2; MC4R, melanocorin 4 receptor; MLH, MutatorL (MutL)
Homologue; MMR, DNA “mismatch repair’” system; MSH, MutatorS (MutS)
Homologue; mTOR, mechanistic target of rapamycin; p53, tumor protein p53;
PMS, Post-Meiotic Segregation-1 gene; POMC, propiomelanocortin; RNS,
reactive nitrogen species; ROS, reactive oxygen species; rs9939609 T/A, a
single nucleotide polymorphism in the fat mass and obesity associated FTO
gene, allele T vs. A; Sir2, silent information regulator 2; SIRT1, silent information
regulator T1; SOD-3, superoxide dismutase; TERT, telomerase reverse tran-
scriptase; TGM2, transglutaminase 2; TOR, target of rapamycin; TORC1, TOR
complex 1; TORC2, TOR complex 2; XPD, XPD codon.
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reflect their role in cellular functions, including inflammation,
oxidative stress, DNA integrity, DNA methylation, and activity
of telomerase (13). Some dietary compounds, such as genistein,
epigallocatechin gallate, and sulforaphane, show promise as
pathways by which TERT is downregulated and cellular apoptosis
is induced in human breast cancer cells (14, 15). However, in the
absence of telomerase activity, some immortalized mammalian cell
lines and tumors still maintain or even increase overall telo-
mere length through alternative mechanisms that are telomerase-
independent (16). Nevertheless, telomerase activity is not limited
to telomere extension. Telomerase is recognized as upregulating
genes known to be or suspected of being implicated in cancer
by activating other different processes, including glycolysis,
which enables cancer cells to use sugar rapidly and facilitates
their growth (17).

The well-known tumor protein p53 (p53), a tumor suppressor
gene also known as tumor protein (EC:2.7.1.37) and located on
the seventeenth chromosome (17p 13.1), has an undisputed role in
cancer. Its activity stems from its ability to respond to a variety of
stressors to trigger cell-cycle arrest, apoptosis, or senescence (18).
An increasing body of evidence suggests that p53 also drives aging,
yet the specific role of p53 functions in various metabolic
pathways remains to be further elucidated. It seems to mediate the
connection between telomere and mitochondrial dysfunctions
(19). Anticancer therapies that target p53 and reactivate or
enhance its activity are considered to be good alternatives for
treating various neoplasms. Increasing the amount of p53 may
seem to be an adequate solution for the treatment of tumors or
prevention of their spreading. This, however, is not a viable
method of treatment, because it can cause premature aging (20).
Therefore, it is important to examine whether clinical approaches
compromise tissue homeostasis and contribute to aging and how
the balance between both can be accomplished. A number of
nutrients, such as isothiocyanates, found in cruciferous vegetables,
spices such as ginger and curcumin, and many herbs, participate in
regulating p53-dependent pathways. Components of a Western-
style diet, such as high consumption of red meat and foods that
increase glycemic load, are associated with p53 disease pathways
(21). Besides p353, other genes and pathways appear to be involved
in compromising mitochondrial function in the setting of telomere
dysfunction, with p53 deficiency only partially rescuing PPARy
coactivator expression and mitochondrial dysfunction; the iden-
tification of these other pathways will expand our understanding
of how critical short telomeres compromise cellular function and
precipitate aging (22).

Interestingly, the rate of telomere shortening can be either
increased or decreased by specific lifestyle factors, including the
composition of the diet consumed. Dietary exposure to antiox-
idants has the capability of protecting DNA telomeres from
oxidative damage, potentially reducing the risk of multiple
diseases, including breast cancer, in certain groups of humans
(23). Specifically, a multitude of nutrients have been shown to be
associated with telomere length, including folate; vitamin B-12;
nicotinamide; vitamins A, C, D, and E; magnesium; zinc;
iron; n—3 FAs; polyphenols; and curcumin (17). In the Nurses’
Health Study, PUFA consumption was negatively associated,
and dietary fiber—specifically cereal fiber—was positively asso-
ciated with leukocyte telomere length in middle-aged and older
women (24). The interrelation with fat consumption is com-
plex. Although an inverse association between baseline -3
FA concentrations and subsequent rate of telomere shortening
over time was found, no significant association was found
between w-3 FA concentrations and telomere length at baseline
in subjects with stable coronary artery disease in the Heart and
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FIGURE 1 Nutrigenomics, aging,
and cancer interrelations. Bioactive
food components will influence genes
that are implicated in telomerase activ-

