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Ageing is a complex time-related biological phenomenon that is genetically determined 
and environmentally modulated, and that leads to a progressive loss of function in an 
adult individual, and ultimately to death. According to all projections, even the most 
 pessimistic, life expectancy will increase worldwide in the next two decades, greatly 
increasing the number of aged individuals. In parallel with the main causes of death in 
the elderly in developed and high-outcome countries, such as cancer and cardiovascular 
diseases, other pathologies frequently afflict aged people, including cognitive decline, 
sarcopenia, osteroporosis, skin fragility, loss of vision acuity and decay of immunity, 
 indicating that organs are differentially affected by chronological ageing.

Actually, while specific features characterize senescent cells, growing evidence dem-
onstrates that the ageing phenotype varies among tissues. Furthermore, during chrono-
logical ageing, the transcriptoma of tissues and organs change in a time-dependent 
fashion and these changes, mostly owing to epigenetic modifications, provide a link 
 between genes and environment and thus enable cells to respond quickly to internal or 
environmental factors. An increasing body of literature supports the hypothesis that 
some of these age-related phenotypic changes could be avoided by specific nutritional 
patterns. One that has been known for over 500 years is restriction of energy intake. 
Lifelong energy restriction may extend life by up to 50% in rodents and significantly 
reduces the incidence of age-associated diseases, which according to gene expression 
 profiling may be achieved through alterations in chromatin structure and a shift in tran-
scription of specific genes. Interestingly, an equivalent effect to that obtained by energy 
restriction could be achieved by oral intake of resveratrol, a polyphenol found largely in 
the skins of red grapes and also in red wine. Further evidence that other specific oligonu-
trients contribute to the avoidance of age-related cellular and organ modifications has 
generated a promising opportunity to make an entirely natural intervention in elderly 
people, just like an “elixir of youth” that comes from food.

This book is written by a group of researchers who are all interested in nutritional 
modulation of ageing mechanisms. They come from different areas of research, such as 
basic science, food science and study of organ-specific ageing, or are physicians. The book 
is aimed at health professionals, undergraduates and graduates who have a basic ground-
ing in biological sciences and who are interested in learning about nutrition and healthy 
lifestyles, and in addition updates and reviews the available literature about anti-ageing 
nutrients.

The book is divided into three parts. Part 1 includes Chapters 1–3 and covers cellular 
modifications that underlie the senescence of cells and the ageing of organisms, the 
effects of energy restriction on cellular and molecular mechanisms and the whole 
organism, the epigenetic modifications associated with ageing, and nutritional interven-
tions targeted to epigenetic markers. Part 2 includes Chapters 4–10, and discusses the 
nutritional modulation of age-associated pathologies and the functional decline of organs, 

Preface
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considering those primarily affected by chronological ageing, and aims to explain the 
scientific fundamentals of anti-ageing organ-oriented nutritional interventions.

Part 3 is constituted by the last chapter of the book, which puts together all of the 
knowledge presented in the previous chapters and discusses in a science-based fashion 
the best diet pattern for aged people.

Until now, most of the knowledge concerning the molecular effects of specific nutri-
ents was restricted to researchers and the scientific community, and only rarely spread to 
the general public or health professionals who contact and advise their elderly patients 
every day. This book reflects the most recent advances in nutrition science, and the 
authors hope that it will strongly help elucidate for readers the best choices in anti-ageing 
nutrition.

Delminda Neves
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1.1 Introduction

The relentless increase in number of aged people might be perceived as an opportunity 
for a wiser society, should that be the sole consequence of old age. Instead, it carries a 
worrisome prospect because of the perception that such demographic change brings with 
it societal stresses and disturbing medical conditions. Owing to the improbability of such 
trends changing favorably in the near or mid future, most middle-aged populations see 
the problem with growing concern.

Every aspect of human life from biological to sociological, including economical and 
cultural, takes part in and interacts with this ageing process, which appears to worsen 
them all. However, as the major concern of most humans is likely to be physical or 
mental disability, the biological dimension of ageing stands out as the crucial one, because 
its resolution or mitigation is decisive in improving all of the others. Therefore, in-depth 
knowledge of ageing as a biological issue is necessary.

In the early 1950s, in an influential lecture, Sir Peter Medawar pointed out that age-
ing is a “problem of conspicuous sociological importance” but still a biologically unsolved 
one (Medawar, 1952). This lecture probably attracted attention to the subject in a time of 
remarkable achievements in life science knowledge and technology. However, much of 
the study of ageing in the succeeding years has remained quite descriptive until the last 
quarter of a century. In fact, only recently has the gerontology established in the modern 
laboratory became experimental and investigated the causes of ageing so that the process 
has become no longer an unsolved entity (Holliday, 2006). The field has been opened to 
state-of-the-art life science techniques, including recombinant DNA technology, which 
has produced a vast amount of information, and whose insights and applications foresee 
the ability to modulate ageing in a predictable way. As an important consequence, the 
possibility of extending the healthy human lifespan is now in sight. We refer to Kirkwood 
(1999) for an elegant comprehensive overview and Macieira-Coelho (2003) and Finch 
(2007) for an extended synthesis of the most relevant data on the subject.

In the following sections, we will address ageing, focusing on human or other mam-
malian biological aspects. We will start with a demographic approach, before moving into 

Human ageing, a biological view
Henrique Almeida1 and Liliana Matos2

1Department of Experimental Biology, Faculty of Medicine, Instituto de Biologia Molecular e Celular (IBMC)  

and Instituto de Investigação e Inovação em Saúde, University of Porto, Porto, Portugal
2Department of Experimental Biology, Faculty of Medicine, Instituto de Biologia Molecular e Celular (IBMC), Instituto de  

Investigação e Inovação em Saúde and Faculty of Nutrition and Food Sciences (FCNAUP), University of Porto, Porto, Portugal
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cells and tissues, where the realm of functional involution is likely to be found, and finish 
by going back to the whole organism.

1.2 human ageing and frailty

1.2.1 Mortality curves
In contrast to their young counterparts, old people are at higher risk of dying, irrespective of 
the cause. This simple fact of observation received the attention of Alex Comfort. While 
discussing a way to measure the “decrease in viability and an increase in vulnerability”, 
which he referred as the properties of senescence (i.e. ageing), he defined this process as a 
“progressive increase throughout life, or after a given stadium, in the likelihood that a given 
individual will die, during the next succeeding unit of time, from randomly distributed 
causes” (Comfort, 1956; the sentence was maintained in the following editions of the book).

Such a strict definition of ageing is in fact a description of the mortality rate, as a 
function of the final event of the ageing process but not a description of the conditions 
underlying this rate. However, the elucidation and quantitative assessment of the progress 
of these conditions are critical.

To measure and analyze the mortality rate, one should have access to a cohort of people 
and verify the lifespan of each cohort member; the ensuing mathematical analysis would 
then produce a theoretical model for the interpretation of the data. The first record of such 
analysis, perhaps the first scientific assessment related to ageing, was made in the 19th 
century by the English actuary Benjamin Gompertz. He found that, after a considerable 
risk of death during early infancy, there was a reduction that extended through to young 
adulthood; from then onwards, the risk increased progressively, doubling every 8 years. 
This finding, later adapted to become known as the Gompertz–Makeham law, is thus a 
measurement of the risk of death and is usually depicted as a curve, where the mortality 
rates, or probabilities of death, are plotted against age. It is objective, as it relates to a clear 
event of the organism’s life, and harmonizes with the common intuition concerning the 
progressive nature of the ageing process that causes the elderly to die at a faster rate than 
the youth. Recognition of the Gompertz–Makeham law in other human populations and 
other species, including invertebrates, was important for further support for its biological 
value (Gavrilov & Gavrilova, 2006; Olshansky, 2010).

However, it should be pointed out that the data were collected in populations in 
specific environments. In fact, humans do not live in the wild as they have regular access 
to food and are medicated when ill; the other studied animals were confined to protected 
laboratory environments, therefore avoiding exposure to the hazards of wild-living, 
where death by accident, famine or predation is common.

The improvement of human living standards observed throughout the first half of the 
20th century changed the Gompertz curves because of the decline in mortality rates in 
infancy. In more recent decades, however, continued sanitary improvements have mod-
ified the mortality rates of the remaining members of the cohort. Consequently, while 
the curves established in the 19th century fit well to mortality trends of the adult human 
population until the age of around 80 years old, they fail to do so after that because the 
logarithmic increase in the death rate tends to level off and even decelerate (Vaupel et al., 
1998; Rau et al., 2008). As a result, postponement of mortality has continued and the 
number of centenarians has increased in all developed countries. Another consequence, 
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more subtle and assuming that improvements in public health as a whole will continue, 
is the upward shift in the limits of human longevity (Vaupel, 2010). Surprising as it may 
be, estimates have shown that there has been an increase in life expectancy of 3 months 
each year since the middle of the 19th century (Oeppen & Vaupel, 2002) that is likely to 
continue, raising the possibility that, in the not so distant future, a significant number of 
humans will live beyond 100 years.

Therefore, the conviction that Gompertz curves reflect an intrinsic biological principle 
of ageing, as was thought (Sas et al., 2012), is losing strength. Instead, a recent survey on 
a large number of species has shown that mortality curves are more diverse than expected 
(Jones et al., 2014).

1.2.2 Susceptibility to disease and mortality
Deaths graphically depicted in Gompertz curves for humans result from all causes of 
mortality, and the acceleration of mortality evidenced along ageing corresponds to the 
increased incidence of age-related diseases (Finch, 2007). Certainly, there is a clear age-
related disease burden on older individuals more than 80 years old, compared with those 
20–50 years old (Carnes et  al., 2003; Horiuchi et  al., 2003), although the incidences of 
particular conditions may show different patterns according to the period of life considered; 
for example, cardiovascular disorders are present in both groups but show higher incidence 
in the older group (Horiuchi et al., 2003).

Older individuals, in contrast to younger one, are subjected to this enhanced disease 
burden because their organism becomes frail and vulnerable. Frailty is generally consid-
ered to be the consequence of functional capacity (reserve) involution, sufficient to bring 
body systems close to clinical manifestations (Campbell & Buchner, 1997; Fried et al., 
2004; Partridge et al., 2012). Therefore, while the fragile individual does not exhibit overt 
clinical disease, he is at increased risk of doing so if subjected to internal or external 
stresses. This intuitive point of view is hard to assess quantitatively, in contrast to the 
straightforward verification of lifespan. In fact, it is more complex to determine how frail 
or functionally involuted an individual is because frailty extends to multiple systems 
simultaneously, and shows variable magnitude and severity. In addition, over time, such 
evaluation has received less attention and fewer resources compared with the study of 
clinical signs and symptoms because it is socially more acceptable to allocate research 
funds to obvious disease than to an unclear functional involution. Another difficulty is 
the choice of assessment method. It may focus on essential musculoskeletal, respiratory, 
nutritional and cognitive abilities (Campbell & Buchner, 1997) or may be a rather com-
plex formula to include audiometry parameters, visual data, memory and brain magnetic 
resonance data, among others (Hochschild, 1990; Diehr et al., 2013; Newman et al., 2008; 
Sanders et al., 2012a, b). For this reason too, it is most desirable to undertake an active 
search for the most appropriate parameters for prediction of ageing consequences, 
including disability and death. Despite the uncertainties, the general view that physical 
and mental performance declines along time is supported by a number of studies. It is 
apparent by the seventh decade and continues at a rate that, depending on the studied 
parameters, appears to be greater for physical decline than mental (Diehr et al., 2013; 
Parker et al., 2008).

The established age-related functional loss may be well recognized, but its starting 
point is unclear. For a demographer, examination of the Gompertz–Makeham curves 
shows that functional loss starts when mortality accelerates (Gavrilov & Gavrilova, 2006), 
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but for a physiologist, to verify that point would require a longitudinal examination of a 
considerable number of volunteers to identify involution parameters that follow different 
patterns, according to the specific body systems. For example, muscle capacity peak 
occurs at age 18 and the maximum inspiratory capacity at age 20, whereas creativity 
or auditory discrimination might peak before the age of 10 (Cutler & Mattson, 2006). 
Nevertheless, it might be found that the efficiency of a particular system is only a part of 
the whole body functionality; for example, muscles and lungs may reach their functional 
peak around age 20, but the best times for marathon runners were reported for 
25–30-year-old althletes (Fries, 1980), indicating that, beyond lung and muscle capacity, 
peak fitness requires additional abilities such as self-discipline.

1.2.3 age-related and age-dependent diseases
Ageing is not a disease, but a disease susceptibility condition. Diseases, manifested as a set 
of abnormal signs and symptoms, may have external causes such as infectious, or infec-
tious-like agents (virus, bacteria, parasites, prions) or physical and chemical hazards such 
as radiation or environmental toxins, or inappropriate nutritional habits; they may have 
internal causes, including hereditary and congenital ones, or late acquired abnormalities, 
such as tissue deposition of inorganic or organic material (e.g. stones or lipids of atheroma 
lesions) and progressive cell or tissue loss. External causes can strike any age and disap-
pear shortly after the cause ceases. Yet when internal causes are considered, except for 
most monogenic genetic disorders, the effect tends to remain more or less indolent albeit 
progressive, which is associated with ageing phenotype characteristics.

Among age-associated disorders, a distinction between age-dependent and age-related 
diseases has been proposed (Brody & Schneider, 1986). The etiopathogenesis of the former 
is connected to ageing and its morbidity, and mortality increases with it as well, making 
ageing a major risk factor for disorder progression and severity. Characteristic degenera-
tive diseases such as osteoporosis, Alzheimer and Parkinson diseases, type 2 diabetes and 
cardiovascular diseases caused by atherosclerosis belong to that group. The second group, 
age-related diseases, has a temporal relation with age but no relation in terms of increase 
in incidence; it includes multiple sclerosis, amyotrophic lateral sclerosis and gout.

Cancer appears to fit less well in this categorization. Its incidence increases until the 
sixth decade, where it occupies the first place, and declines at a more advanced age 
(Horiuchi et al., 2003). Interestingly, in an incidence analysis of the 20 most common can-
cers in men and women, an increase was shown up to 80 years and a decline thereafter 
(Harding et al., 2008). As almost all cancers follow this pattern, they unveil the suggestion 
that very old age prevents cancer by some quirky biological process.

Age-dependent diseases, owing to their progressive course and causes, are those that 
best fit into the involution process. It is noteworthy that their course involves the 
accumulation of abnormal biomolecules, which is considered to be a fundamental cause 
of ageing (Kirkwood, 2005). They also pose a semantic difficulty because along the course 
of their establishment, the difference between ageing and disease is difficult to distinguish 
until clinical symptoms appear. However, even in their absence, ageing should not be 
 considered suitable as a cause of death. Although individuals with exceptional longevity 
may die before a specific diagnosis is established, autopsies reveal large numbers of lesions 
and  evidence previous disorders, of which cardiovascular disease is most prevalent 
(Blumenthal, 2002; Roberts, 1998; Berzlanovich et al., 2005). Indeed, the relation between 
ageing and disease will remain a most complex one to deal with and, while some well-known 
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biogerontologists would favor a distinction (Hayflick, 2000), others do not find it necessary 
(Masoro, 2006; Holliday, 2004).

There is a common belief that enhanced longevity will result in additional disease and 
disability, but it may not be necessarily so; some data even suggest otherwise. In fact, 
because of the wider availability of medical resources in developed countries and the 
refinement of diagnostic procedures, more diseases are reported but they are also more 
adequately treated, thus postponing mortality and related disability to a later age. 
Interestingly, although the proportion of independent individuals may decline progres-
sively along time, independence for common activities is still considerable at older ages 
(Lowsky et al., 2014), including nonagenarians and centenarians (Christensen et al., 2009). 
Moreover, in the evaluation of health conditions of super-centenarians, overt diseases or 
morbidity were not found in a number of them until a short time before their death 
(Andersen et al., 2012).

This late-age decrement in morbidity and the deceleration of mortality rate previously 
discussed are not sufficiently consistent to extrapolate to the whole population, in part 
because the population assessed is very much selected – they are the last survivors of a 
large cohort of people. However, surprisingly, the data suggest that the limits of human 
longevity may expand and there is potential for very old people to have reasonable 
healthy lives. As this is a result of a favorable biology of the organism, it means that there 
are mechanisms that are amenable to study, and probably, modulation in order to ame-
liorate old-age disability. Such exciting biological issues are also challenging as they will 
require the involvement of the whole of society owing to their vast implications for 
health, education, social insurance and employment.

1.3 Fundamental causes

The susceptibility of organisms to fatal disorders follows the functional involution of 
cells and tissues, itself a consequense of random, cumulative molecular dysfunction and 
error-making (Kirkwood & Austad, 2000; Hayflick, 2004; Holliday, 2004; Terman, 2006; 
López-Ótin et al., 2013). Despite the variety of maintenance and repair systems in cells, 
survival is also an opportunity to make more errors that result in the accumulation of 
more by-products (Hayflick, 2000; Kirkwood, 2005; Baraibar & Friguet, 2013). Thus, as 
these are a consequence of life itself, their mechanistic roots, that is, the causes of ageing, 
should lie in the essential processes of cell functioning.

The most fundamental one is, perhaps, the extraction of free energy from food and its 
processing into usable compounds, which is necessary to fuel exceptionally complex activ-
ities, such as cell division, or ordinary daily work, such as transmembrane solute gradient 
maintenance or constitutive protein synthesis. The most important energetic compound 
so obtained, adenosine triphosphate (ATP), is mainly synthesized in the mitochondria. 
Using an ingenious set of chemical reactions, the reducing power of electrons released 
during food oxidation is buffered by their delivery onto successive electron carriers until 
the final reduction of molecular oxygen; while doing so, the process generates a proton 
gradient that is then used to synthesize ATP.

As the system is not entirely efficient, some electrons escape the carriers and, instead 
of fully reducing the molecular oxygen to water, they partially reduce it into superoxide 
anion O

2
•−, one of the reactive oxygen species (ROS). The amount of electrons that are 
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lost in this way may depend on the specific cell type (Turrens, 2003) and the lifespan of 
species under consideration (Barja & Herrero, 1998). Yet it is estimated that 1–2% of the 
oxygen that diffuses into the mitochondria is reduced to superoxide anion (Turrens, 
2003), which, in the mitochondrial matrix, attains 5- to 10-fold higher concentration com-
pared with the cytosol or nucleus (Cadenas & Davies, 2000). Superoxide dismutases, either 
the copper–zinc (CuZnSOD) or the manganese (MnSOD) isoforms, rapidly convert 
superoxide anion into hydrogen peroxide (H

2
O

2
), which, although not a radical, is still an 

oxidant. It is able to diffuse across membranes and, when doing so, may cause molecular 
harm, either directly or upon its conversion into the highly reactive hydroxyl radical (HO•).

In the endoplasmic reticulum (ERet), prostaglandins, steroid hormones, drugs and 
xenobiotics are oxidized by cytochrome P450-catalyzed reactions (Zangar et al., 2004) 
and additional contributors provide minor amounts of oxidizing species (Curtis et  al., 
2012; Förstermann & Sessa, 2012).

ROS promote an oxidative burden on cells. When not buffered by anti-oxidants, 
whatever their origin, they impose an oxidative stress on most biomolecules that deranges 
their functioning. As a consequence, should the process continue, not only will these 
molecules become unable to exert their effects, but they also tend to accumulate in the 
cells and tissues of organisms over time (Bokov et  al., 2004). The possibility that this 
continued process might underlie ageing was theorized by Denham Harman in 1956 as 
the free radical theory of ageing (Harman, 1956), later refined by scientific achievements, 
as the discovery of SOD and the further involvement of mitochondria in ROS generation 
and targeting for oxidative damage, and renamed as the mitochondrial free radical theory 
of ageing (MFRTA) (Harman, 1972; Beckman & Ames, 1998). Since then, the further 
involvement of mitochondria in ageing has been extensively investigated (Gomez-
Cabrera et al., 2012; Bratic & Larsson, 2013).

Although the general theory and the MFRTA have been questioned over time 
(Perez et  al., 2009; Yang & Hekimi, 2010), the latter is supported by age-associated 
observations: (a) mitochondrial ROS production increases with age owing to organelle 
function decline; (b) the accumulation of mitochondrial DNA mutations during ageing 
impairs respiratory chain function; and (c) mitochondrial ROS-scavenging enzyme 
activity declines with age, which in turn results in further ROS increase and oxidative 
biomolecular damage (Castro et al., 2012b). In addition, microinjection of aged mito-
chondria into young fibroblasts results in their rapid acquisition of aged properties 
(Corbisier & Remacle, 1990), and the rate of ROS production by short-lived species of 
mitochondria is higher than that by long-lived species (Perez-Campo et  al., 1998), 
further supporting the view that the ROS produced by mitochondria are involved in 
the ageing process.

1.4 experimental approach to human ageing

1.4.1 ageing models in dividing cells: replicative senescence and 
telomere involvement
Normal somatic cells have long been utilized by researchers to study cellular senescence 
and have proved to be a useful in vitro model to unravel complex molecular mechanisms 
and pathways likely to underly the human ageing process. Senescent cell phenotypes 
reported to date have employed dividing cells in vitro as the preferred systems.
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Replicative senescence (RS) was first described in 1961 by Hayflick and Moorhead, 
when they observed that normal human diploid fibroblasts in culture had a limited 
 replicative potential and became irreversibly arrested even in the presence of mitogens 
(Hayflick & Moorhead, 1961). Such functional loss and distinctive features of RS were 
envisaged to be a manifestation of cellular ageing. Senescent cells also experience 
dramatic morphological alterations when compared with young proliferating cells, 
including the increase in cell surface area and volume (Greenberg et al., 1977), the loss of 
typical small spindle-fusiform shape and the acquisition of large, flat, morphology, owing 
to changes in cytoskeleton protein expression (Nishio et al., 2001).

Depending on the cell type, senescent cells can be kept quiescent in culture from weeks 
to years, although their organelles may change. Lysosomes increase in number and size 
(Lipetz & Cristofalo, 1972) and accumulate granules of lipofuscin (Brunk & Terman, 
2002a). Also, partly reflecting the increase in lysosomal mass, senescent cells exhibit an 
increased activity of senescence associated β-galactosidase (SA β-gal) (Dimri et al., 1995), a 
lysosomal enzyme extensively utilized as cellular senescence biomarker. In mitochondria, 
despite the increase in mass (Lee et al., 2002), the respiratory chain function deteriorates 
(Boffoli et al., 1994), the DNA acquires mutations (Mecocci et al., 1993) and mitochondria 
accumulate oxidatively damaged proteins (Ahmed et al., 2010). In the nucleus, chromatin 
condensation increase is the most conspicuous change, while electron-dense regions, the 
senescence-associated heterochromatin foci, are formed throughout the nucleoplasm of 
interphase nuclei. These regions relate to transcriptionally suppressed E2F-responsive 
genes (Narita et al., 2003), which contribute to cell cycle progression inhibition.

When compared with young cells, RS cells exhibit an altered gene expression profile 
that is cell type dependent (Shelton et  al., 1999). Such genes are involved in diverse 
processes such as cell cycle regulation, immune response and inflammation, cytoskeleton, 
stress response and metabolism (Zhang et  al., 2003; Ly et  al., 2000; Yoon et  al., 2004). 
Typically, when compared with young proliferating cells, RS fibroblasts overexpress 
senescence-associated genes such as apolipoprotein J (ApoJ), fibronectin, osteonectin, 
transforming growth factor β-1 (TGFβ1) and insulin growth factor binding protein 3 
(IGFBP3) (Debacq-Chainiaux et al., 2008). In addition, just before the cells lose their rep-
licative ability and become senescent, the cyclin dependent kinase inhibitor (CDKI) p21 
overexpresses to return to normal as cells enter RS. At this stage, CDKI p16 increases 
significantly and becomes the major inhibitor for cyclin-dependent kinases (CDK) 4 and 6, 
maintaining the cells in an irreversible growth arrest in G1 phase (Alcorta et al., 1996; 
Pignolo et al., 1998). At the protein level, when compared with early passage fibroblasts, 
RS cells also exhibit a differential expression of several proteins that are components of the 
cytoskeleton, or implicated in key cellular functions, such as β-actin, tubulin β chain, 
vimentin, anexin I/VI and α-enolase (Trougakos et al., 2006).

Resistance to apoptosis is another typical characteristic of RS cells, albeit dependent 
on the cell type and the pro-apoptotic signal. For example, senescent endothelial cells 
do not resist ceramide-induced apoptosis but RS fibroblasts do (Hampel et al., 2004); RS 
fibroblasts resist growth factor deprivation- and oxidative stress-induced apoptosis but 
not Fas-mediated apoptosis (Chen et  al., 2000a; Tepper et  al., 2000). To explain the 
resistance to apoptosis, various reports implicated the upregulation of genes encoding 
survivin (Al-Khalaf & Aboussekhra, 2013), cellular myeloblastosys protein (c-myb; Lee 
et al., 2010), major vault protein (Ryu et al., 2008) and B cell-lymphoma 2 (bcl-2; Ryu 
et  al., 2007). More recently, epigenetic mechanisms involving locus-specific histone 
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modifications, regulating bcl-2:bax (bcl-2 associated X protein) gene expression in 
senescent fibroblasts, were proposed to contribute to the apoptosis-resistant phenotype 
(Sanders et al., 2013).

The number of doublings at which an entire cell population in a given culture reaches 
RS is fairly reproducible, suggesting the existence of a kind of cell division-counting 
mechanism. Currently, there is evidence in favor of telomere shortening as cells age in 
culture (Harley et al., 1990). Telomeres are the natural nonblunted ends of chromosomes 
that consist of repetitive sequences (TTAGGG in humans) and specialized proteins, essential 
for maintaining genomic stability (Blackburn, 1991). Conventional DNA polymerases are 
unable to replicate completely the terminal ends of linear DNA molecules owing to the 
inherent RNA priming mechanism of DNA replication (Olovnikov, 1973). Instead, telom-
erase, a specialized DNA polymerase, is capable of synthesizing de novo TTAGGG repeats 
and adding them to human chromosome ends to compensate for telomeric DNA losses 
(Blackburn, 1992). As most normal somatic cells do not express telomerase, their telo-
meres shorten with each cell cycle. When telomere attrition is critical, it triggers a full 
senescence cell cycle inhibition response that limits the proliferative capacity of cultured 
cells. Actually, the ectopic expression of telomerase was sufficient to revert RS cells into 
a phenotypically youthful state (Bodnar et  al., 1998). Telomere attrition-induced cell 
cycle arrest may result from deletion of critical genes involved in cellular division located 
near telomeres (Allsopp, 1996) or from silencing of subtelomeric genes owing to hetero-
chromatin shifting caused by telomere loss (Wright & Shay, 1992). Whatever the basic 
cause, critical telomere shortening triggers a DNA damage response that induces the 
overexpression of p53 and p21 proteins that block CDK activity in G1 phase (Huang et al., 
1996; Saretzki et al., 1999).

1.4.2 Stress-induced premature senescence
Premature senescence, or stress-induced premature senescence (SIPS), can be experimen-
tally achieved in a short period of time by exposing dividing cells to subcytotoxic levels of 
stressors, such as H

2
O

2
 (Chen & Ames, 1994), tert-butyl hydroperoxide (tBHP; Dumont 

et al., 2000), hyperoxia (Saretzki et al., 1998), ultraviolet B radiation (Debacq-Chainlaux 
et al., 2005) or copper sulfate (CuSO

4
; Matos et al., 2012), among others. Similarly to RS 

cells, SIPS cells are irreversibly arrested in G1 phase (Chen et al., 1998; von Zglinicki et al., 
1995) and share structural and molecular features, serving therefore as an excellent 
model for the study of cellular senescence. The most frequently used SIPS model is 
obtained upon exposure of early-passage fibroblasts to a subcytotoxic dose of H

2
O

2
 for 2 

hours (H
2
O

2
-SIPS). Three days afterwards, most cells cease proliferation, develop senes-

cent-like morphology and exhibit increased SA β-gal activity and altered gene expression 
(Chen & Ames, 1994; Chen et al., 1998). In H

2
O

2
-SIPS cells, senescence is modulated by 

specific molecular changes that involve retinoblastoma (Rb) protein, enhanced actin 
stress fibers and cystoskeleton reorganization (Chen et al., 2000b). In tBHP- and H

2
O

2
-

induced SIPS, cells overexpress p21 and p16 that inhibit cyclinD-CDK4/6 complexes and 
block Rb protein phosphorylation, preventing cells progressing from G1 to S phase. 
Similarly to RS fibroblasts, SIPS cells have low Rb protein phosphorylation (Chen et al., 
1998; Dumont et al., 2000) and senescence-associated genes, such as p21, ApoJ, fibro-
nectin, IGFBP3 or TGFβ1, are overexpressed in hyperoxia- (Saretzki et al., 1998), tBHP-, 
H

2
O

2
- (Dumont et al., 2000) and CuSO

4
-SIPS (Matos et al., 2012). Using the H

2
O

2
-SIPS 

model, it was shown that TGFβ1 overexpression is required for the induction of senescent 
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morphogenesis, increased mRNA levels of the senescence-associated genes fibronectin, 
ApoJ and osteonectin, and increased activity of SA β-gal (Frippiat et al., 2001).

The involvement of telomere shortening in the establishment of SIPS is not clear. 
Several studies have demonstrated that, in hyperoxia- or H

2
O

2
-SIPS cells, telomeres 

shorten faster than in young fibroblasts (von Zglinicki et al., 1995; Duan et al., 2005), but 
others failed to show it (Chen et al., 2001), suggesting that SIPS can be attained without 
telomere shortening. These conflicting observations may result from variation in the 
oxidative stress intensity and the type of targeted biomolecule. Whatever the particular 
conditions may be, oxidative stress indeed affects telomere attrition as cell culture supple-
mentation with anti-oxidants results in decline of telomere erosion (von Zglinicki, 2000; 
Furumoto et al., 1998) and enhanced expression of anti-oxidant enzymes such as gluta-
thione peroxidase and CuZnSOD (Serra et al., 2000). In this setting, telomeres are likely to 
act as oxidative stress sensors and, when the condition leads to single-strand DNA damage 
accumulation in telomeres, cell proliferation inhibition signals are conveyed through p53 
and p21 overexpression (Saretzki et al., 1999).

1.4.3 ageing in organs and tissues
An important question in this issue regards the value of RS cells in living organisms and 
how much they contribute to the functional involution related to ageing. This is an unset-
tled matter mostly because a large number of tissues do not have a substantial amount of 
proliferating cells and those that have tend to produce cells that, instead of accumulating, 
are normally discarded from the organism or recycled.

In tissues from aged humans, the presence of somatic cells with traits of senescence has 
only rarely been reported. The major limitation to detecting senescent cells in living aged 
tissues is that a specific marker that would exclusively or unequivocally identify senescent 
cells does not exist. The most widely used marker, the senescence associated β-galactosidase 
histochemical (Dimri et al., 1995; Itahana et al., 2007, 2013), has nevertheless been ques-
tioned because under some conditions, it also identifies nonsenescent cells (Cristofalo, 
2005; Yang & Hu, 2005).

More recent markers of senescence have been categorized as genes involved in the 
establishment and maintenance of senescent states (upregulated p16 or p21), markers of 
genotoxic stress (telomere-associated foci, TAF) and distinctive heterochromatin clusters 
(senescence-associated heterochromatin foci). Employing these biomarkers, it was reported 
that the number of senescent cells in various living tissues from humans, primates and 
rodents increases with age, in frequencies varying from less than 1% to around 15%, 
depending on the species and tissues (Dimri et al., 1995; Pendergrass et al., 1999; Paradis 
et al., 2001; Ding et al., 2001; Herbig et al., 2006; Jeyapalan et al., 2007; Wang et al., 2009; 
Kreiling et al., 2011; Hewitt et al., 2012).

The concept underlying senescence is consolidating in a cluster of markers collectively 
designated as senescent-associated secretory phenotype, SASP (Hewitt et  al., 2012; 
Kuilman & Peeper, 2009). The concept implies that, although irreversibly arrested, senes-
cent cells in vivo remain metabolically active as they secrete pro-inflammatory cytokines, 
chemokines, growth factors and proteases with profound effects on the surrounding 
microenvironment. SASP can exert four different types of actions: they act in an autocrine 
fashion, further fostering senescence development within the secreting cell (Wajapeyee 
et al., 2008); they promote tumorigenesis on surrounding premalignant or transformed 
cells (Coppe et al., 2008); they regulate immune clearance of senescent cells (Kang et al., 
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2011); and they induce senescence in normal surrounding cells (Acosta et al., 2013). Such 
changes in the tissue microenvironment would be expected to affect tissue homeostasis 
and function, and lead to tissue degeneration and organ dysfunction. The relation bet-
ween in vivo ageing and cellular senescence in tissues was demonstrated using a mouse 
model where the removal of senescent cells was able to prevent or delay tissue dysfunction 
and extend lifespan (Baker et al., 2011).

1.4.4 Lipofuscin deposition following organelle dysfunction and 
damage accumulation
In postmitotic cells, deposition of lipofuscin, often called the “age pigment”, has long 
been considered a major cellular sign of ageing. Lipofuscin refers to the age-related 
brownish hue that is noticed in bright tissues on a simple macroscopic inspection.

Owing to the distinct color and natural autofluorescence, by absorbing light between 
320 and 480 nm and emitting at 460–630 nm (Katz et al., 1988), lipofuscin is easily detect-
able in the cytoplasm in nonstained tissue sections; moreover, it may be demonstrated by 
histochemistry, using techniques such as Sudan black for lipid or periodic acid–Schiff for 
carbohydrate staining (Dayan et al., 1988). In ultrastructural observations, lipofuscin appears 
as intracytoplasmic, membrane bound granules, exhibiting an heterogeneous content that 
includes lipid-like material together with dense irregular features, sometimes with filamen-
tous shape, that contain protein (Almeida et al., 1998). In fact, lipofuscin is composed of 
oxidized proteins (30–70%), lipids (20–50%) and, in a lesser amount, carbohydrates and 
transition metals (Fe, Cu, Zn and Mn; Benavides et al., 2002; Double et al., 2008), which is 
evidence of the role of oxidation in its genesis and ability to oxidize even further.

Lipofuscin formation has been proposed to fall within a mitochondrial–lysosomal axis 
theory of ageing (Brunk & Terman, 2002b). In time, mitochondria from aged postmitotic 
cells produce less ATP and become particularly affected in their function owing to 
continued production of ROS. On the electron microscope, they enlarge, swell, lose 
cristae and, sometimes, show complete destruction of their inner membranes and the 
formation of amorphous electron-dense material (Terman et  al., 2003). In a normal 
situation, such dysfunctional organelles are conveyed to the lysosomes where they are 
destroyed. In addition, this process, named macroautophagy (discussed in Chapter 2), 
endows cells with the ability to recycle their own deteriorated biological material, which 
may include insoluble protein aggregates and deranged organelles such as mitochondria; 
autophagy also prevents their accumulation and therefore promotes cell economy when 
nutritional environmental conditions are hostile.

However, in ageing and experimental oxidative environments, lipofuscin granule 
accumulation in lysosomes is progressive; in time, lysosomes increase in number and size 
but also decrease in their degradative capacity (Terman et al., 1999), thus leading to inef-
ficient degradation of damaged mitochondria. The continuous mitochondrial generation 
of ROS and the accumulation of lipofuscin-bound redox-active iron result in enhanced 
harmful effects as H

2
O

2
 is converted to the highly reactive hydroxyl radical via the Fenton 

reaction; this event perpetuates oxidative stress and explains, at least in part, lipofuscin 
cytotoxicity (Hohn et al., 2010). Its age-related accumulation has been of major interest 
in the nervous system (Shantha et al., 1969), but has been shown in a diversity of tissues 
and species as well (Terman & Brunk, 1998).

The ERet is another cell compartment whose components are also affected by age. In 
addition to being the major intracellular Ca2+ store, the ER is the site for synthesis, 



Human ageing, a biological view   13

processing, folding and posttranslational modifications of all lysosomal, cell membrane 
integral and secretory proteins. Several conditions, such as redox changes and calcium 
disturbance, are able to disrupt ERet homeostasis and originate ERet stress (discussed in 
Chapter 2), characterized by the accumulation of unfolded/misfolded proteins and the 
activation of the unfolded protein response, whose main goal is to restore ERet normal 
functioning. The efficiency of such a response is diminished with age, owing to impair-
ment of the chaperoning system that verifies protein quality (Macario & Conway de 
Macario, 2002). Moreover, ERet resident chaperones, whose activity is crucial for an effi-
cient unfolded protein response, are progressively oxidized with age, further contributing 
to their functional decline (Nuss et al., 2008).

Proteins from the cytosol are also prone to oxidizing and having their function dis-
turbed. Actually, while proteins in general are the main targets for ROS-mediated 
damage, cytosolic proteins appear to be particularly sensitive. In fact, actin, tubulin, 
vimentin, proteasome proteins, chaperones and ribosomal proteins, either isolated or in 
whole organisms, become markedly oxidized in ageing and in experimental conditions 
(Levine & Stadtman, 2001; Castro et al., 2012a, 2013; Baraibar & Friguet, 2013; David 
et al., 2010). The result is misfolding, functional impairment, irreversible carbonylation 
and the establishment of crosslinks.

To prevent the accumulation of damaged proteins, that is, to maintain proteostasis, 
cells use the proteasome as the first and most important nonlysosomal mechanism for 
protein turnover (Jung et al., 2009). It is a complex catalytic structure that assembles as a 
20S catalytic core, independent of ATP and ubiquitin tagging, or a 26S form that combines 
the 20S core and a 19S regulatory cap involved in ubiquitinated substrate recognition 
(Jung et al., 2009). The 20S proteasome form is the main site for oxidized protein degra-
dation, largely because of its relative resistance to oxidative stress (Reinheckel et al., 1998). 
For 26S proteasome action, the ubiquitin system must first be activated. In succession, 
three enzymes activate the substrates with ubiquitin molecules (E1 ubiquitin activating 
enzyme), transfer and transport them (E2 ubiquitin conjugating enzyme), and finally 
deliver them to the proteasome (E3 ubiquitin ligase).

When oxidative conditions intensify, or when cells attain RS, the proteasome function 
declines (Davies & Shringarpure, 2006) and protein crosslinks increase, form aggregates 
and become insoluble. The process ultimately leads to lipofuscin formation and accumulation 
within lysosomes (Jung et al., 2007). These damaging events are especially dramatic in 
postmitotic cells since they are not able to dilute this material by cell division.

1.4.5 Damage consequences: Dysfunctional organelles and cell 
functional decline. Cell loss
Damaged macromolecules and organelles are usually eliminated through proteosomal or 
lysosomal degradation systems in order to ensure the maintenance of cellular functions. 
However, during ageing, both systems are affected and their degradative activity declines 
significantly, resulting in the accumulation of altered proteins and defective organelles in 
aged cells.

The oxidatively modified structures that accumulate with age in postmitotic cells are 
functionally inefficient and, therefore, are frequently considered as biological “garbage” 
or “waste” material. Defective mitochondria and aggregated oxidized proteins are the 
most common forms of extra-lysosomal “garbage”, while lipofuscin represents the intra-
lysosomal one.
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Accumulation of such materials is harmful because of the occupation of cytoplasm, 
interference with biological processes and likely toxic effects. In addition, lipofuscin-loaded 
cells exhibit diminished autophagic activity (Terman et  al., 1999) since most lysosomal 
enzymes are directed to lipofuscin-loaded lysosomes in futile attempts to degrade the indi-
gestible pigment. In such a scenario, the recycling of defective mitochondria is inhibited, 
further increasing their accumulation. On the other hand, enhanced ROS generation at 
these dysfunctional organelles accelerates lipofuscin deposition, which again inhibits 
mitochondria turnover and further promotes ROS production through intralysosomal 
iron-catalyzed reactions. These cyclical events exhaust clearance mechanisms, leading to 
continuous age-related accumulation of intracellular “garbage”, profound dysfunction 
and the death of postmitotic cells (Brunk & Terman, 2002b).

1.5 Involving genes in organism ageing and longevity

Although the ageing process appears to be intrinsically random, one may question whether 
and to what extent the genes contribute to ageing. Their impact may be simply recognized 
as “Yes, they do impact” because virtually every aspect of life maintenance implies the 
activity of gene expression products. Moreover, the appearance of by-products and their 
clearance or accumulation depend on the transcriptional activity as well. Yet, how they 
intervene or what is the relative contribution of any gene is much more difficult to answer.

The extreme complexity of life, and ageing, are illustrative of the multifactorial 
dimension of the genetic contribution to ageing. Moreover, as ageing is not a disease, 
much less a monogenic disease, genes cannot be taken as causing ageing in the sense that 
there is not one gene that may be held responsible for the ageing process. Otherwise, a 
mutation in this gene might lead to organism ageing retardation and extended longevity. 
Should it have a favorable trait, natural selection would provide its survival over the 
previous wild-type condition and the earth would be plentiful of very long-lived species.

1.5.1 Longevous humans
In contrast to other organism’s models, whose relatively short lifespans are easily sur-
veyed in the laboratory (e.g. the Caenorhabditis elegans, the Drosophila melanogaster or even 
the Mus musculus), the extensive lifespan of humans poses an immediate difficulty. To 
circumvent this, researchers have looked for genes, or combinations of genes, that may 
have been favorable for enhanced human longevity.

A strategy to tackle the problem has been to employ whole, or nearly whole, cohorts 
of humans, a reason why it has only recently become possible to conveniently examine 
a cohort whose members were born early in the 20th century. One benefit of such a 
study is the inclusion of centenarians and nonagerians who are likely to have genes or 
gene combinations that favor long life. In addition, the cohort may help to identify mono-
zygotic twins who, because they sidestep natural genetic variation, are highly valued in 
approaching genetic vs environmental determinants.

In cohorts of Scandinavian twins it was estimated that the overall contribution of her-
itability to the age at death is 20–30% (Murabito et al., 2012), being slightly higher for 
females compared with males (Herskind et al., 1996) and, in any case, higher when com-
pared with nontwin controls. An interesting finding is that the influence of genetics has a 
small impact until the sixth decade but increases thereafter (Hjelmborg et al., 2006; Willcox 



Human ageing, a biological view   15

et al., 2006), thus converging with the results of centenarians. These may thus be seen as 
humans harboring the genetic complements of successful ageing. In addition, their sib-
lings were found to have several-fold greater possibility of reaching 100 years, in contrast 
to nonsiblings (Perls et al., 2002), thus favoring an intrafamiliar clustering for exceptional 
longevity (Perls et  al., 2000). Surprisingly, centenarian offspring may have enhanced 
mortality while they are children but, at old age, they exhibit lower mortality rates for all 
or specific causes of death, such as coronary heart disease and cancer (Terry et al., 2004). 
A lower prevalence of cardiovascular diseases, a major cause of death at any adult age, is 
also noticed in centenarian offspring (Terry et al., 2003). In general, the contribution of 
heredity to lifespan should be considered modest, compared with the contribution to 
other phenotypes such as Alzheimer disease or age at menarche or menopause (Murabito 
et al., 2012), suggesting that the conditions underlying lifespan are more heterogeneous 
compared with the higher homogeneity of a neurological or a reproductive phenotype.

Regarding genetic involvement in longevity, genome-wide association studies have 
identified apolipoprotein E (APOE) gene polymorphisms as the most consistently related 
to longevity (Christensen et al., 2009; Beekman et al., 2013). APOE2 allele was associated 
with enhanced longevity, whereas the APOE4 allele was found at very low proportions in 
centenarians (Gerdes et al., 2000) and was associated with enhanced mortality caused by 
atheromatous cardiovascular disorders and Alzheimer disease (Schachter et  al., 1994; 
Corder et al., 1993). The APOE protein is a lipoprotein and cholesterol transporter bet-
ween tissues; its APOE4 isoform has a better interaction with the cognate receptor (Mahley 
& Rall, 2000), resulting in a higher propensity for cholesterol to be taken up by targeted 
tissues. Except for the rare E2/E2 homozygosity, the E2 isoform is more often related to 
reduced circulating total and low-density lipoprotein (LDL) cholesterol, whereas E4 results 
in the opposite (Mahley & Rall, 2000). In parallel with these observations, centenarian 
Ashkenazi Jew offspring exhibited higher high-density lipoprotein cholesterol, and males 
had lower LDL levels, compared with controls (Barzilai et al., 2001).

Another gene found in association with long-lived individuals and replicated more 
than once is Forkhead box O 3A, FOXO3A (Willcox et al., 2008; Flachsbart et al., 2009). 
This gene encodes a transcription factor regulated mainly in the setting of insulin and the 
insulin-like growth factor 1 (IGF-1) signaling pathway discussed later.

Apart from evidence related to APOE alleles and FOXO3A, other studies in the field have 
reported associations with ageing, although less consistent, for other genes and telomere 
length (Brooks-Wilson, 2013; Wheeler & Kim, 2011). Telomere length as inversely corre-
lated with the risk of death from specific diseases has been examined in the last decade, 
producing conflicting results (Christensen et al., 2009); more recently, it was found to corre-
late with disease burden in general rather than with a single disorder (Sanders et al., 2012b).

It is interesting that nearly all of the genes found to associate with longevity have some 
involvement in lipid metabolism or nutrient uptake and use by cells, which relates them 
to cell enrichment with lipids. Unsurprisingly, unfavorable serum patterns of lipoproteins, 
unfavorable APOE allele combinations and excess circulating insulin are associated with 
enhanced risk of atheromatous disease, a major cause of death in human adults.

1.5.2 experimental approaches
The use of cells and tissues in the study of ageing has produced relevant knowledge and 
insights into the diversity of ageing patterns and their likely causes. Additional 
information, perhaps more relevant, may be obtained when the appraisal extends to 
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whole organisms under experimental conditions. The laboratory is not the real world but 
allows the study of organisms under controlled conditions, which is quite suitable when 
the purpose is to determine their lifespans and record the causes of death. Appropriate 
accommodation may be very expensive though, which limits the type of organisms used. 
Among the species employed, the tiny nematode C. elegans has been most fruitful because 
of the simplicity of its husbandry, in-depth knowledge of its biology, the variety of strains 
and its mere 3 week life cycle. While the mouse is the easiest-to-use mammal, only a very 
restricted number of laboratories have access to nonhuman primates.

Animal strains with spontaneous mutations associated with enhanced longevity have 
been selected over time, but what deeply changed the field was the application of 
recombinant DNA technology. Such procedures, largely employed in C. elegans, showed 
how the inactivation or the overexpression of a single gene would result in substantial 
longevity change, drawing further attention to the role of genes. Surprisingly, such role 
did not unveil any cryptic or unprecedented process. Rather, ageing turned out to be cen-
tered on metabolism and its regulation, showing that, no matter how much complex any 
biological process is, it might be simplified to the use of food to survive.

In 1988, a strain of C. elegans with a 60% additional increment in longevity owing to 
a mutation in the age-1 gene was described (Friedman & Johnson, 1988), but only some 
years later its product, the phosphatidylinositol-3-kinase (PI3K), was identified (Morris 
et al., 1996). This kinase activates a discrete step in the intracellular insulin and IGF-1 
signaling pathway, part of an endocrine axis with major reference points at the pituitary 
and the liver. Apart from being evolutionarily conserved in a variety of organisms, this 
axis is now recognized as having an extraordinary involvement in ageing and longevity 
(Fontana et al., 2010).

Elucidation of the age-1 gene product-specific role was probably the first precise mech-
anistic step that directly involved metabolism in ageing. However, more than 50 years 
previously, it had been recognized that reducing the laboratory diet to a defined amount, 
that is, employing energy restriction (ER), resulted in enhanced rodent longevity.

Thorough study in the 1970s and 1980s unveiled many other benefits, including 
reduction in chronic disorders and cancer incidence, and anti-inflammatory and anti-
infectious preventive effects; in ER animals there is an enhanced but moderate cortisol/
corticosterone secretion, reduced thyroid hormones and insulin resistance, increased 
degradation and decreased accumulation of oxidized proteins, enhanced proteasome 
activity and heat shock protein 90 (further reading is recommended in Speakman & 
Mitchell, 2011 and in Chapter 2). ER effects are thus global and detectable in virtually 
every body system. Owing to their interplay, some effects may not just be a consequence 
of the restriction per se, but secondary to changes that ER elicits in other systems; this is 
likely to be the case for endocrine systems where such interplay is larger. ER became thus 
a scientifically robust, nongenetically engineered model of longevity enhancement with 
health improvement for a wide variety of species that probably includes primates (Colman 
et al., 2009; Mattison et al., 2012).

During the search for the fine molecular mechanisms governing longevity extension, 
ER highlighted the major involvement of molecular regulators of metabolism: the insulin/
IGF-1 axis, the adenosine monophosphate kinase sensing of intracellular ATP, the sirtuin 
signaling and target of rapamycin signaling pathways. Emphasis will now be given to 
insulin/IGF-1 axis; other mechanisms, while receiving some attention in the following 
sections, are more comprehensively discussed in Chapters 2 and 3.
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1.5.2.1 The insulin/IGF-1 axis
In mammals, the pathway centered on the growth hormone (GH)/IGF-1 axis, may be 
tracked to the hypothalamic pulsatile secretion of growth hormone-releasing hormone 
(GHRH). In the anterior pituitary, GHRH binds to its cognate receptor (GHRHR) at the 
surface of somatotrophs and promotes GH synthesis and secretion to the blood. Upon 
interacting with its receptor on liver cells, GH activates a transductive pathway, which 
results in IGF-1 synthesis and release into the circulation. At the surface of target cells, 
IGF-1 binds to the IGF-1 receptor (IGF-1R), a member of the insulin/IGF-1R family, and 
starts another transductive pathway.

IGF-1R is present in a variety of cells, including fat, muscle and liver cells and therefore 
possesses a wide distribution in the body. Upon its synthesis as a single-chain propeptide, the 
receptor is processed into a mature heterodimer having one α and one β subunit covalently 
linked by a disulfide bond (Ullrich et al., 1986). At the plasma membrane, it interacts with a 
similar heterodimer and acquires the functional heterotetramer structure composed of two 
α and two β chains incorporating the ligand binding and tyrosine kinase domains respec-
tively; IGF-1R and insulin receptor heterodimers may assemble as hybrid heterotetramers 
with similar ability to bind ligands and trigger the intracellular signaling pathway (Pollak, 
2012). Rodents bearing mutations affecting different levels of the IGF-1 secretion axis live 
longer than controls and are considerably smaller. They have provided relevant information 
on some mechanisms affecting ageing and longevity and insights on how to modulate them.

Mice with spontaneous homozygous GHRHR mutations, known as Ghrhr−/Ghrhr− (or lit/
lit mice owing to their small size) have an abnormal N-terminal, extracellular domain, result-
ing in an inability to interact with the ligand and, consequently, to synthesize GH; therefore, 
mice have low levels of circulating GH and IGF-1, are about half the size of wild-type strains 
and, when they are fed with a low-fat diet, the increase in mean and maximum lifespan 
extends their longevity by 25% (Godfrey et al., 1993; Flurkey et al., 2001).

Autosomal recessive isolated growth hormone deficiencies in humans owing to 
GHRHR mutations constitute about 10% of the total number of cases. As expected, most 
patients exhibit short stature, but their growth is proportional, intelligence is not affected 
and fertility is largely conserved (Mullis, 2010).

At a lower level of the IGF-1/GH axis stand the Ames and the Snell dwarf strains that 
result from spontaneous recessive mutations in the homeobox protein prophet of PIT1 
(Prop1) and the pituitary-specific positive transcription factor 1 (Pit1) genes, respectively. 
During pituitary development, Prop1 gene expression appears in anterior pituitary cells 
and becomes upregulated. The encoded protein, Prop1, forms homodimers that target 
specific gene regulatory sites, including Pit1 gene, whose increasing activation parallels 
subsequent downregulation of Prop1. Pit1 gene expression is necessary for the local 
differentiation of a variety of peptide-producing cells such as the thyrotrophs, lactotrophs 
and the somatotrophs (de Moraes et al., 2012). Compared with controls, Pit1 and Prop1 
mutants are about 50% smaller, their weights reduce to 30% and some tissues have 
increased activity of catalase and CuZnSOD isoform (Bartke, 2011; Flurkey et al., 2001). 
Mice are usually infertile and their longevities are extended by 50% in males, and even 
more in females, compared with controls; moreover, mean and maximum lifespans are 
enhanced in Snell (Flurkey et al., 2002) and in Ames strains (Brown-Borg et al., 1996). 
The features of these animals are thought to be due to primary deficiency of GH secretion 
and consequent lack of IGF-1 secretion stimulation. However, they have additional defi-
ciencies in TSH and prolactin, which contribute to the final phenotype.
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Abnormalities at this level of IGF-1 axis were previously described in humans (Pfäffle 
& Klammt, 2011) who show a variable degree of hypopituitarism, with emphasis on 
short stature, affecting children and adolescents, but including additional hormonal 
deficiencies.

Other strains with deficient IGF-1 secretion are the result of selective gene inactiva-
tion. These comprise the homozygous GH receptor knockout strain (GHRKO, also known 
as GHR/GHBP knockout) that bears the inactive GHR and the GHR binding protein 
resulting from GHR extracellular domain proteolytic cleavage. The hallmark of the 
condition is enhanced resistance to GH and very low levels of circulating IGF-1, insulin 
and glucose (Bonkowski et al., 2009). Mice have ~50% reduced size but increased average 
and maximum lifespan by a similar figure and the change also appears to delay ageing, 
as evidenced by the late appearance of age-associated diseases (Bartke, 2005).

Those mice, also known as Laron dwarfs, have a human counterpart in the Laron 
syndrome (Laron, 2004) that shows marked dwarfism, enhanced GH resistance and very 
low IGF-1 blood levels. It is not clear whether these patients live longer because they 
tend to die from external causes; however, except for cardiovascular diseases, whose 
mortality is similar to that of controls, Laron syndrome patients appear to be protected 
from age-associated diseases such as cancer and diabetes (Guevara-Aguirre et al., 2011). 
Similarly to Ames/Snell dwarves, the Laron mice also lack the effects of GH. While in the 
former it is because of a developmental defect limiting strongly its synthesis, in the latter 
it is because the synthesis is conserved but the means to put it into action, the receptor, 
is not operational.

Mice with IGF-1 gene knockout, which would minimize some of the confounding 
effects observed in the above-mentioned strains, have a poor outcome because shortly 
after birth many individuals die from respiratory impairment; moreover, the survivors 
show structural and functional abnormalities in various organs, including the gonad, 
which makes them infertile (Liu et al., 2000). IGF-1R homozygous null mutants are also 
not viable; the heterozygous strain has elevated circulating IGF-1 levels, but as they lack 
a fully functional receptor, the gain in longevity is small, 16–33% depending on sex 
(Holzenberger et al., 2003). They do not develop dwarfism, they have similar glucose and 
insulin levels, are fertile and appear to cope well with oxidative stressful conditions. In C. 
elegans, the ortolog of the insulin/IGF-1R is the daf-2 gene (dauer formation or daf strains) 
that when mutated results in doubling of the organism lifespan (Kenyon et al., 1993); in 
arthropods and yeasts, similar signaling cascades employing high-homology molecules 
have been found, whose mutation also results in prolonged longevity (Fontana et al., 
2010).

The likelihood that similar genetic variations might exist in humans prompted a 
search for IGF-1R gene variants that might be favorable to enhanced longevity. Such a 
search by sequencing IGF-1R genes of centenarians led to the identification of missense 
variants that, although rare in the population, appear enriched in centenarians (Tazearslan 
et al., 2012).

1.5.2.2 IGF-1 signaling into FOXO proteins
Interestingly, IGF-1 involvement in longevity, rather than relying on its signaling 
pathway activation, is manifested when it is downregulated, as occurs during ER, for 
example. Upon IGF-1/IGF-1R interaction, receptor conformation is altered, which 
induces trans-phosphorylation in tyrosine residues of its intracellular domains (Fig. 1.1). 
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This change enables receptor catalytic activity, insulin receptor substrates isoforms 
binding and membrane-bound PI3K recruitment. PI3K then promotes AKT activation 
that targets distinct molecules such as the FOXO family of transcription factors (and daf-
16, the single FOXO ortholog in nematodes).

In mammals, the FOXO group of proteins, part of a large family of forkhead transcrip-
tion factors, is composed of four members (FOXO1, 3A, 4 and 6) that are expressed in 
specific tissues. When phosphorylated by AKT, FOXO proteins become deactivated and 
leave the nucleus to the cytoplasm, where they remain inactive. When dephosphorylated, 
FOXO proteins bind regulatory factors or undergo post-transcriptional modifications, 
regain activity and return to the nucleus, where they promote the transcription of genes 
that modulate a diversity of biological processes as follows.

FOXO proteins show a major participation in proteostasis maintenance (Webb & 
Brunet, 2014), thus indicating that the process is activated when IGF-1 signaling is turned 
off. They may act by direct upregulation of E3 ubiquitin ligase that attaches ubiquitinyl-
ated protein to the proteasome, or by directly regulating proteasome components. In 
addition, FOXO proteins foster macroautophagy by binding to promoters of relevant 
genes as light chain 3 β (Lc3b) or autophagy-related gene 12 (Atg12), whose products are 
required for autophagosome formation (Webb & Brunet, 2014). Another mechanism is 
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Figure 1.1 IGF-1R pathway activation. Upon interaction of insulin-like growth factor and cognate 
receptor (IGF-1/IGF-1R), receptor catalytic properties are activated. Insulin receptor substrate (IRS) 
isoforms then bind the receptor and recruit phosphatidylinositol-3-kinase (PI3K), which promotes 
phosphatidylinositol (3,4,5)-triphosphate (PIP3) synthesis and AKT activation. AKT then phosphorylates 
forkhead transcription factor (FOXO) proteins, which cease their transcription modulatory effect and 
leave the nucleus. AKT action also keeps the small GTPase Rheb in its GTP bound form, which keeps the 
mechanistic target of rapamycin complex 1 (mTORC1) active to promote its anabolism-favorable effect.
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via the upregulation of glutamine synthetase; the increase in intracellular glutamine 
levels is accompanied by an inhibitory effect upon mTORC1, referred to later, resulting in 
additional autophagy promotion and survival (van der Vos et al., 2012).

FOXO proteins, in addition, promote the upregulation of catalase, MnSOD and the 
growth arrest and DNA damage45 (Gadd45) protein (Manolagas & Almeida, 2007; 
Vurusaner et al., 2012). While MnSOD, a characteristic mitochondrial enzyme, converts 
superoxide anion into H

2
O

2
, catalase breaks it into oxygen and water, and Gadd45 is 

fundamental for DNA repair following mutagenic damage.
Therefore, by activating different mechanisms, FOXO proteins prevent the harmful 

effects of oxidation, repair DNA damage and provide for proteostasis, by destroying 
abnormal proteins either at the proteasome or upon autophagy promotion. As a whole, 
this action mitigates the errors made when biochemical pathways are in progress, supports 
cell survival and extends longevity.

It is not surprising that, having such abilities, FOXO3A gene has been found to be asso-
ciated with long-lived individuals in more than one study, providing further evidence that 
ageing, the progressive functional impairment that leads to death, is the result of 
cumulative molecular dysfunction and errors that evolve in the course of fundamental 
biological processes.

1.5.2.3 Other pathways
The mechanistic (originally, mammalian) target of rapamycin, mTOR, is a member of the 
phosphoinositide-3-kinase-related protein kinases family, which includes PI3K. In mam-
mals, the enzyme is a component of two different protein complexes, the mTORC1 and 
the mTORC2 (Guertin & Sabatini, 2007).

Growth factors, such as IGF-1, amino acids and stressful conditions, such as hypoxia, 
all may activate mTORC1. Upon insulin or IGF-1 interaction with their receptors, a 
pathway signals to AKT activation in a process similar to FOXO activation. AKT then tar-
gets tuberin, a component of a GTPase activating protein, rendering it inactive; conse-
quently, tuberin substrates such as Rheb (Ras homolog enriched in brain), a small GTPase 
protein, are kept at the GTP-bound, active form. In this situation, Rheb-GTP is able to 
exert its strong and essential role of promoting mTORC1 kinase activity (Cai et al., 2006).

The activation of mTOR results in essential life maintenance biological processes such 
as protein synthesis, which includes RNA transcription, ribosome assembly and mRNA 
translation. In fact, mTORC1’s main substrates are eIF-4E binding protein 1 (4E-BP1) and 
the S6 kinase 1 (S6K1). The 4E-BP1 protein is usually bound to the eukaryotic protein 
synthesis initiation factor 4E (eIF4E), which renders it unable to continue to perform 
mRNA activation and protein synthesis initiation; in anabolic conditions, mTORC1 phos-
phorylates 4E-BP1 protein, which dissociates from the eIF4E, which then associates with 
eIF4G and makes it ready to enter protein synthesis. Activation of S6K1 by mTORC1 
results in phosphorylation of small ribosome subunit S6 and other substrates such as 
RNA polymerase I, essential for ribosomal RNA generation and protein production 
(Wullschleger et al., 2006).

In addition, mTORC1 has an important involvement in autophagy, directly related to 
the intracellular and environmental metabolic conditions. When they are good, mTORC1 
targets proteins such as Atg13, unc-51-like kinase 1 (ULK1) and ULK2, renders them 
inactive and blocks autophagosome formation (Rubinsztein et al., 2011); in unfavorable 
nutritional conditions, mTORC1 is downregulated and the effect is reversed. Moreover, 
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mTORC1 senses the intracellular energy level and redirects biological processes accord-
ingly. When the AMP/ATP ratio increases, indicating a reduced energy content (Hardie & 
Hawley, 2001), AMP kinase is activated in order to enhance intracellular ATP level; this 
metabolic change results in mTORC1 signaling depression and a shift into an energy-
sparing condition that includes protein synthesis downregulation and macromolecule 
catabolism to obtain usable energy.

Therefore, mTORC1 is very sensitive to the cell nutritional environment and is at the 
center of a successful biological process that appeared long ago in the evolutionary scale 
and persisted from yeast to mammals in a conserved fashion (Sabatini et al., 1994). When 
the environment is one of abundance, it is signaled into the cell and recognized by an, as 
yet unknown, sensor molecule that triggers a transductive pathway resulting in cell 
growth; in unfavorable conditions such as nutrient shortage, mTORC1 expression is 
depressed, which stalls the anabolic effect and raises the inhibitory barrier to autophagy, 
that is, it sequesters cytoplasm portions in a membrane, digests them and recycles the 
contents (discussed in Chapter 2). In view of wide variation in the nutritional environ-
ment, these regulatory properties are very useful for survival because, in particular, when 
shortage is prolonged, as in ER, the change into an energy-sparing mode and the use of 
autophagy elicit an extension of longevity.

Much of the knowledge in this setting comes from the use of the mTORC1-specific 
and strong inhibitor rapamycin. The effect, observed in cells, is likely to take place in 
whole organisms and various species. In fact, there is substantial evidence that rapamy-
cin administration to mice results in extension of their life, including an association with 
better health standards (Harrison et al., 2009; Wilkinson et al., 2012; Zhang et al., 2014). 
These observations have highlighted the regulation of mTORC1 as a promising way to 
tackle human ageing.

1.6 Conclusions and prospects

What matters to Mrs Jane Doe to be like a goldsmith shopfront: silver forehead, golden hair, emerald 

eyes, nacred face, rubi mouth, pearled teeth or crystal neck? Indeed, if she is inattentive somewhat, in 

time her old age hour will come … Because silver tarnishes, gold dims, emeralds dull, the nacred darkens, 

rubis bleach, pearls lose luster, crystal cracks, and all changes, not just the shape but the substance too.

(In “Apólogos dialogais”, Francisco Manuel de Mello, Portuguese writer, 1608–66.)

Looking at all the scientific advances made so far, ageing, progressive time-related 
reduced functional ability remains intriguing. Ageing is a biological process and, as such, 
is amenable to analysis employing techniques suitable to the study of other biological 
processes of organisms such as cell signaling or the cell cycle. A major difference, how-
ever, is that, instead of being one event in a life, ageing is much more the event of life, 
after the developmental program is concluded. This point considerably changes the usual 
scientific strategies.

From one perspective, ageing emerged as a biological novelty because the process is rarely 
seen in the wild. Even for humans, although some have reached old age in the past, the pos-
sibility that a large number of them will see themselves ageing, is recent. What has changed 
is the ability to overcome external causes of longevity limitation such as bad sanitary condi-
tions, including appropriate housing and nutrition, and infectious agents that once caused 
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major human mortality. In the 14th century, in just a few years, the Black Death killed 
about 50% of Europeans; nowadays the agent Yersinia pestis still causes a serious, albeit 
treatable, infection. In this setting of public health, courageous decisions and the progress 
as a whole have resulted in amazing improvements, as evidenced by the increase of life 
expectancy: in Sweden for example, it rose from 45 years in 1840 to 84 years in 2012.

In a time of many questions being asked, and many being answered too, there remains 
the ever puzzling question of why we age. Regrettably, a final answer is not known yet.

We are convinced, though, that as ageing is the event of life, explanations for ageing 
should be sought in the essence of life-in-action. In our view, such essence is centered on 
the ingenious, sequential electron transport at the respiratory chain and, because the 
transport process is imperfect, on the simultaneous production of harmful by-products as 
oxygen free radicals. The hypothesis that these compounds cause ageing is quite attractive 
because of the mechanistic explanation provided; yet strangely, the hypothesis will never 
achieve final proof in the sense that it would not be possible to prove the reverse, that is, 
that a cell or tissue system will not age when free radical production is prevented – an 
experimental absurd, taking into account life as we know it.

Sound research favors the view that continuous, untoward metabolic errors, taking 
place throughout life, underlie the decline of the functional ability. Their permanent 
presence makes tissues and organisms become frail and susceptible to disease, which at a 
certain time will terminate the organism’s life. That is, ageing is a risk factor for disease 
and disease is a risk factor for death.

Cancer and atheromatous cardiovascular diseases are the most common causes of 
death in older individuals and have been the subject of concern all over the world. Cancer 
is a kind of new event in the biology of cells that acquire new properties such as immor-
tality. For the detection of these cells in individuals, screening programs and causal agent 
avoidance have been devised and implemented over time; the treatment is cell removal, 
which may be successful enough to achieve a cure or may be unsuccessful and terminate 
the organism’s life. Cell from degenerative, age-dependent disorders are different. Instead 
of acquiring new vital properties, as cancer cells do, many of them exhibit the deposition 
of damaged molecules that break their functioning and may cause their death. As the 
selective disposal of accumulated products is unlikely, the treatment anticipated to be 
most effective will be old cell replenishment or replacement with new cells.

How do we address these matters hoping to ameliorate human ageing? As a biological 
issue, the first approach is experimental, although it is faced with an important difficulty, 
which is the choice of the model to employ. Cells are useful to analyze metabolic pathways 
but it is uncertain how much the in vitro ageing cell model reflects in vivo conditions. 
Therefore, animal studies are necessary and, despite the plasticity one may find in looking 
at different tissues, ageing concerns the whole organism and is a product of interdepen-
dence. The use of mammals is the most logical decision, but it faces husbandry challenges 
that other organisms such as flies and worms do not; in turn these are evolutionarily 
 distant from humans.

As a societal issue, another action is to increase the public awareness of degenerative 
diseases and foster education concerning healthy lifestyles. It is interesting that the only 
experimental way to mitigate disease and enhance longevity in nongenetically engineered 
animals is by restricting the amount of daily energy ingestion. The conclusions are robust 
in rodents and may apply to nonhuman primates. Limited experience with human sub-
jects who have decided to adhere to such a harsh dietary regime has produced results 
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that appear comparable to those in small mammals. However, caution should be taken 
when comparing or extrapolating data obtained in evolutionarily distant species.

Public awareness is frequently distorted by attractive announcements of cures or treat-
ments for ageing. In fact, there is no such thing – it should be remembered that ageing 
is not a disease, but a disease-prone condition. Therefore, a permanent educational effort 
is advisable to emphasize the benefits of improving the health of humans, in contrast to 
unreal expectations of extending their lifespan. Much as healthy ageing is the consensual 
aim for the gerontology scientist to investigate, it ought to be the purpose of the common 
man to seek.

Abstaining from environmental hazards and pursuing a lifestyle without excess in 
ingested food and sedentary habits is a good decision in view of epidemiologic data. It is 
also useful to have a favorable set of genes and, among them, those that regulate 
metabolism.

Exciting news is constantly arriving, reporting ways to modulate the profound cell 
mechanisms that control nutrient sensing, uptake and utilization. The in vivo application 
of some molecules in rodents provides evidence for benefits in terms of healthier and 
longer lifespan. There is hope that the same benefits may not reveal unwanted side effects 
when used in humans for the purpose of ameliorating health and postponing the estab-
lishment of disorders.
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Part 1

2.1 Energy restriction as more than a weight-loss  
strategy

For at least 500 years, restricting intake of food has been regarded as beneficial to health, 
and conversely, it has been believed that overconsumption promotes disease and ulti-
mately early death (Speakman & Mitchell, 2011). Energy restriction (ER), often called 
caloric restriction, refers to feeding protocols that employ the reduction of energy intake 
while maintaining essential nutrient requirements. Experimental mammalian models of 
ER involve a reduction in energy intake that normally varies from 25 to 40% of the ad 
libitum diet through the lifespan of the animal. However, when this kind of protocol is 
used, not only the amount of energy is reduced but also the levels of macro- and micro-
nutrients to a similar extent. Thus, it is often necessary to normalize the levels of the 
micronutrients to the recommended daily intake levels. Primarily, diet patterns that 
involve ER result in a decrease in body weight (BW), disproportionately contributed to 
by white adipose tissue (WAT), thus causing a percentage increment in lean body mass 
(LBM), without reducing the energy expenditure per unit of body mass (McCarter & 
Palmer, 1992) nor significantly or persistently modifying oxygen-free radical production 
(Pamplona et al., 2002). This diet pattern results in an increase in lifespan in organisms 
from yeast to primates (Colman et al., 2009), accounting for an extension of maximum 
lifespan of 30–40% in rodents (McCay et al., 1935; Weindruch et al., 1986) or even nearly 
doubling the lifespan in mice when combined whith favorable mutations (Ikeno et al., 
2013). Moreover, ER reduces the incidence and the rate of progression of most age-
associated diseases. The extension of lifespan and the reduction of the incidence of 
 diseases are secondary to the biological adaptations that occur in response to prolonged 
ER, including metabolic, hormonal, biochemical and gene expression modifications. The 
overall physiological processes of aged rodents maintained in a long-term ER regimen are 
more like those found in the young, compared with animals fed ad libitum (Masoro, 
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2002). Experiments carried out in other species such as dogs, cows and nonhuman 
 primates corroborate previous findings in rodents. In addition, observations in humans 
support the hypothesis that ER induces physiological modifications equivalent to those 
found in other mammals. Thus, owing to its vast effects on organisms, one should 
 consider ER to be much more than a weight-loss strategy.

2.2 restriction of energy vs restriction of nutrients

Most of the ER protocols consist of the reduction of the amount of food available, 
after quantification of ad libitum consumption on an individual basis. Restriction is 
further calculated and, if necessary, adjusted during the experiment considering that 
nutritional needs, and consequently ad libitum intake, are not constant throughout 
the lifespan. In these protocols food portions are provided individually and daily. 
However, not only how much food is ingested but also when it is ingested may 
influence which downstream pathways are activated. Hence, other protocols of food 
restriction were developed in the 1990s that consist of providing food ad libitum to a 
restricted group intermittently with periods of fasting. These protocols often consist 
of feeding every other day (also called alternate day fasting). If the fasting days do not 
alternate, the protocol is generally called intermittent fasting or intermittent feeding. 
These feeding protocols do not consist of a severe restriction in the total amount of 
energy provided from food (Speakman & Mitchell, 2011). Interestingly, they present 
beneficial effects to health and longevity (Goodrick et  al., 1990), particularly in 
the prevention of cardiovascular disease (CVD) and neurodegeneration (Anson et al., 
2005; Mattson & Wan, 2005), in part because intermittent feeding regimens trigger 
similar biological  pathways to ER (increase in autophagy and mitochondrial 
respiratory efficiency, discussed later). Nonetheless, intermittent feeding apparently 
acts in a genotype-dependent fashion, considering the absence of beneficial effects in 
growth hormone (GH) receptor- knockout mice compared with wild-type counter-
parts, and the unexpected induction of diabetes and obesity and the worsening of 
atherosclerosis observed in low-density lipoprotein (LDL)-receptor-knockout mice 
(Westbrook et al., 2014; Dorighello et al., 2013).

The reduction of certain macronutrients intake without reduction of overall energy 
provided from diet could also exert a favorable influence on the health, and probably on 
the lifespan, of mammals resembling that provoked by ER. In fact, it was reported that 
reducing the protein content of the diet by 40% for 7 weeks in rats decreased mitochon-
drial production of reactive oxygen species (ROS), without changes in mitochondrial 
oxygen consumption, and reduced oxidative damage of nuclear and mitochondrial DNA 
in the liver (Sanz et al., 2004). These results suggest that part of the decrease in ageing 
rate induced by ER could be due to the corresponding decrease in protein intake. 
Supporting that, several studies have reported that protein restriction itself increases the 
maximum lifespan in rodents (reviewed in Pamplona & Barja, 2006). Moreover, ER does 
not reduce concentrations of insulin-like growth factor 1 (IGF-1), strongly associated 
with an increase in lifespan in mammals (Yuan et al., 2009) (discussed in Chapter 1), in 
humans, unlike in rodents, unless protein intake is also reduced (Fontana et al., 2008). 
Restriction of other macronutrients such as lipids or carbohydrates does not exert similar 
effects (Sanz et al., 2006a, b).
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The individual restriction of specific amino acids demonstrated that restriction of 
methionine, and to a lesser extent tryptophan, by reducing 80% of the baseline methi-
onine intake and substituting it with glutamate, induced a significant positive effect on 
lifespan in rats and mice independently of global energy intake (Orentreich et al., 1993; 
Sun et al., 2009; Ooka et al., 1988). In addition, methionine restriction, at levels similar 
to those observed in 40% protein restriction, mimics the effects of this treatment, 
namely it decreases mitochondrial ROS production, the concentration of complexes 
I and III, oxidative damage of DNA and proteins, glycoxidation or lipoxidation, fatty 
acid unsaturation and apoptosis-inducing factor (Pamplona & Barja, 2006; Caro et al., 
2008). The positive effects of 80% methionine restriction were also evident in aged rats 
that presented reduced BW and visceral adiposity when compared with age-matched 
ad libitum-fed controls, concomitantly with decreases in glucose, insulin, leptin and 
IGF-1, and increases in adiponectin plasma levels. Furthermore, methionine restriction 
blunts the age-related increase in cholesterol and triglyceride levels (Malloy et  al., 
2006). In fact, methionine restriction mirrors the changes that occur under ER, sug-
gesting that it may play a contributory role in the effects of this diet pattern. Methionine-
restricted diet reduces the incidence of tumors and improves survival in experimental 
animals exposed to carcinogens, which is in agreement with the fact that many cancer 
cells exhibit dependence on methionine to survive and proliferate (reviewed in Cavuoto & 
Fenech, 2012).

2.2.1 Experimental models of energy restriction
In 1935, McCay reported for the first time that 40% ER from the age of weaning increases 
maximal longevity in rats. Since then many other studies have shown that ER slows age-
ing in yeast, flies, worms, mice and rats, and extends average and maximal lifespan in 
mice, cows and dogs (Weindruch, 1992; Pinney et al., 1972; Kealy et al., 2002). Despite 
there being a broad conservation of pathways concerned with the control of lifespan 
among species, considerable differences exist as well (Speakman & Mitchell, 2011). Thus, 
this chapter is focused on data described in mammals (mice and rats, and also nonhuman 
primates and human trials). The main outcomes of ER in mammals are summarized in 
Table 2.1.

Most of the studies concerning the effects of ER in mammals have been carried out 
in small rodents, and unexpectedly, the effect observed for this diet pattern varies 
among species and strains in both mice and rats (reviewed in Merry, 2005). In fact, it 
has been demonstrated that ER increases lifespan in a range of outbred, inbred, obese, 
mutant, knockout and transgenic strains of rodents. However, while in rats ER further 
decreases the age-specific mortality rate and retards the rate of ageing, the same out-
come is not evident in mice, only a delay in ageing rather than a reduction in the rate 
of ageing being observed (Merry, 2005). Despite ER being normally beneficial, 
responses to this diet pattern can vary in rodents, particularly when animals are sub-
jected to different levels of restriction (Speakman & Mitchell, 2011). Broadly, in mice, 
an increase in longevity proportional to the severity of dietary restriction is observed, 
to a maximum of 65% restriction (Weindruch et al., 1986). However, this finding does 
not agree with observations in inbred strains of mice, which exhibited both increase 
and decrease in mean lifespan when subjected to 40% ER (Liao et  al., 2010). One 
potential explanation formulated by Speakman & Mitchell (2011) is that all rodent 
strains respond positively to ER, but the level of restriction at which their responses 



Table 2.1 Main outcomes on energy-restricted individuals.

Species/study Age at baseline ER regimen Main outcomes on energy-restricted 
individuals

Mouse (Weindruch 
et al., 1986)

21–28 days 25–65% restriction 
from ad libitum-ingested 
amount

↑ Mean and maximum lifespan
↑ Longevity proportional to the severity of ER
↓ Tumor incidence

Mouse (Dhahbi 
et al., 2004)

19 months 40% restriction from 
ad libitum-ingested 
amount

↑ Mean time to death
↑ Mean and maximum lifespan
↓ Tumor incidence
Modification in gene expression profile

Mouse (Donato 
et al., 2013)

14–16 weeks 40% restriction from 
ad libitum-ingested 
amount

↓ Body weight
↓ Total body fat mass
↑ Total daily activity
↓ Systolic and diastolic blood pressure
↓ Triglycerides levels in blood
Prevention of age-related stiffening of 
large elastic arteries
↓ Oxidative stress
Preservation of endothelial and vascular 
function
↑ Arterial activity of Sirt1
↓ mTOR activation

Mouse (Vera et al., 
2013)

3 months 40% restriction from 
ad libitum-ingested 
amount

↓ Body weight
↓ Total body fat mass
↑ Glucose tolerance
↑ Maintenance and/or elongation telomeres

Mouse (Han et al., 
2012)

4 months 40% restriction from 
ad libitum-ingested 
amount

↓ Body weight
↓ Total body fat mass
↓ Left ventricular mass
Preservation of cardiac contractile function
↑ Cardiomyocyte function
↑ Insulin sensitivity
↑ Phosphorylation of AMPK
↓ mTOR activation
↑ Myocardial autophagy

Rat (Jiang et al., 
2005)

4 months 40% restriction from 
ad libitum-ingested 
amount

↓ Body weight
Prevention of kidney interstitial fibrosis
↓ Extracellular matrix accumulation in kidney
Prevention of age-associated renal disease

Mouse (Someya 
et al., 2010)

2 months 25% restriction from 
ad libitum-ingested 
amount

↓ Body weight
Prevention of age-related hearing loss
↓ Serum triglycerides levels
↓ Serum insulin fasting levels
↓ Oxidative damage in multiple tissues

Mouse (Mouton 
et al., 2009)

17–18 months 40% restriction from 
ad libitum-ingested 
amount

↓ Body weight
↓ Formation of amyloid plaques in brain

Rat (Tomada et al., 
2013b)

2 months 25% restriction from 
ad libitum-ingested 
amount

↓ Body weight
↓ Adiposity
↓ Serum insulin fasting levels
↑ Adiponectin
Reversal of age-related connective tissue 
deposition in corpus cavernosum

Continued



Dog (Kealy et al., 
2002)

2 months 25% restriction from 
ad libitum-ingested 
amount

↑ Mean lifespan
↓ Body weight
↓ Total body fat mass
Delay of onset of age-associated diseases
↓ Serum triglycerides levels
↓ Serum triiodothyronine levels
↓ Serum glucose and insulin fasting levels

Lemur Microcebus 
murinus (Dal-Pan 
et al., 2011a, b; 
Marchal et al., 
2012, 2013)

38 months 30% restriction from 
ad libitum-ingested 
amount

↓ Body weight
↓ Daily energy expenditure
↑ Insulin sensitivity
↑ Cognitive performance

Rhesus macaques, 
Macaca mulatta 
(Colman et al., 
2009)

7 or 14 years 30% restriction from 
ad libitum-ingested 
amount

↓ Age-related deaths
↓ Total body fat mass
↓ In decline in muscle mass
Metabolic improvement
↓ Neoplasia incidence
↓ Cardiovascular disease
Delay of onset of age-associated diseases
↓ Age-associated brain atrophy
↑ Survival
Younger outward appearance

Rhesus macaques, 
Macaca mulatta 
(Mattison et al., 
2003, 2012; 
Messaoudi et al., 
2006)

1–17 years 22–24% after a period 
of 30% restriction from 
ad libitum-ingested 
amount

↓ Body weight
↓ Total body fat mass
↓ Trunk fat mass
Delay in skeletal development
↓ Bone mineral content
Delay in reproductive maturation
↓ Glucose and insulin fasting levels
Amelioration of plasma lipids
↓ Body temperature
↓ Decline of DHEA levels
↓ Decline of melatonin levels
↓ Incidence of chronic diseases
↓ Oxidative stress (plasma-free isoprostane)
Delay of senescence of the immune system

Human/
nonrandomized 
study with 
members of the 
Caloric Restriction 
Society (Cangemi 
et al., 2010; 
Fontana et al., 
2004, 2008; 
Meyer et al., 2006; 
Mercken et al., 
2013)

Self-imposed diet of 
1112–1958 kcal/day

↓ Body weight
↓ Total body fat mass
↓ Glucose and insulin fasting levels
Amelioration of plasma lipids
↓ C-reactive protein levels in blood
↓ Levels of TNF-α and TGF-β in blood
↓ Systolic and diastolic blood pressure
↓ Carotid artery intima–media thickness
↓ 17 β-estradiol and testosterone levels
↓ Levels of serum triiodothyronine
Younger transcriptional profile in skeletal muscle
Inhibition of IGF-1/insulin pathway in skeletal 
muscle

CALERIE Phase I, 
Tufts University 
(Das et al., 2007; 
Meydani et al., 
2011)

24–42 years 30% restriction 
(recommended) from 
ad libitum-ingested 
amount for 12 months

↓ Body weight
Amelioration of plasma lipids
↓ Insulin fasting levels
↑ Plasma glutathione peroxidase activity
↓ Plasma protein carbonyl levels

Table 2.1 Continued

Continued



38   Ageing of cells and organisms

switch from life extension to life shortening differs between strains. Supporting this 
assumption, no adverse effect was observed for 20% ER from ad libitum consumption, 
which resulted in lifespan enhancement for all of the rodent strains tested. Higher 
levels of ER cause different responses among strains in terms of lifespan extension. 
The protective effects of ER reported in rodents are due to multiple mechanisms that 
include reduction of the incidence of tumors (Weindruch et al., 1986; Dhahbi et al., 
2004), changes in body composition with reduction of adipose tissue, decrease in tri-
glycerides in blood, prevention of stiffening of large elastic arteries, decrease in 
oxidative stress, preservation of endothelial and vascular functions, increase in arterial 
activity of sirtuin 1 (Sirt1) and decrease in mechanistic target of rapamycin (mTOR) 
activation (Donato et  al., 2013), improvement in myocardial and cardiomyocyte 
contractile function and autophagy (Han et al., 2012), prevention of kidney interstitial 
fibrosis and age-associated kidney disease (Jiang et  al., 2005), prevention of age- 
associated cochlear cell death and hearing loss (Someya et  al., 2010), mitigation of 
neurological damage arising from ageing, mostly by reduction in amyloid deposition 
(Mouton et al., 2009), amelioration of metabolic syndrome and reversal of age-related 
connective tissue deposition in corpus cavernosum (Tomada et al., 2013b).

CALERIE Phase I, 
Pennington 
Biomedical 
Research Center 
(Civitarese et al., 
2007; Heilbronn 
et al., 2006; 
Larson-Meyer 
et al., 2006; 
Lefevre et al., 
2009; Redman 
et al., 2007)

25–50 years 25% restriction from 
ad libitum-ingested 
amount for 6 months

↓ Body weight
↓ Total body fat mass
↓ Visceral and subcutaneous fat mass
↓ Fat cell size and intrahepatic fat
↓ Insulin fasting levels
↑ Insulin sensitivity
Amelioration of plasma lipids
Improvement in cardiovascular health
↓ Body temperature
↓ Daily energy expenditure
↓ DNA damage
↑ Muscular expression of genes involved in 
mitochondrial function
↑ Muscle mitochondrial biogenesis

CALERIE Phase I
Washington 
University
(Hofer et al., 2008; 
Racette et al., 
2006; Weiss et al., 
2006)

50–60 years 20% restriction from 
ad libitum-ingested 
amount for 12 months

↓ Body weight
↓ Total body fat mass
↓ Visceral and subcutaneous fat mass
↓ Blood insulin fasting levels
↓ Leptin
↑ Insulin sensitivity
↓ DNA and RNA oxidation levels in white 
blood cells

CALERIE Phase II 25–50 years 25% restriction from 
ad libitum-ingested 
amount for 2 years

No published data

AMPK, AMP-activated protein kinase; CALERIE, Comprehensive Assessment of Long-term Effects of  
Reducing Intake of Energy; DHEA, dehydroepiandrosterone; ER, energy restriction; IGF-1, insulin-like growth 
factor 1; mTOR, mechanistic target of rapamycin; Sirt1, sirtuin 1; TGF, transforming growth factor; TNF,  
tumor necrosis factor.

Table 2.1 Continued
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Many other studies not mentioned in this chapter have been carried out, and globally 
have contributed to knowledge concerning the effects of ER in small rodents. On the 
other hand, studies in nonhuman primates are scarce, but equally very important for the 
study of the ER effects in humans.

A study known as RESTRIKAL used 42 small primates, Microcebus murinus, which 
have a median survival time of 5.7 years and a maximum survival time of 12 years in 
captivity, divided into three groups, including one subjected to long-term ER. Starting at 
38 months, these animals experienced a 30% ER relative to the amount of food supplied 
to the ad libitum-fed controls (Dal-Pan et al., 2011a), which resulted in decrease in BW 
and daily energy expenditure, an increase in insulin sensitivity, the prevention of age-
related DNA and RNA oxidative damage and an enhancement of cognitive performance, 
suggesting that ER has beneficial effects on brain function, even in adults (Dal-Pan et al., 
2011a, b; Marchal et al., 2012, 2013). Interestingly, equivalent results to those found in 
ER-treated lemurs were observed in animals treated with 200 mg/kg/day of resveratrol, 
an ER mimetic discussed later.

There are two active randomized studies in nonhuman long-lived primates rhesus 
monkeys, Macaca mulatta, that started approximately two decades ago, testing the 
effects of long-term ER on longevity and disease, one at the University of Wiscosin–
Madison and the other at the National Institute on Ageing (NIA) (Colman et al., 2009; 
Mattison et al., 2003, 2012). These studies extended ER findings beyond the laboratory 
rodents to a long-lived primate (rhesus monkeys, average lifespan in captivity 27 
years, with the maximum reported lifespan being 40 years). The main outcomes of 
these paralleled studies are summarized in Table  2.1. Both studies demonstrated 
 beneficial effects of 20–30% ER throughout life on rhesus monkeys. Restricted animals 
presented reduced BW mainly through decreased trunk fat mass, lower age-associated 
decline in muscle mass, metabolic improvement and lower incidence of chronic and 
age-associated diseases, including neoplasia, CVD, arthritis, diverticulosis and diabetes. 
In both studies, age-associated diseases were detected in control monkeys at an earlier 
age than in ER monkeys, but in the NIA study the difference did not achieve statistical 
difference. Surprisingly, concerning the survival outcomes, the findings obtained by 
the NIA group contrast with those observed by its counterpart in the University of 
Wiscosin–Madison, since the former did not observe improvement in this parameter 
(Mattison et  al., 2012), while the latter demonstrated improved survival and a 
significant decrease in the number of age-associated deaths (Colman et  al., 2009). 
These discrepancies could be justified by differences in experimental design and in diet 
composition, since the diet used in the NIA study had a natural ingredient base, 
 containing  flavonoids and fats from plant and fish origins, in contrast to that used in 
Colman et al.’s study, which was purified, with fat mainly derived from corn oil and 
supplemented with minerals and vitamins as separate components. Actually, an 
 important difference in these studies concerns the supplementation of minerals and 
 vitamins, taking into account that, in the NIA but not in the University of Wiscosin–
Madison study, the same diet was used in ER and control groups, which led to an over-
supplementation of control monkeys. In addition, these control animals were subjected 
to a 10% ER relative to ad libitum, which could contribute to the mitigation of 
 differences between ER-treated animals and controls. Despite these recognized 
 differences that in part justify the outcomes of the experiments, Mattison et al. (2012) 
 suggested a separation of ER effects in health,  morbility and mortality in primates. 
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Interestingly, many of the metabolic and hormonal adaptations typical of the ER-treated 
rodents did not occur in the ER-treated monkeys.

2.2.2 Observational studies and the first human trial of energy 
restriction: CaLErIE study
How ER affects the human body and extends longevity in healthy individuals remains an 
unanswered question, particularly because the supporting data are mostly derived from 
the implementation of dietary reduction to induce weight loss among overweight or 
obese persons. Nevertheless, some healthy persons have adopted a self-restricted lifestyle 
for long periods and formed the Calorie Restriction Society in the USA in 1994, in 2002 
renamed the Calorie Restriction Society International and classified as a nonprofit orga-
nization (www.calorierestriction.org). Members of this organization who practice ER in a 
voluntary regimen and design their diets so as to consume a balance of foods that supply 
greater than 100% of the Recommended Daily Intake for all of the essential nutrients, 
while minimizing energy content (1112–1958 kcal/day), have been studied; valuable 
data concerning the beneficial effects of ER were obtained, in particular improvements in 
cardiovascular and hormonal profile, glucose control and body composition (Cangemi 
et al., 2010; Fontana et al., 2004, 2008). However, this does not constitute a randomized 
controlled trial, which makes it difficult to strictly associate the observed health status 
with an ER regimen. Equivalent limitations were found in the analysis of the Okinawan 
centenarians, whose extreme longevity is apparently related to their long-term low-
energy diet (83% of the Japanese average total energy intake as reported by Kagawa, 
1978). Currently, the dietary pattern of the younger generation of Okinawans is suffering 
from Westernization, characterized by an increase in fat, meat and bread consumption. 
The traditional diet of Okinawans ca. 1950 was rich in vegetables, which represented 
69% of total energy on average, in particular sweet potatoes, and low in sugars, grains 
(rice and wheat) and proteins of animal origin (fish, meat, eggs and dairy products), 
which jointly supplied less than 4% of total diet energy. Total energy provided by pro-
teins in the diet of Okinawan centenarians did not exceed 9% (Willcox et  al., 2007). 
Despite the mortality registries in this cohort not having been carefully studied, which 
impedes the establishment of a clear connection between dietary pattern and causes of 
death, evidence  suggests that death rates from heart and vascular diseases as well as can-
cer were markedly lower than those observed in the overall Japanese population. 
Supporting the idea that ER delays ageing features, the levels of the biomarkers of ageing 
dehydroepiandrosterone (DHEA), which decreases over time, measured in a cohort of 54 
septuagenarians in Okinawa were significantly higher than in nonrestricted age-matched 
American individuals, the differences being higher among women than men from the 
two studied groups (Willcox et al., 2006, 2007). However, despite the percentage of very 
old people being higher in Okinawa than elsewhere, the oldest people are not older than 
the oldest people in other parts of the world, which means that ER in Okinawans increases 
the average but not the maximum  longevity (Holloszy & Fontana, 2007). These findings 
 contrast with observations in ER rodents that present increased average and maximum 
longevities compared with ad libitum-fed counterparts.

In fact, studying  the effect of ER on longevity in humans is not feasible, since the 
average life time expectancy is close to 80 years for the population in developed countries 
and these kinds of studies are challenging to conduct. Thus, surrogate measures, such as 
signals of biological adaptation, changes in risk factors for age-associated diseases or 

http://www.calorierestriction.org
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physiological variables that deteriorate progressively with ageing are used to evaluate ER 
impact in human ageing.

In an attempt to elucidate whether long-term ER interferes with human health in a 
similar fashion to that observed in small mammals and nonhuman primates, the first 
randomized human trial of ER effects in nonobese, healthy individuals, named CALERIE 
(Comprehensive Assessment of Long-term Effects of Reducing Intake of Energy), was 
initiated by the NIA and developed at three research centers (Tufts University, Pennington 
Biomedical Research Center and Washington University), coordinated by Duke University. 
CALERIE Phase 1 has already been completed; interventions lasted 6 months to 1 year 
and involved various ER protocols and age groups, integrated in three pilot studies (Das 
et al., 2007; Heilbronn et al., 2006; Racette et al., 2006; Weiss et al., 2006): (a) individuals 
aged 24–42 years were subjected to a 30% reduction in energy consumption for 12 
months (Tufts University); (b) individuals aged 25–50 years were treated for 6 months 
with 25% ER (Pennington Biomedical Research Center); and (c) 50–60-year-old individ-
uals were subjected to 20% energy reduction for 12 months (Washington University). 
All trials started with healthy but overweight subjects, and ER groups were compared 
with age-matched healthy individuals on typical American diets during the same period 
(control group). In line with results obtained in the experimental models, ER for 6 
months to 1 year led to reductions in BW, lean mass, subcutaneous and visceral fat and 
circulating insulin, and improved lipid profile (Das et al., 2007; Heilbronn et al., 2006; 
Lefevre et  al., 2009; Redman et  al., 2007; Racette et  al., 2006; Weiss et  al., 2006). In 
addition, it was demonstrated that 6 months of 25% ER decreases average fat cell size, 
intrahepatic fat deposition and DNA damage, and increases the expression of genes 
involved in mitochondrial biogenesis and efficiency, such as endothelial nitric oxide syn-
thase (eNOS), peroxisome proliferator-activated receptor gamma coactivator 1 alpha 
(PPARGC-1α or PGC-1α) and Sirt1, as demonstrated in skeletal muscle harvested by 
biopsy (Civitarese et al., 2007; Heilbronn et al., 2006; Larson-Meyer et al., 2006). One year 
of 20% ER decreases DNA and RNA oxidation levels in white blood cells, putatively by 
decreasing systemic oxidative stress (Hofer et al., 2008). In line with these findings, 30% 
ER for 1 year increases glutathione peroxidase (GPx) activity and decreases protein 
 carbonyl levels in plasma (Meydani et al., 2011).

Conversely to the CALERIE Phase I trial, the ongoing Phase II harmonized protocols 
enrolled 218 healthy voluntary participants (2% from the first screening step, since selec-
tion of participants able to maintain adherence to a 2 year ER program constituted a great 
challenge) with body mass index (BMI) between 22 and 28 kg/m2 who are being  subjected 
to a 25% ER pattern over 2 years (Rochon et al., 2011). The main goal of the CALERIE 
Phase II study is to test the hypothesis that 2 years of sustained ER in healthy nonobese 
individuals results in the same beneficial effects as observed in other animals subjected to 
similar levels of ER, such as reduction in resting metabolic rate (RMR), core body tem-
perature, serum triiodothyronine levels, serum tumor necrosis factor (TNF)-α levels and 
oxidative damage. Changes in body composition, immune system modulation, hormonal 
profile, plasma lipids, growth factors, inflammatory cytokines and C-reactive protein 
(CRP) concentrations, and modulation of gene expression in skeletal muscle and adipose 
tissues, as well as cognitive function and affective and physical status were also  evaluated. 
Biological samples (plasma, biopsy samples, circulating cells and urine) were stored in a 
repository for further studies (Rochon et al., 2011). The findings from this multicenter 
study will be published in the near future.
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Despite the fact that we only have preliminary evidence based on surrogate 
 measures of how ER might impact on human longevity, most available data indicate 
that ER exerts similar adaptive responses in humans as in experimental models and 
prevents the development of age-associated diseases; however it remains to be shown 
whether ER will extend lifespan in humans. It would be desirable to have a longer-
term  follow-up comprising a period longer than 2 years allotted to CALERIE, and also 
to  perform a long-term observational study on participants after they complete the 
2-year intervention. Even though the influence of ER patterns is predominantly 
positive to the health of the individuals, we cannot disregard hunger, which is a 
common plaint in individuals who adhere to ER and is not alleviated with the contin-
uation of treatment, causing major discomfort and hindering lifelong compliance with 
this dietary pattern.

2.3 Effects of energy restriction on organisms

Epidemiological and experimental data indicate that diet plays a central role in the avoid-
ance of many age-associated chronic diseases, and in the biology of ageing itself (Rizza 
et al., 2014). In particular, ER is a recognized simple method for inducing a highly repro-
ducible extension of lifespan in certain species, along with delaying age-related 
physiological changes and the onset of diseases (Xiang & He, 2011).

The first known report concerning the effects of food restriction in animals dates from 
1917. Osborne et al. (1917) showed that restricting the food intake of rats had a positive 
impact on their lifespan and reproductive performance in later life. These findings were 
corroborated by the study of McCay et al. (1935) that demonstrated a dramatic extension 
in lifespan in rats subjected to 40% ER from the age of weaning. Following these earlier 
studies in rodents, subsequent data have consistently shown that ER slows ageing and 
prolongs maximum lifespan in many other species, from yeasts to vertebrates (Speakman 
& Mitchell, 2011). These animals not only live longer and are healthier, but at any time 
they are physiologically younger than ad libitum-fed animals (Masoro, 2005). Broadly, a 
10–50% reduction in energy intake below the usual ad libitum intake causes a propor-
tionate increase in maximum lifespan, whereas ER exceeding 50% typically causes 
undernutrition and increases mortality (Rizza et al., 2014).

Interestingly, in the last century, the shortage of food during World War II was 
associated with a fall in mortality from CVD (Fontana et al., 2004), reinforcing the ben-
eficial effects of ER on human cardiovascular health. Indeed, despite the lack of vali-
dated biomarkers of ageing and the difficulty of conducting randomized, diet-controlled, 
long-term survival studies in humans, epidemiologic data show that ER positively 
affects many factors involved in the pathogenesis of ageing and life expectancy in 
humans (Omodei & Fontana, 2011). However, the causal association between ER and 
longevity has not been definitively proven, nor is the optimal energy intake for life 
prolongation known. Notwithstanding, the available data suggest that, in humans, ER 
with an adequate nutrient intake is as beneficial as it is in animal models (Anton & 
Leeuwenburgh, 2013). Below, the main effects of ER on organism physiology are dis-
cussed, thus explaining how this nutritional pattern intervenes in late-life quality by 
lessening the chronic disease burden that strongly contributes to mortality in the 
elderly (Willcox et al., 2007).
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2.3.1 Increased longevity and health of energy-restricted  
organisms
Rodents provide an extremely valuable and flexible animal model to determine the 
effects of ER, and for a long time were the only mammals in which ER had clearly been 
shown to increase both average and maximal lifespan, and to decelerate age-dependent 
physiological and structural changes in multiple organs and tissues (Omodei & Fontana, 
2011). However, as mentioned earlier, recent findings from nonhuman primate studies 
suggest that prolonged ER presents equivalent effects to those found in rodents (Anton & 
Leeuwenburgh, 2013).

In addition to its effects on longevity, the extent of lifespan independent of the 
biological ageing process, ER increases healthspan by preventing or delaying the occur-
rence of a wide range of chronic diseases. Nevertheless, there are some controversies 
concerning the best age to start ER. Pugh et al. (1999) reported that initiating ER later in 
life significantly extends lifespan in rodents, although the effect is significantly lower 
compared with that observed when ER starts at weaning. On the other hand, Dhahbi 
et al. (2004) demonstrated that in rodents ER initiated at adulthood (12–19 months of 
age) is as effective as ER begun early in life in decelerating mortality rate, extending 
remaining lifespan and modifying gene expression profile.

Studies performed in rhesus monkeys corroborate evidence from rodent models of 
ER, showing that a reduction of daily energy intake of 30% leads to an increase in 
maximum lifespan compared with control animals (Colman & Anderson, 2011). A 
younger outward appearance has been also observed after 20 years of decreased energy 
intake (Colman et  al., 2009). In addition, rhesus monkeys subjected to ER showed 
decreased age-associated pathologies. These primates presented increased insulin sensi-
tivity, reduced adiposity and oxidative damage, and improved cardiovascular profile, 
reinforcing the effect of ER on reduction of age-associated pathologies and therefore 
extension of lifespan (Colman et al., 2009; Colman & Anderson, 2011; Pan et al., 2012; 
Roth & Polotsky, 2012).

The incidence of a wide range of age-associated chronic diseases in humans, such as 
chronic nephropathies, cardiomyopathies, atherosclerotic lesions, diabetes mellitus 
(DM), hypertension and autoimmune and respiratory diseases, can be avoided or pre-
vented by ER (Chung et al., 2013). Studies conducted in humans, including the CALERIE 
trial, have noted favorable ER-dependent changes in biomarkers related to cardiovas-
cular and glucoregulatory function, which probably relate to longevity (Trepanowski 
et al., 2011). There are many evidences indicating that long-term self-imposed ER (3–15 
years) results in several metabolic adaptations that reduce the risk of developing CVD 
and cancer, and opposes the expected age-associated alterations in myocardial stiffness 
and autonomic function, while improving recovery of cardiac function following ischemia 
(Fontana et al., 2004; Lefevre et al., 2009; Rizza et al., 2014). For instance, both left ven-
tricular diastolic function and heart rate variability indexes, two markers of cardiovas-
cular ageing, are significantly improved by ER, and resemble those of individuals 20 years 
younger on a typical Western diet (Meyer et al., 2006; Stein et al., 2012). Reduced arterial 
stiffness and improved endothelial dysfunction of the arteries were observed in ER indi-
viduals (Meyer et al., 2006; Stein et al., 2012). Similarly, ER also slows down the tran-
scriptional changes associated with ageing in skeletal muscle, causing it to resemble that 
of much younger individuals (Mercken et al., 2013). In line with this, long-term ER in 
rodents prevents age-associated hypertrophy and apoptosis of cardiomyocytes (Dhahbi 
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et al., 2006), and reduces perivascular collagen deposition in myocardium (Dhahbi et al., 
2006; Tomada et al., 2013b).

On the basis of a range of cardiovascular risk factors, long-term self-imposed ER (for 
an average of 6 years) has been associated with a protective effect against atherosclerosis 
(consolidated by a 40% reduction in carotid artery intima-media thickness), reduction in 
hypertension (showing consistently lower levels of both systolic and diastolic blood pres-
sures), inflammation (recording a significant reduction in inflammatory markers such as 
plasma levels of CRP, TNF-α and interleukin-6, IL-6), plasma levels of triglycerides, and 
total and LDL-cholesterol, and an increase in the plasma level of high-density lipoprotein 
(HDL)-cholesterol (Fontana et al., 2004).

Undoubtedly, ER is protective against becoming overweight/obese, but also against the 
development of type 2 DM. In fact, ER clearly improves glucoregulatory function, reducing 
fasting glycemia and insulinemia, and increasing insulin sensitivity (Fontana et al., 2010a; 
Golubović et al., 2013). Furthermore, markers of oxidative stress, such as hydrogen per-
oxide, protein carbonyls and nitrotyrosine, are significantly reduced in the serum of obese 
individuals upon an ER regimen (Dandona et al., 2001; Trepanowski et al., 2011).

The ER regimen was also proven to prevent age-associated decline in psychomotor 
and spatial memory tasks, and the loss of dendritic spines, necessary for learning in 
animal models, resulting in the promotion of brain plasticity and ability to self-repair 
(Mattson, 2000). It was observed that ER decreases neurodegeneration and β-amyloid 
deposition in the brain and enhances neurogenesis in animal models of Alzheimer dis-
ease, Parkinson disease, Huntington disease and stroke (Omodei & Fontana, 2011).

ER has been shown to inhibit spontaneous, chemically induced and radiation-induced 
tumors in several murine models of cancer (Longo & Fontana, 2010). For instance, a 
15–53% reduction in energy relative to ad libitum ingestion caused a proportionate linear 
20–62% reduction in malignant tumor incidence in rodents. Also in monkeys, young-
onset 30% ER completely prevented cancer, while adult-onset 30% ER reduced cancer 
incidence by 50% compared with controls (Colman et al., 2009; Mattison et al., 2012). 
Whether ER reduces cancer incidence in humans is unknown, but data from studies of 
long-term ER suggest that the metabolic and physiological responses to ER in humans are 
equivalent to those in rodents and monkeys (Fontana et al., 2010a).

The mechanisms behind ER-mediated beneficial effects on cancer observed in rodents 
and nonhuman primates are thought to involve the metabolic adaptations to ER itself, 
including: (a) decreased production of growth factors and anabolic hormones; (b) 
decreased ROS production and upregulation of the endogenous anti-oxidant systems, 
which decrease oxidative stress and free radical-induced DNA damage; (c) decreased plasma 
concentrations of inflammatory cytokines and increased circulating anti-inflammatory 
molecules, such as corticosteroids, ghrelin and adiponectin; and (d) protection against 
age-associated deterioration in immunosurveillance. In addition, ER simultaneously 
affects multiple processes that are involved in the pathogenesis of cancer, including DNA 
repair processes, autophagy and the removal of damaged cells through apoptosis, and 
protection against the damaging effects of a wide range of toxic and genotoxic compounds 
(Longo & Fontana, 2010). Recently, it was demonstrated, in rectal tissue biopsies obtained 
from obese patients, that ER may contribute to the prevention of telomere shortening, an 
initiating event in cancer that may cause genome instability (O’Callaghan et al., 2009). 
This finding may be of crucial importance not only in the  pathogenesis of cancer, but also 
in the whole biology of ageing.
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Nonetheless, the effects of ER on cancer are not homogeneous. The age at which ER 
is initiated, the severity of ER and the strain/genetic background of the animals deter-
mine the magnitude of cancer prevention or delay. Furthermore, some cancers show a 
greater response to ER than others, and a small proportion of tumors, unfortunately, 
seems to be resistant to the effects of ER (Longo & Fontana, 2010).

In mammals, ER induces primary changes in the neuroendocrine system and decreases 
the nicotinamide adenine dinucleotide (NAD)+ to NADH conversion rate. The primary 
result of this change is a reduced secretion of GH and insulin. Low GH, in turn, decreases 
the levels of IGF-1 produced in the liver (Dabhade & Kotwal, 2013). In mice, mutations in 
the homeobox protein prophet of PIT-1 (Prop-1) or pituitary-specific positive transcrip-
tion factor 1 (Pit-1) genes, which cause severe deficiency in secretion of GH and IGF-1, 
extend lifespan by 25–65% and cause dwarfism (McKee et al., 2010). In fact, the defi-
ciency of those hormones appears to mediate the effects of Prop-1 and Pit-1 mutations on 
longevity, since mice that cannot release GH in response to GH-releasing hormone also 
live longer. Moreover, both dwarf mice with high plasma GH, but a 90% lower IGF-1 
(GHR/BP null mice), and heterozygous female IGF-1 receptor knockout mice not only 
live longer than wild-type controls (Holzenberger et al., 2003) but also present lower inci-
dence and delayed occurrence of tumors (particularly spontaneous tumors), increased 
insulin sensitivity and a reduction in age-dependent cognitive impairment (Vergara et al., 
2004; Ikeno et al., 2009). Furthermore, although GH- and IGF-1-deficient dwarf mice 
become obese at middle age (Berryman et al., 2004), when these animals are subjected to 
ER, they no longer become obese and can live up to 100% longer than wild-type and ad 
libitum-fed mice, suggesting that ER activates additional mechanisms independent of the 
GH/IGF-1 axis repression (Bartke et al., 2008). In contrast, mice overexpressing the GH 
receptor have very high concentrations of IGF-1, larger body size, shorter lifespan and an 
increased incidence of cancer and kidney and neurodegenerative diseases (Bartke et al., 
2002). Interestingly, low IGF-1 signals and reduced cancer incidence are simultaneously 
observed in ER mice, a mechanism that might be partly explained by their increased 
resistance to oxidative damage. However, while ER decreases serum IGF-1 concentration 
by 30–40% in rodents, equivalent effects have not been observed in healthy humans 
unless protein intake is also reduced (Fontana et al., 2008).