ities, the impact of caloric restriction,
DNA repair, and the actions of reactive
- oxygen species.
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Soul study (25). A rat study found a relation between telomere
length in the kidney and a protein-restricted diet early in life.
These animals also displayed a long-term suppression of appe-
tite, reduced growth rate, and increased lifespan, in addition to
significantly longer telomeres in the kidney (26).

Although a low-protein diet showed benefits in some animal
studies, a human study conducted in the United States showed
that a low-protein diet may be hazardous for older adults (27).
Contradictorily, high protein intake was associated with in-
creased mortality for adults who were middle-aged at baseline
(27); therefore, age is an important factor in establishing optimal
protein intake. More uniform results were found in association
with adherence to the Mediterranean diet, so an overall lifestyle
dietary pattern would potentially be more beneficial than
choosing individual food components (28). According to some
studies, people living in Mediterranean countries and following
a Mediterranean diet have longer and healthier lives than do
people living in other industrialized countries (29). However,
some other factors besides diet likely contribute to their health
status. Regardless, it is clear that diet and dietary food
components play an important role in telomere length and
telomerase activity as it relates to aging and cancer.

It remains unclear whether the expanded intake of one dietary
component might influence response to the others, but such
interactions are likely. It would be rather simplistic and unwise at
this point to make recommendations regarding the use of certain
nutrients and/or diets until further research can add more knowl-
edge and understanding of the complex process of aging (Figure 2).

Bioenergetics as a Link between Aging
and Cancer Prevention
Historically, calorie restriction without malnutrition has been

associated with an increased life span in a variety of lower
species (30). Some studies in animal models concluded that

caloric restriction not only increases life span, but also de-
creases the risk of certain diseases. A study initiated in 1989 at
the National Primate Research Center at the University of
Wisconsin, Madison, reported a delayed onset of diseases
and decreased mortality in a calorie-restricted group of rhesus
monkeys compared with a control group (31). Interestingly, a
National Institute of Aging intramural study reported no
significant difference in survival between control-fed and
calorie-restricted monkeys (32). The 2 studies admittedly used
different diets and cohort compositions, which may account for
some of the differences. In addition, the body weights of the
National Institute of Aging control animals consistently were
lower than average for both sexes; thus, additional restrictions
did not make a difference (33). Therefore, calorie restriction
would not automatically lead to an increase in lifespan under all
conditions, but calorie restriction may be beneficial for subjects
consuming a high number of calories. Individuals exposed to an
obesogenic lifestyle may experience different consequences. A
few commonly associated genetic variances and their implica-
tions in relation to bioenergetics, diet, and aging are reviewed
briefly below as applicable to the melanocortin system, mech-
anistic target of rapamycin (mTOR), sirtuins, and PPARYy.

The melanocortin system possibly exhibits regulatory con-
trol of energy homeostasis through influence on satiety and
glucose metabolism. At the base of this theory is the fact that
pro-opiomelanocortin (POMC) neurons located in the arcuate
nucleus synthesize melanocortins and exhibit leptin receptors,
so it is likely that leptin-induced reductions in food intake might
be mediated by the melanocortin system (34). Few studies, to
our knowledge, have examined both the melanocortin peptide
and receptor expression in association with fat intake. Overall,
these studies suggest that the introduction of a high-fat diet at an
early age increases melanocortin signaling, whereas in
adulthood, a high-fat diet decreases melanocortin signaling
(35). Thus, the timing of a high-fat diet introduction and,
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TABLE 1 Summary of processes linked to aging and cancer risk’

Cellular events and outcomes

Telomerase as a target
Telomeres shorten after each DNA replication

Telomere length may be considered as a biological marker (telomere clock)

There are interindividual telomere lengths at birth

When telomeres become critically short, this induces DNA damage-like responses paralleled by the silencing of telomerase
In cancer, because of a high level of telomerase activity, cancer cells continue to replicate

In the absence of telomeres, some immortalized mammalian cell lines are still able to maintain telomere lengths

One or more p53 functions in various metabolic pathways may be mediated by telomere dysfunction

Various nutrients potentially influence telomere lengths
Bioenergetics as a link between aging and cancer prevention

Calorie restriction without malnutrition has been associated with increased lifespan in lower species

Calorie restriction may decrease the risk of certain diseases

Calorie restriction may be beneficial only for subjects consuming a high-calorie diet

Commonly associated genetic variances in relation to bioenergetics are related to the melanocortin system, mTOR, sirtuins, FTO, and PPARy
BMI may be too insensitive as a marker for predicting its impact on the aging process

Not all calorie-restricted diets may have the same impact; diet composition may be an important factor

DNA repair—a common link

MMR is a system that removes nucleotides resulting from errors in replication and recombination with the aim of maintaining DNA fidelity

MMR mutations may not have the same significance for all cancers

Cell damage may be promoted by deficiencies in several essential nutrients

The actions of nutrients may be influenced by the microbiome

Defects in MMR genes may also arise from epigenetic changes in DNA
Several bioactive food components may overcome the adverse consequences of MMR

Oxidative stress as a target for aging and cancer prevention

ROS and RNS and a basal level of oxidative stress are essential for cell survival

Severe oxidative stress often leads to oxidative damage and cell death

A new paradigm suggests that ROS production in aging may be the result of adaptive signaling rather than a detrimental by-product
There is evidence that some antioxidants are linked to an increased lifespan

NF-kB is upregulated in many cancers, and it is also an important regulator of ROS scavengers

The free radical theory of aging is under debate because of its inability to explain contradictory results of antioxidant activities

TFTO, fat mass obesity; MMR, DNA ““mismatch repair”’ system; mTOR, mechanistic target of rapamycin; RNS, reactive nitrogen species;

ROS, reactive oxygen species.

presumably, differences in metabolic needs may account for
some of these differences in response related to subjects’ ages.
Variation in the melanocortin 4 receptor (MC4R) has also been
reported, but because the overall occurrence is ~6% in obese
individuals, its physiologic significance remains unclear (36).
In any event, individuals carrying the 1251 common allele of
MC4R were predisposed to better clinical outcomes of weight
loss after gastric bypass, and had a reduced risk of type 2
diabetes and better weight loss during diet interventions than
those without the variance (37).

It appears that MC4R activation promotes insulin-stimulated
(mTOR) signaling (38). Because brain mTOR signaling is
involved in regulating nutrient intake and energy metabolism
(38), targeted strategies likely are the best approaches for dietary
interventions.

However, mTOR has more complex actions, so understand-
ing mTOR signaling in different metabolic organs may increase
the knowledge necessary for delaying aging and age-related
diseases (39). Target of rapamycin (TOR) is found in 2 struc-
turally and functionally distinct complexes named TOR com-
plex 1 (TORC1) and TOR complex 2 (TORC2). Genetic ablation
alone of mTORC?2 signaling was not studied in enough depth to
conclude its potential to modulate lifespan, but sole reduction of
mTORCI signaling is apparently able to increase lifespan (39).