The activation of the transcription factor nuclear factor-erythroid 2 p45-related factor 
2 (Nrf2), which increases the transcription and activity of a variety of anti-oxidative and 
carcinogen-detoxification enzymes, might be important in mediating the anticancer 
effects of ER. This is supported by experiments performed in Nrf2-deficient mice, in 
which the antitumorigenesis effects of ER were significantly impaired (Pearson et  al., 
2008a). Notwithstanding, more studies are needed to elucidate the exact molecular 
mechanisms that underlie the beneficial effects of ER in preventing cancer by avoiding 
accumulation of DNA damage or by potentiating the regression of pre-neoplastic lesions. 
How ER can block cancer before it becomes invasive or metastatic should also be investi-
gated and clarified.

In brief, ER extends the maximal lifespan of several species, which is maximized 
when the magnitude of ER is expanded to the highest possible value and duration 
without inducing undernutrition (Trepanowski et al., 2011; Roth & Polotsky, 2012). In 
accordance with studies of Meyer et al. (2006), when optimal nutritional choices, such as 
those that are advocated by the Mediterranean diet (discussed in Chapter 11), are cou-
pled to ER, an increase in life expectancy in humans is made possible. Regardeless of the 
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benefits described earlier, it should be emphasized that severe ER can have harmful 
 consequences at an organic level and can negatively affect general health. Excessive 
restriction of energy intake has been associated with impaired wound healing, anemia, 
muscle wasting, neurologic deficits, lower extremity edema, weakness, dizziness, leth-
argy, irritability and depression. Furthermore, it can result in impaired regulation of body 
temperature (BT) and cell-mediated immunity, dry and atrophic skin, thin and sparse 
hair, suppressed cell production in the bone marrow, decreased cardiac muscle mass, 
hypotension, bradycardia, amenorrhea and osteoporosis (Soare et al., 2014).

2.3.2 Body composition, temperature and resting metabolic rate
One of the most overt effects of ER is the change in body composition. This diet pattern 
leads to loss of fat mass, particularly visceral white adipose tissue (vWAT), which is caus-
ally linked to the lifespan-enhancing effects of ER. Indeed, surgical excision of rat vWAT 
not only improves their insulin sensitivity (Barzilai et al., 2000), but also allows them to 
live longer than ad libitum-fed controls (although not as long as animals on 40% ER; 
Muzumdar et al., 2008). Data from studies conducted in rodent models suggest that the 
effects of ER on maximum lifespan are mediated by ER itself and are not simply a result 
of leanness induced by such restriction. Supporting that, it was found that maximum 
lifespan did not increase in male rats that maintained a low body fat mass (BFM) by 
performing regular exercise on running wheels, but increased in sedentary paired-weight 
male rats that were food restricted (Holloszy et al., 1985; Craig et al., 1987). Moreover, 
maximum lifespan was higher in ER genetically obese (ob/ob) mice than in ad libitum-
fed, genetically normal, lean mice, even though BFM in the ER ob/ob mouse was more 
than twice as high as in genetically normal and lean mice (Harrison et al., 1984).

Endocrine regulation is largely responsible for many changes in body composition. 
GH is one of the most important hormones, regulating growth, body composition and 
bone strength. However, as mentioned earlier, GH-deficient and GH receptor-deficient 
mice live substantially longer than wild-type counterparts, while mice overexpressing 
GH receptor have a larger body size but shorter lifespan (Bartke et al., 2002). In humans, 
although GH and/or IGF-1 deficiency promotes obesity and hyperlipidemia, and the 
treatment of GH-deficient individuals with GH causes a beneficial effect on body compo-
sition and dyslipidemia, the replenishment of GH increases intima media thickness and 
the number of atherosclerotic carotid plaques, indicating that the obesity associated with 
GH or GH receptor deficiency may not be detrimental (Oliveira et al., 2007).

Recently, Kim et al. (2009) aimed to determine the effect of ageing and ER (40% less 
than age-matched ad libitum-fed male Fisher 344 rats) on adipogenesis in WAT. The 
authors verified that the expression of the two key regulatory mediators of the adipogen-
esis process (peroxisome proliferator-activated receptor-γ, PPARγ, and sterol regulatory 
element-binding protein, SREBP-1) was significantly increased in WAT from aged-ER 
animals compared with ad libitum-fed counterparts. This observation suggests that ER can 
mitigate the decreased expression and activity of transcription factors related to adipo-
genesis in WAT during the ageing process. In this study, it was also observed that modu-
lation of lipid accumulation by ER through increased carnitine palmitolytransferase-1 
(CPT-1) activity is important to the anti-ageing action of ER and to its ability to attenuate 
age-associated metabolic diseases (Kim et al., 2009).

A decline in LBM and bone mass density (osteopenia and osteoporosis) tends to occur 
as people age, as well as a rise in BFM and its redistribution (Gomez-Cabello et al., 2012; 
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Bazzocchi et  al., 2013). Nevertheless, these changes in body composition cannot be 
blamed entirely on the ageing process per se, but instead on the increasingly sedentary 
behavior of individuals as they grow older. Reduced physical activity leads to loss of 
muscle and, as a direct consequence, body metabolic rate (BMR) falls. A lower BMR 
implies that older people need to eat less energy to maintain the same BW. Regardless of 
BW, the changes in BFM distribution are definitively considered one of the major age-
related physiological modifications that might underlie a wide range of negative health 
effects (Wang et al., 2008a).

Skeletal muscle mass and strength decrease (sarcopenia) and associated decrease in 
LBM have been associated with increased mortality (Cesari et al., 2009). Interestingly, in 
rhesus monkeys ER prevents or delays this age-related loss of muscle function and mass 
(Colman et al., 2009; McKiernan et al., 2010), but unfortunately, in humans, the ER reg-
imen does not appear to retard the age-related loss of LBM (Weiss et al., 2007).

Although there are conflicting data concerning ER effects on bone mineral mass in 
humans (Santarpia et al., 2013), it is interesting to note that ER in rhesus monkeys does 
not alter bone mineral metabolism measured by biochemical markers of bone turnover, 
such as serum levels of osteocalcin, parathyroid hormone and 25(OH)vitamin D (Lane 
et al., 2001; Colman et al., 2012); however, these nonhuman primates present lower total 
body bone mineral density in comparison to controls, which is not associated with 
increased bone fractures (Mattison et al., 2003; Colman et al., 2012). Hence, it is believed 
that the lowest bone mass in ER animals reflects the smaller body size of rhesus monkeys 
and not a pathological osteopenic condition (Colman et al., 2012).

ER is correlated with a marked lowering of energy metabolism (Redman et al., 2009). 
At the whole-animal level, it is clear that, to reach energy balance, animals under ER 
must experience a reduction in their total rate of energy expenditure equivalent to the 
level of restriction. Since the effect of ER on lifespan is directly related to the percentage 
restriction, then the total utilization of energy is similar in animals under different levels 
of restriction, however for different lifespans. This belief agrees with one of the most 
attractive theories put foward to explain how ER increases lifespan, the rate of living theory 
(Hulbert et al., 2007), which states that a decrease in the BMR (rate of living) lowers the 
flow of energy, with a consequent decrease in ROS production and oxidative damage to 
living tissues (Sanz et al., 2006c).

Direct measurements of RMR in mice under 20% ER have demonstrated a reduction 
in this parameter that apparently contributes about 24% to the overall energy savings 
(Hambly & Speakman, 2005). Furthermore, considering that the effect of ER on total 
expenditure of energy is negative, animals tend to become physically smaller to increase 
the efficiency of the use of energy. For example, an animal under 30% ER, to attain 
energy balance, may reduce the size of all of its organs by 30%. Alternatively, it may 
decrease its organs by only 20% and save the additional 10% energy by depressing 
 cellular energy use, or it might reduce the size of its organs by 40%, allowing it to increase 
expenditure at the tissue level by 10% (Speakman & Mitchell, 2011).

However, the concept that ER modulates lifespan by decreasing the BMR, with the 
accrual of macromolecule damage over time, has been replaced during the last decade by 
the concept that ER influences the activity of several signaling pathways that regulate 
energy metabolism. The most widely studied of these are the sirtuins, particularly Sirt1, 
PGC-1α, AMP-activated protein kinase (AMPK), IGF-1 and mTOR protein kinase 
 signaling (Testa et al., 2014), further discussed later.
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The reduction of hormones that regulate cellular metabolism and thermogenesis, 
such as thyroid hormones and cathecolamines, constitutes an adaptation mechanism 
that has been hypothesized to play an important role in mediating the anti-ageing and 
life-extending effects of ER (Fontana & Klein, 2007). Indeed, ER is associated with 
decreased circulating triiodothyronine (T3) levels and sympathetic nervous system 
activity, causing a decrease in BT in rodents and in nonhuman primates and in the whole-
body resting energy expenditure (Weindruch et al., 1979; Cheney et al., 1983; Lane et al., 
1996; Blanc et al., 2003; Ferguson et al., 2007; Carrillo & Flouris, 2011). This drop in BT 
is similar to that observed in hibernation, which leads to the consideration that ER and 
hibernation states may be co-adaptive responses (Walford & Spindler, 1997). Studies 
performed in the Ames dwarf mouse (Hunter et al., 1999) and the GH receptor/binding 
protein knockout mouse (Hauck et  al., 2001) demonstrate that both present low BT, 
 supporting the role of lower BT in extended lifespan and in the  prevention of tumor 
development. On the other hand, when wild-type mice are housed at thermoneutral 
conditions, the effect of ER on BT is reduced, and there is a corresponding reduction in 
the effect of ER on lifespan and cancer prevention (Koizumi et al., 1996). Also inter-
esting is the fact that ad libitum-fed transgenic mice overexpressing the uncoupling 
 protein 2 (UCP2) in hypocretin neurons (Hcrt-UCP2 mice) have a lower BT and a 16% 
greater life expectancy than wild-type animals, regardless of total energy intake (Conti 
et al., 2006). Notwithstanding, it should be emphasized that there are marked  differences 
in the BT response to ER among mouse strains, as shown in a comparison of 28 different 
strains on 30% ER for 4 months (Rikke et al., 2003). Many strains had a BT that was 
lower (excluding periods of torpor) by 1–2 °C, but in others the reductions were more 
profound and averaged 3–5 °C. In humans, long-term ER is also associated with 
significant reductions in BT regardless of BFM (Soare et al., 2011). This ER-mediated 
adaptation seems to contribute to lifespan extension, as demonstrated in the Baltimore 
Longitudinal Study of Aging, in which men with a lower BT lived significantly longer 
(Roth et al., 2002).

2.3.3 Metabolism and insulin sensitivity
Ageing is associated with changes in glucose metabolism, which may lead to the 
development of a variety of health problems, particularly type 2 DM and CVD. However, 
epidemiological and experimental studies have shown that type 2 DM and CVD are 
 neither caused by ageing per se, nor inevitable consequences of age. Rather, changes in 
glucose metabolism render the body more vulnerable to the development of those 
 diseases. Age-related loss of LBM, decreased β-cell proliferation and dysregulation of 
insulin signaling result in insulin resistance and glucose intolerance, conditions that pro-
mote the development of DM (Taguchi & White, 2008).

Chronic ER improves insulin sensitivity and significantly reduces fasting glycemia, 
fasting insulinemia and serum fructosamine concentration, a marker of nonenzymatic 
glycation of serum proteins (Fontana et  al., 2010a; Golubović et  al., 2013). The 
accumulation of advanced glycation end-products (AGE) is also reduced by ER, which is 
particularly important in CVD prevention, since AGE interaction with their specific 
receptors results in activation of signal transduction mechanisms, including oxidative 
stress, modification in extracellular matrix features, release of inflammatory and chemo-
tactic cytokines and growth factors, and increased expression of adhesion molecules 
(Fontana, 2009).



To eat or not to eat   49

Recent evidence suggests that decreased insulin signaling, and not enhanced insulin 
sensitivity, may be implicated in the delayed ageing phenotype of some of the animal 
models of increased longevity. In fact, long-lived mouse strains such as fat-specific insulin-
receptor knockout (which lack the insulin receptor expression in the adipose tissue), brain 
insulin receptor substrate-2 null, insulin receptor substrate-1 null and Klotho gene overex-
pressing animals present reduced insulin signaling and/or mild lifelong insulin resistance 
(Kurosu et  al., 2005; Taguchi et  al., 2007; Selman et  al., 2008). Interestingly, long-term 
severe ER is associated with impaired glucose tolerance in some individuals, presumably 
owing to decreased insulin-mediated glucose disposal, associated with lower circulating 
levels of IGF-1, total testosterone and T3, which are also typical adaptations to ER in rodents 
(Fontana et al., 2010a). Thus, it seems plausible that severe ER decreases signaling through 
the insulin pathway in some tissues and that this may play a role in downregulation of the 
expression of pro-ageing genes by reducing AKT/protein kinase B (PKB) while increasing 
the activity of the transcription factors of the forkhead box O (FOXO) family (Salih & 
Brunet, 2008; Kenyon, 2010). In fact, two decades ago, Kenyon et al. (1993) published the 
first paper indicating that the inhibition of the insulin/IGF-1/FOXO pathway dramatically 
extends lifespan in worms. Since then, accumulating data have shown that this pathway is 
evolutionarily conserved and that dietary and genetic manipulations of the insulin/IGF-1/
FOXO pathway promote health and extend lifespan in rodents (Kennedy et al., 2007; Piper 
& Bartke, 2008) and in humans (van Heemst et al., 2005; Suh et al., 2008). In addition, a 
downregulation of the insulin/IGF-1/FOXO pathway, both at transcriptional and post-
transcriptional levels, is observed in humans on long-term 30% ER (Mercken et al., 2013).

2.3.4 Immune system and inflammatory modulation
Chronic inflammation plays a central role in the pathogenesis of several age-associated 
chronic diseases (e.g. atherosclerosis, cancer, arthritis, dementia and osteoporosis) and in 
the ageing process itself (Fontana, 2009). While excessive energy intake and adiposity, in 
particular visceral adiposity, cause a state of low-grade chronic inflammation, reflected by 
increased levels of circulating IL-1β, IL-6, IL-8, IL-18, TNF-α, monocyte chemoattractant 
protein-1 (MCP-1), fibrinogen and CRP, ER reduces systemic inflammation, which con-
stitutes one of its interventions in the retardation of ageing and the prevention/delay of 
chronic diseases (Fontana & Klein, 2007; Chung et al., 2013). Supporting this, several 
studies on animals have consistently shown that chronic ER results in low levels of 
circulating inflammatory adipocytokines, low blood lymphocyte levels, reduced produc-
tion of inflammatory cytokines by the white blood cells and serum cortisol levels in the 
high normal range. In this setting, it is important to note that the ER-induced lower 
inflammatory state does not occur passively from an absence of inflammatory stimuli, 
but instead depends on coordinated actions of specific metabolic, hormonal and gene 
expression products that actively repress responses to potential inflammatory stimuli 
(Fontana, 2009). In fact, ER enhances the ability to cope with intense inflammatory 
stimuli, and protects against age-associated deterioration of immune function, including 
reduced immune response capability, thymic involution and shifts in leukocyte and lym-
phocyte subsets (Fontana, 2009). Data from self-imposed ER and from short-term ER 
intervention studies have shown that ER in humans also results in a reduction of systemic 
pro-inflammatory cytokines, chemokines and cell-surface adhesion molecules, and 
increased anti-inflammatory cytokines (Racette et al., 2006; Weiss et al., 2006; Fontana 
et al., 2007; Chung et al., 2013). For instance, middle-aged humans on ER have very low 
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levels of chronic inflammation, as reflected in remarkably low levels of CRP (0.3 mg/L 
compared with values in the 1.5–2.0 mg/L range in healthy controls) and TNF-α (50% 
lower than controls; Fontana et al., 2004, 2006; Meyer et al., 2006).

Moreover, BW loss induced by ER reduces macrophage activation and its infiltration 
in the adipose tissue, which leads to noticeable improvements in insulin sensitivity and a 
better circulating adipokine profile (Xydakis et  al., 2004). The reduction in systemic 
inflammation and oxidative stress that results from ER is associated with increased eNOS 
levels and activity, resulting in greater nitric oxide (NO) bioavailability and reduction in 
arterial stiffness (Csiszar et al., 2009; Zanetti et al., 2010; Samaras et al., 2013).

ER also exerts its anti-inflammatory effects through increased endogenous corticoste-
roid production. Chronic ER rodents have significantly higher daily mean plasma free 
corticosterone concentration than ad libitum-fed animals throughout their lifespan, appar-
ently without increased hypothalamic–pituitary activity, since plasma adrenocorticotropic 
hormone (ACTH) concentrations are lower in the former than in ad libitum fed counter-
parts (Han et al., 2001). It is important to underline that the rise in corticosteroid levels has 
inhibitory effects on inflammatory gene expression, and also a role in autoimmune dis-
eases prevention (Rhen & Cidlowski, 2005).

Increased immune system response caused by ER may involve the elevation of 
circulating ghrelin, an orexigenic hormone secreted by the stomach, concomitantly with 
reduction in leptin levels, which intervention in the neuroendocrine axes is discussed 
later (Speakman & Mitchell, 2011). Ghrelin infusion is known to partially reverse age-
related thymic involution, while inhibiting the production of pro-inflammatoiry cyto-
kines in T-cells (Dixit, 2008).

A suggested mechanism underpinning the positive effects of ER on immune function 
is the reduction in ROS production that may damage T-lymphocytes, impeding their 
ability to combat tumor cells. However, since ROS are an integral component of the 
response to pathogens, lowered capacity to generate ROS may then lead to negative 
impacts on the immune system in ER animals with respect to their capacity to resist 
infections (Speakman & Mitchell, 2011). In fact, even though ER has been shown to 
delay the age-dependent decline in certain immune functions, and reduces the morbidity 
of autoimmune diseases (Trepanowski et al., 2011), severe ER may increase susceptibility 
to infections by bacteria, virus and worms (Kristan, 2008). In addition, ER can impair 
wound healing, as shown in skin wounds in long-term ER mice compared with ad libi-
tum-fed mice, the healing process being greatly accelerated by a short period of ad libitum 
feeding before the wound is inflicted (Reed et al., 1996).

2.3.5 Neuroendocrine axes and adipokines
The molecular mechanisms by which ER regulates the neuroendocrine system remain 
obscure. Nevertheless, the effects of ER may be explained from an evolutionary perspec-
tive; organisms have developed neuroendocrine signals and metabolic response systems 
to maximize survival during periods of food shortage. When organisms encounter a 
period of food scarcity, they suspend growth and reproduction, and induce the  production 
of defense molecules, like glucocorticoid hormones and heat shock proteins. For  instance, 
increased glucocorticoid hormone levels in response to ER are critical for mobilizing 
energy reserves and immune responses (Berner & Stern, 2004).

ER modulates the secretion of adipose tissue-derived peptides, generally adipokines 
(the main functions of which are summarized in Table 2.2), such as adiponectin, a  peptide 
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Table 2.2 Summary of main biological and molecular properties of adipokines.

Adipokine Effects of ER vs obesity on 
circulating levels

Benefic biological and molecular 
properties

Adiponectin (Ouchi et al., 2001, 
2003; Xydakis et al., 2004; Zhu 
et al., 2004; Otabe et al., 2007; 
Shinmura et al., 2007, 2008; Jung 
et al., 2008; Niemann et al., 2008; 
Fontana et al., 2010a; Polyzos et al., 
2010; Qiao et al., 2011; Mattu & 
Randeva, 2013; Tomada et al., 
2013b, 2014; Vielma et al., 2013)

Plasma levels inversely related 
to adipose tissue accretion; 
reflects adverse fat 
distribution and adipose  
tissue dysfunction
↑ ER
↓ Obesity

↓ Hypertension
↓ Myocardial infarction
↓ Coronary heart disease (in diabetics)
↓ Myocardial hypertrophy
↑ Vasodilatation
↓ Coronary artery disease
↑ Angiogenesis
↓ Insulin resistance (↓ serum glucose; 

↓ insulin levels)
↑ Insulin sensitivity
↓ Atherosclerosis
↓ Vascular adhesion molecules 
expression
↓ Transformation of macrophages 
into foam cells
↓ Systemic inflammation
↓ TNF-α-induced NF-κB activation
↓ Apoptosis of endothelial cells
↓ Proliferation of vascular smooth 
muscle cells
↓ Liver inflammation and fibrosis

Leptin
(Vidal et al., 1996; Fantuzzi & 
Faggioni, 2000; Yamagishi et al., 
2001; Lee et al., 2004; Sierra-
Johnson et al., 2007; Wannamethee 
et al., 2007; Leal & Mafra, 2013; 
Mattu & Randeva, 2013; Santarpia 
et al., 2013)

Plasma levels directly related 
with obesity severity
↓ ER
↑ Obesity

Low levels
↓ Orexigenic and ↑ anorexigenic 
peptide synthesis in the 
hypothalamus, thereby reducing 
appetite
↓ Gonadal, growth hormone and 
thyroidal axes
↑ Glucocorticoid system

High levels
↑ Hypertension (↑ mean arterial 
blood pressure)
↑ Heart rate
↑ Myocardial infarction and stroke
↑ Coronary artery disease
↑ Vasodilation (in coronary artery 
disease)
↑ Insulin resistance
↑ Hemostasis imbalance
↑ Inflammation
↑ Atherosclerosis
↑ Hypertrophy in cardiomyocytes
↓ Cardiac lipotoxicity

Resistin
(Azuma et al., 2003; Silha et al., 
2003; Verma et al., 2003; Rajala 
et al., 2004; Bokarewa et al., 2005; 
Kusminski et al., 2005; Sato et al., 
2005; Fontana et al., 2010a; 
Edwards et al., 2011; Mattu & 
Randeva, 2013; Yu et al., 2013)

Increased in obesity; predictive 
marker of cardiovascular 
disease risk
↓ ER
↑ Obesity

↑ Insulin resistance
↑ Dyslipidemia
↑ Systemic inflammation
↑ Levels in myocardial infarction
↑ Atherosclerosis
↑ Endothelial dysfunction
↑ Expression of VCAM-1 and ICAM-1
↓ Sirtuin1

Continued
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with recognized anti-inflammatory, anti-atherogenic, anti-diabetic and cardioprotective 
properties (Qiao et al., 2011; Mattu & Randeva, 2013; Vielma et al., 2013). The circulating 
levels of adiponectin are inversely associated with WAT accretion, and might be an 
important mechanistic component of the action of ER, as its serum levels markedly 
increase upon ER in rodents (Zhu et al., 2004; Shinmura et al., 2007, 2008; Niemann 
et al., 2008; Tomada et al., 2013b, 2014) and humans (Xydakis et al., 2004; Jung et al., 

Visfatin
(Ognjanovic & Bryant-Greenwood, 
2002; Smith et al., 2006; Dahl et al., 
2007; Takebayashi et al., 2007; 
Busso et al., 2008; de Luis et al., 
2008; Kovacikova et al., 2008; Lim 
et al., 2008; Bo et al., 2009)

Circulating levels directly 
related to abdominal fat mass
↓ ER
↑ Obesity

Regulation of glucose homeostasis
↓ Vascular smooth muscle apoptosis
↓ Cardiac contractibility
↑ HDL
↑ Endothelial dysfunction
↓ Infarct size
↑ Expression of pro-inflammatory 
cytokines (IL-1β, IL-6 and TNF-α)
↑ Expression of VCAM-1 and ICAM-1, 
via oxidative stress-dependent NF-κB 
activation
↑ Plaque destabilization (patients with 
unstable carotid and coronary 
atherosclerosis)

Vaspin
(Chang et al., 2010; Auguet et al., 
2011; Phalitakul et al., 2011; Bluher, 
2012)

Circulating levels directly 
related to body fat mass 
accretion
↓ ER
↑ Obesity

↑ Activity of anti-orexigenic factors
↓ TNF-α-induced expression of ICAM-1
Prevents ROS generation and 
subsequent activation of NF-κB
Improves glucose metabolism (at low 
levels)

Omentin
(Yang et al., 2006b; de Souza Batista 
et al., 2007; Yamawaki et al., 2010; 
Auguet et al., 2011; Moreno-
Navarrete et al., 2011; Shibata et al., 
2012; Zhong et al., 2012)

Circulating levels inversely 
related with visceral fat mass
↑ ER
↓ Obesity

↓ Endothelial dysfunction
↑ Insulin-induced glucose uptake
↓ Inflammation
↓ TNF-α-induced expression of 
adhesion molecules in endothelial 
cells via NF-κB inhibition activation

Apelin
(Boucher et al., 2005; Kuba et al., 
2007; Weir et al., 2009; Yue et al., 
2010; Krist et al., 2013)

Serum levels increase in 
obesity
↓ ER
↑ Obesity

Positive inotrope
↓ Atrial fibrillation
↓ Levels in ischemic cardiomyopathy
↑ Levels in hypoxia
↑ Vasodilatation

Anti-inflammatory
Anti-atherogenic
Improves glucose metabolism

Chemerin
(Goralski et al., 2007; Sell et al., 
2009, 2010; Chakaroun et al., 
2012; Roman et al., 2012)

Directly associated with 
cardiometabolic risk factors
↓ ER
↑ Obesity

↓ Insulin sensitivity
↑ Subclinical inflammation
Adipogenesis regulation

ER, energy restriction; HDL, high-density-lipoprotein cholesterol; ICAM-1, intercellular adhesion  
molecule-1; IL, interleukin; NF-κB, nuclear factor kappa-light-chain enhancer of activated B cells; ROS, 
reactive oxygen species; Sirt1, Sirtuin 1; TNF, tumor necrosis factor; VCAM-1, vascular cell adhesion 
molecule-1.

Table 2.2 Continued
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2008; Fontana et  al., 2010a). In line with this, some authors suggest that BW loss 
owing to ER appears to be the most effective intervention to increase adiponectin 
gene expression (Qiao et al., 2011). Conversely, the consumption of diets rich in sat-
urated fatty acids  significantly reduces adiponectin gene expression and circulating 
levels in rodents (Flachs et al., 2006; Bueno et al., 2008; Ribot et al., 2008; Tomada 
et al., 2013b). Adiponectin-deficient mice show a marked insulin resistance (Kadowaki 
et al., 2006), whereas  overexpression of adiponectin in transgenic mice prevents several 
abnormalities induced by this diet, in particular elevated serum glucose and insulin 
levels (Otabe et al., 2007).

Adiponectin has several positive effects on endothelial health and whole-body metab-
olism. It improves insulin sensitivity through activation of AMPK in liver and skeletal 
muscle, reduces the hepatic expression of enzymes envolved in gluconeogenesis, and 
attenuates liver inflammation and fibrosis via activation of AMPK and PPARα pathways 
(Polyzos et al., 2010). Moreover, adiponectin levels are inversely associated with adhe-
sion molecule expression and the transformation of macrophages into foam cells (Ouchi 
et al., 2001). Adiponectin also reduces the apoptosis of endothelial cells and inhibits the 
proliferation of vascular smooth cells (Ouchi et  al., 2003), which together with its 
anti-inflammatory effects contribute to the reduction of atherosclerotic risk. Studies 
in vitro have also shown that adiponectin can reduce the inflammatory response of 
 endothelial cells through inhibition of TNF-α-induced nuclear factor kappa-light chain 
enhancer of activated B cell (NF-κB) activation (Ouchi et al., 2000).

Concomitantly with the increase in adiponectin, ER reduces the circulating levels of 
leptin, an adipokine with multiple biological effects including the control of adipose 
tissue growth and the modulation of inflammation and autoimmune reactivity (Fantuzzi 
& Faggioni, 2000). Leptin is almost exclusively expressed and produced by differentiated 
adipocytes of WAT, subcutaneous WAT (sWAT) being its main source (Zha et al., 2009). 
Its plasma concentrations and mRNA expression in adipose tissue are directly related to 
obesity severity (Considine et al., 1996; Vidal et al., 1996); hence, it may represent the 
best indicator of body composition characteristics and changes in overweight and obese 
individuals. Leptin controls adipose tissue growth through the central nervous system. In 
addition, leptin released from expanding adipocytes acts in GABA (γ-aminobutyric acid)-
nergic neurons to reduce appetite and increase energy expenditure (Leal & Mafra, 2013) 
and inhibits the hypothalamic production of the robust orexigenic mediator neuropep-
tide Y (NPY) while stimulating the anorexigenic pro-opiomelanocortin (POMC). As a 
long-term food intake regulator, it signals nutritional status to several other physiological 
systems and modulates their function. That is, when plasma leptin levels decline follow-
ing fasting or long-term ER, neuroendocrine changes (like the suppression of the gonadal, 
GH and thyroidal axes and the enhancement of the glucocorticoid system) are induced as 
adaptive responses to maximize organism survival (Shimokawa & Higami, 2001). Thus, 
it has a 2-fold regulatory role: when BW is stable, it favors BFM stores; conversely during 
BW loss, it contributes to energy balance regulation by increasing appetite and decreasing 
energy expenditure (Santarpia et al., 2013). In this context, it is important to note that 
the hunger that affects animals under ER conditions is matched by the neuropeptide pro-
file in the hypothalamus, such as elevated NPY and Agouti-regulated peptide (AgRP) 
levels in response to diminished leptin levels (Minor et al., 2009). Furthermore, circulating 
ghrelin increases during ER-induced BW loss in obese rodents and humans (Speakman 
& Mitchell, 2011), suggesting that this hormone may contribute to the sustained appetite 
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associated with ER. The increase in ghrelin blood levels is apparently favored by the 
reduced levels of circulating leptin observed in individuals under ER-dependent BFM loss 
conditions (Hambly et al., 2012). In the general population, hyperleptinemia is associated 
with atherosclerosis, hypertension and metabolic syndrome (a cluster of cardiometabolic 
risk factors, such as insulin resistance/type 2 DM, hypertension, dyslipidemia and  abdominal 
obesity; Mattu & Randeva, 2013). Leptin plays an important role in the early stages of 
atherosclerosis development by initiating leukocyte and macrophage recruitment to the 
endothelial wall, achieved by the induction of mitochondrial superoxide production and 
expression of MCP-1 in endothelial cells (Yamagishi et al., 2001). Furthermore, increased 
leptin serum concentrations in humans are also associated with an increased risk of myo-
cardial infarction and stroke, independently of obesity status and the presence of cardio-
vascular risk factors (Sierra-Johnson et al., 2007). This may be explained in part by the 
fact that increased leptin levels per se lead to increased insulin resistance, hemostasis 
imbalance and vascular inflammation (Wannamethee et al., 2007).

ER also modulates the serum concentrations of many other adipokines (evident after 
modest BW losses of 5–10% of the initial BW in overweight and obese individuals; 
Fontana, 2009). One such adipokine is resistin, circulating levels of which reduce as a 
result of BW loss induced by ER, exercise and/or bariatric surgery (Azuma et al., 2003; 
Bokarewa et al., 2005; Edwards et al., 2011). Conversely, resistin over-expression is found 
in obesity, and is associated with insulin resistance and dyslipidemia (Silha et al., 2003; 
Rajala et al., 2004; Kusminski et al., 2005; Sato et al., 2005). It is a potent pro-inflamma-
tory molecule (Bokarewa et al., 2005; Fontana et al., 2010a) that induces insulin resis-
tance via increased expression of gluconeogenic enzymes and decreased activity of 
AMPK, as well as insulin receptor substrate-2 expression in liver (Sheng et al., 2008). In 
addition, resistin injures endothelium through the induction of secretion of endothelin-1 
by endothelial cells, and increased vascular cell adhesion molecule (VCAM)-1 and MCP-1 
expression (Verma et al., 2003). Recently, Yu et al. (2013) demonstrated that resistin is a 
negative regulator of Sirt1 expression in both human hepatoma cell line HepG2 and 
mouse hepatocytes, and that it might play an important role in the development of 
senescence-associated liver diseases.

Visceral WAT and macrophages of humans also produce visfatin, an adipokine 
involved in the control of glucose homeostasis by regulating pancreatic β-cell function 
through the NAD+ biosynthetic pathway (Busso et  al., 2008). Although its circulating 
levels are not associated with insulin sensitivity, and similar concentrations have been 
shown in type 2 DM patients and normoglycemic subjects (Berndt et al., 2005; Pagano 
et al., 2006), visfatin is increased in abdominal obesity (Mattu & Randeva, 2013). Bo et al. 
(2009) reported that plasma visfatin concentrations increase by about 2.4 ng/mL per cm 
increase in waist circumference. However, the effect of BW loss in visfatin levels is uncer-
tain, as both a decrease and an increase in circulating visfatin levels were reported in 
morbidly obese subjects after surgically induced BW loss (Haider et al., 2006; Krzyzanowska 
et al., 2006; Garcia-Fuentes et al., 2007; Botella-Carretero et al., 2008; Swarbrick et al., 
2008). Interestingly, several studies have shown that individuals following ER diets had 
reduced plasma visfatin levels as a function of BW loss (Kovacikova et al., 2008; de Luis 
et al., 2008). For instance, individualized dietary and exercise recommendations followed 
for 1 year by metabolic syndrome patients determined a small, but not statistically 
significant reduction in visfatin circulating values, whereas controls, who had worsened 
metabolic and inflammatory patterns, showed a significant increase in their adipokine 
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levels. At 1 year, the between-group difference in visfatin was highly significant, and a 
significant positive correlation was found between high-sensitivity (hs)CRP and TNF-α 
and changes in serum visfatin concentrations (Bo et  al., 2009). On the other hand, 
Richard et al. (2013) showed that the BW reduction over a 20-week period in metabolic 
syndrome obese patients who consumed the Mediterranean diet (discussed in Chapter 11) 
had no significant impact on the reduction of plasma visfatin concentrations, even when 
patients reduced their usual energy intake by 500 kcal/day. Nevertheless, variations in 
this adipokine were significantly correlated with concurrent variations in inflammatory 
markers such as IL-6 and TNF-α (Richard et al., 2013). Increasing evidence supports the 
participation of visfatin in inflammatory processes (partly through increased expression 
of VCAM-1 and intercellular adhesion molecule 1, ICAM-1, via oxidative stress-dependent 
NF-κB activation; Dahl et  al., 2007) as its plasma values are significantly increased in 
 proinflammatory states such as rheumatoid arthritis, inflammatory bowel disease and 
polycystic ovary syndrome (Otero et al., 2006; Tan et al., 2006; Moschen et al., 2007). An 
interesting crosstalk between inflammatory cytokines and visfatin may exist, since there 
is evidence showing that inflammatory cytokines induce visfatin synthesis, and visfatin 
per se stimulates their expression (Ognjanovic et  al., 2001; Ognjanovic & Bryant-
Greenwood, 2002).

Visfatin appears to have a mixed role in CVD. Albeit visfatin has been positively cor-
related with HDL-cholesterol (Smith et al., 2006) and reduction in cardiomyocyte death 
and myocardial infarct size (Lim et al., 2008), high visfatin levels are also associated with 
endothelial dysfunction (Takebayashi et al., 2007) and plaque destabilization in patients 
with unstable carotid and coronary atherosclerosis (Dahl et al., 2007). Overall, it appears 
to contribute to CVD more than alleviate it.

Vaspin, a vWAT-derived serpin (serpin A12 according to the serpin nomenclature), 
was identified as a putative member of the serine protease inhibitor family that was orig-
inally found to be expressed in vWAT of Otsuka Long Evans Tokushima Fatty (OLETF)  
rats at the age when obesity and insulin plasma concentrations peak (Hida et al., 2005; 
Bluher, 2012). Vaspin expression was shown to decrease with worsening of diabetes and 
BW loss, whereas its serum levels could be normalized by insulin or pioglitazone 
treatment (Hida et al., 2005). Consistent with that, it was found that increased vaspin 
mRNA expression in human WAT was associated with obesity, insulin resistance and type 
2 DM (Klöting et al., 2006). The exact mechanism of how vaspin secretion may be linked 
to deterioration of glucose metabolism and insulin sensitivity is not clear. However, it was 
postulated that this adipokine inhibits a protease that plays a role in the degradation of a 
hormone or molecule with direct or indirect glucose-lowering effects (Bluher, 2012). In 
addition to its sustained blood glucose-lowering effects, central vaspin administration 
also acutely reduces food intake (Klöting et al., 2011), supporting the hypothesis that 
vaspin is an adipokine that triggers anorectic pathways in the hypothalamus, where 
reduction of NPY and increase in POMC mRNA levels mediate feeding inhibition (Brunetti 
et al., 2011). Until now, the mechanism of how vaspin regulates feeding behaviour has 
been unclear, but it has been proposed that vaspin may also inhibit a protease that 
degrades an anti-orexigenic factor (Brunetti et al., 2011). It also inhibits TNF-α-induced 
expression of ICAM-1 by preventing ROS generation and subsequent activation of 
NF-κB  (Phalitakul et  al., 2011). Curiously, BFM accretion is associated with increased 
vaspin expression and circulating levels, whereas modest BW loss decreases serum vaspin 
 concentrations simultaneously with improvements in parameters relevant to insulin 
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resistance (Chang et al., 2010). These interesting findings indicate that vaspin may  provide 
a compensatory response to antagonize the action of proteases that could be upregulated 
in states of insulin resistance (Auguet et al., 2011).

Omentin is another adipokine strongly expressed in stromal vascular cells of vWAT. 
Its levels in blood are inversely related to obesity and suppressed by an increase in glyce-
mia and insulinemia (de Souza Batista et al., 2007; Auguet et al., 2011). Omentin enhances 
the insulin-induced glucose uptake in human visceral and subcutaneous adipocytes 
through increased phosphorylation of AKT/PKB (Yang et al., 2006b), and like vaspin, 
downregulates TNF-α-induced expression of adhesion molecules in endothelial cells via 
NF-κB inhibition. Thus, omentin may be of potential benefit owing to its anti-inflammatory 
ability to attenuate endothelial dysfunction and atherosclerosis (Zhong et al., 2012). In 
fact, it was observed that pre-treatment with omentin in isolated rat aorta and mesenteric 
artery directly induced endothelium-dependent vasodilation, through increased endo-
thelium-derived NO (Yamawaki et al., 2010). Circulating omentin levels were recently 
considered a biomarker of metabolic disorders, since this parameter is negatively corre-
lated with endothelial dysfunction (Moreno-Navarrete et al., 2011) and, therefore, with 
several metabolic risk factors (Shibata et al., 2012).

The adipokine apelin is widely expressed in rat and human tissues (including the 
heart, and large or small conduit vessels) and endothelial cells, and its serum levels 
increase in obese and insulin-resistant patients in an apparent attempt to compensate 
metabolic dysregulation (Boucher et al., 2005; Krist et al., 2013). It has been shown that 
apelin plays a role in the regulation of mechanisms so different as cardiovascular function, 
glucose homeostasis, food intake, cell proliferation and angiogenesis. Apelin-null mice 
have impaired insulin sensitivity, an effect that could be reversed by the administration 
of exogenous apelin (Yue et  al., 2010). The glucose-lowering effects of this adipokine 
seem to involve eNOS, AMPK and AKT, further suggesting that apelin also interferes in 
endothelial function. In addition, throughout ageing apelin-knockout mice develop 
 progressive impairment of cardiac contractility associated with systolic dysfunction, dem-
onstrating that apelin is crucial to maintaining cardiac contractility in pressure overload 
and ageing (Kuba et al., 2007). Recently, Krist et al. (2013) demonstrated in obese and 
insulin-resistant patients that BW loss induced by ER, exercise and/or bariatric surgery 
led to significantly reduced apelin serum concentrations, which resulted in improved 
insulin sensitivity and subclinical inflammation. Taken together, these data reinforce the 
hypothesis that circulating apelin increases as a compensatory mechanism to improve 
insulin sensitivity, which in turn may lead to decreased apelin levels. Indeed, lower ape-
lin serum concentrations in healthy lean individuals seem to be a consequence rather 
than a cause of insulin sensitivity (Krist et al., 2013).

Chemerin is a recently described adipokine that has been related to adipogenesis 
 regulation and adipocyte metabolism (Goralski et  al., 2007). Although the molecular 
mechanisms of its action are still controversial (Bondue et al., 2011), its expression and 
circulating levels are positively related to the presence of metabolic syndrome features, 
such as increased blood pressure, hypertriglyceridemia and insulin resistance (Sell et al., 
2009; Roman et  al., 2012). While administration of chemerin exacerbates glucose 
 intolerance in obese mice (Ernst et al., 2010), in humans, BW loss induced by ER and/or 
bariatric surgery is associated with the reduction of circulating levels of chemerin, which 
in turn contributes to improved insulin sensitivity and subclinical inflammation (Sell 
et al., 2010; Chakaroun et al., 2012).
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2.3.6 Growth factors and cytoprotective effects
Metabolic, hormonal and growth factor changes associated with increased food consump-
tion, decreased physical activity and excessive adiposity affect the defense mechanisms, 
and cells under permissive conditions most probably undergo malignant transformation 
(Longo & Fontana, 2010). Conversely, ER is a potent and reproducible physiological 
 intervention for protecting mammals against cancer, as it reduces the levels of several ana-
bolic hormones, growth factors and inflammatory cytokines, decreases oxidative stress 
and cell proliferation, enhances autophagy and promotes DNA repair processes (Fontana 
& Klein, 2007). ER induces mild cellular stress, in response to which the cell takes adaptive 
measures by synthesizing many cytoprotective proteins, including neurotrophic factors 
such as brain-derived neurotrophic factor, protein chaperones such as heat-shock  proteins, 
transcription factors such as Nrf2, and mitochondrial uncoupling proteins, which crosstalk 
in triggering resistance to oxidative and metabolic insults (Sykiotis et al., 2011; Mattson 
et  al., 2003; Hayes & Dinkova-Kostova, 2014). The main ER-induced cytoprotective 
 molecular mechanisms are discussed in the following sections.

2.4 Cellular and molecular effects of energy restriction

The anti-ageing effects of ER on most animal species are highly conserved, and reflect the 
widespread cellular and molecular mechanisms that mediate these beneficial effects. 
Actually, multiple molecular mechanisms have been proposed to mediate the effects of 
ER on cells, including promotion of the maintenance of chromatin integrity (Vaquero & 
Reinberg, 2009) and gene inactivation, which results from a selective heterochromatini-
zation of large parts of the genome, which might include many genes. The sirtuins 
actively participate in this process, owing to their NAD+-dependent deacetylase activity in 
histones, promoting condensation of chromatin. In addition, ER leads to a decreased 
exposure of DNA to ROS, ensuing its decreased production in ER conditions, partly 
owing to an increase in the efficiency of both mitochondrial electron transport and 
oxidative phosphorylation, and in anti-oxidant defenses (Xia et al., 1995). DNA oxidative 
damage, including mitochondrial DNA, is indeed prevented (Lanza et al., 2012), as well 
as the onset of replicative senescence phenotype and the shortening of telomeres (von 
Zglinicki, 2002). The latter process is dependent on telomerase activity that apparently is 
better preserved in animals under ER (Vera et al., 2013). It has also been demonstrated 
that ER increases DNA repair mechanisms, avoiding the accumulation of altered nuclear 
DNA (Heydari et al., 2007). In effect, ER has been shown to increase most DNA repair 
mechanisms, including base excision repair (Cabelof et  al., 2003), nucleotide excision 
repair (Guo et al., 1998), mismatch repair (Tsao et al., 2002) and double-strand nonho-
mologous end joining (Lee et al., 2011b).

Intimately linked with ER is the modulation of specific signaling pathways such as 
those that involve insulin/IGF-1 and mTOR that keenly interfere with the activation of 
cellular autophagy. These mechanisms are discussed later.

Concerning cell organization, ER, owing to the decrease in oxidative processes, leads 
to reduction of cellular accumulation of damaged proteins, mainly owing to carbonyla-
tion, glycation and crosslinking reactions. The accumulation of dolichol in cell  membranes 
is also retarded in ER-treated animals, which confers protection of the physiological 
properties and the signal transduction ability of membranes (Parentini et al., 2005).
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2.4.1 Modulation of gene expression
Over the last two decades, genes controlling nutrient sensors and metabolic functions 
have been demonstrated to influence ageing mechanisms and longevity in a long list of 
species including the yeast Saccharomyces cerevisiae, the fruit fly Drosophila melanogaster and 
murine models. Although ER constitutes a nongenetic manipulation, most of the effects 
that result from this dietary pattern stem from modulation of gene expression. In fact, ER 
induces major changes in gene expression patterns, an effect that is not due to an overall 
alteration in the general transcriptional apparatus of the cell, but conversely results from 
a selected modulation of gene expression that globally influences physiological features 
of different cells in a common pattern (Han & Hickey, 2005). Globally, the genes targeted 
by ER can be classified in different groups that, despite the tissue-specificity of responses, 
usually belong to the families of metabolic pathways, stress response, DNA damage 
repair, regulation of the structure of chromatin, detoxification and mitochondria-related 
processes (Vaquero & Reinberg, 2009).

Among the nutrient-sensing pathways involved in the longevity response to ER are 
mTOR, sirtuins, AMPK, insulin/IGF-1 signaling and transcription factor Nrf2, as discussed 
later. In mice, an inverse correlation between IGF-1 levels and lifespan was observed in 
inbred strains (Yuan et al., 2009), as well as in small dogs, which live longer than larger 
ones because they possess a single allele of the IGF-1 gene (Sutter et al., 2007). In line 
with those findings, it was recognized that mutations known to impair IGF-1 receptor 
signaling relate to increased longevity in humans (Kojima et al., 2004; Suh et al., 2008). 
However, most of the transcriptional programs induced by ER in aged mice seem to be 
independent of alteration in IGF-1 levels (Barger et al., 2008), since an increase in lon-
gevity that strongly resembles that induced by ER was observed in mice after inhibition 
of mTOR signaling, an effect that was not further increased by ER (Harrison et al., 2009). 
One of the main effects of mTOR inhibition is the upregulation of autophagy, as discussed 
later. However, this outcome seems to be indirectly regulated and dependent on the 
expression of genes affected by PHA-4 (which specifically determines pharyngeal fate 
in Caenorhabditis elegans cells) and forkhead box A transcription factors, as demonstrated 
in C. elegans (Hansen et  al., 2008). Concerning AMPK and sirtuins, overexpression is 
strongly associated with ER-dependent lifespan expansion in mammals. Their crosstalk 
in cells is presented in the next point.

Prolla postulated that the global gene expression profile of each tissue can be used 
to evaluate its biological age, because such profiles correlate preferentially with 
biological as opposed to chronological age (cited by Lee et al., 1999). In effect, 25% 
ER  prevents 90% of age-related changes in gene expression, as demonstrated in DNA 
microarrays of the heart of 30-month-old mice, with more than half of these modifi-
cations presenting a significant variation (Barger et al., 2008). Differences observed in 
the skeletal muscle and brain of the same animals are not so marked; only 19–26% 
of the genes had modified expression in ER rats compared with their age-matched 
controls. Interestingly, 9 years of ER treatment in rhesus monkeys did not reverse the 
upregulation of transcripts involved in inflammation and oxidative stress induced by 
ageing in the quadriceps muscle, and inversely, this nutrional pattern increased the 
expression of cytoskeletal protein-encoding genes and repressed genes involved in 
mitochondrial function, suggesting that the impact of ER in transcriptional modula-
tion in primates is probably smaller than in shorter-lived organisms (Kayo et  al., 
2001). Concerning the hippocampus of the rat, ER presents the opposite effects to age 
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in the regulation of genes related to oxidative phosphorylation, response to oxidative 
stress, mitochondrial function, deubiquitinating pathways and antigen presentation, 
showing, however, a differential pattern among regions of the hippocampus (Zeier 
et  al., 2011). In fact, transcriptional activity adjusts differentially in tissues to age, 
animal species and ER pattern too (reviewed in Park & Prolla, 2005; Fu et al., 2006; 
Han & Hickey, 2005). Among the genes that consistently vary in the various analyzed 
tissues, those that intervene in chromatin remodeling and histone expression and 
define the transcriptional and epigenetic states, present a marked impact in ER-treated 
rats, consistent with promotion of the preservation of genome stability in these con-
ditions and therefore retarding some aspects of the ageing processes in the long-term 
(Barger et al., 2008).

Interestingly, NF-κB has been suggested to be an intermediate activator of age-related 
transcriptional changes in both mouse and human tissues (Adler et al., 2007); its blockade 
reversed global gene expression in the skin of aged mice to a gene expression pattern 
equivalent to that observed in young mice.

So far, knowledge of how ER modulates gene expression in humans is at an early 
stage, as is that of genetic variants that contribute to exceptional longevity (Ferrario et al., 
2012). However, increased prevalence of variants of genes Ca2+/calmodulin-dependent 
protein kinase-4, ataxin-1, doublecortin and Ca2+/calmodulin-dependent protein kinase-
like-1 was verified in a cohort of 410 individuals of exceptional longevity enrolled in the 
Southern Italian Centenarian Study (Malovini et al., 2011), and also gene FOXO3A in a 
cohort of 213 Japanese American men who lived for at least 95 years (Willcox et al., 
2008). The most convincing correlation was found between increased longevity and 
reduction of apolipoprotein E4 allele, which strongly decreases the prevalence of CVD 
and Alzheimer disease (Schächter et al., 1994). Moreover, longitudinal analysis demon-
strated an association between increased longevity in humans and genetic variation in 
the TERC locus of the telomerase gene that codifies the RNA component of this enzyme, 
and in the genes that codify Mn-superoxide dismutase and GPx1. For these genes encod-
ing proteins protecting against ROS, a synergistic effect was observed for specific poly-
morphisms (Soerensen et al., 2009, 2012). Other gene variants were also reported to be 
associated with human longevity; however, studies across populations failed to demon-
strate consistent replication of results.

A very recent study analyzed the transcriptional profile within skeletal muscle of 
members of the Calorie Restriction Society who had practiced 30% ER for long periods 
(4–20 years), comparatively with younger and age-paired individuals fed a typical 
Western diet (Mercken et al., 2013). In line with observations in the rodent, the authors 
demonstrated that restricted individuals presented a younger gene expression profile, 
independent of genetic and geographical characteristics of the human cohort, showing a 
consistent and uniform reprogramming of molecular pathways that shifted cellular 
metabolism from growth to maintenance and repair activities. These changes included a 
downregulation of phosphoinositide-3-kinase (PI3K) and AKT/PKB transcripts, a 
decrease in cyclin D2, a master-regulator of cell cycle progression, and an increase in 
superoxide dismutase 2, DNA damage-binding 1, a molecular repair factor, and mole-
cules involved in macroautophagic mechanisms expressed downstream to FOXO, as well 
as Sirt2, Sirt4, Sirt5, AMPKβ and γ and PGC-1α transcripts (Mercken et al., 2013). This 
evidence indicates that humans share with other species transcriptional responses to ER 
that are typically associated with improved health and longevity.
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However, the shift in gene expression by ER is not universal; a large fraction of genes 
that change with age are not altered by ER, and conversely, a large number of genes that 
do not change with age are altered by ER. In addition, several other mechanisms are 
conjugated in the ER-dependent extension of lifespan in mammals, namely genetic 
background and environmental influences.

2.4.2 Molecular mechanisms of sirtuins
Mammalian sirtuins (Sirt1–7) belong to a family of seven enzyme orthologs of the 
silent information regulator 2 (Sir2) of the yeast. The sirtuins belong to the class III of 
NAD+-dependent deacetylases (Landry et al., 2000) and present deacetylase and ADP-
ribosylase activies that are mechanistically similar; in both reactions a NAD+ is cleaved. 
More than a dozen nonhistone deacetylation substrates are known for sirtuins 
(reviewed in Haigis & Guarente, 2006). Mammalian sirtuins present a highly con-
served NAD+-dependent catalytic domain (North & Verdin, 2004), but could intervene 
in different pathways, affect a broad range of cellular functions and present different 
cellular locations (Table  2.3). Moreover, expression of sirtuins is tissue specific 
(Michishita et al., 2005).

In the yeast, Sir2 extends replicative lifespan, silences genes by histone deacetylation, 
enables DNA repair and suppresses the formation of extrachromosomal rDNA circles. In 
the worm C. elegans and in the fruit fly D. melanogaster, the presence of orthologs of Sir2 
also increases longevity, mediating the ER lifespan-extending pathway (Tissenbaum & 
Guarente, 2001; Rogina & Helfand, 2004). This evidence strongly links sirtuins to ER and 
longevity. In mammals, so far, no role in lifespan regulation has been determined for any 
sirtuin; however, it is recognized that ER conditions induce expression of Sirt1 (Cohen 
et al., 2004) in several tissues of the mouse, such as the cortex and hippocampus of the 
brain, skeletal muscle and adipose tissues, and also the corpus cavernosum of the rat, but 
repress Sirt1 expression in the liver, the cerebellum and the midbrain (Chen et  al., 
2008a,b; Tomada et al., 2014).

2.4.2.1 Sirtuin 1
Sirt1 localizes in both the nucleus and the cytoplasm (Michishita et al., 2005; Tomada 
et al., 2013a, 2014), and is known to regulate many physiological processes. First, regula-
tion of gene expression: Sirt1 deacetylates histones (H1, H3 and H4), promoting the 
formation of heterochromatin and the repression of gene expression (Vaquero et  al., 
2004). It induces post-translational modification of transcription factors, such as hypoxia 
inducible factor (HIF)-1α and HIF-2α, which apparently compete for Sirt1 binding, inhib-
iting the downstream response to hypoxia (Lim et al., 2010), the FOXO family, which 
regulates response to oxidative stress (Brunet et al., 2004; Alcendor et al., 2007), and p53, 
which controls cell survival and senescence (Luo et al., 2001). In addition, Sirt1 interacts 
in the nucleus with PPARα, which activates genes encoding fatty acid oxidation enzymes, 
and PGC-1α (Purushotham et al., 2009) and deacetylates NF-κB, which suppress its ability 
to activate pro-inflammatory transcriptional targets, and even promotes cell apoptosis in 
stressfull conditions (Yeung at al., 2004). Sirt1, whose deacetylase activity is circadian, is 
required for high-magnitude circadian transcription of several core CLOCK (circadian 
locomotor output cycles kaput) genes. It is also physically associated with CLOCK protein 
and regulates the acetylation state of its targets (Asher et al., 2008; Nakahata et al., 2008). 
This evidence suggests a possible connection between circadian rhythm and lifespan.
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Second, Sirt1 regulates control of the cell cycle and cell proliferation: Sirt1 deacety-
lates and dowregulates p53, which inhibits apoptosis and could extend the longevity of 
cells (Luo et al., 2001). Other studies have demonstrated antiproliferative effects for Sirt1 
during cancer development, as in breast cancer 1 gene (BRCA1) mutant cell lines where 
Sirt1 represses survivin expression after histone deacetylation (Wang et al., 2008b). Thus, 
the role of Sirt1 as a potential tumor suppressor remains controversial.

Third, Sirt1 regulates the maintenance of genomic stability, promoting DNA repair in 
stressful conditions (Oberdoerffer et al., 2008; Wang et al., 2008c).

Fourth, Sirt1 regulates neuron survival: Sirt1 is recruited to local DNA double-strand 
breaks and cooperates in their repair through the nonhomologous end-joining pathway 
in postmitotic neurons, contributing thus to maintaining genomic stability, promoting 
neuron survival and avoiding neurodegeneration (Dobbin et  al., 2013; Donmez et  al., 
2012; Kim et al., 2007).

Fifth, Sirt1 regulates blood vessel growth and endothelial function, stimulating angio-
genesis and targeting eNOS for deacetylation, increasing its activity (Guarani & Potente, 
2010; Mattagajasingh et al., 2007). It thus prevents endothelial dysfunction, premature 
senescence of the endothelial cells and also oxidative stress-induced damage of the heart 
(Alcendor et al., 2007).

Sixth, Sirt1 regulates gluconeogenesis, by deacetylation and activation of the 
 transcription factor PGC-1α, which activate genes involved in gluconeogenesis during 
prolonged fasting, and also FOXO1, the ability of which to promote expression of genes 
involved in gluconeogenesis under oxidative stress conditions after Sirt1-mediated 
deacetylation has been demonstrated (Rodgers et al., 2005; Frescas et al., 2005).

Seventh, Sirt1 regulates lipolysis, repressing the key regulator of metabolism, PPARγ, 
and mobilizing fat from adipocytes (Picard et al., 2004). Interestingly, its coactivator PGC-
1α can itself stimulate Sirt1 expression after interaction with Sirt1 gene promoter, as 
demonstrated by the fact that its disruption strongly inhibits Sirt1 expression in vascular 
cells, leading to a senescence phenotype (Xiong et al., 2013).

Eighth, Sirt1 regulates insulin secretion, positively regulating insulin secretion by 
pancreatic β-cells in response to glucose (Moynihan et  al., 2005). In addition, Sirt1 
represses transcription of the gene that codifies UCP-2 in the mitochondria, leading to 
more efficient energy generation. This mechanism is, however, attenuated in animals 
under food deprivation, which modifies the insulin responsiveness of β-cells (Bordone 
et al., 2006). Moreover, Sirt1 apparently promotes the survival of pancreatic β-cells under 
acute metabolic stress through FOXO1 deacetylation (Kitamura and Kitamura, 2007).

Finally, Sirt1 regulates autophagy, positively regulating macroautophagy (Lee et al., 
2008), as discussed later. All of these mechanisms are affected during ageing and are 
modulated by ER (Moynihan et al., 2005; Haigis & Guarente, 2006).

It was also reported that Sirt1 deacetylates cytoplasmic enzyme acetyl–CoA synthe-
tase (Hallows et al., 2006), which favors the synthesis of fatty acids and cholesterol, but 
the expression of this enzyme is repressed by fasting (Sone et al., 2002). Furthermore, 
Sirt1 overexpression in transgenic mice demonstrates its protective effects against 
diabetes, liver steatosis, bone loss and inflammatory diseases, in a similar pattern to that 
observed in ER animal models (Bordone et al., 2006). The whole expression of Sirt1 in 
tissues presents an age-dependent pattern that could vary among tissues. However, Sirt1 
activity tends to decrease with ageing in liver, heart, kidney and lung of the rat owing to 
the decreased bioavailability of NAD+ (Braidy et al., 2011). An equivalent variation of 
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Sirt1 activity and NAD+ levels was also observed in skin collected from male, but not 
female, patients (Massudi et al., 2012). The NAD+ dependence of sirtuins strongly links its 
activity to the metabolic state of the cell, creating thus an intricate connection between 
acetylation/deacetylation, energetic state and gene expression (Finkel et al., 2009).

2.4.2.2 Sirtuin 6
Sirtuin 6 is also a nuclear protein (Michishita et al., 2005) upregulated by ER (Kanfi et al., 
2008), although some controversy exists concerning regulation of its expression under this 
dietary pattern (Kawakami et al., 2012). Further, to present a robust ADP– phosphoribosyl 
transferase activity (Liszt et al., 2005), this enzyme is also involved in the deacetylation of 
histones (Michishita et al., 2008; Gil et al., 2013) and base excision repair. However, lack of 
Sirt6 apparently does not interfere with the other DNA repair  mechanisms. Sirt6 knockout 
mice present a premature ageing phenotype (Mostoslavsky et  al., 2006). On the other 
hand, Sirt6 overexpression leads to metabolic features such as low levels of circulating 
IGF-1 and glucose that regulate lifespan in the male mice (Kanfi et al., 2012). Interestingly, 
Sirt6 expression is upregulated in the skeletal muscle of the aged rats (Koltai et al., 2010).

2.4.2.3 Sirtuin 7
Sirtuin 7 is a nucleolar enzyme that fails to deacetylate histone H4 acetylated at lysine 16 
(H4K16), a known target to other mammalian sirtuins (Michishita et al., 2005), but not 
p53, supported by demonstration of elevated levels of acetylated p53 found in Sirt7 
knockout mice (Vakhrusheva et al., 2008a). Sirt7 expression is higher in tissues with a 
high proliferation rate where it is involved in the regulation of the expression of rRNA 
genes, being a component of the RNA polymerase I transcriptional machinery and also 
an activator of its own transcription (Ford et al., 2006). In particular, Sirt7 is involved in 
the survival of  cardiomyocytes under stress conditions (Vakhrusheva et  al., 2008a), 
further exerts an antiproliferative role that may improve tissue integrity in aged animals 
(Vakhrusheva et  al., 2008b), and represses hypoxia-inducible factors expression, as 
recently reported (Hubbi et al., 2013). Taken together, these findings suggest that Sirt7 
activity could exert an antitumorigenic action. In fact, knockout animals for Sirt7 gene 
presented a decreased lifespan, but deaths were attributed to a premature-ageing-like 
phenotype, and not to increased incidence of tumors (Vakhrusheva et al., 2008a). So far, 
no nutrient dependency of Sirt7 expression has been demonstrated.

2.4.2.4 Sirtuin 3
Conversely, Sirt3 has been demonstrated to be upregulated under fasting or ER condi-
tions in adipose and skeletal tissue, but not in cardiac muscle, of mice (Shi et al., 2005; 
Palacios et al., 2009). Actually, Sirt3 activates mitochondrial acetyl–CoA synthetase by 
deacetylation (Schwer et  al., 2006), regulating the entry of carbons from acetate into 
central metabolism, which ensures full incorporation of dietary or ketone-derived acetate 
under energy limitation conditions (Haigis & Guarente, 2006). It was initially thought 
that Sirt3 location was restricted to the mitochondria (Michishita et  al., 2005), since 
cleavage of the signal sequence is necessary for enzymatic activity (Schwer et al., 2002), 
but recent evidence shows that it also exists in the nucleus and the cytoplasm (Scher 
et  al., 2007). Sirt3 possess a strong deacetylase activity, and as well as intervening in 
AMPK activation (discussed later) (Palacios et al., 2009), it interferes in mitochondrial 
function by upregulating expression of the genes that codify uncoupling protein 1 (UCP1) 
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and PGC1-α, reducing free radical levels and improving thermogenesis regulation (Shi 
et al., 2005). Moreover, Sirt3 leads to the reduction of oxidative damage through upregu-
lation of the mitochondrial glutathione anti-oxidant defense system (which prevents 
age-related hearing loss in mice; Someya et al., 2010), Mn-superoxide dismutase (which  
is also deacetylated in response to ER; Qiu et  al., 2010) and catalase (which protects 
against cardiac hypertrophy; Sundaresan et al., 2008, 2009). Recent evidence, reviewed 
by Guarente (2011), indicates Sirt3 as an important tumor suppressor in human cancers, 
which agrees with the fact that it is the only sirtuin that is linked to longevity in humans 
(Bellizzi et al., 2005).

2.4.2.5 Sirtuins 4 and 5
Similarly to Sirt3, Sirt4 and Sirt5 are mitochondrial (Michishita et al., 2005), and together 
they regulate several mitochondrial enzymes, such as glutamate dehydrogenase, which 
is crucial for metabolic adaptation to ER (Haigis et al., 2006), and also enzymes of the urea 
cycle, which play an important role in the ammonia detoxification during fasting 
(Nakagawa et al., 2009; Hallows et al., 2011). Sirt3- and Sirt4-coordinated actions are also 
responsible for maintaining NAD+ levels in mitochondria, thus dictating cell survival 
 during starvation (Yang et al., 2007). Sirt4 interacts with insulin-degrading enzyme, and 
apparently dowregulates pancreatic insulin secretion (Ahuja et al., 2007). Interestingly, 
ER leads to the dowregulation of Sirt4 activity, inducing a decrease in amino acid-stimu-
lated insulin secretion and ADP-ribosylation of glutamate dehydrogenase (Haigis & 
Guarente, 2006). On the other hand, Sirt5 was found to deacetylate cytochrome c, and 
apparently intervenes in the regulation of this protein in respiration and apoptosis (Gertz 
& Steegborn, 2010).

2.4.2.6 Sirtuin 2
Sirtuin 2 is mainly detected in the cytoplasm (Michishita et al., 2005), where it colocalizes 
with the microtubule network, targeting α-tubulin for deacetylation (North et al., 2003). 
This enzyme is upregulated during mitosis, being subsequently degraded, which suggests 
a role for Sirt2 in cell cycle regulation (Dryden et  al., 2003). Sirt2 colocalizes with 
chromatin during the G

2
/M transition (Vaquero et al., 2006), thus being able to deacety-

late H4K16, also a substrate to Sirt1. Taking these findings into account, and also the low 
levels of Sirt2 observed in several cancer lines, this protein has been proposed to be a 
tumor suppressor (North & Verdin, 2004). In addition, Sirt2 modulates oxidative stress 
(Wang et al., 2007), promotes lipolysis and inhibits adipocyte differentiation and prolifer-
ation in ER conditions (Wang & Tong, 2009).

Interestingly, novel evidence suggests that the mammalian sirtuins crosstalk inside 
the cells and cooperate in the molecular responses to ER. In accordance with this, levels 
of Sirt6, Sirt2, Sirt1 and Sirt3 increase in ER conditions, and Sirt1 itself activates expres-
sion of Sirt3 (Bell & Guarente, 2011). In addition, Sirt1 and Sirt6 both repress NF-κB 
activity and ensuing age-related transcriptional changes and inflammatory effects 
(Kawahara et al., 2009), and Sirt7, Sirt1, Sirt3, which share deacetylations targets such 
as FOXO3, crosstalk in the protection of cardiac hypertrophy. On the other hand, Sirt1 
and Sirt4 seem to oppose their regulatory functions in insulin secretion in response to 
glucose and amino acids (Haigis et  al., 2006), as well as Sirt1 and Sirt2 interventions 
concerning neurodegenerative diseases, in particular in Parkinson disease (reviewed in 
Donmez & Outeiro, 2013).
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2.4.3 aMPK
AMPK is a heterotrimeric enzyme composed of a catalytic α subunit and two regulatory 
β and γ subunits, allosterically activated by AMP, which makes it a crucial sensor of the 
energy status of the cell. In fact, it is activated when AMP/ATP or ADP/ATP ratios increase, 
which develop under ER conditions, hypoxia or increased ATP consumption (Hardie, 
2011), and also by phosphorylation by upstream kinases. ER is thus considered an 
activator of AMPK activity, especially when implemented throughout life (Edwards et al., 
2010; Han et al., 2012), despite no differences being found in its activity in vital organs 
such as heart, skeletal muscle and liver of young mice under ER for 4 months, and a 
decrease being observed in the liver of ER-treated 6-month-old rats compared with con-
trols (Gonzalez et al., 2004; To et al., 2007). On the other hand, it has recently been dem-
onstrated that the AMPK signaling pathway is indispensible for energy regulation and 
myocardial adaptation in mice subjected to ER, and that these effects are absent in 
AMPKα2 knockout littermates (Chen et al., 2013). In fact, AMPK plays an important role 
in cellular energy homeostasis and at the whole-body level too (Hardie et al., 2012). In 
addition, AMPK constitutes a well-known target to inhibit cell growth and proliferation, 
which apparently mediates its tumor-suppressor effects.

Interestingly, AMPK activity can be upregulated by plant-derived compounds, 
including resveratrol, epigallocatechin gallate (EGCG) and capsaicin, which share a mito-
chondrial-inhibiting function (Hardie, 2011); AMPK activation to pharmacological or 
physiological stimuli being less responsive in aged rodents than in young animals (Reznick 
et al., 2007). Once activated by mitochondrial inhibition, AMPK upregulates catabolic 
pathways that generate ATP, both in the short-term, by increased glycolysis and fatty acid 
oxidation, and in a long-term pattern, by activation of mitochondrial function (Cantó & 
Auwerx, 2010). Concomitantly, AMPK represses ATP-consuming pathways, such as the 
syntheses of proteins, glucose, glycogen and lipids. One of the main AMPK repressed 
pathways under ER is that of mTOR, which indeed inhibits protein synthesis.

AMPK modulates the expression of genes that codify catabolic or anabolic enzymes, 
through phosphorylation of a wide variety of transcription factors or coregulators (Hardie, 
2011). In particular, AMPK activates by phosphorylation several members of the FOXO 
family of transcription factors (Greer et  al., 2007), which appear to protect cells from 
stressors and promote the longevity of organisms (Kenyon, 2010), and also upregulates 
PGC-1α, which activates mitochondrial biogenesis (Zong et al., 2002). Moreover, AMPK 
is strictly linked to the modulation of the activity of Sirt1 (Suchankova et al., 2009), in 
part through the control of bioavailability of its substrate NAD+ (Cantó et al., 2009). In 
line with this finding, Sirt1 contributes to the activation of PGC-1α, catalyzing its deacet-
ylation (Rodgers et al., 2005). AMPK-mediated PGC1-α phosphorylation at Thr

177
 and 

Ser
538

 (Cantó et  al., 2009), enables its complete activation. In fact, AMPK and Sirt1 
 activities strongly cooperate in the pathways triggered by ER, in particular in aged 
 individuals (Cantó & Auwerx, 2011).

2.4.4 Oxidative stress and metabolic reprogramming
Energy and/or nutrient restriction-induced increase in mitochondrial respiration ( possibly 
associated with augmented mitochondrial biogenesis) and fatty acid oxidation (mice under 
ER oxidize 4 times more fat than ad libitum-fed counterparts; Speakman & Mitchell, 
2011), linked to a decrease in carbohydrate oxidation, momentarily leads to a mild 
increase in reactive species levels, which contributes to explain the beneficial effects of 
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different dietary restriction regimens through the activation of the transcription factor 
Nrf2 (Vincent et al., 2009; Sykiotis et al., 2011; Hine & Mitchell, 2012; Testa et al., 2014). 
In addition to those mechanisms, energy and/or nutrient restriction mimetics including 
resveratrol and curcumin, potentially induce a small and transient increase in oxidative 
stress by activating phase I oxidases, and then activate Nrf2 (Kluth et al., 2007; Sykiotis 
et al., 2011; Hine & Mitchell, 2012; Cardozo et al., 2013; Hayes & Dinkova-Ksotova, 2014; 
Csiszár et al., 2014).

Nrf2 target genes can be organized in two extensive groups: genes ubiquitously needed 
vs genes specifically needed by particular tissues (Kitteringham et al., 2010; Sykiotis et al., 
2011). Nrf2 activation leads to the induction and/or repression of genes from Phase I to III 
detoxification and anti-oxidant responses, including NADPH-generating enzymes (first 
group), and of genes involved in metabolism (second group), among others. The molec-
ular response to Nrf2 is indeed mostly associated with an effector role in longevity  signaling 
accompanying energy and/or nutrient restriction regimens or mimetics (Kwak et al., 2003; 
Kitteringham et al., 2010; Sykiotis et al., 2011; Hine & Mitchell, 2012; Seo & Lee 2013; 
Wan Hasan et al., 2014; Hayes & Dinkova-Ksotova, 2014).

Concerning metabolic pathways, the effects of Nrf2 are vast considering that it  
leads to inhibition of pyruvate kinase (preventing the glycolytic flux) and increases 
glucose-6-phosphate and 6-phosphogluconate dehydrogenases, transaldolase and trans-
ketolase gene expression, overall promoting flux through the pentose phosphate pathway, 
allowing increased provision of NADPH, erythrose-4-phosphate and ribose-5-phosphate 
for reductive synthesis and/or nucleotides, nucleic acids, amino acids and phospholipids 
synthesis. Adding to these effects, Nrf2 promotes de novo purine synthesis by stimulating 
methylenetetrahydrofolate dehydrogenase and phosphoribosyl pyrophosphate amido-
transferase gene expression (reviewed in Hayes & Dinkova-Ksotova, 2014). Nrf2 exerts a 
negative regulation of hepatic fatty acid synthesis/desaturation and cholesterol  synthesis 
by downregulating ATP-citrate lyase, acetyl-CoA carboxylases 1 and 2, fatty acid  synthase, 
stearoyl CoA desaturase 1, fatty acid elongases, 3-hydroxy-3-methylglutaryl coenzyme A 
synthase and reductase, and SREBP-1c and SERBP-2 gene expression (Tanaka et al., 2008; 
Shin et al., 2009; Kitteringham et al., 2010; Sykiotis et al., 2011; Hayes & Dinkova-Ksotova, 
2014). The increase in fatty acid oxidation is promoted after decreasing malonyl-CoA 
levels, following the decrease of acetyl-CoA carboxylases and stearoyl CoA desaturase 
1 gene expression, and increasing CD36 gene expression (this latter gene is also Nrf2-
induced), all contributing to increased fatty acid transport/import into mitochondria 
(Shin et  al., 2009; Zhang et  al., 2013; Hayes & Dinkova-Ksotova, 2014). Conversely, 
impairment of Nrf2 action is associated with an increase in hepatic free fatty acid levels 
as well as with fatty liver and steatohepatitis development (Tanaka et al., 2008; Chowdhry 
et al., 2010; Sugimoto et al., 2010; Sykiotis et al., 2011; Wang et al., 2013; Hayes & Dinkova-
Ksotova, 2014). Nrf2 also modulates lipid metabolism in adipose tissue, although contra-
dictory results have been reported for the role of Nrf2 in adipocyte differentiation and 
obesity, probably owing to differences in experimental protocols (Sykiotis et al., 2011; Seo 
& Lee 2013). Depolarization of mitochondria and impairment of oxidative phosphoryla-
tion, resulting in the decline of ATP levels, occur after Nrf2 impairment, while Nrf2 
activation improves these parameters (Holmström et al., 2013).

Nrf2 controls intermediary metabolism in several and interconnected ways, ensuring 
a prime role in metabolic reprograming during ER and stress (reviewed in Hayes & 
Dinkova-Ksotova, 2014).
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2.4.5 autophagy and mtOr signaling
Autophagy is an evolutionary conserved process that involves the degradation of own-
cell components through a lysosomal pathway. Eukaryotic cells present several autopha-
gic mechanisms that differ in the conditions that trigger activation and the type of 
molecules/structures degraded too. There are three main types of autophagy. The first is 
microautophagy, which occurs when cytoplasmic components are, prior to degradation, 
involved by direct invagination or protusion of the lysosomal or endosomal membrane, 
and is the least studied form of autophagy (Sahu et al., 2011). The second type is chaper-
one-mediated autophagy (CMA), which is only present in higher organisms and is the 
mostly selective mechanism of lysosomal degradation of proteins. CMA does not require 
the formation of intermediate vesicles and is selective for a restricted group of cytosolic 
proteins that possess a specific motif biochemically related to the pentapeptide KFERQ, 
recognized by the proper chaperone heat shock protein 70 (hsp70) and respective co-
chaperones. Further, the substrate protein is targeted to the lysosome-associated receptor 
protein type 2A, translocated to the lysosomal matrix and ultimately degraded by prote-
ases (Massey et al., 2004). Knowledge of regulation of microautophagy and CMA in rela-
tion to ageing is currently limited. However, it has been shown not only that CMA 
decreases with ageing owing to the decrease in CMA-substrate traffic to lysosomes, but 
also that CMA decrease could be induced by nutritional factors or oxidative stress (Massey 
et al., 2004; Cuervo et al., 2005). The third type of autophagy is macroautophagy, an evo-
lutionary conserved intracellular process activated by stressors, and quantitatively the 
most important form of autophagy, responsible for enzymatic degradation of organelles 
or damaged cellular components such as proteins, lipids, sugars and nucleic acids, result-
ing in the formation of precursors of macromolecules that can be reused inside the cell in 
multiple functions. In this process, entire regions of the cytosol are involved by mem-
branes that seal in vesicles named autophagosomes that fuse with lysosomes of the cell 
for the degradation of the sequestered cellular components. In addition to be inducible in 
response to stress signals, new evidence demonstrates that macroautophagy also inter-
venes in the maintenance of cellular homeostasis (Nakai et  al., 2007), through the 
removal of damaged components and replacement with newly formed molecules. This 
housekeeping mechanism is particularly relevant in ageing cells, since damaged proteins 
that could not be degraded in the main ubiquitin–proteasome system, which is exclu-
sively targeted to unfolded proteins and decreases in activity during ageing, accumulate 
in cells and form toxic aggregates (Li & Li, 2011). In fact, accumulation of ubiquitinated 
proteins is a common age-related feature (Pan et  al., 1993; Scrofano et  al., 1998). 
Furthermore, the proteasome is unable to degrade molecules other than proteins, such 
as oxidized nucleic acids, lipids or damaged organelles that also form during ageing, 
which implies that lysosomal intervention in the cellular homeostasis has increased 
importance in senescent cells. In opposition to the increased degradation demands, the 
ability of the lysosomes to digest intracellular components and to fuse and degrade the 
autophagic structures (Terman et al., 2007) tends to decrease with ageing, partly owing to 
the accumulation of undigested materials inside lysosomes, namely lipofuscin (discussed 
in Chapter 1; Ward, 2002). Thus, autophagy failure presents deleterious consequences 
for the maintenance of long-lived postmitotic cells, such as neurons, cardiomyocytes and 
skeletal muscle fibers (Cuervo et al., 2005), where intracellular accumulation of material 
extra- and intralysossomally is frequently observed, namely aggregated indigestible pro-
teins, aggresomes, in the cytosol, accumulation of lipofuscin in the lysosomes, and 
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enlarged mitochondria presenting desintegration of cristae, a condition that is often asso-
ciated with increased production of ROS (Sohal & Sohal, 1991). Interestingly, ROS are 
themselves activators of autophagy, which is particularly important in the degradation of 
damaged mithochondria (Scherz-Shouval & Elazar, 2011), nonfunctional peroxisomes 
(Kim & Klionsky, 2000; Donati, 2006) and plasma membranes with high dolichol content 
(Marino et al., 1998). In fact, the concerted degradation of these cellular structures greatly 
increases the whole cell function. Mitochondria are specifically degraded by a very 
selective form of macroautophagy, named mitophagy, that only targets damaged mito-
chondria (Lemasters, 2005).

Although macroautophagy was initially thought to be a widespread nonspecific deg-
radation process, new evidence shows that additional macroautophagy pathways exist 
that are strictly regulated and that substrate elimination occurs in a very selective manner 
(Kraft et al., 2010). Moreover, it was recently demonstrated that a member of B cell-
lymphoma 2 (Bcl2)-associated athanogen (BAG) family of proteins, BAG3, functions as 
an important chaperone in addressing aggregated proteins to macroautophagy, since it is 
able to form large multichaperone complexes. In fact, BAG3-mediated degradation of 
proteins seems to be highly increased in the aged cells (Gamerdinger et  al., 2009). 
Furthermore, BAG3 was demonstrated to be involved in the active transport of protein 
substrates inside the cell, along the microtubules toward the nucleus (Behl, 2011).

Nutrients are the main exogenous modulators of autophagy, which is not surprising 
because it could be considered a mechanism of cell survival during starvation. In line 
with this, autophagy requires the expression of multiple genes essential to longevity 
increase in organisms as varied as S. cerevisiae, D. melanogaster, C. elegans, and mammals. 
ER increases the inducible forms of autophagy: (a) CMA, through an increase in the 
number of lysosomes presenting the luminal chaperone, constitutively expressed  protein 
of the heat shock family of 70 kDa (hsc70) necessary to CMA-substrate translocation 
(Massey et al., 2004), but as age progresses, the levels of this protein significantly decrease 
(Cuervo & Dice, 2000); and (b) macroautophagy (Gelino & Hansen, 2012), to levels 
equivalent to those observed in young animals (Donati et  al., 2001), although its 
activation is mainly regulated in mammals by levels of amino acids and hormones, 
including glucagon and insulin, with stimulatory and inhibitory effects, respectively. In 
fact, autophagy is essential for maintaining an adequate pool of amino acids for gluco-
neogenesis and the synthesis of proteins (Yoshimori, 2004). Interestingly, the activation 
of autophagy in response to low levels of amino acids following overnight fasting, or to 
high glucagon levels, tends to decrease in older rodents (Del Roso et al., 2003; Bergamini 
et al., 1993). ER has been demonstrated to prevent the age-dependent decrease in the in 
vivo induction of macroautophagy (Del Roso et al., 2003), avoiding the accumulation of 
altered mitochondria (Yen & Klionsky, 2008), peroxisomes and dolichol-modified mem-
branes in older cells (Donati, 2006), which is associated with an increased lifespan 
(Cavallini et al., 2001).

Macroautophagy is a multistep process that involves a rearrangement of subcellular 
membranes to sequester cytoplasm and organelles for fusing with lysosomes where the 
degradation reactions take place. In brief, a double membrane, called an isolation mem-
brane, the exact origin of which remains uncertain but which is apparently synthesized 
de novo, encompasses a portion of the cytoplasm and closes, forming an autophagosome. 
Autophagosomes can fuse either with endosomes or lysosomes in cells, resulting in 
autolysosome formation where the hydrolytic enzymes from the lysosome degrade the 
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components in an acidic medium (Hannigan & Gorski, 2009). It is largely accepted that 
macroautophagy develops through the following steps: induction, vesicle nucleation and 
expansion, lysosome targeting, lysosome docking and autophagosome–lysosome fusion, 
vesicle breakdown and recycling (Klionsky & Emr, 2000). Several autophagy-related 
genes (ATG) are upregulated during the specific steps and the overall process of 
 macroautophagy. Most of the 30 ATG genes described in the yeast, where the autophagic 
pathways were primarily elucidated (Suzuki & Ohsumi, 2007), present a conserved 
equivalent in mammals.

Interestingly, macroautophagy is regulated by the same conserved factors that reg-
ulate metabolism and ageing. In fact, it is suppressed in the presence of amino acids, 
such as leucine and tyrosine, by activation of mTOR complex 1 (Kanazawa et al., 2004), 
in an AKT/PKB kinase-dependent pathway. Thus, it is possible to modify the macroau-
tophagy rate according to the proteins ingested. The same is in part true for carbohy-
drates and lipids, since both are able to indirectly modulate macroautophagy through 
their effects on insulin levels (Hannigan & Gorski, 2009). While carbohydrates increase 
insulin levels, lead to activation of mTOR and suppress autophagy, lipids exert the 
opposite effect. Other dietary components can modulate the cellular autophagy. It has 
been demonstrated in vitro that caffeine present in coffee and tea, polyphenols such as 
curcumin, genistein and resveratrol (discussed later), and vitamins C, D, E and K2 
favor autophagy. On the other hand, quercetin apparently inhibits autophagic processes 
(reviewed in Hannigan & Gorski, 2009). We should, however, take into account that 
the evidence needs further clarification with regard to the effects of nutrients after 
ingestion by entire organisms, since compounds could be differently metabolized in the 
gastrointestinal tract and reach organs to variable degrees. Nutrient interference in 
the whole foodstuffs could also occur, affecting bioavailability and biological activity. 
Thus, most aspects of nutritional intervention in cellular autophagy mechanisms 
remain to be elucidated, and so far only fasting seems to be a straight autophagy- 
promoting strategy for whole organisms.

Inhibition of mTOR in mammalian cells ensuing starvation results in dephosphoryla-
tion of the orthologs of the yeast autophagy genes, Atg1, Atg11 and Atg13, that together 
with Atg17, form the initiation complex unc-51 like kinase 1(ULK1)/Atg1 (Kawamata 
et al., 2008; Fig. 2.1). This complex is also actively regulated by the nutrient sensor regu-
lator of autophagy AMPK, although in the opposite direction to mTOR (Kim et al., 2011b). 
Interestingly, Sirt1 deficiency results in mTOR signaling activation, and consequently 
repression of autophagic processes (Ghosh et  al., 2010). Further formation of the 
 autophagosome in mammalian cells requires activity of the class III, PI3K vacuolar pro-
tein sorting (Vps)34 that integrates the autophagy-regulating complex (PI3K complex), 
together with Beclin1/Atg6, Atg14/Barker and p150/Vps15 (Ravikumar et al., 2010). The 
vesicle expansion step involves the recruitment of proteins of the ATG family, mamma-
lian Atg9 for membrane increment provided by other organelles (Young et al., 2006) and, 
for formation of the autophagosome, ATG12 and ATG5, which engages ATG16 for 
recruitment of microtubule-associated protein light chain 3 (MAP-LC3) or protein light 
chain 3 (LC-3/ATG8) that is further conjugated to phosphatidylethanolamine (PE). 
LC-3PE binds to the engulfment membrane that cycles in the autophagosome formation 
and remains bound until fusion to the lysosome (Rajawat et al., 2009), functioning thus 
as a cellular marker of autophagy. The autophagosomes are formed randomly in the 
mammalian cell cytoplasm and move along microtubules (Ravikumar et  al., 2010) in 
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the  sense of the centrosome. In effect, LC-3 associated with Golgi-associated ATPase 
enhancer of 16 kDa (GATE-16) and γ-aminobutyric acid type A receptor-associated pro-
tein (GABARAP) interacts with the initiation complex ULK1 for vesicle expansion, mat-
uration and intracellular trafficking (Okazaki et al., 2000). The machinery necessary for 
the process of vesicle fusion includes the soluble N-ethylmaleimide-sensitive factor acti-
vating protein receptor (SNARE) proteins and the class C Vps/homotypic fusion and pro-
tein sorting (HOPS) complex (Nair et al., 2011).

Macroautophagy can be activated pharmacologically by treatment with antilipolytic 
agents, especially when associated with fasting, or with the antibiotic rapamycin, which 
inhibits the mTOR pathway (Donati, 2006). In fact, reduced mTOR activity activates 
autophagy, which has been shown to influence the ageing process and extend lifespan in 
many organisms. Interestingly, the life-extending effects of Sirt1 activators are lost 
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Figure 2.1 Summary of the main molecular pathways intervening in macroautophagy multistep 
degradation process. Atg/ATG, Autophagy-related genes; MAP-LC3PE, microtubule-associated protein 
light chain 3 phosphatidylethanolamine; PI3K, phosphatidylinositol 3-kinase; ULK1, unc-51 like kinase 
1;Vps, vacuolar protein sorting.
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in  autophagy-deficient C. elegans mutant, which strongly suggests that ER- and Sirt1-
dependent effects on the extension of longevity are mediated by the activation of autoph-
agy (Morselli et al., 2010). In mammals, Sirt1 has been demonstrated to positively regulate 
autophagy, in part through upregulation of the expression of autophagy-related genes 
(Lee et al., 2008), and also through the activation of transcription factors linked to the 
autophagic processes, such as FOXO1 which moves to the nucleus after Sirt1-mediated 
deacetylation (Hariharan et al., 2010). An additional member of FOXO family, target of 
Sirt1-deacetylation (Brunet et al., 2004), FOXO3, also intervenes in autophagy, appar-
ently by promoting PI3K–AKT1-dependent phosphorylation and translocation of FOXO1 
from the nucleus to the cytoplasm, resulting in an increase in FOXO1-induced autophagy 
(Zhou et al., 2012). FOXO1 presents a dual function in autophagy regulation, intervening 
both in transcription and as mediator of the process in the cytoplasm. In addition, con-
sidering that Sirt1 intervenes in NAD+-dependent direct deacetylation of the proteins 
Atg5, Atg7 and Atg8 (Lee et al., 2008), acetylation/deacetylation seems to constitute an 
important post-translational modification in the mechanism of autophagosome formation 
(Rajawat et al., 2009).

Impairment of autophagy, mainly through the loss of activity of ATG genes, is associ-
ated with neurodegenerative diseases that result from the accumulation of aggregated 
proteins. In fact, it was demonstrated in murine models of Parkinson and Huntington 
diseases that induction of autophagy by mTOR-dependent mechanisms ameliorated the 
symptoms of these diseases (Ravikumar et al., 2004; Berger et al., 2006). On the other 
hand, the role of autophagy in cancer progress remains far from being clarified. Autophagy 
apparently interferes in a specific fashion with the survival or suppression of each tumor 
cell population; it either increases cell survival under conditions of limited oxygen and 
nutrients or favors removal of damaged or mutated proteins and organelles (reviewed in 
Gelino & Hansen, 2012; Sato et al., 2007).

2.5 Energy restriction mimetics

Despite the fact that controlled trials of long-term ER in humans remain limited, its 
benefits in added years of healthy life are evident. However, this nutritional pattern is 
hard to maintain owing to hunger, cold and diminished libido that assist mammals to 
cope with these conditions (Speakman & Mitchell, 2011). The need to elucidate the 
molecular pathways and cellular modifications that are associated with ER has 
prompted the scientists to develop strategies to mimic the effects of food restriction. 
These strategies include a group of drugs, named “ER mimetics” that intervene in the 
major pathways affected by ER with the intention of obtaining its benefits while avoid-
ing the undesirable side effects of this nutritional regimen. In fact, the ideal ER mimetic 
should produce  metabolic, hormonal and physiological effects similar to those of ER 
without reducing the food intake and provide beneficial effects on mortality and age-
associated diseases (Ingram et al., 2006). According to the interventional mechanism, 
the ER mimetics can be classified into four groups: (a) drugs that stimulate sirtuin 
activity; (b) drugs that intervene in the IGF-1/insulin signaling pathway; (c) drugs that 
inhibit mTOR signaling; and (d) other interventions, including antilipolytic effects. 
The main biological and molecular interventions of ER mimetics are summarized 
in Table 2.4.
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2.5.1 Sirtuin activity stimulators
Sirtuin activity stimulators were the first class of drugs proposed to mimic the molecular 
effects of ER (Wood et al., 2004). Some described activators of Sirt1 are naturally present 
in food, such as omega-3 and omega-9 fatty acids, and the polyphenolic compounds 
butein, piceatannol, fisetin, quercetin and resveratrol (Xue et al., 2012; Lim et al., 2013; 
Wood et al., 2004). The most studied Sirt1 activator is resveratrol, a stilbene polyphenol 
(3,5,4′-trihydroxystilbene), the anti-obesity effects of which are described later. Although 

Table 2.4 Summary of ER mimetics molecular interventions.

Compound Class of ER mimetic Main biological and molecular effects

Resveratrol Sirtuin activity stimulator ↑ AMPK
↑ Sirt1 gene expression
Shift in transcriptional profile of mice that 
overlaps ER effect
↑ Mitochondrial biogenesis
↑ Autophagy
↑ Longevity in high-fat diet fed mice
↓ Inflammation in mice and human
↑ Vascular function in mice and human
↑ Motor coordination in mice
↓ Cataract formation in mice
Improvement of metabolic profile in mice 
and human
↓ Intrahepatic lipid deposition in human

Metformin Antidiabetic drugs ↑ Lifespan in mice
↑ Healthspan in mice
↓ Glucose levels in blood
↑ Cardiovascular protection
↓ AGE formation
↑ AMPK
↓ Levels of insulin and IGF-1 in blood
↑ Autophagy
↓ mTOR

Pioglitazone ↑ AMPK
↑ Sensibility to insulin
↓ AGE formation
↑ Telomerase
↓ Stress-induced endothelial cells 
apoptosis

Rapamycine Inhibitor of mTOR ↑ Autophagy

Spermidine Polyamines ↓ Histone acetyltransferases activity
↑ Autophagy
↓ Oxidative stress

Acipimox Antilipolytic drugs ↓ Free fatty acids and glucose levels in blood
↑ Glucagon/insulin ratio
↑ Autophagy

↓ Membrane dolychol accumulation3,5-Dimethylpyrazole

AGE, advanced glycation end-products; AMPK, AMP-activated protein kinase; ER, energy resctriction; IGF-1, 
insulin-like growth factor 1; mTOR, mechanistic target of rapamycin; Sirt1, sirtuin 1.
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resveratrol’s role was originally thought to be restricted to direct enhancent of deacety-
lase activity of Sirt1, some evidence supports the hypothesis that activation of Sirt1 by 
resveratrol could be primarily mediated by activation of AMPK, which acts as a primer 
sensor of NAD+ levels, leading to its increase when low, which then results in Sirt1 
activation (Hu et al., 2011; Park et al., 2012). In addition, resveratrol also induces Sirt1 
mRNA transcription in a dose-dependent fashion, as demonstrated in retinal stem cells 
(Peng et al., 2010), and activates Nfr2 (Sykiotis et al., 2011; Csiszár et al., 2014). Resveratrol 
treatment was shown to delay mortality in high-fat-diet-treated mice (Baur et al., 2006), 
but apparently not in normal rodent-chow-treated animals (Strong et al., 2013; Pearson 
et al., 2008b; Miller et al., 2011). ER leads to an adjustment of the transcriptional profile 
that overlaps with that observed in the heart, skeletal muscle and brain of resveratrol-
treated mice, which interestingly diverges from that observed in the same tissues when 
aged (Pearson et al., 2008b; Baur et al., 2006; Barger et al., 2008). In fact, resveratrol, 
through dietary supplementation, is as effective as ER in opposing the majority of age-
related transcription alterations in the ageing heart (Barger et  al., 2008). In addition, 
resveratrol-fed elderly mice presented an amelioration of age-associated features, such as 
those that affect inflammatory state, endothelial function, vascular elasticity, motor 
coordination, cataract formation (Pearson et al., 2008b) and metabolic profile, including 
insulin sensitivity and mitochondria biogenesis (Baur et al., 2006).

Resveratrol is present at low levels and shows low bioavailability in foodstuffs, and 
indeed novel sirtuin activators, including reformulated versions of resveratrol and also 
structurally unrelated molecules, have been developed (Villalba & Alcaín, 2012), so far 
with limited applicability as a mimetic of beneficial ER effects. Nutraceutical formulations 
containing high-doses of resveratrol were demonstrated to reproduce the gene expression 
profile of ER, enhance mitochondria biogenesis and improve metabolic and inflammatory 
pathways in mice fed a high-calorie diet (Smith et al., 2009), and also to produce beneficial 
effects in healthy and hypertensive obese men, ameliorating circulating glucose and lipids 
levels, inflammation markers, endothelium-dependent vasodilatation and decreasing intra-
hepatic lipid deposition (Timmers et al., 2011; Wong et al., 2011, 2013). Concerning other 
compounds with recognized sirtuin-activator ability, several synthetic products (Milne 
et al., 2007) have been tested in murine models and have been shown to induce similar 
effects to those observed in resveratrol treatments (reviewed in Villalba & Alcaín, 2012).

Interestingly, some everyday medication has been demonstrated in in vitro studies to 
 modulate Sirt1 expression; in particular, l-thyroxin, insulin and sodium nitroprusside 
were shown to present upregulatory effects (Engel & Mahlknecht, 2008). In addition, it 
was recently reported that one of the pleiotropic vascular-protecting effects of statins 
encompasses the Sirt1 activation ability (Ota et al., 2010). Despite the promising effects of 
sirtuin activators, to date, none has been shown to increase the lifespan of mice fed a 
normal diet.

2.5.2 antidiabetic drugs
Several studies in the mouse suggest that treatment with biguanides that are widely 
used as antidiabetic drugs increase the mean and the maximum lifespan, and strongly 
decrease the incidence of spontaneous tumors (reviewed in Speakman & Mitchell, 
2011). Among others, metformin, which currently is the oral biguanide most frequently 
prescribed to hyperglycemic patients, was recently demonstrated to improve healthspan 
and lifespan in mice (Martin-Montalvo et  al., 2013). In addition, it was reported 
that  metformin is more effective than insulin in reducing all-cause mortality and 
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diabetes-related endpoints in diabetic patients, providing cardiovascular protection 
independently of its hypoglycemic effects (Kirpichnikov et al., 2002). Metformin inhibits 
hepatic glucose production and increases sensitivity to insulin while reducing glucotox-
icity in type 2 DM (Wiernsperger & Bailey, 1999), and is the best studied biguanide in 
the context of mimicking ER effects. By reducing glucose in blood, metformin decreases 
the formation of AGE, a hallmark of cells and tissues in the elderly, and reduces oxidative 
and nitrosative stress as shown in type 2 DM patients (Chakraborty et al., 2011). In non-
diabetics, metformin therapy also elicits beneficial effects, inducing the reduction of 
plasma levels of insulin and of free IGF-1 (Fruehwald-Schultes et al., 2002). Moreover, 
it has been demonstrated that metformin, in an indirect manner via an increase in AMP/
ATP and ADP/ATP ratios, activates AMPK (Zhou et al., 2001), and also autophagy, pre-
senting protective effects as demonstrated in the heart of type 1 DM mice (Xie et al., 
2011). Metformin has also recently been reported to inhibit mTOR (Kalender et  al., 
2010), thereby suggesting a potential overlap in the signaling pathways induced by both 
metformin and rapamycin (discussed later). Concerning mitochondria, namely the 
complex I activity, the effect of metformin remains far from being clarified, owing to 
recently reported evidence of its ability to increase mitochondrial activity in cultured 
muscular cells (Vytla & Ochs, 2013), conversely to its classically considered repressive 
action (Owen et al., 2000).

Pioglitazone is a member of the family of thiazolidin–dione compounds used in 
the treatment of diabetes, and similarly to metformin, sensitizes peripheral tissues to 
insulin and activates AMPK (Coletta et al., 2009). As an inhibitor of glycation, piogli-
tazone reduces AGE formation in tissues (Rahbar et al., 2000) and is thus considered 
an anti-ageing drug, at least in D. melanogaster (Jafari et al., 2007). In addition, piogli-
tazone activates aortic telomerase and prevents stress-induced endothelial apoptosis 
in mice and human cultured cells (Werner et al., 2011). It was also demonstrated that 
mRNA levels of Sirt1 were increased in nondiabetic subjects treated with piogli-
tazone, combined with ephedrine and caffeine (Bogacka et al., 2007), supporting the 
existence of additional crosstalk between pathways activated by pioglitazone that 
mimic ER-induced protection.

2.5.3 rapamycine
Rapamycine and other drugs that inhibit the mTOR pathway could be used as ER 
mimetics, particularly because they are able to increase longevity in mice, even when 
treatment is initiated later in life (Harrison et al., 2009; Miller et al., 2011). Interestingly, 
it was recently reported that mTOR signaling in human cell lines and mouse tissues may 
be negatively regulated by Sirt1 (Ghosh et al., 2010). The inhibition of mTOR strongly 
activates autophagy in cells, and this could be the main intervention in the ER-like effects 
that it produces. Interestingly, autophagy seems to be a common pathway of several (if 
not all) life-prolonging measures (Madeo et al., 2010). Other classes of compounds, dis-
cussed later, also intervene in the upregulation of autophagy, and indeed present benefi-
cial effects.

2.5.4 Polyamines
Spermidine is a polyamine, cellular levels of which decrease with ageing, which could 
also be considered an ER mimetic owing to its ability to induce autophagy and to increase 
longevity (Eisenberg et  al., 2009). In fact, spermidine exogenous supply triggers 
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epigenetic deacetylation of histone H3 through inhibition of histone acetyltransferases, 
apparently through a mechanism independent but complementary to that activated by 
Sirt1. The altered acetylation status of the chromatin leads to significant upregulation of 
various autophagy-related transcripts, promoting autophagy in yeast, flies, worms and 
human cells. It also mitigates oxidative stress and suppresses necrosis in ageing yeast and 
potently inhibits the increase in oxidative stress in elderly mice.

2.5.5 antilipolytic drugs
Antilipolytic drugs, such as 3,5-dimethylpyrazole or Acipimox, inhibit lipolysis, which 
causes a sudden decline in free fatty acids and glucose and an increase in glucagon/
insulin ratio in blood, a decrease in liver membrane dolichol accumulation and the pro-
motion of autophagy (Bergamini et  al., 1993; Donati et  al., 2004). In addition to the 
effects on insulin and glucagon secretion, treatment with antilipolytic drugs may influence 
the secretion of other hormones, such as glucocorticoids (Bergamini et al., 1993) and GH 
(Peino et al., 1996). This class of medicinal products is able to promote and intensify the 
anti-ageing effects of ER (Bergamini et al., 2003), even when administered once a week. 
On the other hand, Acipimox does not affect autophagy and biomarkers of ageing if 
given to rats fed ad libitum (Donati et al., 2004).
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Part 2

2.6 Obesity and ageing

Obesity, defined as excessive body fat accumulation, is a heterogeneous disorder with a 
final common pathway in which energy intake chronically exceeds energy expenditure. 
The energy imbalance and, therefore, the body fat accretion frequently begin in 
childhood. Considering that obesity acquired in this period of life tends to persist into 
adulthood, obesity prevention should begin in early life (Kelishadi, 2007). Preventing 
overweight is highly preferable to initiating BW loss treatment after weight gain occurs, 
because the failure rate in achieving and maintaining BW loss is very high.

Obesity rates have increased worldwide in recent years, with the condition now 
being referred to as an epidemic, or even pandemic, affecting almost every country and 
age group. Overweight is a frequent cause of disability and serious diseases, with 
significant impact on the global incidence of CVD, type 2 DM, hypertension, dyslipid-
emia, nonalcoholic fatty liver disease (NAFLD), cancer, infertility and pregnancy com-
plications, among many other conditions, including psychological issues (Longo & 
Fontana, 2010; Stevens et al., 2012; Soare et al., 2014). More recently, it has become 
evident that hyperglycemia and disturbed glycoregulation by modifications of the 
insulin receptor-mediated cell reactions, in addition to being related to type 2 DM 
development, can also contribute to cognitive decline and to age-associated dementias, 
such as Alzheimer disease (Robert, 2010).

In fact, data from large population studies suggest that lifestyle factors, such as seden-
tary lifestyle and excessive dietary intake, contribute to obesity, which may be respon-
sible for up to 70% of chronic diseases and to reduced longevity (Eyre et  al., 2004). 
Considering that the number of aged people is increasing worldwide, the number of aged 
obese also follows this tendency.

As previously described, adipose tissue has been recognized as an active endocrine 
organ that secretes a large number of bioactive polypeptides, that is, adipokines. 
Adipokines act centrally to regulate appetite and energy expenditure, and peripherally 
affect insulin sensitivity, oxidative capacity and lipid uptake. The adipokine profile 
changes in response to the amount and condition of adipose tissue and, in obesity, the 
imbalanced release of these molecules leads to metabolic disturbances that play a central 
role in the development of additional diseases. Obesity constitutes thus a particularly del-
eterious condition in the elderly and strongly contributes to the onset and progression 
of age-associated diseases and, ultimately, to decreased lifespan (Fontana et al., 2010b; 
Leal & Mafra, 2013).

2.6.1 Obesity as a premature death inducer
Obesity is clearly associated with increased morbidity and mortality, and therefore with a 
higher risk of premature death (Patel & Abate, 2013). In clinical practice, obesity has 
commonly been assessed by expressing BW as a function of height, the most frequently 
used index being the BMI. Numerous studies have shown that there is a J-shaped rela-
tionship between the BMI and morbidity/mortality risk. Thus a very low BMI is associ-
ated with increased mortality, even after correction for the presence of eventual 
underlying morbid conditions. On the other side of the spectrum, there is a progressive 
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increase in the risk of comorbidities associated with an increase in BMI (Tchernof & 
Després, 2013). Notwithstanding the linear relationship between BMI and metabolic dis-
turbances leading to CVD, this index does not take into account the heterogeneity of 
regional BFM deposition (Després et al., 2001).

Extensive scientific evidence supports the association of greater BFM, especially if 
centrally distributed, with a higher risk of CVD, including coronary heart disease, heart 
failure and sudden death (Fox et al., 2007). There is consensus that insulin resistance is 
the key underlying pathophysiologic process for the development of many of the obesity-
associated comorbidities (Patel & Abate, 2013). However, obesity and adiposity seem to 
interfere in disease onset in a more complex fashion, since obese men without other met-
abolic or cardiovascular risk factors are at increased risk for cardiovascular events and 
death compared with nonobese individuals also without risk factors (Kuk & Ardern, 
2009; Arnlov et  al., 2010), and on the other hand, subjects who have a BMI within 
normal range but have high adiposity present a higher prevalence of cardiometabolic 
dysregulation, metabolic syndrome and cardiovascular risk factors (Romero-Corral et al., 
2010). The classification of these metabolically dysfunctional obese individuals correlates 
with the presence of crown-like structures, which are histological features characterized 
by the accumulation of macrophages around dead adipocytes in inflamed adipose tissue 
(Murano et al., 2008). Since a key function of macrophages is to remove apoptotic cells 
in an immunologically silent manner to prevent the release of noxious substances, it is 
reasonable to speculate that the presence of crown-like structures in adipose tissue 
reflects a pro-inflammatory state that is, in part, due to an impairment of the macro-
phage-mediated phagocytic process (Ouchi et al., 2011).

Insulin resistance and related metabolic abnormalities may be due to differential dis-
tribution of adipose tissue and/or adipose tissue dysfunction (Patel & Abate, 2013). 
Although the underlying mechanisms are not fully known, visceral adiposity is more 
closely associated with obesity-related pathology than peripheral subcutaneous fat, even 
if localized in the abdominal region. It is important to note that, whereas peripheral 
sWAT tends to decrease with age, vWAT does not seem to be affected (Cartwright et al., 
2007). This is particularly important since many investigators have reported that vWAT 
is a major contributor to metabolic risk, whereas sWAT may have a protective role 
(McLaughlin et  al., 2011). sWAT located in the gluteofemoral region is particularly 
protective, even when present in large cells (Manolopoulos et al., 2010).

In fact, adipocytes in sWAT easily differentiate and expand to store large amounts of 
triacylglycerol. This storage capacity serves to limit vWAT mass and ectopic lipid deposi-
tion in the liver, the heart and muscle, which is associated with obesity-induced insulin 
resistance (Wang et al., 2008a; Kursawe et al., 2013).

The importance of BFM distribution has been extensively studied. There is compelling 
evidence that adipose compartments differ in their endocrine activity and paracrine secre-
tion profiles, with different impacts on glucose homeostasis, and thus the accompanying 
metabolic risk and morbidity (Hammar & Östgren, 2013). Broadly, a truncal distribution of 
BFM owing to vWAT accumulation is more closely connected with increased death rates for 
CVD, but also with cancer at multiple sites (Hammar & Östgren, 2013). Furthermore, peri-
vascular fat depots may trigger local vascular inflammation and remodeling. In agreement 
with this, it was demonstrated that periaortic fat is independently associated with the prev-
alence of peripheral artery disease (Fox et al., 2010), and greater pericardial fat correlates 
positively with the presence of coronary calcification (Rosito et al., 2008; Liu et al., 2010).
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Regardless of the relevance of BFM distribution, several lines of experimental evidence 
suggest that the cellular characteristics of fat depots, including adipocyte size, macrophage 
accumulation, arteriolar dysfunction, angiogenesis and cellular hypoxia, are related to a 
greater cardiometabolic risk, independently of the absolute volume of adipose tissue in any 
given depot (Pasarica et al., 2009; Gealekman et al., 2011; Farb et al., 2012; Rosenquist et al., 
2013; Lafontan, 2014). Adipocyte volume is a determinant of the cell’s functionality, with 
larger adipocytes predicting more adverse cardiometabolic risk. In fact, fat depots with 
higher lipid content and lipolytic activity can increase systemic free fatty acids, which leads 
to increased lipid synthesis, gluconeogenesis and muscle and hepatic insulin resistance, 
resulting in hyperlipidemia, glucose intolerance, hypertension and ultimately atheroscle-
rosis (Koutsari & Jensen, 2006; Lafontan, 2014). Fat cell size is inversely associated with 
insulin sensitivity, and the presence of large adipocytes in abdominal sWAT is considered an 
indicator of decreased adipogenic potential and can be the trigger for increased macrophage 
infiltration and inflammatory process activation (Lundgren et al., 2007). Indeed, subcuta-
neous abdominal adipocyte hypertrophy is considered to be an independent risk factor for 
developing type 2 DM, regardless of BMI, adiposity and BFM distribution (Weyer et al., 2000).