Another factor associated with obesity and premature death
is PPARvy (40), which encodes a transcription factor (PPARY2)
that controls the expression of multiple genes involved in
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cellular differentiation, lipid storage, and insulin sensitization.
Pro12Ala (also known as rs1801282), a common single nucleo-
tide polymorphism in the PPARYy gene, and 16 rare missense and
nonsense mutations have been identified and their functional
significance examined. Ethnicity contributes to variation in the
frequency of the Prol2Ala polymorphism, which can range
from 2% to 25% (40) and thus significantly influence varia-
tion in response to dietary change in different populations.
In addition, a wide range of dietary components (capsaicin,
6-gingerol, isohumulone, luteolin, naringenin, resveratrol, and
n-3 FAs) have been reported to influence PPAR activity (41).
Although it is assumed that there are interactions between these
foods and the shift in PPARy, more research is needed to
understand these interrelations entirely in different ethnicities.
Sirtuins are a class of proteins that usually exhibit histone
deacetylase or, sometimes, mono-ribosyltransferase activity, and
are named after silent information regulator 2 (Sir2). The role of
sirtuins in aging and longevity was described in Saccharomyces
cerevisiae, Caenorhabditis elegans, Drosophila, and other lower
organisms. Increasing evidence suggests that sirtuins play an
important role in delaying the aging process and promote longevity
in mammals as well (42). Sirtuins have been implicated in influenc-
ing a wide range of cellular processes, such as aging, transcription,
apoptosis, inflammation, and stress resistance, as well as energy
efficiency and alertness during low calorie intake (43, 44). A
number of molecular links, including nicotinamide adenine
dinucleotide, nicotinamide, biotin, and related metabolites, are
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FIGURE 2 Telomerase as a target: bioactive food components may influence telomere length, inducing a DNA damage-like response and
increasing telomerase activity and cancer risk or inducing senescence and aging.

suggested to be the most important conduits mediating calorie
restriction—induced Sir2/silent information regulator T1 (SIRT)
activation and lifespan extension (45). Energy metabolism and
DNA repair may be commonplace between aging and cancer, in
which sirtuins may play a role (46).

The fat mass obesity (FTO)-associated gene also appears to
have an effect on bioenergetics and, thereby, the aging process,
because FTO gene variants increase preference for a high-fat diet
and decrease satiety (47). Although the complete biological
effects of FTO remain to be determined, it is known that it
encodes a nuclear 2-oxoglutarate-dependent nucleic acid de-
methylase. The investigation of the obesity-predisposing a single
nucleotide polymorphism in the fat mass and obesity associated
FTO gene, allele T vs. A (rs9939609 T/A) variant of the FTO
gene revealed differences in brain structure and function in the
human posterior fusiform gyrus, helping with the understanding
of how FTO is a predisposing factor for obesity through visual
food perception and is linked to a greater risk of developing
diabetes secondarily to an association with increased BMI and
associated health and lifespan consequences (48).

The adrenal steroid dehydroepiandrosterone sulfate (DHEAS)
is generally regarded to be an endocrine indicator of aging,
because its concentration diminishes markedly with age. Inter-
estingly, calorie restriction reportedly did little to prevent or
delay the decline of DHEAS concentrations in aging rhesus
macaques. Urbanski et al. (49) suggested that dietary manipu-
lation may affect liver enzymes involved in the metabolism of
this and other steroid hormones and thus impact their usefulness
as biomarkers of aging. Nevertheless, DHEAS concentrations
coupled with knowledge of genetic polymorphisms still may
help identify those who might obtain the greatest benefits from
calorie restriction.

BMI may be too insensitive a marker for predicting its impact
on the aging process; body composition or metabolic syndrome
may be better indicators. The aging process is characterized
metabolically by insulin resistance, changes in body composi-
tion, and physiologic decline in growth hormone, insulin-like

growth factor I, and sex steroids (50). Lifestyle interventions
consistently were found to improve inflammatory and metabolic
profiles, which interestingly are largely independent of obesity.
These studies suggest that alterations in dietary composition,
such as polyphenols, isothiocyanates, and the intake of several
other bioactive food components, may be the most effective
lifestyle changes to reduce disease risk independent of calorie
intake; therefore, diet composition could be as important as
calorie intake and deserves special attention. For example,
dietary resveratrol at doses achievable in humans can possibly
reduce many of the negative consequences of excess calorie
intake by providing endothelial cell protection, partly through
signaling of transglutaminase 2 (TGM2), an arterial calcification—
related protein that is positively associated with hypertension and
atherosclerosis (51).