The existence of a deficit in the vascular NO bioavailability – endothelial dysfunction – is 
the first stage in the transition from normal vascular function to vasodilation disability, 
inflammation, atherogenesis and ultimately overt atherosclerosis. In fact, NO bioavailability 
is inversely related to the progression of vascular disease (Sandoo et al., 2010). Accordingly, 
endothelial dysfunction is an early indicator of atherosclerotic damage and a high-quality 
prognostic marker of future cardiac events (Akcakoyun et al., 2008). Endothelial dysfunction 
in aged individuals vasculature has been consistently described in rodents, nonhuman pri-
mates and humans (Ungvari et al., 2010; Lind et al., 2011; Seals et al., 2011). This evidence 
demonstrates that ageing is an independent and unmodifiable factor associated with endo-
thelial dysfunction even in the absence of obesity-related morbilities (Rodriguez-Mañas 
et al., 2009), conditions that per se impair endothelium-dependent vasodilation. In fact, obe-
sity is a chief contributor to endothelial dysfunction in the elderly, and conversely, ER is a 
simple strategy that results in improvement in endothelial function in aged animals (Nisoli 
et al., 2005; Ungvari et al., 2008; Csiszar et al., 2009; Kondo et al., 2009), including humans 
(Sasaki et al., 2002; Raitakari et al., 2004; Meyer et al., 2006; Pierce et al., 2008). ER confers 
vasoprotection in ageing and in pathological conditions that promote accelerated vascular 
ageing, such as oxidative stress and inflammation (Feige et al., 2008; Ungvari et al., 2008; 
Csiszar et al., 2009; Ketonen et al., 2010; Rippe et al., 2010).

Obesity also interferes in endothelial function through regulation of circulating 
vascular growth factors levels. Adipose tissue is well vascularized and is regarded as a key 
source of these regulatory molecules (Rehman et al., 2003; Bell et al., 2006; Cao, 2007). 
Accordingly, obese individuals have higher serum levels of vascular endothelial growth 
factor (VEGF), hepatocyte growth factor and soluble tyrosine kinase with immunoglob-
ulin-like and EGF-like domains (Tie)-2, whereas data regarding angiopoietin 2 are 
conflicting (Rehman et al., 2003; Silha et al., 2005; Bell et al., 2006; Lieb et al., 2009, 2010; 
Loebig et al., 2010; Kaess et al., 2012). Evidence indicates that adipogenesis and angiogen-
esis (new blood vessel formation) are temporal and spatially related (Tang et al., 2008; 
Rutkowski et al., 2009), with growth of newer vessels occurring in parallel with adipocyte 
hyperplasia. Indeed, adipocyte-secreted adipokines with pro-angiogenic activity, such as 
VEGF, placental growth factor, leptin and apelin, as well as antiangiogenic factors such as 
thrombospondin and endostatin, are a central requisite for adipose tissue expansion 
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(Nishimura et al., 2007; Lafontan, 2014). However, as well as local effects, these adipokines 
may influence other vascular beds, and induce pathogenic neovascularization, such as 
that observed in the atherosclerotic plaque. Indeed, the levels of the aforementioned 
angiogenic factors secreted by adipose tissue are elevated in serum of obese patients, and 
ultimately intervene in the pathogenesis of CVD and cancer (Silha et al., 2005; Rehman 
et al., 2003). As angiogenesis is required for adipose tissue expansion, inhibitors of angio-
genesis may inhibit adipose tissue expansion, and hence reverse obesity in genetic and 
diet-induced rodent models of obesity (Cao, 2010). The heterogeneity and scarcity of 
studies in humans, particularly in those who are elderly, which is associated with impaired 
angiogenesis, limit straightforward conclusions. Nevertheless, the most promising studies 
and anti-obesity nutrients presenting anti-angiogenic effects are discussed later.

2.6.2 adipose tissue and metabolic dysregulation
Numerous studies have elucidated the intervention of adipose tissue and adipocyte 
dysfunction in the pathophysiology of insulin resistance and other obesity-related dis-
eases, considering the strong association between high BFM and dysfunctional metabo-
lism (Lafontan, 2014).

Adipose tissue consists of a variety of cells other than adipocytes, such as vascular cells, 
fibroblasts, macrophages stromal cells and monocytes, and its accretion, through adipocyte 
hypertrophy and hyperplasia, could lead to regions of hypoxia and increased cellular 
oxidative stress or endoplasmic reticulum (ERet) stress, discussed later (Lafontan, 2014). 
Hypoxia effects in adipose tissue deserve special attention, as they are thought to be involved 
in the induction of fibrosis and stimulation of local inflammatory responses (Halberg et al., 
2009). The activation of the transcription factor HIF-1α in visceral adipocytes from mice is 
critical for the progression of obesity-associated pathologies such as glucose intolerance, 
insulin resistance and cardiomyopathy (Krishnan et al., 2012). Likewise, other adipose tissue-
secreted molecules related to inflammation or metabolic disturbances are also hypoxia-
induced, such as macrophage migration inhibitory factor, matrix metalloproteinase (MMP)-2 
and MMP-9, IL-6, TNF-α, MCP-1, plasminogen activator inhibitor-1 (PAI-1), VEGF and 
leptin. In support of this idea, adipose tissue-specific genetic repression of endogenous HIF-
1α activity, or treatment with an inhibitor (PX-478), resulted in the improvement of adipose 
tissue metabolic dysfunction and reduction of macrophage infiltration in mice (Jiang et al., 
2011; Leal & Mafra, 2013; Sun et al., 2013). Thus, inhibition of HIF-1α activity in adipose 
tissue may be a promising strategy to improve obesity and insulin resistance.

The main role of WAT is triglyceride storage and fatty acid release over periods of 
starvation; however, adipocytes are not simple depots (Leal & Mafra, 2013). Instead, 
WAT is a dynamic endocrine organ that secretes several molecules, such as adipokines 
and pro-inflammatory cytokines (Leal & Mafra, 2013; Vielma et al., 2013). As individuals 
accumulate fat and their adipocytes enlarge, adipose tissue undergoes molecular and cel-
lular alterations, macrophages accumulate and inflammation ensues (Cancello et  al., 
2005). Infiltrated and activated macrophages in adipose tissue are responsible for most 
pro-inflammatory cytokine production, in particular IL-6 and TNF-α, and also repress the 
production of anti-inflammatory and insulin-sensitizing adipokines, such as adiponectin 
(Ouchi et al., 2011). This state of inflammation interferes with insulin signaling, not only 
locally, but also establishing global insulin resistance (Lafontan, 2014). Moreover, 
enhanced fibrotic processes in adipose tissue, in response to inflammation, can worsen 
inflammation in a vicious circle that leads toward irreversibility.
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Although ageing per se has been reported to affect mechanisms involved in the 
development of insulin resistance (Einstein et al., 2010), adipose tissue accretion appar-
ently possesses a prevalent effect. Supporting this assumption, ER could be a useful tool 
to avoid and/or ameliorate insulin resistance because it mitigates inflammation (Esposito 
et al., 2003). In contrast, it was reported that the removal of large amounts of subcuta-
neous abdominal fat by liposuction improves neither inflammation nor other cardio-
metabolic risk factors (Klein et al., 2004).

Recently, many studies have shown that muscle triglyceride accumulation is an impor-
tant causative factor for the progression of metabolic disorders (van Herpen & Schrauwen-
Hinderling, 2008). In fact, enhanced intramyocellular lipid content is indicative of an 
oversaturation of the lipid storage capacity in WAT, thereby creating a spillover 
phenomenon that may also affect other organs. This ectopic accumulation of lipids in cells 
other than adipocytes promotes a number of lipotoxic insults in those cells, thereby 
leading to (or worsening) insulin resistance and the inflammatory state (Unger et  al., 
2010). In this setting, ER exhibits an exceptionally broad protective effect against age-
related changes in lipid metabolism, including adiposity and TG levels. Although it is 
 recognized that ER clearly reduces the age-related increase in adiposity, the precise mech-
anisms of ER concerning the relation between adipogenesis and ectopic lipid accumulation 
are not fully known (van Herpen & Schrauwen-Hinderling, 2008).

2.6.2.1 Adipose tissue and disruption of endocrine secretion of adipokines
One of the aspects recently recognized to be associated with increased adiposity is the 
induction of neuroendocrine effects, including sympathetic nervous and angiotensin 
system activation, and alteration of adipokine secretion (Fontana, 2009).

Dysregulated production/secretion of adipokines by hypertrophied adipocytes is 
strongly associated with obesity-related disturbances. In fact, these cells hypersecrete 
pro-inflammatory and pro-diabetic adipokines while decreasing production of adipo-
kines affording protection against inflammation and diabetes. For instance, in larger 
 adipocytes leptin production is markedly increased (Guo et al., 2004), but the synthesis of 
adiponectin and apelin, two adipokines with beneficial effects on insulin sensitivity and 
vascular function, is impaired (Lafontan, 2014).

In obesity, increased adipose mass in the presence of hyperleptinemia indicates resis-
tance to endogenous leptin, although paradoxically, hyperleptinemia by itself causes 
leptin resistance by increasing the expression of proteins that block its  signaling. One 
such protein is the muscle suppressor of cytokine signaling-3 (SOCS-3), overexpression 
of which not only inhibits insulin signaling but also leads to suppression of leptin- 
regulated genes involved in fatty acid oxidation and mitochondrial function, contributing 
to ectopic accumulation of lipids and to insulin resistance (Yang et al., 2012; Jorgensen 
et  al., 2013). Furthermore, since hyperleptinemia induces macrophage activation, 
increasing levels of TNF-α, ROS and inducible NO synthase-derived NO potentially 
 present deleterious effects on the cardiovascular system (Leal & Mafra, 2013).

2.6.3 Mitochondrial dysfunction
Ageing and obesity are two strong contributors to mitochondrial dysfunction, the 
former being involved in insufficiency of mitochondrial quality control and turnover 
mechanisms (such as attenuated autophagy). Adaptation to an excess nutrient 
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 environment interferes with mitochondrial function in a magnitude that reflects the 
duration to which the organism has been exposed to overnutrition (reviewed in Liesa 
& Shirihai, 2013). Conversely, ER counteracts these effects. The main cellular functions 
inversely affected by ageing/obesity and ER are summarized in Fig.  2.2. In a very 
 interesting and recent study, Schmeisser et al. showed that, regarding lifespan, mito-
chondrial complex I inhibition exerts an effect similar to ER, but independently of 
FOXO, AMPK or sirtuins signaling (Schmeisser et  al., 2013). Complex I inhibition-
induced longevity extension is dependent on p38 MAPK and Nrf2 activation, resulting 
from a momentary increase in mitochondrial ROS production (Schmeisser et al., 2013). 
The outcomes of Nrf2 activation on oxidative stress defenses and metabolic control can 
be found in Section 2.4.4.

2.6.4 Endoplasmic reticulum stress
As a complex process characterized by an inexorable progressive loss of function and 
homeostasis, ageing is associated with a decrease in the cellular capacity to respond to 
several forms of stress that might contribute to an impaired functionality of the cells, 
 tissues and organs (Hussain & Ramaiah, 2007; Inagi, 2009; Wu et  al., 2010), even in 
the absence of pathological conditions (Wu et al., 2010). In addition to increased levels 
of oxidative damage and mitochondria-dependent mechanisms of apoptosis (Stadtman, 
2001; Rabek et al., 2003), some studies have recently suggested that impaired function-
ality of the ERet may also play an important role in the ageing process (Stadtman, 2001; 
Ikeyama et  al., 2003; Rabek et  al., 2003; Hussain & Ramaiah, 2007; Pfaffenbach & 
Lee,  2011). Moreover, strong evidence demonstrates that obesity contributes to the 
 age-related decline of the cellular response to ERet stress.

ERet stress

Mitochondrial dysfunction

Oxidative stress

In�ammation

Insulin resistance

Telomere shortening

Genomic instability

ER

ER

Ageing
obesity

Ageing
obesity

Proteosome activity

Autophagy

DNA repair

Figure 2.2 Resume of the main cellular functions inversely affected by ageing/obesity and ER. ER, 
energy restriction; ERet, endoplasmic reticulum.
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2.6.4.1 Endoplasmic reticulum stress-induced unfolded protein response
ERet is a large membrane-enclosed-sensing cellular stress compartment, in which 
nascent membrane and secretory proteins are synthesized and folded into the final 
three-dimensional structures as well as a site where steroids, cholesterol and other lipids 
are synthesized (Schroder & Kaufman, 2005; Ron & Walter, 2007; Kitamura, 2008; 
Zhang & Kaufman, 2008). The ERet lumen is characterized by an oxidative environ-
ment and high calcium levels (and plays a role in calcium storage and homeostasis). In 
fact, protein folding is an oxidative process that generates ROS as by-products (Zhang & 
Kaufman, 2008).

ERet is the central regulator of protein folding, quality control, trafficking and tar-
geting, and its ability to adapt and manage adverse conditions appears thus to be of 
 paramount importance for the cell. Nowadays, it is well known that several 
physiological, such as ageing, and also pathological conditions may decrease the ERet 
protein-folding, quality control and trafficking machinery, leading to a cellular pertur-
bation termed ERet stress, which is characterized by the accumulation of unfolded and/
or misfolded proteins in the ERet (Kaufman, 2002; Ozcan et  al., 2004; Schroder & 
Kaufman, 2005; Ron & Walter, 2007; Hetz et al., 2011; Hetz, 2012). In response to the 
accumulation of unfolded and/or misfolded proteins, the ERet orchestrate a coordi-
nated adaptive response collectively known as the unfolded protein response (UPR) in 
order to cope with stressful conditions (Kitamura, 2008; Back & Kaufman, 2012; Hetz, 
2012). The UPR results from the activation of three distinct signal transduction path-
ways mediated by the protein kinase-activated by double-strand RNA (PKR)-like ERet 
kinase (PERK), the inositol requiring enzyme 1 (IRE1) and the activating transcription 
factor (ATF)-6 (Kaufman, 2002; Ron, 2002; Ron & Walter, 2007; Malhi & Kaufman, 
2011). Under conditions of ERet homeostasis, these three UPR transmembrane sen-
sors are inactive through binding of the glucose related protein 78/immunoglobulin 
heavy chain-binding protein (GRP78/BiP) (Hotamisligil, 2010). However, under ERet 
stress conditions, when the protein load in the ERet overcomes the ERet folding and/
or quality control capability, leading to the accumulation of unfolded and/or mis-
folded proteins in the ERet lumen, BiP is released from the UPR sensors resulting in 
their activation. Then, activation of PERK, ATF-6 and IRE1 triggers complex down-
stream signaling pathways (Ron & Walter, 2007). The activation of PERK leads to 
eukaryotic initiation factor (eIF)2α phosphorylation and, consequently, global atten-
uation of protein synthesis and subsequent reduction of the ERet workload 
(Hotamisligil, 2010). Alternatively, activation of the PERK-eIF2α pathway induces the 
translation of the ATF-4 gene as well as of the genes involved in the ERet redox con-
trol, such as Nrf2 (Cullinan et al., 2003; Cullinan & Diehl, 2004, 2006). When detached 
from BiP, ATF-6 transits to the Golgi apparatus where it is activated by site-1 and 
site-2 proteases. Then, activated ATF-6 translocates to the nucleus where it triggers 
the activation of several UPR effectors (including chaperones and signal transducers) 
involved in protein folding, processing and degradation (Hotamisligil, 2010; Hetz et al., 
2011). Additionally, activated IRE1 catalyzes the removal of a small intron from the 
mRNA encoding the X-box binding protein-1 (XBP1), through an alternative mecha-
nism of  splicing of the XBP1. Spliced XBP1, alone or in conjugation with ATF-6, 
induces the expression of chaperones and proteins involved in ERet biogenesis, phos-
pholipids synthesis and ERet-associated degradation (Hotamisligil, 2010; Lee et  al., 
2011a).
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The main purpose of this complex and coordinated activation of the UPR is to mitigate 
the ERet stress by attenuating general protein translation, increasing misfolded or 
unfolded protein degradation and increasing the expression of chaperones that assist the 
protein folding process in the ERet lumen (Ron & Walter, 2007; Rutkowski & Kaufman, 
2007; Hotamisligil, 2010; Fu et al., 2012). Therefore, the first phase of the UPR activation 
is generally regarded as a pro-survival mechanism, which provides a “window of opportu-
nity” for cells to readjust the ERet environment in order to cope with stress (Kitamura, 
2008). Nevertheless, if the adaptive response fails to mitigate the ERet stress and homeo-
stasis is not restored, cell functioning is compromised and apoptotic-signaling pathways 
may be triggered, which leads to cell death (Oslowski & Urano, 2010; Fonseca et al., 2011; 
Fu et al., 2012; Hetz, 2012).

2.6.4.2 Ageing-induced modification in unfolded protein response
The ageing process is characterized by accumulation of misfolded and modified proteins 
and by harmful protein aggregates (Salminen & Kaarniranta, 2010), clearly suggesting 
reduced ERet functionality (Fig. 2.3). In fact, increasing evidence associates alterations in 
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Figure 2.3 Endoplasmic reticulum stress in the ageing process. ATF-4, activating transcription factor-4; 
Bax, Bcl-2-associated X protein; Bim, Bcl-2 interacting mediator of cell death; Bcl-2, anti-apoptotic 
protein; BiP, immunoglobulin heavy chain-binding protein; Ca2+, calcium ion; CHOP, C/EBP homologous 
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PERK, protein kinase-activated by double-strand RNA (PKR)-like-endoplasmic reticulum kinase; ROS, 
reactive oxygen species; sXBP1, spliced X-box binding protein 1; XBP1, X-box binding protein 1.
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the ERet morphology and decline in the expression of ERet chaperones and transducers 
with ageing (Salminen & Kaarniranta, 2010). Taken together, these modifications affect 
protein-processing efficiency (Rabek et al., 2003; Kourtis & Tavernarakis, 2011) and con-
sequently create an unstable ERet environment unable to sustain cellular homeostasis 
(Kourtis & Tavernarakis, 2011), resulting in ERet misfolded protein accumulation.

Indeed, it is likely that “misfolded protein syndromes” of aged tissues might be  primarily 
caused by the failure of the ERet chaperone and transducer machinery (Rabek et al., 
2003; Salminen & Kaarniranta, 2010). Accordingly, several studies demonstrate that 
the efficiency of the ERet stress–UPR system declines during the ageing process (Naidoo, 
2009a, 2009b). Considering that in normal physiological conditions ERet quality con-
trol efficiency avoids accumulation of protein aggregates (Brown & Naidoo, 2012), it is 
plausible to hypothesize that accumulation of unfolded and/or misfolded proteins dur-
ing the ageing process could be a result of compromised protein quality control in the 
ERet. Additionally, age-related accumulation of misfolded proteins might be a result of 
an impaired cleansing system owing to the decline in the proteasomal degradation and 
autophagic processes, thus reinforcing the idea that the functionality of the  protein 
quality control system is compromised (Salminen & Kaarniranta, 2010; Brown & 
Naidoo, 2012).

The decrease in the efficiency of the ERet functionality can be explained, at least in 
part, by a reduction in ERet resident chaperones (such as BiP, GRP94 and calnexin), 
lower activity of protein disulfide isomerase (PDI; catalyzes protein disulfide bond 
formation and isomerization) and increased carbonylation of ERet proteins (Rabek et al., 
2003; Nuss et al., 2008; Salminen & Kaarniranta, 2010). Accompanying these alterations, 
eIF2α phosphorylation level, which is responsible for shutting down protein translation, 
and ATF-4 and XBP1 expression are clearly reduced in the ageing process (Paz Gavilan 
et al., 2006; Hussain & Ramaiah, 2007), which might result from the reduced expression 
of the upstream ERet stress signal transducers PERK and IRE1 (Paz Gavilan et al., 2006).

Nevertheless, there is solid evidence demonstrating that ageing is accompanied by a 
shift in the balance between the protective adaptive response and cell death signaling. In 
fact, complementary to the ERet stress, which reduces the capacity to restore cellular 
homeostasis, the expression of growth arrest and DNA damage-inducible protein 34 
(GADD34) and C/EBP homologous protein (CHOP; the major ERet stress-related apo-
ptosis inducer) is enhanced in the ageing context (Ikeyama et al., 2003; Li & Holbrook, 
2004; Paz Gavilan et al., 2006; Hussain & Ramaiah, 2007; Naidoo et al., 2008), thereby 
suggesting that ageing cells are more susceptible to ERet stress-induced apoptosis. CHOP 
appears to mediate cell death signaling using two different mechanisms: it increases 
expression of ERet oxidoreductase 1α, which transfers electrons from PDI during protein 
disulfide-bound formation to molecular oxygen, thus generating hydrogen peroxide as 
a  by-product; and, simultaneously, it decreases the levels of anti-apoptotic protein 
Bcl-2 and enhances levels of pro-apoptotic proteins Bcl-2 associated X protein (Bax) and 
Bcl-2 interacting mediator of cell death (Bim). Additionally, the ERet stress-induced ROS 
production may cause calcium leak from the ERet, leading to mitochondrial calcium 
accumulation, which, in turn, promotes mitochondrial depolarization and exacerbates 
ROS production further amplifying ERet stress and mitochondrial dysfunction (Kaufman 
et al., 2010; Zhang, 2010). On the other hand, CHOP antagonizes the inhibition of protein 
translation imposed by the PERK-eIF2α pathway through the increase in GADD34 
expression (Marciniak et  al., 2004; Oyadomari & Mori, 2004; Szegezdi et  al., 2009). 
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GADD34 dephosphorylates eIF2α, contributing to cell recovery from protein translation 
shut-down imposed by eIF2α phosphorylation (Novoa et al., 2001). Under unmitigated 
ERet stress conditions, increase in newly synthesized protein results in additional protein 
load augmenting the ERet stress, in a vicious circle.

Therefore, over time, it is plausible that unmitigated ERet stress probably plays an 
important role in some age-associated pathologies. In fact, ERet stress has been shown to 
be increased in type 2 DM, Alzheimer disease, Parkinson disease, NAFLD and chronic 
renal disease and CVD (Naidoo et al., 2008; Inagi, 2009; Wu et al., 2010; Brown & Naidoo, 
2012). It appears that, in all of these disorders, proteins or fragments of proteins are mod-
ified from their natural soluble forms to insoluble fibrils forms, which accumulate owing 
to the decreased efficiency of the proteosomal degradation system, causing organ 
dysfunction (Naidoo et al., 2008; Brown & Naidoo, 2012).

2.6.4.3 Obesity-induced endoplasmic reticulum stress
Obesity imposes significant metabolic challenge and disturbance, where an additional 
demand on the cellular synthetic and degradation machinery occurs in tissues, such as 
the liver, adipose tissue and pancreas, and results in the loss of homeostasis on tissues, 
organs and organisms (Hotamisligil, 2010).

Numerous factors, such as increased oxidative stress, mitochondrial dysfunction and 
chronic low-grade inflammation, underlie tissue damage in an obese environment 
(Ogihara et al., 2004; Anderson et al., 2009; Barazzoni et al., 2012; Rector et al., 2013). 
Additionally, obesity promotes ERet stress, which is relevant in the propagation of obesity-
induced metabolic disturbance (Fig. 2.4; Ozcan et al., 2004; de Ferranti & Mozaffarian, 
2008; Engin & Hotamisligil, 2010). Indeed, ERet stress plays a major role in the activation 
and amplification of inflammatory signaling and insulin resistance in response to obesity 
(Zhang et al., 2006; Zhang & Kaufman, 2008; Hotamisligil, 2010; Gregor & Hotamisligil, 
2011; Malhi & Kaufman, 2011; Lee et al., 2012; Miani et al., 2012) and sustained ERet 
stress has been described in humans and rodent models of obesity and/or NAFLD (Puri 
et al., 2008; Cnop et al., 2012; Zhang et al., 2014).

IRE1 and PERK pathways present an important function in the interconnection of 
ERet stress with the inflammatory signaling pathway (Urano et al., 2000; Hu et al., 2006; 
Zhang & Kaufman, 2008; Solinas & Karin, 2010). IRE1 activates not only IκB kinase, 
which phosphorylates NF-κB inhibitor (IκB) and leads to its degradation followed by 
NF-κB activation, but also the c-jun N-terminal kinase (JNK), increasing pro-inflammatory 
cytokine expression (Urano et  al., 2000; Hu et  al., 2006; Zhang & Kaufman, 2008). 
Furthermore, PERK-eIF2α-mediated suppression of protein translation leads to decreased 
expression of IκB, resulting in NF-κB activation with production of pro-inflammatory 
mediators (Deng et  al., 2004; Zhang & Kaufman, 2008). Conversely, IL-1β, TNFα and 
interferon gamma, which are increased in the context of obesity and relate to pancreatic 
β-cells dysfunction, are able to induce ERet stress, mainly through downregulation of the 
sarco/ERet pump Ca2+ATPase (SERCA)2b (and therefore depletion of Ca2+ from the ERet) 
and eventual decrease in the expression of several ERet chaperones, such as BiP and 
GRP94 (Cardozo et al., 2005; Gregor & Hotamisligil, 2007; Akerfeldt et al., 2008). ERet 
stress and inflammatory signaling pathways are also interconnected through intercellular 
ROS generation (Zhang, 2010; Gregor & Hotamisligil, 2011). Consequently, alterations in 
the redox status (and/or ROS generation) could affect ERet homeostais and protein 
folding (Malhotra & Kaufman, 2007), with increased oxidative stress representing 
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another mechanism bridging obesity to ERet stress (Gregor & Hotamisligil, 2007). 
Accordingly, in an opposite approach, it was demonstrated that ERet stress in the liver 
could be reduced/normalized through anti-inflammatory and anti-oxidant therapies, 
which resulted in the blockage of steatosis and insulin resistance (Shi et al., 2013) and 
improved protein folding and secretion (Malhotra et al., 2008), respectively. Therefore, in 
the context of obesity, ERet stress can amplify the inflammatory signaling but inflamma-
tion can also induce ERet stress (Cardozo et  al., 2005; Gregor & Hotamisligil, 2007; 
Akerfeldt et al., 2008; Miani et al., 2012), thereby resulting in a vicious circle. Consequently, 
this mutual amplification between ERet stress and inflammatory signaling might render 
cells less able to recover from injury, which can be even aggravated in the ageing setting.

Several downstream effectors of the UPR appear to be involved in the disruption of 
the insulin signaling cascade, with the activation of IRE1 and/or PERK pathways involved 
in the process (Ozcan et  al., 2004; Eizirik et  al., 2008; Zhang & Kaufman, 2008). The 
 precise mechanisms by which obesity-induced ERet stress impairs insulin signaling and 
metabolic control are complex and occur at different levels of the insulin signaling 
pathway (Fu et al., 2012). Obesity has been associated with increased JNK activation in 
the liver and adipose tissue (Hirosumi et al., 2002; Eizirik et al., 2008; Hotamisligil, 2008; 
Boura-Halfon & Zick, 2009), a via also activated by ERet stress that has been critically 
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implicated in the development and progression of insulin resistance through inhibitory 
serine phosphorylation of insulin receptor substrates 1 and 2 (Hirosumi et al., 2002; Solinas 
& Karin, 2010; Malhi & Kaufman, 2011; Cnop et al., 2012; Ozcan & Tabas, 2012). In order 
to compensate for the ongoing impaired insulin signaling, pancreatic β-cells increase insulin 
production, thus resulting in increased demand in β-cells for protein synthesis, folding and 
quality control and, consequently, in pancreatic ERet stress (Ozcan & Tabas, 2012).

Obesity-associated increase in hepatic lipid droplets accumulation can be explained by 
enhanced hepatic lipogenesis, enhanced fatty acid uptake and/or decreased hepatic lipo-
protein secretion (Wang & Kaufman, 2012; Zámbó et al., 2013). Nevertheless, nowadays 
it is well accepted that UPR pathway activation can play a major role in the regulation of 
lipogenesis and in the size and composition of lipid droplets, including regulation of cho-
lesterol metabolism (Gregor & Hotamisligil, 2007; Collison et al., 2009; Hotamisligil, 2010). 
The proteins of the SREBP family are involved in those processes. These proteins are cod-
ified by two genes in humans, SREBP1 and SREBP2, and are synthesized and located on 
the ERet membrane. The activation process of the SREBP proteins, which can be induced 
by the ERet stress, requires their translocation to the Golgi apparatus where they undergo 
successive cleavages by site-1 and site-2 proteases (similarly to the ATF-6 pathway 
activation), yielding the active transcription-regulatory forms SREBP-1a, SREBP-1c and 
mature SREBP-2, involved in cholesterol metabolism, lipid synthesis and/or storage 
(Kammoun et al., 2009; Damiano et al., 2010; Zhang et al., 2011, 2012; Lee et al., 2012; 
Lhoták et al., 2012; Fang et al., 2013; Xiao and Song, 2013). Alteration in ERet phospho-
lipid composition (higher concentration of phosphatidylcholine compared with phospha-
tidylethanolamine, owing to stimulation of lipid synthesis), simultaneously with SREBP 
activation, observed in the obese liver, inhibits SERCA2b activity, disrupts calcium homeo-
stasis and induces ERet stress (Fu et al., 2011). Reinforcing the tight interconnection bet-
ween ERet stress and NAFLD, hepatic overexpression of BiP or SERCA2b mitigates ERet 
stress and slows down hepatic lipogenesis, decreasing the risk for NAFLD onset (Ozcan 
et al., 2006; Kammoun et al., 2009; Fu et al., 2011; Lee & Ozcan, 2014; Zhang et al., 2014). 
Furthermore, the IRE1 pathway regulates the transcription of several genes involved in 
fatty acid/triacylglycerols/phospholipids synthesis, such as stearoyl-CoA desaturase-1, 
acetyl-CoA carboxylase 2 and diacylglycerol acyltransferase 2 (Hotamisligil, 2010). 
However, the relationship between ERet stress and lipid metabolism is bidirectional: 
activation of the UPR pathways can induce lipogenesis and altered lipid homeostasis while 
intracellular accumulation of (saturated) fatty acyl-CoA, aberrant lipid metabolism and 
alterations in the phospholipid composition of the ERet lead to ERet stress (Fu et al., 2011; 
Basseri & Austin, 2012; Zámbó et al., 2013), thus creating a vicious circle.

Obesity impairs autophagy, which also increases ERet stress and insulin resistance 
(Yang et al., 2010). Autophagy is a homeostatic process of intracellular self-degradation 
of long-lived protein aggregates and damaged organelles (Kawakami et al., 2009; Yang 
et al., 2010; Decuypere et al., 2011) and ERet stress-induced autophagy can be an adaptive 
mechanism to set out misfolded proteins that have escaped the ERet-associated proteoso-
mal degradation and, thus, assist the ERet in restoring cellular homeostasis (Ogata et al., 
2006; Yang et al., 2010). Since the ageing process is accompanied by decreased autoph-
agy, we could postulate that obesity in the ageing context could reinforce the failure in 
the autophagic system, thus resulting in further ERet dysfunction, creating a vicious 
circle and, consequently, contributing to metabolic deterioration and exacerbating age-
related cellular and tissue features.
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2.6.5 anti-obesity effects of natural compounds extracted 
from plants
A majority of older adults in the USA and Europe are overweight or obese. Beyond the 
ER dietary pattern, some natural compounds available in food, especially when plant-
derived, have been described as factors that ameliorate obesity (Meydani & Hasan, 2010; 
Hurt & Wilson, 2012). Their effects could be due to multiple mechanisms, and their main 
advantage is their accessibility and apparent safety of their consumption. The most 
studied anti-obesity compounds present in food are discussed later and the main effects 
are summarized in Table 2.5.

2.6.5.1 Polyphenols
Polyphenols constitute a vast class of compounds that possess anti-oxidant capacities, 
and thus their consumption significantly inhibits oxidative stress, atherogenesis and ath-
erosclerotic lesion development, which strongly protects various organs and in particular 
the cardiovascular system. Regular intake of polyphenols contributes to the delay or 
avoidance of age-associated diseases, as demonstrated in mice and humans. In addition, 
polyphenols directly intervene in the four main periods of the adipocyte life cycle: 
differentiation, proliferation, lipid accumulation and cell death. The main classes of 
 polyphenols available in food with apparent anti-obesity effects are focused on later. 
However, since most of the clinical studies have been done on young adults, polyphenol 
supplement use in the elderly should be treated with caution.

2.6.5.1.1 Cathechins
Green tea prepared from the unfermented dried leaves of the plant Camellia sinensis 
(Theaceace) is one of the most popular beverages in the world, and has been extensively 
studied for its putative disease-preventive effects. It is a beverage rich in polyphenolic 
flavonoids, in particular catechins, such as epicatechin, catechin gallate, epicatechin gal-
late, gallocatechin, gallocatechin gallate, epigallocatechin and EGCG, which is the most 
abundant, and reportedly has anti-obesity and anti-adipogenic effects.

The molecular pathways of anti-adipogenic mechanisms of EGCG at the adipocyte 
level have recently been elucidated in cultured 3 T3-L1 cells. It was demonstrated that 
EGCG dose-dependently inhibits, first, lipid droplet formation and differentiation into 
mature adipocytes (Chan et al., 2011). The repression of adipocyte phenotype is partly 
due to the downregulation of the expression of PPARγ and CCAAT enhancer binding pro-
tein α (C/EBPα) (Furuyashiki et al., 2004), adipogenic transcription factors involved in 
the expression of fatty acid binding protein (FABP) 4, a lipid-metabolizing enzyme 
involved in fat accumulation, and other lipid metabolizing enzymes. Concomitantly, 
EGCG upregulates β-catenin expression, and in particular favors its nuclear localization, 
demonstrating that EGCG-induced inhibition of adipogenesis is at least partially dependent 
on the Wingless and INT-1 (WNT)/β-catenin pathway (Lee et al., 2013). Second, EGCG 
inhibits cellular proliferation, suppressing the clonal expansion of adipocytes via insulin 
signaling and stress-dependent MAPK/ERK (extracellular-signal-regulated kinase) and 
PI3K/AKT pathways, through inactivation of FOXO1 (Kim & Sakamoto, 2012). Third, it 
induces apoptosis of adipocytes (Lin et al., 2005).

Over the past 10 years, there have been a number of studies in experimental animal 
models that support the anti-obesity effect of regular intake of catechins. In fact, it has 
been demonstrated that EGCG administration to both mice and rats avoids the BW 



Table 2.5 Anti-obesity effects of natural compounds provided by food.

Compound Class Food source Anti-obesity mechanisms

EGCG Polyphenol Tea ↓ Lipid droplet formation
↓ Adipocyte differentiation
↓ Clonal expansion of adipocytes
↑ Apoptosis of adipocytes
↓ High-fat diet induced weight gain in rodents
↓ Total percentage of body fat in rats
↓ Subcutaneous and mesenteric adipose tissue mass in rodents
↓ Fat deposition in liver in rodents
↓ Lipogenesis in rat liver
↑ Fecal excretion of fat and nitrogen rich-nutrients
↓ Cholesterol absorption on gastrointestinal tract
↓ Pancreatic lipases
↓ Angiogenesis
↑ Weight loss in metabolic syndrome elderly patients and 
obese individuals
↓ Appetite
↓ Leptin levels in the rodent blood

Curcumin Turmeric ↓ Lipid accumulation in droplets
↓ Adipocyte differentiation
↓ Fatty acid synthase in adipocytes
↑ Apoptosis of adipocytes
↓ Angiogenesis
↓ Fat deposition in liver in high-fat-treated rodents
↓ Macrophage infiltration in adipose tissue and liver in 
high-fat-treated rodents
↑ Glycemic control in type 2 diabetes mellitus mice
↑ Adiponectin in rodents
↓ Hepatic activity of NF-κB in rodents

Resveratrol Grapes
Red wine
Peanuts

↑ Adiponectin in cultured adipocytes
↓ mRNA expression of atherogenic adipokines
↓ Triacylglycerol content on adipocytes
↓ Adipocyte differentiation
↓ Adipocyte proliferation
↑ Apoptosis of adipocytes
↓ Angiogenesis
Improves body weight in high-fat fed mice
↓ Subcutaneous, mesenteric and retroperitoneal adipose tissue 
mass in mice
↓ Ectopic fat deposition
↑ Energy expenditure in mice
↑ Satiety and resting metabolic rate in grey mouse lemurs 
during the winter body-weight-gain period
↓ Resting metabolic rate in humans
↑ Ectopic deposition of lipids on skeletal muscle of humans
↓ Ectopic deposition of lipids on the liver of humans

Quercetin Capers
Lovage
Apples
Onions
Grapes

↓ Adipocyte differentiation
↑ Apoptosis of adipocytes
↓ Adipogenesis
Transient ↑ energy expenditure in mice
↓ Liver steatosis
↓ High-fat-diet-induced weight gain in mice
↓ Visceral fat deposition in high-fat diet fed mice
↓ BMI, body weight and waist circumference in APOE3/3 individuals

Continued
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increase induced by a high-fat diet (Wolfram et al., 2005). In addition, others authors 
found a decrease in the mass of subcutaneous and epididymal adipose pads (Lee et al., 
2009) and in lipid deposition in liver (Bose et al., 2008) of catechin-treated rodents. In 
line with this, Chen et al. (2009) demonstrated that long-term treatment with green or 
black tea reduces the magnitude of fat gain of rats on a 15% fat diet, while a low dose of 
EGCG, 1 mg/kg, decreases the percentage of fat mass without affecting BW. It was also 
found that tea consumption leads to the downregulation of genes related to adipocyte 
differentiation or extracellular triacylglycerol hydrolysis (PPARγ, C/EBP-β and lipopro-
tein lipase) in perirenal and epidydimal WAT (Chen et al., 2009; Lee et al., 2009), and 
increases the number of apoptotic adipocytes in visceral adipose tissue in the rat (Monteiro 
et al., 2008). Moreover, short-term treatment with EGCG reduces the expression of fatty 
acid synthase and other genes involved in lipogenesis, in the liver of mice in the post-
prandial state, as well as increasing fecal energy excretion in the form of fat- and nitrogen-
rich nutrients (Friedrich et al., 2012), which could be partly justified by the inhibitory 
effect of EGCG on the activity of the pancreatic lipases (Wang et al., 2006). However, we 
should take into account that other components of tea, such as saponins, also possess 
pancreatic lipase inhibitory effect, which could synergize with that of EGCG. There is evi-
dence for the anti-obesity effects of saponins (reviewed in de la Garza et al., 2011). EGCG 
has also been shown to decrease cholesterol absorption from the gastrointestinal tract 
(Wolfram et al., 2005). Aditionally to produce effects in high-fat-treated rodents, it was 
also demonstrated that tea catechins modulate lipid metabolism in nonobese counter-
parts, reducing mesenteric and liver fat accretion (Ito et al., 2008). In aged rats, it was 
shown that 6 months’ consumption of green tea or catechin extract with low content of 
EGCG induces an apparent diminished atherosclerotic progression in cavernous tissue 
coupled to a decrease in the expression of VEGF and its main receptor VEGFR2, demon-
strating a modulatory effect in tissue angiogenesis in the elderly (Neves et al., 2008).

Daidzein Soy ↓ Adipocyte differentiation
↓ High-fat-diet-induced weight gain in rats
↓ Fat deposition in liver of high-fat-diet-fed rats
Regulates thermogenesis in brown adipose tissue

Genistein Soy ↓ Adipocyte differentiation
↓ High-fat-diet-induced weight gain in mice
↓ High-fat-diet-induced fat accretion in mice
↓ Fat deposition in liver of high-fat diet fed rats
↓ Food intake, fat accumulation and adipocyte apoptosis in 
ovariectomized mice

Isoflavone 
extract

Soy ↓ Fatty acid synthase expression in liver of high-fat-fed 
ovariectomized rats
↓ Subcutaneous and retroperitoneal adipose tissue mass in rats
↑ Adiponectin in blood of obese postmenopausal women

Magnesium Mineral Improves insulin resistance in obese individuals
↓ Central obesity body fat percentage and BMI in aged type 2 
diabetes mellitus patients

APOE, Apolipoprotein E; BMI, body mass index; EGCG, (−)epigallocatechin gallate; NF-κB, nuclear factor 
kappa-light chain enhancer of activated B cells.

Table 2.5 Continued
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Concerning studies in humans, the effects of catechins in obesity control are far from 
being established. It was recently demonstrated that postmenopausal women receiving 
300 mg daily of EGCG in caffeine-free green tea for 12 weeks coupled to an exercise 
program did not show significant differences in waist circumference, or in total or intra-
abdominal adipose tissue (Hill et al., 2007), which suggests that the anti-obesity effect of 
catechins decreases in the elderly. On the other hand, it was reported that the consump-
tion of green tea for 2 months was effective in inducing weight loss, reducing the BMI 
and waist circumference of elderly patients with metabolic syndrome (Vieira et al., 2012), 
and that consumption of extract of green tea with 208 mg of EGCG for 3 months by obese 
individuals aged 30–60 years significantly reduced BMI, waist circumference and blood 
lipids (Suliburska et al., 2012), apparently by a mechanism independent of the increase 
in energy expenditure (Thielecke et al., 2010). Nonetheless, others reported that green 
tea or catechins coupled to caffeine elicit an increase in energy expenditure, suggesting 
that they act synergistically in the short- and long-term (Bérubé-Parent et  al., 2005; 
Westerterp-Plantenga et al., 2005). Whether catechins increase energy expenditure inde-
pendently of caffeine or not remains to be elucidated. It was also demonstrated that 
ingestion for 8 weeks of green tea, or encapsulated extracts with equivalent levels of 
EGCG, resulted in a similar effect on BW variation in obese patients, leading to a low-
ered lipid peroxidation (Basu et  al., 2010), indicating that it could ameliorate the 
oxidative processes characteristic of the ageing phenotype. An additional contributor 
to the anti-obesity effects of catechins in humans, in line with observations in the 
rodents, could be the decreased absorption of nutrients in the gastrointestinal tract, 
particularly of carbohydrates and probably fat. In fact, several reports indicate that 
catechins reduce glucose absorption and that intake of cathechin-enriched oolong tea 
increases the fecal fat content by 50% when compared with periods of placebo intake 
by the same patients (Zhong et al., 2006; Hsu et al., 2006). However, the loss of energy 
in feces owing to tea intake could be partly due to protein malabsorption (Unno et al., 
2009), which in the elderly could be considered an undesirable effect. Moreover, 
green tea catechins such as EGCG may contribute to inhibition of the appetite. The 
satiating power of beverages containing both catechins and fiber is greatly increased 
and reduces the energy ingestion in other meals (Carter & Drewnowski, 2012), which 
could be an important trigger for control of over-ingestion of food and ensuing over-
weight. Supporting that, it was demonstrated that EGCG intraperitoneal injection to 
rats led not only to BW reduction, but also to a decrease in leptin levels and reduction 
of food intake compared with controls. Similar results were observed in lean and 
obese male Zucker rats (Kao et al., 2000).

2.6.5.1.2 Curcumin
Curcumin is a naturally occurring polyphenol (dyferuloylmethane) found in the Indian 
spice turmeric, the ground rhizome of the perennial herb Curcuma longa, largely used as 
a spice and colorant and long been used in traditional Indian medicine because of its rec-
ognized beneficial effects. It has been recently recognized as an anti-ageing nutrient 
(Lima et al., 2011; Shen et al., 2013) despite the low bioavailability found in curcumin 
owing to its hydrophobic nature, which limits its activity. Curcumin dietary supplemen-
tation lowers oxidative stress and improves vascular dysfunction both in young and aged 
experimental rodent models (Fleenor et al., 2013). It was demonstrated that curcumin 
exerts direct effects on WAT, inhibiting differentiation of pre-adipocytes by activation of 
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WNT/β-catenin signaling in a dose-dependent fashion (Ahn et  al., 2010), leading to 
reduction in oil red O-stained lipid droplets and downregulating the expression of the 
genes that codify PPARγ, C/EBNα and adipokines (Kim et al., 2011a). It is also a potent 
inhibitor of fatty acid synthase in adipocytes and an inducer of apoptosis (Ejaz et al., 2009; 
Zhao et  al., 2011), reducing the fat content and the number of adipocytes in adipose 
tissue. In addition, curcumin exerts an anti-angiogenic role in cultured endothelial cells 
and in murine adipose tissue by downregulating the expression of VEGF and VEGFR2 
and reducing the microvessel density in WAT (Ejaz et al., 2009). Angiogenesis repression 
seems to be partly responsible for the amelioration of BW observed in curcumin-treated 
mice. Moreover, curcumin treatment suppresses LDL receptor expression in cultured rat 
isolated hepatic stellate cells (Kang & Chen, 2009). It also reduces lipogenic gene expres-
sion in the liver, intrahepatic lipid content and macrophage infiltration in both WAT and 
liver of high-fat diet-treated mice (Shao et  al., 2012), apparently contributing to the 
avoidance of the hepatic fibrogenesis, common in obese individuals. In line with previous 
demonstration of the ability to control obesity, it was demonstrated that orally ingested 
curcumin reverses the main inflammatory and metabolic derangements associated with 
obesity and improves glycemic control in high-fat-diet-induced obesity and leptin-deficient 
ob/ob male C57BL/6 J mice models of type 2 DM (Weisberg et al., 2008). The authors 
found that curcumin-fed animals presented an increase in the production of adiponectin 
and a decrease in the hepatic activity of NF-κB.

Concerning human trials, it was reported that curcuminoid supplementation, 1 g/day 
for 30 days, in a randomized, double-blind, placebo-controlled, crossover trial that 
enrolled 30 participants, led to a significant reduction in serum triglycerides concentra-
tions but did not have a significant influence on other lipid profile parameters, or BMI or 
total BFM (Mohammadi et al., 2013). However, longer treatments or an increase in daily 
curmumin doses could induce weight loss, since no dose-limiting toxicity has been 
reported for curcumin. Phase I clinical trials indicated that oral doses as high as 15 g/day 
for 3 months are safe (Aggarwal & Sung, 2008). Curcumin has indeed been proposed as 
a putative nutraceutical for the treatment of metabolic syndrome owing to its conjugated 
beneficial effect on hypertension, obesity, endothelial dysfunction, insulin resistance and 
plasmatic lipids (reviewed in Sahebkar, 2013). Its relatively low cost, safety and proven 
efficacy make it advisable to include curcumin as part of the diet, not only as an anti-
ageing but also as an anti-obesity factor. Interestingly, and despite the beneficial role of 
curcumin in obesity-related low-grade inflammation and impaired immune response, it 
does not superimpose the effect of ER (Wang et al., 2013).

Some of the effects observed after curcumin treatment in obesity-induced adipose 
tissue inflammation are comparable to those found for recognized activators of Sirt1; 
however, no demonstration exists of direct activation of Sirt1 by curcumin (Bradford, 
2013). Nevertheless, Weisberg et al. (2008) demonstrated a significant increase in Sirt1 
expression after curcumin treatment in the adipose tissue of a murine model of obesity.

2.6.5.1.3 Resveratrol
Resveratrol is a well-studied polyphenolic compound naturally present in red grapes, red 
wine and peanuts and a recognized activator of Sirt1, as discussed earlier. Studies in cul-
tured adipocytes have demonstrated that treatment with resveratrol strongly alters the 
expression profile of proteins (Rosenow et al., 2012), reverses the secretion and mRNA 
expression of the atherogenic adipokines PAI-1 and IL-6, induced by TNF-α, and stimulates 
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secretion of adiponectin (Ahn et al., 2007). In addition, it promotes the fatty acid β-oxidation 
pathway in mitochondria and reduces triacylglycerol content (Mercader et  al., 2011). 
Similar results were also observed in human adipose tissue explants triggered in vitro with 
IL-1β for 24 h (Olholm et al., 2010). Anti-adipogenic effects in 3 T3-L1 adipocytes were 
observed for resveratrol-rich extracts of grape skin too (Zhang et al., 2012). Interestingly, 
resveratrol seems to have effects in cultured adipocytes equivalent to those observed for 
curcumin: it inhibits adipogenic differentiation and proliferation, inducing cell cycle 
arrest in the early phase of adipogenesis (Fischer-Posovszky et  al., 2010; Kwon et  al., 
2012), reduces fat accumulation (Gomez-Zorita et al., 2013) and downregulates expres-
sion of PPARγ, C/EBPα, SREBP1 and fatty acid synthase mRNAs, as well as favoring 
 adipocytes apoptosis (Rayalam et  al., 2008; Chen et  al., 2012). Moreover, resveratrol 
inhibited inflammatory and angiogenic response to hypoxia in human adipocytes 
removed from adipose tissue of nonoverweight women (Cullberg et al., 2013).

Resveratrol also improves BW, as demonstrated in a cohort of male C57Bl/6 J mice 
that were given a dose of 200 or 400 mg/kg/day of resveratrol concomitantly with either 
a standard chow or high-fat diet for 15 weeks (Lagouge et al., 2006). An equivalent study 
in C57BL/6J mice demonstrated an additional effect of resveratrol treatment with 0.4% 
trans-resveratrol-supplemented high-fat diet for 9 weeks, which was a decrease in 
 expression of inflammation and adipogenesis-related signaling molecules compared 
with high-fat-fed matched animals (Kim et al., 2011c). Under control diet conditions, 
resveratrol-treated mice tended to gain less weight as compared with controls, presenting 
lower mass of epididymal, perirenal, mesenteric and retroperitoneal WAT. In fact, on a 
high-fat diet, rats treated with resveratrol, even at low dose, weighed almost the same as 
the controls (Lagouge et al., 2006; Cho et al., 2012), apparently owing to an increase in 
energy expenditure, since energy intake was unaffected in resveratrol-treated groups. 
Resveratrol effect is dose-dependent (Macarulla et al., 2009) and seems to have a biphasic 
effect on energy expenditure (Baur, 2010); at low doses it caused a modest, but significant 
increase in the BW of mice, without any significant effect on food intake (Pearson et al., 
2008b). In contrast, in a study carried out in the primate grey mouse lemurs, Microcebus 
murinus, it was observed that 200 mg/kg/day of resveratrol reduced body-mass gain 
 during the winter body-mass-gain period, by increasing satiety and RMR (Dal-Pan et al., 
2010). Resveratrol has consistently been found to ameliorate insulin resistance in obese 
animals, an effect that is related to a reduction in ectopic fat deposits in nonadipose 
 tissues, particularly in the liver (Baur et al., 2006).

To our knowledge, there has been no controlled study of resveratrol effects on BW for 
long-term treatments in humans. A recently conducted study in a cohort of 11 obese 
adults given 150 mg/day trans-resveratrol for 30 days demonstrated that the treatment 
partly mimetized the effects of ER, causing significant reductions in sleeping and RMR, 
which however do not agree with data from murine models. Concerning BW, no differ-
ences were noted between resveratrol- and placebo-treated groups, although ER causes 
metabolic adaptations partly through weight loss. An increased lipid deposition inside 
skeletal muscular cells was also observed after oil red O staining in biopsied tissues sam-
ples, coupled to a decrease in intrahepatic lipids assayed by proton magnetic resonance 
spectroscopy on a 3 T whole-body scanner in resveratrol-treated individuals (Timmers 
et al., 2011). This study is partly corroborated by findings reported by Poulsen et al. (2013) 
that demonstrated no effect of resveratrol treatment for 4 weeks on oxidation rates of 
lipids, ectopic or visceral fat content, resting energy expenditure and inflammatory and 
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metabolic biomarkers in obese men. In line with this, resveratrol 75 mg/day treatment 
for 12 weeks did not ameliorate either BW or metabolic profile in nonobese individuals 
(Yoshino et  al., 2012). Further studies with a higher number of participants, longer 
treatment periods and different dosages/formulations of resveratrol are necessary to 
 certify the real potential of resveratrol in BW control and the effects of long-term supple-
mentation. Nonetheless, it will take years to determine the efficacy of resveratrol for 
improving health and lowering the incidence of obesity and other age-associated diseases 
in the elderly population.

2.6.5.1.4 Quercetin
Quercetin is a major flavonol abundantly found in plant products, such as capers, lovage, 
apples, onions and grapes, and presents anti-adipogenic properties. Indeed, quercetin 
induces apoptosis of cultured 3 T3-L1 pre-adipocytes, inhibiting Bcl-2 and activated 
 caspase-3, Bax and Bcl-2 homologous antagonist/killer (Bak) proteins (Hsu & Yen, 2006), 
decreases the expression of C/EBPα, PPARγ and SREBP-1, thereby suppressing the 
differentiation of preadipocytes to adipocytes, and attenuates adipogenesis through 
the upregulation of the AMPK pathway (Ahn et al., 2008).

It has been reported that mice fed 1.2% quercetin-supplemented high-fat diet for 8 
weeks (lipids in diet increase the total bioavailability of quercetin, as demonstrated in an 
experimental model of pigs; Lesser et  al., 2004) showed transiently increased energy 
expenditure but persistently decreased circulating markers of inflammation. However, 
quercetin supplement did not affect the BW, nor the total adiposity as evaluated by 
nuclear magnetic resonance. Interestingly, a metabolic adaptation occurred relative to 
quercetin bioavailability in these animals, since a decrease in its circulating levels was 
observed between 3 and 8 weeks of treatment (Stewart et al., 2008). The upregulated 
expression of caspase-3 found in quercetin-treated animals was shown to attenuate liver 
steatosis (Panchal et al., 2012). In an additional study, it was demonstrated that supple-
mentation of a high-fat Western diet with 0.025% quercetin for 9 weeks, or 0.05% for 
20 weeks, decreased BW, visceral and hepatic fat deposition in mice, improved systemic 
parameters related to metabolic syndrom, and selectively regulated expression at the 
mRNA of genes involved in lipid metabolism in the liver in high-fat-treated animals 
(Jung et al., 2013; Kobori et al., 2011).

So far, some clinical trials have not demonstrated a clear anti-obesity effect of quer-
cetin supplementation. In a double-blind, randomized, placebo-controlled study that 
enrolled 93 overweight subjects (25–65 years), who presented several polymorphisms 
of apolipoprotein E, quercetin-treated subjects received 150 mg/day, a dose that repre-
sents 15-fold the mean estimated daily intake, for 6 weeks (Egert et al., 2010). All of the 
participants maintained their habitual diet and physical activity levels during the 
treatment. This study demonstrated that the apolipoprotein E genotype may be an 
important determinant of the responsiveness of serum lipids and blood pressure to 
daily quercetin treatment in human intervention studies, despite the absence of BW, 
waist circumference and body composition amelioration in treated individuals. In 
another study that used the same dose of quercetin but for 8 weeks, it was demon-
strated that treatment moderately but significantly reduced BMI, BW and waist cir-
cumference in apolipoprotein E (APOE)3/3 but not in APOE4 subjects, reinforcing the 
importance of the genotype in the responsiveness to nutritional modulation (Pfeuffer 
et al., 2013). The dose of  quercetin employed in these studies does not modify resting 
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energy expenditure, as evidenced in young normal-weight women (Egert et al., 2011). 
A clinical trial in a  heterogeneous group of 941 individuals, treated in a double-blind 
fashion with 500 or 1000 mg/day of quercetin for 12 weeks, was conducted by Knab 
et al. (2011), and failed to demonstrate differences in body mass or body composition 
between treated and placebo groups, either in normal-weight or in overweight and 
obese subjects.

2.6.5.1.5 Isoflavones
Emerging evidence suggests that supplementation or consumption of foods rich in isofla-
vones, such as daidzein, genistein and glycitein, found in soy and soy products, may have 
a beneficial effect on obesity in animals and humans. Similarly to other polyphenols 
whose effects have been described, soy isoflavones inhibit adipocyte differentiation by 
downregulation of PPARγ and C/EBPα genes (Harmon et al., 2002; Shen et al., 2006). In 
line with this, a dose-dependent inhibition of adipogenic differentiation of cultured 
human adipose tissue-derived pluripotent mesenchymal stem cells by daidzein and 
genistein was observed. However, different sets of mechanisms of the two isoflavones on 
adipogenesis are involved: while genistein exerts an anti-adipogenic effect through 
activation of WNT⁄β-catenin signaling, daidzein inhibits adipogenesis through stimula-
tion of lipolysis (Kim et al., 2010).

In rat experimental models, it was demonstrated that isoflavone-enriched chow 
treatment for 3 weeks decreased epididymal and retroperitoneal fat pad accretion in 
males (Manzoni et  al., 2005), and that supplementation of the soy minor isoflavone 
daidzein for 14 days, concomitantly with a high-fat diet, reduced weight gain and fat 
content of the liver. In addition, daidzein affected transcription factors and lipogenic 
enzymes, particularly stearoyl coenzyme A desaturase 1, and increased UCP1, an impor-
tant enzyme for thermogenesis in brown adipose tissue (Crespillo et al., 2011). In line 
with this, genistein treatment of high-fat-diet-treated mice reduced BW, fat accretion 
and hepatic lipid deposition (Yang et al., 2006a; Lee et al., 2006). However, it was also 
shown that genistein at low levels, equivalent to those present in Eastern and Western 
diets, presents an adipogenic effect in male mice, coupled to a significant increase in the 
epididymal and renal fat pads. This effect was not observed in males treated with phar-
macological doses (200 mg/kg/day) of genistein or in females (Penza et  al., 2006). In 
ovariectomized mice, genistein further decreased fat accumulation, owing to reduction 
of food intake, and increased the apoptosis of mature adipocytes (Kim et  al., 2006). 
These results agree with findings obtained in high-fat-fed ovariectomized rats treated 
with isoflavone, which prevented obesity, in part by decreasing liver fatty acid synthase 
expression (Na et al., 2008). These results are promising for the control of obesity in 
postmenopausal women. In fact, in a randomized prospective human cohort study in 
obese postmenopausal women, it was demonstrated that soy isoflavone extract treatment 
for 6 months significantly increased levels of blood adiponectin (Llaneza et al., 2011), 
despite the absence of differences in BW and composition. However, in a recently con-
ducted study in a cohort of 39 postmenopausal Caucasian and African American women, 
it was shown that ingestion of a soy protein plus isoflavone supplement significantly 
reduced subcutaneous and total abdominal fat in Caucasian, and total body fat in 
African, women (Christie et al., 2010). Most of the clinical trials are conducted in post-
menopausal women, considering the resemblance of isoflavones to endogenous 
estrogen. Isoflavones compete with 17β-estradiol for binding to the intranuclear estrogen 
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receptors and exert estrogenic or antiestrogenic effects in the various tissues, and could 
be used as an alternative to hormone replacement therapy (reviewed in Bedell et al., 
2014). Moreover, evidence suggests that the benefits of isoflavones for blood lipids and 
obesity in humans increase when they are consumed in combination with soy protein 
(reviewed in Ørgaard & Jensen, 2008). In fact, some clinical studies showed that soy 
protein-based meals with high concentration of isoflavones not only decreased BW, fat 
mass and waist circumference, but also ameliorated the blood lipid profile (Allison et al., 
2003; Deibert et al., 2004).

Other polyphenolic compounds, such as proanthocyanidines and anthocyanins, 
abundant in blueberries, have been shown to possess modulatory effects in adiposity and 
obesity. However, evidence in experimental models is scarce and this is far from being 
established, since effect of treatments with isolated polyphenols markedly differ from 
those induced by natural blueberry juice ingestion (Meydani & Hasan, 2010). So far, no 
clinical trial has been successfully conducted on proanthocyanidines and anthocyanin-
based treatments.

2.6.6 anti-obesity effects of minerals (magnesium)
Obesity is associated with an increased incidence of low magnesium intake and low 
serum magnesium levels. Low magnesium intakes and/or serum levels can be linked 
with other conditions that are also associated with obesity, such as glucose intolerance, 
metabolic syndrome, type 2 DM, inflammation, hypertension and atherosclerosis (some 
representing a chronic state; Champagne, 2008; Nielsen, 2010; Rosanoff et  al., 2012; 
Fuentes et  al., 2013; Kang, 2013; Kaur, 2014). Additionally, those metabolic and 
inflammatory pathological alterations also are associated with ageing (Barbagallo et al., 
2009) and a deficient magnesium status frequently occurs in elderly individuals (Gullestad 
et al., 1994; Barbagallo et al., 2009; Huang et al., 2012; Rowe, 2012).

Magnesium deficiency was demonstrated to further impair the insulin signaling 
pathway in newly weaned male Wistar Hannover rats fed with a high-fat diet for 32 
days, but, on the other hand, it did not modify values of body mass gain or adiposity 
index (Sales et  al., 2014). Nevertheless, maternal magnesium restriction in weanling 
Wistar/NIN rats increased the percentage of body fat and decreased LBM and fat-free 
mass as well as BW in 90- and 180-day- and 18-month-old offspring, pointing to the 
role of maternal magnesium status in short- and long-term variation of offspring adipose, 
muscle and bone mass (Venu et  al., 2005, 2008). Insulin secretion after a glucose 
challenge decreased in 180-day- and 18-month-old animals, indicating another irre-
versible effect of maternal magnesium restriction (Venu et al., 2005, 2008). The increased 
percentage of body fat (and associated increase in central adiposity) observed in 
18-month-old animals was most possibly due to increased fatty acid synthesis and trans-
port (Venu et al., 2008).

So far, no evidence exists demonstrating the influence of extracellular magnesium 
concentration on differentiation of 3 T3-L1 pre-adipocytes exposed simultaneously to 
dexamethasone and insulin (Castiglioni et  al., 2013). On the other hand, the specific 
increase in intracellular free magnesium level induced by pioglitazone (as low as 300 nm) 
was observed in freshly isolated rat adipocytes, which could contribute to its beneficial 
effects on metabolism (Nadler & Scott, 1994).

Regarding human studies, Rodriguez-Morán and Guerrero-Romero (2004) reported 
that, in a group of 162 individuals, comprising a large range of BMI values (<25, ≥25 to <30 
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and ≥30 kg/m2) and without inflammatory pathologies, diabetes or high blood pressure 
(mean age ~41 years), low serum magnesium levels were associated with high serum 
TNF-α levels in the obese-person subgroup. The study conducted by Evangelopoulos et al. 
(2008) agrees with these findings. It reported that serum magnesium levels were inversely 
correlated with serum high-sensitivity CRP values and the presence of metabolic 
 syndrome in 117 overweight/obese adults (mean age ~66 years). Coherently, serum 
magnesium levels decreased with the increasing number of metabolic syndrome features 
(Evangelopoulos et al., 2008). Interestingly, the importance of magnesium intake in 
human metabolic regulation seems to begin early in life, as shown by Celik et al. (2011), 
who demonstrated an association between low serum magnesium levels and insulin 
resistance development in 117 obese children and adolescents (vs 86 controls). Huerta 
et al. (2005) found that serum magnesium deficiency in 24 obese nondiabetic children 
and adolescents (aged 8–17 years; BMI ≥85th percentile for age and gender) vs 24 lean 
(BMI <85th percentile)  controls (with correspondence for gender and puberty status) 
could result from low  dietary mineral intake. Both dietary magnesium intake and fasting 
serum magnesium levels were negatively and positively correlated with fasting insulin 
and quantitative insulin sensitivity check index, respectively, pointing to a correlation 
with insulin resistance. Magnesium supplementation could be thus considered as a ben-
eficial approach in the regulation of metabolic dysfunction and even in the control of obe-
sity. In line with this, Cahill et al. (2013) hypothesized, after a large populational study 
(including 2295 healthy normal weight, overweight and obese individuals, mean age 
~43 years), that overweight/obese persons are more likely to benefit from dietary 
magnesium intake. They found a negative relationship between insulin resistance markers 
(serum insulin, homeostatic model assessment-insulin resistance and homeostatic model 
assessment- β values) and dietary magnesium intake in the entire cohort. For homeostatic 
model assessment-insulin resistance, the association was more evident in overweight/
obese persons (especially when corrected for percentage of body fat instead of BMI). In 
aged type 2 DM patients (age ≥65 years), a negative association between magnesium intake 
and central obesity, body fat percentage and BMI was also noted (Huang et al., 2012).

Several mechanistic explanations have been given to account for the increased risk of 
metabolic and inflammatory impairment when a magnesium deficiency status occurs in 
an obesity environment (Busserolles et al., 2003; Takaya et al., 2004; Rayssiguier et al., 
2006; Nielsen, 2010; Pachikian et al., 2010; Rosanoff et al., 2012; Fuentes et al., 2013; 
Fukuda & Ohno, 2014), highlighting the relevance of the results of Cahill et al. (2013), or 
in old ages (Barbagallo et  al., 2009). An interesting study conducted by Chacko et  al. 
(2011) suggested that magnesium intervenes in the modulation of gene and protein pro-
files after demonstration that 4 weeks of magnesium supplementation in 14 healthy 
overweight/obese individuals (mean age ~44 years; BMI 26–32 kg/m2) not only decreased 
fasting blood C-peptide and insulin concentrations but also altered gene expression in 
blood cells [with negative regulation of 36 genes (counting C1q and TNF-related protein 
9 and pro-platelet basic protein, from metabolic and inflammatory pathways) and positive 
regulation of 24 genes (counting cation channels, with a prime role in magnesium 
homeostasis)] and urine proteomics (by varying numerous peptides and proteins levels). 
However, the full extension of the magnesium role in cell and organism metabolism 
remains to be elucidated.

Obesity is a complex problem, particularly in the elderly. Owing to the lack of clinical 
studies in this age group and the concomitant diseases that affect old people, the efficacy 



98   Ageing of cells and organisms

and safety of nutraceuticals or supplement use for weight loss have not been demon-
strated in older adults. Thus, the strategies for weight loss should be carefully individual-
ized, and the administration of nutritional supplements or nutraceuticals must be strictly 
monitorized for potential toxicity or undesirable effects.

2.7 Conclusion

The effect of ER on human lifespan remains an unsolved problem. However, more impor-
tant than the increase in lifespan is the increase in healthspan, defined as the length of 
time prior to the onset of an age-associated disease, which currently constitutes an 
alternative measure of ageing. The prolonging of the healthy period for an individual 
may be of higher importance than the increase in the life expectancy. Concerning this 
aspect, all the evidence supports the hypothesis that implementation or mimicking the 
ER could significantly and positively affect the health and quality of life of elderly people. 
Nevertheless, additional studies are warranted to identify the precise ER-induced meta-
bolic and molecular adaptations associated with healthy longevity, as well as the proper 
energy content, macronutrient and micronutrient composition of the diet, in order to fit 
the requirements of each individual based on age, sex, disease predisposition and genetic 
background.
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3.1 Introduction

As Westernized populations are becoming increasingly old, it has become more 
important to understand how we age in order to promote lifestyle choices that will 
lead to healthy ageing. There has therefore been a growing interest in under-
standing the biological basis for ageing, and the influence of environmental factors. 
One set of biological mechanisms modifiable by environmental factors while also 
having the potential to influence variation in life expectancy and health are epige-
netic marks, including DNA methylation, histone modifications and noncoding 
RNAs (ncRNA). Although a variety of environmental factors have been shown to 
alter epigenetic  patterns, the influence of diet and nutrition on these marks is 
widely documented. Furthermore, the consequences of early life nutrition on 
 epigenetic mechanisms are hypothesized to be life-long with potential impacts on 
health, disease and longevity.

Here we explore the potential for nutrition and dietary factors to modulate the epige-
netic marks associated with ageing and comment on how this may lead to further under-
standing of chronic diseases and/or longevity in humans.

3.2 Epigenetics

Epigenetics refers to a series of marks on and around the genome that are copied from 
one cell generation to the next, without alteration of the primary DNA sequence. Three 
distinct types of epigenetic marks exist that closely interact to form the “epigenome”. 
These marks include DNA methylation, histone modifications and noncoding microRNAs 
(miRNA) (Goldberg et al., 2007; Link et al., 2010). Collectively the epigenome is involved 
in gene regulation during embryonic and in utero development, playing a key role in cel-
lular and organ-specific differentiation (Reik, 2007). The stability of epigenetic marks is 
also important throughout the life course in maintaining cellular and overall health, with 
aberrations or “epimutations” thought to influence the risk of noncommunicable dis-
eases and to be involved in the ageing processes.
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3.2.1 DNa methylation
DNA methylation refers to the addition of a methyl group to dinucleotide residues of 
DNA. Although other types of DNA methylation exist, the vast majority of methyla-
tion marks on DNA are found on the 5′ position of cytosine residues where the cyto-
sine is followed by a guanine residue in the 5′ to 3′ direction. Methylation at these 
CpG dinucleotide sites is the most widely investigated methylation mark. In the 
human genome, CpG sites occur less frequently than expected (Jones & Liang, 2009), 
and tend to either cluster in dense “CpG-rich” regions or be dispersed throughout the 
genome in “CpG-poor” regions. While cytosines within CpG-poor regions tend to be 
methylated, CpG-rich regions, termed CpG islands (CGI), tend to be positioned within 
the promoter regions of actively transcribed house-keeping and tumour suppressor 
genes, and are usually unmethylated. In contrast, some silent genes do contain CGI 
within the promoters that are predominantly methylated (Bird, 2002). Both hyper-
methylation of usually unmethylated CGI and hypomethylation of non-CGI regions 
are a frequent observation in cancers, emphasizing the importance of maintaining the 
integrity of these marks (Jones and Baylin, 2002, 2007). Growing evidence suggests 
the tissue specificity of DNA methylation patterns (Ollikainen et al., 2010; Schneider 
et al., 2010), supporting the role of this epigenetic mark in gene regulation for cellular 
and organ-specific differentiation during development. Furthermore, DNA methyla-
tion is involved in several key physiological processes, including inactivation of the X 
chromosome, genomic imprinting and the silencing of germline-specific genes and 
repetitive elements.

DNA methyltransferases (DNMTs) are the family of enzymes responsible for establish-
ing and maintaining DNA methylation (Table 3.1). These enzymes utilize the universal 
methyl donor S-adenosylmethionine (SAM) as a substrate to add a methyl group to DNA. 
Mouse models have demonstrated that Dnmt1, Dnmt3a and Dnmt3b are essential for 
normal embryo development (Li et al., 1992; Okano et al., 1999), underscoring the signif-
icance of DNA methylation in development. During embryogenesis, methylation  patterns 
are established (“de novo”) by Dnmt3a and Dnmt3b. While DNMT3L has no catalytic 

Table 3.1 Function of the different DNA methyltransferases (DNMT)

Human DNA
Methyltransferase

Mouse DNA
Methyltransferase

Function Reference

DNMT1 Dnmt1 Maintenance of DNA 
methylation patterns during 
mitosis

Maunakea et al. 
(2010)

DNMT3A Dnmt3a Essential for normal embryo 
development in establishing 
methylation patterns and 
involved in maintenance of 
methylation

Li et al. (1992); Okano 
et al. (1999); Jones 
and Liang (2009)

DNMT3B Dnmt3b

DNMT3L Dnmt3L Lacks methyltransferase 
activity, regulates DNMT3 
for allele-specific 
methylation in imprinted 
regions

Bourc’his et al. (2001)
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activity, it is responsible for the activation of DNMT3A to establish allele-specific 
methylation in imprinted regions of the genome (Bourc’his et al., 2001). Maintenance of 
DNA methylation patterns during mitosis is primarily achieved by the DNMT1 enzyme, 
whereby methylation marks are copied from the parental to the daughter strand soon 
after replication (Maunakea et al., 2010) owing to the high affinity of DNMT1 for 
 hemimethylated DNA (Pradhan et al., 1999). More recently it has been suggested that 
DNMT3A and DNMT3B complete the maintenance methylation process, in particular, by 
correcting errors left by DNMT1 (Jones and Liang, 2009).

A further DNA methylation mark, 5-hydroxymethyl-2′deoxycytidine, has been 
recently discovered. Although currently little is known about it, including its origin, it 
may be particularly important in the brain. It has been reported to constitute 0.6% of 
total nucleotides in Purkinje cells (Kriaucionis & Heintz, 2009) and may play a role in 
epigenetic control of neuronal function.

3.2.2 histone modifications
DNA is packaged into chromatin by wrapping around an octamer core of histone pro-
teins. This nucleosome core contains two copies of each of the four core histones – 
H3, H4, H2A and H2B (Kouzarides, 2007) – which provides structure and stability for 
the DNA and a mechanism for regulation of gene expression. Histone tails protrude 
from the core proteins, which can have a number of post-translational modifications 
of specific amino acid residues. These epigenetic modifications include acetylation 
and ubiquitination of lysine residues, phosphorylation of serines and methylation of 
lysine and arginines (Berger, 2007). Further modifications include ADP-ribosylation, 
proline isomerization, citrullination, butyrylation, propionylation and glycosylation 
(Gardner et al., 2011). Over 100 distinct post-translational modifications of histones 
exist (Kouzarides, 2007), which comprise the histone code (Jenuwein & Allis, 2001). 
Together with the other epigenetic marks, this complex series of histone modifica-
tions regulates the expression of associated genes (Bernstein et al., 2007) by orches-
trating the chromatin structure to be active or repressive. As with the other epigenetic 
mechanism, DNA methylation, this sophisticated control of gene expression via his-
tone modification is cell and tissue specific with major consequences for cell fate 
decisions, but is also responsive to the environment, which therefore has conse-
quences for both normal and pathological development (Jenuwein & Allis, 2001) as 
well as ageing (Mathers, 2006).

3.2.3 Noncoding rNas
Only around 3% of all eukaryotic transcripts encode proteins, with the majority of tran-
scripts being for ncRNA [The ENCODE (ENCyclopedia Of DNA Elements) Project, 2004]. 
Noncoding RNAs have a regulatory function in gene expression via roles in transcription, 
mRNA degradation, splicing and translation (Kaikkonen et al., 2011). Small interfering 
RNAs induce heterochromatin to recruit histone deacetylase complexes, leading to post-
transcriptional silencing (Grewal, 2010), while long ncRNAS help establish cell-specific 
epigenetic patterns by guiding chromatin-modifying complexes to specific loci in the 
genome (Guttman et al., 2009; Khalil et al., 2009).

MicroRNA comprises a large family of small (18–24 nucleotide long)  single-stranded 
RNAs. These miRNA bind to RNA in a sequence-specific manner to regulate transcription 
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of approximately 30% of all protein-encoding genes, therefore influencing almost all 
 genetic pathways by targeting transcription factors, secreted factors,  receptors and 
transporters (Esquela-Kerscher & Slack, 2006). Target mRNA expression is suppressed 
by influencing mRNA stability and/or targeting the mRNA for  degradation (Esquela-
Kerscher & Slack, 2006). Furthermore miRNA are able to bind to DNA regulatory 
regions and recruit chromatin modifying complexes, leading to altered chromatin 
conformation and resulting in altered gene expression (Chuang & Jones, 2007). Genomic 
sequences encoding miRNA have been reported to be  polymorphic (Ryan et al., 2010), 
adding complexity to the interactions between the genome and the epigenetic 
machinery responsible for regulating gene expression.

3.2.4 the function of epigenetic mechanisms
The major function of epigenetic mechanisms lies in the ability to control and orchestrate 
the regulation of gene expression. In general, gene silencing is associated with the meth-
ylation of DNA and miRNA signals, while specific histone modifications are characteristic 
of either gene silencing or gene expression. While the implications of many histone 
marks remain uncertain, evidence suggests that the combination of histone deacetylation 
with the methylation of lysine residue 9 on histone H3 (H3K9) and lysine 27 (H3K27) is 
associated with gene silencing, whereas overall histone acetylation, H3K9 and H3K27 
demethylation combined with H3K4 methylation, is observed in active gene transcrip-
tion (Delage & Dashwood, 2008). Together these individual epigenetic mechanisms unite 
to provide a robust and responsive system for gene regulation. Additionally, epigenetic 
mechanisms are responsible for the suppression of viral genomes (Jaenisch & Bird, 2003) 
and other potentially hazardous sequences that have become integrated into the human 
genome over evolutionary time.

The maintenance of these epigenetic mechanisms is vital for optimal cell function to 
ensure that gene regulation is (a) characteristic of that cell lineage, (b) appropriate for 
the developmental state of the organism and (c) responsive to intrinsic and environ-
mental signals (Jaenisch & Bird, 2003). While the function of these mechanisms 
demands that they are modifiable, the inherent plasticity of epigenetic marks means 
that they are  susceptible to changes over time and through environmental cues. Indeed, 
increasing evidence demonstrates epigenetic drift over time/with age (Bjornsson et al., 
2008; Bocklandt et al., 2011) and alterations in epigenetic marks in response to a range 
of environmental factors, including diet and nutrition (reviewed in Bollati & Baccarelli, 
2010; Mathers et al., 2010; McKay & Mathers, 2011; Cortessis et al., 2012). Although 
there is now convincing proof of the function of epigenetic marks (Jaenisch & Bird, 
2003), there are still considerable areas of ignorance about the roles of specific marks 
and proteins and their interactions between one another and with external environ-
mental factors.

Despite the degree of plasticity, it is imperative that epigenetic control is largely 
 maintained, with aberrations of epigenetic marks implicated in the aetiology of noncom-
municable diseases, including cancers and metabolic and neurodegenerative disorders 
(reviewed in Cortessis et al., 2012). Many of these diseases are age-related, suggesting 
that a gradual loss of epigenetic control with age may be causal. If such epigenetic control 
could be maintained through environmental factors such as diet and nutrition, disease 
prevention and healthy ageing may therefore be plausible.
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3.3 Epigenetics and ageing

3.3.1 DNa methylation profiles and ageing
Normal cellular function is governed by the interplay between genetics, epigenetics and 
the environment. Epigenetic patterns are not permanent and are susceptible to changes 
across tissues; these changes are not necessarily the same in all cells, therefore tissue is 
susceptible to epigenetic drift over time. Maintenance of epigenetic homeostasis is there-
fore important to reduce cell diversity that may affect function across the tissue, thus 
contributing to the ageing process.

Alteration in DNA methylation with age involves a global loss of 5-methyl cytosine 
content across the genome. First identified in salmon (Berdyshev et al., 1967), further 
study revealed that methylation is mainly reduced with age in highly methylated, repeti-
tive short and long interspersed elements of the genome, such as Alu and LINE1 respec-
tively (Fraga et al., 2007; Rodriguez et al., 2008). Methylation of Alu in DNA from 
lymphocytes was shown, over a period of 8 years, to significantly decline in individuals 
(Bollati et al., 2009). The implications of methylation loss are important and contribute to 
instability of the chromosome and tumour formation (Eden et al., 2003; discussed in 
Chapter 4).

In addition, typically unmethylated domains can undergo an age-related increase in 
methylation. Detection of age-related, gene-specific hypermethylation of the oestrogen 
receptor ESR1 in normal human colonic and prostate tissue (Issa et al., 1994; Kwabi-Addo 
et al., 2007) coincides with a similar change observed owing to cancer. The occurrence of 
hypermethylation in CGI of promoter regions is believed to decrease the expression of 
genes, although this inverse correlation is not always the case (van Eijk et al., 2012). Loss 
of function of hypermethylated genes in aged or age-related diseased tissue supports the 
idea that aberrant methylation can contribute to an ageing cellular phenotype.

DNMT enzymes are directly responsible for the addition of methyl groups and so a 
loss of genome methylation during ageing has been attributed to a decrease in expression 
and activity of the maintenance methyltransferase, DNMT1 (Lopatina et al., 2002; Casillas 
et al., 2003). Conversely an increase in gene-specific methylation is proposed by increased 
activity of the de novo methyltransferase, DNMT3b (Casillas et al., 2003). Conservation of 
DNMT level is important in controlling the integrity of telomeres (Gonzalo et al., 2006), 
a well-known marker of biological ageing.

We have evidence that alterations in DNA methylation are associated with normal 
and accelerated ageing processes (Heyn et al., 2013), but changes have been mainly iden-
tified with age-associated diseases, primarily cancer (Kulis and Esteller, 2010). However, 
the challenge remains to distinguish if a change in DNA methylation is causal in disease 
or a consequence of the disease itself. As technology moves forward, techniques such as 
epigenome-wide association studies may move towards discovering the key epigenetic 
determinants of disease. These techniques are still in their infancy (Rakyan et al., 2011), 
but may eventually be used to uncover the epigenetic changes required to initiate the 
complex process of ageing.

3.3.2 histone modifications and ageing
Amino acid residues of histone tails that protrude from the nucleosome complex can be 
altered by post-translational modifications such as acetylation, methylation and phos-
phorylation and form a complex process (Berger, 2007). Changes with ageing are 
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apparent: histone acetylation status between older monozygous twins is remarkably dif-
ferent when, in the early years of life, monozygous twins are generally epigenetically 
indistinguishable (Fraga et al., 2005). An increase in the trimethylation of lysine 20 
residue of histone 4 (H4-K20) was observed in the kidney and liver of older rats (Sarg et 
al., 2002) and in humans a gradual dephosphorylation of histone H1 was observed in 
peripheral blood lymphocytes over the compared age groups (23–30, 38–50 and 60–65 
years; Happel et al., 2008). Outcomes from a change in these modifications with the age-
ing process are currently unclear.

3.3.3 MicrorNas and ageing
The study of the relationship between miRNAs and ageing is a rapidly expanding area of 
research. MicroRNAs post-transcriptionally regulate genes connected with many cellular 
processes, including cell development, proliferation and death. The first, discovered in 
Caenorhabditis elegans, was lin-4 (Lau et al., 2001) and a mutation in this miRNA showed 
that it determined lifespan, involving insulin/insulin-like signalling, a pathway concerned 
with ageing. Various miRNAs are differentially expressed across various tissues during 
ageing (reviewed in Smith-Vikos & Slack, 2012). MicroRNAs are also involved in regu-
lating senescence, effecting the expression of p53 and p21, important factors involved in 
DNA damage response-induced senescence (reviewed in Chen et al., 2010). Many age-
related targets and pathways are shown to be regulated by miRNAs and are proposed to 
act positively or negatively towards lifespan (Chen et al., 2010), but with the multiple 
targets that one miRNA can affect, and also the fact that many miRNAs can target one 
gene, those miRNAs that are critical in the ageing process will be difficult to disentangle 
in in vitro systems and yet more complex in vivo.

3.4 Influence of nutrition on epigenetic modifications

Growing evidence supports the role of dietary factors, including specific nutrients, in 
shaping the epigenome (Davis & Uthus, 2004; Mathers & Ford, 2009). Currently there is 
evidence that dietary habits in humans or diet strategies in animal models (i.e. high fat, 
low protein or energy restriction) can alter a range of epigenetic marks (Hass et al., 1993; 
Miyamura et al., 1993; Rees et al., 2000; Lillycrop et al., 2005, 2008; Brait et al., 2009; van 
Straten et al., 2010; Widiker et al., 2010). Furthermore, variation of specific micronutrient 
or non-nutrient dietary components (i.e. folate, selenium or polyphenols) alone can alter 
the epigenome (Jacob et al., 1998; Davis et al., 2000; Rampersaud et al., 2000; Demary 
et al., 2001; Day et al., 2002; Davis & Uthus, 2003; Fang et al., 2003, 2005; Waterland & 
Jirtle, 2003; Druesne et al., 2004; Dolinoy et al., 2006; Niculescu et al., 2006; Kovacheva 
et al., 2007; Xiang et al., 2008; Steegers-Theunissen et al., 2009; Pandey et al., 2010; McKay 
et al., 2011a–d, 2012).

While Gabory et al. (2009) postulate that activation of nuclear receptor by ligands and 
membrane receptor signalling cascades may be indirect mechanisms by which environ-
mental factors may influence epigenetic marks, they also suggest that direct activation/
inhibition of chromatin machinery by environmental factors is a third mechanism. The 
latter may be broadly achieved in two major ways: (a) altering the abundance and/or 
efficacy of the enzymes responsible for epigenetic modification; and (b) altering the avail-
ability of the enzyme substrate. Although there is emerging evidence demonstrating that 
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a range of nutrients can influence ncRNA expression (reviewed by Mathers et al., 2010), 
the mechanisms by which this occurs is currently not well understood. However, the 
direct mechanisms by which DNA methylation and certain histone modifications are 
altered through nutritional factors are more clearly defined and will be discussed later.

3.4.1 Nutritional modulation of epigenetic enzyme activity
There are many enzymes responsible for the establishment and maintenance of epige-
netic patterns. Factors that have the ability to influence the efficacy of any one of these 
enzymes therefore have the capacity to alter epigenetic patterning.

Given their fundamental role in forming methylcytosine, altering the activity of the 
DNMT enzymes is the one mechanism by which dietary factors have been postulated to 
alter DNA methylation (Fig. 3.1A). Selenium has been reported to reduce DNMT expres-
sion, which would be expected to reduce the capacity for DNA methylation (Xiang et al., 
2008). Furthermore, selenite inhibits the binding of the activator protein 1 (AP-1) tran-
scription factor to DNA. Since DNMT1 normally binds to DNA at DNA-AP-1 transcription 
factor complexes, the ability of DNMT1 to bind to DNA is reduced, which in turn could 
lead to reduced DNA methylation (Handel et al., 1995; Spyrou et al., 1995). Epigallocatechin-
3-O-gallate (EGCG) from green tea has been reported to inhibit DNMT1 directly by fitting 
to the binding pocket of the DNMT1, thus reducing its ability to methylate DNA (Fang et 
al., 2003; Lee et al., 2005). Genistein, however, has been implicated in increasing DNMT 
activity (and thus DNA methylation) via its effect on oestrogen receptor-dependent 
processes (Fang et al., 2005). Membrane-mediated oestrogenic actions inducing c-fos are 
hypothesized to be triggered by genistein, leading to direct up-regulation of DNMT1 tran-
scription (Hyder et al., 1992; Bakin & Curran, 1999).

Several enzymes are known to be involved in the modification of histones. Histone 
acetyltransferases (HATs) and histone methyltransferases (HMTs) add acetyl and methyl 
groups to histones respectively, while histone deacetylases (HDACs) and histone demeth-
ylases (HDMs) remove these groups. These enzymes can be inhibited by several nutri-
tional and dietary components (Fig.  3.1B). HDAC inhibitors include butyrate (a 
short-chain carboxylic acid produced in the colon by bacterial fermentation of carbohy-
drates) and dietary polyphenols (from e.g. garlic, soya and cinnamon; Demary et al., 
2001; Druesne et al., 2004; Kida et al., 2006; Rada-Iglesias et al., 2007; Wang et al., 2007; 
Link et al., 2010), while green tea polyphenols and copper inhibit the HAT enzymes 
(Kang et al., 2005; Lin et al., 2005; Choi et al., 2009). EGCG and a reduced availability of 
dietary methyl donors have been reported to inhibit HMT (Balasubramanian et al., 2010; 
Pogribny et al., 2007).

In addition to influencing the key enzymes involved in the formation of epigenetic 
marks, various nutrients act as co-factors to enzymes involved in the associated path-
ways. The most well-defined pathway known to influence epigenetic patterns is the one-
carbon metabolism, which, owing to the culmination in production of SAM, can influence 
the methylation of both DNA and histones. Some of the micronutrients that are co-factors 
for enzymes in this pathway include folate, vitamin B

6
, vitamin B

12
, choline and methio-

nine (see Fig.  3.2). In addition, dietary zinc intake may modulate DNA and histone 
 methylation via its structural and functional role for metalloproteins. For example, 
 betaine-homocysteine S-methyltransferase and cystathionine synthase are zinc metallo-
enzymes; therefore changes in zinc availability may affect the activity of these enzymes 
and thus may alter homocysteine concentrations (Fig. 3.2; Mathers & Ford, 2009).
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3.4.2 Influence of nutrition on substrate availability for  
epigenetic modifications
The availability of substrates for enzymes that generate epigenetic marks is important in 
determining epigenetic patterns, that is, lack or abundance of substrate (such as methyl, 
acetyl, phosphate groups etc) availability for these enzymes is likely to influence the epi-
genetic profile. In this context the most widely investigated substrate is methyl group 
supply for one-carbon metabolism (Fig.  3.2), central to the methylation of DNA and 
 histones (Fig. 3.2). Any dietary factors that can influence this pathway may affect the 
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methylation of DNA and histone proteins through SAM availability. Strong evidence sug-
gests that several nutrients can affect DNA methylation in this way (reviewed in Johnson 
& Belshaw, 2008; Mathers & Ford, 2009). The main group of nutrients thought to 
influence methylation via this mechanism are the methyl donors, that is, folate, vitamin 
B

6
, vitamin B

12
, choline and methionine. A deficiency or excess of any of these micronu-

trients could alter the availability of SAM in the methionine cycle, and therefore directly 
influence both histone and DNA methylation.

However, other nutrients and other dietary components can affect one-carbon metab-
olism indirectly. Dietary selenium has been reported to cause an imbalance in the meth-
ylation cycle by decreasing homocysteine concentrations in rats (Davis & Uthus, 2003). 
It was proposed that, in the presence of selenium, homocysteine is converted to seleno-
homocysteine, cystathionine, selenocystathionine, glutathione and selenocysteine, thus 
reducing homocysteine availability for methionine cycle and therefore reducing global 
DNA methylation (Davis et al., 2000; Fig. 3.2). Dietary protein intake can influence the 
methylation of biological molecules by altering threonine concentrations, which leads to 
changes in the SAM:SAH (S-adenosylhomocysteine) ratio, via altered threonine > gly-
cine > methylTHF conversion (van Straten et al., 2010). Green tea polyphenols are also 
thought to alter the SAM:SAH ratio through induction of catechol-O-methyl transferase 
(COMT)-mediated O-methylation, for which catechol-containing polyphenols such as 
EGCG are excellent substrates (Zhu et al., 1994, 2000, 2001; Zhu & Liehr, 1996). Since 
COMT-mediated O-methylation also utilizes SAM as a substrate, when O-methylation is 
increased owing to an abundance of these polyphenols, there is a subsequent decrease in 
available SAM (Lee et al., 2005).

A wide range of dietary and nutritional factors have now been reported to alter epi-
genetic marks, which has previously been reviewed elsewhere (Mathers & Ford, 2009; 
McKay & Mathers, 2011; Park et al., 2012). The impact that nutritional influences have 
on epigenomic markers is however highly dependent on a number of factors, including 
the specific nutrient itself, nutrient dose, target tissue of interest, the target epigenetic 
mark under investigation and the timing and duration of exposure. In particular, there 
are periods during early development that are critical in establishing epigenetic patterns, 
which if disturbed may influence long-term health.

3.4.3 Critical windows and the developmental origins hypothesis
Although, nutrition and diet are likely to play an important role throughout the life-
course in influencing epigenetic patterns, there are critical periods of development dur-
ing which all environmental factors, including nutrition, are likely to play a major role in 
shaping the epigenetic landscape. The developmental origins of health and disease hypo-
thesis proposes that exposures during early life modulate the risk of developing noncom-
municable diseases in adulthood. Indeed, there is substantial evidence for an association 
between lower birth weight and increased risk of type 2 diabetes, coronary heart disease 
and hypertension, which has been attributed to poor nutrition in utero (Barker, 2004). 
These observations indicate the potential for a degree of plasticity during development, 
in which the foetal phenotype may be altered in response to environment cues (Bateson 
et al., 2004) in ways that may prepare it for the anticipated postnatal environment 
(Gluckman et al., 2005). In order to persist into adulthood and affect disease risk, the 
foetus must be “marked” at the molecular, cellular or tissue level by these environmen-
tally orchestrated programming events. These marks must then be sustained for much of 
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the life course and impact on the processes leading to disease development. Although the 
mechanistic basis of such programming events is poorly understood, there is evidence to 
suggest that epigenetic mechanisms are attractive potential candidates as mediators of 
the long-term effects of early life exposures such as nutrition.

The best documented examples of this are the studies investigating epigenetic 
 regulation of metastable epialleles in rodent models. In their initial pivotal experiment 
using the agouti mouse model, Waterland and Jirtle reported that the maternal diet had 
a profound influence on offspring phenotype via epigenetic regulation. In this mouse 
model, an intracisternal A-particle is inserted into the promoter region of the agouti 
viable gene (Avy) which is responsible for coat colour, resulting in a metastable epiallele 
(Waterland & Jirtle, 2003). The expression of the Avy gene is then under the control of the 
newly formed promoter region, and is determined by the degree of DNA methylation 
within the promoter region (Rakyan et al., 2002), that is, when hypomethylated the gene 
is expressed, resulting in yellow fur, along with increased susceptibility to obesity, 
diabetes and tumours, whereas when hypermethylated the gene is repressed, resulting a 
brown coat colour and a more long-lived phenotype. When pregnant dams were fed 
diets supplemented with methyl donors (i.e. folic acid, choline, methionine, vitamin 
B

12
), their offspring tended to have brown coats and the Avy gene promoter tended to be 

methylated in comparison with unsupplemented dams, which were likely to have off-
spring with yellow coats and to be unmethylated at the Avy promoter locus (Waterland & 
Jirtle, 2003). Similar effects were observed when dams’ diets were supplemented with 
genistein, suggesting that a variety of nutritional exposures may impact on phenotype 
via epigenetic mechanisms (Dolinoy et al., 2006). Furthermore, the murine axin fused 
[Axin(Fu)] metastabile epiallele, which results in kinking of the tail, exhibits epigenetic 
plasticity to maternal diet (Waterland et al., 2006). Methyl donor supplementation of 
female mice before and during pregnancy increased DNA methylation at Axin(Fu), 
reducing the incidence of tail kinking in Axin(Fu)/+offspring by half (Waterland et al., 
2006). Thus this phenomenon is not exclusive to the agouti locus. Indeed there are 
numerous examples from the literature that suggest that nutritional exposures during 
development can influence the long-term epigenetic profile of the offspring (McKay 
et  al., 2011a, b; Hoile et al., 2012; Langie et al., 2013); however, the examples given 
 examining the influence of maternal diet on metastable epialleles have the advantage of 
elegantly demonstrating the direct impact of changes in methylation at one locus on the 
phenotype of the offspring.

Another example of the impact of nutrition on phenotype via epigenetic mechanisms 
is the honey bee. Adult female bees can form two different castes, the queen and the 
worker. The queen is twice as large as the worker, has specialized anatomy, can actively 
reproduce (laying up to 2000 eggs per day) and lives up to 10 times longer, even though 
she is derived from fertilized eggs that are no different from those which form the workers 
(Wheeler, 1986; Page & Peng, 2001). The diet determines the developmental fate of the 
larvae – a nutritious concoction, royal jelly, produced by the digestion of pollen and 
nectar in the hypopharyngeal glands of nurse bees, is responsible for maintaining a queen 
phenotype (Winston, 1987). Larvae destined to become workers are switched from their 
initial diet of royal jelly to a of low-protein, high-carbohydrate diet on day 3 of their life 
course, a critical window of development (Nelson et al., 1924). Royal jelly has yet to be 
completely assessed for its entire components but one component, royal actin, has been 
shown to be necessary for the development of the queen (Kamakura, 2011).
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The honeybee expresses all three DNMT enzymes and exhibits methylation at CpG 
dinucleotides; it is unusual to find such a fully functional system in insects (Wang et al., 
2006). Queens and workers differ in their DNA methylation profile with over 550 genes 
in the brain differentially methylated (Lyko et al., 2010). Ground-breaking research 
revealed recently that royal jelly induces the queen phenotype through effects on DNA 
methylation. Larvae that were fed royal jelly the longest had significantly lower DNMT3 
activities and mRNA expression, and significantly less methylation of a drosophila 
nutrient-sensing gene, dynactin p62 (Shi et al., 2011). Silencing DNMT3 with RNA inter-
ference in honeybee larvae reduced methylation and also produced a higher proportion 
of queens (Kucharski et al., 2008). Figure 3.3 shows the two pathways of female hon-
eybee development driven by diet and featuring changes in methylation. This model 
system shows in a robust manner the link between diet, DNA methylation and lifespan 
and is the focus of current research to investigate further dietary components that can 
affect DNA methylation in longevity-related pathways (Ford, 2013).

3.5 Nutrition, epigenetics and ageing

3.5.1 Overview
Diet can influence lifespan in a number of ways: the dramatic effect of dietary restriction, 
a reduction in food intake, robustly extends the lifespan of many evolutionarily distinct 
species (discussed in Chapter 2); a dietary component of red wine, resveratrol, can also 
increase the lifespan of these species; and perhaps more subtle effects of dietary 

Diet switch
(nectar & pollen)

day 4
onwards

Developmental,
reproductive
and lifespan
regulatory

genes

Nutrient
sensors

Royal jelly
continued

DNA methylation
and DNMT3

Diet day 0–3:
royal jelly

Worker larvae

Queen larvae

Queen bee
(16 days)

Worker bee
(18–22 days)

Figure 3.3 A schematic of the development of a female adult honeybee into the two potential castes. Larvae 
are fed royal jelly for the first 3 days by nurse bees of the hive. After the third day, in a period known as the 
fourth to fifth instar, larvae that are destined to become queens continue to be fed royal jelly in abundance 
and those larvae that are destined to become workers are switched to a more restricted diet of pollen and 
nectar. It is proposed that this change in diet will alter nutrient sensors, possibly through pathways such as 
insulin/insulin-like signalling and target of rapamycin signalling. Downstream of this will be an observed 
change in DNA methylation; it has been determined that there is less DNA methylation and less DNA 
methyltransferase (DNMT) activity in the brain of the queen. Characteristic of the queen phenotype is early 
emergence (16 vs 18–22 days), larger body size, specialized anatomy, active reproduction and a lifespan up 
to 10 times that of the worker bee. It is therefore likely that those methylation differences may occur in 
genes that are responsible for or feed into pathways of development, reproduction and longevity. Modified 
from Ford (2013).
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components may provide health benefits to reduce age-associated diseases and as a result 
may lengthen lifespan. We also know now that DNA methylation profiles change as we 
age, contributing to the ageing process, and that diet can influence DNA methylation, 
thus posing the question “Does diet influence the ageing process through effects on DNA 
methylation?”

3.5.2 Specific dietary regimens and nutrients that influence 
epigenetics and ageing
3.5.2.1 Dietary restriction
Mechanisms underpinning the lifespan extension effect of dietary restriction remain 
undetermined. With respect to epigenetic changes caused by dietary restriction, there 
remains limited published evidence; however, some effects on DNA methylation have 
been reported. Mice that were subjected to dietary restriction exhibited a transient global 
hypomethylation in the liver and fewer age-dependent changes in methylation of the 
c-myc oncogene (Miyamura et al., 1993), and in dietary-restricted rats, hypermethylation 
of the c-Ha-ras oncogene in the pancreas was observed (Hass et al., 1993). Lists of genes 
from published sources were shown to overlap significantly between genes that were dif-
ferentially expressed in response to dietary restriction and genes altered in their methyl-
ation with increased age (Ions et al., 2013). Genes identified as altered in their methylation 
and expression in dietary-restricted model organisms could provide links to crucial path-
ways involved in regulating lifespan and provide targets for other dietary interventions.

3.5.2.2 Dietary polyphenols
DNA methylation changes have been observed in the treatment of cell line models with 
dietary polyphenols. The major green tea polyphenol, epigallocatechin-3-gallate, has 
been shown to cause demethylation of numerous loci, in particular the retinoic acid 
receptor β gene (RARβ), O6-methylguanine methyltransferase gene (MGMT), p16INK4a 
and the human mutL homologue 1 gene (hMLH1) in many different cancer cell lines 
(Fang et al., 2003; Lee et al., 2005). Polyphenols from soya, the isoflavones, genistein, 
daidzein and biochanin A, have also been shown to reverse hypermethylation at the 
RARβ locus as well as effects on MGMT and p16INK4a (Fang et al., 2005). The isoflavone 
genistein is also effective in influencing DNA methylation in mice, but in contrast to its 
effect in cell lines, by hypermethylating genes such as the Avy promoter locus discussed 
previously (Dolinoy et al., 2006). The influence of these polyphenols on DNA methyla-
tion in humans remains to be determined, as well as the subsequent effect on lifespan.

Resveratrol, a polyphenol found in the skin of red grapes, does however have an 
effect on lifespan, and when given to organisms such as yeast, worms, flies and honey-
bees has extended their lifespan (Bauer et al., 2004; Jarolim et al., 2004; Agarwal & Baur, 
2011; Rascon et al., 2012). With respect to epigenetic effects, resveratrol has been shown 
to demethylate the tumour suppressor gene, deleted in liver cancer 1 (DLC-1) and in oes-
trogen receptor (ER)+ breast cancer cells, and inhibit DNMTs in a dose-dependent manner 
(Qin et al., 2005). Furthermore, a dose-dependent decrease in Ras-Association Domain 
Family 1a (RASSF-1a) methylation was associated with increasing levels of circulating 
trans-resveratrol and the glucuronide metabolite in a double-blind, randomized, placebo-
controlled clinical trial of women at increased breast cancer risk (Zhu et al., 2012). Since 
methylation of the RASSF-1a gene is an early indicator of tumorigenesis (Richter et al., 
2009), this could suggest that nutritional factors may influence epigenetic events leading 
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to disease onset/progression. Targeting lifespan regulatory genes and measuring the 
effects of resveratrol on the methylation of these genes would provide more concrete 
evidence for epigenetics as a mechanism underling the lifespan extension effect of this 
polyphenol (Wakeling et al., 2009).

3.5.2.3 One-Carbon metabolism
Given the involvement of one-carbon metabolism on the establishment and mainte-
nance of epigenetic marks such as DNA methylation, and the body of evidence that 
implies that nutritional factors influencing this pathway can also alter epigenetic patterns 
(Waterland & Jirtle, 2003; Lillycrop et al., 2005; Waterland et al., 2006; Steegers-
Theunissen et al., 2009; McKay et al., 2011a–d, 2012; Hoile et al., 2012; Ono et al., 2012; 
Langie et al., 2013), it is not surprising that such nutritional factors may also influence 
these patterns during the ageing process.

In this context, folate has been most widely studied. In mice, decreased global and 
increased p16 methylation have been reported in the colon of older mice compared with 
younger animals (Keyes et al., 2007; Sauer et al., 2010). However, in old, but not young 
mice, both genomic and p16 methylation increased in a manner that was directly related 
to dietary folate, suggesting that the response to dietary folate in terms of DNA methyla-
tion is age dependant (Keyes et al., 2007).

Similar relationships between folate status and ageing with regard to DNA methyla-
tion patterns have also been observed in human studies. Wallace et al. (2010) reported 
increased methylation in the normal colonic mucosa at the oestrogen receptor α and 
secreted frizzled related protein-1 (SFRP1) loci in relation to 10 year increases in age. 
Furthermore, erythrocyte folate levels were also found to be positively associated with 
methylation levels of these genes (Wallace et al., 2010). More recently, Tapp et al. (2013) 
reported age-associated methylation in the normal mucosa within CGIs of nine genes. 
Furthermore, methylation of four of these CGI was found to be significantly positively 
associated with folate status (Tapp et al., 2013). These observations therefore question 
the safety of folate supplementation in healthy adults, given that gene-specific hyper-
methylation of the normal colon may predispose to the development of colorectal 
neoplasia.

However, this may be in conflict to the reported potential beneficial effects of B vita-
mins, such as folate, on dementia in older adults. In particular, decreased plasma folate 
and increased plasma homocysteine levels, are common in Alzheimer disease (AD) and 
impaired SAM levels have been reported in AD brains (reviewed by Coppede, 2010). 
Furthermore, data from prospective cohort studies suggest that higher folate intake has 
been related to lower AD risk in the elderly (Ravaglia et al., 2005; Luchsinger et al., 2007) 
and more recently B-vitamin treatment of elderly subjects with increased dementia risk 
has been found to slow accelerated brain atrophy, shrinkage of the whole brain volume 
and cognitive and clinical decline (Smith et al., 2010; de Jager et al., 2012; Douaud 
et al., 2013). Epigenetic mechanisms are thought to play a role in this protective effect, 
given that reduced levels of overall DNA methylation (Mastroeni et al., 2009, 2010) 
and abnormal methylation of Presenilin-1 (PSEN1), Apolipoprotein E (APOE), 
Methylene tetrahydrofolate reductase (MTHFR) and DNMT1 genes have been reported in 
the brains of AD patients (Wang et al., 2008). Furthermore, in TgCRND8 and wild-type 
129Sv mice, vitamin B deficiency was reported to lead to hypomethylation of the PSEN1 
gene, (a mutation in this gene causes familial AD, therefore suggesting an aetiological 
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role in disease) with SAM supplementation reversing this effect (Fuso et al., 2011), 
emphasizing a potential role for B-vitamin intake in the aetiology of the disease, which 
could be via epigenetic mechanisms.

It is therefore evident that further research is warranted, enabling us to understand in 
detail the interaction between ageing and nutritional factors on epigenetic marks, and 
the consequences of these effects upon the development of different disease types. In 
understanding more about these complex interactions, we may be able to move towards 
more personalized advice based on an individual’s specific disease risk, enabling recom-
mendations to be tailored appropriately, that is, an individual with higher risk of devel-
oping colorectal neoplasia may be discouraged from using supplemental folate, whereas 
those at risk or in the early stages of dementia may benefit from folate, and other B 
vitamin supplementation.

3.6 Conclusions and future perspective

In order to fully appreciate how epigenetic mechanisms can influence health, it will be 
essential to understand the complex interplay between the individual epigenetic mecha-
nisms, and the interaction and influence that individual dietary factors have on these 
intricate, interwoven systems of regulation. Data from cell line experiments, using 
state-of-the-art next-generation sequencing techniques, may allow us to uncover the 
complex interplay between the epigenome in a highly controlled manner. However, in 
order to fully understand the impact of how dietary factors can manipulate the epig-
enome, and how these manifest themselves in terms of health, and healthy ageing, the 
use of model systems will be essential. While the study of ageing in rodent models is 
invaluable as a mammalian system, given the rodent lifespan, these studies can be both 
lengthy and costly. New emerging model systems such as the honeybee model may be 
more appropriate alternatives to investigate given the importance of epigenetic control in 
these organisms. Use of such model systems will be invaluable in pinpointing specific epi-
genetic markers to target as biomarkers in human cohorts to link epigenetics with nutri-
tion and age-associated diseases. By using a combination of in vivo, in vitro and molecular 
epidemiological approaches, we will slowly be able to uncover the secrets of the epig-
enome, and its complex interaction with nutritional factors. Better understanding of the 
impact of diet and nutrition on the epigenome and the consequences for health and dis-
ease may enable us in the future to make public health recommendations to promote 
healthy ageing throughout the lifecourse.

references

Agarwal, B. and J. A. Baur. 2011. Resveratrol and life extension. Ann. NY Acad. Sci. 1215:138–143.
Bakin, A. V. and T. Curran. 1999. Role of DNA 5-methylcytosine transferase in cell transformation by fos. 

Science 283:387–390.
Balasubramanian, S., G. Adhikary, and R. L. Eckert. 2010. The Bmi-1 polycomb protein antagonizes the 

(−)-epigallocatechin-3-gallate-dependent suppression of skin cancer cell survival. Carcinogenesis 
31:496–503.

Barker, D. J. 2004. The developmental origins of well-being. Phil. Trans. R. Soc. Lond B Biol. Sci. 
359:1359–1366.



148   Ageing of cells and organisms

Bateson, P., D. Barker, T. Clutton-Brock, D. Deb, B. D’Udine, R. A. Foley, P. Gluckman, K. Godfrey, T. 
Kirkwood, M. M. Lahr, J. McNamara, N. B. Metcalfe, P. Monaghan, H. G. Spencer, and S. E. Sultan. 
2004. Developmental plasticity and human health. Nature 430:419–421.

Bauer, J. H., S. Goupil, G. B. Garber, and S. L. Helfand. 2004. An accelerated assay for the identifica-
tion of lifespan-extending interventions in Drosophila melanogaster. Proc. Natl Acad. Sci. USA 101: 
12980–12985.

Berdyshev, G. D., G. K. Korotaev, G. V. Boiarskikh, and B. F. Vaniushin. 1967. Nucleotide composition of 
DNA and RNA from somatic tissues of humpback and its changes during spawning. Biokhimiia 
32:988–993.

Berger, S. L. 2007. The complex language of chromatin regulation during transcription. Nature 447:407–412.
Bernstein, B. E., A. Meissner, and E. S. Lander. 2007. The mammalian epigenome. Cell 128:669–681.
Bird, A. 2002. DNA methylation patterns and epigenetic memory. Genes Dev,16:6–21.
Bjornsson, H. T., M. I. Sigurdsson, M. D. Fallin, R. A. Irizarry, T. Aspelund, H. Cui, W. Yu, M. A. Rongione, 

T. J. Ekstrom, T. B. Harris, L. J. Launer, G. Eiriksdottir, M. F. Leppert, C. Sapienza, V. Gudnason, and A. 
P. Feinberg. 2008. Intra-individual change over time in DNA methylation with familial clustering. JAMA 
299:2877–2883.