Overall, although bioenergetics may be a factor in aging and
cancer risk, the effect appears to be dependent on BMI only at the
extremes, and it may relate to adiposity. Genetic and epigenetic
processes also may be keys to the variation in response to foods in
modifying some complications associated with aging processes.
Although dietary restriction extends the lifespan across a variety of
taxa, a prolongevity effect may not be a foregone conclusion for
many genotypes, as shown when marked genetic variation
between mice strains led to responses ranging from life extension
to life shortening (52). We should be cautious because severe
calorie restriction actually may have detrimental effects. The age at
which calorie restriction begins and the amount and content of
macronutrient compositions in the diet are very important. It
would be interesting to know whether the restriction of certain
nutrients would be able to help achieve the same benefits as caloric
restriction does in certain circumstances.

DNA Repair: A Common Link

The accumulation of DNA damage and resulting genomic
instability appears to be an important initiating event in aging
and cancer (53). DNA “mismatch repair” system (MMR) is a
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system that removes nucleotides resulting from errors in rep-
lication and recombination with the aim of maintaining DNA
fidelity. If not corrected, DNA sequence errors may lead to
cancer and/or other diseases (54). Among the cancers associated
with MMR deficiency, colorectal cancer and ovarian cancer are
the most investigated. Although the incidence of MMR muta-
tion in hereditary nonpolyposis colorectal cancer is very high
(53), in ovarian cancer the incidence of germline MMR gene
mutations is only 2%. Therefore, MMR mutations may not have
the same significance for all cancers. In ovarian cancer, some
other mechanisms of gene inactivation count for the loss of
expression of 1 of the 7 main genes [MutatorS (Muts) Homo-
logue (MSH)2, MSH3, MSH6, MutatorL. (MutL) Homologue
(MLH)1, MLH3, Post-Meiotic Segregation-1 gene (PMS)1, and
PMS2] in up to 29% of cases (55). Mutations in several of these
genes have been reported to lead to DNA instability. To better
understand the role of individual MMR genes and functions in
cancer, susceptibility studies that used mice deficient in the
murine homologs of the human genes MLH1, PMS1, and PMS2
were conducted (56). These mice had different tumor suscepti-
bilities, most notably to intestinal adenomas and adenocarci-
noma, suggesting that a general increase in replication errors
may not be sufficient for intestinal tumor formation and that
these genes share overlapping, but not identical functions (56).

Cell damage may be promoted by deficiencies of several
essential nutrients, e.g., choline, folate, and curcumin, and are
discussed below in relation to DNA damage and repair.

Human choline deficiency is associated with increased DNA
strand breaks and tissue (liver and muscle) dysfunction (57).
Choline and its metabolites are recognized as having multiple
roles in maintaining cell membrane structural integrity, nerve
impulse transmission, cell signaling and lipid transport, and
metabolism. In the state of choline deficiency, the leakage of
reactive oxygen species (ROS) from mitochondria is increased
due to mitochondrial membrane damage. Choline deficiency
leads to an alteration in DNA methylation, which consequently
alters gene expressions for genes critically involved in MMR and
thereby contributes to an increased cancer risk (57). Male
Fischer rats fed a choline- and methionine-deficient diet without
carcinogen treatment developed preneoplastic hepatocyte nod-
ules in 100% of cases and a 51% incidence of hepatocellular
carcinoma (58). Plasma trimethylamine N-oxide, an oxidative
derivative of choline produced by intestinal bacteria, was
positively associated with rectal cancer and major adverse
cardiovascular events. The positive association between plasma
trimethylamine N-oxide and colorectal cancer risk is consistent
with an involvement of the gut microbiome in colorectal cancer
pathogenesis. These data suggest that choline actions in cancer
and aging are strongly influenced by the microbiome, a fact that
adds to the complexity of its action (59). Because fish is an im-
portant source of choline, it seems that the connection between
fish intake and the risk of cancer and cardiovascular diseases has
multiple facets that are not understood entirely yet.

Defects in the MMR genes may also arise from epigenetic
changes in DNA methylation or by deregulation of microRNAs.
Folate deficiency has been shown to induce DNA damage
normally repaired via the base excision repair pathway. In the
case of folate deficiency and base excision repair deficiencies,
potential interaction may accelerate colonic aberrant crypt foci
formation and tumor development. Folate-deficient wild-type
mice have a significantly increased aberrant crypt foci formation
when exposed to 1,2-dimethylhydrazine, a known colon and
liver carcinogen; however, folate deficiency reduced develop-
ment of these foci in B-polhaplo-insufficient mice, suggesting a
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protective effect in mutant models when the nutrient is absent
(60). This response likely resulted from a reduction in cell
proliferation, proapoptotic genes, and apoptosis. Thus, folate
may have a dual role in protecting normal cells but causing
decreased cell division and/or apoptosis in abnormal or mutant
cells (61).

Several other bioactive food components may overcome
the adverse consequences of MMR by inducing other cellular
processes. For example, the inhibitory effect of genistein on
the induction of extra centrosomes is proposed as occurring
through the inactivation of cyclin dependent kinase 2 (CDK2)/
Cyclin-A/E via p21 upregulation; this hypothesis is supported by
the observation that p21 knockdown with small interfering
RNA reduced the activity of CDK2/Cyclin-A/E and restored the
enhanced effect of a combined treatment with genistein and
ionizing radiation in Human U20S cells and mouse NIH 3T3
cells (62). Lee et al. (63) demonstrated genistein-increased stress
tolerance through enhanced expression of stress resistance
proteins, such as superoxide dismutase (SOD-3) and heat shock
protein 16.2 (HSP-16.2); consequently, genistein affects health
span and lifespan in nematodes and possibly in other animal
models.

Another example is curcumin (the active ingredient in tur-
meric), a spice widely used in India and Southeast Asian
countries. Curcumin is reported to inhibit the growth of colonic
cells that have a defective DNA repair capacity because of a lack
of functional MMR enzymes (64), possibly by overcoming
abnormal repair processes by downregulating cell division and
inducing apoptosis. Curcumin also has antioxidant properties
that may increase a healthy lifespan, as discussed below (65).

MMR is as well implicated in increased colorectal cancer risk
in association with red meat consumption. The investigation of
polymorphisms in the nucleotide excision repair and MMR
showed that modified pathways associated with red meat and
poultry intake lead to modified colorectal cancer risk only in
subjects who carried the XPD codon (XPD) 751 (66). Addi-
tionally, red meat subtypes differed from lamb and pork
consumption in their association with the risk of colorectal
cancer and its subsites (67). Such data point to individuality in
response to foods and their impact on processes associated with
aging and cancer.

Oxidative Stress as a Target for Aging and
Cancer Prevention

It is now well established that ROS, reactive nitrogen species
(RNS), and a basal level of oxidative stress are essential for cell
survival; it is also well known that although severe oxidative
stress often leads to widespread oxidative damage and cell
death, a moderate level of oxidative stress induced by a variety
of stressors can yield great beneficial effects on adaptive cellular
responses to pathologic challenges in aging and aging-associated
disease (68). An elevated oxidative status, accentuated during
the aging process, is likely due to imbalanced pro-oxidant and
antioxidant activities, and could cause DNA damage. Various
bioactive food components, including isoflavone, indole-3-
carbinol, curcumin, and resveratrol, have been reported to re-
duce oxidative stress. The role of oxidative stress in modifying
the aging and cancer processes per se remains very controversial.
An array of studies reveal that overexpression of the major
antioxidant enzymes that regulate oxygen metabolism in the
cell, either by themselves or in combination, does not have an
impact on the lifespan of mice (69). However, when transgenic
or knockout mice are tested with the use of models that develop



various types of age-related pathologic changes, they show
alterations in the progression and/or severity of these changes, as
predicted by the oxidative stress theory: increased oxidative
stress accelerates pathologic changes and reduced oxidative
stress retards pathologic changes (70). It appears that either ox-
idative stress plays a very limited role, if any, in aging but a
major role in health span, or the role that oxidative stress plays
in aging depends on environmental factors (70).