Bocklandt, S., W. Lin, M. E. Sehl, F. J. Sanchez, J. S. Sinsheimer, S. Horvath, and E. Vilain. 2011. Epigenetic 
predictor of age. PLoS One 6: p. e14821.

Bollati, V. and A. Baccarelli. 2010. Environmental epigenetics. Heredity (Edinb.) 105:105–112.
Bollati, V., J. Schwartz, R. Wright, A. Litonjua, L. Tarantini, H. Suh, D. Sparrow, P. Vokonas, and A. 

Baccarelli. 2009. Decline in genomic DNA methylation through aging in a cohort of elderly subjects. 
Mech. Ageing Dev. 130:234–239.

Bourc’his, D., G. L. Xu, C. S. Lin, B. Bollman, and T. H. Bestor. 2001. Dnmt3L and the establishment of 
maternal genomic imprints. Science 294:2536–2539.

Brait, M., J. G. Ford, S. Papaiahgari, M. A. Garza, J. I. Lee, M. Loyo, L. Maldonado, S. Begum, L. McCaffrey, 
M. Howerton, D. Sidransky, M. R. Emerson, S. Ahmed, C. D. Williams, and M. O. Hoque. 2009. 
Association between lifestyle factors and CpG island methylation in a cancer-free population. Cancer 
Epidemiol. Biomarkers Prev. 18:2984–2991.

Casillas, M. A. Jr, N. Lopatina, L. G. Andrews, and T. O. Tollefsbol. 2003. Transcriptional control of the 
DNA methyltransferases is altered in aging and neoplastically-transformed human fibroblasts. Mol. Cell. 
Biochem. 252:33–43.

Chen, L. H., G. Y. Chiou, Y. W. Chen, H. Y. Li, and S. H. Chiou. 2010. MicroRNA and aging: a novel mod-
ulator in regulating the aging network. Ageing Res. Rev. 9 Suppl 1:S59–S66.

Choi, K. C., M. G. Jung, Y. H. Lee, J. C. Yoon, S. H. Kwon, H. B. Kang, M. J. Kim, J. H. Cha, Y. J. Kim, W. 
J. Jun, J. M. Lee, and H. G. Yoon. 2009. Epigallocatechin-3-gallate, a histone acetyltransferase inhibitor, 
inhibits EBV-induced B lymphocyte transformation via suppression of RelA acetylation. Cancer Res. 
69:583–592.

Chuang, J. C. and P. A. Jones. 2007. Epigenetics and microRNAs. Pediatr. Res. 61:24R–29R.
Coppede, F. 2010. One-carbon metabolism and Alzheimer’s disease: focus on epigenetics. Curr. Genom. 11, 

246–260.
Cortessis, V. K., D. C. Thomas, A. J. Levine, C. V. Breton, T. M. Mack, K. D. Siegmund, R. W. Haile, and P. 

W. Laird. 2012. Environmental epigenetics: prospects for studying epigenetic mediation of exposure–
response relationships. Hum. Genet. 131:1565–1589.

Davis, C. D. and E. O. Uthus. 2003. Dietary folate and selenium affect dimethylhydrazine-induced aber-
rant crypt formation, global DNA methylation and one-carbon metabolism in rats. J. Nutr. 
133:2907–2914.

Davis, C. D. and E. O. Uthus. 2004. DNA methylation, cancer susceptibility, and nutrient interactions. Exp. 
Biol. Med. (Maywood) 229:988–995.

Davis, C. D., E. O. Uthus, and J. W. Finley. 2000. Dietary selenium and arsenic affect DNA methylation in 
vitro in Caco-2 cells and in vivo in rat liver and colon. J. Nutr. 130:2903–2909.

Day, J. K., A. M. Bauer, C. DesBordes, Y. Zhuang, B. E. Kim, L. G. Newton, V. Nehra, K. M. Forsee, R. S. 
MacDonald, C. Besch-Williford, T. H. Huang, and D. B. Lubahn. 2002. Genistein alters methylation pat-
terns in mice. J. Nutr. 132 Suppl 8:2419S–2423S.

de Jager, C. A., A. Oulhaj, R. Jacoby, H. Refsum, and A. D. Smith. 2012. Cognitive and clinical outcomes 
of homocysteine-lowering B-vitamin treatment in mild cognitive impairment: a randomized controlled 
trial. Int. J. Geriatr. Psychiat. 27:592–600.



Nutrition, epigenetics and ageing   149

Delage, B. and R. H. Dashwood. 2008. Dietary manipulation of histone structure and function. Annu. Rev. 
Nutr. 28:347–366.

Demary, K., L. Wong, and R. A. Spanjaard. 2001. Effects of retinoic acid and sodium butyrate on gene 
expression, histone acetylation and inhibition of proliferation of melanoma cells. Cancer Lett. 
163:103–107.

Dolinoy, D. C., J. R. Weidman, R. A. Waterland, and R. L. Jirtle. 2006. Maternal genistein alters coat color 
and protects Avy mouse offspring from obesity by modifying the fetal epigenome. Environ. Health 
Perspect.114:567–572.

Douaud, G., H. Refsum, C. A. de Jager, R. Jacoby, T. E. Nichols, S. M. Smith, and A. D. Smith. 2013. 
Preventing Alzheimer’s disease-related gray matter atrophy by B-vitamin treatment. Proc. Natl Acad. Sci. 
USA 110:9523–9528.

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 25:1227–1236.

Eden, A., F. Gaudet, A. Waghmare, and R. Jaenisch. 2003. Chromosomal instability and tumors promoted 
by DNA hypomethylation. Science 300:455.

The ENCODE (ENCyclopedia Of DNA Elements) Project. 2004. Science 306:636–640.
Esquela-Kerscher, A. and F. J. Slack. 2006. Oncomirs – microRNAs with a role in cancer. Nat. Rev. Cancer 

6:259–269.
Fang, M. Z., Y. Wang, N. Ai, Z. Hou, Y. Sun, H. Lu, W. Welsh, and C. S. Yang. 2003. Tea polyphenol 

(−)-epigallocatechin-3-gallate inhibits DNA methyltransferase and reactivates methylation-silenced 
genes in cancer cell lines. Cancer Res. 63:7563–7570.

Fang, M. Z., D. Chen, Y. Sun, Z. Jin, J. K. Christman, and C. S. Yang. 2005. Reversal of hypermethylation 
and reactivation of p16INK4a, RARbeta, and MGMT genes by genistein and other isoflavones from soy. 
Clin. Cancer Res. 11:7033–7041.

Ford, D. 2013. Honeybees and cell lines as models of DNA methylation and aging in response to diet. Exp. 
Gerontol. 48:614–619.

Fraga, M. F., R. Agrelo, and M. Esteller. 2007. Cross-talk between aging and cancer: the epigenetic lan-
guage. Ann. NY Acad. Sci. 1100:60–74.

Fraga, M. F., E. Ballestar, M. F. Paz, S. Ropero, F. Setien, M. L. Ballestar, D. Heine-Suner, J. C. Cigudosa, 
M. Urioste, J. Benitez, M. Boix-Chornet, A. Sanchez-Aguilera, C. Ling, E. Carlsson, P. Poulsen, A. Vaag, 
Z. Stephan, T. D. Spector, Y. Z. Wu, C. Plass, and M. Esteller. 2005. Epigenetic differences arise during 
the lifetime of monozygotic twins. Proc. Natl Acad. Sci. USA 102:10604–10609.

Fuso, A., V. Nicolia, A. Pasqualato, M. T. Fiorenza, R. A. Cavallaro and S. Scarpa. 2011. Changes in 
Presenilin 1 gene methylation pattern in diet-induced B vitamin deficiency. Neurobiol. Aging 
32:187–199.

Gabory, A., L. Attig, and C. Junien. 2009. Sexual dimorphism in environmental epigenetic programming. 
Mol. Cell. Endocrinol. 304:8–18.

Gardner, K. E., C. D. Allis, and B. D. Strahl. 2011. Operating on chromatin, a colorful language where 
context matters. J. Mol. Biol. 409:36–46.

Gluckman, P. D., M. A. Hanson, S. M. Morton, and C. S. Pinal. 2005. Life-long echoes – a critical analysis 
of the developmental origins of adult disease model. Biol. Neonate 87:127–139.

Goldberg, A. D., C. D. Allis, and E. Bernstein. 2007. Epigenetics: a landscape takes shape. Cell 
128:635–638.

Gonzalo, S., I. Jaco, M. F. Fraga, T. Chen, E. Li, M. Esteller, and M. A. Blasco. 2006. DNA methyltransfer-
ases control telomere length and telomere recombination in mammalian cells. Nat. Cell Biol. 
8:416–424.

Grewal, S. I. 2010. RNAi-dependent formation of heterochromatin and its diverse functions. Curr. Opin. 
Genet. Dev. 20:134–141.

Guttman, M., I. Amit, M. Garber, C. French, M. F. Lin, D. Feldser, M. Huarte, O. Zuk, B. W. Carey, J. P. 
Cassady, M. N. Cabili, R. Jaenisch, T. S. Mikkelsen, T. Jacks, N. Hacohen, B. E. Bernstein, M. Kellis, A. 
Regev, J. L. Rinn, and E. S. Lander. 2009. Chromatin signature reveals over a thousand highly con-
served large non-coding RNAs in mammals. Nature 458:223–227.

Handel, M. L., C. K. Watts, A. deFazio, R. O. Day, and R. L. Sutherland. 1995. Inhibition of AP-1 binding 
and transcription by gold and selenium involving conserved cysteine residues in Jun and Fos. Proc. Natl 
Acad. Sci. USA 92:4497–4501.



150   Ageing of cells and organisms

Happel, N., D. Doenecke, K. E. Sekeri-Pataryas, and T. G. Sourlingas. 2008. H1 histone subtype constitution 
and phosphorylation state of the ageing cell system of human peripheral blood lymphocytes. Exp. 
Gerontol. 43:184–199.

Hass, B. S., R. W. Hart, M. H. Lu, and B. D. Lyn-Cook. 1993. Effects of caloric restriction in animals on 
cellular function, oncogene expression, and DNA methylation in vitro. Mutat. Res. 295:281–289.

Heyn, H., S. Moran, and M. Esteller. 2013. Aberrant DNA methylation profiles in the premature aging 
disorders Hutchinson–Gilford Progeria and Werner syndrome. Epigenetics 8:28–33.

Hoile, S. P., K. A. Lillycrop, L. R. Grenfell, M. A. Hanson, and G. C. Burdge. 2012. Increasing the folic acid 
content of maternal or post-weaning diets induces differential changes in phosphoenolpyruvate car-
boxykinase mRNA expression and promoter methylation in rats. Br. J. Nutr. 108:852–857.

Hyder, S. M., G. M. Stancel, Z. Nawaz, D. P. McDonnell, and D. S. Loose-Mitchell. 1992. Identification of 
an estrogen response element in the 3′-flanking region of the murine c-fos protooncogene. J. Biol. Chem. 
267:18047–18054.

Ions, L. J., L. A. Wakeling, H. J. Bosomworth, J. E. Hardyman, S. M. Escolme, D. C. Swan, R. A. Valentine, 
J. C. Mathers, and D. Ford. 2013. Effects of Sirt1 on DNA methylation and expression of genes affected 
by dietary restriction. Age (Dordr.) 35:1835–1849.

Issa, J. P., Y. L. Ottaviano, P. Celano, S. R. Hamilton, N. E. Davidson, and S. B. Baylin. 1994. Methylation of 
the oestrogen receptor CpG island links ageing and neoplasia in human colon. Nat. Genet. 7:536–540.

Jacob, R. A., D. M. Gretz, P. C. Taylor, S. J. James, I. P. Pogribny, B. J. Miller, S. M. Henning, and M. E. 
Swendseid. 1998. Moderate folate depletion increases plasma homocysteine and decreases lymphocyte 
DNA methylation in postmenopausal women. J. Nutr. 128:1204–1212.

Jaenisch, R. and A. Bird. 2003. Epigenetic regulation of gene expression: how the genome integrates 
intrinsic and environmental signals. Nat. Genet. 33:245–254.

Jarolim, S., J. Millen, G. Heeren, P. Laun, D. S. Goldfarb, and M. Breitenbach. 2004. A novel assay for 
replicative lifespan in Saccharomyces cerevisiae. FEMS Yeast Res. 5:169–177.

Jenuwein, T. and C. D. Allis. 2001. Translating the histone code. Science 293:1074–1080.
Johnson, I. T. and N. J. Belshaw. 2008. Environment, diet and CpG island methylation: epigenetic signals 

in gastrointestinal neoplasia. Food Chem. Toxicol. 46:1346–1359.
Jones, P. A. and S. B. Baylin. 2002. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 

3:415–428.
Jones, P. A. and S. B. Baylin. 2007. The epigenomics of cancer. Cell 128:683–692.
Jones, P. A. and G. Liang. 2009. Rethinking how DNA methylation patterns are maintained. Nat. Rev. 

Genet. 10:805–811.
Kaikkonen, M. U., M. T. Lam, and C. K. Glass. 2011. Non-coding RNAs as regulators of gene expression 

and epigenetics. Cardiovasc Res. 90:430–440.
Kamakura, M. 2011. Royalactin induces queen differentiation in honeybees. Nature, 473:478–483.
Kang, J., J. Chen, Y. Shi, J. Jia, and Y. Zhang. 2005. Curcumin-induced histone hypoacetylation: the role 

of reactive oxygen species. Biochem. Pharmacol. 69:1205–1213.
Keyes, M. K., H. Jang, J. B. Mason, Z. Liu, J. W. Crott, D. E. Smith, S. Friso, and S. W. Choi. 2007. Older 

age and dietary folate are determinants of genomic and p16-specific DNA methylation in mouse colon. 
J. Nutr. 137:1713–1717.

Khalil, A. M., M. Guttman, M. Huarte, M. Garber, A. Raj, D. Rivea Morales, K. Thomas, A. Presser, B. E. 
Bernstein, A. van Oudenaarden, A. Regev, E. S. Lander, and J. L. Rinn. 2009. Many human large inter-
genic noncoding RNAs associate with chromatin-modifying complexes and affect gene expression. Proc. 
Natl Acad. Sci. USA 106:11667–11672.

Kida, Y., T. Shimizu, and K. Kuwano. 2006. Sodium butyrate up-regulates cathelicidin gene expression via 
activator protein-1 and histone acetylation at the promoter region in a human lung epithelial cell line, 
EBC-1. Mol. Immunol. 43:1972–1981.

Kouzarides, T. 2007.Chromatin modifications and their function. Cell 128:693–705.
Kovacheva, V. P., T. J. Mellott, J. M. Davison, N. Wagner, I. Lopez-Coviella, A. C. Schnitzler, and J. K. 

Blusztajn. 2007. Gestational choline deficiency causes global and Igf2 gene DNA hypermethylation by 
up-regulation of Dnmt1 expression. J. Biol. Chem. 282:31777–31788.

Kriaucionis, S. and N. Heintz. 2009. The nuclear DNA base 5-hydroxymethylcytosine is present in 
Purkinje neurons and the brain. Science 324:929–930.

Kucharski, R., J. Maleszka, S. Foret, and R. Maleszka. 2008. Nutritional control of reproductive status in 
honeybees via DNA methylation. Science 319:1827–1830.



Nutrition, epigenetics and ageing   151

Kulis, M. and M. Esteller. 2010. DNA methylation and cancer. Adv. Genet. 70:27–56.
Kwabi-Addo, B., W. Chung, L. Shen, M. Ittmann, T. Wheeler, J. Jelinek, and J. P. Issa. 2007. Age-related 

DNA methylation changes in normal human prostate tissues. Clin. Cancer Res. 13:3796–3802.
Langie, S. A., S. Achterfeldt, J. P. Gorniak, K. J. Halley-Hogg, D. Oxley, F. J. van Schooten, R. W. Godschalk, 

J. A. McKay, and J. C. Mathers. 2013. Maternal folate depletion and high-fat feeding from weaning 
affects DNA methylation and DNA repair in brain of adult offspring. FASEB J 27:3323–3334.

Lau, N. C., L. P. Lim, E. G. Weinstein, and D. P. Bartel. 2001. An abundant class of tiny RNAs with probable 
regulatory roles in Caenorhabditis elegans. Science 294:858–862.

Lee, W. J., J. Y. Shim, and B. T. Zhu. 2005. Mechanisms for the inhibition of DNA methyltransferases by 
tea catechins and bioflavonoids. Mol. Pharmacol. 68:1018–1030.

Li, E., T. H. Bestor, and R. Jaenisch. 1992. Targeted mutation of the DNA methyltransferase gene results 
in embryonic lethality. Cell 69:915–926.

Lillycrop, K. A., E. S. Phillips, A. A. Jackson, M. A. Hanson, and G. C. Burdge. 2005. Dietary protein 
restriction of pregnant rats induces and folic acid supplementation prevents epigenetic modification of 
hepatic gene expression in the offspring. J. Nutr. 135:1382–1386.

Lillycrop, K. A., E. S. Phillips, C. Torrens, M. A. Hanson, A. A. Jackson, and G. C. Burdge. 2008. Feeding 
pregnant rats a protein-restricted diet persistently alters the methylation of specific cytosines in the 
hepatic PPAR alpha promoter of the offspring. Br. J. Nutr. 100:278–282.

Lin, C., J. Kang, and R. Zheng. 2005. Oxidative stress is involved in inhibition of copper on histone acet-
ylation in cells. Chem. Biol. Interact. 151:167–176.

Link, A., F. Balaguer, and A. Goel. 2010. Cancer chemoprevention by dietary polyphenols: promising role 
for epigenetics. Biochem. Pharmacol. 80:1771–1792.

Lopatina, N., J. F. Haskell, L. G. Andrews, J. C. Poole, S. Saldanha, and T. Tollefsbol. 2002. Differential 
maintenance and de novo methylating activity by three DNA methyltransferases in aging and immor-
talized fibroblasts. J. Cell. Biochem. 84:324–334.

Luchsinger, J. A., M. X. Tang, J. Miller, R. Green, and R. Mayeux. 2007. Relation of higher folate intake 
to lower risk of Alzheimer disease in the elderly. Arch. Neurol. 64:86–92.

Lyko, F., S. Foret, R. Kucharski, S. Wolf, C. Falckenhayn, and R. Maleszka. 2010. The honey bee epig-
enomes: differential methylation of brain DNA in queens and workers. PLoS Biol. 8: e1000506.

Mastroeni, D., A. Grover, E. Delvaux, C. Whiteside, P. D. Coleman, and J. Rogers. 2010. Epigenetic 
changes in Alzheimer’s disease: decrements in DNA methylation. Neurobiol. Aging 31:2025–2037.

Mastroeni, D., A. McKee, A. Grover, J. Rogers, and P. D. Coleman. 2009. Epigenetic differences in cortical 
neurons from a pair of monozygotic twins discordant for Alzheimer’s disease. PLoS One 4: e6617.

Mathers, J. C. 2006. Nutritional modulation of ageing: genomic and epigenetic approaches. Mech. Ageing 
Dev. 127:584–589.

Mathers, J. C. and D. Ford. 2009. Nutrition, epigenetics and aging. In: S. W. Choi and S.S. Friso (eds) 
Nutrients and Epigenetics. Boca Raton, FL: CRC Press.

Mathers, J. C., G. Strathdee, and C. L. Relton. 2010. Induction of epigenetic alterations by dietary and 
other environmental factors. Adv. Genet. 71:3–39.

Maunakea, A. K., I. Chepelev, and K. Zhao. 2010. Epigenome mapping in normal and disease states. 
Circul. Res. 107:327–339.

McKay, J. A. and J. C. Mathers. 2011. Diet induced epigenetic changes and their implications for health. 
Acta Physiol. (Oxf.) 202:103–118.

McKay, J. A., K. J. Waltham, E. A. Williams, and J. C. Mathers. 2011a. Folate depletion during pregnancy 
and lactation reduces genomic DNA methylation in murine adult offspring. Genes Nutr. 6:189–196.

McKay, J. A., E. A. Williams, and J. C. Mathers. 2011b. Effect of maternal and post-weaning folate supply 
on gene-specific DNA methylation in the small intestine of weaning and adult apc and wild type mice. 
Front. Genet. 2:23.

McKay, J. A., Y. K. Wong, C. L. Relton, D. Ford, and J. C. Mathers. 2011c. Maternal folate supply and sex 
influence gene-specific DNA methylation in the fetal gut. Mol. Nutr. Food Res. 55:1717–1723.

McKay, J. A., L. Xie, S. Harris, Y. K. Wong, D. Ford, and J. C. Mathers. 2011d. Blood as a surrogate marker 
for tissue-specific DNA methylation and changes due to folate depletion in post-partum female mice. 
Mol. Nutr. Food Res. 55:1026–1035.

McKay, J. A., A. Groom, C. Potter, L. J. Coneyworth, D. Ford, J. C. Mathers, and C. L. Relton. 2012. 
Genetic and non-genetic influences during pregnancy on infant global and site specific DNA methyla-
tion: role for folate gene variants and vitamin B12. PLoS One 7: p. e33290.



152   Ageing of cells and organisms

Miyamura, Y., R. Tawa, A. Koizumi, Y. Uehara, A. Kurishita, H. Sakurai, S. Kamiyama, and T. Ono. 1993 
Effects of energy restriction on age-associated changes of DNA methylation in mouse liver. Mutat. Res. 
295:63–69.

Nelson, J. A., A. P. Sturtevant, and B. Lineburg. 1924. Growth and feeding of honeybee larvae. US Dept 
Agric. Bull. 1222:37.

Niculescu, M. D., C. N. Craciunescu, and S. H. Zeisel. 2006. Dietary choline deficiency alters global and 
gene-specific DNA methylation in the developing hippocampus of mouse fetal brains. FASEB J. 
20:43–49.

Okano, M., D. W. Bell, D. A. Haber, and E. Li. 1999.DNA methyltransferases Dnmt3a and Dnmt3b are 
essential for de novo methylation and mammalian development. Cell 99:247–257.

Ollikainen, M., K. R. Smith, E. J. Joo, H. K. Ng, R. Andronikos, B. Novakovic, N. K. Abdul Aziz, J. B. 
Carlin, R. Morley, R. Saffery, and J. M. Craig. 2010. DNA methylation analysis of multiple tissues from 
newborn twins reveals both genetic and intrauterine components to variation in the human neonatal 
epigenome. Hum. Mol. Genet. 19:4176–4188.

Ono, H., M. Iwasaki, A. Kuchiba, Y. Kasuga, S. Yokoyama, H. Onuma, H. Nishimura, R. Kusama, S. 
Ohnami, H. Sakamoto, T. Yoshida, and S. Tsugane. 2012. Association of dietary and genetic factors 
related to one-carbon metabolism with global methylation level of leukocyte DNA. Cancer Sci. 
103:2159–2164.

Page R. E. Jr, and C. Y. Peng. 2001. Aging and development in social insects with emphasis on the honey 
bee, Apis mellifera L. Exp. Gerontol. 36:695–711.

Pandey, M., S. Shukla, and S. Gupta. 2010. Promoter demethylation and chromatin remodeling by green 
tea polyphenols leads to re-expression of GSTP1 in human prostate cancer cells. Int. J. Cancer 
126:2520–2533.

Park, L. K., S. Friso, and S. W. Choi. 2012. Nutritional influences on epigenetics and age-related disease. 
Proc. Nutr. Soc. 71:75–83.

Pogribny, I. P., V. P. Tryndyak, L. Muskhelishvili, I. Rusyn, and S. A. Ross. 2007. Methyl deficiency, alter-
ations in global histone modifications, and carcinogenesis. J. Nutr. 137 Suppl 1:216S–222S.

Pradhan, S., A. Bacolla, R. D. Wells, and R. J. Roberts. 1999. Recombinant human DNA (cytosine-5) 
methyltransferase. I. Expression, purification, and comparison of de novo and maintenance methyla-
tion. J. Biol. Chem. 274:33002–33010.

Qin, W., W. Zhu, and E. Sauter. 2005. Resveratrol induced DNA methylation in ER+ breast cancer. In: 
Proceedings of the American Association of Cancer Research, Cellular and Molecular Biology 36: Epigenetic 
Mechanisms 1, Abstract 2750.

Rada-Iglesias, A., S. Enroth, A. Ameur, C. M. Koch, G. K. Clelland, P. Respuela-Alonso, S. Wilcox, O. M. 
Dovey, P. D. Ellis, C. F. Langford, I. Dunham, J. Komorowski, and C. Wadelius. 2007. Butyrate mediates 
decrease of histone acetylation centered on transcription start sites and down-regulation of associated 
genes. Genome Res. 17:708–719.

Rakyan, V. K., M. E. Blewitt, R. Druker, J. I. Preis, and E. Whitelaw. 2002. Metastable epialleles in mam-
mals. Trends Genet. 18:348–351.

Rakyan, V. K., T. A. Down, D. J. Balding, and S. Beck. 2011. Epigenome-wide association studies for 
common human diseases. Nat. Rev. Genet. 12:529–541.

Rampersaud, G. C., G. P. Kauwell, A. D. Hutson, J. J. Cerda, and L. B. Bailey. 2000. Genomic DNA meth-
ylation decreases in response to moderate folate depletion in elderly women. Am. J. Clin. Nutr. 
72:998–1003.

Rascon, B., B. P. Hubbard, D. A. Sinclair, and G. V. Amdam. 2012. The lifespan extension effects of resve-
ratrol are conserved in the honey bee and may be driven by a mechanism related to caloric restriction. 
Aging (Albany NY) 4:499–508.

Ravaglia, G., P. Forti, F. Maioli, M. Martelli, L. Servadei, N. Brunetti, E. Porcellini, and F. Licastro. 2005. 
Homocysteine and folate as risk factors for dementia and Alzheimer disease. Am. J. Clin. Nutr. 
82:636–643.

Rees, W. D., S. M. Hay, D. S. Brown, C. Antipatis, and R. M. Palmer. 2000.Maternal protein deficiency 
causes hypermethylation of DNA in the livers of rat fetuses. J. Nutr. 130:1821–1826.

Reik, W. 2007. Stability and flexibility of epigenetic gene regulation in mammalian development. Nature 
447:425–432.

Richter, A. M., G. P. Pfeifer, and R. H. Dammann. 2009. The RASSF proteins in cancer; from epigenetic 
silencing to functional characterization. Biochim. Biophys. Acta 1796:114–128.



Nutrition, epigenetics and ageing   153

Rodriguez, J., L. Vives, M. Jorda, C. Morales, M. Munoz, E. Vendrell, and M. A. Peinado. 2008. Genome-
wide tracking of unmethylated DNA Alu repeats in normal and cancer cells. Nucleic Acids Res. 
36:770–784.

Ryan, B. M., A. I. Robles, and C. C. Harris. 2010. Genetic variation in microRNA networks: the implica-
tions for cancer research. Nat. Rev. Cancer 10:389–402.

Sarg, B., E. Koutzamani, W. Helliger, I. Rundquist, and H. H. Lindner. 2002. Postsynthetic trimethylation of 
histone H4 at lysine 20 in mammalian tissues is associated with aging. J. Biol. Chem. 277:39195–39201.

Sauer, J., H. Jang, E. M. Zimmerly, K. C. Kim, Z. Liu, A. Chanson, D. E. Smith, J. B. Mason, S. Friso, and 
S. W. Choi. 2010. Ageing, chronic alcohol consumption and folate are determinants of genomic DNA 
methylation, p16 promoter methylation and the expression of p16 in the mouse colon. Br. J. Nutr. 
104:24–30.

Schneider, E., G. Pliushch, N. El Hajj, D. Galetzka, A. Puhl, M. Schorsch, K. Frauenknecht, T. Riepert, A. 
Tresch, A. M. Muller, W. Coerdt, U. Zechner, and T. Haaf. 2010. Spatial, temporal and interindividual 
epigenetic variation of functionally important DNA methylation patterns. Nucleic Acids Res. 
38:3880–3890.

Shi, Y. Y., Z. Y. Huang, Z. J. Zeng, Z. L. Wang, X. B. Wu, and W. Y. Yan. 2011. Diet and cell size both affect 
queen-worker differentiation through DNA methylation in honey bees (Apis mellifera, Apidae). PLoS 
One 6:e18808.

Smith, A. D., S. M. Smith, C. A. de Jager, P. Whitbread, C. Johnston, G. Agacinski, A. Oulhaj, K. M. 
Bradley, R. Jacoby, and H. Refsum. 2010. Homocysteine-lowering by B vitamins slows the rate of accel-
erated brain atrophy in mild cognitive impairment: a randomized controlled trial. PLoS One 5:e12244.

Smith-Vikos, T. and F. J. Slack. 2012. MicroRNAs and their roles in aging. J. Cell Sci. 125:7–17.
Spyrou, G., M. Bjornstedt, S. Kumar, and A. Holmgren. 1995. AP-1 DNA-binding activity is inhibited by 

selenite and selenodiglutathione. FEBS Lett. 368:59–63.
Steegers-Theunissen, R. P., S. A. Obermann-Borst, D. Kremer, J. Lindemans, C. Siebel, E. A. Steegers, P. 

E. Slagboom, and B. T. Heijmans. 2009. Periconceptional maternal folic acid use of 400 microg per day 
is related to increased methylation of the IGF2 gene in the very young child. PLoS One 4: e7845.

Tapp, H. S., D. M. Commane, D. M. Bradburn, R. Arasaradnam, J. C. Mathers, I. T. Johnson, and N. J. 
Belshaw. 2013. Nutritional factors and gender influence age-related DNA methylation in the human 
rectal mucosa. Aging Cell 12:148–155.

van Eijk, K. R., S. de Jong, M. P. Boks, T. Langeveld, F. Colas, J. H. Veldink, C. G. de Kovel, E. Janson, E. 
Strengman, P. Langfelder, R. S. Kahn, L. H. van den Berg, S. Horvath, and R. A. Ophoff. 2012. Genetic 
analysis of DNA methylation and gene expression levels in whole blood of healthy human subjects. 
BMC Genom. 13:636.

van Straten, E. M., V. W. Bloks, N. C. Huijkman, J. F. Baller, H. Meer, D. Lutjohann, F. Kuipers, and T. 
Plosch. 2010. The liver X-receptor gene promoter is hypermethylated in a mouse model of prenatal 
protein restriction. Am. J. Physiol. Regul. Integr. Comp. Physiol. 298:R275–282.

Wakeling, L. A., L. J. Ions, and D. Ford. 2009. Could Sirt1-mediated epigenetic effects contribute to the 
longevity response to dietary restriction and be mimicked by other dietary interventions? Age (Dordr.) 
31:327–341.

Wallace, K., M. V. Grau, A. J. Levine, L. Shen, R. Hamdan, X. Chen, J. Gui, R. W. Haile, E. L. Barry, D. 
Ahnen, G. McKeown-Eyssen, J. A. Baron, and J. P. Issa. 2010. Association between folate levels and 
CpG Island hypermethylation in normal colorectal mucosa. Cancer Prev. Res. (Phila) 3:1552–1564.

Wang, L. G., A. Beklemisheva, X. M. Liu, A. C. Ferrari, J. Feng, and J. W. Chiao. 2007. Dual action on 
promoter demethylation and chromatin by an isothiocyanate restored GSTP1 silenced in prostate can-
cer. Mol. Carcinog. 46:24–31.

Wang, S. C., B. Oelze, and A. Schumacher. 2008. Age-specific epigenetic drift in late-onset Alzheimer’s 
disease. PLoS One 3:e2698.

Wang, Y., M. Jorda, P. L. Jones, R. Maleszka, X. Ling, H. M. Robertson, C. A. Mizzen, M. A. Peinado, and 
G. E. Robinson. 2006.Functional CpG methylation system in a social insect. Science 314:645–647.

Waterland, R. A. and R. L. Jirtle. 2003. Transposable elements: targets for early nutritional effects on epi-
genetic gene regulation. Mol. Cell. Biol. 23:5293–5300.

Waterland, R. A., D. C. Dolinoy, J. R. Lin, C. A. Smith, X. Shi, and K. G. Tahiliani. 2006. Maternal methyl 
supplements increase offspring DNA methylation at Axin Fused. Genesis 44:401–406.

Wheeler, D. E. 1986. Developmental and Physiological Determinants of Caste in Social Hymenoptera: Evolutionary 
Implications. The University of Chicago Press for The American Society of Naturalists



154   Ageing of cells and organisms

Widiker, S., S. Karst, A. Wagener, and G. A. Brockmann. 2010. High-fat diet leads to a decreased 
 methylation of the Mc4r gene in the obese BFMI and the lean B6 mouse lines. J. Appl. Genet. 
51:193–197.

Winston, M. 1987. The Biology of the Honey Bee. Cambridge, MA: Harvard University Press:
Xiang, N., R. Zhao, G. Song, and W. Zhong. 2008. Selenite reactivates silenced genes by modifying DNA 

methylation and histones in prostate cancer cells. Carcinogenesis 29:2175–2181.
Zhu, B. T., E. L. Ezell, and J. G. Liehr. 1994. Catechol-O-methyltransferase-catalyzed rapid O-methylation 

of mutagenic flavonoids. Metabolic inactivation as a possible reason for their lack of carcinogenicity in 
vivo. J. Biol. Chem.269:292–299.

Zhu, B. T. and J. G. Liehr. 1996. Inhibition of catechol O-methyltransferase-catalyzed O-methylation of 
2- and 4-hydroxyestradiol by quercetin. Possible role in estradiol-induced tumorigenesis. J. Biol. Chem. 
271:1357–1363.

Zhu, B. T., U. K. Patel, M. X. Cai, and A. H. Conney. 2000. O-Methylation of tea polyphenols catalyzed by 
human placental cytosolic catechol-O-methyltransferase. Drug. Metab. Dispos. 28:1024–1030.

Zhu, B. T., U. K. Patel, M. X. Cai, A. J. Lee, and A. H. Conney. 2001. Rapid conversion of tea catechins to 
monomethylated products by rat liver cytosolic catechol-O-methyltransferase. Xenobiotica 31:879–890.

Zhu, W., W. Qin, K. Zhang, G. E. Rottinghaus, Y. C. Chen, B. Kliethermes, and E. R. Sauter. 2012. Trans-
resveratrol alters mammary promoter hypermethylation in women at increased risk for breast cancer. 
Nutr. Cancer 64:393–400.



Nutritional modulation  
of age-related organ  
functional decline

Part II





Anti-Ageing Nutrients: Evidence-Based Prevention of Age-Associated Diseases, First Edition. Edited by Delminda Neves. 

© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.

157

4.1 Cancer as an age-associated disease

Ageing is a natural consequence of changes occurring in molecular, cellular, tissue and 
organ levels over the course of time. Although it is inevitable with increasing life 
expectancy, current knowledge states that its rate and the incidence of commonly asso-
ciated chronic diseases can be influenced by lifestyle, diet, and behavior through life. 
A great challenge today is to understand the role of health factors and apply them in order 
to control the incidence of major chronic noncommunicable diseases – cancer, diabetes, 
obesity, ischemic heart disease and stroke. Efforts are currently being directed towards 
understanding biological pathways involved in the ageing rate, risk of age-associated 
 disease and lifespan, which will offer tools for more precise intervention actions (Prasad 
et al., 2012; Deelen et al., 2013; Valdes et al., 2013).

According to the “Global Burden of Diseases, Injuries, and Risk Factors Study”, 8 million 
people died from cancer worldwide in 2010, representing 15.1% of all deaths, a number 
that had increased by 38% since 1990, accompanying both population growth and age-
ing. The 2010 age-standardized cancer mortality rates show an evident age-related rise in 
cancer deaths beyond the 35–40 year age, going from 30.28 deaths/100,000 for the 35–39 
year age group to 1420.05 deaths/100,000 for the 80+ year age group (Lozano et al., 
2012). A parallel exponential increase has been shown for the incidence of invasive epi-
thelial carcinomas with age (DePinho, 2000). Major age-increased death rates have been 
shown for lung, colorectal, stomach, prostate, liver, breast, pancreatic, bladder and 
esophageal cancer (Lozano et al., 2012).

Cancer is the term used for a large number of tissue diseases in which cells change 
their energy metabolism, lose growth control, resist apoptosis, induce angiogenesis and 
gain the capacity to migrate and invade other adjacent and distant tissues. These hall-
marks of cancer cells result from complex and heterogeneous genetic and epigenetic 
alterations that culminate in the activation of oncogene and/or inactivation of tumor 
suppressor gene networks (Hanahan & Weinberg, 2011; Hofree et al., 2013). The time 

Nutritional interventions in age-related 
genetic and epigenetic instability  
and cancer
Thomas Prates Ong1 and Ana Paula de Melo Loureiro2

1 Laboratory of Nutrigenomics and Programming, Food and Experimental Nutrition Department, Faculty of Pharmaceutical Sciences, 

and Food and Nutrition Research Center, University of São Paulo, São Paulo, Brazil
2 Department of Clinical and Toxicological Analyses, Faculty of Pharmaceutical Sciences, University of São Paulo, São Paulo, Brazil

Chapter 4



158   Nutritional modulation of age-related organ functional decline

period elapsing in the presence of factors that promote these alterations, in combination 
with genetic features, helps in understanding the increased cancer incidence in the 
elderly. The predominance of epithelial carcinomas over cancers of mesenchymal or 
hematopoietic origin in the aged may be due in part to differences in the replicative index 
and susceptibility to DNA damage of different tissues (DePinho, 2000; Kennedy et al., 
2012). There is evidence that different tissue types accumulate different levels of muta-
tions throughout life (Hill et al., 2004). For example, by comparing mutation frequencies 
at the hypoxanthine phosphoribosyl transferase locus between human renal epithelial 
cells and T-lymphocytes during ageing, it was verified that the renal epithelial cells suf-
fered an approximately 10-fold higher increase in mutation load (Cole & Skopek, 1994; 
Martin et al., 1996; Kennedy et al., 2012). In general, somatic mutations in human epithelia 
appear to increase exponentially with age (Martin et al., 1996).

Molecular pathways altered with age in response to endogenous (e.g. hormonal 
changes, fat accumulation, inflammation) and exogenous (e.g. pollution, poor diet) 
stimuli seem to prompt cells to accumulate damage, driving gene mutations and genetic 
instability. On the other hand, accumulated mutations during a lifespan may guide cells 
to develop a “mutator phenotype”, since mutations in genes that have some role in sup-
porting genome stability will make the cells prone to augmented DNA damage and muta-
tion rates, attaining levels that facilitate cancer development (DePinho, 2000; Kennedy  
et al., 2012). This process occurs slowly over many years (an estimated 20 years from the 
initial event) and the final outcome is the result of continuous selection of cells able to 
bypass the barriers that limit unrestricted cell proliferation. Both nuclear and mitochon-
drial mutation burden have been shown to be amplified with age (Kennedy et al., 2012). 
Moreover, somatic mutations in different gene networks that control cell survival, 
growth, DNA damage response and epigenetic features give rise to different tumor sub-
types with different clinical outcomes reflected in patient survival, response to therapy 
and tumor histology (Hofree et al., 2013). In addition to stressing the importance of 
mutations for tumor development and outcomes, current knowledge shows that charac-
terizing tumor-mutated networks is a promising strategy to obtain molecular signatures 
that help in deciding the most effective therapy (Hofree et al., 2013; Garraway & Lander, 
2013). Given the importance of gene network mutations for tumor development, 
controlling the factors that increase the risk of these mutations over a lifetime seems to 
be one of the best strategies to manage cancer.

It is recognized, however, that not only DNA mutations, but also epigenetic marks, 
such as DNA methylation, histone modifications and microRNAs profiling (discussed in 
Chapter 3), drive changes in gene expression that contribute to tumor development and 
phenotype (DePinho, 2000). The existence of different levels of heritable control of gene 
expression that may be altered in carcinogenesis shows that the scenario is more complex 
than initially thought. Beyond mutagenic pathways, attention must also be given to 
 cellular events and risk factors able to disrupt epigenetic marks. The roles of telomere 
dysfunction and stromal milieu in tumor development are also evidenced as other impor-
tant pieces of the complex puzzle of carcinogenesis (DePinho, 2000).

It is now recognized that genetic predisposition alone accounts for only a very small 
percentage of cancer cases and that cancer development results from complex interac-
tions involving the genome and its environment (70–90%; Colditz et al., 2006). Therefore, 
gene–environment interactions must be considered in the analysis of different suscepti-
bilities to cancer development. It is well known that single nucleotide polymorphisms 
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occurring, for example, in protein-coding sequences may affect protein function, giving 
diverse capabilities for different individuals to deal with their environment (Kennedy et al., 
2012; Yuan et al., 2012). Urgent action must be taken to avoid the known causes of cancer 
in order to contain its incidence (Clapp et al., 2007).

One point of convergence for the risk factors linked to age-associated chronic diseases is 
the induction of chronic inflammation and oxidative stress. Tobacco use, excessive alcohol 
intake, poor diet, obesity, pollution, stress, infectious agents, occupational exposure to 
 several xenobiotics and lack of physical activity are among the risk factors that together 
account for nearly 90% of all cancer cases and are able to activate inflammation-associated 
molecules and induce oxidative stress (Luch, 2005; Clapp et al., 2007; Prasad et al., 2012; 
Sethi et al., 2012). Clear links exist between chronic inflammation, oxidative stress and 
cancer. Pro-inflammatory mediators, pro-inflammatory transcription factors and reactive 
oxygen species are shown to be involved in all phases of the neoplastic development (Sethi 
et al., 2012).

Ageing is accompanied by increased levels of inflammatory markers and oxidative 
damage, as well as by a decline of mitochondrial function and energy metabolism 
(Kennedy et al., 2012; discussed in Chapter 1). Overexpression of genes associated with 
inflammation, immune response and lysossome function have been evidenced as the 
main age-associated gene expression changes in a meta-analysis study performed with 
27 microarray datasets from mice, rats and humans. Downregulation of collagen-, oxidative 
phosphorylation-, mitochondria-, and energy metabolism-related genes, as well as alter-
ations in the expression of apoptosis, cell cycle and senescence genes have also been 
demonstrated to occur as a function of age (Magalhães et al., 2009).

4.2 Genetic and epigenetic alterations as molecular 
mechanisms underlying carcinogenesis

Carcinogenesis is a chronic process in which successive and heritable alterations in 
diverse gene expression pathways take place, originating somatic cell clones with a 
growth advantage compared with normal adjacent cells. Despite its clonal nature, cancer 
progression occurs through changes in diverse pathways in different tumor cells, giving 
rise to a complex tissue with different cell types interacting with each other (Hanahan & 
Weinberg, 2011).

Classically, three phases are highlighted in neoplastic development: initiation, promo-
tion, and progression. The initiation phase encompasses the emergence and survival of 
mutated cells within a tissue. As heritable suppression or induction of gene expression 
may also be controlled by the epigenome, the existence of nonmutated initiated cells 
within a tissue is increasingly being recognized (Luch, 2005; Shen & Laird, 2013). 
However, changes in the epigenome may be reverted by changes in the tissue microen-
vironment or therapeutic intervention, while mutations are invariably maintained in the 
subsequent cell generations.

Initiated cells will support tumor development if the rate of their division accelerates 
in response to replication signals. This step constitutes the promotion phase, which may be 
reversed if the signals for tumor growth are withdrawn. This means that, at the beginning 
of tumor development, its growth may be restricted and even reversed by changes in 
its microenvironment. However, if genetic and epigenetic changes intensify while cells 



160   Nutritional modulation of age-related organ functional decline

proliferate, a threshold of gene expression alterations is attained and cells will gain the 
capacity to replicate even without external stimuli. This is the progression phase, character-
ized by genetic instability, loss of growth control and metastasis (Klaunig et al., 2011). 
Nowadays, the tumor microenvironment is also being recognized as an important con-
tributor for the survival of initiated cells, as well as for tumor promotion and progression 
(Barcellos-Hoff et al., 2013; Parks et al., 2013).

The importance of genetic lesions for cancer development may be shown by the study 
of some rare genetic syndromes in which DNA repair systems are deficient. Examples are 
the Werner and Xeroderma Pigmentosum (XP) syndromes, which are autosomal-recessive 
diseases. Werner syndrome (WRN) is characterized by the loss of WRN protein function 
owing to the mutated gene. WRN protein bears helicase and exonuclease activities, 
which are essential for the maintenance of genome stability and correct processing of 
transcription, replication and DNA repair. WRN patients are prone to increased incidence 
of genomic rearrangements and exhibit signs of ageing early in life, such as cataracts, 
scleroderma, thinning gray hair, atherosclerosis, diabetes, myocardial infarction, stroke, 
osteoporosis and increased incidence of certain types of cancer (Kennedy et al., 2012). On 
the other hand, XP syndrome occurs as a result of mutations in one of eight genes (XP-A, 
B, C, D, E, F, G or V) that participate in the nucleotide excision repair (NER) pathway 
(A–G) or DNA damage tolerance/lesion bypass (V). XP patients present at least a 1000-
fold increase in their susceptibility to developing skin cancer owing to the defective NER 
necessary to remove UV-induced DNA bulky lesions, such as the pyrimidine dimers. 
Increased frequencies of internal cancers are also observed in XP patients, which are 
attributed to the defective repair of oxidatively generated DNA lesions. Neuronal degen-
eration, sensorineural hearing loss, ataxia, areflexia and microcephaly have been also 
observed in XP patients (Berquist & Wilson, 2012).

Defective DNA repair combined with exposure to DNA damaging agents, such as reac-
tive xenobiotics and endogenous substances, leads to the increased mutation rates necessary 
to induce cell malignant transformation (Poirier, 2004; Hecht, 2012). This assumption is 
also well demonstrated in mouse strains deficient in DNA repair, which present increased 
cancer rates in parallel to elevated mutation frequencies (Hasty et al., 2003). Polymorphisms 
in DNA repair genes have been shown to be associated with increased cancer risk, 
although some controversies exist (Ricceri et al., 2012). For example, an association bet-
ween polymorphisms of the base-excision repair (BER) genes human 8-oxoguanine DNA 
N-glycosylase 1 (hOGG1) and X-ray repair cross-complementing protein 1 (XRCC1) and 
increased risk of hepatocellular carcinoma has been verified (Yuan et al., 2012). 
Furthermore, there are data showing a decline in DNA repair capacity with age (Moriwaki 
et al., 1996; Goukassian et al., 2000), although it has not been fully demonstrated to be 
linked to carcinogenesis (DePinho, 2000).

Types of genetic alterations that are increased in aged cells include base substitutions, 
frameshifts, insertions, deletions, rearrangements, chromosome loss, chromosomal aber-
rations, micronuclei, sister chromatid exchanges and DNA strand breaks (Hill et al., 2004; 
Kennedy et al., 2012). It is estimated that thousands to hundreds of thousands of muta-
tions are present in each tumor cell (Salk et al., 2010; Kennedy et al., 2012). Mutated 
genes affect cell signaling [e.g. mitogen-activated protein kinases (MAPK), phosphati-
dylinositol 3-kinase (PI3K), Notch, target of rapamycin (TOR), wingless-related integration 
site (Wnt)/β-catenin, transforming growth factor β, nuclear factor-kappaB (NF-κB) sig-
naling pathways], cell cycle, genome integrity, telomere stability, the epigenome (DNA 
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methylation, DNA hydroxymethylation, chromatin histone methyltransferases, demeth-
ylases and acetyltransferases), chromatin structure (SWItch/Sucrose NonFermentable 
complexes), RNA splicing, protein homeostasis, metabolism, apoptosis and cell differentiation 
(Garraway & Lander, 2013). Cancer genome projects, in conjunction with The Cancer 
Genome Atlas, the International Cancer Genome Consortium and the Slim Initiative for 
Genomic Medicine, are underway to systematically characterize the cancer genome in 
different tumor types of diverse anatomic sites (brain/central nervous system, head and 
neck, thoracic, breast, gastrointestinal, gynecologic, urologic, skin, soft tissue and hema-
tologic; Garraway & Lander, 2013). These studies reveal prevalent mutations in genes of 
different samples of each tumor type, and the mutated pathways emerge as potential tar-
gets for therapy (Tsou et al., 2002; Belinsky, 2004; Damiani et al., 2008; Reck et al., 2011; 
Scrima et al., 2012). For example, serine/threonine-protein kinase B-raf mutations (onco-
gene, MAPK signaling) have been found in 50% of melanomas, phosphatidylinositol 
4,5-bisphosphate 3-kinase catalytic subunit alpha isoform (PIK3CA) mutations (onco-
gene, PI3K signaling) in 25–30% of breast and colorectal cancers, and epidermal growth 
factor receptor mutations (receptor tyrosine kinase signaling) in 10–15% of nonsmall cell 
lung cancers (NSCLC) (Garraway & Lander, 2013).

Chronic inflammation and mitochondrial dysfunction are the major sources of a set 
of reactive oxygen and nitrogen species (ROS and RNS, respectively) that are multifunc-
tional drivers in ageing and carcinogenesis (Kennedy et al., 2012; Berquist & Wilson, 
2012). Proteins, lipids, carbohydrates, nuclear DNA, mitochondrial DNA and RNAs are 
targets for the most reactive species generated. Among the possible targets, DNA and 
polyunsaturated fatty acids have been the most studied.

A variety of oxidized DNA bases, oxidized DNA sugar moiety, DNA–protein crosslinks, 
and DNA adducts from reaction of DNA bases with electrophylic lipid peroxidation prod-
ucts (etheno adducts, propane adducts, malonaldehyde adducts) have been described 
(Evans et al., 2004; Medeiros, 2009; Berquist & Wilson, 2012). The highly reactive 
hydroxyl radical (•OH), for example, adds to double bonds of the four DNA bases and 
oxidizes the methyl group of thymine or the C–H bonds of 2′-deoxyribose and polyun-
saturated fatty acids at diffusion-controlled rates. The diverse biomolecular radicals gen-
erated in this manner rearrange in several ways, giving rise to numerous oxidized 
products, in addition to DNA fragmentation. At least 24 major oxidized products of DNA 
bases have been identified (Evans et al., 2004). The most studied one is 8-oxo-7,8-
dihydro-2′-deoxyguanosine (8-oxodGuo), which is highlighted as a biomarker of DNA 
damage induced by oxidative stress. It is able to induce mainly GC → TA transversions in 
mammalian cells (Moriya, 1993). This type of mutation, although not specific for 
8-oxodGuo, is frequently found in mutated tumor suppressor genes and oncogenes 
(Hussain and Harris, 1998). Other oxidized DNA bases, such as 8-oxo-7,8-dihydro-adenine, 
2-hydroxyadenine, thymine glycol, 5-formyluracil, 5-formylcytosine, 5-hydroxyuracil, 
uracil glycol, 5-hydroxycytosine and the formamidopyrimidines FapyGua and FapyAde 
are also mutagenic lesions (Evans et al., 2004). Elevated levels of oxidatively modified 
DNA bases have been observed in cancer tissues or urine of cancer patients in several 
studies (Evans et al., 2004). These and other DNA lesions are removed from DNA by dif-
ferent repair pathways that act simultaneously. It is believed that their persistence in 
DNA is implicated in tumor initiation if damaged cells are not repaired or removed by 
apoptosis (Evans et al., 2004; Berquist & Wilson, 2012). Thus, therapeutic and nutritional 
interventions to control oxidative stress, regulate cell metabolism, improve the fidelity of 
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DNA polymerases, induce apoptosis of damaged cells and enhance the performance of 
DNA repair pathways (BER, NER, strand break repair, homologous recombination and 
interstrand crosslink repair) are hopeful strategies to slow down mutation rates during 
ageing and, consequently, the development of age-associated diseases, including cancer 
(Berquist & Wilson, 2012; Kennedy et al., 2012; Prasad et al., 2012).

Beyond the induction of genetic lesions and mutations, it has been shown that ROS can 
modulate gene expression through nongenotoxic mechanisms, cooperating, for example, 
for the proliferation of initiated cells (promotion phase). The intracellular redox state influ-
ences the activity of diverse signaling networks [kinases, such as phosphatidylinositol 
3-kinase/RAC-alpha serine/threonine-protein kinase (PI3K/Akt), protein kinase C and 
MAPKs] and transcription factors [e.g. NF-κB, activator protein 1, hypoxia inducible factor 
1 (HIF1), p53 and nuclear factor erythroid 2-related factor 2 (Nrf2)], resulting in widely 
altered gene expression that will drive cells to their fate (senescence, death, growth or divi-
sion), depending on ROS levels and nature (Leonarduzzi et al., 2010; Indran et al., 2010). 
ROS may also alter cell metabolism, epigenetic marks (such as DNA methylation and his-
tone modifications) and telomerase [human telomerase reverse transcriptase (hTERT)] 
expression, activity and subcellular localization, leading to complex changes in gene 
expression pathways that did not originate from changes in DNA sequence (Fedotcheva  
et al., 2006; Brookes et al., 2006; Hitchler & Domann, 2009; Indran et al., 2010).

The metabolism of cancer cells is emerging as a promising target for cancer therapy 
(Heiden et al., 2009; Cairns et al., 2011; Amoedo et al., 2011; Parks et al., 2013). The met-
abolic shift of cancer cells toward aerobic glycolysis (increased glucose oxidation to lac-
tate even in the presence of high oxygen partial pressures), to the detriment of oxidative 
phosphorylation, was originally described in the 1920s by the Nobel Prize winner Otto 
Warburg, and is called the “Warburg effect” (Kroemer & Pouyssegur, 2008). These meta-
bolic changes are coordinated by oncogenic signaling pathways, represented mainly by 
PI3K/AKT/mTOR (mechanistic target of rapamycin), HIF1, v-myc avian myelocytomato-
sis viral oncogene homolog and octamer-binding protein 1, which have the ability to 
activate the glycolytic pathway and/or inhibit the tricarboxylic acid cycle (Cairns et al., 
2011). Activation of these pathways by mutations, epigenetic mechanisms, intracellular 
metabolites or redox state will change the cell metabolism.

The PI3K/AKT/mTOR pathway is commonly altered in diverse types of human cancer, 
inducing biosynthesis and cell replication. Its aberrant activation is, for example, one of 
the most common molecular alterations in lung cancer, having an important role in both 
the initiation and progression of NSCLC, and emerging as an important target in therapy. 
However, PIK3CA mutations and the gain of gene copies explain only in part the pathway 
activation, suggesting the existence of other mechanisms regulating gene expression and 
protein activity (Gustafson et al., 2010; Scrima et al., 2012).

Activated PI3K/AKT/mTOR leads to the activation of different oncogenic transcription 
factors, among which is the HIF. HIF favors cell adaptation to low oxygen tensions, inducing 
neovascularization and glycolysis, along with other effects allied to the induction of more 
than 50 genes that are responsive to hypoxia. The complexes HIF1 and HIF2 are heterodi-
mers composed of one constitutively expressed subunit, HIF1β, and the HIF1α or HIF2α sub-
units, which are rapidly stabilized under hypoxia. HIF1α is the most expressed subunit, with 
best characterized metabolic effects. Mutations or metabolic and epigenetic alterations that 
lead to HIF1α stabilization in the presence of oxygen make HIF protein active, altering cell 
metabolism under normoxia (Selak et al., 2005; Serra-Pérez et al., 2010; Cairns et al., 2011).
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How metabolic alterations contribute to the activation of signaling pathways and to 
epigenetic changes that favor tumor development is currently under careful investigation 
(Chia et al., 2011; Cairns et al., 2011). In this context, studies indicate that intermediates 
of the Krebs cycle regulate the activity of key enzymes involved in the control of cellular 
metabolism and maintenance of the epigenetic pattern.

The Krebs cycle intermediate α-ketoglutarate is a co-substrate of a family of dioxygen-
ases that use molecular oxygen to hydroxylate their substrates, being, in turn, oxidized 
and decarboxylated directly to succinate. Among the enzymes dependent on α-
ketoglutarate are the prolyl hydroxylases (PHD1-3) of HIFα, which also rely on oxygen, 
Fe(II) and ascorbate to be active, and are considered important sensors of oxygen in the 
cells. These enzymes catalyze the hydroxylation of the oxygen-dependent degradation 
domain of HIFα, leading to its degradation via proteasome (Selak et al., 2005; Serra-Pérez 
et al., 2010). Succinate, fumarate and oxaloacetate are intermediates of the tricarboxylic 
acid cycle capable of inhibiting oxygenases dependent on α-ketoglutarate, among which 
are PHD1-3. Thus, HIF activity may be increased in response to dysfunctions of the Krebs 
cycle (Selak et al., 2005; Koivunen et al., 2007). It has been reported that mutations that 
lead to inhibition of succinate dehydrogenase and fumarate hydratase, with subsequent 
increase in intracellular levels of succinate and fumarate, are related to an increased risk 
of developing tumors, such as pheochromocytoma, paraganglioma, renal carcinoma, 
gastric carcinoma, colon carcinoma and thyroid cancer. Increased levels of HIF1α and 
induction of hypoxia-responsive genes have been found in tumors containing these 
mutations (Selak et al., 2005; Serra-Pérez et al., 2010).

In addition to PHD1-3, other dioxygenases dependent on α-ketoglutarate and Fe(II) 
are the Jumonji C-terminal domain (JmjC) histone lysine demethylases and Ten-Eleven-
Translocation (TET) protein methylcytosine hydroxylases, which are part of the epige-
netic machinery for gene transcription regulation (Cyr & Domann, 2011). A link between 
Krebs cycle disruption and change in epigenetic marks may then exist, which could 
potentiate gene expression changes during carcinogenesis.

A fine control of gene expression is exerted by epigenetic marks in the genome, 
including DNA methylation and post-translational modifications of histones, without 
changing the primary sequence of DNA nucleotides (discussed in Chapter 3). The cur-
rently best characterized epigenetic mark is DNA methylation, which in association with 
modifications of histones and other proteins plays a regulatory role in chromatin structure 
maintenance. A fraction of 2–5% of cytosine levels in human DNA is in the methylated 
form 5-methyl-2′-deoxycytidine (5-mdC), which is the fifth most abundant deoxynucleo-
side in DNA (Robertson & Wolffe, 2000; Bender, 2004; Maganã et al., 2007).

The pattern of 5-mdC in DNA is precisely preserved by mitotic inheritance via DNA 
methyltransferase (DNMT) activity. Three catalytically active members of this family of 
enzymes are found in mammalian cells – DNMT1, DNMT3a and DNMT3b. Methylation 
in mammalian somatic tissues occurs in cytosine preceding guanine bases (CpG dinucle-
otides) and its distribution in the genome is not random. A large fraction of 5-mdC is 
located on transposons, which represent more than 40% of the human genome and are 
a challenge for its function and stability. It is estimated that approximately 70% of the 
CpG dinucleotides in DNA are methylated, whereas nonmethylated CpGs are found pri-
marily in “CpG islands”. Such islands are regions of DNA more than 500 bp long with 
high relative densities of CpG dinucleotides. The majority of promoter regions of human 
genes (more than 60%) contain nonmethylated “CpG islands”. Specific transcription 
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factors and histone modifications determine the transcriptional activity or inactivity of 
these genes. Normally, methylated “CpG islands” are found in the promoter regions of 
imprinted genes, genes from the inactive X chromosome in females and tissue-specific 
genes (Sharma et al., 2010; Brenet et al., 2011; Dahl et al., 2011; Williams et al., 2011). 
Dense methylation of the promoter region is generally associated with gene silencing. 
Tumor cells typically exhibit a loss of global DNA methylation (hypomethylation) accom-
panied by focal hypermethylation, which can lead to genomic instability and transcrip-
tional silencing of tumor suppressor genes, respectively (Irizarry et al., 2009; Doi et al., 
2009; Dahl et al., 2011).

Mechanisms responsible for the maintenance of nonmethylated “CpG islands” are 
poorly understood, and may be attended by TET protein methylcytosine hydroxylases. 
The hydroxylated form of 5-mdC, 5-hydroxymethyl-2′-deoxycytidine (5-hmdC), was 
first described in mammalian DNA in the early 1970s (Penn et al., 1972), but only four 
decades later were its levels accurately determined in mouse tissues, ranging from 0.03 
to 0.7% of the total deoxycytidine in DNA, depending on the tissue (Globisch et al., 
2010). Oxidation of 5-mdC to 5-hmdC is catalyzed by a family of dioxygenases dependent 
on α-ketoglutarate and Fe(II), named TET proteins, with three representatives in mam-
mals – TET1, TET2 and TET3 (Tahiliani et al., 2009; Ito et al., 2010; Dahl et al., 2011; 
Williams et al., 2011). It is hypothesized that oxidation of 5-mdC to 5-hmdC via TET pro-
teins is the first step toward the complete reaction of DNA demethylation (Tahiliani et al., 
2009; Globisch et al., 2010; Nabel & Kohli, 2011). It is reported that proteins that bind to 
methyl-CpG have low affinity for 5-hmdC, resulting in alterations of transcriptional 
activity of genes with high levels of 5-hmdC in the promoter region (Valinluck & Sowers, 
2007; Jin et al., 2010; Dahl et al., 2011). Such actions may have a biological significance 
that remains to be unraveled.

There is limited knowledge about mechanisms that lead to hypermethylation of CpG 
islands in promoter regions of genes in the carcinogenesis process. It is suggested that the 
loss of function of TET proteins can lead to hypermethylation of gene promoter regions, 
with consequent disruption of transcription and cell differentiation (Williams et al., 
2011). It is noteworthy that TET2 is frequently mutated in myeloid neoplasms and that 
TET1 and TET2 are frequently mutated in gliomas (Chia et al., 2011; Pronier & 
Delhommeau, 2012). Since TET proteins are dependent on α-ketoglutarate for their 
catalytic activity, the relationship between changes in the tricarboxylic acid cycle and 
levels of 5-mdC and 5-hmdC in DNA must be investigated (Chia et al., 2011). Indeed, it 
has been found that fumarate and succinate accumulation in cells mutated for fumarate 
hydratase and succinate dehydrogenase leads to inhibition of 5-mdC hydroxylation in 
DNA (Xiao et al., 2012).

As evidence of the role of epigenetic changes in carcinogenesis, it is known that more 
than 60 genes are epigenetically silenced in lung tumors (Belinsky, 2004; Damiani et al., 
2008). Such silencing may occur in the early stages of carcinogenesis. For instance, meth-
ylation of tumor suppressor gene p16 has been observed in alveolar hyperplasia, basal cell 
hyperplasia and bronchial epithelium of cancer-free smokers (Belinsky, 2004). Given the 
importance of promoter region methylation for gene silencing, the determination of 
methylation patterns of multiple genes is implicated as a highly sensitive and specific tool 
for the diagnosis of lung cancer and for screening individuals at increased risk of devel-
oping this type of cancer (Tsou et al., 2002; Anglim et al., 2008; Suzuki & Yoshino, 2010; 
Zhang et al., 2011b; Kontic et al., 2012).
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In summary, key alterations that contribute to cell malignant transformation are 
gathered in Fig. 4.1.

4.3 Diet, nutrition and cancer

Interest in the complex relationship between nutritional factors and cancer has signifi-
cantly increased in recent decades and it has attracted the attention of several stake-
holders, including the public, the media and food regulators (Weed, 2013). Nutrition is 
one of the main environmental factors affecting cancer risk and it has been estimated 
that one-third of cancer deaths in the world could be prevented through a healthy life-
style, including adequate dietary habits (Danaei et al., 2005; World Cancer Research 
Fund/American Institute for Cancer Research, 2007; Duthie, 2011). Epidemiological 
studies conducted among populations that have migrated from less developed countries 
to highly industrialized ones have been vital in showing the importance of the environ-
ment, particularly diet, for cancer development (Shapira et al., 2013). They show that, 
over several generations, migrants come to present the same cancer incidence as the 
native population in the Western host countries (Martin, 2013).

Because prevention remains the most promising strategy for reducing both cancer 
incidence and mortality (Umar et al., 2012), identification of dietary factors that affect 
disease development is of utmost importance. Obesity is an inadequate nutritional 
condition that has been associated with increased risk of the disease, particularly breast, 
endometrial, colorectal, renal and prostate cancers (De Pergola & Silvestris, 2013). It is 
estimated that 20% of cancer cases are induced by obesity (Wolin et al., 2010). 
Furthermore, excessive alcohol, red meat, sugar and salt represent dietary factors that 
promote carcinogenesis and consumption of these should be reduced (World Cancer 
Research Fund/American Institute for Cancer Research, 2007).
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Figure 4.1 Ageing and cancer as the outcomes of detrimental changes occurring in genome, epigenome 
and metabolism in response to environment, lifestyle and diet over the course of time. Figure artwork 
by Tiago Franco de Oliveira, PhD.
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On the other hand, regular consumption of fruit and vegetables is strongly associated 
with reduced risk of developing cancer (Potter & Steinmetz, 1996; Martin et al., 2013a). 
Based on these accumulated data, the general population should be educated to regularly 
eat at least nine servings of fruit and vegetables in all forms (fresh, cooked and processed) 
per day (Liu, 2003). In addition, the promotion of high intake of these foods through 
national campaigns and health policies is considered a preferable strategy to promote 
health and decrease the burden of noncommunicable diseases, including cancer (Boeing 
et al., 2012).

The anticancer effects of fruit and vegetables is attributed to the presence of nutrients 
(vitamins and minerals), dietary fiber and bioactive food components (BFCs) also known 
as phytochemicals or nutraceuticals (polyphenolic compounds, sulfur-containing com-
pounds and terpenoids, among others; Ong et al., 2012; Liu, 2013). Particular interest has 
been directed towards the cancer preventive potential of BFCs that comprise secondary 
metabolites widely distributed in foods of plant origin. They represent promising natural 
agents for cancer prevention because they are commonly consumed in regular foods, 
display little or no toxicity and have the potential to be associated with standard chemo-
therapy (Li et al., 2011b). It is estimated that a regular portion of vegetables contains 
more than 100 different BFCs and their metabolites (Surh, 2003). For example, more 
than 5000 individual flavonoids have been identified, which are distributed in at least 10 
subgroups according to their structure (Kocic et al., 2013). Thus the anticancer actions of 
fruit and vegetables have been suggested to be a reflection of their complex mixture of 
bioactive compounds that act through additive and synergistic interactions (Liu, 2003). 
However, important aspects of BFC anticancer actions still need to be better character-
ized, including the minimum quantity that should be consumed, the ideal time for inter-
vention and the impact of genetics in determining the response (Kim et al., 2009).

Vitamins, minerals and BFCs have been shown to influence every stage of cancer 
development by modulating different cellular and molecular processes during initiation, 
promotion and progression phases (Davis et al., 2010; González-Vallinas et al., 2013). 
Because several features of the cancer cell, including limitless replicative potential, evasion 
of apoptosis and sustained angiogenesis, are ultimately underpinned by genomic insta-
bility induced by environmental stress and ageing, maintenance of DNA integrity emerges 
as a central mechanism for cancer prevention by nutritional factors (Tan et al., 2011). DNA 
repair, carcinogen detoxification and anti-oxidant and anti-inflammatory effects illustrate 
some of the beneficial effects through which nutritional factors protect the genome 
(Milner, 2008; Ong et al., 2012; González-Vallinas et al., 2013). The identification of dietary 
compounds and regimens that inhibit cellular and molecular changes that lead to age-
associated diseases, including cancer, may ultimately contribute to slowing of the ageing 
process and the extension of life expectancy (Dabhade & Kotwal, 2013; Fig. 4.1).

Although cancer and ageing are suggested to be inexorably linked, there are still no 
established approaches for ameliorating them in concert (Sharp et al., 2013). Because 
ageing and cancer can be understood as distinct manifestations of the same underlying 
process represented by accumulation of cellular damage (López-Otín et al., 2013), which 
display common molecular pathways and regulatory mechanisms, it has been proposed 
that cancer-preventive strategies are likely to have an impact on slowing the ageing pro-
cess and vice-versa. That is, anti-ageing therapies are likely to contribute to cancer risk 
reduction (Chobotova, 2009; De Magalhães, 2013). Thus the importance of vitamins, 
minerals, bioactive compounds from fruit and vegetables and energy restriction has been 
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highlighted for both anti-ageing and cancer-prevention interventions (Chobotova, 2009; 
Dabhade & Kotwal, 2013).

Both genomic instability and epigenetic drift represent interconnected primary hall-
marks of ageing that play a central role in cellular damage induction (López-Otín et al., 
2013). The epigenetic changes that accumulate over time can indeed be considered 
“chromatin damage” (Sedivy et al., 2008). Several compounds found in the human diet 
and/or environment have been suggested to modify the epigenome and chromatin 
architecture and affect processes related to the carcinogenesis processes, including 
increased susceptibility to carcinogen attack. These compounds, which include ethanol 
and heavy metals, have been termed “epigens” (Martin, 2013).

Although the importance of epigenetic alterations in cancer was first recognized more 
than three decades ago, it was only more recently that interest emerged concerning the 
impact of nutritional modulation of epigenetic marks on health outcomes, including can-
cer prevention and longevity (Ong & Pérusse, 2011). Diet can modulate both the ageing 
process and carcinogenesis by regulating epigenetic processes, including DNA methyla-
tion, to affect the functionality of the genetic blueprint (Liu et al., 2003). Thus it has been 
proposed that epigenetic mechanisms could mediate the interactions between genes, 
ageing and disease susceptibility (Park et al., 2012)

Diet may affect epigenetic processes, including DNA methylation and histone modifi-
cations, through several complex mechanisms (McKay & Mathers, 2011). Nutrients and 
BFCs modulate DNA methylation through at least four mechanisms: some dietary factors 
are important sources of methyl groups necessary for trans-methylation reactions; dietary 
factors can affect methyl group utilization by processes including shifts in DNMT activity; 
a third plausible mechanism could be related to DNA demethylation, although direct evi-
dence is still lacking; and finally, DNA methylation leading to activation or repression of 
genes related to carcinogenesis could modulate the response to dietary interventions 
(Ross, 2003). Histone post-translational modifications, including acetylation and methyl-
ation, can be altered by dietary components through modulation of several members of 
the epigenetic machinery (i.e. histone deacetylases, histone acetyltransferases, histone 
methytransfersases, members of co-activator and co-repressor complexes; Huang et al., 
2011). Because epigenetic deregulation occurs early in carcinogenesis and is potentially 
reversible, intervention strategies targeting the epigenome with nutrients and BFCs have 
been proposed for cancer prevention (Ong et al., 2011). Dietary components with cancer-
preventive potential that have been shown to modulate epigenetic processes include 
folate, butyric acid, vitamin A, selenium, polyphenols, isothiocyanates and allyl com-
pounds (Ong et al., 2011; Chagas et al., 2012).

4.4 targeting age-related genomic and epigenomic 
alterations with nutritional interventions for  
cancer prevention

Among the diverse types of dietary compounds and interventions with cancer preventive 
potential, emphasis should be directed toward folate, energy restriction and polyphenol 
compounds, especially resveratrol, because they have also been shown to play an impor-
tant role in the ageing process. In particular, their ability to target age-related genomic 
and epigenomic alterations is of great interest in this context.
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4.4.1 Folate
Folate comprises a vitamin of the B Complex group present in high concentrations in 
green leafy vegetables that exerts a central role in one-carbon metabolism (Baggott et al., 
2012). Through this network of biochemical reactions, folate coenzymes in association 
with other nutrients, including riboflavin (vitamin B

2
), pyridoxine (vitamin B

6
), cobal-

amin (vitamin B
12

), methionine and choline, participate in the biosynthesis of purine and 
thymine nucleotides, as well as of S-adenosyl-L-methionine (SAM), the universal methyl 
donor for DNA and histone methylation (Stefanska et al., 2012). Folate maintains genomic 
stability by donating one-carbon units for cellular metabolism and by regulating DNA 
biosynthesis, repair and methylation (Duthie, 2011). Thus DNA synthesis and DNA 
methylation represent plausible mechanisms through which folate could affect cancer 
risk (Williams, 2012), and determination of the proper status of this vitamin is needed to 
prevent age-associated cancer development (Kim et al., 2009)

The association between folate and cancer, particularly colorectal cancer, is however 
complex. Although epidemiological studies show a role for dietary folate in the preven-
tion of colorectal cancer, experimental studies have brought conflicting results (Rosati  
et al., 2012). The impact of folate deficiency and supplementation on cancer development 
varies according to cell and target organ, level of consumption and stage of the carcino-
genic process (Van Engeland & Herman, 2010). A dual modulatory effect on colon carci-
nogenesis has been reported. Protective effects were observed when folic acid was 
administered to animals at physiological doses before the appearance of colonic preneo-
plastic lesions. On the other hand, higher levels promoted the expansion and progression 
of established preneoplastic lesions (Kim, 2007; Mason, 2011). The association between 
folate and cancer risk is further complicated because folate dietary intake and polymor-
phisms in its associated genes influence the metabolism of this vitamin (Nazki et al., 2014).

Cellular alterations induced by ageing have been proposed to lead to low folate tissue 
levels, impairing one-carbon metabolism and promoting cancer development (Jang et al., 
2005). Folate deficiency has been suggested to promote carcinogenesis through two main 
mechanisms: (a) by promoting uracil misincorporation during DNA synthesis, an alter-
ation that is associated with DNA strand breakage and other chromosomal aberrations; 
and/or (b) by inducing global genomic hypomethylation and proto-oncogene activation 
(Lee, 2009). More specifically, folate deficiency results in decreased intracellular 
5,10-methylenetetrahydrofolate levels, which retard conversion of deoxyuridine mono-
phosphate to deoxythymidine monophosphate, leading to cellular thymidine depletion 
and uracil misincorporation into DNA. It also impacts purine biosynthesis by inhibiting 
10-formyltetrahydrofolate-mediated production of adenosine and guanosine. Reduced 
levels of 5-methyltetrahydrofolate limit remethylation of S-adenosylhomocysteine (SAH) 
to SAM in the methionine cycle, leading to cytosine demethylation and global DNA 
hypomethylation (Duthie et al., 2010).

Folate homeostasis is altered during ageing and this has been associated with increased 
DNA damage. More specifically, it was observed in mice that age-associated spontaneous 
loss of folate in the colon was accompanied by accumulation of uracil into colon DNA. 
Interestingly, these results show that increased expression of folate-absorption and reten-
tion genes (reduced folate carrier, multidrug resistance protein 3 and γ-glutamyl hydro-
lase) within the colonocyte is not enough to fully restore folate status during ageing 
(Simon et al., 2012). In addition to high levels of 8-oxodGuo in lymphocyte DNA, folate-
deficient rats presented increased activity of the DNA repair enzymes 8-oxoguanine DNA 
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N-glycosylase 1 and O-6-methylguanine-DNA methyltransferase in the liver, but not in 
the colon (Duthie et al., 2010). The inability of colon tissue to respond to folate deficiency 
(i.e. elevated DNA damage or an imbalance in the nucleotide precursor pool) could 
increase the potential for malignant transformation (Duthie et al., 2010).

The importance of folate and other components of the one-carbon metabolism for 
epigenetic processes is illustrated by classical studies that showed that a diet deficient in 
methyl-donors can be carcinogenic per se (Poirier, 1994). Folate, choline and methionine 
deficiency promote decreased hepatic SAM levels, global DNA hypomethylation, hepatic 
steatosis, cirrhosis and ultimately hepatocarcinogenesis in rodents (Esfandiari et al., 
2003). These hepatocarcinogenic effects are mediated by alteration of the expression of 
several components of the epigenetic machinery, including DNMTs and methyl CpG 
binding proteins (methyl CpG binding protein 2 and methyl-CpG binding domain 
 protein 1, 2 and 4; Ghoshal et al., 2006). It has been proposed that ageing and folate defi-
ciency would synergistically provide an epigenetic milieu toward cancer development, as 
each is associated with altered DNA methylation (Kim et al., 2009). More specifically, 
ageing-associated decreased DNMT activity accompanied by reduced methyl group avail-
ability would lead to lower genomic DNA methylation, tumor suppressor gene hyper-
methylation and histone modifications (Kim et al., 2009). In old but not young mice, 
global DNA methylation and p16 promoter methylation in colon tissue were susceptible 
to modulation by dietary folate (Keyes et al., 2007). Results from a cross-sectional study, 
in which rectal biopsies from 185 patients free from gastrointestinal inflammatory or 
neoplastic diseases were analyzed, show that ageing is the main factor affecting methyl-
ation status of a panel of genes involved in the Wnt signaling pathway, which has been 
implicated in colorectal pathogenesis (Tapp et al., 2013). In addition, folate has also been 
identified as a relevant nutritional modulator of methylation of these genes in normal 
mucosa of healthy individuals (Tapp et al., 2013). Red blood cell folate levels and advanced 
age were positively associated with methylation levels of the promoter regions of estrogen 
receptor α and secreted frizzled related protein-1 in normal colorectal mucosa, suggesting 
the need for caution when considering supplementing healthy individuals with folic acid 
as increased methylation of specific promoters could increase the risk of colorectal neo-
plasia (Wallace et al., 2010).

Polymorphisms in one-carbon metabolism genes could also influence epigenetic 
processes. For example, the C677T variation in the methylenetetrahydrofolate reductase 
gene, which codes for an enzyme that plays a central role in this metabolism, is associated 
with increased global DNA hypomethylation in human leukocytes and lymphocytes, 
especially under folate deficient status (Kim, 2007).

Results from in vivo studies have highlighted that maintenance of genomic stability is 
a central mechanism associated with folate cancer chemoprevention effects. Inhibition of 
hepatic preneoplastic lesions development was observed in rats treated with folic acid 
during early hepatocarcinogenesis (Chagas et al., 2011). These effects were accompanied 
by decreased DNA damage but no alterations in global methylation pattern, although 
hepatic SAM/SAH ratio was increased (Chagas et al., 2011). Progressive DNA strand 
breaks within exons 5–8 of the p53 gene were observed in colon tissue of rats consuming 
a folate-deficient diet (Kim et al., 2000). Conversely, dietary folate supplementation 
increased p53 integrity and expression (Kim et al., 2000). Folic acid supplementation 
increased rectal mucosa genomic DNA methylation in patients with colon cancer and 
adenoma (Cravo et al., 1994; Kim et al., 2001).
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Timing is also a fundamental aspect to consider when designing nutritional intervention 
strategies for cancer prevention. As also described for other chronic diseases, including 
diabetes and obesity, some cancers may have a developmental origin (Hilakivi-Clarke & 
de Assis, 2006). During embryogenesis and fetal development, folate is needed for DNA 
methylation processes that regulate transcriptional programs involved in cell prolifera-
tion, death and differentiation (Guéant et al., 2013). Some studies have shown that 
increased folate consumption by mothers during gestation can modify epigenetic marks 
and the phenotype of the adult offspring (Wollf et al., 1998; Sie et al., 2013). In the context 
of cancer prevention, care should be taken, however, regarding maternal interventions 
with increased folic acid levels. In rats, maternal folic acid supplementation at levels 
equivalent to those recommended for women of reproductive age protected against the 
development of colorectal cancer in the offspring (Sie et al., 2011). This protective effect 
was accompanied by increased global DNA methylation and decreased epithelial prolifer-
ation and DNA damage in the colorectum (Sie et al., 2011). On the other hand, maternal 
and postweaning folic acid supplementation increased the risk of mammary tumor 
development in the offspring, and this deleterious effect was associated with decreased 
global DNA methylation and DNMT activity in the mammary gland (Ly et al., 2011).

4.4.2 energy restriction
Energy restriction without malnutrition (discussed in Chapter 2), the most-studied nutri-
tional intervention able to increase longevity, presents significant effects on spontaneous 
and carcinogen-induced tumors in rodents (Omodei & Fontana, 2011; de Magalhães, 
2013). Energy restriction has been suggested to increase longevity and to prevent age-
associated cancer by promoting increased DNA stability. This hypothesis is supported by 
results from several experimental studies conducted during recent years showing that 
this nutritional intervention reduces DNA damage, including 8-oxodGuo, 5-hydroxy-
methyl uracil, formamidopyrimidine-DNA glycosylase and endonuclease III sensitive 
oxidized bases, single-strand breaks and mtDNA deletions, in different tissues and rodent 
strains (Heydari et al., 2007). In addition to inducing DNA repair systems, energy 
restriction also inhibits DNA damage by modulating carcinogen activation enzymes and 
inducing endogenous anti-oxidant systems, including glutathione levels (Heydari et al., 
2007; Walsh et al., 2014). These protective effects are likely to be mediated by the modu-
lation of gene expression associated with several pathways, including NRF2 (Longo & 
Fontana, 2010; Martín-Montalvo et al., 2011).

In fact, energy restriction prevention of chemically induced skin carcinogenesis in mice 
requires NRF2 transcription factor and is also associated with an increase in the hepatic 
expression of the anti-oxidant enzyme NAD(P)H:quinone oxireductase 1 (Pearson et al., 
2008). Treatment of MCF-7 human breast cancer cells with low levels of glucose reversed 
the tumor-promoting effects induced by the C-terminal binding protein (CtBP), an NADH-
dependent transcriptional factor (Di et al., 2013). This energy restriction inhibited CtBP 
activity, reversed CtBP-associated gene expression and increased DNA repair. Promoter 
analysis showed that increased expression of breast cancer 1 early onset gene (BRACA1), 
also verified in this experiment, was associated with decreased levels of CtBP loading and 
compensatory increase in H4 acetylation (Di et al., 2013). Obese men who lost an average 
of 10.6 kg through an energy-restricted diet showed increased telomere length and 
decreased levels of abasic sites in DNA in the rectal mucosa (O´Callaghan et al., 2009).

The impact of energy restriction on the chromatin is complex and occurs at different 
levels. It involves activation of the DNA repair system and the ROS detoxification system 
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and increased fidelity of DNA replication. In addition, protection of genome integrity and 
chromatin structure by energy restriction has also been suggested to involve several 
mediators, including poly(ADP-ribose) polymerases (PARPs), CtBP, glyceraldehyde-
3-phosphate dehydrogenase, TOR and sirtuins (SIRT). It has been proposed that the 
energetic imbalance induced by energy restriction would downregulate PARPs and acti-
vate SIRTs through changes in the NAD+/NADH ratio (Vaquero & Reinberg, 2009).

Because SIRTs deacetylate not only histones but also other components of the 
machinery involved in the regulation of the epigenome, including transcription factors, 
histone methyltransferases and histone acetyltransferases, much interest has been 
directed toward the role of this family of proteins in the context of energy restriction, 
ageing and cancer (Mostoslavsky et al., 2010). While SIRT1 induction has been associated 
with the longevity-promoting effects of energy restriction, the meaning of its induction 
for cancer prevention is still controversial as studies show both cancer-promoting and 
cancer-suppressing activities (Hall et al., 2013) and, on the other hand, histone deacety-
lase inhibitors represent promising agents for cancer prevention and treatment (Zhu  
et al., 2013). Delay of the progression of lesions to pancreatic cancer by energy restriction 
was accompanied by the inhibition of cell proliferation and increased SIRT1 expression 
in mice (Lanza-Jacoby et al., 2013). Similarly, the inhibition of carcinogen-induced colon 
preneoplastic lesions by energy restriction also involved the inhibition of cell prolifera-
tion and increased SIRT1 expression in colonic tissue (Tomita, 2012). However, it was 
observed in rats that treatment with the histone deacetylase inhibitor suberoylanilide 
hydroxamic acid did not alter the anti-breast cancer effects elicited by energy restriction 
(Zhu et al., 2013). Furthermore, p53-heterozygous mice presented the same level of pro-
tection against tumor formation after energy restriction regardless of the genetic overex-
pression of SIRT1, suggesting that this histone deacetylase plays no role, or a limited role, 
in energy restriction-induced cancer protection (Herranz et al., 2011).

Although activation of gate-keeping tumor suppressor genes, such as p53, after DNA 
damage is an important response mediating cancer prevention, it may increase ageing 
through apoptosis or senescence induction (Zhang et al., 2011a). This indicates the 
existence of a delicate balance between ageing and cancer and it was proposed that tar-
geting care-taking tumor supressors would maintain the stability of the genome and 
simultaneously slow ageing and prevent cancer (van Heemst et al., 2007; Zhang et al., 
2011a). SIRT3 has been pointed out as one such potential care-taking tumor suppressor 
(Zhang et al., 2011a). It has been proposed that this deacetylase is needed for activation 
of mitochondrial manganese superoxide dismutase (SOD2), one of the main anti-oxidant 
enzymes that controls the levels of ROS and inhibits DNA damage associated with cancer 
development (Shih & Donmez, 2013). Protection elicited by energy restriction against 
oxidative stress in mice required SIRT3-mediated SOD2 deacetylation that significantly 
increased this mitochondrial anti-oxidant enzyme activity (Qiu et al., 2010). However, as 
also pointed out for SIRT1, care should be taken when considering SIRT3 as a target for 
cancer prevention, as this deacetylase has also shown tumor-promoting effects depend-
ing on the context (Shih & Donmez, 2013).

Epigenetic deregulation during ageing involves progressive loss of global DNA meth-
ylation that is accompanied by specific gene promoter hypermethylation (McKay & 
Mathers, 2011). It has been proposed that energy restriction anti-ageing effects would 
involve the reversal of age-related DNA methylation abnormalities, leading to the main-
tenance of genomic stability (Li et al., 2011a). Examples of genes regulated by DNA meth-
ylation during energy restriction include runt-related transcription factor 3 (RUNX3), a 
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transcription factor involved in development (Kim et al., 2004), and the proto-oncogene 
ras, which decreased expression through increased DNA methylation, has been associ-
ated with energy-restriction anticarcinogenic effects (Hass et al., 1993). It was also shown 
that glucose restriction extended the lifespan of normal cells and decreased precancerous 
cell growth. These effects were mediated by DNA methylation and chromatin remodeling 
of the promoter regions of hTERT and p16 genes, suggesting that epigenetic marks may 
represent common molecular targets for cancer chemoprevention and anti-ageing strat-
egies focused on energy restriction interventions (Li et al., 2010). Importantly, the detailed 
methylation-regulated pathways and target genes that may be responsible for energy 
restriction-induced longevity and disease prevention need to be further elucidated  
(Li et al., 2011a).

Because energy restriction and BFCs share common cancer preventive and anti-ageing 
mechanisms, the combination of both nutritional interventions has been suggested to rep-
resent an attractive strategy for health and longevity promotion (Martin et al., 2013b).

4.4.3 Bioactive food components
BFCs comprise compounds consumed in the regular diet that are not essential for cellular 
and metabolic function, but display health-promoting effects (Choi & Friso, 2010). The 
consumption of the Mediterranean diet has been associated with increased longevity and 
reduced risk of cancer. This diet is rich in fruit and vegetables that provide several BFCs, 
including anti-oxidant vitamins, glucosinolates and polyphenols. In particular, these lat-
ter compounds share common anti-ageing mechanisms, including SIRT activation with 
energy restriction, and have thus been classified as energy restriction mimetics (Pallauf 
et al., 2013) (discussed in Chapter  2). Resveratrol is one such polyphenolic energy 
restriction mimetic that has been the subject of intense research in both the ageing and 
cancer prevention fields.

Resveratrol is a stilbene produced in plants by the enzyme stilbene synthase under 
stress conditions such as vicissitudes in climate, exposure to ozone, sunlight and heavy 
metals, and infection by pathogenic microorganisms. This polyphenolic compound is pri-
marily found in the skin of grapes as well as in other fruits and plants, such as raspberries, 
blueberries, mulberries and Scots pine (Athar et al., 2009). There are strong in vitro and 
in  vivo data supporting a protective role by resveratrol against several malignancies, 
including melanoma and breast, lung, esophageal, gastric, colorectal and prostate cancers 
(Athar et al., 2007). It has been reported that this polyphenolic compound can interfere 
with mechanisms involved in all stages of carcinogenesis (initiation, promotion and pro-
gression). These include the modulation of carcinogen bioactivation, inhibition of 
inflammatory responses and cell proliferation, apoptosis induction and the prevention of 
oxidative damage of DNA (Brisdelli et al., 2009). Resveratrol anticancer effects involve 
the modulation of several molecular targets, including aryl hydrocarbon receptor, p53, 
NFkappaB and Nrf2 (Whitlock & Baek, 2012).

The initiation effects of estrogen and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in 
MCF-10 F normal breast cells were prevented by resveratrol. These effects involved the 
modulation of estrogen metabolism, the inhibition of TCDD-induced cytochrome P450, 
family 1, subfamily B and polypeptide 1 (CYP1B1) expression and decreased adduct 
formation (Lu et al., 2008). In vivo resveratrol inhibited peripheral blood cell DNA damage 
and increased the anti-oxidant status when provided to rats before and after initiation 
with the carcinogen 1,2-dimethylhydrazine (Sengottuvelan et al., 2009). These results 
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provide a mechanistic basis to explain resveratrol’s preventive effects against colon 
 carcinogenesis (Sengottuvelan et al., 2006). Furthermore, previous treatment with resve-
ratrol inhibited kidney oxidative DNA damage (8-oxodGuo) induced by the carcinogen 
KBrO

3
 (Cadenas & Barja, 1999). Although anti-oxidant actions by resveratrol have been 

reported in several investigations, in some contexts this polyphenolic compound can 
behave as a pro-oxidant. This is particularly important in tumor cells, where the low-pH 
environment owing to the “Warburg effect” is associated with pro-oxidant-induced DNA 
damage that triggers apoptosis. More specifically, low pH-induced altered DNA confor-
mation favors resveratrol attack of exposed DNA-bound copper, reducing it and thus 
generating ROS, leading to oxidative DNA cleavage (Muqbil et al., 2012).

Epigenetic modulation has been suggested to represent a relevant feature of cancer 
preventive actions by dietary polyphenolic compounds. These BFCs have been shown to 
inhibit the activity of DNMT in vitro and in vivo and this could be due to allosteric regula-
tion or inhibition of the enzyme expression (Vanden Berghe, 2012). In breast cancer 
cells, resveratrol-mediated deacetylation of the oncogenic transcription factor signal 
transducer and activator of transcription 3 (STAT-3) led to demethylation and activation 
of the estrogen receptor-α gene, sensitizing the tumor cells to antiestrogens that compete 
with estrogen for binding this receptor (Lee et al., 2012). Furthermore, also in breast can-
cer cells, resveratrol prevented TCDD-mediated BRCA1 gene promoter-increased CpG 
methylation and decreased expression (Papoutsis et al., 2012). Similar effects were 
observed when resveratrol was offered to rats exposed to TCDD in utero (Papoutsis et al., 
2013). One recent human study showed that women at increased breast cancer risk who 
consumed high levels of resveratrol presented reduced methylation levels of the tumor 
suppressor gene Ras association (RalGDS/AF-6) domain family member 1(RASSF-1A) in 
mammary tissue (Zhu et al., 2012).

The energy restriction mimetic and anti-ageing mechanisms of resveratrol have been 
suggested to contribute to its effects against cancer (Bishayee, 2009). Resveratrol has 
been shown to be an indirect activator of SIRT1 in vitro and in vivo (Herranz & Serrano, 
2010). This could represent a relevant mechanism associated with this BFC’s life-extending 
activity and its protective activity against several chronic diseases, including cancer 
(Chung et al., 2010; Subramanian et al., 2010). For example, the chemopreventive effect 
of resveratrol against chemically induced skin papillomas is lost in SIRT1-null mice. This 
indicates that the protective effects of this polyphenol are mediated at least in part by 
SIRT1 (Boily et al., 2009). The strong in vitro and in vivo inhibition of BRCA1 mutant 
tumors by resveratrol involved upregulation of SIRT1 activity that was followed by 
reduction of Survivin expression, leading to growth arrest and apoptosis (Wang et al., 
2008). It has been proposed that increasing SIRT1 activity with resveratrol would repre-
sent an interesting opportunity to “kill two birds with one stone”, that is, extend lifespan 
and inhibit cancer development (Fernández & Fraga, 2011).

4.5 Conclusions and perspectives

Cancer and ageing represent related processes that share common mechanisms and path-
ways. One central mechanism to both processes is DNA damage. Another relevant one is 
epigenetic deregulation. Thus they comprise interesting targets to intervene with dietary 
compounds or regimens in order to reduce the risk of disease and promote longevity. 



174   Nutritional modulation of age-related organ functional decline

Although this represents an attractive concept, there are still no established nutritional 
interventions capable of simultaneously impact cancer and ageing. Accumulating data 
show that folate, energy restriction and BFCs, including the polyphenolic compound 
resveratrol, play a relevant role in the ageing process and can target age-related genomic 
and epigenomic alterations with positive consequences for cancer prevention. However, 
before these promising dietary compounds and regimens can be routinely used, their effi-
cacy should be validated in clinical trials and their underlying cancer-preventive mecha-
nisms deeply investigated.
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5.1 Introduction

Over the past few decades, longevity has significantly increased in Western and 
Westernized countries and, as a consequence, the health system is currently facing the 
growing emergence of age-associated diseases (Candore et al., 2010; Magrone & Jirillo, 
2013a). For example, genetic mutations accelerate the ageing process, such as in the case 
of patients carrying mutations in telomerase reverse transcriptase, telomerase RNA com-
ponent or other telomerase-maintaining genes (Bernardes de Jesus & Blasco, 2013). All 
of these mutations are responsible for certain pathologies, such as congenital dyskerato-
sis, and the severity of pathology correlates with the number of short telomeres present 
in a given individual (Calado & Young, 2009). Food itself is a cause of age-associated 
disease since the production of reactive oxygen species (ROS), advanced glycation end-
products, advanced lipoxidation endproducts and inflammatory mediators leads to mul-
tiple tissue damage (Magrone et al., 2013). On this basis, in free-living elderly subjects, 
ageing is characterized by low-grade inflammation, the so-called “inflammaging”, which 
may evolve toward a chronic inflammatory status when the accumulation of metabolic 
products becomes excessive, thus aggravating tissue damage (Franceschi et al., 2007). 
This is the case for amyloid plaques in Alzheimer disease (AD) where microglia maintains 
the inflammatory status (Meda et al., 1995).

Immunosenescence indicates the decline with age of the immune response in humans 
and abnormal immunity contributes to the complications of age-associated disease. Immune 
abnormalities in the elderly have been detected in both the innate and the adaptive immune 
system. In particular, dysfunction of granulocytes, monocytes/macrophages (Mθ) and 
natural killer (NK) cells has been reported. On the other hand, alterations of both T and B 
lymphocytes have been described in senescence. Further details on immune cells will be 
provided in this chapter.

Easier access of pathogens into the aged host plays a pathogenic role in the aggrava-
tion of inflammatory and dysmetabolic conditions (obesity and diabetes), atherosclerosis 
and neurodegeneration (Li, 2013). In addition, in the elderly, imbalanced immune 
 networks can account for the increased frequency of autoimmune disease and cancer, 
thus justifying therapeutic attempts to correct impaired immunity in the elderly (Candore 
et al., 2010).

In this chapter, first an overview of the major alterations of the immune system in the 
elderly will be provided. Next, treatment of age-associated disease by nutraceuticals will be 
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discussed. By definition, nutraceuticals currently employed in clinical trials are presented 
not as foods but in a medicine-like format, such as capsules or tablets. In contrast, functional 
foods are those such as fermented milk and orange juice that, in addition to providing the 
body with essential nutrients, including proteins, carbohydrates, fats and vitamins, also 
improve the general well-being or health status (Kalra, 2003).

Thus, novel therapeutic attempts to correct the aged immune responsiveness with 
nutraceuticals will be described. In particular, the mechanism(s) of action of specific 
 bioactives in preventing or attenuating age-associated disease will be elucidated.

5.2 the immune response in ageing

5.2.1 phagocytes
A very broad set of receptors is involved in the phagocytic process, such as Toll-like 
receptors, complement receptors, fragment crystallizable receptors and scavenger recep-
tors in response to pathogens and autologous apoptotic cells (Napoli & Neumann, 2010). 
In aged people, both polymorphonuclear cells (PMN) and Mθ display impaired phagocy-
tosis and oxidative burst (Tortorella et al., 1999). Furthermore, in the case of Mθ,  defective 
chemotaxis, antigen presentation and molecular histocompatibility class II molecule 
expression, respectively, have been reported (Solana et al., 2012). With regard to 
 phagocytosis of apoptotic cells, aged mice exhibited diminished phagocytic clearance of 
apoptotic cells and, in addition, serum from aged mice, when in vitro added to Mθ, 
 abrogated their ability to phagocyte apoptotic cells (Aprahamian et al., 2008). In elderly 
humans, dendritic cells also exhibited a reduced capacity to phagocyte apoptotic cells  
in vitro (Agrawal et al., 2007). The above-mentioned abnormalities may explain the 
increased frequency of infectious events (e.g. winter infections) in ageing. On the other 
hand, reduced phagocytic clearance of apoptotic cells may lead to accumulation of debris 
which, in turn, triggers inflammation or autoimmune reactions into the aged host 
(Aprahamian et al., 2008). Also an impaired signaling of immunosuppressive receptors 
such as phosphatidylserine and proto-oncogene tyrosine-protein kinase (MerTK) may 
render Mθ more pro-inflammatory in response to released intracellular contents 
(Freeman et al., 2010).

5.2.2 Natural killer cells
With special reference to NK cells, evidence has been provided that these cells undergo 
age-related changes, which may explain the increased incidence of viral infections in the 
elderly (Hazeldine & Lord, 2013). In particular, aged NK cells display reduced perforin-
mediated cytotoxicity and release of cytokines and chemokines. In addition, NK cells play 
an immunoregulatory role and, consequently, the impaired crosstalk between NK cells 
and dendritic cells may lead to a defective antigen presentation and T cell polarization in 
the elderly (Vitale et al., 2005). This event may explain a diminished response to vaccines 
in older people. In this framework, the NK-mediated enhancement of Mθ functions has 
been shown to be depressed in the elderly, thus explaining the increased incidence and/
or severity of bacterial and fungal infections (Vitale et al., 2005). Furthermore, reactiva-
tion of latent tuberculosis in aged persons may be due to the defective Mθ functions reg-
ulated by NK cells (Hoursburg et al., 2010).
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5.2.3 t cells
Aged individuals are characterized by both qualitative and quantitative changes in  
T cells, including the loss of surface markers with an increase in stimulatory receptors, 
cytotoxicity and resistance to apoptosis (Lynch et al., 2009). In particular, the T helper 
(Th)1/Th2 balance is rather pro-inflammatory in ageing, thus explaining the increased 
frequency of age-associated diseases. Interestingly, aged T cells lose the CD28 surface 
marker, and CD28− T cell activation does not depend on antigen-presenting cells but 
rather on pathogen product and stress-derived molecules stimulation (Vallejo, 2005). 
These terminally differentiated T cells are also abundant in younger patients affected 
by autoimmune disease. Also, in the case of T regulatory (Treg) cells, some alterations 
have been reported in ageing (Fessler et al., 2013). For instance, in aged mice, CD25low 
Treg cells have been identified in the spleen (Lages et al., 2008) as well as in patients 
with systemic lupus erythematosus, whose immune system prematurely ages (Bonelli 
et al., 2009). In aged healthy individuals, CD8+CD25+ Treg cells have been character-
ized with a function overlapping that of CD4+ Treg cells (Simone et al., 2008). All of 
these modifications may account for an increased incidence of autoimmune diseases, 
cancer and infections in the elderly, even if their mechanism(s) of action needs more 
detailed investigations. In fact, the tuning of Treg cell-mediated immune suppression 
in ageing is very delicate and its imbalance may shift from a protective effect 
(anti-inflammatory activity) to a detrimental condition of disease outcome (immune 
inhibition).

Th17 cells polarize the immune response toward an inflammatory profile and play a 
major role in the development of autoimmune and chronic inflammatory disease, thus 
overcoming the anti-inflammatory effects exerted by Treg cells. Th17 cells are increased 
in ageing with a reduction of Treg cells (Schimtt et al., 2013). However, after activation 
the Th17/Treg cell ratio tends to decrease with an increase in forkhead box (Fox)P3 and 
interleukin (IL)-10. Therefore, this ratio may represent an important target for controlling 
autoimmune and inflammatory disease in the elderly.

5.2.4 B cells
The decline in murine B cell lymphopoiesis with advancing age seems to depend on the 
inability of hemopoietic stem cells to generate B cells, thus causing a lack of early B cell-
lineage precursors (Kogut et al., 2012). In addition, IL-7 production by stromal cells of the 
bone marrow is reduced with increasing age, thus retarding B cell development in the 
early phase with a significant reduction of pre-B cell numbers. In aged mice, the reduced 
influx of B cells to the periphery is compensated by the increase in mature B cell lifespan 
and the emergence of B1 cell lineage (Dorshkind & Montecino-Rodriguez, 2007; Alter-
Wolf et al., 2009). In humans aged CD19+ B cell number decreases (Ademokun  
et al., 2010), while the ageing-associated B cell (ABC) subset can be detected in peripheral 
blood (Rubtsov et al., 2011). In in vitro studies, ABCs have been shown to respond to 
innate stimuli with polarization toward Th17 cells and secretion of autoantibodies. 
Finally, age-associated modifications in somatic hypermutation and class switch recombi-
nation in both mice and humans may account for poor antibody response toward new 
antigens, the reduction of antibody repertoire and the extent of clonal expansion (Frasca 
& Blomberg, 2009). The main alterations of immune responses for each cell type in 
senescence are summarized in Table 5.1.
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5.3 Micronutrients that modulate immunosenescence

The daily intake of micronutrients is often insufficient in the elderly, owing many causes, 
such as poor socio-economic conditions, loss of appetite, lack of teeth, altered intestinal 
absorption of food and low requirement of energy (Kant, 2000). The major micronutri-
ents with immunomodulating properties will be discussed later.

5.3.1 Zinc
Zinc (Zn) is a trace element that is fundamental for the growth and development of all 
organs, including the immune system. In humans, Zn deficiency leads to the impairment 
of various immune activities, causing thymus involution with reduction of Th1 functions 
(diminished release of IL-2) and, consequently, reduction of NK cell and Mθ activity  
as well as neutrophil performance (Mocchegiani et al., 2012). Also antibody production 
is affected by Zn deficiency. Acrodermatitis enterophathica is a rare disease caused by 
Zn-specific malabsorption and characterized by thymic atrophy and lymphopenia as well 
as increased frequency of infections (Haase & Rink, 2009). Zn-mediated immune abnor-
malities and clinic manifestations in the course of acrodermatitis enterophathica are not 
dissimilar to those observed in elderly subjects. In particular, Th1 function downregula-
tion in aged individuals with a predominant polarization of the immune response toward 
the Th2 subset leads to so-called “inflammaging”, as previously mentioned (Franceschi 
et al., 2007; Franceschi, 2007). In this framework, alteration of Zn transporters Zip1, Zip2 
and Zip3 as a result of chronic inflammation or DNA methylation-dependent repression 
of gene expression leads to reduced cellular Zn uptake in ageing (Giacconi et al., 2012), 
which seriously compromises mechanisms that depend on Zn to function, as well as the 
synthesis of molecules that integrate Zn atoms in its structure, including transcription 
factors with Zn finger motifs. Among Zn finger motifs, the Kruppel Zn-finger (Klf) family 
is involved in the regulation of interferon (IFN)-γ and tumor necrosis factor (TNF)-α 
 production (Das et al., 2006). In particular, Klf2 controls the migration of mature T lym-
phocytes from thymus to periphery, also preserving them by apoptosis (Pearson et al., 

Table 5.1 Alterations of immune responses in senescence.

Cell type Upregulation Downregulation

Innate immune response
Neutrophils/macrophages Increased release in   

pro-inflammatory cytokines
Oxidative burst, phagocytic capacity, 
bactericidal activity

Natural killer cells Cell number Response to IL-12
Dendritic cells Antigen presentation to T cells, homing 

to secondary lymphoid organs

Adaptive immune response
T lymphocytes Number of effector and memory 

cells, release of pro-inflammatory 
cytokines

Number of virgin T cells, diversity of T cell 
repertoire, expression of co-stimulatory 
molecules, proliferative capacity

B lymphocytes Serum autoantibodies Number of precursors and virgin B cells, 
diversity of B cell repertoire, isotype 
switch antibody affinity, expression of 
co-stimulatory molecules
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2008). In addition, the Zn-dependent thymic hormone thymulin also contributes to the 
migration of T lymphocytes from the thymus to the periphery (Mocchegiani et al., 1998). 
On the other hand, the Klf5 influences the activity of the enzyme poly(ADP-ribose) poly-
merase-1, which, in turn, acts on DNA repair during oxidative stress and inflammation 
in the elderly (Mocchegiani et al., 2000).

Supplementation of Zn to elderly people has been intensively investigated but results 
have been conflicting. Some groups have reported increased delayed-type hypersensi-
tivity (DHT) responses, immunoglobulin (Ig)G production and number of circulating T 
cells as well as higher mRNA expression of interleukin 2 receptor (IL-2R) following Zn 
intake (Prasad et al., 2006). Others, comparing immune responses between Zn-treated 
healthy elderly and their placebo-treated elderly counterparts, over a follow-up period of 
12 months, showed fluctuations of cellular functions at different time points, while DHT 
was even greater in the placebo group (Bogden et al., 1990). The same was also true in 
the case of lymphocyte subsets in terms of variation of CD4+ and cytotoxic T lymphocytes 
following Zn supplementation (Kahmann et al., 2006). Elderly subjects receiving Zn 
exhibited increased levels of thymulin in serum (Mocchegiani et al., 2003). However, NK cell 
activity (Mocchegiani et al., 2003), as a biomarker of thymulin activation, was increased 
in some studies, while in other studies NK cell function was elevated after 3 months and 
decreased between 6 and 12 months (Bogden et al., 1988).

The differences observed may depend on the genetic background of the people exam-
ined. Elderly subjects carrying the GG genotype in the IL-6-174 G/C locus displayed some 
differences between concentration of Zn and immune responsiveness when compared 
with older individuals carrying GC and CC genotypes (Mocchegiani et al., 2008). In the 
former group, low plasma Zn correlated with impaired NK cell activity. In this direction, 
in a subgroup analysis, those elderly subjects with Zn deficiency and carrying 
MT1a + 647GC and IL-6-174GC/CC alleles received a greater advantage from Zn supple-
mentation than individuals bearing other genotypes (Mariani et al., 2008). In the individ-
uals carrying MT1a + 647GC and IL-6-174GC/CC alleles, higher levels of plasma Zn and 
NK activity with reduced levels of IL-6 and monocyte chemotactic protein (MCP)-1 were 
good indicators of the beneficial effects of Zn supplementation.

Protective effects of Zn administration against respiratory infections have been 
observed in institutionalized elderly people. For instance, increased antibody titers after 
vaccination, increased serum levels of Zn, fewer common colds and infections (e.g. pneu-
monia) and lower use of antibiotics were recorded in clinical trials (Girodon et al., 1999).

In conclusion, Zn deficiency gives rise to immune alterations similar to those observed 
in the elderly. In this age group, immune response to Zn supplementation may vary in 
relation to genetic background and this fact should be taken into serious account in the 
evaluation of Zn efficacy in diminishing the frequency of infections in the elderly.

5.3.2 Copper
Copper (Cu) actively participates in a series of reactions promoting growth and 
development and its major source in food is meat (Hartmann et al., 1993). The principal 
storage of Cu is in the liver, where it is contained in a membrane-bound form as metallo-
thioneins. Ceruloplasmin, a blood protein synthesized by the liver, contains many mole-
cules of Cu, thus representing a biomarker of Cu status in the body (Harvey et al., 2009). 
Decreased Cu in the elderly seems to be related to a reduced intake of food and bever-
ages, particularly milk, which promotes copper absorption at the intestinal level along 
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with glucose (Wapnir, 1998). Cu supplied by dietary sources is not only distributed in the 
body but also facilitates iron (Fe) metabolism (conversion of Fe2+ to Fe3+ and facilitation 
of Fe efflux) (Osaki & Johnson, 1969).

Dietary Cu deficiency leads to a variety of immune abnormalities in animals and humans. 
For instance, neutropenia, impairment of Mθ and NK cell functions and reduction of IL-2 
production have been observed in Cu deficiency (Koller et al., 1987). Interestingly, a full 
recovery of immune functions was attained following Cu supplementation in Cu-deficient 
individuals (Bala & Failla, 1992; Bonham et al., 2002).