To our knowledge, new evidence suggests that increased ROS
production in aging may be the result of adaptive signaling,
rather than a detrimental by-product of normal respiration that
drives aging (71). Nevertheless, there is evidence in cell cultures
of rat skeletal muscle that some antioxidants, such as curcumin,
are linked to an increase in lifespan through a reduction in
intracellular reactive species and lipofuscin accumulation. Re-
cently, curcumin and its metabolite, tetrahydrocurcumin, were
reported to increase the mean lifespan of =3 model organisms:
nematode roundworms, Drosophila fruit flies, and mice (72).
Although the positive effect of curcumin on longevity may be
due to a reduction in oxidative stress and its effect on age-related
genes, other mechanisms also are possible. Curcumin is recog-
nized as upregulating the expression of SOD-3 genes, but
downregulating the expression of several age-related genes, such
as InR-insulin-like-receptor in Drosophila melanogaster (dInR),
attacin—D (ATTD), Defensin (Def), Cecropin B (CecB), and
Diptericin B (DpzB). In addition, tetrahydrocurcumin extended
lifespan in Drosophila in a dose-response relation and inhibited
the oxidative stress response (73). The response to stress involves
regulating O-type Forkhead domain transcription factor
(FOXO) and Sir2; therefore, tetrahydrocurcumin may also
regulate other cellular processes, suggesting that the response
likely is not limited to its antioxidant properties (74). Thus,
again, the response to prolonged life may be very dependent on
genetic, and possibly epigenetic, backgrounds rather than on a
broad-based general population phenomena.

Another interesting link between aging and cancer is NF-«B,
which has been found to be constitutively upregulated in many
cancers, in various aged tissues, and in resting fibroblasts
from older donors. NF-kB also has been suggested as an impor-
tant regulator of ROS scavengers. It has been shown that a
specific nutrient combination (ascorbate, lysine, proline, arginine,
N-acetylcysteine, selenium, copper, manganese, and calcium), as
well as some nutrients alone, may suppress NF-kB activity in
cancer cells (75).

Many phytochemicals are known to act as antioxidants and
have been shown to help prevent or reduce the risk of cancer,
inflammation, and cardiovascular disease by the alteration of
several signal transduction pathways in cell culture and/or in
some animal models. The relation between antioxidant vitamin
intake and all-cause mortality in older adults also was examined
with the use of data from the Leisure World Cohort Study, a
prospective study of residents of the Leisure World retirement
community in Laguna Hills, California. Neither dietary nor
supplemental intake of vitamin A or vitamin C nor supplemental
intake of vitamin E was significantly associated with mortality
after multivariate adjustment (76). However, data on vitamin
intake were self-reported with the use of mailed questionnaires
that did not comprise all food sources for vitamin E, and data
were not adjusted for energy and fat intake. Because the basal
amount of vitamins was not measured, and intake was actually
estimated, it is unknown whether a deficit existed and was
addressed, or whether subjects enrolled had an optimal concen-
tration or intake of vitamins to start with. As a result, it is hard
to draw a conclusion regarding the effect of supplemental

intake if by chance it happens to be on a nondeficit status, as
some American subpopulations are known to be.

At this time, the free radical theory of aging, initially
developed by Harman in 1956, is under debate (77). Increasing
evidence indicates that ROS, consisting of superoxide, hydrogen
peroxide, and multiple others, do not only cause oxidative stress,
but rather may function as signaling molecules that promote
health by preventing or delaying a number of chronic diseases
and ultimately extend the lifespan (78). Because of the inability
to explain many contradictory results of the role of antioxidants
in cancer and aging, correlated with a growing body of emerging
data on mitochondrial DNA damage by ROS, this theory is
being revised (70). However, it is entirely possible for the
management of oxidative stress to play a role in life-history
evolution and that the need to manage, minimize, or repair
oxidative damage might vary between different kinds of tissues
and organisms (79). To better understand the relation between
nutrient metabolism, aging, and cancer, it is critical to identify
genetic and epigenetic factors that lead to variability in response
and the role of the microbiome toward this variability.

Conclusions

Aging and cancer processes are largely influenced by dietary
factors. However, many studies have not been reproduced and,
consequently, subpopulations could not be stratified properly to
account for responders (both positive and negative) and nonre-
sponders. It is rather simplistic to believe that all individuals will
respond identically to any treatment, whether a food component
or a drug. Thus, the use of nutrigenomics has the potential to
revolutionize the understanding of nutrient needs for subpop-
ulations for healthy living because it takes into account one’s
genetic profile. As the discipline matures, there is hope that it
will fill the void in the current understanding about nutrient-
genome interactions and thus help to identify those individuals
who likely will obtain the greatest benefit from dietary changes.
Nevertheless, the complexity of discovering these interrelations
is evident by the presence of ~22,000 genes, 8-10 million
polymorphisms, and daily exposures to >25,000 bioactive food
components. The interrelations between telomeres, telomerase,
aging, and cancer have opened a new and exciting research
avenue. Whether accelerated telomere shortening is a cause or
consequence of aging and disease conditions remains to be
resolved. Nevertheless, a variety of food components appear to
be capable of either decreasing or increasing telomere length.
The larger issue is whether early telomerase promotion will
increase mutations in cells and thus the risk of multiple diseases,
including cancer. More probing studies are needed to resolve this
controversy.

It is apparent that calorie restriction does not always increase
longevity, but it may add healthy years by decreasing morbidity.
It should be noted that there is not one single widely used
calorie-restricted diet. There are many low-calorie diets that
vary in key macro- or micronutrients; therefore, results vary as
well. A question has been raised as to whether the benefit is due
to, or can be obtained by, manipulation of a single macronu-
trient or multiple micronutrients. The most critical research need
is to define and characterize the optimal nutritional status that
would promote health and longevity. Because of different
genetic and microbiome backgrounds, the optimal nutritional
status may vary from individual to individual. For example,
variation in the melanocortin receptor and associated signaling
pathways, including PPAR, sirtuins, and FTO, is one of the
potential modifiers of the response to foods and their biological
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outcomes. The challenge will be to identify biomarkers predic-
tive of positive or negative outcomes. Although oxidative stress
is commonplace during aging, and likely reflects an imbalance in
dietary pro-oxidants and antioxidants, it is unclear whether it is
a cause or result of prolonged cellular life. Although a variety of
bioactive food components are recognized to reduce oxidative
stress, it remains unclear whether this is the mechanism by
which both aging and disease risks could be modified. Preclinical
studies provide some of the most compelling evidence that
modification of the expressions of antioxidant enzymes does not
have a major impact on aging. Overall, the effectiveness of these
antiaging and cancer prevention agents may be functioning
through the modification of a molecular target that is indepen-
dent of its antioxidant properties.

Some fundamental questions remain: Is it possible to change
dietary habits to increase longevity while decreasing disease risk,
given that there are common elements that influence both
processes? Also, what is the point of no return resulting from the
accumulated “-omic” changes that have occurred? At this time,
it is challenging to draw firm conclusions, because the scientific
literature is filled with inconsistent findings about the relation
between foods or their components and aging or age-related
diseases. Continued research with specific subpopulations on
the basis of nutrigenomics technologies, the microbiome, and
nutritional status could provide the needed evidence for the
evaluation of the true effectiveness of dietary interventions. To
maximize the utility of nutritional interventions, it is critical to
identify not only the factors underlying chronic diseases mod-
ulated by nutrients, but also the nutritional status to be achieved
to provide the longest health span and lifespan for a specific
genetic background.
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