The role played by Cu in ageing has been little investigated. Since pro-inflammatory 
cytokines control synthesis and secretion of Cu-containing molecules by the liver, 
increased plasma Cu levels have been found in some age-associated diseases such as ath-
erosclerosis and AD (Brewer, 2009). In atherosclerosis, Cu seems to be implicated in the 
generation of oxidized low-density lipoproteins (Stadler et al., 2004), while evidence on 
the role of Cu in AD is still contradictory. On the other hand, in the case of severe Cu 
deficiency, impaired immune response as well as anti-oxidant activity and altered metab-
olism have been detected in elderly subjects, and supplementation of Cu seems to be 
essential for recovery of cellular functions, as reviewed by Mocchegiani et al. (2012).

5.3.3 Iron
Iron (Fe) is another essential element for the proliferation and differentiation of cells. In 
addition to oxygen transport, Fe is mostly involved in the catalyzation of hydroxyl radical 
formation, these radicals being implicated in the activity of transcription factors such as 
hypoxia inducible factor-1 or nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) (Wang & Pantopoulos, 2011; Rosen et al., 1995).

Fe deficiency causes a number of immune dysfunctions in the elderly and this 
condition is frequently associated with anemia (Guyatt et al., 1990). Thymic atrophy, 
depletion of T cells and NK cells with a predominant polarization toward Th2 cells have 
been observed in Fe-deficient subjects (Ekiz et al., 2005; Santos & Falcão, 1990). 
Therefore, Fe supplementation in anemic elderly patients seems to be essential for the 
maintenance of immune homeostasis and prevention of degenerative disease outcome. 
This was the case of centenarians characterized by normal levels of ferritin, reduced Fe 
stores and a low-grade inflammation. Clinical trials (Italian Multicentric Study on 
Centenarians, 1998) in healthy elderly subjects have demonstrated that Fe supplementa-
tion is beneficial in Fe-deficiency anemia to avoid Fe stores. Fe stores, in turn, have been 
shown to lead to chronic inflammation in age-associated disease, thus sustaining oxidative 
damage (Welch et al., 2002).

5.3.4 Selenium
Selenium (Se) exhibits anti-oxidant activities in virtue of its incorporation into seleno-
proteins, which, in turn, control ROS and redox status and, ultimately, inflammation and 
immune responses (Huang et al., 2012). In view of the increase in oxidative damage in 
senescence, Se has been used as supplement in the elderly. In aged persons, supplemen-
tation of Se alone or in association with β-carotene, led to an increase of CD4+ T cells that 
persisted for 2 months following discontinuation of the administration regimen (Wood 
et al., 2000). In other studies in aged humans, Se concentration positively correlated with 
an increase in the number of NK cells. Furthermore, a correlation was made between low 
levels of Se and severity of IL-6-mediated inflammation (Ershler & Keller, 2000).
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Interestingly, in aged persons, several nutritional markers were evaluated for their 
correlation with proliferation of peripheral blood lymphocytes. Se was one of four nutri-
ents that positively correlated with lymphocyte proliferation (Wardwell et al., 2008). The 
interactions between micronutrients and immune ageing are summarized in Table 5.2.

5.4 probiotics and prebiotics

Microbial communities, the so-called microbiota, are harbored in the human colon, thus 
providing the host with nutrients and energy via fermentation of nondigestible dietary 
components. A delicate balance among the components of the microbiota has been 
shown to regulate either metabolism or immune function (Magrone & Jirillo, 2013b). An 
imbalanced microbiota results in elevated inflammation and infection, which represent 
important cofactors in the ageing process and correlate to frailty (Magrone & Jirillo, 
2013a). As previously discussed, so-called “inflammaging” (Franceschi et al., 2007; Jirillo 
et al., 2008) is characterized by a decline in viable counts of Bacteroides (Bartosch et al., 
2005) and in species diversity within the genus Bacteroides (Enck et al., 2009). A reduction 
in Bifidobacteria species diversity in elderly people has also been also observed, which may 
depend on their weak adhesion to the intestinal mucosa as a consequence of chemical or 
structural modifications of bacteria or of changes in intestinal mucus (He et al., 2001). On 
the other hand, an increase in Fusobacteria in elderly is common, which results in the gen-
eration of noxious products, such as ammonia and indoles (Potrykus et al., 2008). The 
same holds true for an increase in Clostridia in elderly populations (Smith & Ratard, 2011).

Probiotics and prebiotics are currently used in elderly people for correcting their 
altered microbiota. Therefore, the characteristics and mechanisms of action of these 
 dietary products will be outlined.

5.4.1 probiotics
Probiotics are defined as “live bacteria which, when administered in adequate amounts 
confer a health benefit to the host” (Hume, 2011). As a general statement, probiotics mostly 
act through the regulation of pro- and anti-inflammatory cytokines (Meijerink & Wells, 
2010), also increasing humoral immune responses (Yan & Polk, 2011; Hatakka & Saxelin, 
2008). In this direction (Hoang et al., 2010), phagocytic capacities and T lymphocyte and 
NK cell functions were increased in elderly subjects by the administration of Bifidobacterium 
lactis HN019 (Gill et al., 2001). The same results were obtained after administration of 
Lactobacillus rhamnosus HN001 in the same subjects. Moreover, in a double-blind feeding 

Table 5.2 Impact of micronutrients on the immune ageing.

 • Zinc, copper, iron and selenium deficits lead to impaired immune functions, thus aggravating the process of 

immunosenescence

 • Micronutrient supplementation to aged people tends to reinforce the otherwise impaired immune response as 

well as the anti-oxidant status, even if results of clinical trials are sometimes conflicting

 • Micronutrients may act upon genes that encode proteins involved in the maintenance of the inflammatory/

anti-inflammatory ratio (nutrigenomic approach)

 • The genetic inter-individual variability may affect the absorption and uptake of micronutrients. Low absorption 

of micronutrients results in imbalance of inflammatory/anti-inflammatory ratio (nutrigenetic approach)
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trial in older individuals, supplementation of a symbiotic (a mix of of pre- and probiotics) 
containing B. lactis BL-01, Bifidobacterium bifidum BB-02 and inulin (a prebiotic) (Smith & 
Ratard, 2011) gave rise to a significant increase in B. bifidum, total Bifidobacteria and total 
Lactobacilli in comparison to the placebo group. Clinically, a reduction in winter infections 
was recorded in these subjects. We have recently reported that administration of a symbi-
otic (fermented cow milk containing L. rhamnosus GG and oligofructose as a prebiotic) to 
free-living elderly people for 1 month led to increased serum levels of IL-1, IL-6 and IL-8, 
while levels of IL-12, IL-10 and TNF-α remained unmodified. In particular, IL-12 and IL-10 
serum concentrations were undetectable in these elderly subjects as an index of an imbal-
anced inflammatory/anti-inflammatory ratio. Our data also suggest that the observed 
increase in IL-8 release may facilitate the influx of neutrophils to lungs, thus offering pro-
tection against winter infections (Amati et al., 2010).

In another trial (Mañè et al., 2011), 50 elderly subjects were treated for 12 weeks 
with 5 × 108 cfu/day of Lactobacillus plantarum CECT7315/7316 (“low probiotic dose”) or 
5 × 109 cfu/day of the probiotic mixture (“high probiotic dose”). The high probiotic dose 
increased the percentages of CD8+CD25+ and NK cells, while the low probiotic dose increased 
CD4+CD25+ cells, B lymphocytes (CD19+) and antigen-presenting cells by human leukocyte 
antigens (HLA-DR+). Transforming growth factor-β1 plasma concentration significantly 
decreased with both doses. A lower incidence of infections and a lower trend for mortality 
was recorded in the high-probiotic-dose group.

Influenza vaccination in the elderly is currently performed in many countries, but 
since immune responses may be impaired with ageing, vaccination is often not effective. 
In a pilot and confirmatory study (Boge et al., 2009), 86 and 222 elderly volunteers, 
respectively, were administered with a fermented dairy drink, containing the probiotic 
strain Lactobacillus casei DN-114 001 and yoghurt ferments (Actimel®), in comparison to a 
placebo group for a period of 7 weeks (pilot) or 13 weeks (confirmatory) and then vacci-
nated 4 weeks later. In both pilot study and confirmatory study, antibody titers against 
HIN1, H3N2 and B viral strains were determined after different intervals of time. Antibody 
titers against the B strain significantly increased in comparison to the placebo group, 
providing a health benefit in this population. The observed adjuvant effect of probiotics 
might be explained (Maassen & Claassen, 2008) by the stimulation of gut-associated lym-
phoid tissues cells with the release of IL-6, which boosts antigen-specific B cell responses, 
systemically, following influenza vaccination (Coombes & Powrie, 2008; Artis, 2008).

5.4.2 prebiotics
The term “prebiotic” means “a non-digestible food ingredient that selectively stimulates 
growth and/or activity of one or a limited number of bacteria in the colon, thereby 
improving host health” (Roberfroid et al., 2010). Prebiotics are naturally present in breast 
milk and in vegetables but can also be synthesized, as in the case of fructooligosaccha-
rides (FOS) and galactooligosaccharides (GOS) (Rastall & Maitin, 2002). Few studies 
have been conducted with isolated prebiotics in the elderly population. In aged people 
supplementation of 8 g FOS daily for 3 weeks increased bifidobacterial levels and total 
lymphocyte count (CD4+ and CD8+ cells) (Guigoz et al., 2002). Furthermore, an 
augmented phagocytosis exerted by PMN and Mθ was also reported. In one trial, the 
effects of GOS on the elderly were investigated. GOS administration increased levels of 
bifidobacteria in the gut, phagocytosis, NK cell activity and IL-10, while reducing the pro-
inflammatory contingent of cytokines (e.g. IL-6, IL-1β and TNF-α); (Vulevic et al., 2008).
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The various effects exerted by prebiotics and probiotics on the aged immune system 
are summarized in Table 5.3.

5.5 Dietary lipids

Dietary lipids are nutrients that not only provide energy to the body but also regulate 
 various cellular functions. Dietary fatty acids are classified as essential (omega-3 and 
omega-6 families), saturated, monounsaturated and polyunsaturated (PUFA). High caloric 
intake and dietary fat in Western diet correlate with aged-related disease development 
(Kau et al., 2011). In a recent report Myles et al. (2013) found that parental fat intake 
leads to alteration of offspring microbiome and immunity, with increased levels of 
circulating lipopolysaccharides (LPS) in comparison to pups receiving a low-fat diet. 
Intake of long-chain omega-3 PUFA [eicosapentanoic acid (EPA) and docosahexaenoic 
acid (DHA)] or fish oil seems to exert beneficial anti-inflammatory effects on the outcome 
of cardiovascular, degenerative, neurological, inflammatory and autoimmune diseases as 
well as age-related macular degeneration. However, omega-3 PUFA suppresses both 
innate and adaptive immune responses and, therefore, its supplementation in the elderly 
population should carefully be assessed. In fact, omega-3 PUFA-mediated impairment of 
the immune response in the elderly may further increase the risk of infections and neo-
plastic diseases. There is evidence that omega-3 PUFA exert their anti-inflammatory 
activity by inhibiting the production of eicosanoids (prostaglandin E2, 4-series leukotri-
enes), cytokines (IL-1β, TNF-α, IL-6), chemokines (IL-8, MCP-1), adhesion molecules 
(intercellular adhesion molecule-1, vascular cell adhesion molecule-1, selectins), platelet 
activating factor and ROS as well as reactive nitrogen species (Galli & Calder, 2009; 
Fernandes, 2008; Fritsche, 2007; Sijben & Calder, 2007; Shaikh & Edidin, 2006; Kim et al., 
2010; Calder, 2010). They also display a pro-resolution effect on inflammation, acting as 
precursors of resolvins, protectins and marensins (Serhan et al., 2008; Kohli & Levy, 
2009). In general, T cell- mediated immunity is the major target of omega-3 PUFA. In this 
framework, consumption of fish oil or omega-3 PUFA was able to inhibit ex vivo CD4+ T 
cell proliferation, IL-2 production and IL-2R expression, or specific antigen-driven CD4+ 
T cell expansion both ex vivo and in vivo (Pompos & Fritsche, 2002; Zhang et al., 2006); the 

Table 5.3 Probiotics and prebiotics effects on immune responsiveness in older people.

Administration of probiotics

 • Increase in phagocyte, natural killer cell and T lymphocyte activities

 • Increase in antibody titers against influenza viruses in vaccinated subjects

Administration of prebiotics

 • Increase in Bifidobacterial levels

 • Increase in phagocyte, natural killer cell and T lymphocyte count

 • Decrease in pro-inflammatory cytokines

Administration of symbiotics (prebiotics + probiotics)

 • Increase in B. bifidum, total Bifidobacteria and total Lactobacilli

 • Increase in IL-8 serum levels

 • Reduction of winter infections
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same effects were seen for DHT (Meydani et al., 1993). In particular, omega-3 PUFA can 
inhibit the mechanism of T cell receptor activation, including phosphorylation of sig-
naling molecules and their translocation into the immunological synapse (Shaikh & 
Edidin, 2006; Kim et al., 2010; Chapkin et al., 2009). Meydani et al. (1991) reported that 
omega-3 PUFA supplementation (1.68 g EPA and 0.72 g DHA/day) in the elderly for 3 
months significantly inhibited T cell mitogen-induced peripheral blood mononuclear cell 
(PBMC) proliferation, IL-2 production and inflammatory cytokine (IL-1β, IL-6, TNF-α) 
release. Bechoua et al. (2003) showed that, in elderly subjects (70–83 years old) con-
suming omega-3 PUFA (30 mg EPA and 150 mg DHA/day) for 6 weeks, a decreased lym-
phocyte proliferation was detected. Rees et al. (2006) found that EPA treatment in elderly 
subjects also decreased neutrophil respiratory burst.

In relation to the effects of omega-3 PUFA on the incidence of infections in humans, 
data are controversial. A prospective study of 83,165 participants (27–44 years old) dem-
onstrated that women in the highest quintile of EPA and DHA intake exhibited a 24% 
higher risk of pneumonia in comparison to those in the lowest quintile (Alperovich et al., 
2007). However, in another study no association was found between EPA and DHA 
intakes and pneumonia risk (Merchant et al., 2005). Also in animal studies, intake of 
omega-3 PUFA gave rise to controversial effects in terms of protection against infections 
(Anderson & Fritsche, 2002; Byleveld et al., 1999, 2000; Schwerbrock et al., 2009; Paul 
et al., 1997; McFarland et al., 2008; Jordao et al., 2008; Bonilla et al., 2010; Fritsche et al., 
1997; Chang et al., 1992). Results on the effects of n-3 PUFA supplementation to elderly 
people are summarized in Table 5.4.

In conclusion, high omega-3 PUFA intake might be advantageous to treat inflammatory 
conditions such as inflammatory bowel disease, rheumatoid arthritis, cardiovascular dis-
ease, type 2 diabetes and AD rather than affording protection against pathogens. An 
association of omega-3 PUFA with vitamin E may result in a greater net effect in the 
improvement of aged host defenses against pathogens (Pae et al., 2012).

5.6 polyphenols

Polyphenols are broadly distributed in the plant kingdom and, in particular, vegetables, 
fruit and cereals abundantly contain these bioactive natural products. Structurally, we dis-
tinguish two major categories of polyphenols, flavonoids and nonflavonoids compounds 
(e.g. resveratrol) (Xiuzhen et al., 2007; Holme & Pervaiz, 2007) (see Table 5.5). The anti-
oxidant and anti-inflammatory properties of polyphenols have previously been described 
in several reports and, at present, mostly of their mechanisms of action are object of 
intensive investigation (Magrone & Jirillo, 2010; Nunes et al., 2013; Stefenon et al., 2014).

Table 5.4 Dietary omega-3 PUFA effects on the immune responsiveness in ageing.

 • Reduction of both innate and adaptive immune responses

 • Anti-inflammatory activity

 • Decrease in neutrophil respiratory burst

 • Decrease in T cell proliferation

 • Decrease in IL-2 production

 • Decrease in pro-inflammatory cytokine generation

 • Data on reduction of infectious events are conflicting
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Polyphenols contained in red wine were studied some decades ago and the so-called 
“French Paradox” (de Lorgeril & Salen, 1999; Criqui & Ringel, 1994) was based on the 
cardiovascular protection exerted by moderate consumption of Bordeaux wine. Such 
epidemiological evidence has initiated a series of experimental and clinical investigations 
into the mechanism(s) of action of polyphenols to assess their potential therapeutic use.

Our group has intensively explored the immunomodulating/anti-inflammatory activ-
ities of red wine or red grape polyphenols either in vitro or in vivo. Polyphenols directly 
extracted from the red wine Vitis vinifera Negroamaro were able to modulate immune 
response in vitro in terms of increased release of nitric oxide (NO) from circulating mono-
cytes (Magrone et al., 2007). In fact, NO as a vasodilator can, in part, explain the cardio-
vascular protection afforded by a moderate intake of red wine (discussed in Chapter 6).

In terms of adaptive immune response, both Th1 and Th2 type cytokines were 
released by in vitro polyphenol-stimulated PBMCs and the effects exerted by secreted 
cytokines were counterbalanced by the release of IL-10 (Magrone et al., 2008a). 
Polyphenols also induced secretion of IgG and IgA, thus also affecting the humoral arm 
of the immune response (Magrone et al., 2008b). In terms of their mechanisms of action, 
polyphenols, when co-incubated with LPS, attenuated the NF-κB pathway induced by 
LPS (Magrone et al., 2008c). Therefore, reduced production of pro-inflammatory cyto-
kines may explain the anti-inflammatory activity of polyphenols in septic conditions. 
Furthermore, we have also reported that p38 phosphorylated form is elevated in PBMC 
treated with LPS alone, while its expression decreases when PBMCs are co-incubated 
with LPS plus Negroamaro polyphenols. Considering that polyphenols downregulate the 
LPS-induced p38 phosphorylation pathway, this class of molecules may play a putative 
beneficial role in Gram-negative infections. In fact, inhibition of p38α activity by the 
inhibitor SB203580 reduced mortality in the course of LPS shock and collagen-induced 
arthritis (Pietersma et al., 1997; Badger et al., 1996). Also deletion of p38α (Mθ) has been 
shown to limit the noxious effects of LPS (Kang et al., 2008).

On the other hand, treating PBMCs with fermented grape marc (FGM) obtained from V. 
vinifera Negroamaro and Koshu resulted in the synthesis of a plethora of cytokines, including 
IL-10, detected in supernatants (Marzulli et al., 2014). In particular, the intracellular content 
of IL-10 in FGM-treated lymphocytes was higher than that of the pro-inflammatory cyto-
kines. This result prompted studies on the ability of FGM to induce the development of Treg 
cells, through assessment of the expression of the FoxP3 marker in CD4+CD25+ cells. We 
found that FGM in vitro induced Treg cell activation and release of IL-10, thus explaining 

Table 5.5 Classification of polyphenols (flavonoids and stilbenes).

Sources Major flavonoid

Flavonoids subclasess
Flavanol Cocoa, barley, green tea Cathechin; gallocatechin
Flavanol Green tea, grape Epicatechin-3-gallate
Flavanones Lemon Eriodyctyol
Flavones Celery, parsley, artichokes, carrots Apigenin; luteolin
Isoflavones Soy, peanuts Dadzein; genistein
Flavonols Apples, cranberries, wine, tomatoes Quercetin; kaemperol
Anthocyanins Blueberry, red apples Cyanidin; delphinidin

Nonflavonoid
3,4′,5-Trihidroxy-trans-stilbene Wine, grape seed and skin, nuts Resveratrol
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the anti-inflammatory activity of these compounds. In addition, FGM was also able to 
reduce the release of free radicals from both PMN and monocytes in vitro, thus contributing 
to the host protection against oxidative damage (Marzulli et al., 2014). In in vivo studies, 
Kawaguchi et al. (2011) found attenuation of murine colitis exerted by FGM, which may 
rely on the presence of Treg cells in the immune milieu, as also suggested by decreased 
levels of TNF-α and IL-1β in inflamed colon homogenates (Kawaguchi et al., 2011).

Taken together, all of these results prompted us to investigate the in vivo activity of 
polyphenols when administered to elderly people. In this direction, a recent report based 
on the supplementation of polyphenol-rich biscuits to mature and old mice evidenced a 
modulation of immune functions, in terms of the enhancement of phagocytic and prolif-
erative performance of immune cells (De la Fuente et al., 2011).

Our pilot study (Magrone et al., 2014) was conducted on 20 aged, frail people. Ten 
subjects were treated for 1 month with Leucoselect®Phytosome® at a dosage of 300 mg/
day. Leucoselect®Phytosome® is an extract of seed skin highly enriched in catechins 
[15% (+)-catechin and (–)-epicatechin; 80% (–)-epicatechin gallate, dimers, trimers, tet-
ramers and their gallates; 5% pentamers, hexamers, heptamers and their gallate, with 
improved bioavailability by complexing with soy phospholipids (1:3 w/w)]. The other 10 
subjects were treated with placebo only. Serum cytokines were detected before and after 
administration of Leucoselect®Phytosome®. Surprisingly, both treated and untreated 
older people did not exhibit major alterations of the immune response when compared 
with their younger counterparts. Mostly a condition of equilibrium between IL-10 and 
IL-17 was found in all subjects. We hypothesized that the Mediterranean-type diet 
adopted by these elderly subjects throughout life might account for the retarded decline 
of their immune response. In any case, Leucoselect®Phytosome® was able to upregulate 
Th1 function in a few subjects in comparison to the placebo group, as seen by increased 
levels of IL-2 and IFN-γ. It is well known that both cytokines are involved in the protec-
tion against viral infections and tumor development (Magrone et al., 2014). In addition, 
IL-8 was increased in some subjects of the treated group, thus suggesting an increased 
recruitment of neutrophils, for example, to lungs during winter infections.

Neurodegenerative diseases, such as AD and Parkinson disease are age associated. Many 
in vitro and in vivo studies have emphasized the neuroprotective role of polyphenols in these 
pathologies (Candore et al., 2010; Magrone & Jirillo, 2011; Magrone et al., 2012). In particular, 
the evidence that FGM reduces the release of granzyme B from CD8+ cells (Marzulli et al., 
2012), which exhibit neurotoxic activity in the process of neurodegeneration, suggests the 
potential therapeutic application of these compounds in neurodegenerative disease. The 
major effects of polyphenols on the aged immune cells are illustrated in Table 5.6.

Table 5.6 Major effects of polyphenols on immune response in senescence.

 • Increased release in IL-2 and IFN-γ, thus conferring immune protection against viral infections and tumor 

development

 • Increased release in IL-8 levels, thus augmenting recruitment of neutrophils

 • Reduced release in granzyme B from CD8+, thus inhibiting neurotoxicity

 • Inhibition of LPS-induced release of pro-inflammatory cytokines by downregulation of NF-κB pathway

 • Normalization of intestinal microbiota, thus promoting immune homeostasis at intestinal level

 • Increased in IL-10 release by T regulatory cells



Nutraceuticals in immunosenescence   195

5.7 Conclusion and future directions

As discussed in the previous sections of this chapter plant-derived substances and natural 
extracts seem to represent a novel therapeutic approach to preventing or limiting the effect 
of the ageing process. Therefore, measurement of the anti-oxidant and anti-inflammatory 
activity (CAA) of natural compounds is critical in the selection of a bioactive product 
(Becker et al., 2014). The oxygen radical absorbance capacity (ORAC) (Ou et al., 2001) and 
the cell-based anti-oxidant activity (Wolfe & Liu, 2007) are currently used. However, a 
model of mitogen-stimulated PBMCs has recently been introduced (Jenny et al., 2011) for 
assessing the anti-oxidant capacities of natural products. In particular, the PBMC assay 
based on neopterin production and tryptophan degradation represents a good indicator of 
Th1 type response. In conclusion, the contemporary application of ORAC, CAA and PBMC 
methods should allow better identification of natural as well as synthetic compounds in 
terms of their anti-oxidant and anti-inflammatory effects.

In this context, it is important to mention the age-related consequences of the decline 
in mitochondrial function for cell senescence (Lòpez-Lluch et al., 2008). Peroxisome pro-
liferator-activated receptor γ-coactivator-1 (PGC-1α) regulates transcription and transla-
tion in mitochondria (Scarpulla, 2008). Novel evidence has demonstrated that PGC-1α 
and sirtuin 1 (SIRT1), an NAD+-dependent protein deacetylase, reside in mithocondria 
further to nucleus and cytoplasm, and control their biogenesis (Aquilano et al., 2010). 
Therefore, the complex SIRT1/PGC-1α emerges as an important drug target for correct-
ing mitochondrial dysfunction in ageing. In this respect, evidence has been provided that 
resveratrol (a polyphenol) ameliorates mitochondrial function in the course of metabolic 
disease via activation of PGC-1α and SIRT1 (Lagouge et al., 2006). Moreover, Davinelli 
et al. (2013) reported that the combined effects of resveratrol and equol (another poly-
phenol) on SIRT1 induction in human umbilical vein endothelial cells led to an increase 
in mitochondrial mass and mitochondrial content.

In conclusion, polyphenols exert either anti-inflammatory effects or control of mito-
chondrial biogenesis in human ageing. We have discussed the anti-ageing effects of an 
array of dietary substances and live organisms able to recover impaired immune functions 
in the elderly. The future goal comprises more complex clinical trials based on a balanced 
mix of all of the nutraceuticals mentioned above in order to attain the maximum response 
and benefit of dietary association in elderly people.
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6.1 Age-related cardiac changes

The most important determinant of cardiovascular health is a person’s age. Since it 
delivers oxygenated blood to all tissues in the body, the health of the cardiovascular 
system is vital for the health of every tissue and longevity of the organism as a whole. 
Ageing results in a progressive functional and structural decline in multiple organs and, 
in particular, has profound effects on the heart and arterial system, leading to an increase 
in cardiovascular disease, including atherosclerosis, hypertension, heart failure, myocar-
dial infarction and stroke (North & Sinclair, 2012).

6.1.1 Heart changes
There are a number of structural and functional changes in the heart with ageing and 
each of these changes can have significant implications for cardiovascular disease.

6.1.1.1 Structural changes
Concerning age-related structural changes of the aged heart, there is a significant increase 
in myocardial thickness as a direct consequence of individual increase in cardiomyocyte 
size. In addition, the heart changes its overall shape from elliptical to spheroid. These 
changes in thickness and shape have important implications for cardiac wall stress and 
overall cardiac efficiency (Strait & Lakatta, 2012). It appears, however, from the results 
of recent studies that there is no change in left ventricular (LV) mass with ageing in 
women, and a decease in LV mass can even be found in men (through the decrease in 
myocyte number). It seems thus that the increased wall thickness and changes in heart 
shape represent an asymmetric increase in the interventricular septum more than in the 
free wall, redistributing cardiac muscle in a way that does not increase total cardiac mass 
(Strait & Lakatta, 2012).

An increase in the amount (focal increases) and a change in the physical properties of 
collagen (purportedly owing to nonenzymatic crosslinking) also occur within the myo-
cardium with ageing. The cardiac myocyte-to-collagen ratio in the older heart either 
remains constant or increases, however, because of the age-related increase in myocyte 
size (Lakatta & Levy, 2003).
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6.1.1.1.1 Changes in heart valves
Recent work has demonstrated age-related significant changes in heart valves composi-
tion and material properties (Stephens et al., 2010, 2011). In normal hearts, aortic valve 
leaflet thickness is seen to increase with age. This change results in an increase in leaflet 
weight and overall coverage area. Histological characterization of the thickened leaflets 
demonstrates that it is associated with collagen deposition and degeneration, lipid 
accumulation and calcification (Kitzman & Edwards, 1990). Dilation of the aortic valve 
may also occur owing to the degeneration of collagen and deposition of lipids within the 
valve annulus. Leaflet thickening and valve dilation owing to ageing are associated with 
aortic valve sclerosis and severe aortic regurgitation, respectively (Collins et al., 2014).

Additionally, it was shown in animal studies that pulmonary, mitral and aortic regur-
gitation became more frequent with age progression, but the severity remained unchanged. 
These functional changes were associated with degenerative myxoid thickening of the 
mitral and aortic valvular leaflets (Droogmans et al., 2009).

Calcification of the valves is commonly associated with ageing and is the most fre-
quent pathology seen in excised native valves (Butany et  al., 2005; Wu et  al., 2013). 
Vascular calcification can also lead to dysfunction of the heart valves, independently of 
their being native or bioprosthetic valves. In the valves, calcification of the leaflets can 
change the mechanical properties of the tissue and result in stenosis.

These valvular changes should be considered as part of the natural ageing process 
caused by hemodynamic and mechanical factors, and can be aggravated by several forms 
of stress, but the exact pathogenesis is not fully understood.

6.1.1.2 Functional changes
6.1.1.2.1 Cardiac systolic function
Despite a number of age-associated changes possibly limiting a person’s functional 
capacity and promoting vascular stiffening, with consequent increased afterload, the 
overall resting systolic function of cardiac muscle does not change in healthy ageing. This 
does not signify that there is no change in components of cardiac systole. In fact, multiple 
changes occur in the mean shortening velocity and in the heart’s interactions with the 
vasculature. The combined effects of these individual changes, however, balance each 
other and leave the net systolic function unaltered at rest (Strait & Lakatta, 2012).

The effects of ageing are most evident under exercise practice. An overall decrease in 
exercise tolerance is evident in the progressive decline in maximal oxygen uptake (VO

2
 

max), starting at age 20–30 years and falling by approximately 10% per decade (Fleg & 
Lakatta, 1988). This reduction in cardiac reserve is a result of multiple factors, including 
increased vascular afterload, arterial–ventricular load mismatching, reduced intrinsic 
myocardial contractility, impaired autonomic regulation and physical deconditioning 
(Strait & Lakatta, 2012).

6.1.1.2.2 Cardiac diastolic function
Despite maintenance of systolic function at rest, a noticeable number of changes in the 
diastolic phase of the cardiac cycle occur with ageing. In fact, the heart fills with blood 
more slowly in older vs younger healthy individuals, resulting in a lower proportion of 
total diastolic filling occurring during the passive, early diastolic phase (represented by 
the “E wave” on echocardiographic study of transmitral flow) owing mainly to an increase 
in the isovolumic relaxation time. As the bulk of ventricular filling shifts to later diastolic 
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phase (in which an active diastolic filling occurs owing to atrial contraction represented 
by the “A wave”) and there is significant atrial enlargement with ageing, the atrium con-
tributes with a greater portion of the total end diastolic volume. This age-related change 
results in a decrease in the E/A ratio (Strait & Lakatta, 2012).

Normal exercise induces an increase in stroke volume and heart rate in order to 
increase overall cardiac output. This increased heart rate also increases the rate of iso-
volumic relaxation and produces a “suction” effect that helps fill the ventricle. 
However, these responses are diminished with ageing as a result of slowed relaxation, 
reduced β-adrenergic responsiveness, and alterations in the pattern of relaxation (Hees 
et al., 2002; Spina et al., 1998; Tan et al., 2009). Surprisingly, while the rate of filling 
declines and is shifted to later in diastole, the end diastolic volume actually remains 
unchanged or increases somewhat with rest and low-level exercise, largely as a result 
of the slower heart rate (Tarasov et al., 2009), which permits longer filling time and 
increase in the end systolic volume. Taken together, the reductions in early diastolic 
filling are partially compensated for by changes in adrenergic signaling that lower the 
maximal heart rate. However, the compensation mechanisms are not sufficient to 
maintain cardiac functional reserve when a subject is exposed to maximal exercise. In 
fact, a significant deficit is uncovered in the older population when the peak-filling 
rate at maximal exercise is compared between young and old individuals (Strait & 
Lakatta, 2012).

Interestingly, results from the Baltimore Longitudinal Study of Aging showed that 
increased visceral adiposity is associated with LV diastolic dysfunction and might explain 
some of the decline in LV diastolic function that accompanies ageing in healthy individ-
uals. The phenomenon seems to be mediated by a metabolic pathway involving blood 
lipids and ectopic fat accumulation rather than adipokines (Canepa et al., 2013).

6.1.1.2.3 Changes in cardiac conduction system and in heart rate
Ageing is associated with a generalized increase in elastic and collagenous tissue deposi-
tion in various organs. Additionally, ageing favors fat accumulation around the sinoatrial 
node, sometimes creating a partial or complete separation of the node from atrial tissue. 
A pronounced decline in the number of pacemaker cells and a variable degree of calcifi-
cation on the left side of the cardiac skeleton also occurs with ageing. These conditions 
can impact the atrioventricular node, atrioventricular bifurcation and proximal left and 
right bundle branches, leading to significant risk of atrioventricular conduction block 
(North & Sinclair, 2012).

Heart rate modulation is also affected by age with a decrease in both rate variability 
and maximum heart rate (Antelmi et al., 2004). Heart rate is influenced not only by the 
loss of cells in the sinoatrial node (responsible for controlling heart rate) but also by struc-
tural changes in the heart, including fibrosis and hypertrophy, which slow the propaga-
tion of electric impulse throughout the heart (North & Sinclair, 2012).

A number of other changes also occur in the cardiac conduction system that impact 
on the electrical properties of cardiac tissue in persons without evidence of cardiovascular 
disease. Such changes include a blunted respiratory sinus arrhythmia, a mild P–R interval 
prolongation, a leftward shift of the QRS axis, and increased prevalence, density and 
complexity of ectopic beats, both atrial and ventricular. Although these findings generally 
do not affect prognosis in clinically healthy older adults, other findings that become more 
prevalent with age, such as increased QRS voltage, Q waves, QT interval prolongation, 
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and ST-T-wave abnormalities observed in the electrocardiogram, are generally associated 
with increased cardiovascular risk. Abnormalities such as left-bundle branch block or 
atrial fibrillation are strongly predictive of future cardiac morbidity and mortality among 
older adults, even if they are asymptomatic (Strait & Lakatta, 2012).

With ageing a number of cellular changes occur that slow the reactions controlling 
the beat of the heart as a whole (Lakatta & Sollott, 2002; Janczewski et al., 2002). The 
action potential, transient increase in cytosolic Ca2+, and rate of contraction of cardio-
myocytes are all prolonged, which consequently prolongs systole and diastole of the 
heart, consistent with the lower maximal heart rate seen in older individuals during 
exercise (Strait & Lakatta, 2012).

6.1.1.2.4 Cardiac adrenergic responsiveness
Adrenergic signaling is a very important component of age-associated cardiovascular 
change. Conditions involving physical or psychological stress stimulate sympathetic 
modulation of this system. It is well known that the action of catecolamines is mediated 
by adrenergic receptors and that their effects on cardiovascular system include increased 
heart rate and myocardial contractility force and relaxation, increased cardiac output, 
reduced LV afterload and increased redistribution of blood to working muscles and skin 
to dissipate heat. However, with ageing, adrenergic responsiveness is altered and there 
is a reduction in the autonomic modulation of heart rate, LV contractility and arterial 
afterload related to the decline in the efficiency of post-synaptic β-adrenergic signaling 
(Strait & Lakatta, 2012).

In fact, both animal and human studies indicate a decline in heart rate, cardiac con-
tractility, cardiac output and ejection fraction in response to β-adrenergic stimulation 
and exercise with ageing (Rinaldi et al., 2006; Corbi et al., 2012a, b). Part of the age-
related decline in β-adrenergic responsiveness has been attributed to a general decrease 
in cardiac contractility. However, several observations indicate a crucial role of reduced 
β-adrenergic receptor density and some defects involving the adenylyl cyclase cascade 
beyond β-receptor levels (Ferrara et al., 1995; Freedman et al., 1995). In fact, the age-
associated reduction in maximal heart rate during high levels of exercise correlates with 
a reduced β-adrenergic responsiveness to increased circulating levels of catecholamines 
(Corbi et al., 2013). Ageing is associated with elevated neurohormonal activation, and 
characterized by elevated plasma catecholamine levels, owing to increased spillover from 
tissues (including the heart) and reduced plasma clearance (Ng et al., 1993; Esler et al., 
1995). The “β-adrenergic desensitization” is, at least in part, due to the reduction of 
plasma membrane density of β-adrenergic receptors that are members of the G-protein-
coupled receptor family, which act by coupling with guanine nucleotide binding pro-
teins, as was described in the hearts of both senescent animals and elderly humans 
(White et al., 1994, Xiao et al., 1999). In addition to β-adrenergic receptor downregula-
tion, the coupling of the β-adrenergic receptor to adenylyl cyclase via the Gs protein is 
altered, which leads to a reduction in the ability to increase cyclic adenosine monophos-
phate (cAMP) and to activate protein kinases. These modifications in adenylyl cyclase 
activity and ensuing responses are characteristic at molecular level of age-induced 
decrease in β-adrenoceptor responsiveness. An increase in Gαi subunit activity as well as 
the upregulation of G protein-coupled receptor kinases might also be possible additional 
mechanisms in “β-adrenergic desensitization” with ageing (Rengo et al., 2012; Ferrara 
et al., 2014).



Cardiovascular ageing   207

6.1.1.3 Changes in cardioprotective and repair processes
Because of the many factors discussed earlier, the aged heart is placed under increasing 
levels of stress owing to its diminished functional reserve. Furthermore, increasing age is 
associated with the augmented occurrence of numerous disease processes (e.g. diabetes, 
hypertension) that interfere in heart function (Strait & Lakatta, 2012). The heart-protective 
systems that deal with such insult decline with age, resulting in a lower injury threshold. 
It is not yet clear if there are interventions that can be instituted in the elderly to delay or 
reverse these processes, but there are a number of promising candidates, such as physical 
conditioning, stem cells and ischemic preconditioning.

There is good evidence that regular aerobic exercise can provide improvements in 
peak oxygen consumption as well as increases in ventilatory threshold and submaximal 
endurance for older persons with heart failure (Fleg, 2002). Some researchers argue that 
the rate of cardiomyocyte turnover gradually decreases with ageing from 1% per year at 
25 years to 0.45% per year at 75 years of age (Bergmann et al., 2009). Indeed, there has 
been great interest in utilizing cardiac progenitor cells as a source of myocardial regener-
ation after injury or degenerative processes.

Ischemic preconditioning is the heart’s endogenous capacity to resist ischemic damage 
and its effects includes suppression of ventricular arrhythmias and enhanced recovery of 
contractile function. This process is dependent on an initial, brief ischemic event, usually 
lasting less than 5 minutes. It appears to have both an early protective function lasting 
about 1 hour after preconditioning and also a late delayed action that returns around 
24–96 hours later. Unfortunately, ageing results in decreased effectiveness of ischemic 
preconditioning and other protective pathways, which leads to a decreased injury 
threshold in the aged heart (Juhaszova et al., 2005).

6.2 Age-related vascular changes

Rather than acting as simple conduits for blood flow, blood vessels are dynamic structures 
that adapt, repair, remodel and govern their structural and functional properties using 
complex signaling pathways in response to load, stress and age (Lakatta & Levy, 2003). 
In effect, the old aphorism “A man is as old as his arteries”, as claimed by Thomas 
Sydenham (1624–1689), has been widely confirmed by epidemiological and observa-
tional studies establishing that cardiovascular diseases can be age-related in terms of their 
onset and progression (El Assar et al., 2012). In addition, with ageing come a number of 
recognized physiological and morphological changes that alter vascular function and lead 
to subsequently increased risk of cardiovascular diseases, even in healthy asymptomatic 
individuals. Even though different adaptative mechanisms to protect blood vessels against 
mild stress have been described, the ageing process induces a progressive failure in most 
of them.

6.2.1 Central arterial changes
Arterial walls are composed of the intima (formed of endothelial cells and elastic lamina) 
and media (formed of smooth muscle, elastic and connective tissues) layers, and the cells 
that constitute arteries possess the ability to adapt function in response to injury, athero-
genic factors and long-term modifications in hemodynamic conditions (Safar, 2010). 
Nevertheless, it has been demonstrated by both preclinical and clinical data that ageing is 
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associated with alterations in the structural and functional properties of large arteries. 
Age-associated arterial changes in apparently healthy humans include luminal dilation, 
increase in arterial stiffness, intimal-medial thickening and endothelial dysfunction 
(Lakatta & Levy, 2003; Laurent, 2012; Collins et al., 2014).

6.2.1.1 Arterial structural changes
6.2.1.1.1 Luminal dilatation
Cross-sectional studies show that elastic proximal arteries such as the central aorta and 
carotid artery dilate with age, leading to an increase in lumen diameter (Lakatta, 1993). 
Also, the difference in dilatation of the ascending aorta between systole and diastole 
decreases with age (Martin et al., 2013).

Aortic root dilates modestly with age (approximating 6% between the fourth and 
eight decades). Similarly, the aortic knob diameter increases from 3.4 to 3.8 cm on 
average. Recent data suggest that, in individuals with hypertension (when aortic diam-
eter is corrected for covariates), a relative decrease in effective aortic root diameter may 
contribute to increased load on the heart (Farasat et al., 2008). In normal ageing, how-
ever, the aortic root dilatation provides an additional stimulus for LV hypertrophy because 
the larger volume of blood in the proximal aorta leads to a greater inertial load against 
which the senescent heart must pump (Strait & Lakatta, 2012).

6.2.1.1.2 Arterial stiffening and thickening
A positive correlation between increasing age and arterial stiffness has been demonstrated 
by measurements of pulse wave velocity (PWV), b-stiffness index, cardio-ankle vascular 
index and augmentation index (AI) (O’Rourke & Nichols, 2005; Choi et al., 2013).

Collagen and elastin, normally stabilized by enzymatic crosslinking, provide the 
strength and elasticity, respectively, of the arterial wall. Age-related physiological changes 
are associated with a progressive decline in the elastic properties of the arterial wall 
(Aquaro et al., 2013).

Vascular ageing begins in infancy, although it does not become apparent until middle 
age. The tunica media gradually stiffens owing to fracturing of elastin fibers and collage-
nous remodeling (O’Rourke et al., 2010a). The mechanical principle of material fatigue 
predicts the fracture of the elastic lamella within the tunica media of the vessel after 
around 1 billion cycles, leading to 8% mean increase in vessel diameter per billion cycles 
as well, which occurs at approximately 40 years of age. In fact, following the loss of 
functional interlaminar elastic fibers, the elastic lamellae become further apart, and filled 
with proteoglycans and altered collagen – which goes from being thin, wavy fibers, to 
becoming thicker and more linear in arrangement with age (Martin et al., 2013; Fritze 
et al., 2012). Also, with increased age, a decreased quantity of smooth muscle cells (SMC) 
is found inside the tunica media, which are responsible for synthesizing elastin within 
the aorta. Moreover, although tropoelastin (a molecule responsible for forming the pro-
tein elastin) is expressed throughout life, its expression is decreased by 50% each decade, 
demonstrating a decrease in elastin regenerative potential with increasing age (Fritze 
et al., 2012).

With ageing, the increase in collagen content, the nonenzymatic collagen crosslink-
ing and the fraying of elastin fibrils that occurs in the medial layer reduce arterial disten-
sibility and increase stiffness (Lakatta & Levy, 2003). The occurrence of irreversible 
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nonenzymatic glycation-based crosslinking of collagen to form advanced glycation end-
products (AGE) increases with age and is also associated with increased arterial stiffness 
in elderly people (Semba et al., 2009). Furthermore, receptors for AGE are stimulated to 
produce a number of inflammatory and stress responses (Strait & Lakatta, 2012).

Aortic compliance is dependent on the ratio of collagen and elastin within the vascular 
wall. In normal tissue, the ratio of the two components is held relatively constant by a 
gradual production and degradation process. Collagen and elastin amounts are regulated 
by the collagenolytic and elastinolytic properties of catabolic matrix metalloproteinases 
(MMPs). These MMPs are regulated by multiple factors, including augmented gene 
expression, post-translational activation by the cleavage of pro-MMP protein, by MMP–
MMP interactions and by plasmin, thrombin, and reactive oxygen species (ROS). Any 
alteration in the regulation of this process results in the overproduction of collagen 
within the artery as well as a reduction in the amount of functional elastin (Collins et al., 
2014). These changes result in a greatly stiffened arterial wall with thickened intima and 
media layers as well as a hypertrophy of SMC.

The increase in arterial wall thickness with age is mainly due to thickening of the 
media layer independent of atherosclerosis (Virmani et al., 1991; Nagai et al., 1998). This 
assumption is corroborated by ultrasound imaging cross-sectional studies that have 
shown that the intimal-medial layer thickens nearly 3-fold between the ages of 20 and 
90 years in apparently healthy individuals (Lakatta & Levy, 2003).

6.2.1.1.3 Vascular calcification
Age has been previously identified as a nonmodifiable risk factor for atherosclerosis, but 
the influence that age has on disease progression is still uncertain (Collins et al., 2014). In 
line with this, vascular calcification has been noted as a consequence of ageing for many 
decades. Growing evidence now suggests that vascular calcification, similar to bone 
remodeling, is an actively regulated process, dependent on both inductive and inhibitory 
influences (Bostrom et al., 2011).

Although coronary and aortic calcium levels present correlation, and both are found 
to increase with increasing age, the calcium levels on their own may not affect athero-
sclerotic wall burden. In a study of healthy elderly individuals undergoing magnetic res-
onance imaging, no significant association between atherosclerotic wall burden and 
aortic or coronary calcium levels, or progression of coronary calcium was found. This 
suggests that age may be a risk factor on its own pathway, and not dependent on vascular 
calcification, for atherosclerosis progression (Chen et al., 2013).

6.2.1.1.4 Dimensional variation
The length of the aorta increases with increasing age (Hickson et al., 2010). In particular, 
the ascending aorta considerably lengthens, which leads to widening of the aortic arch 
and an overall decrease in curvature (Sugawara et al., 2008; Hickson et al., 2010). This 
anatomical change in the arch is related to stiffening in the proximal aorta and induces 
an increase in LV mass (Redheuil et al., 2011). The largest changes in diameter and stiff-
ness occur in the ascending and abdominal aorta, respectively. Aortic stiffness is highest 
in the portions distal to the heart and decreases proximally, while average aortic diam-
eter shows the inverse relationship. In fact, the diameter increase may function to 
counteract the increase in wall stiffness (Hickson et al., 2010). A positive correlation 
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between the wall volume of the descending thoracic aorta and age was also found 
(Chen et al., 2013).

6.2.2 peripheral arterial changes
In contrast to large vessels, changes in caliber and stiffness are less marked in the peripheral 
muscular arteries such as the brachial, radial and femoral arteries (Laurent, 2012; Benetos 
et al., 1993; Boutouyrie et al., 1992). The process of arterial ageing in specific circulation 
systems, such as cerebral and ocular, is discussed in other chapters of this book.

6.2.3 Arterial functional changes
6.2.3.1 Blood pressure
Arterial blood pressure is determined by the interplay of peripheral vascular resistance 
(PVR) and arterial stiffness. The concept of stiffness in this setting refers to time-varying 
cardiac elasticity throughout the cardiac cycle as a result of combined effects of active 
contractile and “passive” structural properties as well as the interaction of both. Systolic 
blood pressure (SBP), which is influenced by arterial stiffness, PVR and cardiac function, 
rises with age even in normotensive cohorts. In contrast, diastolic blood pressure (DBP), 
rises with increased PVR but is lowered by arterial stiffness, resulting in an increase in 
diastolic pressure until age 50 years, a leveling off between 50 and 60 years, then a 
decline after age 60 years (Tanaka et al., 2000; O’Rourke & Nichols, 2005; Martin et al., 
2013). Thus, hypertension in the elderly is often characterized by isolated or predomi-
nant SBP elevation. Pulse pressure, the difference between SBP and DBP, is a useful 
clinical index of arterial stiffness and the pulsatile load on the arterial tree, and typically 
increases with ageing (Strait & Lakatta, 2012).

Central arterial stiffening occurs with ageing even in the absence of clinical hyperten-
sion (Vaitkevicius et al., 1993). This condition can be demonstrated by AI determination. 
In fact, AI illustrates an important site of cardiac–vascular interaction. When the forward 
pulse wave reaches an area of impedance mismatch (vessel bifurcation or movement to 
a higher resistance vessel), a reflected wave that travels back up the arterial tree toward 
the central aorta is generated. This reflected wave is identified as a small notch, an 
inflection point, in the carotid and radial pulse waveforms, measured by arterial applana-
tion tonometry (Strait & Lakatta, 2012). AI increases until about age 50 years, even in 
clinically healthy volunteers (Mitchell et al., 2004). The clinical significance of these AI 
changes with age is that, in young subjects, the reflected wave typically arrives back at 
the proximal aorta in diastole and may assist in coronary artery diastolic filling. However, 
in older individuals, the reflected waves travel faster, thus arriving at the proximal aorta 
during late systole, thereby creating an increased load for the ventricle, a failure to aug-
ment DBP, and a potential compromise of coronary blood flow. Several studies in cohorts 
with cardiovascular disease have observed that higher AI is associated with adverse 
clinical outcomes (Williams & Lacy, 2010). A second method of arterial stiffness 
assessment, PWV, is a Doppler-based method that measures the speed with which an 
arterial pressure wave travels along the arterial tree, typically from the carotid region to 
the femoral artery. Multiple studies have shown that aortofemoral PWV increases with 
age, typically 2- to 3-fold across the adult lifespan (Strait & Lakatta, 2012). Furthermore, 
PWV has been shown in both clinically healthy cohorts and those with cardiovascular 
disease to be a predictor of future cardiovascular events, independently of blood pressure 
levels (Najjar et al., 2008).
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6.3 Changes in the interaction between heart  
and arterial system

It is not possible to describe hemodynamic changes associated with ageing without taking 
cardiac changes into account. In fact, there is a so-called cardiac–arterial coupling process 
that relies on crosstalk between cardiac function and the general circulation in the arterial 
tree. With increasing stiffening of the proximal thoracic aorta the reflected wave from the 
periphery back to the central circulation and the heart can no longer be accommodated. 
Instead this pulse wave energy will impact on the heart with increased pressure waves 
and augmentation during systole, leading to increased strain on the left ventricle. This 
continuous injury causes LV hypertrophy and a decreased perfusion pressure during dias-
tole, leading to impaired blood flow in the coronary circulation. These two trends 
combined will increase the risk of morphological changes (LV hypertrophy) in combination 
with coronary ischemia, thus increasing the risk of coronary heart disease events. This is 
therefore a hemodynamic mechanism explaining some of the risk potential of arterial 
stiffness, as measured by increased PWV, for the development of coronary heart disease 
(Nilsson, 2014). It contributes to what has been called by O’Rourke, Safar and Dzau the 
“cardiovascular ageing continuum”, which supports the independent association bet-
ween chronological ageing and risk of cardiovascular disease (O’Rourke et al., 2010b).

6.4 endothelial dysfunction

A healthy endothelium maintains vascular tone and structure by regulating the balance 
between vasodilatation and vasoconstriction, growth inhibition and growth promotion, 
antithrombosis and prothrombosis, anti-inflammation and proinflammation, and also 
anti-oxidation and pro-oxidation. Ageing strongly contributes to endothelial dysfunction 
onset, as evidenced by the attenuation of endothelium-dependent vasodilatation observed 
in elderly subjects and animal models (Zeiher et al., 1993; Safar et al., 2001). Furthermore, 
age-related endothelial dysfunction leads to the pathogenesis, maintenance and 
development of atherosclerosis.

Several possible mechanisms by which advancing age impairs endothelial function 
are postulated. An imbalance between nitric oxide (NO) and ROS, related to oxidative 
stress, should be a key regulator of age-induced endothelial dysfunction. In fact, ageing 
activates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, xantine oxidase, 
cyclooxygenase and mitochondrial electron transport and inactivates the anti-oxidant 
system, including superoxide dismutase (SOD), glutathione peroxidase and catalase, 
leading to an increase in ROS production and a decrease in ROS degradation. First, ROS 
directly inhibit NO activity. In addition, ROS activate the PI3K/Ras/Akt/MAPK (phospha-
tidylinositol 3′ kinase/rat sarcoma/Akt/mitogen-activated protein kinase) pathway, 
related to redox transcription factors control, leading to redox-sensitive gene expression, 
which results in inhibition of endothelial NO synthase (eNOS) mRNA expression and 
reduced eNOS activity. Moreover, oxidation of tetrahydrobiopterin (BH4) by ROS induces 
eNOS uncoupling, which leads to a shift in eNOS activity that increases production of 
ROS rather than NO. In fact, under the oxidative stress conditions, BH4 predominantly 
promotes superoxide synthesis, leading further to peroxynitrite (ONOO–) formation 
(Rodriguez-Crespo et al., 1997; Kaufman, 1993).
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Age-associated damage of the endothelium may not simply be a consequence of the 
endothelial cell malfunctioning, but also the result of impaired maintenance repair sys-
tems by endothelial progenitor cells (EPCs) (El Assar et al., 2012; Williamson et al., 2012). 
A deterioration of endogenous EPC function with age may culminate in a decreased 
capacity for neovascularization and/or reduced re-endothelinization of vascular lesions, 
facilitating the development, progression and clinical sequelae of cardiovascular disease 
(Williamson et  al., 2012). Hill et  al. (2003) have shown that the number of EPCs is 
decreased in relation to the cumulative number of Framingham risk factors and that the 
number of EPCs is correlated with endothelial function measured by flow-mediated 
vasodilatation. In the early stage of endothelial dysfunction, impaired endothelial cells 
could be repaired by bone-marrow-derived EPCs. A decrease in the number of EPCs in 
bone marrow or inhibition of EPC mobilization may indeed contribute to progression of 
endothelial dysfunction. Additionally, Werner et al. (2005) suggest that the number of 
EPCs is a predictor of cardiovascular events. Several investigators have also shown a 
significant relationship between the number of EPCs and endothelial function in patients 
with cardiovascular diseases and even in normal subjects (Hill et  al., 2003; Umemura 
et  al., 2008). Multiple regression analysis has shown that age and hypertension are 
independent predictors of the number of EPCs. Experimental and clinical studies have 
clearly shown that excessive oxidative stress decreases the number of EPCs and impairs 
EPC function (Murasawa et al., 2002; Ballard & Edelberg, 2007; Ballard, 2010). Under 
oxidative stress, age-associated decrease in NO bioavailability and decrease in the number 
of EPCs and EPC mobilization may form a vicious circle and lead to endothelial dysfunction 
(Higashi et al., 2012).

After tissue injury, endothelial cells lose their ability to proliferate and migrate 
(Brandes et  al., 2005). Furthermore, endothelial barriers become porous and vascular 
SMC migrate into subendothelial spaces and deposit extracellular matrix proteins that 
result in intimal thickening (Strait & Lakata, 2012). Finally, the process of endothelial cell 
senescence itself may also play a critical role in endothelial dysfunction associated with 
ageing.

Telomere length in endothelial cells from human aortas and arteries shortens in an 
age-dependent fashion (Zhu et  al., 2011; Okuda et  al., 2000). Concomitantly with 
decreases in both NO production and eNOS activity in human umbilical vein endothelial 
cells (HUVEC) and human aortic endothelial cells (HAECs) (Sato et al., 1993; Matsushita 
et al., 2001). In agreement, several lines of evidence have shown that eNOS activity and 
NO production are decreased in senescent endothelial cells (Hayashi et al., 2008; Farsetti 
et al., 2009). Matsushita et al. (2001) demonstrated that shear stress-induced increase in 
NO production was diminished in senescent HAECs and that stable expression of telom-
erase reverse transcriptase (TERT) not only increased the chromosome telomeres length, 
but also restored decreased eNOS expression and NO production associated with ageing. 
In line with this, Minamino et al. (2002) reported that HAECs from human atheroscle-
rotic lesions presented a phenotype of senescent cells and decrease in eNOS expression 
and eNOS activity. The introduction of TERT extended the life span and reversed 
 endothelial functional alteration associated with senescence in HAECs. Interestingly, 
exogenous NO reduced HUVEC senescence and delayed age-dependent inhibition of 
telomerase activity, suggesting that telomerase inactivation precedes endothelial cell 
senescence and that NO prevents age-related downregulation of telomerase activity and 
delays endothelial cell senescence (Vasa et al., 2000). Additionally, telomere lengths in 
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white blood cells shorten in parallel with a decline in endothelial function in patients 
with various degrees of cardiovascular damage as well as in healthy subjects (Nakashima 
et al., 2004). In brief, the process of endothelial dysfunction associated with ageing in 
relation to endothelial cell senescence is postulated to be as follows. Ageing activates 
NADPH oxidase, xantine oxidase, cyclooxygenase and mitochondrial electron transport 
and inactivate the anti-oxidant system, leading to an increase in ROS production and a 
decrease in ROS degradation. ROS induce the export of nuclear TERT into the cytosol 
through activation of Src-family kinases. Loss of nuclear TERT activity shortens telomere 
length, leading to a decrease in the endothelial cells lifespan, alteration in gene expres-
sion and a change from the phenotype of young cells to that of senescent cells. In addition, 
telomere shortening stimulates activation of p53, p21 and p16 proteins, which are trig-
gers of cell senescence. The endogenous eNOS inhibitor asymmetrical dimethylarginine 
also accelerates endothelial cell senescence through an increase in production of ROS 
and inhibition of NO production. An imbalance between NO and ROS may be the initial 
step and may also play an important role in endothelial cell senescence, which results in 
endothelial dysfunction through various pathways (Higashi et al., 2012).

6.5 erectile dysfunction as an early signal  
of cardiovascular disease

Ageing constitutes an important risk factor for atherosclerosis even in healthy individuals 
(Michos et  al., 2009; Chen et  al., 2013). Owing to its systemic nature, atherosclerosis 
affects all vascular beds. However, the age-related loss of function does not manifest to 
the same extent in different vessels, and neither do the symptoms become evident at the 
same time in the organs. The manifestation of vascular impairment strongly depends on 
the vessel diameter. Supporting this, Montorsi et al. (2005) enunciated the “Artery Size 
Hypothesis” that states that small diameter arteries, such as those of the penis, manifest 
symptoms of dysfunction earlier, owing to the high percentage of lumen obstruction 
compared with larger vessels. In fact, among the vascular beds of the organism, the penile 
artery will be more narrowed by an equivalent amount of atherosclerotic plaque than 
coronary or carotid arteries, which present two or three times the diameter. The artery 
size hypothesis also demonstrated that erectile dysfunction (ED), defined as the inability 
to develop and maintain an erection for satisfactory sexual intercourse or activity, and 
systemic cardiovascular disease constitute two manifestations of the same disease, which 
was supported by the demonstration that ED is related to the clinical presentation and 
extent of coronary artery disease, and, that it manifests in patients before coronary artery 
disease by an average of 2–3 years (Montorsi et al., 2006).

Currently, ED is considered an early manifestation of atherosclerosis and systemic 
cardiovascular disease, and every man who complains of ED should be considered at risk 
of cardiovascular disease by the clinicians until proven otherwise (Cheitlin, 2004; Jackson 
et al., 2013). Interestingly, the structural modifications induced by nutritional patterns in 
erectile tissue seem to be more easily reversed than those observed in the heart, as dem-
onstrated in rodents submitted to energy restriction (ER) after one year of regular con-
sumption of a high-fat diet (Tomada et al., 2013a). In line with this, it was reported that 
erectile function could be completely restored in patients by changing dietary habits, 
losing body weight or exercising (Esposito et al., 2004), supporting the hypothesis that, 
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despite loss of function manifesting earlier than in other organs, it is more responsive to 
external factors. Erectile dysfunction could be indeed considered a sentinel of vascular 
health, presenting when damage can still be reversed. In addition, the interventions 
available to improve erectile function may also ameliorate overall vascular health.

6.5.1 the erection mechanism
The penis is a highly vascularized organ. Two corpora cavernosa (CC) separated by an 
incomplete septum and constituted by erectile tissue extend along the length of the penis 
and fill with blood during erection, which significantly increases their volume. Corpus 
cavernosum presents a sponge-like texture, exhibiting a mesh of interconnected cavernous 
sinusoidal spaces, lined by endothelium and separated by trabeculae composed mainly of 
smooth muscle and connective tissue (collagen fibers and fibroblasts). Morphometric 
analysis after observation by transmission electron microscopy demonstrated that cav-
ernous tissue in young men comprises 30% connective tissue and 50% SMC organized 
in long contractile fibers distributed within trabeculae. Ageing induces important modifi-
cations in cavernous tissue organization, leading to an inversion in the proportion of 
connective tissue relative to the SMC content (Tomada et al., 2008).

The development of an erection is a complex event involving the integration of 
psychological, neurological, endocrine, vascular and local anatomic systems. In brief, 
sexual arousal is activated in higher cortical centers, which then stimulate the medial 
preoptic and paraventricular nuclei of the hypothalamus. These signals descend through 
an intricate neural network involving the parasympathetic nervous system and eventu-
ally activate terminations in the sacral area. The stimulus results in the inhibition of 
adrenergic tone and in the release of NO that is believed to originate from nerves and 
endothelial cells, synthesized by neuronal NO synthase (nNOS) and eNOS, respectively. 
It is thought that, while NO produced by nNOS only intervenes in the initiation of penile 
erection, NO generated by eNOS participates in the sustained erection required for 
normal sexual performance (Burnett et al., 1996). However, it was recently reported that 
nNOS-derived NO is also produced throughout the erectile process (Hurt et al., 2012). NO 
easily diffuses from nerves or endothelium to other cells, and subsequently, stimulates 
the enzyme guanylate cyclase in penile smooth muscle that converts guanosine 
triphosphate to cyclic guanosine monophosphate (cGMP). The increase in cGMP levels 
results in activation of protein kinase G and further decrease in intracellular calcium 
owing to promotion of its efflux, which triggers the relaxation of arterial and trabecular 
smooth muscle. Vasodilatation enhances arterial blood flow into the lacunar spaces of the 
penis, which increases intracavernous pressure by a veno-oclusion mechanism that con-
sists of compression of the subtunical venules against the tunica albuginea and entrap-
ment of the blood in CC. These coordinated actions establish the penis erection with 
adequate firmness for sexual activity (Ignarro et al., 1990).

6.5.2 Contribution of ageing to erectile dysfunction onset
Both endothelium, which produces most of the NO in response to shear stress owing to 
increased blood flow to the CC, and SMCs, which support vasodilatation, play crucial 
roles in the erectile process. The erectile mechanism is thus particularly sensitive to endo-
thelial structural and functional changes in sinusoidal small vessels of the penis (Kaya 
et  al., 2006). In fact, endothelium-dependent inability to induce vasodilatation – 
 endothelial dysfunction – underlies the most prevalent form of ED, vasculogenic ED, 
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which directly results from vascular disease of the penile arteries or failure of the corporal 
veno-occlusive or sinusoidal relax mechanisms (Shamloul & Ghanem, 2013). In line 
with this, age-associated ED is strongly associated with a decrease in bioavailability of 
NO, mainly through downregulation of eNOS activity (Garban et al., 1995). Supporting 
this, an elegant study in 25-month-old rats demonstrated that treatment with cells trans-
duced with adenovirus containing eNOS gene increased cGMP levels in penile tissue and 
improved erectile function (Bivalacqua et  al., 2007a). The contribution of endothelial 
dysfunction to ED onset is sufficiently relevant for these conditions to be considered 
equivalent by some authors (Goldstein, 2003; Guay, 2007).

Structural modifications in erectile tissue, such as those observed in the elderly 
(Tomada et  al., 2008, 2013b), also contribute to ED, which in part explains the age-
related increase in the prevalence of this disorder. In fact, according to the Massachusetts 
Male Ageing Study, there is a global prevalence of 52% of any degree of ED in the male 
population, but while at 40 years approximately 40% of men are affected, the rate 
increases to nearly 70% in men aged 70 years (Feldman et al., 1994). In addition, the 
prevalence of complete ED increases from 5 to 15% as age increases from 40 to 70 years. 
Corroborating this data, it was recently reported that age is the independent variable 
most strongly associated with ED (Ghalayini et al., 2010). Nevertheless, the direct causes 
of age-dependent ED are poorly understood and likely to be multifactorial in origin. 
A European survey performed in 2005 demonstrated that, in addition to ageing, diabetes 
mellitus and hypertension are the most important risk factors for the development of ED 
(Ponholzer et al., 2005). Corroborating these findings, the Global Online Sexuality Survey, 
an epidemiologic study based on validated questionnaires with applied age adjustment, 
reinforced diabetes mellitus, hypertension with and without antihypertensive treatment, 
coronary heart disease, obesity (defined by body mass index) and also psychological 
causes as serial risk factors for ED (Shaeer & Shaeer, 2013). Interestingly, alcohol con-
sumption was not associated with higher prevalence of ED.

Analyzing together the conclusions of these important appraisals, it becomes clear 
that ED shares its chief risk factors with cardiovascular disease, which supports the 
common etiology of these disorders. In fact, this is generally accepted taking into account 
that endothelial dysfunction often precedes atherosclerosis formation, which is the basis 
of systemic cardiovascular disease (Lusis, 2000).

6.5.2.1 Age-related structural and molecular modifications of erectile tissue
The reasons why chronological ageing constitutes a main risk factor for ED and increases 
its severity remain to be completely elucidated, but unavoidable age-associated changes 
might contribute to the onset of this type of vascular disease. Ageing is strongly associ-
ated with an increase in oxidative stress (Stadtman, 1992; discussed in Chapter 1). In 
particular, an age-related increase in oxidative stress was demonstrated in the cavernous 
tissue of the rodent associated with a decrease in intracavernous pressure (Johnson et al., 
2011). The increase in cavernous oxidative stress strongly associates with fibrosis 
(Azadzoi et al., 2005), which is aligned with our previous findings that demonstrated an 
increase in connective tissue proportion in erectile tissue of rodent and human origin 
throughout ageing (Cordeiro et al., 2008; Tomada et al., 2008, 2013a, b). However, the 
deleterious effects of oxidative stress are broader and affect erectile function in multiple 
ways (Jones et al., 2002). First, oxidative stress favors superoxide anion formation, which 
is reported to have a direct vasoconstriction effect that potentially leads to ED (Katusic & 
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Vanhoutte, 1989). Second, it compromises NO bioavailability, in part because NO reacts 
with superoxide anion forming peroxynitrite, which directly decreases cGMP levels and 
impairs cavernosal smooth muscle relaxation, which is necessary to erectile function 
(Silva et al., 2013). Third, oxidative stress is involved in formation of AGE (Baraibar et al., 
2012), which also induce oxidative stress (Higashi et al., 2009), constituting a deleterious 
vicious cycle that highly compromises normal erectile function. In fact, AGE upregulate 
the expression and activity of NADPH oxidase, an important source of vascular oxidative 
stress (Christ et al., 2002) and decrease expression of enzymes involved in anti-oxidant 
systems, such as Mn-SOD (Su et al., 2008). In addition, AGE directly reduce cellular NO 
bioavailability (Bucala et  al., 1992), which is negatively associated with the extent of 
endothelium-dependent vasodilatation (Sena et  al., 2012), by repression of mRNA 
expression coupled to downregulation of eNOS activity through modulation of phos-
phorylation of positive regulatory serine residues (Ser-1177) and negative regulatory 
threonine site (Thr-495) and uncoupling of the enzyme (Su et al., 2008; Xu et al., 2005). 
Furthermore, AGE are able to antagonize NO function by upregulating the expression 
of the vasoconstrictor endothelin-1 in endothelial cells (Quehenberger et al., 2000). The 
increase in AGE adduct formation in tissues and serum is strongly associated with chro-
nological ageing (Baraibar et al., 2012; Jiaan et al., 1995; Hipkiss, 2006; Schöneich, 2006). 
AGE formation progresses slowly along time and occurs predominantly on long-lived 
proteins, such as extracellular matrix proteins, which present a slow turnover. Over a 
person’s lifespan the amount of AGE-modified tissue gradually increases, partly owing to 
the accumulation of AGE-modified proteins that resists to proteolytic degradation inside 
the cells, making it possible to estimate the “age” of any protein by its degree of AGE 
modification. Fourth, oxidative stress favors irreversible oxidation of proteins in parallel 
with glycation. Direct oxidation of proteins frequently results in carbonyl groups 
formation, also existing in AGE adducts. Similarly to AGE-modified compounds,  oxidized 
proteins present abnormal conformations that result in the loss of native structure and 
catalytic activity, and are unable to exert their functions and to interact with target 
 molecules, hence affecting the normal function of nonmodified proteins. Once formed, 
AGE adducts and carbonylated proteins accelerate the process of tissue deterioration. In 
fact, in silico approaches strongly suggest that carbonylated proteins and AGE are likely 
to be implicated in the molecular basis of ageing and age-associated diseases (Baraibar 
et al., 2012).

The mechanisms by which AGE and oxidized proteins affect the corpus cavernosum and 
erectile function are complex (reviewed in Neves, 2013) and include modification of 
extracellular matrix characteristics and intercellular adhesion pattern, partly owing to 
increased collagen crosslinking, which favors its deposition in connective tissue (a hall-
mark of dysfunctional erectile tissue). Vascular wall thickening owing to AGE-modified 
collagen and decreased elasticity result in AGE modification of elastin, physically 
decreasing the extensibility of the erectile tissue and thus contributing to its dysfunction, 
as described earlier. AGE also leads to the trapping of macromolecules such as lipopro-
teins in the vessel wall owing to modifications in extracellular matrix proteins, which 
results in the accumulation of perivascular amorphous hyalinized material and favors 
atheroma formation (Knott et al., 2003). In addition, subendothelial AGE adducts identi-
fied in atherosclerotic plaques (Harja et al., 2008) are chemotactic for monocytes, which 
allows their migration through the endothelial monolayer and secretion of inflammatory 
molecules (Kirstein et  al., 1990). Monocyte-secreted products induce proliferation of 
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SMC, as demonstrated in a co-culture system with monocytes, endothelial cells and SMC 
that revealed synergistic effects of AGE on intercellular interactions implicated in the 
onset of atherosclerosis (Nam et al., 2011). However, our studies indicate that the global 
content of SMCs density in human cavernous tissue significantly decreases with ageing 
(Tomada et al., 2008, 2013b). Considering that smooth muscle fiber distribution in cav-
ernous tissue of human origin is not restricted to the endothelium periphery, the age-
associated fibrosis is apparently superimposed on the AGE-induced proliferative effects 
on SMCs. Nevertheless, returning to the previous observation of foam cells of muscle 
origin in erectile tissue of aged rats, the influence of age (and AGE) in atherosclerosis 
progression in the penis vessels seems relevant (Neves et al., 2008).

The production and accumulation of AGE in cavernous tissue thus constitute a pos-
sible explanation for age-related increased ED risk. Supporting that, higher levels of AGE 
products, namely the fluorescent pentose-mediated protein crosslink pentosidine, have 
been detected in the CC of aged patients (Jiaan et al., 1995).

Decrease in NO bioavailability in CC is affected by an increase in oxidative stress and 
by accumulation of AGE adducts. However, other molecular modifications that are asso-
ciated with ageing also contribute to NO decay, such as an increase in the expression and 
activity of arginase, an enzyme that competes with NOS for the substrate l-arginine, and 
downregulation of nNOS activity, as demonstrated in experimental models of mouse and 
rabbit, respectively (Bivalacqua et al., 2007b; Numao et al., 2007). The physiological decay 
in angiogenic capability also contributes to the failure of NO production (Rivard et al., 
1999), considering that vascular endothelial growth factor (VEGF) induces NO synthesis 
through activation of eNOS (Gelinas et al., 2002; Musicki et al., 2005). VEGF is the main 
vascular growth factor in tissues and induces the proliferation and survival of endothelial 
cells in vivo (Ferrara & Davis-Smyth, 1997) after engagement of its specific tyrosine kinase 
receptor vascular endothelial growth factor receptor 2 (VEGFR2). In fact, most of the 
downstream effects normally attributed to VEGF result from VEGFR2 activation (Ferrara 
et al., 2003). Expression of both VEGF and VEGFR2 decrease in the CC of the rodent and 
human (Neves et al., 2006; Tomada et al., 2010), and apparently are compensated for by 
other vascular growth factors such as angiopoietins, which crosstalk with VEGF in tissues 
(Cordeiro et al., 2010; Neves et al., 2010). The equilibrium among angiogenic factors con-
tributes to vascular remodeling and repair, and their imbalance is associated with endo-
thelium dysfunction, atherosclerosis and ED. In fact, local administration of the protein 
or gene of VEGF alone or in association with other angiogenic factors has been shown to 
restore erectile function in ED experimental models of hypercholesterolemia (Burchardt 
et al., 2005; Ryu et al., 2006).

During the ageing process, increased production of inflammatory cytokines and cell 
adhesion molecules such as E-selectin, intracellular adhesion molecule and vascular cell 
adhesion molecule was also found in rats (Tomada et al., 2014), as well as a physiological 
decay in total testosterone levels. Low levels of testosterone, in particular, might con-
tribute to the onset of ED (Feldman et al., 2002), considering its important involvement 
in nearly every phase of male reproductive development and the erectile process, from 
pelvic ganglions to SMCs and endothelial cells of the CC. Testosterone engages androgen 
receptors on the target cell membrane and migrates to the nucleus, where it may exert 
genomic effects by upregulating expression of both androgen receptor and VEGF (Cai 
et al., 2011). Androgens indeed modulate endothelial function and endothelial cell pro-
liferation through VEGF action, and also play an important role in the development and 



218   Nutritional modulation of age-related organ functional decline

maturation of EPCs, which as previously described, intervene in the repair of endothelial 
injury in vascular beds (Traish & Galoosian, 2013). It is also recognized that testosterone 
exhibits a direct vasodilatory action on the vascular smooth muscle (Jones et al., 2003) 
owing to upregulation of cavernous NO synthesis (Reilly et al., 1997). In line with this, 
hypogonadism leads to alterations in the erectile tissue equivalent to those observed in 
the elderly, such as reduction of SMC content in the penis coupled with an increase in 
connective tissue content and an increase in the caliber of vascular spaces (Tomada et al., 
2013b). Testosterone administration to hypogonadal men with ED strongly ameliorates 
erectile function by improving veno-occlusion (Yassin et al., 2006).

6.6 Diet, nutrition and cardiovascular ageing

6.6.1 Obesity, energy restriction and cardiovascular ageing
Animal and human studies have shown that obesity adversely affects many of the risk 
factors for cardiovascular diseases and contributes to an increased rate of cardiovascular 
disease and reduced life expectancy (Everitt et al., 2006; Fontana & Hu, 2014). Moreover, 
chronic overnutrition can cause cardiac insulin resistance, activation of the tissue ren-
nin–angiotensin–aldosterone system, mitochondrial uncoupling, impaired fatty acid 
metabolism, enhanced oxidative stress and endoplasmic reticulum stress in the heart. 
These conditions lead to structural and functional changes initially characterized by 
impaired diastolic relaxation, which can progress to heart failure (Mandavia et al., 2012).

A 20–40% reduction in energy intake has been consistently shown to increase lifes-
pan and to prevent the development of age-associated cardiovascular functional and 
structural changes in several model organisms (Haddad et al., 1993; Taffet et al., 1997; 
Guo et al., 2002; Castello et al., 2005; Seymour et al., 2006; Mager et al., 2006; Colman 
et al., 2009; Fontana et al., 2010). In particular, dietary restriction or ER has been shown 
to improve arterial flow-mediated vasodilatation (Dolinsky et al., 2010; Rippe et al., 2010) 
and to delay the development of atherosclerotic lesions in rodents (Guo et al., 2002). 
Energy restriction significantly ameliorates LV diastolic function of the ageing heart and 
reduces arterial stiffness (Taffet et al., 1997; Castello et al., 2005; Seymour et al., 2006; 
Dolinsky et al., 2010). Moreover, long-term ER has been shown to improve autonomic 
function and, in particular, to increase the high-frequency component of the heart rate 
variability spectra, a marker for parasympathetic activity in rats (Mager et  al., 2006). 
Finally, long-term ER has a powerful effect in preventing/delaying the age-related 
increase in the severity of cardiomyopathy in rodents as well as in monkeys (Colman 
et al., 2009; Fontana et al., 2012).

There are a number of hypotheses regarding the mechanisms by which ER mediates 
its beneficial effects on ageing in lower organisms that could have relevance to slowing 
cardiovascular ageing in humans (discussed in Chapter 2). These include a decrease in 
chronic inflammation, a reduction in the levels of various hormones and growth factors, 
an increased resistance to oxidative stress, and an increase in anti-oxidant defense mech-
anisms (Fontana & Klein, 2007). The protection from free radical-induced tissue damage 
is conferred, at least in part, by the ER-mediated reduction in growth factor signaling. In 
the long-lived dwarf, growth hormone receptor-knockout, klotho transgenic and p66shc/
mice, the suppression of intracellular mitogenic signaling pathways increases the expres-
sion of ROS scavenging enzymes, such as catalase and SOD, thereby facilitating removal 
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of these toxic oxygen species (Murakami, 2006). Also, human cells exposed to insulin-
like growth factor 1 (IGF-1)-deficient human serum are more protected against oxidative 
DNA damage (Guevara-Aguirre et al., 2011). In the heart of rats, these ER-dependent 
effects lead to a decrease in oxidative stress and an improved functional recovery after 
ischemia (Gredilla et al., 2011; Colom et al., 2007; Shinmura et al., 2011). These effects as 
well as the reduced heart hypertrophy in ageing rats may be attributable to improve-
ments in mitochondrial function (Niemann et  al., 2010). In fact, ER is a well-known 
intervention to delay the deterioration of mitochondrial respiratory function, the main 
source of ROS, by preserving enzymatic activities of the electron transport system and 
controlling proton leak (Ash & Merry, 2011). The protection against inflammation-medi-
ated tissue damage and age-associated deterioration in immune function may also play 
an important role in preventing or delaying cardiovascular ageing, because it could lower 
the levels of inflammatory cytokines and oxidative stress involved in cardiovascular dis-
ease progression (Lee et al., 2011). In fact, ER has been shown to lower the circulating 
levels of inflammatory cytokines [e.g. interleukin and tumor necrosis factor-alpha (TNF-
α)] and to increase plasma adiponectin and cortisol concentration (Jolly, 2004; Fontana 
et al., 2012). In addition, ER simultaneously affects multiple processes that are involved 
in cardiovascular ageing, including efficient removal of damaged proteins, oxidized lipids 
and lipoproteins, decreased protein glycation and collagen crosslinking, effects that sug-
gest the involvement of autophagy (Cefalu et al., 1995; Leeuwenburgh et al., 1997; Sell 
et al., 2003; Fontana et al., 2012). Long-term ER in human volunteers, who call them-
selves CRONies (i.e. Calorie Restriction with Optimal Nutrition), causes profound reduc-
tions in several cardiometabolic risk factors for coronary heart disease, including lowering 
of total cholesterol, low-density-lipoprotein (LDL) cholesterol and triglycerides, and a 
large increase in high-density-lipoprotein (HDL) cholesterol concentrations. These indi-
viduals also present lower fasting glycemia, lower insulin resistance index, and consider-
ably lower SBP and DBP levels (Fontana et al., 2004; Fontana & Klein, 2007). Long-term 
ER in humans also has a powerful anti-inflammatory effect reflected by very low 
circulating levels of C-reactive protein and TNF-α. This decrease in systemic inflamma-
tion and other cardiometabolic markers is accompanied by a significantly lower thickness 
of the carotid artery intima-media thickness and by an improved LV diastolic function in 
the ER individuals compared with the age- and sex-matched control group (Fontana 
et al., 2004; Meyer et al., 2006). However, it is possible that some of the beneficial effects 
on the cardiometabolic risk factors are due not entirely to ER, but also to the high-quality 
diets consumed by the ER practioners. All of the CRONies have eliminated from their 
diets refined and processed foods containing salt, trans-fatty acids, dietary glyco-toxins 
and high-glycemic-index foods (e.g. refined carbohydrates, potato, white rice, sucrose- 
and fructose-enriched foods). They consume, instead, a wide variety of vegetables, low-
glycemic-index fruit, nuts, low-fat dairy products, egg whites, wheat and soy proteins, 
fish and lean meat. Interestingly, men and women consuming energy-unrestricted strict 
vegan diets also have extremely low blood pressure, LDL cholesterol, triglycerides and 
fasting glucose concentrations, suggesting that the quality of the diet plays a major role 
in modulating blood pressure, lipid and glucose metabolism (Fontana et  al., 2007). 
Nevertheless, unlike in the CRONies, serum HDL-cholesterol and adiponectin concentra-
tions were not significantly increased in these vegetarians and serum concentration of 
fasting insulin, TNF-α and triiodothyronine were higher than in age- and sex-matched 
individuals practicing ER. Short-term alternate-day fasting has also been shown to result 
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in some beneficial cardiometabolic adaptations in obese individuals eating typical Western 
diets during the nonfasting days, including a reduction in body weight, blood pressure 
and serum cholesterol and triglycerides concentrations, but HDL-cholesterol, C-reactive 
protein and homocysteine concentrations did not change (Varady et al., 2009; Bhutani 
et al., 2010; Rizza et al., 2013).

Recent studies have provided evidence for the role of the inactivation of growth hor-
mone and IGF-I signaling pathways in the protective effects of ER on cellular resistance 
and ageing. In agreement with this, downregulation of the insulin/IGF-I pathway slows 
ageing and protects against several metabolic alterations that promote cardiovascular dis-
ease. However, the role of growth factors in modulating age-associated cardiovascular 
dysfunction has not been clearly defined (Fontana et al., 2012).

Mechanisms that may underlie the beneficial effects of ER on vessel ageing include 
the preservation of extracellular matrix components within the vessel wall (Fornieri 
et al., 1999), improvement of endothelial cell function through augmenting NO genera-
tion, reduction of sensitivity to oxidized LDL, reduction of oxidative stress by upregulat-
ing anti-oxidants and protection of mitochondria function (Yang et al., 2004; Ungvari 
et al., 2008; Shinmura, 2011; Dai et al., 2012), and inhibition of inflammation (Csiszar 
et al., 2009). Although ER may be inappropriate for many patients, drugs and dietary 
supplements that mimic ER effects without affecting nutritional balance may offer a 
wider therapeutic option (discussed in Chapter 2).

Sirtuins (Sirt 1–7) are a family of nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylases and adenosine diphosphate–ribosyltransferases that may be 
partially responsible for the age-delaying effects of ER. Sirtuins have been reviewed in 
Chapter 2; therefore, only limited discussion is provided here. ER increases Sirt1 in some 
experimental models, leading to improved endothelial function (Rippe et  al., 2010; 
Zanetti et al., 2010) while knocking down Sirt1 interferes with the ER-mediated anti-
oxidant and anti-inflammatory vascular effects (Csiszar et al., 2009). Similar to ER, over-
expression of Sirt1 in the endothelium can improve vascular stiffness and attenuate the 
development of atherosclerosis, probably by activating eNOS, promoting NO production 
(Zhang et al., 2008; Mattagajasingh et al., 2007) and preventing endothelial cell senes-
cence (Ota et al., 2007). Indeed, Sirt1 deacetylation of eNOS may contribute to the ath-
eroprotective effects of laminar stress (Chen et  al., 2010). Moreover, other sirtuin 
members, such as Sirt 3–5, may be protective in cardiovascular system as sensors of nutri-
tional status, regulating the cellular response to stress, energy production, apoptosis and 
ROS production (Ahn et al., 2008; Verdin et al., 2010; Hafner et al., 2010).

6.6.2 Diet patterns and cardiovascular ageing
Changes in lifestyle habits, such as diet and moderate exercise, can influence vascular 
repair mechanisms. Different studies have shown that a healthy diet and exercise induce 
a reduction of cell damage and endothelial dysfunction, both of which are factors respon-
sible for reducing cardiovascular risk in the elderly (Yubero-Serrano et al., 2011; Klonizakis 
et al., 2012). The Mediterranean diet is a healthy diet that includes fish, vegetables, fruit, 
whole grains, legumes, olive oil and less red meat and dairy products, consumption of 
which has been associated with lower risk of cardiovascular disease (discussed in 
Chapter 11). In addition, several intervention studies have suggested that the consump-
tion of flavonoid-rich foods such as tea, red wine (Dal-Ros et al., 2012), cocoa and soya 
can improve endothelial function in patients with manifest cardiovascular disease (Zuchi 
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et al., 2010; Chiva-Blanch et al., 2012). The Mediterranean diet significantly attenuates 
the postprandial inflammatory state, including nuclear factor kappa-light-chain-enhancer 
of activated B cells, MMP-9 and TNF-α (Cruz-Teno et al., 2012; Scoditti et al., 2012). In 
addition, consumption of a Mediterranean diet and exercise led to a greater decrease in 
blood pressure and a greater increase in the number of EPCs compared with the same diet 
without exercise (Fernandez et al., 2012). The repair or prevention effects of Mediterranean 
diet in ageing have also been attributed to the presence of anti-oxidants, mainly contained 
in plant foods such as fruit, vegetables, whole grains, nuts and seeds (Marin et al., 2013). 
Similarly, studies performed in elderly people have demonstrated that the consumption 
of a Mediterranean diet produces an increase in NO bioavailability, with a consequent 
improvement in endothelium-dependent endothelial function (Yubero-Serrano et  al., 
2011). It is also associated with an improvement in endothelial regeneration capacity, 
producing an increased number of circulating EPCs and lower levels of endothelial cell 
microparticles compared with the consumption of a saturated fatty acid-rich diet and a 
low-fat and high-carbohydrate diet enriched with α-linoleic acid (Marin et  al., 2011, 
2012; Fernandez et al., 2012). An improvement in lifestyle habits is also positively corre-
lated with telomere length. In fact, telomere length has been associated with nutritional 
status in both human and animal models. A healthy lifestyle, with a diet high in fruit and 
vegetables combined with exercise, the maintenance of low body mass and no smoking, 
is associated with longer telomeres (Mirabello et al., 2009). Similarly, there is evidence to 
show the effect of the quality and quantity of dietary fat on telomere length, depending 
on the degree of oxidative stress that these diets produce. Therefore, the consumption of 
a saturated fatty acid-rich diet or a carbohydrate-rich diet induces telomere attrition, as a 
result of cell replication, which can be accelerated by the presence of increased oxidative 
stress (Marin et  al., 2011). However, the consumption of a Mediterranean-type diet 
(monounsaturated fat-rich diet), rich in virgin olive oil, improves this profile and leads to 
a reduction in the degree of oxidative stress (Yubero-Serrano et al., 2011) and a decrease 
in the rate of telomere shortening (Marin et al., 2012, 2013).

6.6.2.1 Contribution of dietary pattern to erectile dysfunction onset
In addition to chronological ageing, lifestyle and nutrition have also been increasingly 
recognized as central factors influencing erectile function. Exercise is the lifestyle factor 
most strongly correlated with erectile function through the increase in NO production 
owing to mechanical shear forces of blood flow (Meldrum et al., 2010). Concerning nutri-
tional habits, the Western diet pattern, which includes meat, poultry, dairy products and 
refined grains, and normally presents high contents of sucrose and saturated fat, has been 
adopted in industrialized countries in recent decades. The adoption of this diet pattern 
relates to an increase in obesity and cardiovascular disease prevalence. Supporting the 
contribution of the Western diet to cardiovascular disease and ED onset, La Favor et al. 
(2013) analyzed the endothelial-dependent and independent vasodilatation of coronary 
artery and erectile response to electric stimulus of rats treated for 4–12 weeks with a 
mimetic of Western diet (high sugar, high saturated fat and high level of omega-6 derived 
from linoleic acid). They did not find differences regarding body weight or composition; 
however, intracavernous pressure was significantly attenuated in response to electric 
stimulus following 8 or 12 weeks of Western diet. The authors of this study concluded 
that regular consumption of a Western diet (and not features secondary to diet) induced 
ED, and that this manifests before coronary artery endothelial dysfunction (on average 
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4 weeks). It was also demonstrated that the onset mechanism of ED induced by Western 
diet depends on the induction of NOS uncoupling, since it was reversed by sepiapterin 
treatment. It was previously demonstrated by Johnson et  al. (2011) that sepiapterin 
augmented erectile function in 19-month-old rats, demonstrating that uncoupling of 
eNOS also underlies age-dependent ED. The isolated effect of diet fat content in erectile 
function outcomes has also been studied in experimental animal models fed with high-
fat or hypercholesterolemic diets. All data clearly demonstrate that elevated fat content 
in diet induces structural and functional disturbances in erectile tissue that negatively 
affect erectile function. While treatment of Sprague–Dawley rats with a high-fat diet 
(45% of energy from lard) until 18 months of age induced an increase in cavernous 
connective tissue content and a decrease in eNOS phosphorylation at Ser1177 residue 
through the Akt-pathway compared with age-matched controls, chronological ageing 
did not modify eNOS expression and activation. These findings showed that long-term 
nutritional conditions override the influence of age in rat cavernous tissue (Tomada et al., 
2013a, 2014). Another study demonstrated that a diet consisting of 2% cholesterol and 
10% lard for 6 months induced hyperplasia of the smooth muscle layer in cavernous 
tissue, which is typically associated with atherosclerotic processes, and reduced the 
number of nNOS-positive nerves and intracavernous pressure, despite the absence of dif-
ferences in serum glucose and testosterone levels compared with the controls (Qiu et al., 
2011; Huang et al., 2010). In line with these findings, it was shown that pigs fed with a 
diet containing 46% of energy from fat presented lower cGMP levels, increased eNOS 
uncoupling and production of thiobarbituric acid reactive substances (markers of 
oxidative stress) in the penis (Musicki et al., 2008). Conversely, a study in aged rats dem-
onstrated the beneficial effects of ER in erectile function (Maio et al., 2012).

Concerning studies in humans, only a few studies have assessed the role of diet in 
ED onset. A case–control study exploring foods that were well represented or poorly 
represented in the diet of individuals with ED was carried out by Esposito et al. (2006). 
This study showed a negative correlation between ED prevalence and the intake of veg-
etables, fruit and nuts and a ratio of monounsaturated to saturated lipids typical of 
Mediterranean-style diet, in a cohort of 100 men with ED, but without diabetes or symp-
tomatic cardiovascular diseases, compared with a group with an identical number of age- 
and disease-matched men without ED. In line with those findings, it was reported that 
high-protein, carbohydrate-reduced, low-fat and low-energy diet induced weight loss 
and promoted rapid improvement of endothelial and sexual function in obese diabetic 
men and sustained these beneficial effects for up to 1 year (Khoo et al., 2011). Moreover, 
changes in diet pattern are often associated with loss of body weight, which indepen-
dently ameliorates erectile function (Esposito et al., 2004). However, the effect of weight 
loss has reduced impact in older men, as demonstrated in a cohort of 306 obese diabetic 
participants, aged 60 years on average (Wing et al., 2010).

6.7 Nutritional intervention for cardiovascular 
disease prevention or amelioration

Several studies indicate that nutritional intervention could prevent or ameliorate not 
only overall cardiovascular diseases, but also in particular erectile dysfunction. Despite 
the high susceptibility of the cavernous tissue to loss of erectile capability as a result of 
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nutritional habits, it seems to recover more easily after damage compared with myocardium 
(Tomada et al., 2013a). The strategies to improve erectile function could be divided into 
nutritional pattern changes including reduction of high-fat and/or high- carbohydrates 
food, ER and ingestion of foodstuffs rich in anti-oxidants or other compounds proved to 
ameliorate erectile function, and, on the other hand, treatment with specific nutrients 
that intervene in molecular mechanisms involved in erectile function such as NO 
 synthesis and AGE formation. Some of these nutrients are currently employed as co-
adjuvants of drugs such as phosphodiesterase-5 (PDE5) inhibitors, which impede cGMP 
degradation in the SMC and are used as first-line treatment for ED. Lower doses of PDE5 
inhibitors should thus be required, thus minimizing any side effects or complications of 
these medications.

6.7.1 Nutritional pattern modulation
AGE content in the Western diet, together with sugars and lipids, has significantly 
increased in the last 50 years, since they are naturally present in coffee, cola drinks and 
uncooked animal-derived products, and because cooking results in reactions between 
sugars and proteins leading to the formation of new AGE (Uribarri et al., 2010). This 
could be deleterious to the health of the cardiovascular system, since exogenous AGE 
are believed to be absorbed after ingestion and are passed into the circulation. In fact, 
serum levels of AGE are strongly related to their consumption (Semba et al., 2012), and 
may therefore contribute to cardiovascular diseases and ED onset. Thus, a low AGE 
intake could represent a strategy to avoid vascular disturbances, and despite it being dif-
ficult to maintain over the long term, the benefits in terms of the prevention of athero-
sclerosis and ED, even for healthy individuals, could be significant. This assumption is 
supported by a study that demonstrated a decrease in serum AGE levels in obese humans 
submitted to a short-term ER intervention (Gugliucci et al., 2009). Decreasing the glyca-
tion burden prevents AGE accumulation, and the ensuing reduction in NO synthesis, 
increase in oxidative stress, inflammatory response and crosslinking with collagen fibers. 
Despite the fact that the exact contribution of the glycation-modified collagen in the 
cavernous connective tissue organization remains elusive, we believe that reduction of 
AGE adduct formation decreases the percentage of cavernous fibrous collagen deposed 
in connective tissue.

Beyond ER or dietary AGE reduction, some natural compounds available in food, 
most of them with anti-oxidant capability, could exert protective effects in the cardiovas-
cular system. The main advantage is their accessibility and safety of their consumption. 
Some studies have employed entire foodstuffs, fruit juices, alcoholic beverages or min-
eral-rich natural water, and not isolated compounds, and indeed the global effect could 
be due to multiple mechanisms.

Polyphenols constitute a class of compounds that possess potent free radical-scavenging 
capacities and thus the consumption of food naturally rich in polyphenols by experi-
mental animals and humans significantly inhibits oxidative stress, atherogenesis and ath-
erosclerotic lesion development. Supporting the importance of mitigating oxidative stress 
in the preservation of erectile function, it was observed that lower levels of glutathione 
in the reduced state (GSH), an important intracellular anti-oxidant that also is an essential 
cofactor for NOS, strongly correlate with ED in men (Tagliabue et al., 2005). In line with 
this, it was demonstrated that polyphenol-rich food improves erectile function in both 
arteriogenic ED and nonpathogenic conditions and prevents ischemia-induced fibrosis in 
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the cavernous tissue (Azadzoi et  al., 2005). In fact, chronic administration of whole 
pomegranate juice or polyphenol extract to rabbits or rats caused significant increases in 
intracavernous blood flow and smooth muscle relaxation, possibly via increased NO bio-
availability (Azadzoi et al., 2005; Zhang et al., 2011a; Ha et al., 2012). Corroborating these 
findings, it was reported that pomegranate juice consumption improved erections in a 
cohort of 53 men with mild to moderate erectile dysfunction. However, the results in this 
study did not achieve statistical significance (Forest et al., 2007). Several studies support 
the hypothesis that consumption of polyphenols of plant origin can not only induce NO 
formation in the endothelial cells, but also suppress activation of inducible NOS (iNOS), 
a isoform of NOS activated in inflammation and infection (Achike et al., 2003). The inhi-
bition of iNOS activity is particularly beneficial to erectile function, since iNOS-derived 
NO strongly contributes to the nitration of proteins, which causes damage in tissues and 
premature ageing (McCann et al., 1998). Regular consumption of other beverages also 
naturally rich in polyphenols, such as red wine or green tea, also induces an apparent 
decrease in atherosclerotic progression in cavernous tissue in aged rats and activates 
selected mechanisms for the maintenance of cavernous tissue vascularization (Neves 
et al., 2008, 2010; Mostafa et al., 2013). Epidemiological studies agree with our findings in 
rats treated with red wine during 6 months, since alcoholic beverages, particularly those 
rich in anti-oxidants, ingested with moderation or infrequently may provide some pro-
tection against ED (Chew et al., 2009).

Other foodstuffs also rich in anti-oxidants seem to favor NO synthesis and vasodilata-
tion, such as cocoa, which in a dose of 821 mg of flavanols/day in acute or chronic 
administration induces potent flow-mediated vasodilatation in healthy individuals 
(Fisher et al., 2003). Nonetheless, despite its promising effects, particularly in age-associated 
endothelial dysfunction (Fisher & Hollenberg, 2006), no studies exist regarding erectile 
function.

Ginseng is a natural product prepared from the roots of plants belonging to the genus 
Panax of the family Araliaceae. It may be included in small doses in energy drinks or 
tisanes and contains the active ingredients ginsenosides (also known as ginseng saponins 
or glycosylated steroidal saponins). More than 30 different ginsenosides have been iso-
lated from the root of Panax ginseng. It has been employed in traditional Chinese medi-
cine for more than 5000 years as a highly valued herb and has been applied to a variety 
of pathological conditions and illnesses, such as diabetes and ED. Recent evidence sup-
ports this belief, such as a study that demonstrated that extract of ginseng restored the 
anti-oxidant capability in several organs (kidney, liver, heart and lung) of aged rodents 
(Ramesh et al., 2012), and another carried out in noninsulin-dependent diabetic rats that 
confirmed the anti-oxidant effect of 30 mg/kg oral administration of Korean red ginseng 
on the CC (Ryu et al., 2005). Corroborating the efficacy of ginseng in preserving erectile 
function, another study demonstrated that ginsenosides induced in vitro nitric oxide-
mediated relaxation and increase in cGMP in rabbit CC (Chen & Lee, 1995). The main 
conclusions of several clinical trials were reviewed by Moyad and Park (2012), who dem-
onstrated that ginseng significantly improved erectile function in men compared with 
placebo, not so rapidly on average as PDE5 inhibitors do, but considering its favorable 
impact on libido and comparative cost saving and safety, ginseng presents its own set of 
advantages. In fact, to further ameliorate ED, ginsenosides present in ginseng may also 
provide some cardiovascular protection, apparently through NO-mediated mechanisms 
(Chen, 1996), as demonstrated in a small cohort of healthy, young patients who 
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presented improved arterial stiffness as demonstrated by low radial AI after treatment 
with ginsenosides, but not ginseng polysaccharides (Jovanovski et al., 2010).

Unexpectedly, Antep pistachio nuts, naturally rich in fat (although not in choles-
terol), proteins, minerals (potassium, calcium and iron) and vitamins A and C, were also 
demonstrated to improve the International Index of Erectile Function (IIEF) and penile 
color Doppler ultrasound scores in ED patients, when 100 g was ingested for 3 weeks, 
without any associated side effects. Furthermore, the lipid parameters showed statisti-
cally significant improvements after this diet (Aldemir et al., 2011). On the other hand, 
soy consumption could negatively affect erectile function, as demonstrated in rodents 
and in a diabetic patient (Pan et al., 2008; Siepmann et al., 2011). Owing to phytoestrogen 
effects, lower testosterone blood levels were found in rats and human after consumption 
of a soy protein-rich diet, as well as attenuated erectile parameters, including apomor-
phine-induced erections and intracavernous pressure in the rat.

6.7.2 Intervention of specific nutrients in cardiovascular 
disease protection
Beyond studies that analyze the effects of diet patterns or foods in endothelial function 
and cardiovascular disease progression, many other works have dissected the effect of 
isolated nutrients or non-nutrient dietary components. The nutrients that positively 
affect cardiovascular health belong to distinct classes and thus intervene in different 
pathways in cells.

6.7.2.1 Polyphenolic compounds
Dietary flavonoids constitute a large class of bioactive polyphenolic compounds com-
monly consumed in plant foods and beverages. According to the different patterns of this 
nucleus, they are categorized into six main subclasses: flavan-3-ols (e.g. catechin, epicat-
echin), flavonols (e.g. quercetin, myricetin, kaempferol), anthocyanidins (e.g. cyanidin, 
delphinidin), flavones (e.g. apigenin, diosmin), isoflavones (e.g. dadzein, genistein) and 
flavanones (e.g. naringenin, hesperetin). The bioavailability of flavonoids is generally 
low and may vary dramatically among different flavonoid classes as well as between 
individual compounds in a particular class. Isoflavones, flavonols, flavanones and flavan-
3-ols may be absorbed sufficiently to exert possible cardio-protective effects in vivo 
(Lilamand et al., 2014). Recent evidence supports the potential role of flavonoids in the 
reduction of cardiovascular diseases. In particular, flavonoid-rich food intake has been 
shown to improve endothelial function and peripheral blood pressure. In addition, the 
beneficial effect of flavonoids on arterial stiffness is becoming clear. Isoflavones (mainly 
found in soy products), anthocyanins (constituents of red and blue berries) and to a 
lesser extent cocoa flavanols have been shown to have a positive effect or to be associated 
with improved measures of vascular function, and in particular arterial stiffness assessed 
by PWV (Lilamand et al., 2014).

The most studied polyphenols with vascular protective properties are curcumin, 
found in the Indian spice turmeric, epigallocatechin-3-gallate (EGCG), the most abun-
dant polyphenol in green tea, resveratrol, a stilbene, available in grapes and red wine, 
and quercetin, present in capers, lovage, apples, onions and grapes.

Recent studies have focused on the development of ER mimetics to identify com-
pounds that mimic the effects of ER by targeting cellular metabolic and stress response 
pathways without actually restricting energy intake. The polyphenol resveratrol was one 
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the first compounds to be shown to mimic the cardiovascular protective effects of ER 
(Baur et al., 2006; Barger et al., 2008; Pearson et al., 2008; Shinmura et al., 2011), including 
induction of mitochondrial biogenesis (Csiszar et al., 2009) and attenuation of mitochon-
drial oxidative stress (Ungvari et al., 2009, 2010) in vascular endothelial cells and/or in 
cardiomyocytes (Dai et al., 2012). Resveratrol also reduces endothelial cell apoptosis and 
increases aortic elasticity in aged rodents (Pearson et al., 2008). The effects of resveratrol, 
in part, are attributed to its ability to upregulate and/or activate Sirt1, which deacetylates 
and activates peroxisome proliferator-activated receptor-gamma coactivator 1 alpha 
(PGC-1α) and other regulators of mitochondrial function (Lagouge et  al., 2006). In 
addition, resveratrol can also activate nuclear factor erythroid 2-related factor 2 in endo-
thelial cells (Ungvari et  al., 2010), which may also contribute to its mitochondrial 
protective effects (discussed in Chapter 2).

AMP-activated protein kinase (AMPK) has emerged as a key nutrient sensor, acting 
as a master regulator of mitochondrial biogenesis, turnover, mitochondrial metabolism 
and mitochondrial anti-oxidant defenses (Quintero et al., 2006). There is increasing evi-
dence suggesting that AMPK upregulates Sirt1 activity (Canto et  al., 2009) and that 
AMPK activation may contribute to the cardioprotective effects of ER (Edwards et al., 
2010). Because polyphenols can activate AMPK (Zang et al., 2006), this effect may con-
tribute to the robust increases in cellular Sirt1 activity and other ER-like effects in vascular 
cells observed upon resveratrol treatment (Dai et al., 2012).

Curcumin has been extensively studied and recently has been recognized as an anti-
ageing nutrient (Lima et al., 2011). Accumulating evidence suggests that it is a highly 
pleiotropic molecule that modulates abundant targets in cells, influencing numerous 
biochemical and molecular functions. Curcumin exhibits important anti-inflammatory 
properties and an inhibitory effect on AGE-dependent damage, apparently by direct trap-
ping of methylglyoxal, intracellular levels of which were demonstrated to decrease in 
curcumin–treated endothelial cell lines in culture (Hu et  al., 2012; Kim et  al., 2011). 
Concerning SMC, it has been reported that curcumin inhibits migration and proliferation 
while promoting apoptosis (Chen & Huang, 1998).

Dietary supplementation with 0.2% curcumin for 4 weeks ameliorates age-related 
large elastic artery stiffening and vascular endothelial dysfunction through amelioration 
of oxidative stress and normalization of collagen I and AGE deposition, and restoration of 
NO bioavailability that lowers oxidative stress and improves vascular dysfunction in aged 
mice (Fleenor et  al., 2013). In line with this, it was recently reported that regular 
administration of water-soluble curcumin improved the erectile function in a rat model 
of diabetes, mainly owing to an upregulatory effect on expression of eNOS and nNOS, 
and repression of inflammatory genes and iNOS (Abdel Aziz et al., 2012).

EGCG and quercetin share action mechanisms with curcumin, since all of them 
interact with the membranes of endothelial cells, restoring transmembrane potential and 
fluidity in the presence of AGE, apparently repressing the formation of atherosclerotic 
lesions (Margina et al., 2013). Supporting these findings that reveal important interven-
tions of polyphenols in cellular functions and potential protective effects in cavernous 
tissue, it was also demonstrated that resveratrol inhibits AGE-induced proliferation and 
collagen synthesis activity in vascular SMC, and that it also favors vasorelaxation response 
in the cavernous tissue of hypercholesterolemic rabbits (Mizutani et al., 2000; Soner et al., 
2010) and diabetic rats when orally administrated alone in a dose of 5 mg/kg/day or in 
association with a PDE5 inhibitor (Yu et al., 2013; Fukuhara et al., 2011). In addition, 
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EGCG induces eNOS/cGMP activation, elicits dose-dependent vasodilatation in rat aortic 
rings (Lorenz et al., 2004) and exerts significant cavernous anti-oxidant effects in rodents 
when orally administrated in a drinking solution in a dose of 7.6 mg/l (Mostafa et al., 
2013). Concerning quercetin, it was demonstrated that it presents an inhibitory effect on 
PDE5A activity, promotes relaxation of smooth muscle strips of guinea pig CC and 
increases intracavernous pressure and eNOS expression while improving anti-oxidative 
defenses in cavernous tissue of diabetic rats when intraperitoneally injected in a dose of 
50 mg/kg (Lines & Ono, 2006; Hnatyszyn et al., 2004; Zhang et al., 2011b). No clinical trials 
were carried out to evaluate the effects of polyphenols administration on erectile function.

6.7.2.2 l-Carnitine and l-arginine
l-carnitine is the biologically active form of a small peptide available in red meat and 
dairy products, constituted by lysine and methionine and required for the transport of 
fatty acids from cytosol into mitochondria during the breakdown of lipids. Administration 
of l-carnitine to patients with ED seems promising, considering reports that demonstrate 
that oral administration of derivatives of l-carnitine significantly improved nocturnal 
penile tumescence and IIEF score, as well as other symptoms associated with male ageing 
(Cavallini et al., 2004). When associated with niacin and l-arginine it was also demon-
strated to ameliorate erectile dysfunction and satisfaction with sex life in a single-blind 
trial that included 54 ED patients (Gianfrilli et al., 2012). Derivatives of l-carnitine have 
also been employed as adjuvants of PDE5 inhibitors, with very promising results for ED 
in diabetic patients (Gentile et al., 2004). Association of l-carnitine with treatment was 
particularly beneficial for patients with ED refractory to PDE5 inhibitor monotherapy, 
since it frankly improved the endothelial function with clear amelioration of markers of 
inflammatory processes and vascular damage (Morano et al., 2007).

The amino acid l-arginine is the raw material from which NO is synthesized by NOS. 
In the penis, l-arginine may be a substrate-limiting factor for NOS activity, particularly 
because the activity of arginase increases in aged cavernosal specimens, as shown in the 
rabbit (Numao et al., 2007). Indeed, long-term oral administration of supraphysiological 
doses of l-arginine (2.25% dissolved in tap water) may upregulate penile NOS activity 
but not its expression, which improves erectile response in the ageing rat (Moody et al., 
1997). In human trials, two studies conducted 20 years ago demonstrated that high doses 
of orally administered l-arginine (5 g daily for 6 weeks) to compensate for its metaboliza-
tion in the gut wall and liver significantly ameliorated ED (Zorgniotti & Lizza, 1994; Chen 
et al., 1999). However, in the study of Chen et al. (1999), only one-third of the patients 
treated with l-arginine reported significant subjective improvement in sexual function 
without alteration of hemodynamics of the CC.

Oral supplementation with the amino acid l-citrulline, which is abundant in water-
melon and present in free form in the human body, presents advantages compared with 
l-arginine, since it may be converted by the kidneys into l-arginine, escapes intestinal 
and liver metabolism and inhibits arginase activity (Morris, 2004). In fact, improved erec-
tile function and penile tissue structure was demonstrated in rats that had been castrated 
or had acute arteriogenic ED, which were treated with 2% l-citrulline dissolved in 
drinking water for 4 weeks (Hotta et al., 2013; Shiota et al., 2013). Evidence of beneficial 
effects of l- citrulline was also reported in a human trial that showed that treatment with 
1.5 g/day of l-citrulline divided into two doses during 1 month was able to restore normal 
erectile function in half of the ED patients enrolled in the study (Cormio et al., 2011).
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6.7.2.3 Fatty acids
The beneficial effects of Mediterranean diet are due in part to the abundance of omega-3 
fatty acids, which directly ameliorate endothelial dysfunction, not only by promoting 
angiogenesis, EPC function and postnatal neovascularization, but also by increasing NO 
bioavailability in response to Akt kinase activation, as demonstrated in cultured human 
coronary artery endothelial cells treated with decosahexaenoic acid, one of the main 
omega-3 fatty acids (Stebbins et al., 2008; Turgeon et al., 2013). Supporting this finding, 
it was observed that dietary omega-3 fatty acid supplementation was accompanied by an 
increase in forearm blood flow in response to acetylcholine in aged patients (mean age of 
73 years) with chronic heart failure (Morgan et al., 2006). In addition, a recent randomized 
controlled trial in healthy middle-aged and older adults has shown that omega-3- 
polyunsaturated fatty acid supplementation lowered the concentration of serum pro-
inflammatory cytokines (Kiecolt-Glaser et al., 2012). Another study suggested that lower 
omega-6:omega-3 polyunsaturated fatty acid ratios can influence cell ageing, increasing 
telomere length (Kiecolt-Glaser et al., 2013).

Alpha-lipoid acid could also be considered a promising strategy for ED treatment, 
since it prevents the formation of AGE-modified products in the presence of glucose, 
counteracts oxidative stress and blocks inflammatory responses induced by AGE in 
endothelial cells (Bierhaus et al., 1997). In addition, an interesting study demonstrated 
that α-lipoic and γ-linolenic acids interact synergistically to improve NO-mediated 
neural and endothelium-dependent relaxation of CC in streptozotocin-induced diabetic 
rats, despite the absence of effect observed when each was employed alone (Keegan 
et al., 2001).

6.7.2.4 Vitamins
Vitamin E is a blanket term for eight different nutrients – four different tocopherols and 
four different tocotrienols – with recognized anti-oxidant properties. Vegetables, fish, 
plant oils and in particular sunflower seeds are rich in vitamin E. Relevant to human, and 
specifically to elder, nutrition, most trials show that vitamin E derived from food, but not 
that from supplements, is inversely associated with mortality from coronary heart dis-
ease. For example, Kushi et al. (1996) as well as the Finnish trial (Knekt et al., 1994) 
showed that modifying dietary habits to increase vitamin E intake may be worthwhile in 
preventing coronary heart disease.

Cherubini et al. (2001) suggested that maintaining proper vitamin E status is impor-
tant to avoid increased risk of atherosclerosis with advanced age. Vitamin E is known to 
enhance endothelial function by increasing free radical trapping, which leads to an 
increase in circulating NO levels. Therefore, vitamin E directly improves NO-mediated 
arterial relaxation, as demonstrated in the rodent (Agarwal et al., 2006; Keegan et al., 
1995). Owing to its impact on NO bioavailability, vitamin E was demonstrated to amelio-
rate ED when combined with a PDE5 inhibitor in an experimental model of streptozoto-
cin-induced diabetic rats that presented an increase in intracavernous pressure and nNOS 
levels after treatment (De Young et al., 2003). Anti-oxidant therapy with vitamin E also 
ameliorates age-associated ED, as demonstrated in 18-month-old aged rats treated with 
80 IU of vitamin E/rat/day, revealing higher intracavernous pressure and penile NO

2
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levels, relating NO bioavailability, and lower levels of oxidative stress markers (Helmy & 
Senbel, 2012). In line with these findings, a study in a cohort of 89 men with ED who 
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were low responders to PDE5 inhibitors demonstrated that treatment with 300 mg/day 
of α-tocophenol for at least 1 month increased the IIEF-5 score by an average of 3.3 
points (Kondoh et al., 2008).

Numerous studies in both experimental animals and humans show that tissue 
vitamin C (ascorbic acid) levels decline with age and do so in a gender-dependent manner, 
that is, men are more affected than women. This fact is apparently related to the inci-
dence of mortality from stroke (Gale et al., 1995, 2001), since it is highest in elders with 
the lowest ascorbic acid intake (<28 mg/day). Conversely, higher ascorbic acid intakes 
(>45 mg/day) are associated with lower mortality rate, regardless of social class or other 
dietary variables. Subjects in the upper two quintiles of ascorbic acid intake (>400 mg/day) 
of a study by Sahyoun et al. (1996), which enrolled 725 elderly men and women, had a 
lower incidence of overall mortality compared with the lowest two quintiles (<90 mg/day), 
largely owing to reduced mortality from heart disease. Vitamin C has been recently 
shown to restore proper flow-mediated vasodilatation in sedentary older men (Eskurza 
et  al., 2004). Ascorbic acid intake has also been shown to ameliorate endothelial 
dysfunction and hypertension in a number of clinical studies (Taddei et al., 1998; Gokce 
et al., 1999; Carr & Frei, 2000). The mechanisms by which ascorbic acid increases eNOS 
bioactivity and NO production have been thoroughly investigated and involve the main-
tenance of an intracellular reduced environment and of NOS cofactors, for example, 
tetrahydrobiopterin (Tomasian et al., 2000; Heller et al., 2001). In addition, vitamins C 
and E present synergistic effects after ingestion (Hamilton et al., 2000).

The carotenoids are a group of red-, orange- and yellow-pigmented polyisoprenoid 
hydrocarbons synthesized by prokaryotes and higher plants, which concentrate in 
animal fat. Most of the carotenoids, such as carotene, are used in the formation of 
vitamin A in the body, whereas others, such as lycopene and lutein, show no vitamin A 
activity. The main sources of carotenoids that circulate in human plasma are fruit and 
vegetables: lycopene is the main tomato pigment whereas lutein is found in a number of 
vegetables (e.g. cabbage, corn, broccoli). Lycopene, lutein and other carotenoids can 
reduce vascular ageing. Their main anti-ageing action is as an ROS scavenger. Carotenoid 
anti-oxidant properties improve the atherosclerotic profile by augmentation of NO avail-
ability, reduction of plasma LDL and improved glucose tolerance and blood pressure 
control, which results in attenuation of the atherosclerotic process (Wolak & Paran, 
2013). Anti-oxidants can potentially protect telomeric DNA from oxidative damage 
caused by extrinsic and intrinsic DNA damaging agents, so a diet lacking anti-oxidants 
leads to shorter telomeres, whereas consumption of an anti-oxidant-rich diet including 
vitamins C and E and β-carotene is associated with longer telomeres (Shen et al., 2009; 
Marin et al., 2012, 2013).

Vitamin B
9
 (folic acid), abundant in leafy green vegetables, fruit, dried beans, peas, 

nuts and enriched bread or cereals, intervenes in the methylation of homocysteine (dis-
cussed in Chapter 3) and is also a cofactor in the normal production of NO. In addition, 
it helps to maintain eNOS in its coupled state (Moens et al., 2008). Thus, novel evidence 
indicates that administration of folic acid improves erectile function and reduces intra-
cavernosal oxidative stress in the diabetic rabbit, with reduced serum homocysteine 
levels (Shukla et al., 2009). In line with this, a recent study conducted in diabetic patients 
treated with the PDE5 inihibitor tadalafil demonstrated that 5 mg of folic acid daily sig-
nificantly increased the mean IIEF score (Hamidi Madani et al., 2013).



230   Nutritional modulation of age-related organ functional decline

Low plasma concentrations of vitamin B
6
 (pyridoxine) have been associated with 

increased inflammatory status (Chiang et al., 2005; Gori et al., 2006). Given the important 
role played by inflammation in the onset and exacerbation of coronary heart disease, 
namely atherosclerosis, sufficient intake of vitamin B

6
 might contribute to cardioprotec-

tion in the elderly (Visioli & Hagen, 2007).
Vitamin D levels are inversely associated with increased arterial stiffness in a norma-

tive ageing population, irrespective of traditional risk factor burden. Further research is 
needed to understand the mechanism of this association and to test the hypothesis that 
vitamin D supplementation can reduce arterial stiffness (Giallauria et al., 2012).

Finally, a preventive role for vitamin K in vascular calcification has been proposed 
based on its role in activating matrix Gla protein, a calcification inhibitor that is expressed 
in vascular tissue. Although animal and in vitro data support this role of vitamin K, overall 
data from human studies are inconsistent (Shea & Holden, 2012).

6.7.2.5 Minerals
In animals exposed to short-term magnesium deficiency, the enzyme telomerase is 
downregulated in cells from all chambers of the heart as well as in aortic smooth muscle. 
In addition, this deficiency also induces oxidative DNA damage in cardiovascular tissues 
(Shah et  al., 2014). Taking these results into account, these authors recommend that 
water intake (e.g. tap water, well water, bottled water, beverages using tap/well/spring 
waters or desalinated water) in humans should contain at least 25–40 mg Mg2+/l in order 
to prevent cardiovascular diseases and ameliorate the ageing process of body tissues and 
cells in humans (Shah et al., 2014).

Dietary sodium restriction has also been found to improve arterial compliance. Gates 
et al. (2004) showed that sodium restriction rapidly improved the compliance of large 
elastic arteries in a population of older adults with stage 1 systolic hypertension.

6.7.2.6 Caffeine
Caffeine is a white crystalline xanthine alkaloid normally ingested in infusions prepared 
from seeds of the coffee plant and leaves of the tea bush. It was found that caffeine inges-
tion at doses of 10–20 mg/kg/day for 8 weeks positively impacted erectile function in 
streptozotocin-induced diabetic rats, increasing intracavernous pressure and upregulat-
ing cGMP synthesis (Yang et al., 2008).

6.8 Conclusions

Cardiovascular diseases constitute a hallmark of the elderly population. Although this 
group of disorders is in part caused by age-related structural modifications and functional 
decay of the heart and vascular system, lifestyle also contributes to their progression. 
Nutritional intervention may indeed ameliorate or even prevent cardiovascular disease. 
Nutrients that possess anti-oxidant capability, mitigate AGE formation, activate NO syn-
thesis or activate activity of Sirt1 or TERT can modulate the progression of ageing mech-
anisms and emerge as beneficial for elderly people. Future studies are, however, necessary 
to investigate the causal association between dietary pattern or specific nutrient con-
sumption and cardiovascular function changes, in order to determine the adequate 
intake to obtain clinically significant modifications.
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7.1 Introduction

One of the most striking effects of age is the involuntary loss of muscle mass, strength 
and  functional performance, and bone fragility. Both phenomena are associated with 
decreased metabolic rate and increased risk of falls/fracture, and frequently result in 
increased morbidity and loss of independence in the elderly.

Bone mass declines with advancing age, causing bone fragility, which leads to 
so-called “senile osteoporosis”. This bone loss, which should not be understood as syn-
onymous with resorptive removal of bone, as it also represents the failure of bone 
formation, is the net result of the amount of bone resorbed on the endosteal surfaces 
and the amount formed in the periosteal surface. Thus, age-related bone loss can be seen 
as a result of an alteration in bone turnover, which becomes progressively attenuated 
(Duque & Troen, 2008). It has been estimated that the number of hip fractures will 
double to 2.6 million by the year 2025, with a greater percentage increase in men than 
in women (Gullberg et al., 1997). Decreasing the prevalence of osteoporotic fracture and 
public health burdens will certainly depend on modifying the regulation of bone biology 
and/or other mechanisms underlying bone loss and neuromuscular degenerations. 
Improving bone mineral density (BMD) through a significant decrease in the rate of 
bone loss is a common goal for people with low bone mass, particularly postmenopausal 
women and older adults.

Coupled with bone loss, ageing is strongly associated with muscle mass atrophy that, 
in turn, decreases quality of life and physical independence and increases disablement.  
A progressive loss of muscle mass occurs approximately after the fourth decade of life. 
This loss, which is greater in men as compared with women (Iannuzzi-Sucich et  al., 
2002), has been estimated to be about 8% per decade until the age of 70 years, after 
which the loss increases to 15% per decade (Baumgartner et al., 1995). Despite the great 
variability between individuals at any given age, most individuals aged over 70 years will 
possess about 80% of the muscle mass of those aged 20–30 years (Janssen et al., 2000). 
The magnitude of this phenomenon, also termed sarcopenia, as a public health problem 
of significant dimensions, is well-established, being considered as a geriatric syndrome 
since 2010 (Cruz-Jentoft et al., 2010).

This chapter describes how an integrated approach to the study of bone and muscle 
can be applied to increase our understanding of musculoskeletal ageing. The internal and 
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external environments are discussed. The focus for the external environment is on nutri-
tion and physical activity, two key modifiable factors identified as essential for bone heath 
and for the prevention of sarcopenia in later life.

7.1.1 Determinants of bone loss in ageing
The fundamental determinants of bone loss have been systematically studied across the 
spectrum of potential risk factors. In addition to age, the major factors that influence 
bone mass are genetics, lifestyle and menopausal status (NAMS, 2010).

It is well established that BMD is under a strong genetic control. Heredity plays a 
determining role in peak bone mass acquisition (i.e. the maximal BMD gained during the 
skeletal development and maturation phase), accounting for up to 80–90% of its vari-
ability (Duncan & Brown, 2010; Ralston & de Crombrugghe, 2006). The genetic compo-
nent of osteoporosis is determined by an assembly of multiple genes with small individual 
effects; each gene is most likely responsible for less than 5% of the genetic variance in the 
general population (Kung & Huang, 2007). Both linkage (family-based linkage studies) 
and association (candidate-gene association studies) methods have been used to identify 
genetic susceptibility loci for osteoporosis (Duncan & Brown, 2010).

Several lifestyle factors associated with the risk of low BMD have been identified, 
including poor nutrition, insufficient physical activity, cigarette smoking and heavy 
alcohol consumption (NAMS, 2010; Kung & Huang, 2007). A balanced diet modulates 
bone development and the maintenance of bone health throughout life (Cashman, 
2007). As older adults commonly have deficient diets, because of inadequate consump-
tion of the recommended servings of dairy products, fruit, vegetables or whole grains, 
nutrition plays a crucial role in this population (Morley, 2001; Milaneschi et al., 2010).

Being thin and/or having a body mass index less than 20 kg/m2 are risk factors for low 
BMD (De Laet et al., 2005). It is well established that body weight is related to BMD (Reid, 
2010) and change in body weight is also a predictor of bone alterations (Shapses & Riedt, 
2006). Body weight is largely made up of two components: fat mass and lean mass. 
Similarities between obesity and osteoporosis have been identified, suggesting some type 
of pathologic linkage (Cao, 2011; Rosen & Bouxsein, 2006), but obese individuals are 
thought to have a reduced risk of osteoporosis (Bacon et al., 2004), potentially owing to 
increased skeletal loading and increased concentrations of certain hormones, such as 
oestradiol in women (Rosen & Bouxsein, 2006). In addition to the relationship with bone 
composition, obesity is associated with low-grade systemic inflammation, which is related 
to an increased risk of type 2 diabetes and cardiovascular disease (Fantuzzi, 2005), but 
also osteoporosis (Pfeilschifter et al., 2002). Based on the current state of knowledge, it is 
thus unclear whether fat has beneficial effects on bone (Zhao et al., 2008). Moreover, the 
relative contribution of fat mass and lean mass to the variation in BMD (Ho-Pham et al., 
2010) is currently highly contentious.

Regular exercise practice has been associated with increased BMD, by positively 
changing bone turnover in favour of bone formation. There is general agreement that 
weight-bearing and high-impact exercise provides a positive osteogenic stimulus (Kohrt 
et al., 2004).

Chronic alcoholism leads to lower BMD and higher fracture risk owing to a 
combination of factors: (a) poor nutritional status of critical nutrients, particularly 
calcium, magnesium and zinc; (b) liver disease, abnormal vitamin D metabolites and 
parathyroid function; and (c) direct toxicity to osteoblasts (Ilich & Kerstetter, 2000). It is 
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believed that cigarette smokers may have impaired calcium absorption (Krall & Dawson-
Hughes, 1999) although the exact mechanisms by which smoking might adversely affect 
bone mass are unknown. Compared with nonsmokers, women smokers tend, on average, 
to lose bone more rapidly, have lower bone mass and reach menopause 2 years earlier 
(Kato et al., 1998).

The increased rate of bone resorption immediately after menopause clearly indicates 
a hormonal influence on bone density in women. Clearly, loss of oestrogen leads to 
increased rate of remodelling and tilts the balance between bone resorption and formation 
in favour of the former (Frenkel et al., 2010). Classical oestrogen receptors α and β or 
androgen receptors are present in chondrocytes, bone marrow stromal cells, osteoblasts 
and osteoclasts and their progenitors, indicating that the effects of sex steroids on bone 
result, at least in part, from direct activation (Frenkel et al., 2010). Thus, it is now believed 
that loss of oestrogens and androgens stimulates both osteoclastogenesis and osteoblasto-
genesis, and that they have a critical role in osteocytes apoptosis (Manolagas et al., 2002).

Finally, diverse medications (e.g. aromatase inhibitors, cytotoxic agents, excessive 
thyroxine doses, gonadotropin-releasing hormone agonists or analogues, heparin, immu-
nosuppressives), disease states (e.g. celiac disease, Crohn’s disease) and genetic disorders 
(e.g. hemochromatosis, hypophosphatasia, osteogenesis imperfect, thalassaemia) are 
associated with bone loss, being categorized as secondary causes of bone loss.

Despite the compelling evidence mostly extrapolated from cross-sectional studies, 
some studies have failed to demonstrate a clear influence of all the previously described 
risk factors. A recent systematic review (Papaioannou et al., 2009) showed that advancing 
age, smoking and low weight/weight loss were consistent risk factors for bone loss in 
older men. Although less evidence was available, physical/functional limitations and 
prevalent fracture (after age 50), but not physical activity, alcohol consumption, calcium 
intake, muscle strength, family history of fracture or osteoporosis, or height or height 
loss, were also associated with low BMD/bone loss (Papaioannou et al., 2009). Data from 
a 4-year longitudinal study on risk factors for change in BMD in older adults showed that 
risk factors consistently associated with bone loss include female sex, thinness and weight 
loss, while weight gain appears to protect against bone loss (Hannan et al., 2000). In 
addition, data suggested that current oestrogen use might help to maintain bone in 
women, whereas current smoking was associated with bone loss in men. Surprisingly, 
bone loss was not affected by caffeine, physical activity, serum vitamin D or calcium 
intake (Hannan et al., 2000).

7.1.2 regulation of muscle atrophy in ageing
Sarcopenia increases with advanced adult age and is accelerated by poor nutrition, 
physical inactivity and comorbidities (Thomas, 2010). Other factors contributing to sarco-
penia are genetics, hormones, neuromuscular dysfunction and trauma (Thomas, 2010).

In fact, despite its aetiology not being completely clear, a number of factors associated 
with ageing that contribute to the progress of sarcopenia have been identified. Among 
these factors, the loss of α-motoneurons (Clark & Fielding, 2012), an increase in 
inflammatory cytokines (Thomas, 2010), a decrease a physical activity (Evans & Cyr-
Campbell, 1997), bedrest (Kortebein et al., 2007) and humoral factors, such as hormone 
decrease, are prominent (Lamberts et al., 1997).

A motor unit is made up of a single α-motoneuron and all the muscle fibres connected 
with it. If an α-motoneuron is lost, the muscle fibres will denervate and disappear. Neuron 



250   Nutritional modulation of age-related organ functional decline

loss is a progressive and irreversible process that increases with age. Motoneuron death 
seems to be more evident in the larger motor units that typically are composed of faster 
muscle fibres that generate higher forces, meaning that, with age, atrophy rather affects 
type II fibres (Clark & Fielding, 2012).

Inflammation is also a key factor in the genesis of sarcopenia. Ageing itself may be 
considered as a form of stress, since it is associated with increased circulating levels of 
proinflammatory molecules such as tumour necrosis factor-α (TNF-α), interleukin-6 (IL-
6), interleukin-1 (IL-1) and C-reactive protein (CRP) (Thomas, 2010). These age-related 
changes in immune function (discussed in Chapter 9) are associated with a progressive 
increase in glucocorticoid and catecholamine levels and decreased hormone levels (sexual 
and growth hormones) that may contribute to the development of sarcopenia. In addition 
to the age-related subclinical level of inflammation, an increase in certain catabolic 
factors or impaired anabolism, through a decrease in anabolic factors or reduced anabolic 
response (Thomas, 2010), is pivotal for skeletal system atrophy. Several anabolic factors 
such as growth hormone, androgens (testosterone), insulin and insulin-like growth 
factor-1 (IGF-1) play a prominent role in muscle grow, with the latter being central owing 
to its ability to control different muscular mechanisms such as cell proliferation and 
differentiation, myofibre growth and regeneration (Sakuma & Yamaguchi, 2012). 
Likewise, the age-dependent decline in testosterone and growth hormone, in combination 
with lower IGF-1 levels, contributes to the development of sarcopenia (Sakuma & 
Yamaguchi, 2012). In support of this evidence, a decrease of 24% in women and 37% in 
men, when individuals aged 20–32 years were compared with those aged 70–83 years, 
was observed in the number of satellite cells (a population of undifferentiated myogenic 
cells that play a important role in postnatal muscle growth) per muscle fibre, leading to a 
loss of regenerative function (Kadi & Ponsot, 2010). A final mechanism contributing to 
muscle loss in older men and women is the reported increase in the levels of myostatin 
in this population. Considering that myostatin is a negative regulator of muscle mass, an 
increase in circulating levels may lead to muscle atrophy.

Overall, the most recognizable cause of sarcopenia is disuse and inactivity. For 
example, older adults are particularly prone to losing muscle mass when confined to bed 
(Kortebein et al., 2007). Although current evidence points to an early and transient rise 
in muscle protein breakdown contributing to this decline in muscle mass, the main factor 
seems to be a drop in muscle protein synthesis, in part owing to the amplification of ana-
bolic resistance to amino acid provision (Marimuthu et  al., 2011). Furthermore, pro-
longed muscle disuse causes increased production of reactive oxygen species (ROS), 
including free radicals, and subsequent injury in inactive muscle fibres, as seen upon 
experimental immobilization of skeletal muscles (Powers et  al., 2012). With ageing a 
reduction in the cellular anti-oxidant defence mechanisms and an increase in the gener-
ation of free radicals owing to dysfunction in the mitochondrial respiratory chain result 
in an increase in the oxidative stress to which the cell is exposed (Barreiro et al., 2006), 
leading to α-motoneuron atrophy and a reduced number and function of satellite cells 
(Howard et al., 2007). In addition, protein degradation in skeletal muscle is stimulated by 
excessive oxidative stress (Powers et al., 2007). Finally, the literature points out that apo-
ptosis increases in skeletal muscle during normal ageing and thus may contribute to 
sarcopenia (Dirks & Leeuwenburgh, 2005; Leeuwenburgh, 2003).

It is likely that no single mechanism can explain muscle atrophy and dysfunction in 
the elderly and that all of the above factors contribute to some degree to the development 
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of sarcopenia. The mechanisms that contribute to sarcopenia are complex, overlapping 
and interdependent.

Exercise (muscle contraction), in opposition to inactivity, causes the release of muscle 
growth factors (IGF and mechanogrowth factor) to stimulate satellite cells and protein 
synthesis. Since an adequate nutrient intake is also essential to maintain muscle mass 
(Morley et al., 2010), an active life style and diet seem to be powerful protective factors 
against sarcopenia.

7.2 Osteoporosis and fragility fractures in the elderly

Osteoporosis is the most common skeletal disorder characterized by compromised bone 
strength, which becomes a serious health threat, especially for ageing postmenopausal 
women, by predisposing them to an increased risk of fracture (NIH Consensus 
Development Panel, 2001) that in turn is associated with substantial morbidity and 
mortality (Johnell & Kanis, 2005). To standardize values from different bone densitom-
etry tests, results are reported as either a Z-score or a T-score, with both expressed as 
standard deviation (SD) units. The North American Menopause Society (NAMS) sup-
ports the World Health Organization and International Society for Clinical Densitometry 
definitions (Kanis, 1994) of osteoporosis in a postmenopausal woman or a man over age 
50 as a BMD T-score ≤ −2.5 SD at the total hip, femoral neck or lumbar spine (at least two 
vertebral levels measured in the posterior–anterior projection, not the lateral projection). 
In addition to diagnosis through densitometry, osteoporosis can be diagnosed clinically 
(e.g. the presence of a fragility fracture), regardless of the T-score (Kanis, 2002).

Osteoporosis is categorized as either primary or secondary. Primary osteoporosis is 
usually due to bone loss that occurs with ageing. Secondary osteoporosis is a result of 
medications (e.g. glucocorticoids) or diseases (e.g. malabsorption) that adversely affect 
skeletal health (NAMS, 2010).

The clinical significance of osteoporosis lies in the fractures that occur. Many fracture 
types are associated with osteoporosis, but the hip, spine, forearm and shoulder are the 
most common sites of osteoporotic fragility fractures (Cooper et al., 2011). Fractures of 
the neck and trochanteric regions of the femur are currently one of the most serious 
healthcare problems and source of morbidity and mortality for ageing populations (Marks 
et al., 2003). Therefore, there is currently an urgent need to prevent the anticipated rise 
in hip fracture incidence observed in most countries and especially to investigate the 
underlying causes of this condition. The probability of sustaining osteoporotic fractures 
varies markedly in different regions of the world. In Europe, the highest risks (“very high 
risk”) of hip fracture are seen in Norway, Iceland, Sweden and Denmark (with the USA 
also showing very high risk), whereas countries like Germany, Switzerland, Finland, 
Greece, The Netherlands, Hungary, Italy, the UK and Portugal have been described as 
“high risk” countries, defined as having a hip fracture probability that lies between 50 
and 75% of that observed in Sweden (Kanis et al., 2002).

BMD can be used to predict an individual’s risk of an osteoporosis-related fracture and 
is the most commonly measured attribute compared with other qualities of bone. 
Qualities of bone other than BMD (including degree of mineralization, hydroxyapatite 
crystal size, collagen structure, heterogeneity of bone microstructure, connectivity of tra-
beculae and microdamage) are difficult or impossible to measure in clinical practice at 
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this time. Although BMD is an important component of assessing fracture risk, other 
factors should also be considered. These include prior fracture, age, family history of oste-
oporotic fracture or long-term glucocorticoid therapy, among others, all of which should 
be taken into account in the assessment of fracture risk in patients (Miller, 2006; Kanis 
et al., 2005).

Despite the contribution of a variety of risk factors, BMD is consistently identified as 
an important determinant of fracture risk, especially in women aged 65 and older 
(Johnell et al., 2005; Kanis et al., 2005). BMD and fracture risk are most closely related 
when BMD is used to predict the fracture risk at that same site. Risks for spine fracture 
and hip fracture increase 2.3- and 2.6-fold, respectively, for each decrease of 1 SD in age-
adjusted BMD (Cummings et al., 1993). Nevertheless, people with low BMD will not 
always develop fractures, but the probability of fractures is increased. There is a contin-
uous relationship between fracture probability and BMD, that is, fracture probably 
increases progressively as bone density declines. Despite the obvious relationship bet-
ween these two variables, only 15% of fractures occur in persons with osteoporosis (Siris 
et al., 2001). In fact, risk factors for hip fracture are more strongly related to predictors of 
falls and factors that may modify the impact force of a fall (e.g. environmental hazards, 
postural instability, location of distance to impact, lower extremity muscle weakness/
atrophy) than to low bone mass per se (Marks et al., 2003).

History of fragility fracture is also a relevant risk factor for osteoporotic fractures. In 
fact, after the age of 40, a history of fragility fracture is associated with a 1.5- to 9.5-fold 
increased risk of future fracture, depending on the patient’s age and the number and site 
of prior fractures (Klotzbuecher et al., 2000). Also, as inactivity can lead to muscle weak-
ness and atrophy, it is associated with an increased risk of fracture in elderly people 
(Marks et al., 2003).

7.3 Nutritional mechanisms of age-related bone loss

Many nutrients and food components can potentially have a positive [calcium, copper, 
zinc, fluoride, magnesium, phosphorus, potassium, vitamin C, vitamin D, vitamin K, B 
vitamins, omega-3 polyunsaturated fatty acids (PUFA), protein, phyto-oestrogens, 
nondigestible oligosaccharides] or negative (excess of alcohol, caffeine, sodium, 
fluoride and phosphorus, excess/insufficient protein, and vitamin A) impact on bone 
health (Table 7.1). They may influence bone by various mechanisms, including alter-
ation of bone structure, the rate of bone metabolism, the endocrine and/or paracrine 
system, and homeostasis of calcium and possibly of other bone-active minerals 
(Cashman, 2007). 

We will briefly describe the potential effects of some key nutrients and their known 
mechanisms of actions by which they play a role in counteracting age-related bone loss 
or, conversely, in increasing the incidence of osteoporosis. The importance of calcium and 
vitamin D in promoting bone health is summarized in the next section.

It is now established that protein is both detrimental and beneficial to bone health, 
depending on a variety of factors, including the level of protein in the diet, the protein 
source, calcium intake, weight loss and the acid–base balance of the diet (Heaney & 
Layman, 2008). Protein intake affects bone in several ways: (a) it provides the structural 
matrix of bone; (b) it optimizes IGF-1 levels, and it is reported (c) to increase urinary 
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calcium excretion and (d) intestinal calcium absorption (Heaney & Layman, 2008). 
Interestingly, findings regarding the effect of protein on calcium balance and bone 
health are far from being focused (Kerstetter et  al., 1998, 2005; Hunt et  al., 2009), 
 considering that increased calciuria does not necessarily translate to calcium loss, nega-
tive calcium balance and reduced bone mass (Bonjour, 2005). Overall, however, there 
is general agreement that moderate protein content diets (~1.0–1.5 g/kg/day) are 
 associated with normal calcium metabolism and do not alter bone metabolism (Kerstetter 
et al., 2003).

Although a depletion of phosphorus leads to impaired mineralization, there is more 
concern about the effects of high dietary phosphorus on bone, especially if combined with 
a low-calcium diet (Palacios, 2006). High phosphate levels in the blood reduce the 
formation of the active form of vitamin D3, 1-α,25-dihydroxyvitamin D3 [1,25 (OH)

2
D

3
] in 

the kidneys, reduce blood calcium and lead to increased parathyroid hormone (PTH) 
release by the parathyroid glands (Ilich & Kerstetter, 2000). In addition, the function of 
fluoride in bone health is also not clear, as it is indicated as both a positive and a negative 
modulator.

Despite the generalized analysis of the effect of each isolated nutrient on bone health, 
attention should also be given to the combined effect of multiple nutrients. For example, 
bone loss may be attributable, in part, to the mobilization of skeletal salts to balance the 
endogenous acid generated from acid-forming foods (Krieger et al., 2004). By preserving 
calcium in bones, which might otherwise be mobilized to maintain normal pH, potassium-
rich foods may help to prevent osteoporosis (Ilich & Kerstetter, 2000).

This relationship may explain the reported beneficial influence of fruit and vegetables 
on bone health (New, 2003; New et al., 2000). The detrimental effect of dietary acidity on 
the skeleton is relatively small (Welch et al., 2007), but a sustained small effect may have 
a large impact over time (New, 2003).

Table 7.1 Potential nutritional and dietary determinants of bone 
health (adapted from Cashman, 2007).

Nutritional adequacy for 
Protective factors

Potentially detrimental 
dietary factors

Calcium
Copper
Zinc
Fluoride
Magnesium
Phosphorus
Potassium
Boron
Vitamin C
Vitamin D
Vitamin K
Folate, B6 and B12 vitamins
n-3 and n-6/n-3 PUFA
Protein
Phytochemicals

Alcoholism
Excess caffeine
Excess sodium
Excess fluoride
Excess/insufficient protein
Excess phosphorus
Excess vitamin A
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Cereal grains and meat, poultry, eggs, dairy and fish, are metabolized to acidic resi-
dues, whereas fruit, vegetables and nuts have an alkaline residue (containing the cations 
potassium, calcium and magnesium). Therefore the balance among intakes of these 
major dietary components will determine the net potential acid load of a diet (Remer & 
Manz, 1995). An excess acid load is buffered by bone and in the process calcium is 
released. Epidemiologic studies have observed that greater intakes of fruit and vegetables 
are associated with greater BMD (Chen et al., 2006; New et al., 2000), and an acidic envi-
ronment leads to progressive bone loss (Macdonald et  al., 2005; Tucker et  al., 2001). 
Algorithms based on dietary intakes of key nutrients can be used to measure acid–base 
load, such as the dietary potential renal acid load, and to explore the association between 
dietary acidity and bone health (Macdonald et al., 2005).

It is suggested that metabolic acidosis stimulates mineral dissolution and subsequently 
cell-mediated bone resorption. Acidosis suppresses the activity of bone-forming cells, 
osteoblasts, decreasing gene expression of specific matrix proteins and alkaline phospha-
tase activity (Cao & Nielsen, 2010). There is a concomitant acid stimulation of prosta-
glandin production by osteoblasts, which, acting in a paracrine manner, increases 
synthesis of the osteoblastic receptor activator of nuclear factor κ-B ligand (RANKL). The 
acid induction of RANKL then stimulates osteoclastic activity and the recruitment of new 
osteoclasts to promote bone resorption and buffering of the proton load (Krieger et al., 
2003). Both the regulation of RANKL and acid-induced calcium efflux from bone are 
mediated by prostaglandins (Krieger et al., 2004).

Several other micronutrients with essential roles in bone health may also have inad-
equate content in the diets of the elderly. They are vitamins K, C and A, magnesium, 
boron and other trace minerals. Less research has been conducted on these micronutri-
ents compared with calcium, phosphorus and vitamin D, but they nevertheless are 
essential for bone health. Indeed, magnesium plays an important role in calcium and 
bone metabolism. It has a direct effect on bone quality by decreasing hydroxyapatite 
crystal size, thereby preventing larger, more perfect mineral crystals that result in brittle 
bone (Palacios, 2006). Deficiency of this mineral could affect bone growth, osteoblastic 
and osteoclastic activity, osteopenia and bone fragility, and alter calcium metabolism 
(Rude et al., 2009), resulting in hypocalcaemia, vitamin D abnormalities and neuromus-
cular hyperexcitability.

Finally, the negative influence of caffeine on bone health has been supported in 
previous studies (Massey & Whiting, 1993; Harris & Dawson-Hughes, 1994) but not con-
sistently (Heaney, 2002). Caffeine is negatively correlated with intestinal calcium 
absorption with the net result being a more negative calcium balance, particularly when 
dietary calcium is inadequate (Rapuri et al., 2001; Harris & Dawson-Hughes, 1994; Massey 
& Whiting, 1993).

7.4 Calcium and vitamin D and the ageing skeleton:  
efficacy in the treatment of osteoporosis

Physiological alterations associated with the ageing process may make the elderly 
population most susceptible to vitamin D deficiency and its consequences. Age-induced 
skin changes reduce the amount of 7-dehydrocholesterol, the precursor of cholecalciferol 
(vitamin D3), as well as its rate of conversion (Tuohimaa, 2009). Absorption of dietary 
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vitamin D is also reduced in older individuals (Christakos et al., 2011). The ageing adult 
also has a reduction in the quantity and activity of the renal 1-α-hydroxylase, which 
affects the production of the most active metabolite of vitamin D, 1,25 (OH)

2
D

3
 (Tuohimaa, 

2009), which plays a vital role in promoting intestinal calcium absorption. Regulation of 
calcium absorption is one of the most important functions attributed to vitamin D in the 
development and maintenance of skeleton mass. In addition, advanced age is associated 
with diminished renal and hepatic conversion of vitamin D precursors, decreased renal 
response to PTH and increased resistance of intestinal mucosal cells to the active form of 
vitamin D (Lanham-New, 2008).

Other conditions, further to physiological changes in vitamin D metabolism, affect the 
vitamin D status in older individuals. Sunlight deprivation for a variety of reasons, the 
increased use of medications that potentially interfere with vitamin D metabolism and 
the greater likelihood of medical conditions (e.g. renal disease, severe hepatic disease and 
malabsorption) that can also interfere with vitamin D metabolism all contribute to a 
greater prevalence of vitamin D deficiency in older adults (Tuohimaa, 2009; Ilich & 
Kerstetter, 2000).

Extensive clinical and animal studies support the concept that vitamin D deficiency 
and altered vitamin D metabolism contribute to bone loss, hip fractures, osteomalacia 
and reduced muscular function (Lips & van Schoor, 2011), which may increase risk of 
falling. There is extensive evidence that 1,25 (OH)

2
D

3
 stimulates both bone formation 

and resorption; however, the mechanisms of such actions remain unclear. As osteoblastic 
cells contain the vitamin D receptor, the actions of 1,25 (OH)

2
D

3
 on bone formation 

probably result from a direct stimulatory action further to that induced by steroid 
hormones on the osteoblast differentiation and osteoblastic synthetic functions (Song 
et  al., 2011). Moreover, 1,25 (OH)

2
D

3
 also stimulates calcium transport across the 

intestinal cells by inducing the production of a calcium-binding protein. Hence, vitamin 
D is critical for effective calcium absorption (Christakos et al., 2011), but is less important 
at high calcium loads.

Despite these observations, vitamin D supplementation alone does not appear to 
reduce the incidence of hip or vertebral fractures, but the use of vitamin D in combination 
with calcium has been shown to be effective in reducing the risk of vertebral and nonver-
tebral fractures, including hip fractures (Avenell et al., 2009).

Frequently, older adults are unable to obtain adequate amounts of calcium from the 
diet (Gennari, 2001). Thus, to smooth out fluctuations in calcium concentration, bone 
resorption is increased to regenerate the calcium supply, and bone reformation at the same 
site is also increased when the dietary intake of calcium increases (Cashman, 2002). In 
ageing, the ability of the kidney and gut to maintain extracellular calcium homeostasis 
also declines and the reasons for this are complex (Peacock, 2010). The consequences of 
these defects are that skeletal bone resorption rises and, together with the deficient bone 
regeneration associated with ageing, the outcome is osteoporosis (Hwang & Putney, 2011).

The flow of calcium into and out of the bone, gut, and kidney is regulated by a variety 
of mechanisms, only partly understood, which involve the principal hormonal regulator 
of calcium homeostasis, the vitamin D–PTH system (Peacock, 2010). Critical abnormal-
ities in calcium homeostasis resulting in age-related osteoporosis involve all three main 
organs of calcium homeostasis, as summarized in Fig. 7.1.

On the supply side there is a reduction in gut calcium absorption (Need et al., 1998; 
Morris et  al., 1991; Devine et  al., 1993), involving intrinsic gut wall defects and 



256   Nutritional modulation of age-related organ functional decline

abnormalities in vitamin D and oestrogen status. On the demand side there is an increase 
in renal calcium excretion that, in women, occurs at menopause and persists during old 
age (Cashman, 2002) owing to oestrogen deficiency and other determinants of renal 
calcium excretion such as salt and acid–base balance.

As calcium serves as an indirect regulator of skeletal remodelling, a large number of 
epidemiological studies have examined the effect of dietary calcium and calcium supple-
ments on fracture rates and BMD. Most of them found that calcium supplementation 
increases BMD and is linked to decreased risk of vertebral and hip fractures (Shea et al., 
2004; Jackson et al., 2006, 2011). Accordingly, calcium seems to function as an antire-
sorptive agent. It does not antagonize PTH action on bone, as do oestrogen, the selective 
oestrogen receptor modulators and the bisphosphonates, but reduces remodelling by 
directly reducing PTH secretion (Heaney & Weaver, 2005).

Taken together, these findings demonstrate that calcium and vitamin D are necessary 
for normal skeletal homeostasis and are considered the first step in osteoporosis treatment.

7.5 Skeletal muscle age-related contributory mechanisms

In the strong relationship between muscle mass and function, the latter is the pivotal 
predictor of hospital admission, falls, fractures, gait disorders and mortality (Mitchell 
et al., 2012). There is now evidence to suggest that dynapenia (which represents the lack 
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Figure 7.1 Schematic model of the disordered mechanisms of calcium homeostasis linked to age-related 
bone loss. PTH, Parathyroid hormone.
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of muscle strength and power – dyna refers to “power, strength, or force” and penia refers 
to “poverty”) is an important factor in compromising autonomy, well-being and quality 
of life in old age (Clark & Manini, 2008). This concept stresses the idea of muscle quality, 
that is, the force generated per capacity per unit cross-sectional area.

Recent longitudinal data have advocated that, in addition to muscle atrophy, there are 
numerous other factors that lead to dynapenia (Clark & Manini, 2008). These embrace 
altered muscle energetics, changes in tendon insertion with increased collagenation, 
leading to a transformed angle of pennation, altered nerve motor unit input to muscle, 
changing muscle coordination, and decreased blood flow owing to reduced nitric oxide 
release in the capillary bed of the muscle. Fat infiltration into muscle (myosteatosis) is 
also associated with decreased strength and an increase in the prevalence of disability 
(Delmonico et al., 2009). Generally, the deterioration in muscle performance is affected 
by both neurological and myogenic adaptations.

Neurological adaptations may involve changes in supraspinal drive generated from 
the cortex, with impaired ability of the nervous system to fully activate skeletal muscle 
voluntarily, which could result in suboptimal motor unit discharge rates (Clark & Taylor, 
2011). Deficits in voluntary agonist activation and/or increased antagonistic coactivation 
muscles (Klass et al., 2007) can contribute to older adults muscle weakness, as well as 
substantial morphometric changes in the motor cortex that affect maximal spinal cord 
output and muscle coordination (synergism).

Ageing also affects motor cortical properties at the system level (Kamen et al., 1995). 
Studies have reported that older subjects exhibit ~35–40% lower maximal motor unit 
firing rates compared with young individuals. Additionally, there is probably a rearrange-
ment in the motor unit pool. For example, the significant enlargement of the motor unit 
action potential in aged humans (Edstrom et al., 2007) suggests that nerve sprouting and 
reinnervation of “orphaned” muscle fibres may provide an adaptive mechanism to 
 maintain muscle mass despite substantial motor unit loss. The fact that older muscle dis-
plays an increase in fibre-type grouping compared with young muscle is also consistent 
with a denervation–reinnervation model (Edstrom et  al., 2007). Collectively, these 
changes in motor unit discharge properties seem to contribute to the decreased skeletal 
muscle functionality.

Concerning the potential contributory mechanisms of dynapenia, age-related muscle 
atrophy is undoubtedly considered to be a main factor. Loss of muscle mass in aged 
humans is well documented (Lee et  al., 2001). The excretion of urinary creatinine, 
reflecting muscle creatinine content and total muscle mass, decreases by nearly 50% bet-
ween the ages of 20 and 90 years (Pahor et al., 2009). Also, previous ultrasonography and 
computed tomography reports have shown that the quadriceps muscle cross-sectional 
area is smaller in elderly subjects when compared with younger counterparts (Frontera 
et al., 2000). Decreased muscle density and increased concentrations of collagen and fat 
in muscle are also associated with age-related deterioration in muscle performance. Over 
the past decade, numerous studies have reported that ageing increases the adipocyte 
content between muscle groups (intermuscular adipose tissue) and between muscle fas-
cicles (intramuscular adipose tissue; Delmonico et al., 2009; Goodpaster et al., 2000), sug-
gesting that greater muscle fat content is associated with decreased muscle strength.

In addition to muscle size and anatomic structure, aged muscle appears to differ in 
other compositional manners. For instance, the concentration of myosin, the most 
important motor protein, is reduced in fibre types I and IIA from old subjects expressing 
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different myosin heavy chain isoforms (D’Antona et al., 2003). This may suggest that old 
muscle fibres have fewer cross-bridges per muscle fibre area (Frontera et al., 2012) and 
therefore a lower capacity to generate force per area of contractile tissue. On the other 
hand, immobilization, common in this age group further reduces the concentration of 
myosin in human single fibres. Thus the combination of ageing and disuse may have 
serious deleterious effects on muscle function (D’Antona et al., 2003).

Another pathway playing a consistent role in dynapenia relies on specific age-related 
changes on muscle geometry (the angles and lengths of its fibres or fascicles) that strongly 
influences its force production characteristics (Narici et al., 2003; Thom et al., 2007). The 
length of each fascicle will determine the number of sarcomeres in series and therefore 
the maximum velocity with which it contracts. Pennation allows more fibres to act in 
parallel and, with hypertrophy, the angle of pennation increases, contributing to loss of 
shortening velocity as well as force generation.

Moreover, studies with human single fibres show that ageing is associated with 
changes in fibre elasticity in both type I and IIA fibres (Ochala et al., 2007). This increase 
in stiffness may be due to an increase in the number and proportion of actin–myosin 
cross-bridges in a low force state or alterations in the compliance of structures in series in 
muscle fibres.

Other studies suggest that the age-related mitochondria dysfunction seems to play a 
key role in muscle function decline, as the mitochondria are the main producers of both 
cellular energy and free radicals. Alterations in mitochondria have been noted in ageing, 
including decreased total volume, increased oxidative damage that results in augmenta-
tion of oxidative stress, decline in mitochondrial DNA (mtDNA), downregulation in some 
enzyme activities and alterations in mitochondrial respiratory chain (discussed in 
Chapter 1; Joseph et al., 2012).

Finally, although there is no agreement in the literature, numerous studies describe a 
reduction of the muscular capillarization with advancing age. This compromised vascular 
responsiveness exposes aged muscles to potential hypoxia and free radical stress, and 
could compromise nutrient delivery (Mitchell et al., 2012).

Concluding, dynapenic individuals could have fewer functioning motor units, which 
will theoretically affect muscle strength once a critical threshold is reached, particularly 
if collateral reinnervation does not occur or is incomplete. Similarly, it is plausible that 
the muscle system’s ability to optimally produce force is impaired in dynapenic individ-
uals, with this deficit in the intrinsic force-generating capacity of muscle (force/unit area) 
caused by potential changes in the excitation–contraction coupling process (Delbono, 
2011; Russ et  al., 2011). Muscle ageing is characterized by a decline in functional 
performance and restriction of adaptability, owing to progressive loss of muscle tissue 
coupled with a decrease in strength and force output.

Regardless of these underlying conditions, since dynapenia is undoubtedly strictly 
connected with an increased risk in older adults of mobility limitations (Manini et al., 
2007), implying exercise intolerance, inability to manage daily activity and mortality 
(Takata et al., 2012), the preservation of muscle function with advancing age is of high 
clinical and functional significance. Ideally, a multifaceted approach should involve ade-
quate nutritional support and implementation of exercise training to stimulate muscle 
hypertrophy and function.

A number of reports have clearly demonstrated that elderly men and women, even 
up to 90 years of age, maintain their ability to increase their muscle mass, strength and 
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power (reviewed in Liu & Latham, 2009). Presumably, this improvement is due to several 
factors including alterations in muscle morphology, muscle/connective tissue biome-
chanics and increase in neural activation, motor skill coordination and psychological 
drive (Candow et al., 2012).

7.6 the role of nutrition in preventing ageing 
skeletal muscle atrophy

The diets of elderly people define to a large extent their health, and particularly the 
potential for counteracting the possible physiological aetiological factors of sarcopenia. In 
this section, dietary protein, PUFA and other bioactive nutritional components that have 
been shown to have a protective effect on muscle metabolism, inflammation and anti-
oxidant status will be addressed.

7.6.1 protein
Proteins are continuously broken down and resynthesized, and skeletal muscle may 
account for approximately one-quarter of the total body protein turnover (Waterlow, 
1984). When the levels of protein intake are insufficient, turnover of tissue protein is dimin-
ished while the opposite may occur with increased intake. However, in the elderly, the 
amount of protein turned over decreases in relation to young adults (Young et al., 1975).

Net protein balance in the skeletal muscle is the result of protein synthesis and  protein 
breakdown. When muscle protein breakdown (MPB) exceeds the rate of muscle protein 
synthesis (MPS), net protein balance is negative, while the opposite corresponds to 
positive balance; balance is achieved when MPB equals MPS (Tang & Phillips, 2009). The 
installation of sarcopenia may be the consequence of an elevated basal-fasted rate of 
MPB and/or reduced basal MPS (Breen & Phillips, 2011). Nevertheless, MPB may also 
contribute to restore the functionality of proteins by allowing impaired proteins to be 
removed and recycled into new muscle proteins (Churchward-Venne et al., 2012). MPS 
is more responsive than MPB to diet-induced changes in healthy subjects, making it the 
main target to stimulate muscle protein balance and eventual protein accretion 
(Churchward-Venne et al., 2012).

Considerable discussion exists over the quantity of protein intake needed for optimal 
health in older adults, particularly when addressing it in the light of energy requirements 
(Millward et al., 1997). Gersovitz et al. (1982) provided older adults with diets containing 
0.8 g egg protein/kg/day, and concluded that this amount was not sufficient for most of 
the subjects. Campbell et al. (2001) also suggested that 0.8 g protein/kg/day may not be 
adequate to completely meet the requirements of virtually all older people. In a study to 
assess dietary protein intake and changes in lean mass in community-dwelling older 
adults, subjects in the highest quintile of protein intake (1.2 ± 0.4 g protein/kg body 
weight/day) lost about 40% less lean mass than did those in the lowest quintile of protein 
intake (0.8 ± 0.3 g protein/kg body weight/day; Houston et al., 2008). According to some 
authors, the recommend intake for the prevention of sarcopenia is 0.8–1.2 g high-quality 
protein/kg body weight/day (Volkert, 2011), or even higher doses, such as 1.6 g protein/
kg body weight/day (Evans, 2004).

Moreover, Paddon-Jones and Rasmussen (2009) emphasized that MPS was reduced 
in older adults when the ingested protein was less than about 20 g per meal, and a value 
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of 25–30 g of high-quality protein per meal was advised to maximize the anabolic 
response. Therefore, promoting the distribution of protein intake in approximately equal 
parts through breakfast, lunch and dinner may be also an important determinant of 
protein efficacy (Tieland et al., 2012).

7.6.2 pUFa and inflammation
Although biochemical processes underlying the roles of pro-inflammatory cytokines in 
skeletal muscle remain to be established (Podbregar et al., 2013), increased circulation 
levels of cytokines such as IL-6, in addition to CRP and TNF-α receptor II, may has dele-
terious effects on protein synthetic rates (Toth et al., 2005; Lang et al., 2002).

However, these inflammatory processes may be reduced by long-chain omega-3 
PUFA, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are 
found in foods, particularly fatty fish, and supplements (Villani et  al., 2013; Calder, 
2013).

The effects of omega-3 PUFA intake on MPS and the respective metabolic intracel-
lular signalling pathways in the elderly are not fully understood. In a randomized con-
trolled trial designed to evaluate the effects of omega-3 PUFA on the rate of MPS in 
older adults, 8 weeks of daily supplementation with 1.86 g EPA plus 1.50 g DHA had no 
effect on the basal rate of MPS, but amplified the hyper-aminoacidaemia–hyperinsu-
linaemia-stimulated increase in the rate of MPS, which may be important to counteract 
the anabolic resistance associated with ageing (Smith et al., 2011). Furthermore, the 
intake of oily fish was associated with an increase in grip strength in community-dwelling 
older adults, which raised the hypothesis of an anti-inflammatory effect of omega-3 
PUFA and a possible role of these nutrients in the prevention of sarcopenia (Robinson 
et al., 2008).

α-Linolenic acid (ALA) is the major plant-based omega-3 PUFA and its effects may 
also occur through its conversion to EPA and DHA, when dietary intake of marine PUFA 
is low (Galli & Calder, 2009; Anderson & Ma, 2009). Although the precise efficacy of met-
abolic conversion of ALA to EPA and/or to DHA is an unresolved question, it is accepted 
that, owing the low conversion from dietary ALA, desired tissue levels of EPA and DHA 
could be better achieved through consumption of these two nutrients (Harris et al., 2009). 
Since long-chain PUFA synthesis occurs mainly in the liver, it is possible that natural 
changes in physiological state occurring with ageing, or any additional pathologic condi-
tions that may exist, affect the availability of these nutrients in cells from different tissues 
(Galli & Calder, 2009). However, particularly in older adults, considering the antithrom-
botic properties of omega-3 PUFA, special attention should be given to the risks of poten-
tial severe adverse effects after high doses ingestion, such as bleeding (Villani et al., 2013) 
or a slight rise in LDL cholesterol (Eslick et al., 2009).

In a review of Calder (2013) addressing the consumption of fish oil supplements by 
healthy adults and its impact on inflammatory processes, it was indicated that an EPA 
plus DHA intake higher than 2 g/day seemed to be required to obtain anti-inflammatory 
actions. The existence of Dietary Reference Intakes for EPA + DHA is still a matter for 
discussion, but consumption levels for an adult of up to 500 mg/day do not appear to 
raise safety concerns (Harris et al., 2009). Furthermore, Villani et al. (2013) performed a 
systematic review on fish oil administration in older adults, and concluded that the 
potential for adverse effects related to omega-3 supplementation seemed mild to moderate 
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at worst and was seen as unlikely to be of clinical impact. However, data are limited to 
establish definitive conclusions about the safety of these nutrients.

7.6.3 anti-oxidants and oxidative stress
Hiona and Christiaan Leeuwenburgh (2008) reviewed the potential mechanisms by which 
mtDNA mutations related to ageing that favour mitochondrial dysfunction may impact 
the skeletal muscle and concluded that mtDNA mutations may contribute to sarcopenia. 
According to the mitochondrial “vicious circle” hypothesis that is associated with the free 
radical theory of ageing, chronic ROS production and oxidative stress can favour mtDNA 
mutations, which in turn may lead to an increased mitochondrial ROS production, pro-
moting a “vicious circle” of oxidative damage that may lead to muscle cell death (Hiona & 
Leeuwenburgh, 2008), which in turn may contribute to sarcopenia (Marzetti et al., 2012).

The presence of elevated levels of pro-inflammatory cytokines that may occur with 
ageing also contributes to an increase in the oxidative stress in skeletal muscle (Arthur & 
Cooley, 2012). Thus counteracting oxidative stress by exposure to anti-oxidants may be 
an important strategy to prevent sarcopenia (Semba et al., 2007).

Although is debatable whether oxidative stress is the first event responsible for the 
loss of muscle mass and muscle strength in the elderly, anti-oxidants are considered by 
the International Working Group on Sarcopenia as promising biomarkers of this condition 
(Cesari et al., 2012).

The primary and auxiliary extra- and intracellular anti-oxidant protection systems 
include nutritive anti-oxidants (e.g. vitamin C, vitamin E, carotenoids, conjugated dienoic 
isomers of linoleic acid, carnosine, anserine and histidine), non-nutritive anti-oxidants 
(e.g. natural and synthetic phenols, and furanones/furfurals), enzymes (e.g. glutathione 
peroxidase/transferase or glutathione disulphide reductase that catalyse anti-oxidants 
regeneration), transition metal (e.g. iron, copper) binders and exporters (glutathione-
conjugate transporter; Bonorden & Pariza, 1994).

Although an adequate intake of anti-oxidants may be considered as an important 
strategy to prevent sarcopenia (Volkert, 2011), in the study of Chaput et al. (2007), there 
were no significant differences in anti-oxidant intakes between the group of elderly subjects 
with sarcopenia and the nonsarcopenic group; however, in that study (Chaput et al., 2007), 
the intake of anti-oxidant nutrients in older adults with sarcopenia reached fewer of the 
Recommended Dietary Allowances than in the group of subjects without sarcopenia.

Nutritional approaches that have been proposed to prevent oxidative stress or benefit 
muscle protein metabolism by anti-oxidants include the mediation effects of resveratrol 
(Ryan et al., 2010b) vitamin E, vitamin C (Ryan et al., 2010a), carotenoids (Semba et al., 
2003), vitamin A (Marzani et  al., 2008), dehydroepiandrosterone, ornithine, cysteine, 
N-acetylcysteine, carnitine, epigallocatechin gallate (Bonetto et  al., 2009) zinc and 
selenium (Marzani et al., 2008).

Considering that oxidative stress may favour the initiation of sarcopenia (Marzetti 
et al., 2012; Martin et al., 2007; Arthur & Cooley, 2012), future research should clarify 
specific protein targets for oxidative damage (Baraibar et al., 2013) and the mechanistic 
pathways by which anti-oxidants in foods or supplements may decrease oxidative stress. 
Future randomized controlled trials using single or several anti-oxidants, in supplements 
or food preparations, should also be tested for efficacy to reduce oxidative stress in the 
muscle, and promote net protein balance in older adults.
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7.6.4 Vitamin D
Vitamin D metabolites may affect muscle mass and function through indirect mechanisms 
such as the hypophosphataemia (Schubert & DeLuca, 2010) or the secondary hyperpara-
thyroidism of vitamin D deficiency (Rejnmark, 2011; Baczynski et al., 1985). Direct effects 
may also occur through the 1,25 (OH)

2
D

3
 receptor in muscle tissue (Bischoff et al., 2001; 

Janssen et al., 2002). In addition, a relationship between lower 25-hydroxyvitamin D (25-
OHD) (and higher PTH levels) and risk of sarcopenia was reported in older men and women 
(Visser et al., 2003; Janssen et al., 2002; for a review of mechanisms of how vitamin D affect 
muscle cell metabolism see Boland et al., 1995; and for clinical and laboratory studies that 
have examined the role of vitamin D in skeletal muscle see Ceglia & Harris, 2013).

In a systematic review evaluating the effects of exposure to vitamin D on muscle 
function, Rejnmark (2011) identified 16 randomized controlled trials, and all except one 
of the studies were performed in subjects above 50 years of age; in seven studies, vitamin 
D supplementation showed positive effects on muscle strength (Rejnmark, 2011; Stockton 
et al., 2011). Another systematic review and meta-analysis by Muir and Montero-Odasso 
(2011), which assessed the efficacy of vitamin D supplementation on muscle strength in 
elderly subjects aged over 60 years, showed that all studies with ingested doses of 800–
1000 IU per day reported beneficial effects on muscle strength.

Vitamin D deficiency, defined by serum 25-OHD concentrations less than 15 ng/ml, in 
persons older than 60 years, was also demonstrated in the Third National Health and 
Nutrition Survey to associate with frailty (Wilhelm-Leen et al., 2010). Furthermore, low 
vitamin D nutritional status is a risk factor for falls in the elderly (Faulkner et al., 2006; 
Snijder et al., 2006), and its supplementation was indicated as an important strategy to 
reduce the risk of falls among ambulatory or institutionalized older individuals (Bischoff-
Ferrari et al., 2004). However, evidence on whether vitamin D supplementation affects 
muscle mass is scarce (Ceglia & Harris, 2013).

Although vitamin D functions include an important role for muscle health (Janssen 
et  al., 2002; Schott & Wills, 1976), an inadequate vitamin D nutritional status is fre-
quently seen in older adults. In a study with older adults from 11 European countries, 
36% of men and 47% of women had appointed concentrations less than 12 ng/ml in 
wintertime, this being the lowest mean concentration found in Southern European 
countries (van der Wielen et al., 1995). Serum vitamin D levels may vary widely between 
subjects from different countries (Lips, 2007) and variations in vitamin D status seem to 
be related to contrasts in nutritional intake, sunlight exposure and clinical, therapeutic, 
sociodemographic and environmental factors (Sakuma & Yamaguchi, 2012; National 
Research Council, 2011).

The Recommended Dietary Allowance in healthy adults under 70 years is 600 IU/day, 
and in older adults over 70 years it is 800 IU/day (National Research Council, 2011), 
which may require supplementation (Boucher, 2012). However, some research also indi-
cates that too much vitamin D may be harmful (National Research Council, 2011; 
Bernstein & Munoz, 2012) and further research is needed to determine optimal vitamin 
D nutritional status in the elderly for the prevention of sarcopenia.

7.6.5 Food and dietary patterns
The eating habits of older adults are influenced by several factors, including food prefer-
ences that have been established throughout life, physiological changes associated with 
ageing, socioeconomic conditions, transportation, being institutionalized or not, and 
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living with a spouse or alone. Food insecurity and hunger are issues of concern for many 
older adults, particularly for those living alone, having low socioeconomic status or from 
minority ethnic groups (Kuczmarski & Weddle, 2005; Bernstein & Munoz, 2012).

Energy needs decline with increasing age, and increased physical activity or exercise 
may be important to counteract this trend. Furthermore, with higher energy intake by 
those with increased energy needs, it is easier to provide the amount of food necessary to 
meet the nutritional recommendations, particularly for micronutrients (Schlenker, 1992).

The modern Western-type diet is rich in animal products and scarce in fruit and veg-
etables (Adeva & Souto, 2011), which results in a net acid production, in contrast with 
diets abundant in potassium that possess an alkalinizing effect (Cordain et  al., 2005; 
Adeva & Souto, 2011). In addition protein, an adequate potassium intake and alkaline 
diets may favour lean tissue mass in older adults (Dawson-Hughes et al., 2008), while 
acidosis (Adeva & Souto, 2011) can amplify the decrease in muscle mass. This is also par-
ticularly important considering that the normal decrease in kidney function associated 
with age may also favour acidosis (Adeva & Souto, 2011).

In addition to being important for potassium intake, consumption of fruit and vege-
tables is negatively associated with inflammation in older adults (Semba et al., 2007) and 
ensuring an adequate intake of these foods is also important to achieve adequate inges-
tion of anti-oxidants, namely carotenoids (Doria et al., 2012), polyphenols, tocopherols, 
ascorbate and selenium (Buonocore et al., 2011).

Many of the components previously reported as beneficial to inflammation and redox 
status, particularly omega-3 PUFA and dietary anti-oxidants, are natural constituents of 
the Mediterranean diet, a cultural paradigm for healthy eating, considering its high 
content of vegetables, legumes, fruit, nuts, seeds, whole grain cereals, olive oil, fish and 
herbal infusions, with moderate amounts of wine (Bach-Faig et  al., 2011). Therefore, 
nutritional strategies are needed to limit muscle wasting and to counteract muscle mass 
and function decline. When examining associations between grip strength and empiri-
cally healthy dietary patterns such as the prudent dietary pattern – generally character-
ized by high consumption of vegetables, fruit, fatty fish and whole grains and a low 
consumption of white bread, chips, sugar and full-fat dairy products (Bhupathiraju & 
Tucker, 2011; Robinson et al., 2008) – grip strength was positively related to prudent diet 
score in community-dwelling older men and women (Robinson et al., 2008).

Looking for nutrients and foods using a whole dietary pattern approach may present 
numerous advantages over a “single nutrient approach”, considering the high number of 
interactions and synergies that may occur between food components, and future studies 
should also address this multidimensional perspective of intake.

7.7 resistance exercise and nutrition: effective 
treatment strategy to counteract age-related 
muscle wasting and bone loss

Progressive resistance exercise (RE) training is a potent, nonpharmacological, efficacious 
therapy for the impairment of muscle quantity and quality in older adults. Several studies 
and systematic reviews have shown that, even in the elderly, RE increases muscle mass, 
muscle power and muscle strength (Liu & Latham, 2009; Latham et  al., 2004). 
Overwhelming evidence from randomized controlled trials and/or observational studies 
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suggests that older adults can substantially increase their strength and muscular power 
after RE (Chodzko-Zajko et al., 2009). Strong evidence also demonstrates that increases in 
muscle quality are similar between older and younger adults (Chodzko-Zajko et al., 2009).

Muscle accretion from RE may be regulated by an increase in the activation of the 
mTOR muscle protein synthetic pathway (Fujita et al., 2007), satellite cell activation and 
proliferation (Verdijk et  al., 2009a) and anabolic hormone production (Smilios et  al., 
2007) and a decrease in catabolic cytokine activity (Cornish & Chilibeck, 2009).

Additionally, evidence from both animal and human studies indicates that exercise in 
general, and mechanical signals in particular, are both anabolic and anticatabolic to bone 
tissue and benefit both bone quantity and quality (Rubin et al., 2008). Loading derives 
from forces applied to a bone, either from a muscle pulling on an origin or insertion 
region, or from external forces acting on a bone across a joint or from the outside world 
(e.g. the ground; Pearson & Lieberman, 2004). Strong evidence also suggests that high-
intensity RE training preserves or improves BMD relative to sedentary controls (Ryan 
et  al., 2004; Marques et  al., 2012). Mechanical loading forces become less effective in 
eliciting an osteogenic effect with increasing age, suggesting a progressive loss of bone 
sensitivity to chemical and physical signals (Rubin et al., 1992).

There is a growing body of evidence suggesting that nutritional interventions, when 
applied in conjunction with RE, may further augment the increase in muscle mass and 
strength (Candow et al., 2012). There are several ways in which nutrition contributes to 
intensification of musculoskeletal health, particularly by: (a) providing bone-forming 
minerals; (b) assuring nutritional balance for calcium-phosphate homeostasis; and (c) 
supplying of energy, amino acids and nutrients involved in anti-inflammatory and pro-
teic anabolic responses.

Although research indicates that creatine monohydrate, essential fatty acids and 
vitamin D may all have beneficial effects, high-quality protein intake (such as those from 
milk or whole egg protein) is appointed as an important factor to enhance the anabolic 
effect of RE on muscle. The resulting increase in the delivery of essential amino acids 
(EAA) after high-intensity RE may favour hiperaminoacidaemia and MPS to a greater 
extent than eating protein without exercise (for a review see Phillips et al., 2009). This 
improved anabolic response when RE was combined with EEA or high-quality protein 
intake was observed in middle aged (Robinson et al., 2013) and older adults (Symons 
et al., 2011; Drummond et al., 2008).

7.7.1 protein and resistance exercise
The required dose of protein to maximally stimulate MPS in older adults following RE 
generates strong debate and controversy. In the study by Welle and Thornton (1998), 
contributions of high-quality protein intake in the meals corresponding to 7, 14 and 28% 
of total energy intake were described as equally effective in increasing MPS in older 
adults after RE. When considering the absolute intake of high-quality protein, 20 g of 
protein after exercise was suggested to be sufficient to maximally stimulate MPS in young 
men (Moore et al., 2009). However, older adults may respond to higher intakes of protein 
(e.g. 40 g of high quality protein) after RE (Yang et al., 2012), suggesting that an attenu-
ated anabolic response in older adults may be compensated for if an adequate amount of 
EEA or high-quality protein intake is provided (Drummond et al., 2012).

The ability of amino acids to act as a trigger element for the initiation of protein syn-
thesis is not universal, and leucine has been suggested to have the most marked 
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anabolic characteristics of all nutrients (Wilkinson et al., 2013; Atherton et al., 2010). 
A dose effect has also been described, and increasing   leucine above a certain level was 
hypothesised to be fundamental in stimulating MPS in elderly subjects (reviewed in 
Breen and Philips, 2011).

In fact, older adults showed less anabolic sensitivity and responsiveness of MPS to 
EAA than younger adults (Cuthbertson et al., 2005), and a high proportion of leucine 
may also be required in the elderly for optimal stimulation of MPS (Katsanos et al., 2006). 
In this context, the metabolic efficacy of proteins will depend on its content of EAA, par-
ticularly leucine, and its bioavailability, particularly degree of digestibility and rate of 
absorption, in order to rapidly increase aminoacidaemia (Breen & Phillips, 2011).

The existence of a “window of opportunity” to amplify MPS with protein intake, par-
ticularly shortly after RE, is controversial (Breen & Phillips, 2011). In older adults, the 
study of Dideriksen et al. (2011), for example, showed that MPS did not differ when high-
quality protein was fed immediately before or after heavy RE, while in the study of Jordan 
et al. (2010), when protein (from a chocolate milk beverage) was consumed immediately 
after exercise rather than before, nitrogen balance was more positive. Nevertheless, 
although conflicting results exist, recommendations for protein intake include the con-
sumption of high-quality protein in doses of 20 g or more, or in doses between 30–40 g of 
protein, close in time to the RE session, and at intervals throughout the day after RE 
(Breen & Phillips, 2011). Drummond et al. (2012) accepted as possible the hypothesis that 
a dose of 40 g of high-quality protein (approximately 20 g of EAA) should be given early 
after exercise in order to amplify muscle hypertrophy and strength after RE, although 
providing such an amount of protein may not be an easy task in the elderly considering 
the protein content in usual foods (Tieland et al., 2012).

Future research is needed to clarify in older adults the importance of the quality and 
quantity of dietary protein, and the exact amounts of leucine and other EAA intake, con-
sidering the effects of shorter and longer periods of consumption that improve muscle 
strength, maximize lean mass maintenance (Breen & Phillips, 2011) and increase the 
magnitude or duration of MPS under the conditions of RE (Churchward-Venne et  al., 
2012). The questions of whether these potential benefits and others vary according to the 
amount (Verdijk et al., 2009b) and timing of protein consumption also need to be addressed.

In a review of Churchward-Venne et al. (2012), the main factors emphasized in the 
modulation of the magnitude (and eventually the duration) of MPS with RE included the 
consumption and timing of protein and EAA intake, and the dietary source of the protein 
(such as egg albumin, soy, beef, whey, or casein; Moore et al., 2009; Tang et al., 2009; 
Robinson et al., 2013), and differences in MPS can also be found between proteins that 
exhibit high quality levels (Tang et al., 2009; Churchward-Venne et al., 2012). Accordingly, 
whey protein was described as more effective than casein in stimulating muscle protein 
accretion (Pennings et al., 2011), and this difference may be related to different digestion 
and absorption kinetics, and amino acid composition (Pennings et al., 2012), which may 
impact the bioavailability and bioefficacy of proteins. Since postprandial MPS may also 
depend on postprandial plasma amino acid levels (Bohé et al., 2003), the physical food 
form in which these nutrients are delivered is also hypothesized to have implications for 
anabolic processes, and amino acid concentrations may be higher in protein meals in 
liquid form than in solid form (Conley et al., 2011). Different methods of food prepara-
tion or processing may also modify postprandial protein digestion and absorption, and 
Pennings et al. (2013) showed that minced meat originated more rapid protein digestion 
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and absorption than beef steak in the elderly, despite the absence of a significant post-
prandial muscle protein synthetic response. The preparation of texture-modified foods is 
an important issue in older adults, particularly when dental problems (such as tooth loss) 
reduce chewing capacity, which in turn may decrease meat protein utilization for protein 
synthesis (Remond et al., 2007). In summary, MPS following resistance exercise may be 
increased after high-quality protein intake, although more research is needed to deter-
mine the exact required doses of EAA and protein to maximally stimulate anabolic 
response in the older adults.

Another important nutritional condition to be considered during exercise and 
recovery is glycogen availability, since an increased rate of net protein degradation may 
occur if a state of low muscle glycogen content is observed (Blomstrand & Saltin, 1999). 
Even supposing that carbohydrate alone after RE may improve net protein balance 
(Borsheim et al., 2004), consuming protein and carbohydrate together is also described as 
being more important to attenuate indices of protein breakdown (Aragon & Schoenfeld, 
2013; Borsheim et al., 2004) or to increase the stimulus for MPS, compared with the 
ingestion of carbohydrate alone (Howarth et al., 2009). Nevertheless, the higher exercise-
induced protein accretion after concurrent ingestion of protein and carbohydrates vs 
protein alone was not found by all researchers (Staples et al., 2011).

7.8 Concluding remarks

Despite the existence of evidence clearly demonstrating that regular exercise can mini-
mize the physiological effects of an otherwise sedentary lifestyle by limiting the 
development and progression of chronic disease and disabling conditions, only a limited 
number of older adults are physically active. Several physical activity guidelines for 
older adults have been published and frequently updated showing the types and amounts 
of physical activity recommended. Evidence is accumulating that dietary amino acid 
supplementation may also improve muscle protein balance in older adults. Muscle and 
bone should be considered together as a functional unit, and a combined exercise and 
nutritional guideline for older adults is needed to provide the best possible information, 
supporting older adults to make informed choices related to nutrition and physical 
activity. Nonetheless, older adults should optimize both nutrition and exercise as both 
are important modifiable factors that increase muscle strength and mass, and contribute 
to the maintenance of bone mass and the prevention and treatment of osteoporosis.
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8.1 The ageing eye

The human eye is a complex organ with multiple layers and components that detect light 
and convert it in a set of electrochemical impulses that are transmitted to the brain. In a 
very simplified approach, the human eye has a fibrous outer coat (comprising the opaque 
posterior sclera and the transparent anterior cornea), an intermediate vascular tunic 
(composed by the choroid, ciliary body and iris) and a thin sheet covering the inner pos-
terior surface of the eyeball, the retina. Additionally to the cornea, the aqueous humor, 
lens and vitreous body, collectively termed ocular media, serve to focus an image on the 
retina by transmitting and refracting the light (Gray et al., 2005).

Below we will describe the anatomy, function and changes with ageing of two com-
ponents of the human eye more affected by ageing and oxidative stress and with more 
data available from laboratory, animal and clinical studies: the lens and the retina.

8.1.1 The lens
The lens exerts a simple function in the eye: it serves as an optical element that, with the 
cornea, brings light rays to a precise focus on retinal photoreceptors. This function can be 
preserved only as long as the lens is transparent. The lens is an encapsulated organ 
without blood vessels or nerves. The anterior hemisphere of the lens is covered by a 
single layer of epithelial cells containing a full complement of subcellular organelles. At 
the lens equator, the epithelial cells elongate and differentiate to become fiber cells. 
When completely differentiated they possess no organelles but are filled with structural 
proteins known as crystallins (Tasman et al., 2001). The high density and special 
arrangement of the crystallins produce a uniform refractive index within the lens, with 
the required transparency to achieve its function.

The shape of the crystalline lens, in histological sections, changes with age from a 
reniform configuration in infants to oval in adults (Spencer, 1985). The lens increases in 
weight from approximately 90 mg at birth to 190 mg at the age of 40 years and 240 mg at 
the age of 80 years (Grossniklaus et al., 2013). The lens also suffers an age-related change 
in color: from almost complete transparency at birth to a yellow-brown color later in life.

Many investigators have shown that the human lens hardens over time, leading 
to the hypothesis that presbyopia occurs when the lens becomes too hard to change 
shape in response to ciliary muscle contraction. Supporting that, studies using a variety 
of methods have shown that a marked increase in lens stiffness begins in the third to 
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fifth decades of life, which is roughly the age at which loss of accommodation becomes 
noticeable in the early stages of presbyopia (Heys et al., 2004; Petrash, 2013).

Lens fiber cells, owing to the absence of organelles, are no longer able to synthesize pro-
teins. As a consequence, lens proteins, particularly those located in the nucleus, are among 
the oldest proteins in the human body. With age there is a progressive accumulation of 
damaged proteins inside the fibers, leading to a progressive loss of transparency of the lens. 
The progressive accumulations of damaged crystallins and the aggregation of proteins leads 
to light scattering, lens opacification and the development of cataracts (Boscia et al., 2000).

8.1.2 The retina
The retina is a sensory multilayered tissue covering the internal surface of eyeball from 
the optic nerve to the ora serrata. It consists of a pigmented epithelial layer and a com-
plex sensorial layer (Guyer, 1999). Retinal anatomy is highly organized with vascular 
and avascular components strictly segregated owing to the presence of blood–retinal bar-
riers. The blood–retinal barriers, inner and outer, are fundamental for the integrity of 
structure and optimization of function in the retina (Cunha-Vaz, 2004). The outer retina, 
which includes the photoreceptors and the retinal pigment epithelium (RPE), adjacent to 
Bruch’s membrane and the choriocapillaris, is the region of the retina more susceptible 
to changes with ageing and thus more predisposed to develop degenerative age-associated 
diseases. The RPE is a polarized epithelium consisting of a monolayer of cuboid-shaped 
cells, that in the macular area are tall, narrow and highly uniform in size and shape 
(Friedman & Ts’o, 1968). Interdigitation of the apical processes of the RPE with the outer 
segments of the cones and rods is important for some RPE-related functions such as 
regeneration of visual pigments, transport of fluids and ions, formation and maintenance 
of interphotoreceptor matrix and phagocytosis of the outer segments (de Jong, 2006). 
The total number of RPE cells diminishes with age. In addition, macular RPE cells become 
narrower and increase in height (Friedman & Ts’o, 1968; Feeney-Burns et al., 1990). In 
each RPE cell there is a progressive accumulation of lipofuscin, a hallmark of ageing cells 
(discussed in Chapter 1), throughout life. In people over 80 years of age, the debris can 
occupy more than one-fifth of the total volume of the cell (Feeney-Burns et al., 1984). 
The major component of lipofuscin in the retina cells is N-retinylidene-N-retinylethanol-
amine, a retinoid product of the visual cycle that interferes with the function of RPE cells, 
addressing their apoptosis when in excess (Coleman et al., 2008; Sparrow & Boulton, 
2005). Age-related changes also include loss of basal interdigitations and irregularity in 
shape. In aged retina, the cells become separated from their basal membrane by 
membranous debris and abnormal secretory products, with subsequent deposition of col-
lagen and fibronectin and later formation of insoluble basal laminar deposits (Tabandeh 
et al., 2006).

Bruch’s membrane is a thin acellular and well-delineated membrane constituted by 
five layers. From internal to external the layers are: (a) the basement membrane of the 
RPE; (b) the inner collagenous zone; (c) the elastic tissue layer; (d) the outer collagenous 
zone; and (e) the basement membrane of the choriocapillaris. It is composed of elements 
from the retina and choroid, but it is an integral part of the choroid (Tasman et al., 2001). 
Owing to its specific location and properties, this structure is thought to be a vital limiting 
layer for metabolic transport between the RPE cells and the choriocapillaris (Huang et al., 
2007). With the advancement of age, both the thickness and complexity of Bruch’s mem-
brane increase, primarily owing to extracellular matrix remodeling and accumulation of 
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amorphous material in this region (Ramrattan et al., 1994). The lipid concentration within 
Bruch’s membrane increases during life and consequently the fluid permeability and 
nutrient transport across the membrane decrease (Starita et al., 1996). Bruch’s mem-
brane calcifies and doubles in thickness between the ages of 10 and 90 years (Ramrattan 
et al., 1994). There is a linear thickening owing to deposits of collagen, lipids and debris. 
In normal conditions Bruch’s membrane acts as an intercellular matrix regulator of adja-
cent RPE and choriocapillaris cell survival. Its diminished function results in apoptosis of 
these cells, in part owing to incorrect cell adhesion (Gilmore, 2005). On the other hand, 
extracellular deposits around Bruch’s membrane lead to chronic inflammation, invasion 
by dendritic cells and the release of inflammatory cytokines, angiogenic factors and 
immune complexes (Penfold et al., 1997; Guymer et al., 2004).

The choriocapillaris consists of a continuous layer of fenestrated endothelial cells sur-
rounded by a basement membrane. The fenestrations, 60–80 nm in diameter, are abun-
dant and seem to play an important role in permitting the passage of glucose and vitamin 
A to the RPE and retina. The choriocapillaris supplies oxygen and nutrients to cells adja-
cent to the Bruch’s membrane and to those localized in the outer third of the retina, except 
in the macula, where it supplies the entire retina (Tasman et al., 2001). The peculiar struc-
ture of the choroidal vascular tree in the macula provides this area with the highest rate of 
blood flow of any tissue in the body (Gass, 1997). With ageing, the lumina of the chorio-
capillaris and the choroidal thickness become reduced by half (Ramrattan et al., 1994; 
Margolis & Spaide, 2009). There is clinical data using optical coherence tomography, indi-
cating an inverse relationship between age and choroidal volume (Barteselli et al., 2012).

8.2 Nutrients in the structure and physiology  
of the healthy human eye

The eye is directly exposed to light and therefore is damaged by its own function. The eye 
responds to visible light but is vulnerable to it owing to its internal structure and intrinsic 
metabolism. The importance of micronutrients in the structure and physiology of the 
healthy human eye is supported by evidence coming from a variety of sources: labora-
tory, biochemical, animal and clinical studies.

8.2.1 Vitamins
Vitamin A is fundamental to the formation of rhodopsin, the visual pigment found in the 
disk membranes of rods and cones in the retina. Rhodopsin comprises a transmembrane 
protein (opsin) covalently bound to retinal (the aldehyde form of vitamin A). When one 
photon of light converts 11-cis retinal to all-trans retinal, the generation of the visual 
signal is initiated (Hargrave & McDowell, 1992). Vitamin A has activities in the retina and 
in the epithelial cells of the eye surface and its deficiency induces the gradual progression 
from xerophthalmia and night blindness to keratomalacia. According to the World Health 
Organization vitamin A deficiency is one of the world’s leading causes of blindness 
(Resnikoff et al., 2004).

Carotenoids are identified in almost all eye structures with the exception of cornea, 
sclera and vitreous. Lutein and zeaxanthin, light-absorbing yellow carotenoids, are con-
centrated in the inner layers of the macula. They are fundamental for photopic vision 
and their concentrations in blood strongly correlate with dietary intake (Lien & Hammond, 
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2011; Hammond et al., 1997). Both improve the visibility of targets by absorbing scattered 
light and reduce glare disability (Stringham & Hammond, 2007).

Vitamin C (ascorbic acid) is usually considered the most effective anti-oxidant in the 
human plasma. In the retina vitamin C presents a concentration 10 times higher than in 
the plasma and its importance in the protection of the lens against oxidative stress and 
cataract development is well documented (Friedman & Zeidel, 1999; Ravindran et al., 
2011; Tan et al., 2008).

Vitamin E (α-tocopherol) is found in the RPE and rod outer segments, with higher 
concentrations outside the macula (Friedrichson et al., 1995). It is transparent to visible 
light and plays an important role as an effective anti-oxidant under high oxygen pres-
sures such as the conditions maintained in the outer retina (Wang & Quinn, 1999).

8.2.2 polyunsaturated fatty acids
The omega-3 long-chain polyunsaturated fatty acids eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) are important in the structure and metabolism of the pho-
toreceptors (PR). DHA is the primary fatty acid found in high concentrations in the struc-
tural phospholipids of the PR outer segment disk membrane, with higher concentrations 
in the retina than in any other tissue of the human body (Lien & Hammond, 2011; 
Anderson et al., 1974). EPA is present in the blood but, owing to its rapid metabolism 
resulting in the synthesis of DHA, it is poorly integrated in the tissues (Stone et al., 1979).

8.2.3 Zinc
Zinc levels are high in ocular tissues particularly in the cornea and retina. Zinc is the most 
abundant trace metal in the retina, located in the inner nuclear, RPE and PR layers. Zinc 
ions in photoreceptors might play a role in the phototransduction cascade and in rho-
dopsin regeneration (Ugarte & Osborne, 2014; Ugarte et al., 2013).

8.3 The human eye and the oxidative stress

The production of free radicals is a enduring phenomenon in living cells associated with 
cellular aerobic metabolism and oxidoreduction reactions (Halliwell, 1997). The human 
eye is exposed to light and its main function is to convert the incident light into a change 
in membrane potential at the outer segments of the photoreceptors. The regeneration of 
the visual pigment, rhodopsin, the constant disk shedding at the interface between RPE 
and rods and cones, and the efficient recycling of phospholipids and other structural 
components of the photoreceptors’ outer segments, are only some of the activities 
requiring high metabolic rates. Consequently, the retina is the most metabolically active 
tissue within the human body, which results in increased formation of free radicals 
(SanGiovanni & Chew, 2005). Moreover, the human eye, and the retina in particular, is 
particularly exposed to the production of free radicals owing to a combination of the fol-
lowing factors: (a) it is highly vascularized, which results in high oxygen tension in rods 
and cones; (b) at the fovea, light-induced stress can be particularly dangerous owing to 
the increased cellular density and metabolism; (c) rods and cones are rich in unsaturated 
fatty acids such as DHA, which is highly susceptible to oxidation; (d) other photosensitiz-
ing compounds form within the retina; and (e) the tissue is regularly exposed to extremely 
high rates of cumulative radiation (Sickel, 1972; Lien & Hammond, 2011).
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Owing to the pro-oxidative environment, singlet oxygen free radicals can be generated 
in the retina and these free radicals will extract hydrogen atoms from molecules with avail-
able double bounds, such as DHA. In the sequence of the free radical attack, DHA becomes 
a lipid hydroperoxide, which can create additional free radicals in a self-perpetuating chain 
reaction, resulting in lipid peroxidation (Lien & Hammond, 2011). Lipid peroxides cross- 
link with proteins, nucleic acids and other cellular components, adversely affecting cell 
structure and function (Offord et al., 2000).

The continuous penetration of sunlight in the eye during the visual process is also 
responsible for the production of superoxide anion, hydrogen peroxide, hydroxyl radical 
and other oxygen reactive molecular species in the aqueous humor and lens (Kisic et al., 
2012). Oxidation can damage lens proteins, lens fiber membranes and lipids, leading to 
the formation of molecular aggregates with high molecular weight (Tan et al., 2008). 
These aggregates cause light scattering and lens opacities, features characteristic of cataract 
(Kisic et al., 2012).

8.4 The anti-oxidant systems in the eye

The balance between the production and catabolism of oxidant molecules by cells and 
tissues is fundamental to the maintenance of the biologic integrity of the tissues. In the 
eye, an anti-oxidant system with multiple components intervenes from the aqueous 
humor to the retina.

Among the enzymatic anti-oxidant defenses of the eye lens, superoxide dismutase, cat-
alase and glutathione peroxidase are the three primary enzymes (Manikandan et al., 2010a; 
Thiagarajan & Manikandan, 2013). In addition, glutathione reductase, glucose-6-phosphate 
dehydrogenase and cytosolic glutathione-S-transferase are also known anti-oxidants of 
eye lens (Thiagarajan & Manikandan, 2013; Manikandan et al., 2010b). The nonenzymatic 
anti-oxidants include, reduced glutathione, ascorbate, carotene, glutathione, pyruvate and 
α-tocopherol (Harding, 1991; Thiagarajan & Manikandan, 2013).

The high concentration of ascorbate in the aqueous humor is important for scav-
enging of hydroxyl and superoxide anion radicals and to act as a filter to prevent the deep 
penetration of UV light within the lens, thus protecting the lens tissue from photo-
induced damage (Kannan et al., 2001). Accordingly, diurnal animals present ascorbic acid 
concentrations in some ocular tissues 20–70 times higher than those circulating in the 
plasma. These high concentrations in the aqueous humor is sustained by continuous 
active transport from plasma through the blood–aqueous barrier (Kisic et al., 2012). In 
the lens, ascorbic acid prevents cation pumps damage induced by UV radiation and 
reduces photoperoxidation in the membranes (Garland, 1991). However, vitamin C has 
not only anti-oxidant but also pro-oxidant properties, and its direction of work depends 
on its own concentration, oxygen and the presence of metal ions, especially iron, lead 
and copper (Kisic et al., 2012; Cekic, 1998). Some authors believe that ascorbate can even 
contribute to protein modifications, when acting as prooxidant and participating in 
reactions that generate reactive radicals. These reactions assume a particular importance 
when cells lose their ability to eliminate metals, making them permanently available for 
reaction, and/or when cells lose their ability to maintain vitamin C in a reduced form. 
During ageing of the lens the concentration of copper and iron increases, although it is 
lower in noncataract lenses (Balaji et al., 1992; Garner et al., 2000).
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The retina possesses an anti-oxidant system with several components: vitamins C and 
E and also the carotenoids lutein and zeaxanthin. Vitamins C and E cooperatively reduce 
epoxide adducts within the retina and participate in its protection from blue light-induced 
damage (Sparrow et al., 2003). The carotenoids are concentrated in the plexiform area of 
the macula, but the spatial distributions of lutein and zeaxanthin differ, with zeaxanthin 
dominating the central foveal region and lutein dominating the periphery. This differen-
tiated distribution makes zeaxanthin a more effective anti-oxidant in the area where the 
risk of oxidative damage is higher (Handelman et al., 1988). Additionally, carotenoids are 
found in the outer segments of rods and probably of cones, where the concentration of 
DHA is highest, which are the most susceptible areas to lipid oxidation (Sommerburg 
et al., 1999). In fact, lutein is a powerful anti-oxidant, which can return singlet oxygen to 
the ground state and remove the resultant energy as heat, resulting in its autoregenera-
tion (Lien & Hammond, 2011; Stahl & Sies, 2002). Compared with α-tocopherol, lutein 
is a much more efficient quencher of singlet oxygen (Fukuzawa et al., 1998).

8.5 how can diet interfere with the ocular  
anti-oxidant system?

The dietary intake of vitamins, carotenoids, essential fatty acids and other oligoelements 
in developed countries is usually sufficient to supply the needs of a healthy person. 
Table 8.1 summarizes the reference daily intakes based on recommended dietary allow-
ances and adequate intakes) and enumerates the main sources in the diet of some micro-
nutrients that can interfere with ocular structure and function. While the recommended 
dietary allowance is the average daily dietary intake level sufficient to meet the nutrient 
requirements of nearly all (97–98%) healthy individuals, adequate intake is believed to 
cover the needs of all healthy individuals.

Other nutrients such as DHA, EPA, lutein and zeaxanthin are fundamental for 
ocular structure and function. Humans can synthesize saturated fatty acids de novo 
through the fatty acid synthase system. However, they do not possess the enzyme sys-
tems necessary to insert double bonds at the n-3 or n-6 positions, and dietary sources 
of these fatty acids are essential (Innis, 1991). The major dietary sources of the 18 
carbon fatty acids α-linolenic acid (ALA; C18:3 n-3) and linoleic acid (LA; C18:2 n-6) 

Table 8.1 Dietary reference intakes in the population older than 50 years.

Vitamin A  
( µg/day)

Vitamin C  
(mg/day)

Vitamin E  
(mg/day)

Selenium  
( µg/day)

Zinc  
(mg/day)

Male 900 90 15 55 11
Female 700 75 15 55 8
Sources Fish, fish oil, liver, 

milk, dairy 
products, 
vegetables

Fruit, vegetables, 
liver, meat, fish

Grains, olive oil, 
fruit, oily fish, 
vegetables

Mushrooms, 
seafood, olive oil, 
fish, cereals, meat, 
eggs

Seafood, 
liver, fish, 
cheese, 
eggs, dairy 
products

Adapted from Food and Nutrition Board, Institute of Medicine, National Academies data.
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are vegetable oils. The biologically active EPA, DHA and arachidonic acid are more 
unsaturated and present longer chains. Diets rich in fish, meat and eggs will provide 
these fatty acids, but they can also be synthesized from ALA and LA (Lien & Hammond, 
2011; Ugarte et al., 2013).

On the other hand, lutein and zeaxanthin are carotenoids, which are not synthesized 
by humans. They are found in high concentrations in green leafy vegetables and their 
conversion to vitamin A is not possible. Lutein is found in fruit and spices. Zeaxanthin is 
found in vegetables such as lettuce, broccoli and spinach.

A balanced nutritional pattern may ensure the maximum effectiveness of the defensive 
systems, considering that different types of diet provide different amounts of nutrients. 
The Mediterranean diet has been indicated to have some distinctive components.

A clear definition of “Mediterranean diet” is difficult. It is predominantly character-
ized by high consumption of vegetables, grains and cereals, fruit and nuts, low consump-
tion of meat and meat products, increased consumption of fish relative to Western diets, 
moderate consumption of milk and dairy products, the use of olive oil with a high mono-
unsaturated/saturated fat ratio for cooking, and low to moderate red wine consumption 
(Rees et al., 2013; Estruch et al., 2013). A 2013 Cochrane review included 11 random 
controlled trials in which the intervention consisted of the full Mediterranean diet or at 
least two of the characteristics defined earlier (Rees et al., 2013). Control groups had no 
intervention. They concluded that there is limited evidence to date, but the Mediterranean 
diet may reduce some cardiovascular risk factors (total cholesterol levels, LDL cholesterol 
levels). However, regarding the eye, no studies to date have demonstrated beneficial 
effects of the Mediterranean diet on the prevalence of eye diseases.

8.6 Nutritional intervention in age-associated  
eye diseases

8.6.1 Cataract
Cataract is, by definition, the opacification of the crystalline lens. According to a 2012 
World Health Organization report it is estimated that 39 million people are blind world-
wide and that cataract is the main cause, affecting almost 18 million people (Petrash, 
2013; Rao et al., 2011). The incidence of cataract is known to increase with age and the 
burden disproportionately affects low- and middle-income countries. Cataract is essen-
tially an aggregation disease involving the crystalline proteins that accumulate to high 
concentrations in fiber cells. The fiber cells, the major cell type that constitutes the lens, 
are thus endowed with high concentrations of proteins that are not replenished and 
remain in situ for the lifetime of the tissue. Lens cells experience decades of exposure to 
ultraviolet light and chemical insult, stresses that are known to destabilize protein struc-
ture, function and interactions with other molecules. Additionally, the supply and activity 
of enzymes that usually search for and destroy damaged proteins are also limited (Petrash, 
2013), and strongly decline with ageing (discussed in Chapter 1).

Cataract in humans is clearly a multifactorial and progressive process in which 
independent events occurring over time can culminate in a loss of transparency of the 
lens. Experimental studies using animal models demonstrated that nutritional supple-
mentation with vitamin C or glutathione, the two major hydrophilic anti-oxidants inside 
the lens, prevents cataract development (Taylor & Hobbs, 2001). Additionally, vitamin E 
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and the carotenoids lutein and zeaxanthin, lipophilic anti-oxidants, in animal models 
slow cataractogenesis (Taylor & Hobbs, 2001; Bernstein et al., 2001).

In line with these findings, numerous observational epidemiological studies have 
found inverse relationships between levels of dietary micronutrients and the development 
of age-related cataract (Kuzniarz et al., 2001; Tan et al., 2008; Mares-Perlman et al., 2000; 
Jacques et al., 2001; Ravindran et al., 2011; Christen et al., 2008; Pastor-Valero, 2013). 
Some clinical trials have tested whether the intake of selected anti-oxidant micronutri-
ents or vitamins affects cataract development (Chang et al., 2011; Christen et al., 2003, 
2004, 2010a, b; AREDS Research Group, 2001a; Mares-Perlman et al., 2000; Leske et al., 
1995). The results of some relevant studies are presented and discussed later.

8.6.1.1 The blue mountains eye study
The Blue Mountains Eye Study is a population-based cohort study of vision, common eye 
and systemic conditions in a population aged 49 years or older, living in a defined region 
of Australia. At baseline (1992–94) 3654 persons participated and surviving participants 
were invited to attend follow-up examinations after 5 and 10 years. At each examina-
tion, lens photography was performed and patients responded a questionnaire focused 
on nutritional habits, including a 145-item semiquantitative food-frequency question-
naire. Intake of anti-oxidants, including β-carotene, zinc and vitamins A, C and E, was 
assessed. Higher intakes of vitamin C or the above-median intake of combined anti- 
oxidants (vitamins C and E, β-carotene and zinc) had long-term protective associations 
against the development of nuclear cataract (Tan et al., 2008). Anti-oxidant intake was 
not associated with incident cortical or posterior subcapsular cataract (Tan et al., 2008).

8.6.1.2 The beaver dam eye study
The Beaver Dam Eye Study is a population-based prospective study that enrolled 4926 
participants aged 43–86 years at the baseline, designed to investigate the association of 
use of vitamins, minerals and nonvitamin/nonmineral supplements (herbal, amino acids 
or other supplements not approved by the Food and Drug Administration) with the 
development of age-related macular degeneration (AMD) (discussed further later) and 
cataract. The cohort was re-examined at 5, 10 and 15 years with lens photographs, and 
all medications and supplements taken by the participant were brought to each examina-
tion with duration of use and dose indicated. Compared with nonusers, the 5-year risk for 
any cataract was 60% lower among persons who, at follow-up, reported the use of mul-
tivitamins or any supplement containing vitamin C or E for more than 10 years. Taking 
multivitamins for more than 10 years lowered the risk for nuclear and cortical cataracts 
but not for posterior subcapsular cataracts (Mares-Perlman et al., 2000). However, at  
15 years of follow-up, there was no evidence of any significant association between sup-
plement use and posterior subcapsular or nuclear cataract. Patients who used multivita-
mins and single supplements or combinations containing vitamins A and D and zinc 
appeared to have decreased odds of incident cortical cataract (Klein et al., 2008).

8.6.1.3 The India age-related eye disease study
A population-based study was conducted in two centers in the north and south India to 
examine the prevalence and risk factors for cataract and specifically to investigate corre-
lation between vitamin C intake and cataract in 5638 people aged 60 years or over. 
Participants were interviewed and invited to describe their diet assessed by 24 h period, 
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and plasma vitamin C was measured. Lens opacities were graded according to the Lens 
Opacities Classification System III in lens digital photographs. The study found a strong 
inverse association between plasma vitamin C levels and cataract; however, a vitamin 
C-depleted population was considered in this study (Ravindran et al., 2011).

8.6.1.4 The Spanish segment of European eye study (EUREYE)
The EUREYE is a multicenter population-based cross-sectional study aimed primarily at 
estimating the prevalence of AMD and contributing factors for the disease, including diet, 
in an elderly population. This study analyzed data from the Spanish segment of the 
EUREYE, collected between February 2000 and November 2001 in 599 patients at least 
65 years of age. Energy-adjusted intake of fruit and vegetables and anti-oxidant vitamins 
was estimated using a semiquantitative food-frequency questionnaire. Plasma concen-
trations of vitamin C, carotenoids and α-tocopherol were determined. Analyzed data 
demonstrated that high daily intakes of fruit and vegetables and vitamins C and E were 
associated with a significant decrease in the prevalence of cataract or cataract surgery 
(Pastor-Valero, 2013).

8.6.1.5 The physicians’ health study
The Physicians’ Health Study is a randomized, double-masked, placebo-controlled trial 
primarily aimed at evaluating the effects of aspirin and high levels of vitamins E (400 IU) 
and C (500 mg) and β-carotene (50 mg on alternate days) on cardiovascular disease and 
cancer. Secondary analysis includes ocular end-points of AMD and age-related cataract in 
male US physicians registered with the American Medical association, 50 years or older, 
based on self-report with confirmation using medical records. For the vitamins E and C, 
11,545 male physicians were followed and treated for 8 years, and for β-carotene, 22,071 
male physicians were followed for a mean of 12 years. No statistically significant differ-
ences among treated and placebo groups in the incidence of cataract were observed 
(Christen et al., 2003; Ugarte & Osborne, 2014).

8.6.1.6 The women’s health study
The Women’s Health Study is a randomized, double-masked, placebo-controlled trial, 
performed at Brigham and Women’s Hospital and Harvard Medical School, aiming to 
investigate the effects of β-carotene (50 mg in alternate days), vitamin E (600 IU) and 
aspirin on the primary prevention of cancer and cardiovascular disease. The enrolled par-
ticipants were 39,876 female health professionals 45 years or older, and the main ocular 
outcomes measured were visually significant cataract and cataract extraction. These out-
comes were obtained with self-reports and confirmed by medical records. After an 
average follow-up of 2.1 years, the randomization for the β-carotene arm was stopped, 
without demonstration of statistically significant benefit for the development of cataract. 
Concerning vitamin C, after a mean follow-up of 9.7 years, no significant difference bet-
ween vitamin C and placebo groups was demonstrated either for the development of 
cataracts or for the need for cataract surgery (Christen et al., 2004, 2008).

8.6.1.7 The age-related eye disease study (AREDS)
The AREDS is a randomized clinical trial that evaluated the effect of high doses of anti-
oxidant vitamins (500 mg vitamin C, 400 IU vitamin E), β-carotene (15 mg) and zinc (80 mg) 
on the incidence and progression of AMD and cataracts. A total of 4757 participants, 
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followed in 11 eye care centers specializing in retinal diseases in the USA, were enrolled in 
AREDS from 1992 to 1998. The mean follow-up was 6.3 years in 4629 AREDS participants, 
comprising both men and women aged 55–80 years. No effect of high doses of anti-oxidants 
on progression of the three types of cataract (nuclear, cortical and posterior subcapsular) or 
the incidence of cataract surgery was observed (AREDS Research Group, 2001a).

8.6.1.8 The age-related eye disease study 2 (AREDS2)
The AREDS2 is a double-masked clinical trial that enrolled 4203 participants, aged 50–85 
years, previously identified as being at risk of progression to advanced AMD in 82 centers 
in the USA. The participants were randomly assigned to receive daily placebo, lutein/
zeaxanthin (10 mg/2 mg), omega-3 long-chain polynsaturated acids (1 g) or a combination 
of both to evaluate the effects on progression to advanced AMD. A secondary outcome 
was to evaluate the effects of lutein/zeaxanthin on the subsequent need for cataract sur-
gery. The daily supplementation with lutein/zeaxanthin did not show a significant overall 
effect on rates of cataract surgery or vision loss (Chew et al., 2013b).

The randomized clinical trials and observational studies have focused only on 
individual anti-oxidants such as vitamins C and E and various carotenoids, and have 
reported inconsistent results. A recent Cochrane review concluded that there is no evi-
dence from randomized clinical trials that supplements of β-carotene or vitamin C or E 
prevent or even slow the progression of age-related cataract (Mathew et al., 2012). 
However, the recent concept of total anti-oxidant capacity (TAC) aims to measure the 
capacity from all dietary anti-oxidants in a single estimate by taking into account syner-
gistic effects among compounds.

The recent questionnaire-based nutrition survey within the prospective Swedish 
Mammography Cohort study, which included 30,607 women (aged 49–83 years) 
observed for cataract incidence for a mean period of 7.7 years, aimed to investigate the 
association between the TAC of the diet and the incidence of age-related cataract. The 
main contributors to dietary TAC in the study population were fruit and vegetables 
(44.3%), whole grains (17.0%) and coffee (15.1%). A total of 4309 incident cases of age-
related cataracts were identified during the 7.7 years of follow-up, the risk being appar-
ently inversely associated with dietary TAC (Rautiainen et al., 2014). However, this data 
needs to be confirmed in larger epidemiological studies.

8.6.2 age-related macular degeneration
According to the data of the World Health Organization from 2002, AMD is the third 
leading cause of blindness worldwide, after cataract and glaucoma, and the first in indus-
trialized countries (Resnikoff et al., 2004). The prevalence of AMD increases sharply with 
age and differences in prevalence rates among studies are mainly due to the use of differ-
ent classification criteria and differences in age distribution. Indeed, only studies using 
the International Classification and Grading System for the diagnosis and classification of 
AMD are comparable (Bird et al., 1995). The prevalence of AMD appears to be similar in 
Caucasian populations from the USA, Australia and European countries, despite major 
geographical and lifestyle differences. In a meta-analysis performed in 2004 by Friedman 
et al., the prevalence rates for the late forms of the disease increased from less than 0.5% 
in subjects aged 50–60 years to 12–16% in people of at least 80 years. For early AMD, an 
increase from about 1.5% in Caucasians aged 40–49 years to more than 25% in those 
aged 80 years or more was reported (Friedman et al., 2004).
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With increasing age, the outer retina suffers alterations in cells and increased formation 
of extracellular deposits. Basal laminar deposits, composed of basement membrane pro-
teins, including long-spaced collagen located between the RPE and basement mem-
branes, are considered the precursors of AMD, emerging around the age of 40 years 
(Sarks et al., 2007). In addition, basal linear deposits, consisting of granular, vesicular or 
membranous lipid-rich material located externally to the basement membrane of the 
RPE, represent a specific marker of the disease (Curcio & Millican, 1999). These two types 
of deposits can only be found in pathological specimens and not by clinical evaluation. 
The combination of the deposits with secondary changes in the RPE results in the 
formation of drusen. Drusen are localized deposits of extracellular material (a core of gly-
coproteins, fragments of RPE cells, crystallins, apolipoproteins B and E, amyloid P and β, 
and complement factors) lying between the basement membrane of the RPE and the 
inner collagen layer of Bruch’s membrane (Ding et al., 2009; Crabb et al., 2002; Wang 
et al., 2009). Drusen change in size, shape, color, distribution and consistency with the 
passing of years (Gass, 1967). Small drusen (Figure 8.1) are defined as being less than 
63 μm in diameter (Bird et al., 1995), and are visible in ophthalmoscopy when their diam-
eter exceeds 25 μm, as dots ranging in color from white to yellow. The presence of small, 
hard drusen alone is not sufficient to diagnose early AMD, because these deposits are 
ubiquitous and not age dependent (Klein et al., 1997). On the other hand, soft drusen 
(Figure 8.2) are larger and associated with pigment epithelial detachment and diffuse 
abnormal Bruch’s membrane alterations. Soft drusen have tendency to cluster and 
merge, and when they become larger than 125 μm, the greater the area that they cover, 
the higher the risk of progression to late AMD becomes (Bressler et al., 1994; Sarks et al., 
1999; Gass, 1973). RPE degeneration and nongeographic atrophy of the RPE are charac-
terized by pigment mottling and stippled hypopigmentation associated with thinning of 
the neurosensory retina (Bressler et al., 1989). These findings are characteristic of early 
AMD and usually not associated with relevant visual loss.

Conversely, late AMD is characterized by visual loss owing to geographic atrophy 
(GA) of the RPE (dry AMD) and/or the development of choroidal neovascularization 
(wet AMD). Geographic atrophy (Figure 8.3) is clinically characterized by roughly oval 
areas of hypopigmentation, a consequence of RPE loss, allowing increased exposure of 
the underlying choroidal vessels. Loss of RPE cells leads to gradual degeneration of 

Figure 8.1 Small hard drusen (arrow) in fundus photograph (a) and fluorescein angiography (b).

(a) (b)
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photoreceptors and thinning of the retina that may extend to the outer plexiform and 
inner nuclear layers (Ding et al., 2009; de Jong, 2006). In neovascular AMD, also known 
as wet or exudative AMD (Figure 8.4), early choroidal neovascularization occurs under 
the RPE and eventually breaks through, enteing the space between the photoreceptors 
and RPE cells and growing laterally in the subretinal space (Grossniklaus & Green, 2004).

AMD is a complex disease occurring in older people, caused by the combination of 
genetic predisposition and environmental factors. The genetic component of the disease 
has been elucidated from family, twin and sibling studies (Smith & Mitchell, 1998; Luo 
et al., 2008). Many of these studies suggest that the genes involved in AMD lie on 
chromosomes 1 (1q25–31) and 10 (10q26) (Fisher et al., 2005). The identification of per-
sistent single changes, substitutions or variants of a single base with a frequency of greater 
than 1% in at least one population, that is, single nucleotide polymorphisms (SNPs), has 
shown tremendous progress in the elucidation of the genetics of AMD. Among the 
studied SNPs, the best available markers of AMD risk are in complement factor H (gene 

Figure 8.3 Geographic atrophy in infrared fundus image (a) and optical coherence tomography (b).  
Note an oval area of retinal pigment epithelium loss (arrow) associated with thinning of the 
neurosensorial retina (arrow) on the optical coherence tomography.

(a) (b)

Figure 8.2 Soft large drusen (arrow) on fundus photograph (a) and fluorescein angiography (b).

(a) (b)
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localized in 1q23–32), in age-related maculopathy sensitivity 2 (ARMS2) and high- 
temperature required factor A-1 (HTRA1) (genes located on 10q26). SNPs in these genes 
capture a substantial fraction of AMD risk and permit the identification of individuals at 
high risk of developing this disease (Thakkinstian et al., 2006; Fritsche et al., 2008; Launay 
et al., 2008).

Smoking is the most recognized environmental risk factor for AMD (Jager et al., 
2008). Most of the studies found that the risk of late AMD is multiplied by 2.5–4.5 in 
current smokers and a clear dose-dependent relationship was observed (Khan et al., 
2006; Chakravarthy et al., 2007; Tan et al., 2007; Mitchell et al., 2002). In contrast, asso-
ciations with early AMD, with smoking or other lifestyle conditions, are weaker in the 
vast majority of published studies (Khan et al., 2006; Chakravarthy et al., 2007; Tan et al., 
2007; Klein et al., 2002).

The exact pathogenesis of AMD is unknown, although oxidative stress is considered 
to comprise an important role in the mechanisms that lead to the onset of the disease. 
The role of nutrition and nutritional supplements has been raised by a number of obser-
vational and randomized clinical trials. Three main types of nutritional factors have 
been investigated for their potential protection against eye age-associated diseases: anti-
oxidants (mainly vitamins C and E and zinc), the carotenoids lutein and zeaxanthin, and 
omega-3 polynsaturated fatty acids. The results of the most important clinical trials 
concerning nutritional effects on AMD are presented and discussed later.

8.6.2.1 AREDS
As described earlier, AREDS is a randomized, double-masked, placebo-controlled clinical 
trial designed to evaluate the effect of vitamins C (500 mg) and E (400 IU), and β-carotene 
(15 mg), with or without zinc (80 mg) and copper (2 mg) as an adjuvant of zinc, on pro-
gression of AMD and cataract. The 4757 AREDS participants, aged 55–80 years, were 
followed for a mean period of 6.3 years. At the beginning of the study, 1117 of those 
enrolled had few if any drusen (Category 1), 1063 had extensive small drusen, pigment 
abnormalities or at least one intermediate size drusen (Category 2); 1621 had extensive 
intermediate drusen, GA not involving the center of the macula, or at least one large 
drusen (Category 3); and 956 had advanced AMD or visual acuity less than 20/32 owing 

Figure 8.4 Neovascular AMD. Note a subfoveal lesion of choroidal neovascularization with blood 
(arrow) in color fundus photograph (a); and retinal pigment epithelium detachment associated to 
subretinal (left arrow) and intraretinal fluid (right arrow) in the optical coherence tomography (b). 
(Color version of the figure is available in the online version.)

(a) (b)
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to AMD in one eye (Category 4). The results from AREDS demonstrated that treatment 
with zinc alone or in combination with anti-oxidants reduced the risk of progression to 
advanced AMD in participants in Categories 3 and 4. The risk reduction at 5 years for 
those taking anti-oxidants plus zinc was 25%, when compared with placebo group. The 
treatment effect appeared to persist following five additional years of follow-up after the 
clinical trial was stopped (Chew et al., 2013a). During the study, 407 participants without 
GA at baseline developed at least moderate GA (>360 μm) not necessarily involving the 
center of the macula. No significant difference among treatments with anti-oxidants, 
zinc or anti-oxidants plus zinc on AMD progression during the AREDS was reported 
(AREDS Research Group, 2001b).

8.6.2.2 AREDS2
As described earlier, the AREDS2 is a multicenter, randomized, double-masked, placebo-
controlled clinical trial, phase 3 study, conducted in 2006–2012, which enrolled 4203 
participants, aged 50–85 years, at risk for progression to advanced AMD with bilateral 
large drusen or large drusen in one eye and advanced AMD in the other eye. The partic-
ipants were assigned randomly to placebo, lutein (10 mg)/zeaxanthin (2 mg), omega-3 
fatty acids (DHA 350 mg and EPA 650 mg), or a combination of lutein/ zeaxanthin and 
omega-3 fatty acids. In addition, all of the participants were administered either the 
original AREDS formulation or some modification of the AREDS formulation (either 
elimination of β-carotene, lowering of the zinc, or a combination of the two; Chew et al., 
2012). Addition of lutein + zeaxanthin, DHA + EPA, or both to the AREDS formulation in 
primary analyses did not further reduce the risk of progression to advanced AMD (AREDS 
Research Group, 2013). More lung cancers were noted in the β-carotene vs no β-carotene 
group, mostly in former smokers (AREDS Research Group, 2013). In the analyses that 
used the entire population (>4000) to conduct the analysis of the main effects, that is, 
evaluating all those assigned to lutein/zeaxanthin (2123) vs those not assigned lutein/
zeaxanthin (2080), there was an additional 10% reduction in the risk of progression to 
advanced AMD in patients assigned to lutein/zeaxanthin vs those not assigned. When 
analyses were restricted to those with lowest dietary intake of lutein/zeaxanthin, there 
was a further reduction in the risk of advanced AMD in those patients in the lowest quin-
tile of dietary intake of carotenoids (Chew et al., 2014). In brief, the totality of evidence 
on beneficial and adverse effects from AREDS2 and other studies suggests that lutein/
zeaxanthin could be more appropriate than β-carotene in the AREDS-type supplements, 
particularly for former or current smokers. Supporting that, studies based on plasma 
levels also found a correlation between high levels of lutein/zeaxanthin in the plasma 
and low risk of AMD, for example the Pathologies Oculaires Liées à l’Age (POLA Study) 
and Gale and coworkers (Delcourt et al., 2006; Gale et al., 2003; Aslam et al., 2013). On 
the other hand, most large-scale epidemiologic observational studies, such as the Eye 
Disease Case–Control Study (USA), agree with the findings of beneficial effects of dietary 
intake of carotenoids (Seddon et al., 1994).

Various studies have demonstrated an increase in macular pigment with carotenoid 
intake (Weigert et al., 2011; Koh et al., 2004; Aslam et al., 2013), but some results from 
epidemiological studies have been contradictory, for example the Rotterdam study 
showed a decreased risk for AMD in subjects with high dietary intakes of β-carotene, 
vitamins C and E and zinc (van Leeuwen et al., 2005), while the Physicians’ Health Study 
failed to show any marked benefits for vitamin C or E (Christen et al., 1999).
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Interestingly, data from the USA differ from those from Europe, which could be 
explained by differences in nutritional patterns or supplement intake. For example, in 
the USA the majority of the participants in AREDS study used vitamin supplements in 
addition to the supplementation tested in the study (AREDS Research Group, 2001a). 
The mean baseline plasma vitamin C concentration was 62 μmol/l in AREDS-enrolled 
patients, whereas it was 31.6 μmol/l in men and 40.5 μmol/l in women participating in 
the POLA Study, performed in France (AREDS Research Group, 2001a; Birlouez-Aragon 
et al., 2001). The values of the POLA study were quite similar to those of the EUREYE 
Study performed in seven European countries (Fletcher et al., 2008).

Regarding the effect of intake of omega-3 fatty long-chain polyunsaturated acids in 
preventing or slowing the progression of AMD, a Cochrane database review published in 
2012, in accordance with AREDS2 results concluded that there is currently no evidence 
to support increasing levels of omega-3 fatty acids in the diet for the explicit purpose of 
preventing or slowing the progression of AMD (Lawrenson & Evans, 2012). The systematic 
review of prospective studies of dietary intake found no evidence that diets high in anti-
oxidant vitamins prevent AMD (Evans & Lawrenson, 2012; Chong et al., 2007).

8.7 Nutrigenomics

Nutrigenomics is a novel field of research focused on the interactions between genetic 
variability and nutritional factors, and represents a new challenge in accounting for 
interindividual variations in disease susceptibility and potential responses to nutritional 
supplementation (anti-oxidants, minerals) (Delcourt, 2007). AREDS Caucasian patients 
with category 3 disease in one eye and category 1–4 disease in the other eye at enrollment 
were evaluated for known AMD genetic risk markers and treatment category. Over an 
average of 10.1 years, individuals with one or two complement factor H (CFH) risk alleles 
derived maximum benefit from anti-oxidants alone. In these patients, the addition of 
zinc negated the benefits of anti-oxidants. On the other hand, patients with ARMS2 risk 
alleles derived maximum benefit from zinc-containing regimens, with a deleterious 
response to anti-oxidant supplementation. These results demonstrate that individuals 
homozygous for CFH and ARMS2 risk alleles derive no benefit from any category of 
AREDS treatment. On the other hand, patients with no CFH risk alleles and with one or 
two ARMS2 risk alleles derive maximum benefit from zinc-only supplementation (Awh 
et al., 2013). These findings need to be confirmed in larger clinical trials, but these recom-
mendations may lead to an improvement of outcomes through genotype-directed 
therapy (Awh et al., 2013).

8.8 Conclusions

The eye, an organ particularly exposed to light, is probably the ideal model in which to 
study the biological effects of oxidative stress. Moreover, the eye’s accessibility to study 
and the development of new noninvasive techniques allow the possibility of easily fol-
lowing pathologies related to ageing and oxidative stress.

Several laboratory and animal studies have suggested that micronutrient supplemen-
tation could be useful in slowing the development and progression of cataract and AMD. 
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Additionally, nutritional intervention in these diseases has been extensively evaluated 
with observational studies. Despite some contradictory findings, results from observa-
tional studies have provided the rational for interventional studies.

Concerning cataract, the data from randomized clinical trials have mostly failed to 
demonstrate beneficial effects of nutritional supplements for the either the prevention or 
the treatment of this disease. Regarding AMD, the AREDS study demonstrated that the 
AREDS formulation that included vitamins C and E, β-carotene and zinc reduced the 
progression to advanced AMD by 25% over 5 years in persons with bilateral large drusen 
or in persons with large drusen in one eye and advanced AMD in the fellow eye. This is 
one of the few nutritional supplements known to have beneficial effects in any eye dis-
ease. However, other nutrients, such as omega-3 fatty acids, failed to demonstrate any 
beneficial effect and the results of lutein/zeaxanthin supplementation need to be further 
investigated.

New evidence related to genetic information may also be relevant to evaluating differ-
ent patterns of response and explaining differences found among individuals. The patho-
genesis of these two age-related pathologies is not yet completely understood, considering 
that the progression of the diseases is slow, and that randomized multicenter clinical trials 
in these entities are long, expensive and difficult to perform and analyze. However, even 
a modest protective effect on the progression of these diseases would have a significant 
impact on patient welfare and on the burden related to cataract and AMD.
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9.1 Introduction

The relationship between nutrition and the effect on skin ageing has become an   
interesting topic that is exciting researchers, clinicians and the general population world-
wide (reviewed in Krutmann & Humbert, 2011; Preedy, 2012). Increase in life expectancy 
has emerged as a new preoccupation for industrial countries and for nutritional science, 
and one of the challenges is to offer new strategies to improve the quality of human life 
(Piccardi & Manissier, 2009). Skin functions and healthy appearance depend on a 
sufficient supply of essential nutrients. In this context, nutritional supplements are used 
to optimize diet and to improve quality of life. In addition to the traditional use of topical 
skin care, nutritional supplements have emerged as a new strategy to improve skin 
beauty. Many attempts have been made to improve skin health and beauty by changing 
or by supplementing the diet (Burton, 1989). Vitamins, including carotenoids and 
tocopherols, flavonoids, minerals, fatty acids and a variety of plant extracts have been 
reported to possess potent anti-oxidant properties and have been widely used in the skin 
care industry in an attempt to prolong youthful skin appearance. Intervention studies 
indicate that it is possible to manipulate and to delay skin ageing and to improve skin 
condition through supplementation with selected nutritional supplements.

Skin ageing results from two independent distinct factors, the effects of which can be 
clearly distinguished at a clinical, histological and molecular level: intrinsic (genetic, 
endocrinologic) and extrinsic (environmental) factors. The general ageing process, which 
is a genetically determined loss of cell function and occurs by passing time alone, is called 
the intrinsic skin ageing process, whereas the skin ageing process induced by environ-
mental factors, mainly chronic sun exposure and ultraviolet (UV) irradiation but also 
smoking and pollution, is called the extrinsic skin ageing process (Vierkötter & Krutmann, 
2012). Kligmann coined the term “photoageing” to describe the modifications that occur 
in skin after years of exposure to UV radiation (Kligmann & Kligmann, 1986). In sun-
exposed skin, the ageing process is accompanied by enhanced cumulative oxidative 
damage; as a consequence, collagen fibrils become disorganized and their synthesis 
decreases, while skin levels of type I and III collagen precursors and cross-links are 
reduced and an abnormal quantity of elastin-containing material accumulates in tissue 
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(Morganti, 2012). Photooxidative stress is involved in processes of photoageing and 
 photocarcinogenesis, and plays a major role in the pathogenesis of photodermatoses 
(Krutmann, 2000). The prevention of oxidative damage to cells and tissue and the repair 
of UV-dependent damage may be supported by molecules that are capable of inducing 
suitable repair systems: the anti-oxidants. They act as scavengers of reactive oxygen 
species generated in primary or secondary reactions following UV irradiation. Naturally 
human skin has endogenous enzymatic and nonenzymatic anti-oxidants. However, with 
ongoing ageing and environmental influences, the body’s endogenous anti-oxidative 
defenses attenuate and the production of reactive oxygen species increases (discussed in 
Chapter 1; Wu et al., 2012). Moreover, changes in personal lifestyles over the years have 
led to a significant increase in sunlight exposure and this had led to a surge in the inci-
dence of skin cancer and photoageing.

Prevention of skin ageing is of constantly increasing importance to the general 
population; therefore in recent years, the concept of photoprotection has gained attention 
as the mainstay of skin protective strategies and a viable approach to reducing the occur-
rence of skin cancer and photoageing. Based on their structural features, promising can-
didates for endogenous photoprotection in humans are found among the anti-oxidant 
micronutrients, including carotenoids, tocopherols, flavonoids and other polyphenols, as 
well as vitamins C and E, essential omega-3-fatty acids, some proteins and lactobacilli 
(Sies & Stahl, 2004), which have been described as agents capable of promoting skin 
health and beauty. It has already been shown that nutrition-based anti-skin-ageing strat-
egies are most effective if they are directed against extrinsic skin ageing (Marini, 2011; 
Krutmann, 2011). Human studies have underlined the possibility of preventing or at 
least minimizing photoageing by external use of efficient sunscreens or by the internal 
use of nutraceuticals (reviewed in Krutmann & Humbert, 2011; Morganti, 2012). 
Photoprotection obtained from nutrients is well documented. The most frequent damage 
induced by UV exposure is sunburn, and evidence of sunburn prevention by nutritional 
supplementation has been widely reported.

The modern idea of sun-protecting products is to combine a “passive” protection with 
a UV filter and an “active” protection with an anti-oxidant. Modern sunscreen products 
therefore frequently combine UV filters with one or more biologically active molecules 
that provide photoprotection through a mechanism that is not based on the absorption 
or reflection of UV rays and thus are completely different from UV filters (Krutmann & 
Yarosh, 2006). Rona and Berardesca (2008) suggested that a complete approach to der-
mocosmetic conditions could involve the correct association of a topical treatment with 
an oral one on the basis of their synergy (Rona & Berardesca, 2008). The development of 
novel active compounds for skin photoprotection is a highly innovative and dynamic 
field (Krutmann & Yarosh, 2006). The group of molecules being used as active com-
pounds, with diverse target points for photoprotection, is heterogeneous and constantly 
growing. There is an increasing number of products marketed in the European Community 
as foods containing concentrated sources of nutrients and presented for supplementing 
the intake of those nutrients from the normal diet. According to the European Directive 
2002/46/EC, “food supplements means foodstuffs the purpose of which is to supplement 
the normal diet and which are concentrated sources of nutrients or other substances with 
a nutritional or physiological effect, alone or in combination, marketed in dose form, 
namely forms such as capsules, pastilles, tablets, pills and other similar forms, sachets of 
powder, ampoules of liquids, drop dispensing bottles, and other similar forms of liquids 
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and powders designed to be taken in measured small unit quantities” (Karajiannis & Fish, 
2011). Today, nutritional supplements with cosmetic aims have a broad spectrum of 
ingredients, including four principal categories: carotenoids, vitamins, polyunsaturated 
fatty acids (PUFAs) and others (Morganti, 2012). Different names are used to identify 
these supplements, such as endocosmetics and nutricosmeceuticals (Rona & Berardesca, 
2008). The objective of this work is to review the most interesting anti-oxidants and their 
properties, which have drawn attention for their unique anti-ageing effects, and particu-
larly the photoprotective effects of nutrients. Table 9.1 summarizes the most important 
nutrients and their major sources.

Table 9.1 The most important nutrients and their major sources.

Nutrients Major sources References

Vitamins Vitamin C Fresh fruit and vegetables, e.g. citrus 
fruit, kiwi, blackcurrant, tomatoes, 
rosehip, guava, chilli pepper oand 
parsley

Schagen et al. 
(2012)

Vitamin E Vegetables, oils, seeds, nuts, corn,  
soy, whole wheat flour, margarine, 
some types of meat and dairy 
products

Wu et al. 
(2012)

Carotenoids β-Carotene Fresh fruit and vegetables, e.g. 
carrots, pumpkin, sweet potatoes, 
mangos and papaya

Stahl (2011a)

Lycopene All tomato products, watermelon, 
guava, rosehips, and pink grapefruit

Stahl (2011a)

Astaxanthin Microalgae, yeast, salmon, trout,  
krill, shrimp, crayfish and crustacean

Schagen et al. 
(2012)

Retinol Liver, milk, egg yolk, cheese and fatty 
fish

Schagen et al. 
(2012)

Vitamin D Animal-based foods, e.g. fatty fish 
and egg yolk. Some products like  
milk, cereals and margarine can be 
enriched with vitamin D

Schagen et al. 
(2012)

Polyphenols and 
flavonoids

Fruit, vegetables, cereals, chocolate, 
dry legumes and plant-derived 
beverages such as fruit juices, tea, 
coffee and red wine

Schagen et al. 
(2012)

Poly unsaturated 
fatty acids

Fish and shellfish, flaxseed, hemp oil, 
soya oil, canola oil, chia seeds, 
pumpkin seeds, sunflower seeds,  
leafy vegetables, walnuts, sesame 
seeds, avocados, salmon and  
albacore tuna

Schagen et al. 
(2012)

Pre- and probiotics Prebiotics Soybeans, inulin sources (such as 
Jerusalem artichoke and chicory  
root), raw oats, unrefined wheat, 
unrefined barley and yacon

Marini & 
Krutmann 
(2012)

Probiotics Live yoghurts, fermented dairy  
drinks, cheese, fromage frais and  
fruit juices

Marini & 
Krutmann 
(2012)
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9.2 Vitamins

9.2.1 Vitamin C (l-ascorbic acid)
l-Ascorbic acid, also called vitamin C, is the most widely known vitamin and an essential 
micronutrient, required for multiple biological functions. Vitamin C is included in nutra-
ceutical supplements to reduce skin photodamage, rebalance free radical-mediated path-
ologic processes and prevent photoageing (Morganti, 2012).

Vitamin C is not naturally synthesized by the human body and therefore an adequate 
dietary intake is required and essential for a healthy human diet. The richest natural 
sources are fresh fruit and vegetables, such as citrus fruit, kiwi, blackcurrant, tomatoes, 
rosehips, guava, chilli pepper and parsley (Schagen et al., 2012).

Vitamin C plays an important role in skin biology, contributing to the formation of 
an efficient skin barrier and fibroblast proliferation and therefore essential for the 
maintenance of normal connective tissue as well as for wound healing (Marini, 2012). 
By stimulating collagen synthesis it improves the elasticity of the skin, thereby 
reducing wrinkles (Duarte & Almeida, 2012). The most commonly described cuta-
neous manifestations accompanying vitamin C deficiency are attributed to impaired 
collagen synthesis (Schagen et al., 2012). Enlargement and keratosis of hair follicles 
and damaged hair have been described (Schagen et al., 2012). Additionally, vitamin C 
deficiency is known to cause scurvy, a disease with symptoms such as capillary/
vascular fragility, skin lesions, gum bleeding, ease of developing bruises and slow 
wound healing (Krutmann, 2000).

Ascorbic acid is considered to be one of the most powerful and least toxic natural 
anti-oxidants; it can scavenge deleterious free radicals that contribute to the process of 
skin ageing. Therefore it is used in cosmetic and dermatological products (Humbert et al., 
2012).

Topically Vitamin C is used in various cosmetic products, for example, for lightening 
skin dyspigmentation and in anti-ageing and sun-protection formulations. It is efficient 
in protecting against UVB radiation. It reduces the sunburn reaction and prevents the 
formation of thymine dimers, thus preventing DNA damage (Placzek et al., 2005). Placzek 
et al. (2005) observed in a long-term study the effects of a combination of ascorbic acid 
and vitamin E administered orally to human volunteers on UVB-induced epidermal 
damage. The major direct DNA damage induced by UV exposure is the release of cyclobu-
tane pyrimidine dimers (thymine dimers and 6–4 photoproducts; Piccardi & Manissier, 
2009). Placzek et al. (2005) showed that oral administration of vitamins C (2 mg/day) and 
E (1000 IU/day) for 3 months had a protective effect against UV-induced thymine dimers. 
In line with this, Morganti et al. (2002) compared in an 8 week study topical and systemic 
anti-oxidants treatment, which both seemed to be good photoprotectants.

Furthermore, the ability of vitamin C to suppress skin pigmentation via the inhibition 
of tyrosinase activity in melanocytes makes it a useful whitening agent (Duarte & Almeida, 
2012). However, the use of vitamin C in cosmetic products is difficult as its reducing 
capacity decays very rapidly and there seem to be many products in which the desired 
effects are not measurable (Wang et al., 2011). Ascorbic acid is an unstable compound in 
aqueous solution; thus its oral administration could represent an alternative to topical 
application, benefiting from increased stability and less dependence on the vehicle (Duarte 
& Almeida, 2012).
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9.2.2 Vitamin e (tocopherol)
The term “vitamin E” is a generic description for all tocopherol and tocotrienol deriva-
tives (Traber & Sies, 1996). This group of compounds is highly lipophilic, and thus oper-
ative in membranes or lipoproteins. Their most important anti-oxidant function appears 
to be the inhibition of lipid peroxidation, scavenging lipid peroxyl radicals to yield lipid 
hydroperoxides and a tocopheroxyl radical (Brigelius-Flohe & Traber, 1999; Liebler, 
1993). Vitamin E stabilizes cell membranes and protects tissues that are more sensitive to 
oxidation, such as the skin. Moreover, it helps in the preservation of other molecules, 
such as vitamin A, and prevents the oxidation of some hormones (Cassano, 2012). 
Natural sources of vitamin E include vegetables, oils, seeds, nuts, corn, soy, whole wheat 
flour, margarine, types sorts of meat and dairy products (Wu et al., 2012). The intake of 
natural vitamin E products helps prevent collagen cross-linking and lipid peroxidation, 
which are both linked to ageing of the skin (Schagen et al., 2012).

Vitamin E has been used in the healing of wounds of skin and photoprotection against 
sunburn, photocarcinogenesis, photoimmunoinhibition and changes in the dermal 
immunostimulation (Baumann, 2009). Many clinical trials have demonstrated the effects 
of tocopherol. The data seem to be controversial, but in 2001, Boelsma et al. (2001) 
reviewed the effects of vitamins, including carotenoids and fatty acid supplements, in 
optimizing skin condition and preventing skin diseases, and concluded that nutritional 
factors show potential beneficial actions on the skin and that high doses of oral vitamin 
E may affect the response to UVB in humans.

α-Tocopherol is the predominant isoform of vitamin E in humans and animals. It 
removes free radical intermediates and prevents oxidation reactions (Wu et al., 2012). 
However, tocotrienol have been shown to have higher anti-oxidant, anticancer and neu-
roprotective properties. Yamada et al. (2008) observed that dietary tocotrienols protect 
the skin against damage produced by UVB in hairless mice.

Oral combination treatments of vitamins C and E increase the photoprotective effects 
compared with monotherapies. In a study with 12 volunteers, vitamin C was supple-
mented at 500 mg/day over a period of 8 weeks, and the erythemal response following 
UV-exposure was followed (McArdle et al., 2002). Supplementation with only vitamin C 
had no effect on “sunburn threshold” or minimal erythemal dose (MED). In a study 
investigating the cooperative activity of both compounds vitamin E and vitamin C against 
UV-induced erythema (Fuchs & Kern, 1998), four treatment groups were followed over 
a period of 50 days. RRR-α-tocopherol and ascorbate were supplemented as single com-
ponents at dose levels of 2 and 3 g/day, respectively. With the combination, 2 g/day of  
α-tocopherol plus 3 g/day of ascorbate were administered; controls remained without 
treatment. After treatment with the combination of both vitamins the MED was signifi-
cantly increased from about 100 mJ/cm2 before to about 180 mJ/m2 after supplementa-
tion. Treatment with the single compounds provided only moderate protection, which 
was not statistically significant.

Short-term intervention with high doses of vitamins E and C provides some protection. 
When vitamin E was ingested at 1000 IU together with 2 g ascorbic acid/day over a period of 
8 days, a minor increase in MED was determined (Eberlein-König & Placzek, 1998). 
Furthermore, vitamins E and C prevent phototoxic damage like UV-dependent erythema, 
the formation of sunburn cells, lipid peroxidation and DNA damage, as shown in several 
studies (Fuchs, 1998; McVean & Liebler, 1999). Cesarini et al. (2003) demonstrated that  
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α-tocopherol together with β-carotene, lycopene and selenium significantly reduced lipo-
peroxide levels, UV-induced erythema and sunburn cells. Therefore the experts recommend 
that the synergetic interplay of several anti-oxidants should be taken into consideration.

9.2.3 Vitamin B6
Vitamin B

6
 is a water-soluble vitamin and is part of the vitamin B complex group. Three 

forms of the vitamin are known, pyridoxine, pyridoxal and pyridoxamine. All three forms 
are precursors of an activated compound known as pyridoxal phosphate. This active form 
is a cofactor in many reactions of amino acid metabolism, including transamination, 
deamination and decarboxylation (Kato, 2012). Vitamin B

6
 is obtained from various die-

tary sources (cereals, meat, fish, poultry, soy and some fruit such as bananas and avocado; 
Kato, 2012).

Vitamin B
6
 was discovered as an antidermatitis factor. Additionally, it has been 

reported to have a strong anti-oxidant effect like a singlet oxygen quencher (Bilski et al., 
2000) and to prevent lipid peroxidation (Kannan & Jain, 2004). Therefore, vitamin B

6
 is 

believed to be essential for skin development and maintenance.
The discovery of potential functions of vitamin B

6
 as an anti-oxidant awakened 

interest in its protective roles. Recent growing evidence, however, has suggested that 
excessive doses can cause phototoxicity and adverse effects (Kato, 2012).

Kitazawa et al. (2005) examined the protective effects of an anti-oxidant derived from 
serine and vitamin B

6
 on skin photoageing in hairless mice and they indicated the 

combination to be promising for the prevention of chronic skin photoageing. On the 
other hand, Lu et al. examined the effect of low dietary vitamin B

6
 levels on UVB-induced 

skin tumorigenesis in hairless mice and found an exacerbation, suggesting that an inter-
action between vitamin B

6
 and UV-radiation might be responsible for higher levels of 

carcinogenic processes in skin (Lu et al., 2008). Wondrak et al. (2004) reported that 
vitamin B

6
 has a strong cytotoxic effect after UV-irradiation in the cell culture system of 

human skin fibroblasts. Further research is essential to understand the mechanism of 
phototoxicity of vitamin B

6
 and to define its use in the clinical practice.

9.2.4 Carotenoids
The carotenoids are examples of dietary constituents with beneficial effects on skin 
health. Carotenoids are vitamin A derivates such as β-carotene, astaxanthin, lycopene 
and retinol, which are all highly effective anti-oxidants and able to neutralize singlet 
oxygen and peroxyradicals. These compounds have been documented to possess photo-
protective properties (Marini, 2011; Krutmann & Yarosh, 2006) and represent a class of 
lipophilic secondary plant components, and are among the most widespread natural col-
orants, with β-carotene as the most frequently applied endogenous sun protectant. Fruit 
and vegetables provide most of the carotenoids in the human diet with a mean daily 
intake of about 5 mg total carotenoids per day, as measured in Germany (Pelz et al., 1998). 
Based on epidemiological observations, fruit and vegetables that are rich sources of carot-
enoids are thought to provide health benefits by decreasing the risk of various diseases 
(Stahl, 2011a). β-Carotene (from 15 to 180 mg/day) and lycopene (up to 10 mg/day), two 
efficient singlet oxygen quenchers, have been shown to prevent sunburn in humans 
(Köpcke & Krutmann, 2008; Stahl et al., 2001; Sies & Stahl, 2004; Stahl, 2011a). Among 
the carotenoids, lycopene is the most efficient singlet oxygen quencher. When skin is 
exposed to UV light stress, more skin lycopene is destroyed compared with β-carotene, 
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suggesting that lycopene has a role in mitigating oxidative damage (Ribaya-Mercado 
et al., 1995). All tomato products are the major source of lycopene for the human 
organism. Further sources are watermelon, guava, rosehips and pink grapefruit.

Carrots, pumpkin, sweet potatoes, mangos and papaya are some examples of  
β-carotene-containing fruit and vegetables. Upon dietary supplementation, β-carotene 
can be further enriched in the skin, in which it is already a major carotenoid (Alaluf et al., 
2002). β-Carotene is an endogenous photoprotector, and its efficacy has been demon-
strated in various trials (Sies & Stahl, 2004; Köpcke & Krutmann, 2008). In an interven-
tion study with β-carotene it was shown that protection against UV-induced erythema 
can be achieved (Stahl et al., 2000). The efficacy of β-carotene in systemic photoprotec-
tion depends on the duration of treatment and on the dose.

A number of recent studies in humans have shown that oral uptake of mixed 
 carotenoids also has photoprotective effects. In healthy volunteers, a 12-week oral 
administration of at least a total of 12 mg of carotenoids per day results in a reduction of 
UV-induced erythema for more than 7 weeks (Stahl et al., 2000). Similar effects have 
been described in volunteers receiving a lycopene-rich diet (Stahl & Sies, 2002). In order 
to investigate whether a diet rich in carotenoids is useful for photoprotection, tomato 
paste was selected as a dietary source containing high levels of lycopene (Gärtner et al., 
1997). To improve absorption, olive oil was co-ingested with the paste (20 g/day), 
providing 16 mg lycopene per day. Dietary intervention was performed over a period of 
10 weeks, after which increased lycopene levels in serum and skin were determined. 
After 10 weeks of intervention, erythema formation was significantly lower in the group 
consuming the tomato paste compared with control (Stahl et al., 2001), but no significant 
protection was found at week 4 of treatment. The data show that protection against 
UV-induced erythema can be achieved by a modulation of the diet. A combination of 
lycopene (6 mg), vitamin C (60 mg) and soy isoflavones (50 mg) has been shown to main-
tain skin density and improve skin firmness, microrelief, hydration and tone in postmen-
opausal women (Dréno, 2003).

In addition to the traditional carotenoids, other emerging ingredients are gaining in 
popularity. Astaxanthin is found in microalgae, yeast, salmon, trout, krill, shrimp, crayfish 
and crustacean (Schagen et al., 2012). It prevents UVA-induced alterations in cellular 
superoxide dismutase activity (Lyons & O’Brien, 2002). Camera et al. (2009) showed in 
cultured human dermal fibroblasts significant photoprotection from a combination of 
astaxanthin, canthaxanthin and β-carotene (Camera et al., 2009). The uptake of astaxan-
thin by fibroblasts was higher than that of canthaxanthin and β-carotene, which led to 
the assumption that the effect of astaxanthin toward photooxidative changes was stronger 
than that of the other substances. In addition, Suganuma et al. (2010) showed that astax-
anthin could interfere with UVA-induced matrix-metalloproteinase (MMP)-1 and skin 
fibroblast elastase/neutral endopeptidase expression.

Retinol is a fat-soluble unsaturated isoprenoid essential for the growth, differentiation 
and maintenance of epithelial tissues. Natural retinol and retinol ester are contained in 
liver, milk, egg yolk, cheese and fatty fish. Topical retinoid inhibits the UV-induced, 
MMP-mediated breakdown of collagen and protects against UV-induced decreases in 
procollagen expression (Fisher et al., 1997, 2000). Oral treatment with retinol or retinal 
derivatives has not been yet proposed as a possible anti-ageing treatment. It should be 
noted that the large CARET trial (the Beta-Carotene and Retinol Efficacy Trial) reported 
the lung cancer-promoting effects of 25,000 IU retinyl palmitate combined with 30 mg 
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β-carotene intake (Omenn et al., 1996). Thus, the belief that chemical quenching of free 
radicals by natural compounds exerts always beneficial effects has been challenged and it 
is important to consider that the systemic increase of anti-oxidants by dietary supple-
mentation may also lead to adverse effects.

9.2.5 Vitamin D
Vitamin D is a group of fat-soluble secosteroids responsible for enhancing intestinal 
absorption of calcium, iron, magnesium, phosphate and zinc. In humans, the most 
important compounds in this group are vitamin D3 (also known as cholecalciferol) and 
vitamin D2 (ergocalciferol). Vitamin D acts as a pro-hormone and the human body can 
synthesize it itself through sun exposure, therefore, the skin is the major source of 
vitamin D. Smaller amounts of vitamin D2 and D3 come from the dietary intake of ani-
mal-based foods such as fatty fish or egg yolk. Some products like milk, cereals and mar-
garine can be enriched with vitamin D (Schagen et al., 2012).

Numerous functions of the skin are regulated by vitamin D, such as inhibition of cell 
proliferation, stimulation of cell differentiation, including formation of the permeability 
barrier, promotion of innate immunity, regulation of the hair follicle cycle, and suppres-
sion of tumor formation (Bikle, 2012). Several in vitro and in vivo studies have docu-
mented the protective effect of 1-α,25-dihydroxyvitamin D3 against UVB-induced skin 
damage and carcinogenesis (De Haes et al., 2005; Dixon et al., 2005). It should be men-
tioned that the long-term intakes of vitamin D above the upper recommended intake 
levels can result in adverse health effects (Schagen et al., 2012).

9.3 polyphenols and flavonoids

Because of their anti-oxidant properties and the increasing studies showing their probable 
role in the prevention of various diseases associated with oxidative stress, polyphenols 
have drawn the attention of the anti-ageing researchers over the last decade. Polyphenols 
can be divided into many different functional groups such as phenolic acids, flavonoids, 
stilbenes and lignans (Manach et al., 2004). Polyphenols are mostly found in fruit, vege-
tables, cereals, chocolate, dry legumes and plant-derived beverages such as fruit juices, 
tea, coffee and red wine (Schagen et al., 2012).

Polyphenols such as green tea polyphenols, grape seed proanthocyanidins, resvera-
trol, silymarin and genistein, combined with sunscreen protection, have the ability to 
protect the skin from the adverse effects of UV radiation (Nichols & Katiyar, 2010).

Flavonoids comprise a group of secondary plant pigments that are used in cosmetics 
and dermatology. In addition to anti-oxidant properties, they exhibit other biological 
activities that probably contribute to their cutaneous effects. Flavonoids and flavonoid-
rich products can protect skin against UV-induced damage at the molecular and cellular 
level and may also improve overall skin quality. Regular intake confers significant photo-
protection and helps maintain skin health by improving skin structure and function 
(Stahl, 2011b). Among the flavonoids that have received attention for their photoprotec-
tive qualities, green tea has recently gained prominence for the health benefits observed 
in some, although not all, epidemiological studies. Green tea is made from unfermented 
leaves of the plant Camellia sinensis. Green tea polyphenols (GTP) act as potent anti- 
oxidants and offer protection against UVB-induced stress (Wu et al., 2012). Treatment of 
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cultured cells with EGCG (epigallocatechin gallate), a major polyphenolic constituent of 
green tea, directly inhibits the baseline expression of MMPs, such as MMP-2, MMP-9 and 
neutrophil elastase, even in the absence of UV exposure (Stahl & Mukhtar, 2006). Oral 
administration of green tea to mice as a sole source of liquid remarkably inhibited 
UV-induced expression of MMPs in mouse skin, suggesting that GTP has a potential anti-
photoageing effect (Vayalil & Mittal, 2004). Treatment with EGCG diminishes UVA-
induced skin damage (roughness and sagginess) and protects against the loss of dermal 
collagen in hairless mouse skin, and also blocks the UV-induced increase of collagenase 
mRNA level and the promoter-binding activities of activator protein 1 (AP-1) and nuclear 
factor κ-light chain enhancer of activated B cells in cultured human epidermal fibroblasts 
(Kim & Hwang, 2001).

Polyphenols provided by the ingestion of high-flavanol cocoa (326 mg/day) reduced 
UV-induced erythema (Heinrich et al., 2006). Polypodium leucomotos (7.5 mg/kg body 
weight), a tropical fern plant used traditionally in Central America for the treatment of 
anti-inflammatory disorders, has also been shown to counteract the erythematogenic 
effect of UV exposure (Middelkamp-Hup et al., 2004).

Phlorizin, a type of flavonoid belongs to the group of dihydrochalcones, and it can be 
found in the bark of pear (Pyrus communis), apple, cherry and other fruit trees. It has been 
used for over 150 years but its anti-ageing effects have only been reported recently 
(Schagen et al., 2012).

Other polyphenols have been described to have potent anti-oxidant properties. 
Among them silymarin, genistein, and the nonflavonoids resveratrol and curcumi, have 
been demonstrated to have beneficial effects on skin ageing parameters.

Silymarin is a naturally polyphenolic flavonoid isolated from the milk thistle plant 
(Silybum marianum L. Gaertn), and is a mixture of several flavonolignans, including silybin, 
silibinin, silidianin, silychristin and isosylibin (Wagner et al., 1974). The anti-oxidant effects 
of silymarin in mouse models have been established, and silybin is the main constituent 
responsible for these effects (Wagner et al., 1974). Silymarin is effective against burn-
induced oxidative damage and morphological alterations in rat skin (Toklu et al., 2007).

Genistein and daidzein are isoflavones that have anti-oxidative and photoprotective 
effects (Wu et al., 2012). Soybeans are a rich source of isoflavones, but these can also be 
found in Ginkgo biloba extract, Greek oregano and Greek sage. Genistein preserves cuta-
neous cell proliferation and repair mechanisms, and exerts photoprotective effects against 
acute UVB irradiation-induced damage on reconstituted skin (Moore et al., 2006).

Resveratrol (trans-3,4′,5-trihydroxystilbene), is a polyphenolic phytoalexin found 
largely in the skin and seeds of grapes, nuts, fruit and red wine. It has been the subject of 
intense interest in recent years owing to its range of unique anti-ageing properties 
 (discussed in Chapter 2; Schagen et al., 2012). Resveratrol is a potent anti-oxidant with 
anti-inflammatory and antiproliferative properties (Tsai et al., 1999). Moreover, it has 
been suggested to protect skin from UV-induced photodamage and photoageing 
(Baumann, 2009). Resveratrol imparts its protective effects against multiple UVB 
exposure via modulations in the cki–cyclin–cdk network (cyclin kinase inhibitors, cyclins 
and cyclin-dependent kinases) and MAPK (mitogen-activated protein kinase) pathway 
(Reagan-Shaw et al., 2004).

Curcumin is a dietary pigment from the plant Curcuma longa and has been shown to 
protect against the deleterious effects of injury on skin by attenuating oxidative stress and 
suppressing inflammation (reviewed in Heng, 2010).
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9.4 polyunsaturated fatty acids

PUFAs are categorized into omega-3, omega-6 and omega-9 families (Morganti, 2012). 
Omega-3 PUFAs are derived from linolenic acid, and omega-6 are derived from linoleic 
acid (Schagen et al., 2012). They are present in multiple food sources, such as fish and 
shellfish, flaxseed, hemp oil, soya oil, canola oil, chia seeds, pumpkin seeds, sunflower 
seeds, leafy vegetables, walnuts, sesame seeds, avocados, salmon and albacore tuna 
(Schagen et al., 2012). Using nutrients such as omega-3 PUFAs for the promotion of skin 
health and treatment of skin disorders is a novel concept (Marini, 2011). Scientific studies 
have drawn attention to the anti-ageing properties of α-linolenic acid showing a link 
 between inflammation and skin ageing (Morganti, 2012; Giacomoni, 2005) and its 
protective activity on these conditions (Kim et al., 2006). The fatty acids have an anti-
oxidant, free radical-scavenging effect. Therefore, eicosapentaenoic acid (omega-3 PUFA) 
may provide significant protection against UV radiation-induced erythema (Boelsma et al., 
2001). In a clinical study, 10 subjects enriched their diets daily with fish oil containing 2.8 g 
eicosapentaenoic acid (EPA) and 1.2 g docosahexaenoic acid (DHA) and 10 other subjects 
received a placebo (Orengo et al. 1992). After 4 weeks, a small but statistically significant 
increase in the MED was seen in the fish-oil group (Orengo et al. 1992). In line with this, 
dietary supplementation with 10 g/day fish oil (18% EPA and 12% DHA) increased MED 
(Rhodes et al., 1994). The effect of fish oil on UV-induced inflammation may be partially 
explained by its ability to reduce prostaglandin E2 levels (Rhodes et al., 1995).

9.5 pre- and probiotics

Thanks to the recent advances in microbiology and immunology, immense progress has 
been made in our understanding of the cutaneous microflora (reviewed in Krutmann, 
2009). Preservation of the microflora is a means of maintaining healthy skin functions, and 
because of their role in skin health and disease, the maintenance or restoration of healthy 
skin microbiota has become the aim of modern therapies (Krutmann, 2009). Pre- and pro-
biotics have been suggested as important applications of such therapies and in the last few 
years have achieved scientific popularity as safe and effective agents to regulate the body’s 
micro-environment and skin health (Marini & Krutmann, 2012). A constantly growing 
body of literature exists concerning their relevance in cosmetic and dermatology (reviewed 
in Marini & Krutmann, 2012). Most of these examples deal with the oral administration of 
food-grade products, but recently their use in cosmetic products applied directly to the skin 
has been proposed. While prebiotics rebalance the skin microflora, probiotic topic treatments 
consist of applying an inactivated microbial biomass to the skin (Marini & Krutmann, 2012).

Gibson and Roberfroid in 1995 introduced the concept and defined prebiotics as 
“non-digestible food ingredients that beneficially affect the host by selectively stimulating 
the growth and/or activity of one, or a limited number of, bacteria in the colon” (Gibson 
& Roberfroid, 1995). Traditional dietary sources of prebiotics include soybeans, inulin 
sources (such as Jerusalem artichoke and chicory root), raw oats, unrefined wheat, unre-
fined barley and yacon (Marini & Krutmann, 2012). In line with the concept of a prebi-
otic, it is believed that some of the oligosaccharides that naturally occur in breast milk 
play an important role in the development of a healthy immune system in infants (Marini 
& Krutmann, 2012).



Beauty from the inside   309

Probiotics are defined as “live organisms which upon administration in adequate 
amounts confer a health benefit to the host” by improving the characteristics of the 
intestinal microflora (Krutmann, 2009). Probiotics can be consumed in various forms of 
fermented or nonfermented food products. Food vehicles include live yoghurts, fer-
mented dairy drinks, freeze-dried supplements (capsules, pills, liquid suspensions and 
sprays), cheese, fromage frais and fruit juices (Marini & Krutmann, 2012). Over the 
years, a wide range of bacteria have been proposed and used as probiotics (Marini & 
Krutmann, 2012). However, only those classified as lactic acid bacteria have received 
major consideration with regard to food and nutrition (Marini & Krutmann, 2012). Most 
probiotics currently used are microbes typical of healthy gastrointestinal microbiota, with 
the aim of promoting gut health and improving immune system function (discussed in 
Chapter 5). They include Lactobacillus (L. casei, L. rhamnosus, L. Johnonii) and Bifidobacterium 
species (B. breve, B. longum, B. bifidum), which belong to the lactic acid bacteria group, as 
well as Enterococcus, Propionibacterium, Bacillus and some yeast (Marini & Krutmann, 
2012). Nutritional supplementation of hairless mice with L. johnsonii provided protection 
of the skin immune system against UVB radiation-induced immunosuppressive effects 
(Guéniche et al., 2006). Oral supplementation with L. johnsonii has been shown to accel-
erate the recovery of human skin immune homeostasis after UV-induced immunosup-
pression (Leclaire et al., 2008). In a human study it has been shown that oral consumption 
of a probiotic (L. johnsonii) with carotenoids (β-carotene, 4.8 mg/day; lycopene, 2 mg) 
increases MED and counteracts UV-induced decrease of Langerhans cell density; there-
fore, this combination may represent a novel approach to protecting the skin immune 
system against UV radiation (Bouilly-Gauthier et al., 2010). Probiotics improve gut barrier 
function, restore healthier gut microecology, stimulate the host immune system and 
antagonize the inflammatory alterations (Marini & Krutmann, 2012). A study demon-
strated that, after 43 days of supplementation, a specific probiotic called L. paracasei sig-
nificantly decreased skin sensitivity compared with placebo, and also increased the 
recovery rate of the skin barrier function induced by mechanical disruption (Benyacoub 
et al., 2008). The regular consumption of fermented dairy products is likely to improve 
the natural skin barrier function and improve its cosmetic appearance. In the case of dis-
eases that result from imbalance of microorganisms, such as impure skin/mild acne or 
dry skin/mild atopic dermatitis, pre- and probiotic concepts represent an effective 
alternative to strictly antibacterial products (Marini & Krutmann, 2012). Nutritional 
interventions using probiotics are described in some studies as exerting beneficial effects 
in the treatment and/or prevention of atopic dermatitis (Betsi et al., 2008). Additionally, 
Koch et al. (2008) reported the decrease of SCORAD (SCORing Atopic Dermatitis) after 
DHA supplementation in atopic eczema.

Although carotenoids, vitamins, polyphenols and PUFAs are used in various cosmeceu-
tical products, many other emerging ingredients are gaining in popularity (Chaudary, 2010) 
such as ectoin, which protects the skin from the effects of UVA-induced cell damage 
(Buenger & Driller, 2004), melatonin, a powerful anti-oxidant (Biagini et al., 2006), coen-
zyme Q

10
, which is a naturally occurring compound that has both energizing and anti-

oxidative properties (Puizina-Ivic et al., 2010), French maritime pine bark extract, which 
was found to improve skin hydration and elasticity (Marini et al., 2012), and several ingre-
dients known for their anti-oxidative activity, such as glucosamine, pomegranate (Chaudary, 
2010), vitamin K2 (Geleijnse et al., 2004), polyglucosides, such as chitin and chitosan 
(Janak et al., 2011), ferulic acid (Wu et al., 2012), glutathione (Wu et al., 2012) and others.
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9.6 Conclusions

To conclude, there is clear evidence of the link between nutrition and skin condition.  
A diverse and well-balanced healthy diet rich in fruit and vegetables definitely helps to 
preserve the healthy and youthful appearance of skin. A balanced diet associated with 
cosmetic and/or oral supplementation at nutritional doses and/or drugs could represent 
a globalized approach for improving skin health and beauty. A promising strategy for 
enhancing skin protection from oxidative stress is to support the endogenous system 
with anti-oxidant-containing products that are normally present in the skin and are 
capable of promoting skin health and beauty. However, it is important to note that this 
does not include the permanent intake of nonphysiological high dosages of isolated anti-
oxidants. We have briefly illustrated the beneficial effects of some interesting substances 
used as functional foods; however, further research is essential to confirm their benefits 
and their use in clinical practice.

Appropriate nutritional supplementation is beneficial in preventing the harmful 
effects of UV exposure and managing skin ageing. It is important to note that endogenous 
photoprotection is complementary to topical photoprotection, and that these two forms 
of prevention clearly should not be considered mutually exclusive.
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10.1 Ageing and brain

Ageing is a process that results in progressive accumulation of morphological and 
physiological changes that occur as a result of time. It is accompanied by a diminished 
ability to maintain homeostasis with a progressive loss of performance of organs and sys-
tems, increasing susceptibility to disease and terminating with the death of the organism 
(Harman, 2006; Troen, 2003). No unifying theory exists to explain the cause and the 
mechanisms of ageing in different organisms, tissues and cells. While some theories 
explain ageing by genetic factors, others regard the molecular lesions caused by environ-
mental factors as the main cause (Esiri, 2007; Troen, 2003). One of the basic chemical 
processes that can motivate ageing was first proposed in 1956 by Denham Harman and is 
known as the free radical/oxidative stress theory (discussed in Chapter 1). It states that 
the reaction of active free radicals normally produced in organisms, and greatly increased 
in aged cells owing to mitochondria functional decline, initiates the changes associated 
with ageing (Harman, 2006).

The different systems of the human body present different degrees of vulnerability to 
oxidative stress, and the central nervous system is one of the most affected (Andrade & 
Assunção, 2012; Wang et al., 2010). Neurons have to manage the delicate equilibrium 
between pro-oxidant and anti-oxidant systems to have optimal efficiency. When an 
“imbalance between the production of reactive species and the available antioxidant 
defense” (Halliwell, 2006) occurs, oxidative stress emerges in the central nervous system. 
Oxidative stress can be due to the disruption of redox signaling and control and, contrary 
to the notion of a global organic imbalance, seems to be relatively discreet and compart-
mentalized in neurons, offering a new conceptual framework to study the functions of 
free radicals (Jones, 2006).

The peculiar susceptibility of the brain to oxidative stress is due to several factors, such 
as the great demand of neurons for oxidative metabolism to maintain a large surface 
membrane, the presence of an active system of transport and the ion gradients involved 
in impulse transmission (Floyd & Hensley, 2002). This need for oxygen (20% of the total 
amount used in humans) explains the high quantity of oxygen per unit weight of the 
brain. Equally important and contributing to the unbalancing of the equilibrium between 
anti-oxidant and pro-oxidant factors are the elevated content of easily peroxidizable 
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unsaturated fatty acids, the high content of iron and other metals, and the relatively low 
anti-oxidant capacity of the brain, that is, 10–20% when compared with the liver or 
heart, resulting in low anti-oxidant protective defenses (Esiri, 2007). Finally, the postmi-
totic nature of neurons and the reduced capacity for cellular regeneration compared with 
other organs allied to all of the previous factors can result in oxidative stress (Floyd & 
Hensley, 2002; Esiri, 2007).

This vulnerability is not uniform in the brain; some neuronal populations are more 
vulnerable than others, depending on factors such as high intrinsic oxidative stress, ele-
vated demand of reactive species signaling, decreased ATP production and inflammatory 
response (Wang et al., 2010). It should be remembered that oxygen and nitrogen reactive 
species can be used physiologically in the brain as signals to mediate intracellular 
responses, including the modulation of synaptic plasticity (Wang et al., 2010). However, 
the redox steady state can easily revert to pro-oxidant conditions during ageing, resulting 
in oxidative stress that is involved in premature lesions of various cellular compounds, 
increases in metabolic processes related to senescence, and involvement in the etiopa-
thogeny of some neurodegenerative diseases, namely Parkinson and Alzheimer diseases 
(Esiri, 2007; Halliwell, 2006).

10.2 From “healthy ageing” to dementia

The terms “healthy ageing” or “successful ageing” have been used to describe the process 
of ageing without serious diseases throughout the lifespan (Rowe and Khan, 1997). It is 
also called “vital ageing” or “active ageing”, suggesting freedom, life satisfaction and 
independence (Rowe & Kahn, 1997; Daffner, 2010). Rowan and Kahn included three 
main components in “successful ageing”: (a) low probability of disease and disease-
related disability; (b) high cognitive and physical functional capacity; and (c) active 
engagement with life (Rowe & Kahn, 1997).

Ageing affects the central nervous system from the cellular to the functional levels 
(Caracciolo et al., 2014). Changes associated with the advancing age result in a decline in 
several abilities, including sensory, motor and higher cognitive functions. Cognitive 
decline is the paradigm of evolution from age-related changes to age-associated diseases 
in older people (Caracciolo et al., 2014).

Dementia is a clinical syndrome caused by neurodegeneration and characterized by 
inexorably progressive deterioration in multiple cognitive domains and capacity for 
independent living (Prince et al., 2013). Dementia among the elderly seems to be a geri-
atric syndrome caused by numerous factors including cortical loss, alterations in cerebral 
circulation, nutritional deficiencies and probably many other factors (Strandberg & 
O’Neill, 2013). Alzheimer disease, vascular dementia, Lewy body and frontotemporal 
dementia are the most common underlying pathologies of dementia in the elderly (Prince 
et al., 2013). Alzheimer disease is characterized by the presence neurofibrillary tangles 
and senile plaques in the brain, and is the most common cause of dementia in aged 
people, accounting for 60–70% of all cases when applying diagnostic criteria for dementia 
subtypes (Caracciolo et al., 2014; Blennow et al., 2006). Vascular dementia is the second 
most common cause of dementia in elderly people and is defined as a loss of cognitive 
function resulting from ischemic, hypoperfusive or hemorrhagic brain lesions owing to 
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cerebrovascular disease or cardiovascular pathology (Román, 2003). Mixed dementia, 
combining these two main dementias, is probably the most common type of dementia in 
older individuals (Caracciollo et al., 2014)

The prevalence of dementia increases exponentially with age, doubling with every 
5.5–6.7 year increment in age depending on the world region. In 2010 there were an esti-
mated 35.6 million people worldwide living with dementia (Prince et al., 2013). As the 
number of people over the age of 60 is expected to double between 2000 and 2050 
(Prince et al., 2013), the incidence of cognitive decline and age-associated neurodegener-
ative disease will rise significantly, as well as the inherent healthcare costs, representing 
a heavy burden to governments. For example, as the mean age of populations increases 
worldwide, the prevalence of dementia, Parkinson disease and Alzheimer disease will 
also increase. The number of people who will be affected by dementia worldwide will 
double every 20 years, reaching 65.7 million in 2030 and 115.4 million in 2050 (Barnes & 
Yaffe, 2011).

Concomitantly, there is increasing interest in the prevention of mild cognitive impair-
ment (Sofi et al., 2013), a mental disorder that refers to the grey zone between the normal 
cognitive changes of “healthy ageing” and early dementia (Petersen, 2011). These indi-
viduals suffer a decline of cognitive functions greater than expected for their age. Mild 
cognitive decline was reported to be an independent risk factor for Alzheimer disease 
(Sofi et al., 2013). Individuals suffering from this mild cognitive decline are a high-risk 
group because they develop dementia at a rate 2–7% per year higher when compared 
with the general population (Palmer et al., 2008). Cognitive decline can be described as a 
continuum that ranges from intact cognition in “healthy ageing” through mild cognitive 
impairment, and finally, dementia.

Neurodegenerative diseases do not have an effective therapy and present treatments 
have limited efficacy (Sofi et al., 2013), but the projections of future incidence of this 
group of age-associated diseases may be modified substantially by preventive interven-
tions, improvements in treatment and care, and disease progression-modifying interven-
tions. For example, interventions that could delay the onset of dementia by just 5 years 
have the power to reduce by 50% the number of affected individuals. In the particular 
case of Alzheimer disease, there are several known potentially modifiable risk factors 
(diabetes, midlife hypertension, midlife obesity, smoking, depression, cognitive inactivity 
or low educational attainment, and physical inactivity) and a 10–25% reduction in some 
of the modifiable risk factors could potentially prevent as many as 1.1–3.0 million cases 
worldwide (Barnes & Yaffe, 2011).

Therefore, the prevention and even improvement of neurodegenerative disorders 
related to ageing and dementia with modification of lifestyle and diet have become vital 
as critical determinants of “healthy ageing” (González-Sarrías et al., 2013). The concept of 
“healthy ageing” includes the notion that it can be dependent on individual choice and 
effort (Rowe & Kahn, 1997), although genetics also have a role to play (Masoro, 2001). 
As development of a therapeutic weapon is not likely, physicians and researchers are try-
ing to act on the modifiable risk factors that can be changed in prevention strategies. 
Some of those possibilities include the use of nutraceuticals, modification of the diet and 
multidomain interventions. In this chapter we will review some of these possibilities for 
building a route for active ageing, with a particular focus on green tea, curcumin and the 
Mediterranean diet.
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10.3 Green tea as a functional food and source  
of nutraceuticals

There are numerous dietary supplements, medical foods, nutraceuticals and functional 
foods that have come onto the market of food and health products with the objective of 
maintaining health during ageing contributing for neurodegenerative disease prevention 
or even therapy (for a review see González-Sarrías et al., 2013). Only a few can be really 
considered useful for prevention or treatment of age-associated neurodegenerative dis-
eases. Green tea is one of those that may have real effects and contribute to “healthy age-
ing”. Green tea can be considered a “functional food” and a source of polyphenolic 
flavonoids, mainly catechins. On the other hand, catechins may be used as a nutraceutical 
or a model for future synthetic pharmacological compounds with similar characteristics.

Tea is the most consumed drink following water, with a worldwide per capita con-
sumption of approximately 120 ml/day, and possesses a very high content of powerful 
anti-oxidant compounds (Macready et al., 2009). Among the several types of tea, green 
tea is a major source of catechins, constituting 30–40% of the solid extracts (Manach 
et al., 2004; Mandel et al., 2006; Andrade & Assunção, 2012). Green tea is produced by 
using young tea leaves of the Camellia sinensis and is packed for consumption without 
fermentation. As such, it has approximately four times more catechins than black tea 
owing to the reduction in the time of exposure to oxidation in the treatment of the 
leaves. Tea catechins modulate cellular and molecular mechanisms associated with 
oxidative stress and inflammation (Manach et al., 2004; Mandel et al., 2006).

Although for a long time there was only empirical evidence linking the improvement 
of human health with tea or green tea consumption, scientific papers studying the effects 
of intake of this beverage are now steadily growing (for a review see Andrade & Assunção, 
2012). A review of observational and interventional studies related to green tea or the 
main component of the catechin fraction, (−)-epigallocatechin-3-gallate (EGCG), including 
PubMed and Cochrane Library, indicated that clinical evidence is not conclusive but 
chronic green tea ingestion may give some protection against prostate and breast cancers 
but not against others (Clement, 2009). Green tea may also reduce the incidence of car-
diovascular disease and stroke owing to its action on risk factors associated with athero-
sclerosis (Clement, 2009). Epidemiological studies have demonstrated that drinking tea is 
associated with a better memory performance and a lower prevalence of cognitive impair-
ment. For example, in China, a longitudinal examination showed that men who drank tea 
almost every day had a 10–20% lower risk of death and better health longevity compared 
with their counterparts who rarely drink tea (Qiu et al., 2012). The same study demon-
strated that high frequency of tea consumption was significantly associated with reduced 
disability of daily activities, cognitive impairment and health deficits, or in other words, 
healthy ageing (Qiu et al., 2012).

Human interventional studies concerning the anti-oxidant effects of green tea have 
shown that its moderate consumption (one to six cups per day) increased plasma anti-
oxidant capacity and reduced oxidative damage in DNA and lipids (McKay & Blumberg, 
2002; Higdon & Frei, 2003; Rietveld & Wiseman, 2003). The consumption of two cups of 
green tea per day for 42 days increased anti-oxidant status and reduced plasma peroxides 
in a randomized controlled study (Erba et al., 2005). In another controlled study, drinking 
green tea for 7 days increased plasma glutathione, increased ferric reducing/anti-oxidant 
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power and improved the postexercise increase in lipid hydroperoxidase (Panza et al., 
2008). Concerning alterations in cognition and/or neurodegenerative diseases, just nine 
of the 156 studies involving green tea or EGCG were listed at clinicaltrials.gov in May 
2014. Despite this lack of systematic clinical trials of the actions of green tea in the brain, 
some epidemiological data suggest that prolonged consumption of green tea can be linked 
to lower prevalence of cognitive impairment in Japanese aged ≥70 years of age (Kuriyama 
et al., 2006). Also, a reduction of the risk of Parkinson disease was associated with the 
ingestion of two to three cups of tea per day in epidemiological studies in Finland and the 
USA (Hu et al., 2007; Checkoway et al., 2002). A study in Singapore Chinese was not con-
clusive (Tan et al., 2008).

10.3.1 Bioavailability of the catechins of green tea
Catechins have been found to be powerful anti-oxidants in vitro, where they are tested gen-
erally in high concentrations (Halliwell, 2006). On the other hand, studies related to the 
bioavailability of catechins of green tea and their actions in vivo present divergent results 
(Scheepens et al., 2010). This is understandable as the catabolism of the polyphenols present 
in green tea in the human body is complex because flavonoids are metabolized as xenobi-
otics and therefore rapidly removed from circulation (Halliwell, 2006; Scheepens et al., 
2010). In the gastrointestinal tract there are fractions of catechins not absorbed in the small 
intestine and metabolized in the liver and kidneys that undergo further microbial chemical 
changes in the large intestine and are decomposed into smaller molecules (Halliwell, 2006; 
Scheepens et al., 2010). These molecules, mainly ring-fission metabolites were found in 
high concentrations in urine and plasma of human after ingestion of green tea (Del Rio 
et al., 2010). More importantly, catechins are able to modify the composition and metabo-
lism of gut bacteria known to determine the status of global health (Caracciolo et al., 2014). 
After passing through the liver, these low-molecular-weight metabolites reach systemic 
circulation and are distributed to the major organs of the human body, including the brain.

The central nervous system is protected by the blood–brain barrier and the access of 
green tea biocompounds to the brain is also a subject for debate (Spencer et al., 2001; 
Youdim & Joseph, 2001; Zini et al., 2006). To reach brain cells, polyphenols must be very 
lipid-soluble or subject to active transport processes (Scheepens et al., 2010). In addition, 
the blood–brain barrier contains efflux pumps known as ATP-binding cassette (ABC) 
transporters that constitute an additional problem to be overcome (Zini et al., 2006). In 
an in vivo experiment in human, flavan-3-ols or their metabolites were detected in blood 
but did not pass through the blood–brain barrier, although the authors theorize that the 
beneficial action of polyphenols may be systemic and, therefore, effective throughout the 
body (Zini et al., 2006). On the other hand, in vitro studies showed that some flavonoids 
or their metabolites cross the blood–brain barrier and that the potential for permeation is 
consistent with compound lipophilicity (Youdim et al., 2003). In another report (+)-cate-
chin crossed RBE-4 cells, an immortalized cell line of the rat cerebral capillary endothelial 
cells, in a time-dependent manner (Faria et al., 2010). In a conscious and freely moving 
rat, EGCG penetrated the blood–brain barrier and the calculated bioavailability of this 
compound in the brain was approximately 5% (Lin et al., 2007). Finally, minimal con-
centrations of EGCG and epicatechin or their metabolites were found in the brain after 
oral administration and accumulated on several brain regions (Abd El Mohsen et al., 2002). 
Epicatechin, another catechin present in green tea and/or its metabolites administered 
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orally (3 or 30 mg per day for 13 days) crossed the blood–brain barrier and were detected 
and quantified in perfused brain tissue from mice, stimulating neurogenesis and reten-
tion of spatial memory (Van Praag et al., 2007). Therefore, these minimal concentrations 
found in the central nervous system appear to be biologically active and able to exert 
neuroprotective and neuromodulatory effects.

Extrapolation of these results to humans is not linear owing to differences in flavo-
noid absorption and metabolism and differences in the structure of the blood–brain 
barrier (Faria et al., 2010, 2011). A simple extrapolation of in vitro and animal data to 
humans is misleading: “what happens in a Petri dish or preclinical assays may not happen 
to people” (Bjelakovic & Gluud, 2007). Therefore, it is not surprising that a human study 
found that, after oral intake of a cup of green tea, several catechin metabolites did not 
pass through the blood–cerebrospinal fluid barrier, although they were present in the 
blood (Zini et al., 2006). Nonetheless, Schaffer and Halliwell note that, as the ascorbic acid 
brain concentration in rat brain is 3000–4000 times higher than that of catechins, it is 
unlikely that polyphenols exert direct anti-oxidant actions in basal conditions and in vivo, 
despite their potent and high anti-oxidant activity in vitro (Schaffer & Halliwell, 2012).

10.3.2 Direct and indirect actions of catechins
In spite of the erratic bioavailability of catechins and the opinion of the above-mentioned 
authors (Schaffer & Halliwell, 2012), the direct actions such as free radical scavenging, 
chelation of heavy metals and modulation of anti-oxidant enzymes should be considered 
as the aged central nervous system needs an increased supply of anti-oxidants and die-
tary catechins may be necessary (Andrade & Assunção, 2012). Protection against 
oxidative reactions, generally seen as an initiator of the oxidative damage to lipids and 
proteins, can be one of the mechanisms by which catechins can protect neurons in the 
aged brain. Other mechanisms such as an increase in the intracellular glutathione redox 
status and interaction with nitric oxide regulatory pathways are probably shielding mech-
anisms that protect neurons during ageing (Andrade & Assunção, 2012).

Another hypothesis to consider is the activation of a hormetic response, that is, the 
exposure to a low dose of a toxic element gives rise to a beneficial effect (Calabrese et al., 
2010). Catechins can be considered hormetic stressors and in low concentrations act 
upon signaling cascades in neurons and glia, which can generate pleiotropic beneficial 
effects, including neuroprotection (Davinelli et al., 2012; Schaffer & Halliwell, 2012). For 
example, pre-treatment with oral epicatechin reduced the brain infarcts in stroke-
induced wild-type mice and decreased neurological deficit scores when compared with a 
control group (Shah et al., 2010). However, this neuroprotection was absent in mice lack-
ing the enzyme heme oxygenase 1 or the transcription factor nuclear factor-erythroid 2 
p45-related factor 2, regulators of the induction of anti-oxidant and neuroprotective 
genes, respectively (Shah et al., 2010).

Finally, catechins can act upon peripheral targets and, in turn, these peripheral targets 
may have influence on the central nervous system. As an example, a meta-analysis demon-
strated that moderate consumption of tea substantially enhanced endothelial-dependent 
vasodilation in humans. This vasodilation, providing more oxygen and glucose, can be 
related to the reduced risk of cardiovascular events and stroke observed among green tea 
and black tea drinkers (Ras et al., 2011). Obviously, this indirect effect provides the brain with 
more oxygen and glucose owing to improved blood flow. On the other hand, endothelial 
dysfunction was correlated with decreased cerebral perfusion and dementia (Ras et al., 2011).
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10.3.3 Action of catechins in brain
The small quantities of polyphenols that reach the brain may possess local neuroprotective 
activity and potential molecular targets of the catechins of the green tea have indeed been 
proposed: (a) action in calcium homeostasis modulation (Ishige et al., 2001); (b) influence 
on the activity of mitogen-activated protein kinases/extracellular signal-regulated kinase 
(Schroeter et al., 2002) and protein kinase C (Kalfon et al., 2007); (c) regulation of anti-
oxidant enzymes and the anti-oxidant response element (Chen et al., 2000); (d) modula-
tion of cell death and cell survival genes and proteins associated with mitochondrial 
function (Weinreb et al., 2003); and (f) modulation of iron sensors and regulators (Ishige 
et al., 2001; Schroeter et al., 2002; Weinreb et al., 2003; Davinelli et al., 2012; Andrade & 
Assunção, 2012). In line with this belief, it was demonstrated that the intraperitoneal 
injection of EGCG inhibited l-DOPA methylation, improved the bioavailability of l-DOPA 
and protected against oxidative hippocampal neurodegeneration (Kang et al., 2010). 
Catechin also had a neuroprotective effect against glutamate-induced oxidative toxicity 
in vitro and protected against kainic acid-induced hippocampal neurodegeneration in vivo 
after intraperitoneal injection (Kang et al., 2013).

Additionally, EGCG inhibited catechol-O-methyltransferase and averted depletion of 
dopamine in the striatum, prevented dopaminergic neuron loss in the substantia nigra, 
and increased the activity of superoxide dismutase and catalase in brain tissue and the 
levels of glutathione and protein kinase C on the hippocampal formation while reducing 
neurotoxicity and memory deficits induced by amyloid β-peptide (Levites et al., 2001; 
Kim et al., 2009). In 19-month-old rats consuming green tea from 12 months of age, this 
beverage was able to reverse most of the impairments associated with ageing to levels 
similar to those found in 12-month-old control rats (Assunção et al., 2010, 2011). These 
improvements were observed in the levels of lipid peroxidation, protein carbonyls, anti-
oxidant enzymes, deposition of neuronal lipofuscin in the hippocampal region and spatial 
memory related to the morphological integrity of the hippocampal formation (Assunção 
et al., 2010, 2011). Using the same model, green tea was also shown to increase the 
activation of the transcription factor cAMP response element-binding protein and the 
levels of brain-derived neurotrophic factor and anti-apoptotic protein B cell-lymphoma 2 
in the hippocampal formation when compared with age-matched controls (Assunção 
et al., 2010, 2011).

10.3.4 Catechins and neurodegenerative diseases
Protein misfolding and aggregation are a hallmark of aged cells (discussed in Chapters 1 
and 2) and have been directly implicated in Alzheimer and Parkinson diseases and 
familial amyloid polyneuropathy. Catechins have been shown to have positive effects in 
transgenic mice models of Alzheimer disease. EGCG decreased β-amyloid levels and 
plaques associated with the promotion of the α-secretase-proteolytic pathway, which is 
known to be nonamyloidogenic (Rezai-Zadeh et al., 2005). Further, it was shown to be 
effective in the prevention of aggregation and remodeling of amyloid fibrils comprising 
different amyloidogenic proteins (Palhano et al., 2013). Another possible pathway is the 
induction of cellular neutral endopeptidase activity, as demonstrated in the neuroblas-
toma cell line SK-N-SH treated with green tea extract, through a mechanism related to 
the increase of cyclic adenosine monophosphate (cAMP) levels (Ayoub & Melzig, 2006). 
This enzyme degrades β-amyloid complexes, preventing the accumulation of senile 
plaques in the central nervous system (Ayoub & Melzig, 2006). In this regard, it was also 
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shown that both EGCG and green tea extracts inhibited the enzyme cholinesterase, 
improving the cholinergic system (Okelo et al., 2004; Lee et al., 2009).

To date, there are no clinical data confirming these laboratory studies. There is an 
ongoing clinical trial (Clinicaltrials.gov identifier NCT00951834) entitled “Sunphenon 
EGCG (epigallocatechin-gallate) in the early stage of Alzheimer’s disease (SUN-AK)”, 
investigating whether EGCG (daily dose from 200 to 800 mg) in the early stages of 
dementia positively affects the course of Alzheimer disease when co-medicated with ace-
tylcholinesterase inhibitors.

As stated previously, green tea can be considered a functional food, that is, a product 
consumed in the regular diet that can provide health benefits beyond nutritional 
functions. Therefore, we can advance with the support of some laboratory scientific evi-
dence validated by observational studies that moderate consumption of green tea not 
only may improve global health, but may also have a positive effect on the cognition of 
the elderly with improvement of the quality of life, contributing to a healthy ageing. In 
addition to the tea itself, the method of making the drink also influences the effects of tea 
consumption (Song et al., 2012). For example, the addition of milk to green tea can prob-
ably affect the availability of the catechins owing to their interaction with β-casein, the 
main milk protein (Song et al., 2012). Also, the addition of sugar to green tea is not advis-
able as there is a direct interaction between polyphenols and sugars, as has been described, 
and this complexation may hamper their intestinal absorption (Williamson & Manach, 
2005; Carneiro et al., 2008). In addition, the existence of direct pro-oxidant effects of the 
carbohydrates not efficiently counterbalanced by anti-oxidant compounds cannot be 
excluded (Carneiro et al., 2008).

In addition to the polyphenols, l-theanine, an amino-acid present in tea, also has 
neuroprotective effects (Song et al., 2012). Caffeine, likewise found in tea, has been asso-
ciated in epidemiological studies with a reduced risk of dementia (Song et al., 2012).

Concerning the use of isolated catechins or combination of catechins and their use as 
nutraceuticals, health statements should not be based only on basic scientific evidence. 
In fact, concerning the effects of complex mixtures of catechins it is not known if these 
biocompounds act independently, synergistically, additively or even in an antagonistic 
manner. Further investigations are required to understand the effects of catechins and to 
identify biomarkers that can respond to simultaneous active and physiological concentra-
tions of catechins. Only then will it be possible to perform pharmacodynamic and clinical 
studies in humans with levels of evidence that are still not available. This data must be 
obtained from randomized clinical trials and complete with details of the biological mech-
anisms. However, at present, knowledge is still limited, and many questions remain. For 
example, the pharmacologically active dose of catechins is not known. In the clinical 
trials found in clinicaltrials.gov, the daily intake of catechins varied from 200 mg to a 
maximum of 1200 mg and most of the trials used a median dose of 600 mg daily in cap-
sules twice a day.

There are also potential safety issues if megadoses of catechins are consumed daily. 
There is a biphasic performance and a catechin can become pro-oxidant and cytotoxic 
depending on the dose (Andrade & Assunção, 2012). Other reasons for concern are the 
possible interactions with drug-metabolizing enzymes and potential hepatotoxicity 
(Andrade & Assunção, 2012). In old rats, the oral consumption of green tea significantly 
decreased the plasma testosterone levels owing probably to the presence of phytoestro-
gens in the complex biological matrix and the increase in the levels of aromatase, the 
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enzyme that converts testosterone to estrogen (Neves et al., 2008; Andrade & Assunção, 
2012). Human clinical trials need to be performed as there are no studies concerning 
human sexual health and prolonged consumption of green tea.

10.3.5 Other polyphenols
Two other polyphenols have received attention owing to their potential to modulate sev-
eral intracellular processes and pleiotropic effects leading to neuroprotection: curcumin 
and resveratrol (Kim et al., 2010; Davinelli et al., 2012). Curcumin is a yellow pigment 
present in the rhizome of Curcuma longa. Curiously, the prevalence of Alzheimer disease 
in India is 4.4-fold less that in the USA, and some authors suggest that the diet rich in 
curcumin might be responsible for this reduced risk in aged Indians (Ganguli et al., 2010). 
This biocompound has anti-oxidant, anti-inflammatory and anti-amyloidogenic prop-
erties (Ramsewak et al., 2000; Ferreira et al., 2013; Ringman et al., 2005). Laboratory 
studies in vitro demonstrated that curcumin inhibits Aβ fibril formation, a strategy useful 
for treatment or prevention of Alzheimer disease (Ono et al., 2004). In animals, low doses 
of curcumin reduced the levels of Aβ plaques in the brain of a mouse model of Alzheimer 
disease (Tg2576; Lim et al., 2001)

Still, curcumin has poor water solubility (Davinelli et al., 2012) and consequent low 
bioavailability following administration orally or via parental route (Sharma et al., 2005). 
To circumvent this fact, there is a solid lipid curcumin particle named Longvida, that is 
being evaluated in a Phase II Alzheimer clinical trial (NCT01001637). This formulation 
was able to maintain the curcumin concentration in plasma above the level required for 
biological activity (Dadhaniya et al., 2011).

Resveratrol is another polyphenol with pleiotropic actions (Kim et al., 2010; Davinelli 
et al., 2012). It is a phytoalexin compound with low bioavailability present in very small 
amounts in grapes and other plants (Davinelli et al., 2012). Resveratrol modulates various 
systems, providing neuroprotection, as demonstrated in several in vitro and in vivo models 
of Alzheimer disease, owing to strong anti-oxidant radical scavenging functions, 
anti-inflammatory activity and activation of sirtuins, mimicking energy restriction (dis-
cussed in Chapter 2; Baur & Sinclair, 2006). In a mouse model of Alzheimer disease, an 
energy-restricted diet reduced Alzheimer disease pathogenesis through an increase in 
sirtuin 1 activity (Saiko et al., 2008; Davinelli et al., 2012). Trans-resveratrol prevented 
cognitive impairment and spatial memory deficits (Kumar et al., 2007).

However, in human an observational study showed that, in 800 individuals 65 years 
or older, an increased consumption of foods rich in resveratrol did not affect long-term 
health over 9 years, which may be explained by the low quantities present in foods and 
the low bioavailability (Semba et al., 2014). There was a Phase III clinical trial 
(NCT00678431) to evaluate the effects of resveratrol in mild to moderate Alzheimer 
 disease in combination with glucose and malate, with no report of results.

10.4 Modulatory effect of diet pattern on  
age-associated cognitive decline

Accumulating evidence supports the hypothesis that, rather than single nutrients, what 
is most beneficial for the brain is a balanced diet with an ideal combination of different 
vital compounds (Caracciolo et al., 2014). Even among randomized clinical trials on the 
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effect of anti-oxidant vitamin supplementation and cognitive decline, the outcomes of 
tests that included supplementation that consisted of a mixture of anti-oxidants were the 
most successful (Kesse-Guyot et al., 2012; Summers et al., 2010).

In the same line of thought, epidemiological studies focused on consumption of 
groups of anti-oxidant-rich foods such as vegetables and fruit were far more successful 
than studies that focused on single compounds (Caracciolo et al., 2014). A systematic 
review (Loef & Walach, 2012) identified nine longitudinal studies that investigated the 
correlation between the development of mild cognitive impairment, dementia or 
cognitive decline and the consumption of fruit and vegetables. A total of 44,004 partici-
pants were followed over time and in eight out of nine of the studies there was found a 
negative association of intake of fruit and vegetables, or of vegetables alone, with the 
development of cognitive decline, dementia or mild cognitive impairment. However, one 
report that exposed a decline in executive functioning in individuals with the highest 
category of vegetable intake (Loef & Walach, 2012).

These apparent protective effects of the vegetables toward cognitive decline may be 
mediated by the polyphenolic compounds. The PAQUID Study (meaning “Personnes 
Agées QUID”), was one of the first epidemiological studies (3777 individuals aged 65 
years or older who have been studied since 1988 in southwestern France) to suggest that 
flavonoids may have a protective role against cognitive decline and Alzheimer disease 
(Commenges et al., 2000; Letenneur et al., 2007; Schaffer et al., 2012). More recent find-
ings from the SU.VI.MAX (Supplementation with Vitamins and Mineral Antioxidants) 
study confirm earlier results, showing an association between total polyphenol intake 
and better performance in language and verbal memory tasks (Kesse-Guyot et al., 2012). 
However, other studies, in particular the Rotterdam study, have reported that dietary 
intake levels of vitamin C, β-carotene and flavonoids are not associated with dementia 
risk or Alzheimer disease (Devore et al., 2010). In addition to the anti-oxidant abun-
dance, vegetables may also have a neuroregulatory role owing to the induction of satiety, 
leading to reduction of the risk of obesity (Panickar, 2013), a major risk factor for cognitive 
decline and dementia. Vegetables could also influence gut microbiota, which have been 
found to be associated with insulin regulation and obesity and ultimately with cognitive 
decline progression (Caracciolo et al., 2014).

Specific dietary patterns may be even more beneficial than high consumption of 
individual food items. The Mediterranean diet is by far the most studied dietary pattern 
in relation to the maintenance of brain health (Valls-Pedret & Ros, 2013; Sofi et al., 2013; 
Caracciolo et al., 2014; Gotsis et al., 2014). In fact, this pattern of diet includes most of the 
individual nutrients and food items that have been associated with reduced rates of 
cognitive decline and mild cognitive impairment and dementia, that is, fruit and vegeta-
bles (rich in anti-oxidants, including polyphenols), olive oil (rich of unsaturated fatty 
acids, vitamin E and polyphenols) and fish (rich in fatty acids and also vitamin B

12
 and 

selenium). Moreover, the components of a diet may be involved in numerous synergistic 
and antagonist interactions (Gotsis et al., 2014). In the last few years the tendency for 
epidemiological studies has been to evaluate the adherence of populations to the 
Mediterranean diet using diet indices (Milá-Villarroel et al., 2011). The Mediterranean 
diet indices summarize the diet by means of a single score that results from a function of 
different components, such as food, food groups or a combination of foods and nutrients 
(Bach et al., 2006). Moreover, these indices are also useful tools to measure food con-
sumption trends and to identify the factors involved (Bach et al., 2006). The indices are 
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further used to define the associations between the Mediterranean diet and health 
parameters (Behrens et al., 2013).

Concerning the effects in brain health, higher adherence to a Mediterranean diet was 
associated with reduced cognitive decline (Caracciolo et al., 2014). A recent meta-analysis, 
the EPIC-Greece cohort (European Prospective Investigation into Cancer and Nutrition), 
analyzed the association between adherence to the Mediterranean diet and cognitive 
impairment, Parkinson disease and depression (Psaltopoulos et al., 2013). In a total of  
732 men and women, 60 years or older, residing in the Attica region of Greece, sociode-
mographic, anthropometric, medical, dietary and lifestyle variables were ascertained at 
enrolment (1993–99). Six to 13 years later, cognitive function was evaluated and partial 
data analysis showed that a high adherence to the Mediterranean diet significantly reduced 
the risk of ischemic stroke, cognitive impairment, dementia and Alzheimer disease. 
Adherence to this diet pattern also protected against depression, independently of age, but 
the benefits of moderate adherence have a tendency to reduce with the advancement of 
age (Psaltopoulos et al., 2013). A similar result was found in the Predimed-Navarra, a 
randomized trial (Martínez-Lapiscina et al., 2013). The results of this primary prevention 
nutrition interventional trial conducted in older subjects living in Spain (n = 7477) at high 
risk of cardiovascular disease demonstrated that diets supplemented with extra-virgin 
olive oil or mixed nuts during almost 5 years reduced the incidence of cardiovascular dis-
ease by 30%, compared with a low-fat control diet. Stroke risk was reduced by 34% (with 
the olive oil diet) and by 49% (mixed nuts diet). A subgroup of subjects who were asymp-
tomatic but at high vascular risk (n = 522) subjected to the diets enhanced with either olive 
oil or mixed nuts appeared to have improved cognition when examined after 6.5 years of 
nutritional intervention compared with counterparts on the control diet. Also, urinary 
polyphenols metabolite excretion in these individuals was associated with better scores in 
immediate verbal memory (Valls-Pedret et al., 2012; Martínez-Lapiscina et al., 2013).

Part of the InCHIANTI Study (Invecchiare in Chianti, aging in the Chianti area), a 
prospective population-based study of older persons in Tuscany, Italy, including 935 men 
and women aged 65 years and older, demonstrated that adherence to the Mediterranean 
diet resulted in a slower decline of mobility over time in community-dwelling older per-
sons (Milaneschi et al., 2011). In this cohort, cognition was evaluated in several studies 
(Harries et al., 2012).

Lourida et al. (2013) performed a review of 12 published studies associating the 
Mediterranean diet and cognitive outcome: eight concerning cognitive functions; four 
related to mild cognitive impairment; and seven concerning dementia, particularly 
Alzheimer disease. Despite the heterogeneity of the studies and some contradictory find-
ings, the results show that the Mediterranean Diet may have no effect on mild cognitive 
impairment but may decrease the cognitive decline and reduce the risk of developing 
Alzheimer disease (Lourida et al., 2013; Valls-Pedret et al., 2012). More recently, an obser-
vational study from Samieri et al. (2013) showed no association of the Mediterranean diet 
and cognitive scores, or their changes over 4 years, in a large sample of US elderly women. 
However, as usual in non-Mediterranean countries, the use of olive oil was minimal 
(Samieri et al., 2013). In a French study with 3083 middle-aged subjects (participants of 
the SU.VI.MAX study), it was found that midlife adherence to a Mediterranean diet 
pattern was not associated with improved global cognitive performance assessed 13 years 
later (Kesse-Guyot et al., 2013). Sofi et al. (2013) performed two meta-analyses, demon-
strating the protective effect of adherence to the Mediterranean diet in relation to 
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neurodegenerative diseases. The first analysis demonstrated that adherence to this type 
of diet resulted in a 13% reduction in the risk of suffering from these diseases (Sofi et al., 
2008), confirmed two years later in an updated meta-analysis (Sofi et al., 2010).

A large randomized controlled trial of dietary patterns and health based on the 
Mediterranean diet called NU-AGE [acronym for “New dietary strategies addressing the 
specific needs of elderly population for a healthy ageing in Europe (Nutrition)”] is 
ongoing. It is an ambitious 9 million euro European multicenter study, involving 30 part-
ners from 16 European Union countries, focused on aged adults and including in-depth 
molecular and cognitive assessments (Santoro et al., 2014). The rationale of this study is 
that one year of the Mediterranean whole diet will reduce inflammation and will have 
beneficial effects on physical and cognitive health of fully characterized subjects aged 
65–79 years (Santoro et al., 2014).

The inconsistencies of the various outcomes may be due to methodological issues, as 
the dietary composition is heterogeneous across studies. Several methodological chal-
lenges should be overcome to provide a higher level of evidence supporting the 
development of nutritional policies to prevent cognitive decline and Alzheimer disease. 
All of these results, mostly from observational studies, claim the necessity of additional 
randomized clinical trials. Meanwhile, there is enough scientific evidence to recommend 
the Mediterranean diet “to anybody who wishes to age in good health while enjoying 
their food” (Valls-Pedret & Ros, 2013).

10.5 Multidomain interventions

The inconsistent findings and the difficulty of finding strong effects in single intervention 
trials may be due partially to limitations of the methodology. Another hypothesis is that 
the isolated interventions approaches are too simplistic with regard to the complex and 
multifactorial nature of cognitive impairment and dementia (Schneider & Yvon, 2013). 
In fact, genetic, biological and psychosocial risk factors interact with protective factors in 
lifelong cumulative effects, but age emerges as the strongest risk factor for dementia 
(Schneider & Yvon, 2013).

There have been three completed trials that included diet-related interventions associ-
ated with exercise, social programs or program weight management (Schneider & Yvon, 
2013). De Jong et al. (2001) found no effect on cognition following enriched food 
 (containing multiple micronutrients: 25–100% of the Dutch recommended dietary allow-
ances), associated with exercise or a social program. In line with this, Cetin et al. (2010) 
found no effect of vitamin E supplementation on cognitive outcomes and exercise based 
on event-related brain potentials and P3 latency evaluation. The Dietary Approaches to 
Stop Hypertension (DASH) trial studied a subgroup from the Exercise and Nutrition 
Interventions for Cardiovascular Health (ENCORE) study (Smith et al., 2010). A total of 
124 overweight individuals with elevated blood pressure received the DASH intervention 
diet or DASH diet plus behavioral weight management intervention, including exercise 
and energy restriction (1600 calories per day) for a period of 4 months. The study results 
demonstrated improved executive function memory and learning results and improved 
psychomotor speed for DASH plus weight management intervention, while the DASH 
diet alone did not show improvement when compared with usual care patients, used as 
controls (Schneider & Yvon, 2013; Smith et al., 2010). Eight multidomain intervention 
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trials targeting cognition including nutritional guidance, cognitive training and several 
types of exercise are ongoing (Schneider & Yvon, 2013). However, there are many 
 challenges to this type of intervention as individuals willing to modify their lifestyle factors 
are likely to have a higher level of education than the general population and better 
overall health, and behavioral changes cannot be evaluated with precision (Schneider & 
Yvon, 2013). In addition, it is difficult to define a good control group regarding physical 
and cognitive interventions. Finally, double-blind interventions are not possible. Changes 
in lifestyle and nutritional habits are difficult, requiring high levels of individual effort, but 
they may be a cost-effective, safe and sustainable solution for the prevention of age-
associated diseases, and in particular cognitive impairment (Schneider & Yvon, 2013).

More importantly, because behavioral adherence is more important than diet compo-
sition, the best approach would be to counsel patients to choose a dietary plan that they 
find easy to adhere to in the long term (Pagoto & Appelhans, 2013).

10.6 Conclusions

The risk of developing chronic illness, poor mental health and neurodegenerative dis-
eases tends to increase in the ageing population of the world. The consumption of 
functional foods such as green tea or some related nutraceuticals may be advised. 
However, compared with single-food methods, the whole-diet or dietary pattern approach 
is more interesting for several reasons. In particular, dietary quality, focused on healthful 
foods and dietary patterns rather than single nutrients, presents an important role in the 
prevention of cognitive decline. The available data suggest that the Mediterranean diet 
could be used as a preventive strategy in early intervention schemes. In fact, this diet may 
improve cognitive functions, lower the risk of disabilities and provide better mental and 
physical health in elderly people. The multidomain approach has also shown some prom-
ising results, but more studies are needed and adherence to a change of lifestyle should 
be emphasized and obtained to achieve the best effects of this intervention.
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11.1 Introduction

Ageing is a normal biological process that leads to a general and progressive deterioration 
of many tissues and organs, accompanied by the increased incidence and severity of a 
wide variety of chronic, incurable and often fatal diseases. Despite the inevitable nature 
and complexity of the process, the possibility of reducing or alleviating the manifestations 
of ageing, and improving the quality of life in old age, has renewed the interest of the 
scientific world in anti-ageing therapies. In effect, anti-ageing medicine strives to rede-
fine ageing as a target for biomedical and scientific intervention, challenging the way 
ageing has been understood until now (Flatt et al., 2013).

Elderly people are one of the fastest growing segments of the world population. 
Despite improvements in the quality of diet and nutrition, and advancements in biology, 
chemistry and medicine, most elderly people suffer from noncommunicable diseases, 
such as degenerative and cardiovascular diseases (CVD), cancer and diabetes (Pan et al., 
2012). Therefore, as the number of older people increases, the role of diet quality in 
reducing the progression of chronic diseases will become increasingly important.

While some parts of the world experience food shortages, chronic metabolic diseases 
have emerged from food overconsumption in other parts of the world. Both situations 
can result in shorter life expectancy and represent a major global health problem. Several 
epidemiological studies suggest not only that diet plays an important role in the treatment 
of different diseases, but also that the right choice of foods can help in the prevention of 
illness. In addition, recent scientific research provides evidence that many dietary factors 
have potential effects in slowing the ageing process by modulating the molecular causes 
of cell senescence. Thus, considering that health is under the influence of several nutri-
ent-sensing pathways (Fontana et al., 2010), the adoption of healthy nutrition throughout 
the lifespan is crucial for a healthy ageing. Even in old age, dietary changes should be 
encouraged, in order to ameliorate or improve the health status of the elderly.

Older adults tend to have more healthful and more satisfactory nutrition behaviors 
than do youths (Estaquio et al., 2009; Knowler et al., 2009). Regardless of this, the natural 
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process of ageing influences how nutrients are used, may reduce nutrient absorption, 
increases the urinary nutrient loss and alters normal pathways of nutrient metabolism 
(Shatenstein, 2008). Although these changes can be compensated for to some extent by 
a nutrient-dense diet that remains within energy needs, a substantial portion of the aged 
population fails to meet the recommended intakes of food groups and/or specific nutri-
ents (Dabhade & Kotwal, 2013). Despite the need to target recommendations for nutrient 
supplements to certain segments of the population (e.g. the elderly), there are insuffi-
cient data to justify an alteration in public health policy from one that emphasizes food 
and diet to one that highlights nutritional supplements (Lichtenstein & Russell, 2005). 
Indeed, the most promising data in the area of nutrition and positive health outcomes 
relate to dietary patterns, and not to nutritional supplements (Marra & Boyar, 2009).

11.2 the relevance of nutraceuticals and functional 
nutrients in anti-ageing medicine

The distinction between food and medicines is becoming increasingly blurred. In the last 
few years knowledge of the relation between diet and health has increased and a new 
trend in the anti-ageing industry has emerged. The terms “nutraceutical”, “designer 
foods” and “pharmafoods” have appeared in the general society and ordinary food stores 
and these are considered to be the “foods of the future” (Vainio & Mutanen, 2000). The 
term “nutraceutical” was first introduced by Stephen Defelice, combining “nutrition” and 
“pharmaceutical”, being defined as “a food (or part of a food) that provides medical or 
health benefits, including the prevention and/or treatment of a disease” (Kalra, 2003). 
Afterwards, more definitions appeared, but always considering nutraceuticals as food, 
food components or nutrients, providing health or physiological benefits beyond the 
basic nutritional value of the product (González-Sarrías et al., 2013).

In a recent paper, González-Sarrías et al. (2013) tried to characterize more precisely 
what is a “nutraceutical” after a revision of the different definitions provided by the 
European Nutraceutical Association, American Nutraceutical Association, Health Canada, 
European Food Safety Authority (EFSA) and the US Food and Drug Administration 
(FDA). Also they attempted to differentiate these from similar concepts such as “functional 
foods”. In this view, “functional foods” are those “that exert a scientifically proven specific 
health benefit (health claim) beyond their nutritional properties”, presented as a food or 
fortified beverages, juices, milk, etc. (González-Sarrías et al., 2013).

“Dietary (food) supplements” are defined as products consumed in a pharmaceutical 
format (pill, tablet, powder, etc.) to complement the diet. Dietary or food supplements 
can be further divided into medical foods, botanicals and nutraceuticals. “Medical foods” 
are formulated specifically to provide certain nutrients to patients under medical 
 supervision. They are used in cancer or metabolic disorder treatment, for example. 
“Botanicals” are from nonfood origin and are not essential to human life, but have some 
possible actions on human health. Ginseng and gingko extracts are examples of these. 
Finally, “nutraceutical” is a product that delivers a concentrated form (extract, purified 
compounds or combinations) of a presumed bioactive agent or bioactive agents from 
food origin. The dose of these compounds must be superior to that one obtained from 
normal foods in a balanced diet (González-Sarrías et al., 2013). In addition, nutraceuticals 
are used with the objective of enhancing health, including the prevention, delay or 



Science-based anti-ageing nutritional recommendations   337

improvement of diseases, or complementing pharmacological therapy under medical 
supervision. A caveat is that nutraceuticals should not be used to treat diseases. Capsules 
of grape extract with high doses of resveratrol, tomato extract rich in lycopene or purified 
lutein are some examples of nutraceuticals (González-Sarrías et al., 2013).

This definition, although complete, needs further considerations (a) the bioactive 
agent in a nutraceutical can be present in a dose achieved through diet, but it must 
 present features to enhance the absorption and/or the physiological effect; (b) isolated 
compounds can be used in nutraceuticals only if they are present in foods; and (c) vita-
mins, minerals, amino acids and other nutrients or micronutrients only will become 
nutraceuticals when dosage superior to the recommended daily allowance (RDA) is 
related to a beneficial effect (González-Sarrías et al., 2013).

The difference between “functional food” and “nutraceutical” may be not very clear 
in some cases (Espín et al., 2007). For example, a phytochemical dissolved in a certain 
amount of juice is a potential “functional food”. However, the same amount of the 
 phytochemical in a pill or capsule can be considered a “nutraceutical” (Espín et al., 2007).

The main strength of the nutraceuticals is the idea that they may provide protection 
from ageing and diseases associated with the advance of ageing. CVD, neurodegenerative 
disease, type 2 diabetes mellitus and several types of cancer are associated with advancing 
age and dietary patterns (Espín et al., 2007). Manufacturers of food are sensitive to 
 consumers’ interest in maintaining their health and somehow preventing the effects of 
ageing. There is increasing pressure from consumers interested in the benefits of a healthy 
diet and at the same time reluctant to use pharmacological aid (Scheepens et al., 2010), 
which is more expensive and presents negative secondary effects (Nicoletti, 2012). Also, 
in the mind of consumers and patients there is the false and dangerous perception that 
“all natural medicines are good” (Nicoletti, 2012).

Many products that can be classified as “nutraceuticals” are already commercially 
available and marketed to prevent, improve or even treat a plethora of age-associated 
diseases. A query arises: can a manufacturer claim that a certain nutraceutical is safe? 
This is followed by another important question: are the nutraceuticals effective in 
improving health or preventing a specific disease? In fact, concerning nutraceuticals, 
very few have been subjected to clinical trials and most of them are sold only on the basis 
of laboratory and in vitro evidence (Scheepens et al., 2010). The health claims of most of 
these products available in shops and supermarkets are not approved by the FDA or 
EFSA. As a consequence, good science in this area of nutrition has been misinterpreted 
or even overstretched for commercial purposes (Schmitt & Ferro, 2013). Notwithstanding 
this, such products are always perceived in a much more favorable light than the highly 
regulated pharmaceuticals. A 2001 poll by Harris Interactive (Rochester, NY, USA) 
showed that 72% of the surveyed American population used supplements. The reasons 
given were to feel better, to live longer, to build muscle strength and to maintain weight, 
and approximately one-third followed the advice of a physician (Brower, 2005). Almost 
all were satisfied with the supplements and more than half said they offered benefits sim-
ilar to drugs but with fewer side effects (Brower, 2005).

However, the functional and anti-ageing claims of any nutraceutical product should 
be evidence-based and supported by strong and convincing scientific data. Human 
studies, well executed and well designed should be the ultimate proof of efficacy. 
However, even this “gold standard” may present limitations such as the feasibility of 
translating the interventions to practice (Daffner, 2010). Other lines of evidence are 
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available for evaluating whether a proposed nutraceutical promotes successful ageing, 
namely: (a) epidemiological/cohort studies, where the major limitation is that findings 
can only establish the presence of an association between a nutraceutical and the 
improvement of the health status; (b) animal/basic science studies, where the translation 
from animal studies or in vitro results to humans can fail; and (c) human “proof-of- concept” 
studies, which allow a preclinical hypothesis to be tested and provide a rationale for 
further hypothesis and testing, but results may not be very clear (Daffner, 2010).

Studies are very difficult to execute and the design of clinical trials and epidemiolog-
ical/cohort studies needs special consideration. For example, populations are difficult to 
characterize owing to self-medication and variability in the effects may occur. The differ-
ent lifestyles of individuals, particularly exercise or the lack of it, may also influence the 
outcomes of the clinical trials. For example, individuals who exercise often are more 
health conscious and tend to follow healthier habits, confounding the outcomes of 
clinical trials (Scarmeas et al., 2009; Gillete-Guyonnet et al., 2013). Furthermore, when 
studying complex biological matrices such as green tea or red wine, the exact bioactive 
compounds are not well defined owing to the natural variations in the composition 
(Carneiro et al., 2008; Assunção et al., 2010). Also, the different compounds within a 
particular nutraceutical or within the diet may have unexpected antagonistic, agonistic 
or synergistic effects, complicating the interpretation of eventual findings (Carneiro et al., 
2008). If added to the diet, these effects may vary depending on the composition of this 
diet. If not added to the diet, but replacing another component, the eventual effects may 
be due to the newly introduced compound or the removal of the other or even both 
factors. The stability of the bioactive compounds in the gastrointestinal tract, symbiotic 
bacteria and their influence on metabolization, and interindividual variability are addi-
tional factors that may impact the final outcome of the trials (Espín et al., 2007, 2013; 
Berger et al., 2012).

Finally, it appears that most nutraceuticals have real effects in a cumulative fashion, 
that is, only after prolonged periods of consumption – months or even years. The design 
of experiments is obviously a challenge taking into account these many caveats (Schmitt 
& Ferro, 2013). Very few trials have been carried out in individuals more than 65 years 
old (Gonzáles-Sarrías et al., 2013). Long-term studies are needed with large cohorts of 
elderly subjects to evaluate whether a certain nutraceutical can have a role in the 
 prevention of age-associated diseases.

A more radical view is defended by Ioannidis (2013), claiming that most of the results 
of research in human nutrition are implausible. He states that almost every nutrient has 
a peer-reviewed publication with an association with almost any outcome. He further 
adds that the observational results tested afterwards in randomized trials generally fail to 
be confirmed (Ioannidis, 2013). To complicate matters further, there are many papers 
that are passion-driven owing to cultural or emotional issues concerning food, diets and 
nutraceuticals. The hard truth is that reliable knowledge on the effects of nutraceuticals 
remains very limited (Berger et al., 2012).

It is obvious that the most convincing benefits in favor of a certain nutraceutical 
should be supported through converging lines of evidence. Major efforts should be made 
to ensure transparency about what is known vs what is speculative (Daffner, 2010). 
Unfortunately, this transparency is rarely seen in the nutraceuticals market, which tends 
to state only the most favorable information while disregarding the sometimes obvious 
limitations of available data. There is a hype of the benefits of nutraceuticals, and older 
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individuals are the targets of strong campaigns from the nutraceutical industry. Although 
some of these nutraceuticals are promising, others have claims that are not supported by 
research in humans (Berger et al., 2012; Halliwell, 2013). More well-designed studies to 
obtain strong evidence are needed. Owing to the dearth of hard scientific evidence, 
 consumers are left to rely on their own knowledge and the internet to assess the deluge 
of promises that are present in the packaging of most nutraceutical and functional 
nutrients.

In Europe, since 2007, evaluation of the efficacy of foodstuffs has been covered by the 
provisions of the European Nutrition and Health Claims Regulation (NHCR). This is 
entrusted to the EFSA, the European Union’s food safety advisory body. The NHCR does 
not specify the criteria for such assessments, and thus a rigorous methodology was 
 developed by the EFSA based on work that has been developed in the framework of two 
EU-funded projects: Functional Food Science in Europe (FUFOSE) and the Process for 
the Assessment of Scientific Support for Claims on Foods (PASSCLAIM). The results of 
human randomized controlled trials are based on the establishment of cause–effect 
 relationships between the intake of a food component and an effect on health (Williamson 
et al., 2011). On the other hand, observational trials, experimental and animal studies are 
only seen as complementary support. The EFSA has already published opinions on 
numerous claim submissions and in the vast majority of cases it has indicated that the 
proposed effect had not been demonstrated by the evidence provided (Williamson et al., 
2011). The European Parliament (regulation no. 1169/2011) and the Council of 25 
October 2011 on Nutrition and Health Claims Made on Foods indicates the necessity 
of scientific support for health interventions, the nature of labelling, the presentation of 
foodstuffs and publicity. The publicity must not attribute to any food the property of 
 preventing, treating or curing a human disease. Also, it must not mislead the consumer 
about the characteristics and properties or the effects of the foodstuff. The cornerstone of 
this legislation is the safety of the consumer and it will be effective in December 2014. 
However, nutraceuticals, owing to their definition, may avoid this legislation.

There are numerous challenges to performing research concerning the effect of 
 nutraceuticals on the elderly. The funding of the studies is an important issue as the 
nutraceutical industry can sell its products without being required to substantiate claims 
through rigorous scientific investigation. Therefore, many manufacturers are not willing 
to pay for research and clinical trials.

The risks of many proposed nutraceuticals with anti-ageing properties are relatively 
low and are directed at old but healthy individuals, not persons with diseases. However, 
the precaution should be taken of holding these compounds to the same high standards 
of evidence as other kinds of drugs in the field of medicine. In other words, the exact 
compound that exerts the effect in the nutraceutical and its bioavailability and metabo-
lism must be properly characterized (González-Sarrías et al., 2013). This is important for 
understanding the mechanism of action and establishing the ideal dose for the elderly 
population and to reduce potential adverse effects from toxicity (Espín et al., 2007). 
Although most nutraceuticals available in the market present a recommended dose, the 
scientific basis of this recommendation is absent in most cases (Espín et al., 2007). It is 
also important to remember that the effects of nutraceuticals and functional nutrients are 
generally very subtle (Williamson et al., 2011). Dietary interventions generally constitute 
chronic intervention and, in order to be safe, they ideally should be less biologically 
active than pharmacological drugs (Williamson et al., 2011).
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There is a wide gap between the scientists who have the most up-to-date knowledge 
on nutraceuticals and functional nutrients and the healthcare professionals who must 
give a response to their patients. Given the persistent desire of individuals not only to live 
longer, but also to age successfully, healthcare professionals need to be in a position to 
recognize the relevant issues, deliver thoughtful recommendations on nutraceuticals and 
functional nutrients, and instruct and safeguard the public. We will shed light on some of 
these important issues in the following pages and narrow the gap between research and 
healthcare professionals.

11.3 Nutrition from food vs from supplements

Food is of major importance in our daily life and most individuals want to know how to 
improve their health by consuming the proper foods. Natural dietary compounds possess 
a broad range of biological activities, including anti-oxidant, anti-inflammatory and 
 regulation of several signaling pathways. Many natural dietary substances have protective 
actions against age-associated pathologies by targeting specific signaling molecules, such 
as those involved in cellular metabolism, nutrition sensing, mitochondrial biogenesis, cell 
survival/death, senescence and stress resistance. Data from several animal models of 
 ageing clearly support the idea that multiple food compounds may prevent, retard or 
improve age-associated diseases, thereby contributing to increased longevity.

The consumption of adequate levels and a proper balance of essential nutrients is 
critical for maintaining health. Nutrition-related epidemiological studies investigating the 
relationship between diet and health often focus on a particular food, or a nutrient, and 
its association with a chronic disease. The results from these studies coupled with the 
identification, isolation and purification of nutrients have raised the possibility that 
optimal health outcomes could be realized through nutrient supplementation. However, 
it is now recognized that other factors in food, or the relative abundance of some foods 
and the absence of others, are more important than the levels of individual nutrients 
consumed (Lichtenstein & Russell, 2005).

The existence of dietary patterns that relate to future chronic disease development 
supports the food synergy perspective, further discussed later (Jacobs & Tapsell, 2007). 
The identification of bioactive components in food is helpful to explain the health effects 
of nutrients, but such information is likely to be limited owing to interactions between 
naturally occurring nutrients in foods (Estaquio et al., 2009). Thus, food should be seen 
as a whole integrated system, and not merely as a collection of individual nutrients. The 
term “food synergy”, defined as additive or more than additive influences of dietary pat-
terns, foods and food constituents on health, is commonly used to denote the effects of 
the food matrix on human biological processes (Jacobs et al., 2012). In turn, the concept 
of the food matrix points to the fact that the nutrients contained in foods interact on 
 different time scales with the components and structures of the medium, whether of cel-
lular origin or a structure produced by processing (Aguilera, 2005). Recent scientific data 
demonstrate that, in vivo, the state of the food matrix may favor or hinder the nutritional 
response of certain nutrients. Hence, supported by the increased belief that foods, and 
not nutrients, are the fundamental unit of nutrition (Jacobs & Tapsell, 2007), there is an 
emerging interest in the impact of food structure on human nutritional status, health and 
wellness (Lundin et al., 2008). Nevertheless, observational studies and randomized 
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controlled trials are still required to identify which dietary patterns or foods have the 
greatest impact on disease (Jacobs et al., 2012).

The more scientists learn about nutrition and the human body, the more they realize 
the importance of eating foods in their most intact forms without added solid fats, sugars, 
starches or sodium. For example, some studies have shown that people who eat a diet rich 
in β-carotene have a lower rate of several kinds of cancer. In contrast, others have shown 
that taking β-carotene in pill form does not decrease the risk of cancer in healthy individ-
uals and that, indeed, supplemental nutrients may be harmful (Bjelakovic et al., 2007). In 
addition to clinical trials focused on the effects of β-carotene supplementation, trials test-
ing the outcomes of total fat reduction and complex B vitamin supplementation have also 
failed to show a reduction in chronic disease risk, and in some cases have even shown 
increased risk (Jacobs & Tapsell, 2007). The failure of trials to demonstrate the expected 
benefits of supplements suggests that the number of variables in the original food might 
be greater than estimated by food component. In fact, it is possible that β-carotene and 
other nutrients are most beneficial to health when they are consumed in their natural 
form and in combination with each other, as occurs in vegetables, fruit and whole grains. 
These foods contain not only the essential vitamins and minerals that are often targeted 
in nutrient supplement pills, but also hundreds of naturally occurring  phytonutrients and 
other substances, such as carotenoids, flavonoids, isoflavones and protease inhibitors that 
may not only protect against cancer, but also be protective of heart disease, osteoporosis 
and other chronic health conditions (discussed in Chapters 4–10).

All staple foods contain naturally occurring nutrients at variable levels, but a number 
of food products have both naturally occurring nutrients and nutrients added through 
fortification and/or enrichment. Although the current dietary guidance advises that 
 individuals may achieve the recommended nutrient intakes from food sources while not 
exceeding their energy requirements (USDA Center for Nutrition Policy and Promotion, 
2010), many people, in addition to obtaining nutrients from foods, also use nutrient-
containing dietary supplements in the form of pills, capsules or syrups, often without any 
clinical prescription and/or supervision (Rock, 2007; Bailey et al., 2011).

Although nutritional supplements may provide an optimal amount of a specific 
nutrient (or nutrients) in a highly absorbable form, individuals should be warned that 
any nutritional supplement should be taken cautiously, as it may not be free from harm-
ful effects (Buhr & Bales, 2009; Maraini et al., 2009). For that reason, health professionals 
must be aware of the contributions that the intake of conventional, enriched and/or 
 fortified foods and the use of nutritional supplements make to nutritional status and 
health (Fulgoni et al., 2011).

In this context, obtaining essential micronutrients from foods, when possible, is the 
optimal approach and reliance on multivitamin–mineral supplements is discouraged. At 
present, people are encouraged to meet overall nutrient requirements within energy 
levels that balance daily energy intake with expenditure. This can be accomplished 
through a variety of food intake patterns that include nutrient-dense forms of foods.

11.3.1 Food enrichment and fortification
The addition of nutrients to foods, either by enrichment (replacing essential nutrients in 
foods lost during its processing, storage or handling) or by fortification (adding nutrients 
at higher levels than naturally occur in the food), enhances the levels of one or more 
nutrients in certain foods that are widely consumed, raising the intakes to more desirable 
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levels with a minimal risk of toxicity (Allen et al., 2006). Broadly, most grain products are 
enriched and a variety of other food products are fortified. For example, in some coun-
tries, bread is enriched with thiamin, niacin, riboflavin and iron; and most milk is forti-
fied with vitamin D. Whole-grain products are typically not fortified or enriched, as many 
of these nutrients are naturally present in the whole grain, but most ready-to-eat cereals 
are fortified with iron and complex B vitamins, such as folate and vitamin B

12
.

Albeit it is possible to add a mixture of vitamins and minerals to relatively inert and dry 
foods, such as cereals, interactions that occur between them and the fortificant nutrients 
can adversely affect the organoleptic qualities of the food and/or the stability of the nutri-
ents. For example, the addition of calcium to foods is limited by many technological issues, 
from taste to solubility troubles (Richardson, 2007); nevertheless, when these are over-
come, and large amounts of calcium are added, this can inhibit the absorption of iron from 
a fortified food. Conversely, the presence of vitamin C increases iron absorption. However, 
considering that ascorbic acid is very unstable when exposed to an alkaline environment 
or to oxygen, light and heat, the use of ascorbic acid as a food additive deserves particular 
attention, as substantial amounts of it can be lost during food storage and preparation. In 
this area, knowledge about the quantitative impact of interactions among nutrients added 
as a mixture on the absorption of the individual nutrients is still lacking, which makes the 
estimation of the proper amount of each nutrient to be added difficult.

Another novel approach that is currently being considered is the biofortification of 
staple foods, that is, the breeding and genetic modification of plants to improve their 
nutrient content and/or absorption (Allen et al., 2006). Plant modification technologies 
include: (a) increasing the concentration of certain trace minerals (iron or zinc) and vita-
mins (β-carotene); (b) enhancing the bioavailability of micronutrients by reducing the 
concentration of antinutrient factors (inhibitors of absorption) such as phytic acid; and 
(c) increasing the concentration of promoters of absorption (for example, raising the 
levels of sulfur-containing acids, which can promote the absorption of zinc). The strategy 
of breeding plants that enrich themselves and load high amounts of minerals and vita-
mins into their edible parts has the potential to substantially reduce the recurrent costs 
associated with fortification and supplementation. Although this area is promising, much 
more research still needs to be done before the efficacy and effectiveness of these foods 
are definitively proven (Bawa & Anilakumar, 2013).

In the European Union, where the fortification and enrichment practices are lower 
than in the USA, fortified foods do not contribute significantly to increasing the intakes 
of any nutrient (Flynn et al., 2009). Despite the regular consumption of fortified foods 
allowing the maintenance of body stores of selected micronutrients more efficiently and 
more effectively than intermittent nutritional supplements, it should never replace the 
consumption of a good quality diet that supplies adequate amounts of energy, protein, 
essential fatty acids and other constituents required for optimal health (Allen et al., 2006). 
Indeed, naturally nutrient-dense foods, such as fruit and vegetables, whole grains and 
nuts, milk and lean meats, are more likely to help individuals to meet their nutritional 
needs and age healthily.

11.3.2 Nutritional supplements
The most commonly used categories of nutritional supplements include multivitamin–
mineral combinations (providing most of the known essential micronutrients in amounts 
approximating recommended Dietary Reference Intake levels), products combining two 
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or more nutrients that target a specific health function (such as anti-oxidants to reduce 
cardiovascular risk, or vitamin D plus calcium for bone health), and single-nutrient 
 supplements. In addition, nutrient fortification of foods is increasingly widespread, as is 
the use of alternative supplemental products such as herbal and botanical compounds, 
all of which can add to or interact with the effects of nutritional supplements (Buhr & 
Bales, 2009).

11.3.2.1 Nutritional compounds as drugs delivered via food
Many nutritional supplements, despite being isolated substances from foods, could be 
classified as drugs. Plant sterols/stanols are available as dietary supplements in pill form, 
like drugs, but they can also be added to foods. The same is true for whole food extracts, 
such as soy protein or cod liver oil. Thus, it can be said that these substances fall between 
foods and drugs (Jacobs & Tapsell, 2007). In this categorization, and where the intended 
health outcomes are defined in prophylactic or therapeutic terms, foods enriched with an 
isolated substance, such as some plant phytochemicals and marine lipids added to dairy 
products, can be seen as drugs delivered via a food.

Margarines enriched in β-sitostanol, a phytostanol with cholesterol-lowering prop-
erties, are a good example (Lin et al., 2010). At this point, β-sitostanol is a natural plant 
substance provided in excess of what would be obtained from foods, and the observed 
health benefit can be specifically attributed to the added substance (Weststrate & Meijer, 
1998). However, the added substance (β-sitostanol) is not a natural part of the food 
vehicle (margarine), and therefore not naturally part of the given food matrix. Thus, the 
added substance (whether β-sitostanol, β-carotene, calcium or something else) may not 
have the same biological action as if it was naturally occurring and integrated with the 
rest of the food constituents. A question in the practice of nutrition is whether obtaining 
a similar and adequate amount of a food component in a naturally occurring food matrix 
is achievable and, if not, what the health effect of a strategy that encompasses the use of 
an alternative vehicle would be (Jacobs & Tapsell, 2007).

The real benefit of bioactive compounds added to foods is dependent on their bioac-
cessibility and bioavailability, that is, the bioactive agent should be released from the food 
matrix in its active form by the time it reaches the gastrointestinal tract (bioaccessibility), 
where it can be adsorbed and reach the systemic circulation (bioavailability). For that 
reason, considering the potential effect of the food matrix on the nutritional properties, 
the food to which the compound is added should be judiciously selected to be a good 
vector. In recent years, food scientists have performed amazing feats to develop new ways 
to incorporate, stabilize and deliver these bioactive molecules (water- or lipid- soluble 
substances, suspensions, colloidal particles, etc.; Turgeon & Rioux, 2011).

11.3.2.1.1 Multivitamin–mineral supplements
Many people recognize that nutrient intake should come mostly from foods, but others 
believe that a daily multivitamin–mineral pill will substitute for eating the foods that they 
know are good for them. Regardless, it must be taken into consideration that nutritional 
status at baseline strongly modifies the long-term health effects of nutritional supple-
ments, as well as the age at which nutritional supplements are initiated, and the duration 
of the treatment (Fairfield & Stampfer, 2007).

Typical users of multivitamin–mineral supplements are older, have a high level 
of education and physical activity, low body mass index and good nutrient adequacy of 
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dietary intake (Rock, 2007; Sebastian et al., 2007). These demographic and physical 
 characteristics are also positively correlated with an overall healthy lifestyle, including 
healthcare screening and self-efficacy in primary prevention of chronic disease. 
Distinguishing the contribution of a single-nutrient or combined-nutrient supplement to 
long-term health outcomes is difficult in a healthy population (Coates et al., 2007). The 
results of large-scale randomized trials in the past two decades have shown that, for the 
majority of the population, multivitamin–mineral supplements are not only ineffective, 
but that they may be deleterious to health (Kamangar & Emadi, 2012). In fact, there 
is  no evidence to support the recommendation for the use of multivitamin–mineral 
 supplements in the primary prevention of chronic diseases (National Institutes of Health 
State-of-the-Science Panel, 2007).

Recent meta-analysis, authoritative reviews and expert panel reports, clearly con-
clude that, for the general population, and for prevention of chronic diseases such as 
cancer and CVD: (a) treatment with β-carotene, vitamin A and vitamin E may increase 
mortality (Bjelakovic et al., 2007); (b) the potential roles of vitamin C and selenium on 
mortality need further clarification (Bjelakovic et al., 2007); (c) dietary supplementation 
with folic acid to lower homocysteine levels has modest or any effects on cardiovascular 
events, and may have a negative impact with respect to specific developmental and 
degenerative disorders, including colorectal, prostate and breast cancers, cognitive decline 
and a range of other conditions (Smith et al., 2008; Ebbing et al., 2009; Figueiredo et al., 
2009; Hirsch et al., 2009; Lucock & Yates, 2009; Clarke et al., 2010; Miller et al., 2010; 
Yang et al., 2012); (d) folic acid supplementation with or without additional B-vitamins 
in adult men and women with pre-existing vascular disease does not appear to reduce 
risk of CVD, and may even increase risk slightly (Bønaa et al., 2006; Ray et al., 2007; 
Albert et al., 2008; Ebbing et al., 2008); and (e) calcium supplements with or without 
vitamin D increase the risk of cardiovascular events, particularly myocardial infarction 
(Bolland et al., 2011). Despite calcium and vitamin D supplements having been linked to 
a lower risk and even prevention of many chronic conditions such as osteoporosis, colon 
cancer and hypertension (Dabhade & Kotwal, 2013), some research indicates that too 
much of these nutrients may be harmful (Bernstein & Munoz, 2012).

In spite of the substantial evidence of lack of any health benefit from multivitamin–
mineral supplement use for the majority of the adult population, these products are 
widely marketed. This arises from the desire of many people to take an active role in 
improving their health and living longer. Avoiding tasty but unhealthy food may be 
 difficult for many reasons, but taking a pill once a day is relatively easy. As others have 
discussed, prescription is always more convenient than proscription (Kamangar & 
Emadi, 2012).

Although a daily multivitamin–mineral supplement may not offer health benefits for 
the general healthy population, and perhaps for those with already established disease, it 
can greatly help people with diagnosed nutritional deficiencies (characterized by specific 
symptoms that can be prevented, and often reversed, by giving the shortfall nutrient in 
an isolated or pure form) and in population groups at risk of deficit, such as pregnant and 
perimenopausal women, and the elderly (Jacobs et al., 2012).

Concerning pregnant and perimenopausal women, there is strong evidence for the 
beneficial use of some nutritional supplements: (a) the use of periconceptional folate 
supplements substantially reduces the risk of neural tube defects (Wolff et al., 2009; 
Blencowe et al., 2010); (b) during pregnancy iron supplements can reduce the risk of 
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anemia and perinatal complications in mothers (Yakoob & Bhutta, 2011); and (c) calcium 
supplements (preferably in combination with vitamin D to optimize calcium absorption) 
have been recommended for postmenopausal women to prevent osteoporotic fractures 
(Maraini et al., 2009; Spangler et al., 2011).

A number of studies have demonstrated a remarkable impact of vitamin status on 
health benefit and disease prevention in elderly people. Although subject to debate, 
 vitamins with anti-oxidant properties such as vitamins E and C have been suggested to 
have a beneficial effect on the pathogenesis of atherosclerosis (Kritharides & Stocker, 
2002). Moreover, B vitamins, including folate and vitamins B

6
 and B

12
, have a remark-

able effect on lowering plasma levels of the cardiovascular risk factor homocysteine 
(Kahn et al., 2008) and improve cognitive performance and functions such as memory 
and information processing (Aisen et al., 2008; Kennedy et al., 2010). It is interesting to 
note that, when the intake of foods naturally rich in folic acid (e.g. deep green leafy 
 vegetables, citrus fruit and dried beans and peas) and/or folic acid-fortified foods is 
combined with supplements containing folic acid, excessive levels may be consumed. 
Folic acid intake in excess may mask the diagnosis of a vitamin B

12
 deficiency. Even at 

subclinical levels of deficiency, older adults may have changes in their mental status, 
which can be overlooked or attributed to normal ageing (Bernstein & Munoz, 2012).

Vitamin D has a significant role in bone health by regulating bone mass. The health 
effects of this vitamin are not confined to the reduction of risk of osteoporosis and bone 
fracture prevention (discussed in Chapter 7) (Bischoff-Ferrari, 2009). It may have a role 
in CVD, glucose tolerance, dental health, hypertension and certain cancers (Buhr & 
Bales, 2009). An adequate supply of vitamin D is of particular relevance for the elderly, 
for the following reasons: (a) aged skin produces less vitamin D (owing to a reduced 
concentration of the precursor 7-dehydrocholesterol) (Mithal et al., 2009); (b) renal 
conversion of 25-hydroxyvitamin-D (25-hydroxycholecalciferol or calcidiol) to the active 
form is impaired; and (c) gut responsiveness to 1,25(OH)2D (calcitriol) is reduced (Buhr 
& Bales, 2009). Thus, it is recommended to increase the intake of vitamin D-rich foods 
(although vitamin D is naturally present in very few foods, such as oily fish and egg yolk, 
it is added to many others by fortification processes). Concerning vitamin D supplemen-
tation, it remains an area of considerable debate, and further work is still needed to 
 determine the requirement for health and the relative contribution from diet to assess 
whether supplementation would be of benefit (Mensink et al., 2013). For now, since the 
most physiologically active form of this vitamin is perhaps that which is dependent on 
exposure to UV light, cautious sunlight exposure should be part of a healthful lifestyle 
(Wolpowitz & Gilchrest, 2006).

In brief, when dietary selection is limited, nutrient supplementation with low-dose 
multivitamin and mineral supplements can be helpful for older adults to meet recom-
mended intake levels (Sebastian et al., 2007). Of specific concern for older adults are the 
nutrients consistently found to be deficient in the diet, such as anti-oxidants, calcium and 
vitamin D, and those for which the digestion, absorption or metabolism declines with 
age, such as vitamin B

12
 (Bernstein & Munoz, 2012).

11.3.2.1.2 Anti-oxidant supplements
The production of free radicals increases with age, while some of the endogenous defense 
mechanisms decrease (discussed in Chapter  1). This imbalance leads to progressive 
damage of cellular structures, presumably resulting in the ageing phenotype (Poljsak 
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et al., 2013). After the genesis of reactive oxygen species, free radicals react with adjacent 
molecules, such as lipids, proteins or nucleic acids, resulting in their functional impair-
ment. The anti-oxidative network, which includes vitamins (A, C, D and E), enzymes 
(superoxide dismutase, catalase, glutathione peroxidase, etc.), carotenoids (α- and β-
carotene, lycopene, lutein, zeaxanthin, etc.) and other substances (such as flavonoids, 
lipoic acid, uric acid, selenium, coenzyme Q10, etc.), acts as a protective chain, in which 
various anti-oxidants possess a synergistic effect and protect each other from direct 
destruction in the processes of neutralizing free radicals (Lademann et al., 2011b; Poljsak 
et al., 2013).

The inappropriate use of dietary supplements may lead to “anti-oxidative stress”, a 
term used to describe the negative effects of anti-oxidants (Villanueva & Kross, 2012). In 
fact, both “anti-oxidative” and oxidative stresses leading to anti-oxidative defenses imbal-
ance can be dangerous to the organism and can result in carcinogenesis and ageing phe-
notype (Poljsak et al., 2013). Indeed, anti-oxidant nutrient supplementation in healthy 
subjects has not always been successful. Although a number of studies have revealed 
some positive effects after anti-oxidant supplementation, others, such as the Selenium 
and Vitamin E Cancer Prevention Trial (SELECT Trial), have shown that vitamin E sup-
plementation could increase the risk of prostate cancer among healthy men (Klein et al., 
2011). Even more alarming results were those provided by the studies where healthy 
people were supplemented with high doses of β-carotene or vitamins A, C or E (Hennekens 
et al., 1996; Omenn et al., 1996; Pryor et al., 2000; Goodman et al., 2004; Gallicchio et al., 
2008; Sesso et al., 2008; Gaziano et al., 2009). Many of these trials had to be suspended 
owing to an increased mortality rate from lung cancer and ischemic cardiac disease.

Considering that the biological anti-oxidant network in healthy subjects already 
 contains adequate amounts of water- and fat-soluble anti-oxidants working in an inter-
active manner, further increases of single or combinations of anti-oxidants within a 
physiological range might not affect the overall in vivo anti-oxidant network and might 
lead to imbalance (Li et al., 2010). The elegant study from Cornelli et al. (2001) depicts 
well that, after exceeding a critical concentration, the anti-oxidants exhibit pro-oxidant 
properties instead of acting as radical quenchers. The researchers showed that a 
combination of low doses of anti-oxidants (close to or less than the RDA), taken during 
one week in a liquid form decreased oxidative stress in healthy volunteers. Higher doses 
did not result in such an effect, while very large doses resulted in a pro-oxidative effect. 
Therefore, the authors concluded that it is not desirable to use a high dose of just 
one anti-oxidant, since it is possible that its pro-oxidative activity supersedes its anti-
oxidative effect. Since a balanced mixture is important for the formation of the protective 
chains, that is, for the stability of the anti-oxidants in tissues, optimum results can be 
expected from studies using lower doses of anti-oxidants isolated or in association. The 
best example of this is the French study Supplémentation en Vitamines et Minéraux 
Antioxydants (SU.VI.MAX), a double-blind randomized clinical study that enrolled more 
than 13,000 healthy volunteers monitored since 1994. A lower incidence of CVD and 
cancer was observed in men who received an anti-oxidant preparation of vitamin C 
(120 mg), vitamin E (30 mg), β-carotene (6 mg), selenium (100 μg) and zinc (20 mg) for 
eight years (Galan et al., 2005).

Among the experts, there is a continuing discussion on the pros and cons of natural 
anti-oxidant application via food or supplements. Furthermore, the optimal concentration 
and composition of anti-oxidant supplements are still a matter of debate (Lademann 
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et al., 2011b). Hence, while there are no consistent recommendations in this area, the 
best strategy against the harmful action of free radicals is a well-regulated lifestyle with 
low stress conditions and balanced nutritional habits, including the ingestion of anti-
oxidant-rich foods, such as fruit, vegetables, extra-virgin olive oil, oilseeds, nuts, spices, 
green tea, red wine, coffee and cocoa (Cornelli, 2009). These foods may follow or 
 substitute for supplements, since they are able to increase the anti-oxidant level of the 
body, and have a positive influence on the prevention and medical treatment of various 
chronic diseases, including various types of cancer (Darvin et al., 2006; Aune et al., 2009).

In particular conditions, such as the case of individuals who are not able or willing to 
adopt such a lifestyle, the use of anti-oxidant supplements at physiological concentra-
tions, in the form of tablets or juice extracts, may be an alternative. However, at the 
moment, assessing whether a chosen product contains the right levels of anti-oxidants is 
difficult for consumers. The development of suitable standards and the clear labeling of 
such products is an essential project that should be undertaken (Lademann et al., 2011b).

Presently, the use of supplemental anti-oxidants can be advised only in cases of 
well-known conditions, where the depletion of anti-oxidants is known and can 
be   predicted. Exercise is a good example. Although physical activity has many well-
established health benefits, ageing and strenuous exercise are both associated with 
increased free radical generation in the skeletal muscle. Recent studies suggested a ben-
eficial relationship between anti-oxidant vitamin (e.g. vitamin C) intake and physical 
performance in elderly people (Saito et al., 2012). It has been also shown that intake of 
resveratrol, together with habitual exercise, is beneficial for suppressing the ageing-
related decline in physical performance (Murase et al., 2009). However, there are 
conflicting results concerning the effects of exercise training combined with anti-oxidant 
supplementation in the elderly (Gomez-Cabrera et al., 2013). More research for a better 
clarification of the field is required. Hence, daily use of synthetic supplements has not 
been proven to be beneficial, and excessive use may be harmful. Balanced food still 
seems to be the best option (Poljsak et al., 2013).

11.3.2.1.3 Omega-3 polyunsaturated fatty acids supplements
Omega-3 long-chain polyunsaturated fatty acids, including eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA), are dietary fats with an array of health benefits 
throughout life. Low intake of dietary EPA and DHA is thought to be associated with 
increased inflammatory processes as well as poor fetal development, poor general cardio-
vascular health and risk of the development of Alzheimer disease (Swanson et al., 2012). 
Conversely, an adequate intake of omega-3 fatty acids from oily fish (salmon, mackerel, 
tuna, etc.) and plant sources (nuts and vegetable oils, such as canola, soybean and  flaxseed 
oils), or even from supplements, has a positive impact on a variety of critical biological 
functions (Buhr & Bales, 2010; Swanson et al., 2012). Beyond their immunomodulatory 
effects and their role in vision and cognition, prospective cohort studies and secondary 
prevention trials provide strong evidence that consumption of omega-3 fatty acids may 
prevent CVD (Calder, 2009; Mozaffarian, 2008; Abete et al., 2011; Oken et al., 2012).

The cardioprotective effects of omega-3 fatty acids are ascribed to improvements in 
various cardiovascular risk factors, including reduction in blood triglycerides, platelet 
aggregation, blood pressure and inflammation, and enhanced endothelial function 
(Bloomer et al., 2009; Prasad, 2009; Phang et al., 2012), health benefits that arise from 
their ability to reduce the production of inflammatory eicosanoids, cytokines and reactive 
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oxygen species (Calder, 2009). These fatty acids also modulate the activity of transcrip-
tion factors related to the expression of many genes involved in inflammatory and 
 atherogenesis-related pathways, such as nuclear transcription factor κB signaling, eicosa-
noid synthesis, scavenger receptor activity, adipogenesis and hypoxia signaling (Bouwens 
et al., 2009; Cicero et al., 2009). In spite of increased intakes of fatty fish or supplements 
of omega-3 marine fatty acids possibly playing a positive role in insulin sensitivity, this is 
still a highly controversial issue (Abete et al., 2008; Mostad et al., 2009).

Although the bioavailability of fatty acids is appreciably higher when ingested from 
fish (Sirtori et al., 2009), equal health benefits may be derived from omega-3 fatty acids 
supplied by dietary supplements (Oken et al., 2012). Currently, the Nutrition Committee 
of the American Heart Association recommends that patients without documented coro-
nary heart disease should eat oily fish, high in EPA and DHA, twice weekly. These two 
servings of fish per week would make an average intake of 250–500 mg of EPA and DHA 
per day. Conversely, patients with documented coronary heart disease are advised to 
consume about 1 g of EPA plus DHA daily, preferably from oily fish. For these patients, 
EPA plus DHA supplements could be considered in consultation with their physician. 
Individuals with hypertriglyceridemia are recommended 2–4 g daily of EPA plus DHA, 
provided as capsules under a physician’s care (Eckel et al., 2013).

The use of fish oil capsules is not only useful in the prevention and treatment of coro-
nary diseases (Sirtori et al., 2009), but also assumes particular relevance considering the 
concerns about the regular consumption of some species of fish and the resulting exposure 
to toxic substances, such as heavy metals (particularly methylmercury), dioxins and 
polychlorinated biphenyls (Kris-Etherton et al., 2009; Oken et al., 2012). Although most 
studies that have looked at reputable brands of fish-oil supplements have not found 
significant levels of contamination, it should be noted that these supplements may retain 
some of the above-mentioned contaminants unless they have undergone molecular 
 distillation to purify them (Kris-Etherton et al., 2009).

It should be pointed out that fish-oil supplements are not free from adverse effects. 
One potential side effect is the increased risk of immunosuppression and bleeding (the 
risk of hemorrhagic stroke is increased, especially at high doses). Fish oils are known to 
cause a variety of digestive problems, including flatulence, bloating, acid reflux, nausea 
and diarrhea (Kris-Etherton et al., 2002), conditions that can be prevented by taking fish-
oil supplements with meals. These supplements cannot be indicated for individuals who 
have already low blood pressure, owing to their blood pressure-lowering effects. Attempts 
should be made to establish an optimal omega-3 dosage to maximize the reward-to-risk 
ratio of supplementation.

11.3.2.1.4 Amino acids and amino acid mixture supplements
Protein and its constituent amino acids are key components of any healthy diet. 
Maintenance of body protein stores is key to survival, it being well accepted that loss of 
body protein is associated with increased morbidity and mortality. Loss of skeletal muscle 
(sarcopenia), osteopenia, reduced immunity and impaired wound healing are all effects 
of the ageing process, as well as imbalance of body protein status and amino acid avail-
ability (Fukagawa, 2013).

Adequate protein intake is needed for the maintenance of muscle and bone mass 
and is important to counter the development of sarcopenia and osteoporosis (discussed 
in Chapter 7). The recommended daily intake value of 0.8 g/kg body weight may not be 
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adequate for the maintenance of muscle mass for adults aged 55–77 (Woo, 2011). The 
PROT-AGE Study Group also advocates that older people need more dietary protein 
than do younger people; older people should consume an average daily intake at least 
in the range of 1.0–1.2 g/kg body weight. The requirements are greater for older adults 
who have an acute or chronic disease, and those with severe illness or injury or with 
marked malnutrition. Protein quality, timing of intake and amino acid supplementa-
tion may be considered so as to achieve the greatest benefits from protein intake (Bauer 
et al., 2013).

Since amino acids are reported to have unique physiological effects, over the past 
decade, increasing knowledge about the role of specific amino acids in the regulation of 
physiological processes has stimulated interest in whether specific amino acid-containing 
supplements or amino acids mixtures (specifically designed to mimic the amino acids 
pattern seen in an ideal protein, most often egg) may help to mitigate, or even treat, age-
associated disorders (Fukagawa, 2013). Below, the health benefits of some of the best 
studied amino acids supplements are briefly described.

The most studied group of essential amino acids with respect to human health, are 
branched-chain amino acids, which include leucine, isoleucine and valine. Among them, 
leucine has been heavily investigated as a potential pharmaconutrient, owing to its role 
in muscle protein synthesis and its insulin secretagogue action (Leenders & van Loon, 
2011; Valerio et al., 2011). Although short-term studies suggest that single leucine sup-
plementation can stimulate muscle mass accretion in the elderly (Leenders & van Loon, 
2011), prolonged leucine supplementation does not modulate body composition, muscle 
mass, strength, glycemic control and/or lipidemia in elderly patients who consume ade-
quate levels of dietary protein (Leenders et al., 2011). Conversely, leucine co-ingestion 
with a bolus of pure dietary protein further stimulates postprandial muscle protein syn-
thesis rates in elderly men. As a result, it has been suggested that fortifying meals with 
free leucine may represent an effective strategy to increase the muscle protein synthetic 
response to food intake in the elderly and, as such, may be used to attenuate the loss of 
muscle mass with ageing (Wall et al., 2013).

Branched-chain amino acids supplementation may have other implications for the 
overall health management of older individuals. For instance, Qin et al. (2011) found an 
inverse relationship between higher intakes of branched-chain amino acids mixtures and 
the prevalence of overweight and obesity in middle-aged individuals. Positive effects of 
branched-chain amino acids on mood, perceived exertion and mental fatigue have also 
been described (Fernstrom, 2013). The ingestion of large neutral amino acids, notably 
tryptophan and tyrosine, concomitantly with branched-chain amino acids, modifies tryp-
tophan and tyrosine uptake into the brain, and their conversion to serotonin and cate-
cholamine neurotransmitters (dopamine, norepinephrine and epinephrine), respectively. 
Owing to the competitive nature of the transporter for large neutral amino acids at the 
blood–brain barrier, the rise in branched-chain amino acids levels in blood lowers trypto-
phan and tyrosine uptake, leading to a parallel decline in serotonin and catecholamine 
synthesis. Even though branched-chain amino acids may prevent serotonin-related 
central fatigue, it is likely that they may fail to increase physical performance because 
dopamine is also reduced. For that reason, it was hypothesized that branched-chain 
amino acids should be co-administered with tyrosine, in order to prevent the decline in 
dopamine. Regardless, a balanced large neutral amino acids mixture might be an effec-
tive enhancer of physical performance (Fernstrom, 2013).
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Concerning age-related reduction in muscle mass and consequent muscle weakness 
and functional limitations, supplementation with creatine has been used owing to its 
ergogenic effects with minimal side effects. Evidence of benefits from this supplement has 
also been reported in a broad range of diseases, including cancer, myopathies, rheumatic 
diseases and type 2 diabetes (Gualano et al., 2012). Interestingly, creatine supplementa-
tion can improve cognitive performance in young subjects as well as in elderly people 
(McMorris et al., 2007), and may also have a role in neurodegenerative disorders, such as 
Alzheimer and Parkinson diseases, since creatine might alleviate cerebral energy  depletion, 
exacerbated oxidative stress and mitochondrial dysfunction, conditions that characterize 
these disorders (Andres et al., 2008).

Cysteine is now recognized as a conditionally essential sulfur amino acid. It plays a 
key role in the metabolic pathways involving methionine, taurine and glutathione, and 
may help fight chronic inflammation by boosting anti-oxidant status. In stressed and 
inflammatory states, sulfur amino acid metabolism adapts to meet the increased require-
ments for cysteine as a rate-limiting substrate for glutathione synthesis – the main 
endogenous anti-oxidant in the body, important in the maintenance of redox status, 
including the balance of reduced and oxidized forms of dietary anti-oxidants such as 
vitamins E and C. For this reason, dietary cysteine has been recognized as a potential 
nutraceutical. Despite cysteine supplements possibly having a role in respiratory and 
neurodegenerative disorders prevention, as well as in heart and liver diseases, there are 
concerns related to the stability, toxicity and absorption of both glutathione and cys-
teine, alone or combined, when administered orally. Cysteine is easily oxidized to its 
insoluble dimeric form, cystine, and both are toxic at high concentrations (McPherson & 
Hardy, 2012). Hence, consumption of naturally occurring cysteine-rich proteins, 
whey or keratin, may have advantages over the simple amino acid or its derivatives, to 
safely and beneficially improve anti-oxidant status in health and disease (McPherson & 
Hardy, 2011).

Taurine, one of the few amino acids not incorporated into proteins, is formed from 
cysteine and involved in the conjugation of bile acids, osmoregulation, retinal and neu-
rological development, regulation of cellular calcium levels and immune function (Ripps 
& Shen, 2012). Oral taurine administration has been proposed for disorders ranging from 
diabetes to CVD, retinal degeneration, and skeletal muscle dysfunction, with little evi-
dence of adverse effects (Ito et al., 2012).

A recent systematic review and meta-analysis of randomized clinical trials confirmed 
that in severely ill patients, that is, patients with severe inflammatory state or sepsis, or 
traumatized or burn patients, enterally administered glutamine supplementation reduced 
infections and length of stay in hospital, but the meta-analysis did not demonstrate a 
significant reduction in mortality (Bollhalder et al., 2013). Many healthy individuals con-
sume large quantities of glutamine supplement in the belief that it will aid in muscle 
building, enhance athletic performance, boost immunity or improve memory. In this 
regard, while short-term intake of high amounts of glutamine may be safe, there are still 
unanswered questions concerning the chronic consumption of a glutamine-enriched diet 
(Holecek, 2013). Glutamine enhances brain function as it fuels two of the brain’s most 
important neurotransmitters: glutamic acid and γ-aminobutyric acid (Andrews & 
Griffiths, 2002). Promising data from animal models of Alzheimer disease support the 
hypothesis that glutamine supplementation may protect neurons against DNA damage, 
β-amyloid protein and oxidative stress (Chen & Herrup, 2012).



Science-based anti-ageing nutritional recommendations   351

Arginine is one of the most versatile amino acids and is known to have many anti-
ageing benefits, including the prevention and treatment of CVD by increasing nitric 
oxide bioavailability in the body, which improves blood circulation, cognitive function 
and the performance of activities of daily living, and reduces the risk of clot formation 
(Heffernan et al., 2010). Furthermore, arginine is also able to stimulate the release of 
human growth hormone, secretion of which declines with ageing, a primary reason for 
decreased muscle mass and for the slower rate of skin growth, leading to thinner and 
less flexible skin (de Castro-Barbosa et al., 2006). Unfortunately, the beneficial effects of 
arginine supplementation are not uniform across the studies and there remains contro-
versy about whether long-term supplementation would be helpful. Furthermore, the 
effects of arginine differ according to the concentration range achieved in plasma by oral 
supplementation. For instance, doses of 3–8 g daily are associated with fewer untoward 
effects, but higher intakes are reportedly associated with gastrointestinal symptoms 
(Luiking et al., 2012).

11.3.3 pills, capsules, powders and syrups
Dietary supplements are available in many forms, including tablets, capsules, powders, 
energy bars and liquids. They include, among others, vitamin and mineral products, 
botanical or herbal products (plant materials, algae, macroscopic fungi or a combination 
of these), amino acid products and enzyme supplements.

Gabriels and Lambert (2013) analyzed how consumers of nutritional supplement 
products acquire information to assist their purchasing decisions. The authors found 
that the majority of nutritional supplement users are strongly influenced by the 
ingredient information on the container label, and only one-fifth point out that 
 dosage and directions for use influence the purchase. In this setting, it is interesting 
to note that the term “multivitamin” currently encompasses hundreds, if not thou-
sands, of products with varied content and dose of vitamins and minerals. Owing to 
the lack of standardization, this tremendous heterogeneity is a serious obstacle to 
informative labeling and guidance to consumers, and constitutes a significant 
challenge for research on how this distinct group of products is used by the public 
(Rosenberg, 2007).

Randomized placebo-controlled trials reduce the confounding effects on the main 
outcomes of multivitamin–mineral supplement use on chronic disease endpoints; how-
ever, a common limitation of other types of study is the insufficient standardization of 
preparation procedures, compositions and characteristics of the products. Indeed, some 
discrepancies exist between the real content of nutrients in supplements and the amounts 
reported on product labels, along with differences in chemical formulations and dosing 
regimens that affect bioavailability, bioequivalency and, ultimately, biological effects. 
Although for some nutrients bioequivalence is closely related to bioavailability, for others, 
equal absorption does not mean equal biological effects because the nutrient sources are 
chemically different, resulting in differences in nutrient activity (Yetley, 2007). Many 
studies have been lacking in adequate recognition that the effectiveness of these sub-
stances is not binary (present or absent) but, as in the rest of biology, is dependent on 
dose (Rosenberg, 2007).

In the last decade, Hoag and Hussain (2001) identified two categories of factors that 
affect bioavailability and bioequivalence of product formulation: (a) factors that affect 
product dissolution or release (different chemical forms of nutrients and nutrient–nutrient 
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interactions may affect bioavailability); and (b) factors related to excipients or inactive 
ingredients that may affect stability, absorption and metabolic processes.

As previously described, folate status is of utmost importance in the periconceptional 
period. Considering that 50–95% of the native dietary folate can be destroyed by cooking, 
owing to the high sensitivity of this molecule to heat, pH, metal ions and anti-oxidant 
levels (Lucock, 2004), the prescription of folate supplements is demanded. Currently, it 
is commercially available a synthetic form of folic acid, the fully oxidized pteroylmono-
glutamic acid, which does not occur in nature, whose bioavailability is up to 100% 
 compared with an estimated 50% for naturally occurring folate in foods (in the form of 
reduced folylmono- or folylpolyglutamic acids; Lucock et al., 2013). Furthermore, up to 
half of the women taking iron supplements during pregnancy or in postmenopausal 
phase experience adverse gastrointestinal effects, such as nausea, epigastric discomfort 
and constipation, particularly if taken without food (Flynn et al., 2009). In accordance 
with Nguyen et al. (2008) findings, the ensuing limited adherence to supplementation 
during pregnancy can be further exacerbated by morning sickness and may also be 
related to tablet size. For such cases, a powdered form was designed of iron and folic acid 
packaged in single-serve sachets, which are sprinkled over any semi-solid foods just 
before consumption. This formulation seems to improve adherence by reducing the side-
effects of the iron through the use of microencapsulated ferrous fumarate as the iron 
source, as well as the buffering effect of the food to which the fortificant is added. The 
encapsulate is an edible vegetable-based lipid that dissolves in the low-pH environment 
of the stomach, which is able to mask the metallic taste of the iron and possibly protects 
the gastric epithelium from local irritation by the iron salt. A disadvantage of microen-
capsulated ferrous fumarate is its limited solubility, thus it is not readily suitable for use 
in beverages.

One of the vitamins that is often added to foods is B
12

. Since the ability to absorb 
 naturally occurring vitamin B

12
 from food decreases with age, whereas the absorption of 

the crystalline form (the form that is used as a fortificant) is maintained by most individ-
uals, the consumption of B

12
 vitamin-fortified foods may represent an important approach 

to ensuring a reasonable status of this vitamin, particularly in older people (Allen, 2009). 
Interestingly, clinical trials, either among free-living or institutionalized elderly, demon-
strated that oral vitamin B

12
 supplements either alone or as multivitamin–mineral 

 supplements could improve vitamin B
12

 status. A systematic review of oral vs intramus-
cular administration of vitamin B

12
 in the treatment of vitamin B

12
 deficiency  demonstrated 

that oral doses may be more effective in short-term hematological and neurological 
responses (Butler et al., 2006).

11.3.4 Factors that affect the bioavailability of nutrients
Foods constitute a complex chemical and biological mix, resulting from the interaction of 
natural constituents, industrial processing and household preparation. All of these factors 
cause marked changes in the physicochemical properties of a meal, and thus determine 
the amount and the bioavailability of nutrients. Moreover, diet constituents continue to 
interact along the gastrointestinal tract and at the level of intermediary metabolism. 
There is a consensus that the release of nutrients from the food matrix as well as the 
interactions between food components and restructuring phenomena during transit in 
the digestive system are far more important than the original content of nutrients 
(Troncoso & Aguilera, 2009).
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11.3.4.1 Food processing and cooking methods
Nearly every food preparation process reduces the amount of nutrients in food. The 
greatest nutrient loss is caused by processes that expose foods to high levels of heat, light 
and/or oxygen. Nutrients can also be lost from foods by fluids that are introduced during 
the cooking process, as well as when foods are broiled, roasted or fried in oil.

The amount of nutrient loss caused by cooking has encouraged some health- conscious 
consumers to eat more raw foods. In general, this is a positive step; however, cooking can 
be advantageous in many ways, as it improves the organoleptic characteristics of foods 
(taste, flavor, appearance and texture), and ensures food safety, as it inactivates patho-
genic and spoilage microorganisms and endogenous enzymes, leading to improved 
quality and shelf-life of the product (Rawson et al., 2011). Furthermore, food processing 
modifies physical and chemical properties of food, which influences the rate and the 
extent of digestion, as well as the rate of absorption of nutrients in the digestive tract 
(Jacobs & Tapsell, 2007; Turgeon & Rioux, 2011).

Usually, solid foods with strong tissue structure, such as fresh whole fruit and vegeta-
bles, breads containing whole grains, and whole meat products, are digested more slowly 
and are more satiating than foods that have soft, overripe or a highly processed structure. 
As a result, processing is an important factor because it influences the food matrix struc-
ture. For example, the impact of freezing, defrosting and toasting on the glycemic 
response of white bread was studied (Burton & Lightowler, 2008). Breads that were 
frozen and defrosted, fresh and toasted, and toasted after freezing and defrosting, showed 
a lower incremental area under the glucose response curve compared with fresh white 
bread. This could be explained by the increased resistant starch content after the cooling 
and freezing steps, limiting its enzyme susceptibility.

Extrusion cooking is a high-temperature, short-time process of intense mechanical 
shear, which is utilized in the industrial production of ready-to-eat cereals, salty and 
sweet snacks, and croutons for soups and salads. This process is also used for weaning 
foods, dietetic foods and meat replacers, in which the nutritional quality is important. 
Mild extrusion conditions (high moisture content, low residence time and low tempera-
ture) can improve the nutritional quality of food. Better retention of amino acids and 
vitamins as well as higher protein and starch digestibility is observed under this process. 
Moreover, there is an increase in the soluble dietary fiber content, a decrease in lipid 
oxidation and a better absorption of minerals (Singh et al., 2007).

Grilling and barbecuing meats are very popular cooking methods. In addition to the 
wonderful taste these methods impart on meats, they can be considered healthy alterna-
tives to other cooking practices, because some of the meat’s saturated fat content is 
reduced by grilling process. However, depending on the type of meat, cooking method 
and preferred level of browning or doneness, red and white meats cooked at high tem-
perature (i.e. grilling, barbecuing, broiling and pan-frying) may have high levels of meat 
mutagens: heterocyclic amines and polycyclic aromatic hydrocarbons. The first group of 
compounds is produced by the reaction of creatine and amino acids from proteins, when 
meats are directly exposed to a flame or very high-temperature surface, while polycyclic 
aromatic hydrocarbons derive from incomplete burning of organic substances, mainly 
from meat grilling or broiling. Furthermore, N-nitroso compounds can be formed in 
meats preserved with nitrates or nitrites (e.g. cured meats or sausages) and can also be 
endogenously produced by the reaction of amines and amides from red meat with nitro-
sating agents in the intestines (John et al., 2011).



354   Evidence-based retardation of ageing

Although recent studies reported an increased risk of esophageal, colorectal, prostatic, 
breast and endometrial cancers for elevated red meat consumption, irrespective of 
cooking methods (Carruba et al., 2006; Xu et al., 2006; Fu et al., 2011; Punnen et al., 2011; 
De Stefani et al., 2012; Di Maso et al., 2013), pancreatic cancer has been consistently asso-
ciated not only with high red meat consumption but particularly with high intake of 
dietary heterocyclic amines and polycyclic aromatic hydrocarbons (Stolzenberg-Solomon 
et al., 2007; Polesel et al., 2010; John et al., 2011; Larsson & Wolk, 2012). These results 
were consistent with the findings from animal models, showing carcinogenic effects of 
several heterocyclic amines and polycyclic aromatic hydrocarbons (Wei et al., 2003).

The amount of these carcinogenic compounds formed in meats can be considerably 
reduced by slight alterations in cooking methods, as follows: (a) selecting leaner meats; 
(b) marinating meats before grilling (the marinade forms a protective barrier for the meat 
juices that prevents the formation of heterocyclic amines up to 90%); (c) cooking at 
lower temperatures; (d) prevent flare-ups; and (e) not overcooking meats, as the 
formation of harmful compounds increases not only with temperature but also with the 
duration of cooking (Di Maso et al., 2013).

Nutrient losses for common processing methods for vegetables also depend on cooking 
time and temperature. Vegetables provide a major dietary source of phytochemicals with 
potential anti-ageing properties. However, the levels of these substances not only vary 
between species, but are also strongly influenced by climatic, agronomic and harvest con-
ditions (Tiwari & Cummins, 2013). Post-harvest operations, that is, food processing and 
storage, also play a determinant role in the total amount of phytochemicals that are 
ingested. In fact, these compounds can be extensively degraded by conventional (or 
thermal), nonthermal (high pressure, ultrasound, irradiation), industrial (canning, 
drying) and domestic (washing, peeling, cutting) processes (Rawson et al., 2011), and 
also during storage. For example, it was recently found that phytostanols and phytos-
terols, included in several commercial spreadable fats, margarines, milk and yoghurts, 
undergo degradation during storage, curiously, at low temperatures. At the end of 18 
weeks, one-third of phytostanols have disappeared from stored margarines (Rudzińska 
et al., 2014).

Vitamins, carotenoids, flavonoids and fiber are more concentrated in the peel than in 
the pulp. Thus, the simple trimming or peeling of fruit and vegetables can discard appre-
ciable amounts and significantly reduce the levels of these substances in the portions 
utilized. Alkaline treatments to facilitate peeling can also cause losses, although relatively 
small, of labile vitamins such as folate, ascorbic acid and thiamin at the surface of the 
product (Francis et al., 2012).

Vitamins and bioactive compounds are naturally protected in plant tissues. The 
cutting, chopping, shredding and pulping of fruit and vegetables destroy this protection, 
increase exposure to oxygen and release enzymes that catalyze their degradation. 
Enzymatic degradation may be a more serious problem than thermal decomposition 
in many foods. Thus, thermal processing of vegetables and fruit should be carried out 
immediately after peeling and cutting operations (Pasha et al., 2014).

As a general rule, whatever the processing method is chosen, the retention of phyto-
chemicals in vegetables decreases exponentially with increases in cooking duration and 
magnitude (Patras et al., 2010; Tiwari & Cummins, 2013; Singhal et al., 2012). Boiling 
results in the greatest losses of water-soluble phytochemicals, such as the polyphenols, 
through leaching, thermal degradation and oxidation. In contrast, gentle stir-frying 
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appears to result in the least losses (Patras et al., 2010). Nevertheless, there are reports 
showing that mechanical disruption of the food matrix or heat treatment aid the extract-
ability of phytochemicals, such as carotenoids, leading to increased concentrations (Ruiz-
Rodriguez et al., 2008), and therefore to higher bioavailability. For example, the absorption 
of β-carotene from a raw carrot is about 42.0%, but it can reach 66.0% if the carrot is 
cooked (van Boekel et al., 2010). Similarly, the bioavailability of lycopene, of which the 
major dietary sources are tomato and tomato products, has been shown to be much 
higher from processed tomato products (e.g. tomato paste) as compared with fresh 
tomato (Mordente et al., 2011). However, the influence of food matrix on carotenoid bio-
availability is not the same among carotenoids. Indeed, the relative bioavailability of 
lutein from spinach is greater than that of β-carotene (i.e. 67.0 and 14.0%, respectively) 
and less affected by the food matrix (van Boekel et al., 2010).

Nutrients can also be lost from foods by fluids that are introduced during the cooking 
process. For example, boiling a potato causes the migration of a considerable proportion 
of its water-soluble vitamins (B group and C) to the boiling water. People may still benefit 
from those nutrients if the boiling liquid is consumed (e.g. if the potato and its cooking 
water are being turned into potato soup). Similar losses also occur when foods are broiled 
or fried in oil. Conversely, alternative cooking methods such as grilling, roasting, steam-
ing, stir-frying or microwaving generally preserve a greater proportion of vitamins and 
other nutrients.

11.3.4.2 Competitive interactions between nutrients
Virtually any nutrient can cause adverse effects if ingested in excessive amounts. Such 
undesirable effects may depend on the inherent toxicity of the excess intake, but often 
they are caused by the antagonistic effect of the excess nutrient on the bioavailability of 
other dietary components. Likewise, non-nutritional substances, such as drugs, can 
interfere with nutrient utilization, as discussed later.

Although the term “interaction” denotes a bidirectional effect, many interactions are 
unidirectional, that is, one nutrient affects the biological disposition of another, which 
remains more or less passive. Bidirectional interactions are most common among nutri-
ents with similar physicochemical properties and sharing a common mechanism of 
absorption or metabolism; finally, some unidirectional or bidirectional interactions could 
be affected by the presence of a third dietary constituent. Nutrient interactions are not 
usually additive.

From the physiological standpoint, nutrient interactions can occur at different levels: 
(a) in the diet, the mode of preparation of foods may be as important as diet composition 
in determining nutrient interactions (e.g. cooking in an alkaline medium may decrease 
the interaction between ascorbic acid and iron by destroying the vitamin); (b) in the 
intestinal lumen, interactions at this level have received the most attention, because they 
determine the real availability of a nutrient for translocation through the enterocyte; 
most luminal interactions consist of direct nutrient–nutrient interactions, but certain 
nutrients can indirectly affect the absorption of others by modifying gastrointestinal 
physiological activities (e.g. certain dietary fibers can stimulate gastrointestinal hormone 
secretion or inhibit micellar formation, thus indirectly affecting nutrient absorption); and 
(c) in the postabsorptive phase, many interactions take place after the process of 
absorption has been completed; these interactions may be in the form of physiological 
synergism, such as that of vitamin A and zinc on the visual process, or between vitamin 
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A and iron mobilization; conversely, negative interactions may affect circulating or 
storage levels of nutrients (e.g. it has been reported that 1.5 g of vitamin C for 2 months 
significantly lowers ceruloplasmin levels and serum copper concentration in blood; Finley 
& Cerklewski, 1983).

Competitive interactions can occur between nutrients that have similar physicochem-
ical properties. An example is the interaction of iron and copper with zinc. Zinc absorption 
is strongly reduced when iron and copper are present in large amounts, such as in the 
form of supplements or in aqueous solution. In line with this, high levels of dietary 
calcium (>1 g/day) can inhibit zinc absorption, particularly in the presence of phytates. 
Unlike iron, zinc absorption is neither inhibited by phenolic compounds nor enhanced by 
vitamin C.

Dietary fiber has been a focus of interest in the past decade, mainly because of 
 epidemiological data suggesting a protective effect against chronic diseases of the gastro-
intestinal tract. Fibers modulate several gastrointestinal physiological functions, such as 
motility, acid secretion and hormone release. Although dietary fiber may have a significant 
inhibitory effect on the absorption of nutrients, some of its actions on nutrient absorption 
can, therefore, be beneficial in the dietary prevention or management of diseases such as 
diabetes and hypercholesterolemia (Gunness & Gidley, 2010; Parada & Aguilera, 2011).

The bioavailability of many nutrients, besides being influenced by the amount that is 
consumed, may be compromised by the consumption of foods rich in phytate (present 
in large amounts in legumes and whole grain cereals), oxalate (high in spinach, sweet 
potatoes, beans and soy products) and phenolic compounds (present in coffee and tea) 
(Allen et al., 2006). Once again, the bioavailability of iron and zinc is reduced by this 
group of compounds. Concerning iron, the main risk factors for its poor nutritional status 
include the low intake of heme-iron (which is present in meat, poultry and fish), an 
inadequate intake of vitamin C from fruit and vegetables (a natural enhancer of iron 
absorption), and also a reduced absorption of iron from diets that are high in phytate or 
phenolic compounds. Similarly, the amount of phytates in diet also inhibits the absorption 
of zinc. Zinc supplementation has been reported to influence the development and 
function of immune cells and the activity of stress-related proteins and anti-oxidant 
enzymes, and to help in maintaining genomic integrity and stability (Haase & Rink, 
2009). The inclusion of animal proteins in the diet improves the total zinc intake and the 
efficiency of zinc absorption even from a high-phytate diet.

In fact, among all the antinutritional components, phytic acid is considered the most 
powerful antinutrient for human nutrition and health management. Phytate is abundant 
in legumes, cereals and nuts, and its unique structure offers it the ability to strongly che-
late divalent and trivalent mineral cations, such as calcium, magnesium, zinc, copper, 
iron and manganese, to form large insoluble salts that are not readily absorbed by the 
human gastrointestinal tract, reducing the bioavailability of these minerals (Scheers, 
2013). In addition, phytate has also been reported to form complexes with proteins at 
both low and high pH values. These complex formations alter the protein structure, 
which may result in decreased protein solubility, enzymatic activity and proteolytic 
digestibility (Kumar et al., 2010).

In the context of high-phytate diets and impaired biovailability of nutrients, it should 
be noted that the phytic acid content of cereals and legumes can be substantially reduced 
by several methods, such as milling (removes about 90% of the phytic acid from cereal 
grains), fermentation (activates naturally occurring cereal phytases, necessary to phytate 
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degradation) and the addition of natural phytases to foods (the addition of whole wheat 
or whole rye to other cereals to completely degrade phytic acid) (Kumar et al., 2010).

In spite of the many negative aspects on human health, the favorable effects of 
 phytate-rich food consumption were recently revised by Kumar et al. (2010). These 
authors compiled evidence describing how phytate consumption may prevent a variety of 
cancers through mechanisms that involve anti-oxidation properties, interruption of cel-
lular signal transduction, cell cycle inhibition and enhancement of natural killer cell 
activity. Phytates may also have a role in the prevention of diabetes, since they lower the 
blood glucose response by reducing the rate of starch digestion and slowing gastric 
 emptying, and regulate insulin secretion via its effect on calcium channel activity (Barker 
& Berggren, 1999). It is also believed that phytates reduce blood clots, cholesterol and 
triglycerides and thus prevent CVD (Onomi et al., 2004). Despite a series of studies on the 
positive and negative features of phytate, information on the dosage for humans is limited 
and the optimal dosage for clinical therapies is yet to be determined (Kumar et al., 2010).

11.3.4.3 Drug–food and drug–nutrients interactions
A drug–food interaction is defined as a physical, chemical, physiological or pathophysio-
logical relationship between a drug and a nutrient (Chan, 2013). These interactions may 
lead to changes in the kinetic or dynamic profile of a drug or a nutrient, or even to nutri-
tional status (Genser, 2008). The term “kinetics” (pharmaco- or nutrikinetics) refers to the 
quantitative disposition of a drug or nutrient in the human body along time, which includes 
absorption, distribution, metabolism and excretion of the compound. The term “dynamics” 
(pharmaco- or nutridynamics) relates to clinical or physiological effects of the drug or 
nutrient, and often involves antagonism between them at the site of action (Chan, 2013).

Drug treatment can have detrimental effects on nutritional status, since it can adversely 
impair food intake through a variety of mechanisms, such as disturbance of the sense of 
taste and smell, anorexia and impairment of the absorption, metabolism and excretion 
of nutrients (Ortolani et al., 2013). In fact, several drugs affect appetite by either central or 
peripheral mechanisms, inducing sedation or evoking an adverse response when food is 
ingested. Centrally acting drugs include catecholaminergic or dopaminergic (l-dopa) mod-
ulators, which act to suppress appetite. Drugs that affect peripheral mechanisms lead to a 
reduction in nutrient ingestion or absorption directly by inhibition of gastric emptying 
(l-dopa) or indirectly by causing nausea and vomiting (e.g. antibiotics, cytotoxic agents, 
iron preparations, levodopa, nicotine, opiates, selective serotonin reuptake inhibitors), 
diarrhea (e.g. broad-spectrum antibiotics, colchicin-related drugs, digoxin, erythromycin, 
lithium, metformin, metoclopramide, domperidone), xerostomia (e.g. amitryptiline, atro-
pine, captopril, chlorphenamine, citalopam, codeine, diazepam, enalapril, fluoxetine, 
levodopa, paroxetine), hypogeusia/ageusia (e.g. ampicillin, benzodiazepines, clopidogrel, 
diltiazem, levodopa, metformin,  nifedipine, spironolactone, tricyclic antidepressants) or 
olfactory disturbance (Van Zyl, 2011). In addition, several drugs have been associated clin-
ically with taste complaints such as loss of taste (e.g. angiotensin-converting-enzyme 
inhibitors, cephalosporins, clopidogrel, metformin), bitter taste (e.g. aspirin, l-dopa, carba-
mazepine) or metallic taste (e.g. allopurinol, captopril, nifedipine) (Toffanello et al., 2013).

The nutritional effects of several commonly used drugs are summarized in Table 11.1. 
Broadly, therapeutic agents may modify nutrient status at several levels: (a) by decreasing 
nutrient availability in the intestinal lumen (e.g. antibacterial agents of the tetracyclin 
group inhibit the absorption of several minerals owing to their chelating action; other 
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Table 11.1 Nutritional effects of some commonly used drugs

Antacids 

 • ↓ Bioavailability of thiamine

 • ↓ Intestinal absorption of iron

 • ↓ Phosphorus and vitamin A absorption (aluminum-containing antacids)

 • Calcium carbonate antacids may cause steatorrhea

Antibiotics 
Chloramphenicol

 • ↑ Iron serum levels, and total iron binding capacity

 • ↓ Physiological action of folic acid, increasing its requirements

 • ↑ Vitamin B12 requirements; may cause peripheral neuropathy
Gentamicin

 • ↑ Urinary losses of magnesium and potassium
Kanamicin

 • Malabsorption of fats, vitamins A, D, K, and B12

Neomycin

 • Malabsorption of fats, vitamins A, D, K, and B12

 • ↓ Plasma vitamin B12 levels

 • ↓ Intestinal absorption of iron, calcium, potassium and sodium
Penicillin

 • At high doses may cause hypokalemia by ↑ urinary potassium losses

 • Causes steatorrhea (oxacillin)
Sulfas

 • ↓ Folic acid intestinal synthesis, absorption and serum levels

 • Impairs response to folic acid supplements, increasing its requirements
Tetracycline

 • Inhibits intestinal absorption of iron, calcium, zinc and magnesium

 • Acts as chelating agent and ↓ synthesis of transport proteins at the enterocyte

 • ↓ Intestinal absorption of fats

 • ↓ Availability of vitamin K from intestinal bacteria

 • ↑ Urinary losses of vitamin C and ↓ its concentration in plasma and leukocytes

Anticonvulsants (phenobarbital, phenylhidantoin, phensuximide)

 • ↓ Serum vitamin D levels by activating the P450 oxidative system in the liver

 • May cause osteomalacia and hypocalcemia

 • ↓ Absorption and serum levels of folate

 • ↓ Vitamin B12 transport; may cause neuropathy and megaloblastic anemia

 • ↑ Copper serum levels

Antihyperlipidemic
 • ↓ Absorption of fat-soluble vitamins and niacin

Antihypertensive drugs 
Angiotensin-converting enzyme inhibitors (captopril, enalapril, lisinopril, ramipril)

 • ↑ Potassium levels

 • ↑ Sodium excretion
Atropine

 • ↓ Intestinal absorption of iron
Barbiturates

 • ↑ Vitamin D requirements by increasing its degradation

 • ↑ Bone reabsorption of calcium and may cause osteomalacia

 • ↓ Thiamine intestinal absorption

 • ↑ vitamin C urinary losses

 • ↓ Serum levels of vitamin B12; prolonged use may lead to megaloblastic anemia
Continued
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antibiotics may decrease the availability of vitamins by eliminating the local bacterial flora 
that synthesize them); (b) by inhibiting nutrient transport across the intestinal wall (a 
common mechanism of drugs that inhibit protein synthesis, such as chloramphenicol); 
(c) by antagonizing the physiological actions of nutrients in the postabsorptive phase (e.g. 
salycilates antagonize the anticoagulant action of vitamin K); (d) by enhancing nutrient 
catabolism (e.g. anti-epileptic drugs may lead to catabolism of vitamin D and hypocal-
cemia); and (e) by increasing nutrient losses (a large number of drugs increase fecal or 
urinary excretion of nutrients and non-nutrient circulating substances, e.g. gentamicin 
and barbiturates increase electrolyte and ascorbic acid losses, respectively). Additionally, 
some drug–nutrient interactions occur only when the nutrient and drugs such as those 
that change the intestinal pH are ingested concomitantly (Brewer & Williams, 2013).

Proton pump inhibitors are widely used in older people to treat acid peptic disorders 
and to reduce the risk of gastrointestinal bleeding related to the use of nonsteroidal 
anti-inflammatory drugs and low-dose aspirin. However, long-term therapy with proton 
pump inhibitors is associated with several nutritional risks, as its use seems to affect iron, 

Corticosteroids (dexamethasone, hydrocortisone, prednisone)

 • ↓ Intestinal absorption of calcium and phosphorus and ↑ their urinary excretion

 • High doses and chronic use may ↓ serum 1,25-(OH)2-D3 levels and cause osteoporosis

 • May lead to negative nitrogen balance by ↑ urinary nitrogen losses of zinc

 • ↑ Total cholesterol serum levels

 • ↑ Glycemia and is associated with glucose tolerance impair

Indomethacin
 • ↓ Vitamin C levels in plasma and platelets

 • ↓ Intestinal absorption of amino acids

Laxatives
 • ↓ Absorption of many vitamins (A, D, K and carotenes) and minerals

 • Bisacodyl laxatives ↓ absorption of calcium, sodium, potassium and amino acids

Levodopa
 • ↓ Absorption of amino acids

Oral contraceptives
 • ↓ Ascorbic acid concentration in plasma, platelets, and leukocytes

 • ↓ Serum levels of folic acid and vitamin B12; may cause megaloblastic anemia

 • Impair tryptophan metabolism and may change the plasma amino acid profile

 • ↑ Serum levels of vitamin A and E, and copper

 • ↑ Vitamin B6 requirements

Proton pump inhibitors
 • ↓ Absorption of calcium, iron, magnesium and vitamin B12

Salycilates
 • ↓ Vitamin C concentration in serum and platelets

 • Antagonize vitamin K action on the coagulation system

 • ↓ Intestinal absorption of many amino acids, particularly tryptophan, increasing their urinary excretion

Thiazide diuretics
 • In combination with calcium and vitamin D supplements may cause hypercalcemia

Akamine et al. (2007); Genser, (2008); Ito & Jensen (2010); Teramura-Grönblad et al. (2010); Fabian et al. (2011); 
Van Zyl (2011); Brewer & Williams (2013); Chan (2013); Ortolani et al. (2013).

Table 11.1 Continued
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magnesium and calcium absorption and increase the risk of hip fractures. It also 
 diminishes vitamin B

12
 serum levels, a phenomenon that is not reduced by oral 

 supplementation of this vitamin (Ito & Jensen, 2010). Furthermore, treatment with these 
drugs induces a clinical state similar to atrophic gastritis with markedly reduced gastric 
acid production, which inhibits pepsin activity because of augmented gastric pH. This 
condition is frequently associated with bacterial overgrowth, which may result in the 
malabsorption of fat, carbohydrate, protein, micronutrients and clinical manifestations of 
abdominal pain, diarrhea and even malnutrition (Teramura-Grönblad et al., 2010).

Owing to the extensive media coverage of the potential health benefits of vitamin D 
 supplementation over recent years that resulted in increased intakes of supplements, the 
potential for drug–vitamin D interactions deserves particular attention. Although there is 
insufficient evidence to determine whether lipase inhibitors, antimicrobial agents, 
 antiepileptic drugs, highly active antiretroviral agents or histamine type 2 receptor antago-
nists alter serum vitamin D concentrations, the interaction with other common drugs, such 
as atorvastatin and thiazide diuretics, has been established. Atorvastatin, a widely used 
 cholesterol-lowering drug, appears to increase vitamin D concentrations in blood, while 
concurrent vitamin D supplementation decreases circulating levels of the drug (Schwartz, 
2009; Sathyapalan et al., 2010). Concerning thiazide diuretics, their use in combination with 
calcium and vitamin D supplements may cause hypercalcemia in elderly individuals and in 
those with hyperparathyroidism or compromised renal function (Robien et al., 2013).

Elderly patients are at particular high risk of suffering from adverse events associated 
with drug–nutrient interactions (Akamine et al., 2007; Fabian et al., 2011). This occurs 
because older people often receive chronic medications, usually more than one drug to 
manage different disease states, but mainly because ageing itself modifies several 
physiological functions that could affect the bioavailability, volume of distribution, 
clearance and half-life of drugs (Ortolani et al., 2013). In older adults, nutrient–drug 
interactions may lead to a serious increase in morbidity and mortality, which may be 
misdiagnosed by the symptoms of the underlying disease process. In addition, the extent 
or consequences of nutrient–drug interaction may require a relatively long period of 
exposure to observe an effect. Furthermore, it should be noted that poor nutritional 
status, often observed in aged people, may also compromise drug metabolism by impair-
ing absorption, and therefore limiting efficacy (Genser, 2008).

The growing knowledge of the potential for interaction between commonly ingested 
foods and prescribed medications should make prescribers and patients more aware of 
the possibility of (clinically meaningful) drug–food interactions, but without necessarily 
compromising a normal healthy diet (Brewer & Williams, 2013). Regular intake of sev-
eral drugs may create submarginal nutrient deficiencies, such as vitamin deficiencies, 
with serious consequences in the elderly. Hence, the medication schedules and nutri-
tional status of these subjects should be monitored closely to ensure that daily micronu-
trient requirements are met (Fabian et al., 2012).

11.4 Favorable combinations of nutrients in food

Moving from a single food to food combinations, the concept of food synergy is of utmost 
importance. It results from the combination of foods within diet patterns, and of food 
components in single foods that are often the basis for diet and health relationship.
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The food synergy argument is supported by studies focused on combinations of foods 
and from analyses of parts of certain foods, such as the investigations of Liu (2004) and 
Eberhardt et al. (2000). The first author demonstrated that the combination of orange, 
apple, grape and blueberry displayed a synergistic effect in anti-oxidant activity. The 
median effective dose (EC

50
, the dose exhibiting 50% of total anti-oxidant activity) of the 

combination of fruit was one-fifth of the EC
50

 of each fruit alone (Liu, 2004). In addition, 
Eberhardt et al. (2000) studied the diversity and differential distribution of biochemical 
activity throughout the apple. They found that 100 g of apple with peel contained 290 mg 
of total phenolics and 143 mg of total flavonoids, compared with 220 and 98 mg, respec-
tively, in the same amount of fruit without the peel. It was also verified that apple with 
peel contains 5.7 mg of vitamin C per 100 g, which contrasts with the 4.0 mg present in 
100 g of peeled apples. Correspondingly, the total anti-oxidant activity was nearly double 
in the apples with peel than in those peeled.

The food synergy concept gains even more credence when effects observed under 
 laboratory conditions are also verified in the everyday use of food, such as in salad 
 preparation. Ninfali et al. (2005) reported that, when marjoram is added to salad, it can 
increase the anti-oxidant capacity of the dish by 200%. This might explain, in part, the 
apparent superior effects of certain cuisines and cultural dishes that involve combina-
tions of foods, in particular herbs and spices.

The cell signaling pathways that control the initiation and development of many age-
associated diseases are complex and interconnected. It has been shown that appropriate 
combinations of dietary phytochemicals can interact positively with these pathways. The 
consumption of vegetables that are rich in a wide variety of phytochemicals (phenolic 
acids, flavonols, carotenoids and organosulfurs) and which are cooked to best maintain 
the levels of these agents (see Section 11.3.3.1) may assist in the prevention and dietary 
control of many chronic diseases through additive or even synergistic mechanisms.

Extra-virgin olive oil is richer than regular or light olive oil in many beneficial com-
pounds and nutrients, such as oleocanthal, a phenolic compound with anti-oxidant, 
anti-inflammatory and neuroprotective properties (Estruch et al., 2013; Ibarrola-Jurado 
et al., 2013). In order to maximize the benefits of oleocanthal present in extra-virgin olive 
oil, it should be consumed crude, since its biological activity and concentration diminish 
significantly with heat (Cicerale et al., 2009; Lucas et al., 2011). Interestingly, a further 
benefit of olive oil consumption might be related to its peculiar aroma, which seems to 
increase the feeling of satiety after a meal. The addition of an aromatic extract of olive oil 
to food reduces the amount of calories consumed and improves the blood sugar response. 
As compared with canola oil or lard, olive oil may also produce an increase in levels of 
blood serotonin, a monoamine neurotransmitter that is involved in satiety (O’Connor, 
2013). Thus, the regular use of olive oil may represent an interesting approach in weight 
control management.

The need to encourage increased dietary intake of foods that are sources of heme-iron 
(meat, poultry and fish), and nonheme-iron (ready-to-eat fortified cereals and whole 
grains), is of great importance to attain and/or maintain a good iron status. However, 
foods containing nonheme-iron should be consumed along with enhancers of iron 
absorption, such as vitamin C-rich foods. The addition of ascorbic acid (vitamin C) to 
iron-fortified foods, reducing the effect of the inhibitors, can be an effective way of 
increasing the total amount of iron absorbed. Furthermore, ascorbic acid helps in reducing 
the risk of most cancers by inhibiting the production of cancer-causing nitrosamines 
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formed as a result of the ingestion of cured meats (preserved with nitrates or nitrites) 
and/or endogenously produced by the reaction of amines and amides from red meat 
(John et al., 2011).

Non-nutrient-dense foods supply relatively few micronutrients and more calories 
than their nutrient-dense counterparts. The regular consumption of diets that are high in 
energy but low in nutrients can paradoxically leave a person overweight but 
 undernourished and thus at higher risk of CVD, type 2 diabetes, hypertension, 
 hyperlipidemia,  osteoporosis and certain types of cancers. In this setting, numerous 
studies demonstrate that the avoidance of high-energy/high-fat diets in favor of the daily 
ingestion of nutrient-dense foods, such as high-fiber whole grains, olives, nuts, fruit and 
vegetables, low-fat forms of milk, seafood, lean meat and poultry, prepared without (or 
minimal) added fats and/or sugars, protects against CVD and reduces the risk of coronary 
heart disease, all-cause mortality, ischemic strokes, breast and colorectal cancers 
(Chedraui & Pérez-López, 2013). These foods provide a full range of essential nutrients, 
and are found in a variety of forms (e.g. intact, minimally processed, sliced, diced, frozen, 
canned or cooked). The nutrient-dense diet should also be prepared using the best 
 practices for food safety and quality. A balanced variety of foods among all the food 
groups, consumed in moderation, that are culturally appealing will offer pleasurable 
eating experiences and promote healthy ageing (Pérez-López et al., 2009).

Notwithstanding the pernicious effects of high-fat diets, foods that contain high- 
quality fat have a positive impact on health. Dietary recommendations advise reduction 
of saturated and trans fatty acids intake in favor of mono- and polyunsaturated fats 
(Elmadfa & Kornsteiner, 2009). Considering this, over recent decades, the food industry 
has endeavored to adapt many high-fat products, such as margarines, to contain less trans 
fatty acids and saturated fat, and more essential polyunsaturated fats (fatty acids of the 
omega-3 and -6 families). At the same time, these products preserve natural beneficial 
minor components like vitamin E, and are often fortified with fat-soluble vitamins A and 
D (Zevenbergen et al., 2009).

It is also important to note that the ingestion of foods that are rich in fats, preferably 
high-quality fats, contributes to the required intake of fat-soluble vitamins. Concerning 
vitamin A, the best sources are animal foods, in particular, liver, eggs and dairy products, 
which contain vitamin A in the form of retinol, the form that is readily used by the 
organism. Hence, it is not surprising that the risk of vitamin A deficiency is related to diets 
low in animal source foods, especially in those low in fat. Fruit and vegetables also contain 
vitamin A in the form of carotenoids, the most important of which is β-carotene. However, 
since carotenoids are powerful lipophilic anti-oxidants (Lademann et al., 2011a), their 
bioavailability is much higher when ingested in a denatured form together with a lipid-
containing carrier substance in comparison to the bioavailability of carotenoids obtained 
from raw fruit and vegetables (Gartner et al., 1997). Various food preparation techniques, 
such as cooking, grinding and the addition of oil, can improve the absorption of food 
carotenoids. In a mixed diet, the conversion rate of β-carotene to retinol is approximately 
12:1, whereas the conversion of other provitamin-A carotenoids to retinol is less efficient 
(24:1). Synthetic β-carotene in oil, which is widely used in vitamin A supplements, has a 
conversion rate to retinol of 2:1, and the synthetic forms of β-carotene that are commonly 
used to fortify foods have a conversion rate of 6:1 (Allen et al., 2006).

Considering the research findings on the effects of processing and storage of foods on 
micronutrients and bioactive compounds, in recent years, several recommendations 
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have emerged to maximize the retention of health-promoting food components. Fruits 
and vegetables should be stored intact, protected from direct sunlight and at low temper-
atures (for prolonged storage refrigeration is recommended). When the peel of fruit and 
vegetables is edible, they should not be peeled, otherwise they should be washed just 
before peeling or cutting, not after. Cutting the fruit and vegetables into very small pieces 
should also be avoided. They should be consumed or cooked immediately after peeling, 
cutting, chopping or pulping.

As previously described, nutrients can also be lost from foods during the cooking 
 process in a temperature- and time-dependent fashion. Thus, alternative cooking 
methods such as grilling, roasting, steaming, stir-frying and microwaving generally pre-
serve a greater proportion of vitamins and other nutrients, particularly in vegetables, in 
comparison to boiling or frying.

11.5 Lifestyle strategies for successful ageing

The Dietary Guidelines for Americans are designed to improve the health of all individ-
uals aged 2 years and older (USDA Center for Nutrition Policy and Promotion, 2010). 
There are only a few age-specific recommendations regarding lower sodium, higher 
vitamin D and consumption of vitamin B

12
 from fortified foods or dietary supplements. 

Conversely, in Australia there is specific dietary guidance for older people – the Dietary 
Guidance for Older Australians – in which the nutritional requirements for older adults 
are divided into two groups: older adults in the third age and in the fourth age of life 
(Truswell, 2009). This is a very interesting perspective as the third age of life is considered 
a time of active healthy ageing when age-related conditions such as diabetes, hyperten-
sion and hyperlipidemia can be managed through diet and medication. In contrast, the 
fourth age is a time of declining and fragile health, weight loss and potential malnutri-
tion. In the fourth age, advice to limit energy and consume a low-fat and low-sugar diet 
may no longer apply, because the focus should be on maintaining weight and strength. 
The American Academy of Nutrition/American Dietetic Association also supports less 
restrictive diets for very old adults (Dorner et al., 2010).

Optimal nutrient intakes are those that, while minimizing the risk of excess, promote 
health and reduce risk for chronic disease. The Institute of Medicine’s Dietary Reference 
Intakes (DRIs) are the best available evidence-based nutrient standards to assess ade-
quate and excess nutrient intakes and plan diets for individuals or groups. The DRIs 
include the Estimated Average Requirements (EARs, values that meet the requirements 
of 50% of people in their target group within a given life stage and for a particular sex), 
RDA values, which are set to meet the needs of 97–98% of healthy population (RDAs are 
not individual nutritional requirements), Adequate Intakes (AIs, when there is insuffi-
cient and consistent scientific evidence to set an EAR for the entire population; the value 
is based on observed intakes of the nutrient by a group of healthy persons), and Tolerable 
Upper Intake Levels (UL, the maximum level of daily nutrient intake that is likely to pose 
no risks of toxicity for almost all individuals). The current DRIs for adults are summarized 
in Table 11.2. In this context, it should be emphasized that, in clinical practice, RDAs and 
AIs may not be adequate for malnourished individuals, as well as those with specific 
health conditions or who take medications that alter their requirement for a nutrient. 
Furthermore, usual intakes that fall below recommended levels should not be 
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interpreted as inadequate. Clinical status and biochemical indexes should be among the 
factors included with intake data to assess an individual’s dietary adequacy and nutri-
tional status. The complete information should be used to determine if a person is likely 
to benefit, or not, from nutrient supplementation (Marra & Boyar, 2009).

As reported before, a wide selection of nutrient-rich foods is generally the best strategy 
for meeting nutrient needs. Foods, particularly of vegetable origin, such as fruit, 
 vegetables, whole grains, beans, nuts, seeds and teas, provide an array of other health-
promoting substances beyond vitamins and minerals, including carotenoids and poly-
phenols. Data suggest that positive health outcomes are related more to dietary patterns, 
the types and amounts of foods consumed, than to intakes of individual nutrients 
(Lichtenstein & Russell, 2005; Murphy et al., 2007). In line with this, notwithstanding the 
importance of dietary reference values or recommended nutrient intakes, in Europe, the 
Food-based Dietary Guidelines were designed according to the principles of nutritional 
education mostly as foods (EFSA, 2010). They represent the form in which advice is 
provided to people to assist them in selecting a diet to meet their needs for health. In 
addition, in 2012, World Health Organization (WHO) published a user-friendly guide – 
Promoting a Healthy Diet for the WHO Eastern Mediterranean Region – in which 
information on individual nutrients and food components is provided (World Health 
Organization, 2012). The recommendations contained in this guide are compatible with 
the different cultures and eating patterns of consumers within the target population and 
are based on the availability of local and affordable foods that are widely consumed by 
the population.

11.5.1 the mediterranean and asian diets
The enjoyment of food has crucial importance in health-related quality of life and the 
ageing process progression (Bernstein & Munoz, 2012). Evidence shows that, besides a 
nutritious diet, maintaining an appropriate body weight and an active lifestyle are the 
key to avoiding the physical and cognitive degeneration associated with ageing (Bernstein & 
Munoz, 2012). Within this scope, a number of diets have received attention owing to 
their possible benefits for health (de Lorgeril, 2013). Two of these are the Mediterranean 
and Asian diets.

These diets are rich in fruit and, especially, in vegetables, thereby providing high 
amounts of bioactive compounds such as polyphenols. Furthermore, fish, which are rich 
in omega-3 fatty acids, are also present in both diets (Pallauf et al., 2013). There are 
specific plant bioactive compounds that occur in the Mediterranean, like those found 
in red wine and olive oil. In the Asian diet there are also those found in soybean (isofla-
vones), green tea (catechins) and, in coastal Asia, seaweed (a source of anti-oxidant 
 vitamins and polyunsaturated omega 3 fatty acids). In India and other Eastern Asia 
 countries, curry spices are widely used for flavoring many food preparations and recipes. 
These include curcumin, which has anti-oxidant, anti-inflammatory and antiprolifera-
tive properties (Pallauf et al., 2013).

From a nutritional point of view, there is a substantial overlap between Asian and 
Mediterranean diets (de Lorgeril, 2013; Pallauf et al., 2013; Sofi et al., 2013). Pallauf et al. 
(2013) even proposed adopting a “MediterrAsian” diet to describe a diet combining Asian 
and Mediterranean foods that could be an approach to improving human health. They 
advanced the concept and proposed denominating these diets “sirtfoods” owing to their 
likely sirtuin-activation properties (discussed in Chapter 2).
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Interestingly, from a cultural point of view, but, and this is an important point to 
stress, not from that of the international health organizations, the Mediterranean Diet 
was nominated as the World’s Intangible Cultural Heritage of Humanity by the United 
Nations Educational, Scientific and Cultural Organization (UNESCO) in December 2010, 
including Spain, Greece, Italy and Morocco, with the addition of Portugal, Cyprus and 
Croatia in December 2013. According to a prepared statement by UNESCO, “The 
Mediterranean diet is a set of traditional practices, knowledge and skills passed on from 
generation to generation and providing a sense of belonging and continuity to the 
concerned communities” (http://www.unesco.org/culture/ich/RL/00884). The tradi-
tional dietary culture of Japan (washoku), a typical Asian diet, was also inscribed in 
December 2013 on the Representative List of the Intangible Cultural Heritage of 
Humanity, reading that “washoku is a social practice based on a set of skills, knowledge, 
practice and traditions related to the production, processing, preparation and consump-
tion of food”, and also that it “favours the consumption of various natural, locally sourced 
ingredients such as rice, fish, vegetables and edible wild plants” (http://www.unesco.org/
culture/ich/RL/00869).

From the scientific point of view, there is a marked contrast between these two diets 
and the “Western” diet. In fact, the INTERHEART and INTERSTROKE studies (Iqbal et al., 
2008; O’Donnell et al., 2010) considered the existence of three dietary patterns, assessed 
by a simple dietary risk score: (a) “Western”, with high intake of fried foods, salty snacks, 
eggs and meat; (b) “oriental”, high in tofu, soy and other sauces; and (c) “prudent”, with 
a high intake of fruit and vegetables. It was found that the “Western diet” increased the 
population risk for acute myocardial infarction and stroke by approximately 30%, 
whereas the “prudent diet”, with some characteristics of the Mediterranean diet, lowered 
the same risk by 30%. Curiously, the “oriental diet” was neutral, probably because the 
high intake of fruit, fish and vegetables was offset by other factors, such as high salt 
intake (Iqbal et al., 2008; O’Donnell et al., 2010).

A subtype of Asian diet, the Okinawan diet, and its effects during ageing and on lon-
gevity, were described in Chapter 2. We will now analyze more deeply the Mediterranean 
diet, as there are more studies published regarding it.

The concept of the Mediterranean diet dates back to the middle of the 20th century. 
Ancel Keys, a nonphysician American scientist, observed that there was a low incidence 
of coronary heart disease in the region of Naples in Italy and associated this finding with 
the “Mediterranean diet”, a term coined by him (Keys, 1995). This diet was essentially 
vegetarian and used fruit for dessert, contrary to the diet generally adopted in North 
America and North Europe, rich in high-sugar and high-fat foods, meat and dairy prod-
ucts (Key, 1995). These observations led to the “Seven Countries Study” (Keys, 1970). In 
this now famous study, data from countries of the Mediterranean region (Greece, former 
Yugoslavia and Italy) showed lower coronary heart disease incidence than those from the 
Netherlands and USA (Keys, 1970). The continuation of the “Seven Countries Study” 
also demonstrated that the slowly changing habits of the population of the Mediterranean 
region from a “healthy” diet and active life to a less active lifestyle and changes in the diet 
have resulted in an increase in the risk of CVD in Greece and Italy (Menotti et al., 1996; 
Kafatos et al., 1997).

There are many “Mediterranean diets” (Noah & Truswell, 2001) and even travesties 
of Mediterranean diets (Keys, 1995). Defining a Mediterranean-style diet is challenging 
considering that the geographical region includes more than 17 countries. In addition, 

http://www.unesco.org/culture/ich/RL/00884
http://www.unesco.org/culture/ich/RL/00869
http://www.unesco.org/culture/ich/RL/00869
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there are several types of diet within each country, for example in Italy and France. There 
is no single ideal Mediterranean diet and when the concept is utilized it would be more 
correct to identify not only the country, but also the region of the country (Noah & 
Truswell, 2001, 2006). Furthermore, between the early 1950s and 1960s and the present 
time, there have been great changes in food consumption patterns in the Mediterranean 
countries (Noah & Truswell, 2001, 2006). Owing to these changes, the time in history is 
also relevant when defining a Mediterranean diet (Noah & Truswell, 2001, 2006). Many 
differences in culture, ethnic background, religion, economy and agricultural production 
result in different diets. According to de Lorgeril (2013), an acceptable definition of 
Mediterranean diet is the following: “a modern nutritional recommendation inspired by 
the traditional dietary patterns of Greece and South Italy”. This common Mediterranean 
dietary pattern is based in the following characteristics: (a) high consumption of fruit, 
legumes and vegetables, bread and other cereals, potatoes, beans, nuts and seeds; (b) 
olive oil as the main monounsaturated fat source; (c) dairy products, fish and poultry 
consumed in low to moderate amounts, and little red meat; and (d) wine consumed in 
low to moderate amounts and generally during meals (de Lorgeril, 2013).

Striking benefits in the secondary prevention of CVD from a Mediterranean diet sup-
plemented with margarine containing the essential omega-3 fatty acid α-linolenic acid in 
comparison with the typically recommended low-fat diet, were reported as early as 1994 
and known as the Lyon Diet–Heart Study (de Lorgeril et al., 1994). This randomized con-
trolled trial tested a modern version of the Mediterranean diet, according to the authors 
but disputed by others (Appel & van Horn, 2013), in patients who had already survived 
prior acute myocardial infarction (de Lorgeril et al., 1994, 1999; de Lorgeril, 2013). In this 
Lyon study, after a mean follow-up of 27 months, there was a 50% reduction in the risk 
of cardiovascular events, fewer cancers and a significant reduction of overall mortality 
that was much lower in the group given the diet enriched with acid α-linolenic acid (de 
Lorgeril et al., 1994).

In 2003, Trichopoulou et al. published a large prospective study using a Mediterranean 
diet-score, the first modern epidemiological study concerning the health effects of the 
Mediterranean diet (Trichopoulou et al., 2003). After adjustment for confounders 
(physical activity, several socio-economic factors, etc.) the authors verified that deaths 
from coronary heart disease and cancer were inversely associated with greater adhesion 
with the diet. The Mediterranean diet was demonstrated to be highly protective and not 
associated with major adverse effects as shown by the lower all-cause mortality in adher-
ents. Also noteworthy is that only the whole dietary pattern was protective, that is, the 
associations between the individual food groups were generally not significant when 
total mortality was considered (Trichopoulou et al., 2003). This study involving more 
than 22,000 adults in Greece confirmed the findings of the Lyon study.

Following this Greek study, several other research groups analyzed population 
groups in a large number of observational studies that have suggested that subjects fol-
lowing a “Mediterranean-type diet” tend to have lower levels of cardiovascular risk 
factors, fewer diseases and lower mortality. As observational studies, they fail, however, 
to demonstrate a cause–effect relationship. However, summarizing the prospective 
observational studies, a meta-analysis was published by Sofi et al. in 2008 and updated 
in 2010 (Sofi et al., 2008, 2010). The studies analyzed prospectively the association 
 between adherence to a Mediterranean diet, mortality and incidence of diseases, with a 
total of more than 2 million subjects followed for a time ranging from 3 to 18 years. 
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Greater adherence to a Mediterranean diet is associated with a significant improvement 
in health status, as seen by a significant reduction in overall mortality (9%), mortality 
from CVD (9%), incidence of or mortality from cancer (6%), and incidence of Parkinson 
and Alzheimer diseases (13%), denoting a consistent protection related to the adher-
ence to diet for the occurrence of major chronic degenerative diseases associated with 
ageing (Sofi et al., 2008, 2010).

One of the latest pieces of evidence concerning the Mediterranean diet outcomes was 
published in 2013 in the New England Journal of Medicine, focused on the Prevención 
con Dieta Mediterránea (PREDIMED) trial, a multicenter randomized clinical trial 
(Estruch et al., 2013). The PREDIMED results showed that relatively small changes in diet 
can have powerful and beneficial effects (Estruch et al., 2013). The clinical trial in Spain 
was carried out among 7447 subjects at risk of CVD (on the basis of the presence of 
diabetes, hypertension, dyslipidemia and other risk factors). The clinical trial compared 
the effects of two versions of a Mediterranean-type diet, without any energy restriction. 
One version of the Mediterranean-type diet contained large amounts of extra-virgin 
olive oil and the other was supplemented with mixed nuts. There was a “control group”, 
made up of subjects who were advised to follow a low-fat, low-cholesterol diet, typically 
recommended for reducing the risk of CVD (Estruch et al., 2013; Ros et al., 2014).

Both of the groups advised to consume a Mediterranean diet showed an increase in 
total ingested fat, from an average of 39.3% of total energy provided from fat to an 
average of more than 41%; on the other hand, the group advised to decrease their total 
fat lowered their intake from 39 to 37% of energy provided from fat. All three groups 
showed slight decreases in saturated fat and slight decreases in dietary cholesterol intake 
(but blood cholesterol levels were not reported). Only the group with added nuts showed 
an increase in α-linolenic acid, the fatty acid related to the lowest risk of CVD in the 
Cretan cohort of the Seven-Countries Study and in the Lyon Diet-Heart Study (Keys, 
1970, 1995; de Lorgeril et al., 1994). The work of Renaud et al. (1995) also repeatedly 
showed that higher levels of α-linolenic acid, and lower levels of linoleic acid, are key 
factors in reducing cardiovascular risk. On the basis of interim results, the study was 
stopped earlier than initially planned by a monitoring board after a median follow-up of 
just under 5 years. The conclusions showed that the adoption of a Mediterranean style 
diet reduced the risk of cardiovascular complications by 30%, including a reduction of 
the risk of stroke by 40% over a follow-up of approximately 5 years (Estruch et al., 2013). 
The number of recorded complications was very small in the three experimental groups. 
In other words, even the “low-fat” control group had a low rate of cardiovascular com-
plications, probably because they also followed a Mediterranean diet (de Lorgeril, 2013).

What were the key elements of the Mediterranean diet leading to the better health 
outcomes? When reviewing the nutrient data provided, better results were obtained 
from a diet that was higher in total fat and with slightly more fish and legumes than the 
typical “low-fat diet” that was advised for the control group. However, the main contrib-
utors to the effects observed appear to be the supplements provided to subjects: rather 
large amounts of extra-virgin olive oil or several helpings per week of nuts. The authors 
agreed, as they stated, that: “extra virgin olive oil and nuts were probably responsible for 
most of the observed benefits of the Mediterranean diets”. More likely, the interaction 
between various nutrients is probably the source of biological protection, confirming the 
data from the Lyon Study and the Greek population studied by Trichopoulou and collab-
orators (de Lorgeril, 2013).
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In the Editorial of the same issue of the New England Journal of Medicine, Appel and 
Van Horn, remarked that the PREDIMED trial was not a pure test of a Mediterranean diet 
or a pure test of extra-virgin oil and nuts (Appel & Van Horn, 2013). They also note that 
both the PREDIMED and Lyon studies are very similar in their complexity (Appel & Van 
Horn, 2013). In the same issue, in another paper, Tracy writes that “the Mediterranean 
diet has become the standard of healthy eating” (Tracy, 2013) and points to a dietary 
template that may be of particular value as chronic diseases become a particular issue 
during ageing (de Lorgeril, 2013; Tracy, 2013). De Lorgeril (2013) also claims that now 
“in terms of evidence-based medicine, the full adoption of a modern version of the 
Mediterranean diet pattern can be considered one of the most effective approaches for 
the prevention of fatal and nonfatal cardiovascular complications”. Contrary to the phar-
macological approach of cardiovascular prevention, the adoption of the Mediterranean 
diet was associated with a significant reduction in new cancers and overall mortality (de 
Lorgeril, 2013).

However, there are many criticisms of the PREDIMED trial and other studies related 
to the Mediterranean diet. According to Ioannidis, many favorable reports, including 
PREDIMED and Lyon trials, studying the Mediterranean diet are implausible (Ioannidis, 
2013). This author claims that observational studies and even some randomized trials are 
not valid owing to the presence of many confounding factors and other types of bias cre-
ating noise and not giving safe conclusions. In addition, he argues that, although the 
Lyon Diet Heart Study and the PREDIMED trial showed enormous relative risk reduc-
tions in clinical outcomes with Mediterranean diets, effect sizes are exaggerated owing to 
early termination of the trials and the selection of high-risk populations (heart disease in 
the first study; metabolic syndrome in the second study; Ioannidis, 2013). Patients in the 
PREDIMED study were already under treatment with multiple cardiovascular drugs like 
statins and there were many other confounders. In addition, there was only a significant 
reduction in death from stroke and the reduction of mortality of cardiovascular causes 
was only significant when considering the pool of deaths from stroke.

However, Ioannidis concedes that these two randomized trials represent a big step 
and probably they are the path to identifying nutrition-related interventions capable of 
lowering the relative risk in overall mortality by 5–10% in the general population, not 
just in high-risk individuals. He considers, however, that this would require more than 
10 times the sample size of PREDIMED, long-term follow-up, good adherence and good 
death registry. Preferably, sponsoring and conduct should be free of conflicts and alle-
giance bias should be minimized. Ioannidis stresses this latter point, given that fanatical 
opinions are very frequent in nutrition research (Ioannidis, 2013).

Also in 2013, a review was published by the Cochrane Heart Group concerning the 
“Mediterranean” dietary pattern for the primary prevention of CVD (Rees et al., 2013). 
The Mediterranean dietary pattern was defined and should have at least two of the fol-
lowing characteristics to be included in the review: (a) high monounsaturated/saturated 
fat ratio (olive oil used for cooking); (b) low to moderate red wine consumption; (c) high 
consumption of legumes; (d) high consumption of grains and cereals; (e) high consump-
tion of fruit and nuts; (f) low consumption of meat and meat products, with increased 
consumption of fish; and (g) moderate consumption of milk and dairy products (Rees 
et al., 2013).

This systematic review included 11 random controlled trials of 15 papers and 52,044 
randomized participants. The PREDIMED trial was not included because it did not meet 
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the strict inclusion criteria of the analysis as the comparison group was not minimal, for 
example, received face-to-face dietary advice (Rees et al., 2013). The authors concluded 
that there is limited evidence to date, but the Mediterranean diet may reduce some car-
diovascular risk factors (total cholesterol levels, low-density-lipoprotein cholesterol 
levels). As usual, they point to the necessity of more trials to verify the effects of the par-
ticipants recruited and different dietary interventions for analysis of which interventions 
might work best. Nevertheless, they concede that the available evidence is promising and 
supportive of the favorable effects of this diet. There is also a strong biological plausibility 
supported by numerous other studies. Mechanisms that can explain these effects include 
a reduction in blood pressure and insulin resistance, an improvement in the lipid profile 
and anti-inflammatory effects (Rees et al., 2013). Other mechanisms may result from 
polyphenols and omega-3 action, but further studies are necessary to confirm all of these 
hypotheses (de Lorgeril, 2013).

Even more recently, it was published that adherence to a Mediterranean diet-style 
pattern was associated with a 7% reduction in all-cause mortality in 6137 men and 
11,278 women with myocardial infarction, stroke, angina pectoris, coronary bypass and 
coronary angioplasty (Lopez-Garcia et al., 2014). A systematic review and meta-analysis 
of observational studies found that adherence to Mediterranean diet is associated with a 
significant reduction of overall of cancer mortality (10%), colorectal cancer (14%), 
prostate cancer (4%) and aerodigestive cancer (56%) (Schwingshackl & Hoffmann, 
2014). No significant risk reduction was observed for breast, gastric and pancreatic can-
cer. Again, there are biological explanations for these observational findings related 
to  cancer. For example, the phenolic content of extra-virgin and virgin oil is able to 
affect  cancer-regulated oncogenes (Sotiroudis & Kyrtopoulos, 2008; Schwingshackl & 
Hoffmann, 2014). The lower risk of cancer may be due to the multiple and pleiotropic 
effects of the flavonoids in the high consumption of fruit and vegetables, including anti-
oxidant activity, anti-inflammatory action, antimutagenic and antiproliferative prop-
erties as well as regulation of cell signaling and cell cycle, and angiogenesis (Arts & 
Hollman, 2005; Schwingshackl & Hoffmann, 2014).

Most of the studies are conducted on Mediterranean populations but one paper 
studied the effects of adherence to the Mediterranean-style diet on CVD biomarkers, 
metabolic syndrome and body composition in a homogeneous cohort of active male 
 firefighters of the US Midwest, minimizing confounding factors such as gender or socio-
economic differences. They found that a greater adherence to this dietary pattern had 
inverse associations with metabolic syndrome features including low-density-lipoprotein 
cholesterol and reported weight gain, and on the other hand, was associated with higher 
high-density-lipoprotein (HDL) cholesterol (Yang et al., 2014).

With this accumulated evidence the question that arises is: should health profes-
sionals recommend the Mediterranean diet? The authors of the Cochrane Review 
 concluded that there is no reason for such advice, owing to the limitations and variables 
of the study populations and the partial adherence to the Mediterranean dietary patterns 
(Rees et al., 2013). However, we cannot disregard the fact that there is some consensus, 
and based on the persuasive body of evidence from observational studies, some policy-
makers already recommend some aspects and components of a Mediterranean-style diet 
(Appel & van Horn, 2013). For example, there are the clinical guidelines for the preven-
tion of CVD such as the DASH (Dietary Approaches to Stop Hypertension) diet (Appel 
et al., 2006) and the advice to eat at least five portions of fruit and vegetables per day by 
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the US Dietary Guidelines for Americans (USDA Center for Nutrition Policy and 
Promotion, 2010). However, the position of the American Heart Association is more cau-
tious. They assume that Mediterranean-style diets are close to their own dietary recom-
mendations, but they stress that the high percentages of energy derived from fat in the 
diet can lead to obesity. They also write that lifestyle factors, such as physical activity and 
extended social support systems, may also play a part in the lower number of deaths from 
CVD in some of the populations of the Mediterraneum (www.heart.org/HEARTORG/
GettingHealthy/NutritionCenter/MediterraneanDiet_UCM_306004_Article.jsp). As cus-
tomary, they conclude that more studies are needed. In the same line of thought, The 
European Society of Cardiology mentions the Mediterranean diet in CVD guidelines, 
stating that this pattern of diet has gained interest in recent years. Again, they write that 
it is not yet clear which specific nutrients cause protective effects; therefore they recom-
mend eating a varied diet based on some general principles (www.escardio.org/ guidelines-
surveys/esc-guidelines/Pages/cvd-prevention.aspx).

The holistic turn in nutrition science related to dietary patterns where nutrients in 
food can interact synergistically is a paradigm shift. At the beginning of the 20th century, 
research was centered on the roles of micronutrients, such as specific vitamins, and the 
prevention of deficiency diseases such as beriberi, pellagra and scurvy (Tracy, 2013). 
During the 1950s and 1960s atherosclerosis, hypertension and cancer were the dominant 
health threats and macronutrients were considered the potential contributors to CVD. 
Cholesterol was the focus of this research. The first dietary guidelines for the prevention 
of CVD were issued in 1957 based on the link between heart disease and dietary fat. By 
1968, dietary cholesterol was considered the main culprit and the main advice was to 
limit dietary cholesterol and to adhere to the principles of good nutrition (Tracy, 2013). 
Since 1980, the Dietary Guidelines for Americans from the US Department of Agriculture 
(USDA) and Department of Health and Human Services have been revised every 5 years 
(USDA Center for Nutrition Policy and Promotion, 2010). The 2010 guidelines fill more 
than 95 pages and are somewhat difficult to understand for the general public. This is a 
reflection of dialogue between evidence-based dietary advice and the food industry lobby. 
In summary, they advise eating more fruit, vegetables and nuts; limiting dairy and red 
meat; consuming more fish and poultry; avoiding salt and sugar; using olive oil and other 
vegetable oils; and substituting refined grains for whole grains (Tracy, 2013). Concerning 
fruit and vegetable consumption, a paper was published in March 2014 concluding that 
it decreased all-cause mortality, cancer and CVD in England (Oyebode et al., 2014). Those 
individuals eating seven or more portions of fruit and vegetables daily had the lowest risk 
of mortality from any cause (Oyebode et al., 2014). The participants (65,226 aged more 
than 35 years) were representative of the noninstitutionalized English population, and 
physical activity was adjusted to avoid this important confounding factor. The main lim-
itation of the study is that it relies on self-reports and the measurement of fruit and veg-
etables intake occurred at only one point, increasing the social desirability bias and 
random error (Cope & Allison, 2010).

Overall, summarizing all available data, there appears to exist a widespread agreement 
that the components of the Mediterranean diet are consistent with a healthy diet. If not 
entirely evidence-based, it can be endorsed with solid facts (Holt, 2014). However, in the 
same Mediterranean region, adhesion to this diet appears to be diminishing owing to the 
increased prices and the current financial crisis (Bonaccio et al., 2014). Studies among 
children and adolescents in these countries indicate that they are abandoning their 

http://www.heart.org/HEARTORG/GettingHealthy/NutritionCenter/MediterraneanDiet_UCM_306004_Article.jsp
http://www.heart.org/HEARTORG/GettingHealthy/NutritionCenter/MediterraneanDiet_UCM_306004_Article.jsp
http://www.escardio.org/guidelines-surveys/esc-guidelines/Pages/cvd-prevention.aspx
http://www.escardio.org/guidelines-surveys/esc-guidelines/Pages/cvd-prevention.aspx
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traditional diet (Bonaccio et al., 2012a; Naska & Trichopoulou, 2014). These factors have 
led people to favor less expensive food, which allows them to save money but is unhealthy 
(Bonaccio et al., 2012a, b, 2014). As usual, higher-quality diets are consumed by better 
educated and wealthier people while individuals from lower socioeconomic groups tend 
to eat low-quality diets (highly palatable and low-cost energy-dense foods composed of 
refined grains, sugars or fats) and therefore are exposed to nutrition-related disease 
(Bonaccio et al., 2014; Naska & Trichopoulou, 2014).

An additional problem is that knowledge often is not easily translated to behavior. 
Media frenzy over health issues has given epidemiological research a bad reputation by 
causing uncertainty and confusion over what is healthy and what is not healthy. Studies 
reporting new associations of food ingredients or biocompounds with diseases are 
common, and sensational headlines appear almost daily in the media. Thus, in a recent 
provocative paper, Schoenfeld and Ioannidis (2013) randomly selected 50 common 
ingredients from a cookbook, and reported that 40 were apparently associated with 
increased cancer risk in peer-reviewed studies. However, most of these associations dis-
appeared in subsequent meta-analyses. The final outcomes are increases in media profits 
and public anxiety and confused policy-makers and politicians. Indeed, oversaturation of 
contradictory evidence permeates nutritional epidemiology research. Despite mass media 
not representing a threat to public health, they can play a positive role in the promotion 
of healthy behaviors through propagating balanced information as reported by Bonaccio 
et al. (2012b) concerning the adherence to Mediterranean diet in an Italian adult 
population.

Related to the advice to adopt or not adopt to the Mediterranean diet is the presence 
of ethanol in the diet. Ethanol, consumed mostly in form of wine and during meals, was 
found to be one of the components of the Mediterranean diet responsible for the lower 
mortality (Trichopoulou et al., 2009). Also in the PREDIMED subjects, about one-third of 
subjects in the Mediterranean diet groups reported consuming seven or more glasses of 
wine per week vs about one-quarter in the control group (Estruch et al., 2013). This issue 
of ethanol consumption and the possible effects on health, mainly cardiovascular health, 
will be analyzed in the next section, the “French Paradox”.

11.5.2 the French paradox
In June 1992, Renaud and collaborators published a paper entitled “Wine, alcohol, plate-
lets, and the French paradox for coronary heart disease” (Renaud & de Lorgeril, 1992). It 
is written in the Abstract that “the consumption of wine by the French could explain 
their low death rates from heart disease” although they eat as much fat as individuals in 
other countries (Renaud & de Lorgeril, 1992). The term “French paradox” was first used 
in November 1991, in the CBS show “60 Minutes”, where the apparently disagreeing 
evidence of regular high-fat diet consumption and very low incidence of heart disease in 
France was discussed (Mudry, 2010). This catchy term captured the mind of the general 
public, mainly in the USA, and following the broadcast, the sale of wines in this country 
increased by 40% (Mudry, 2010). The message spread by the mass media concerning the 
putative health benefits of drinking is confusing, contradictory or spurious. It is evident 
that the “French paradox” is not a straightforward story. There exists a great deal of 
influence of the mass media mixed with commercial interests. However, in the general 
press and society in general, wine has become scientized, rationalized and medicalized 
(Mudry, 2010), and sometimes described only as a matrix for active biocompounds such 
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as phenols, anthocyanins, resveratrol and many others, which are probably (or not) 
responsible for the presumed beneficial effects on health. Owing to this, and the rise of 
probabilistic thinking in public health, the US government defined numeric guidelines 
characterizing a “healthy” and a “moderate” drinker (Mudry, 2010). This “healthy 
drinker”, as opposed to an “alcoholic”, is a self-restrained individual who possesses the 
rational ability to consume only the amount of wine necessary to supply adequate 
chemical compounds (Mudry, 2010).

In spite of the sociological considerations, numerous scientific papers studying eth-
anol and its effect in CVD and an increasing amount of circumstantial evidence show that 
wine can influence not only cardiovascular health but also other diseases (Alkerwi et al., 
2009; Di Castelnuovo et al., 2010; Daviglus et al., 2011). A meta-analysis of 84 clinical 
trials demonstrated a clear beneficial effect of moderate consumption of ethanol in the 
reduction of the incidence of coronary heart disease and stroke (Grigorakis, 2011; 
Ronskley et al., 2011). The health benefits of moderate alcohol consumption can be 
attributed to several factors, among which are the increased plasma levels of high-density-
lipoprotein cholesterol, effects on hemostatic factors and a significant content of anti-
oxidant substances such as polyphenols and resveratrol in wine (Covas et al., 2010). 
Concerning resveratrol, although it is present in very low amounts in wine, it was con-
sidered a promising molecule owing to its pleiotropic actions widely described in vitro and 
in experimental animals (Catalgol et al., 2012; Cherniak &Troen, 2013). There are some 
limited human studies with no convincing results (Cherniak &Troen, 2013). Recently, a 
study showed that, in 800 individuals 65 years or older, an increased consumption of 
foods rich in resveratrol did not affect long-term health over 9 years (Semba et al., 2014). 
In other words, dietary amounts of resveratrol did not translate into fewer deaths, cancer 
or CVD (Semba et al., 2014). A placebo-controlled study would be more conclusive, but 
is difficult to justify with these results.

However, the real existence of the “French paradox” is not proven. It is not disputed 
that, in many Western populations, middle-aged and elderly people who drink moder-
ately have a lower risk of death from CVD than either total abstainers or heavy drinkers. 
However, there is also evidence that the real explanation of this pattern is not that wine 
is protective, but simply that the average health status of people who drink low or 
moderate amounts of alcohol is better than that of abstainers (Hansel et al., 2010). More 
recently Hansel et al. (2012) agreed that the results of observational studies and meta-
analyses are largely concordant in suggesting the possibility of a beneficial effect of alcohol 
on CVD. However, they suggest that the findings of CVD protection by alcohol consump-
tion may be partly owing to misclassification of numerous confounding factors, and on 
the other hand, that the drinking pattern is a crucial contributor to take into account 
when interpreting the results of every epidemiological study (Hansel et al., 2012). In 
another paper, the same authors verified in a large French cohort of supermarket clients 
(more than 196,000 persons) that the ratio of healthy to unhealthy foods purchased is the 
highest in wine consumers, the lowest for consumers of other beverages (beer, aniseed-
based alcoholic beverages, modern/aperitifs and whisky), and intermediate for nonalco-
hol consumers (Hansel et al., 2013). They conclude that probably wine buyers display 
healthier dietary habits not only as compared with other categories of alcohol consumers, 
but also as compared with those who do not purchase alcohol (Hansel et al., 2013).

As well-conducted randomized studies assessing the causal role of alcohol in cardio-
protection are not feasible owing to ethical reasons and the absence of blind placebo 
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(Grigorakis et al., 2011), future epidemiological studies evaluating this relationship should 
carefully choose the covariates in any multivariate analysis (Hansel et al., 2012).

It is now considered more likely that the wine is not the sole protective factor in a diet 
with an apparent excess of fat consumption (Opie et al., 2011). Even Renaud and collab-
orators in the Lancet paper of 1992, described a “Mediterranean-type diet” within which 
the consumption of wine had a place (Renaud & de Lorgeril, 1992). Therefore, regular 
modest wine with meals is an established component of the Mediterranean diet 
(Trichopoulou et al., 2003). In addition, the diet is varied and diets with low diversity 
scores are associated with increased coronary heart disease (Kant et al., 2009). This inter-
action between wine and meals in a context of an active lifestyle may have a positive 
interaction (Opie et al., 2011). Furthermore, olive oil and wine consumed together have 
a synergistic postprandial hemodynamic response (Papamichael et al., 2008; Opie et al., 
2011). Thus, it can be concluded that wine can confer health benefits as a part of a 
healthy lifestyle, and not in itself.

Should a doctor advise a patient to consume wine? Wine should not be consumed 
for its intended pharmacological properties. In an adequate diet and consumed moder-
ately it can be an element of a healthy lifestyle. A simple common sense approach 
 dictates that, concerning wine consumption: (a) Individuals who already drink should 
limit consumption to moderate amounts. In the USA, two drinks per day for men and 
one drink per day for women is considered moderate (<25 g/day) (Grigorakis et al., 
2011); (b) obviously, patients with liver disease and/or alcoholism or history of sub-
stance addiction should avoid alcohol consumption; and (c) physicians should not 
advise abstaining patients to drink wine (Grigorakis et al., 2011). However, practices to 
direct heavy drinkers toward becoming low or moderate drinkers should be performed 
(Grigorakis et al., 2011).

Concerning this last point, there is a percentage of individuals that may be prone 
to addiction or will fail to moderate consumption, and therefore the recommendation to 
drink alcohol is not advised. If there is abuse, these individuals may represent a hazard 
to society and it may have detrimental effects on their own health (Testino et al., 2013). 
Furthermore, no benefits of moderate alcohol consumption have been found for 
 nonvascular causes of death like different type of cancers, liver cirrhosis and chronic 
 pancreatitis, for which there are increased risks with ethanol consumption (Corrao et al., 
2004; Mukamal & Rimm, 2008). In women, alcohol consumption, even moderate, is 
associated with increased risk of breast cancer (Fagherazzi et al., 2014). Furthermore, 
alcohol drinking is related to mortality from hypertension, stroke, accidents and violence 
(Corrao et al., 2004). These facts are reasons why some authors state that alcohol 
 consumption should never be advised (Goldberg, 2003; Testino et al., 2013, 2014), along 
with proved carcinogenicity. They state that the substitution of one medical condition for 
another, also potentially lethal, is not ethical (Goldberg, 2003; Testino et al., 2013) and a 
total nonsense (Testino et al., 2014).

The WHO has also a “zero tolerance” policy on alcohol consumption (Poli et al., 2013; 
Testino et al., 2013). The more reasonable option would be that the choice to consume 
alcohol should be based on individual considerations, taking into account several factors 
such as the influence on health and ageing, risk of abuse and other factors that may vary 
with age and lifestyle (Poli et al., 2013). In short, the recognition of the likely benefits of 
light to moderate alcohol intake should not overshadow the problems associated with 
drinking and the possible burden to the individual and society.
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It should be remembered that wine is a food to be enjoyed. It can never be considered 
a product to be consumed owing to the likely pharmacological properties. Its consump-
tion should be moderate and responsible in the context of an adequate diet and an 
element of a healthy lifestyle.

To conclude, the most important measures to stay healthy during ageing are physical 
activity (Chin et al., 2008) and nutritional interventions, in which some elements of the 
Mediterranean diet can be easily adopted without effort for years, owing to their relative 
ease of adherence. Stamler (2013) proposed a “modern” Mediterranean diet for the 21st 
century with an update to avoid the problematic aspects: high grain product intake from 
white flour; high wine intake; high energy intake leading to obesity; and high salt 
intake. In the same line, following the results of PREDIMED study, Estruch and Salas-
Salvadó (2013) proposed a dietary pattern with extra-virgin olive oil, nuts, fatty fish and 
whole grain cereals, reduced sodium intake and moderate intake of wine with meals.

More simply, we can quote Barry Halliwell, who gives this advice after studying for 
many years the effects of dietary anti-oxidants: “So, eat well, including plenty of fruit, 
grains and vegetables, avoid obesity, don’t smoke, exercise regularly” (Halliwell, 2013).
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