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MEPIAHWH. O1 pnxaviopoi eAeuBépwv pidwyv, o1 OTToiol  €XOUV CNPAVTIKN
QUOIOAOYIKN AgITOUpyia OTOUG aEPORIOUG CwVTAVOUG OPYaVICUOUG, PTTOPOUV
VO KATaoTouv eTIBAABEIC yIO TNV UYEIQ TOUG KATW ATTO OUVOAKEG OEIBWTIKOU
stress. Tig TeAeutaieg OeKAETiEG, TTOAUAPIOUEG €PEUVEG KAl KAIVIKA
atmmoTeAéopata €01Eav OTI TO OLEIOWTIKO Stress Kal N uywnAr CuykEVTpwon
oguyovouxwv €eAeuBépwyv pICwv TTPOKOAOUV BAABeg o€ Paoikd BIOAOYIKA
Mopia. £ OTTwg, OTIG TTpwTeiveg Kal €viupa, Ta AMTIdI0 TWV PEPBPAVWV TWV
KUTTAPWYV Kal Ta VOUKAEIVIKA o&éa (DNA, RNA) Tou TTUpAvVa TwV KUTTAPWY Kal
TwV PIToXovopiwv. H cucowpeuon Twv BAABWY aUuTWVY Kal N HEIwPEVN Opdon
TWV EMOIOPOWTIKWY PUNXAVICHWY KAl AVTIOEEIDWTIKWY eVCUUWYV BewpouvTal OTI
TTPOKAAOUV TUNMHATIKA TN YAPAVON TWV aEPORIWV OPYAVICUWV.

H O&iatpo@ry atroteAei onuavTtikd TTapdyovTa uyeiag Twv agpopiwv
OPYQVIOUWY KAl Ol AVvTIOEEIDWTIKEG QUTOXNMIKEG KOl GAAEG ouaieg TTaiouv
aKkpoywviaio poAo OTn PEiwon Tou OLEIdWTIKOU Stress Kal puBuiong Twv
MNXaviopwy eAeuBEépwyv piwyv. H Bewpia TnNG ynpavong Adyw HPETABOAwWY oThv
QVTIMETWTTION O&EIBWTIKWY BAABwWYV, cucowpeuong o&EIdWPEVWY BIOPopiwy
Kal Bpaucpdtwy Tou DNA éxel emPBePaiwdei pe TTOANEG €peuveg. Ol
QVTIOCEIDWTIKEG ouaieg TNG dIaTPOPAG TTaiCouv onuUaAvTIKG POAo, aAAd Oev
MTTOpOUV va avaoTpEWOUV T QUOIOAOYIKH TTOpEia TNG yhnpavong, atmAwg
TTEPIOPICOUV TNV ETTITAXUVON TwV OTadiwv TNG yRPavong Kal Twv KAIVIKWV
QaIvouEVWY. O BepUIBIKOG TTEPIOPIOCPOG £xEl dWOEl BETIKA aTTOTEAEOUATA O€E
TTEIPAPATA YRPAVONG OE TTEIPAUATOWA KAl TIG TTPWTEG EVOEIEEIC yIa PEiwoN
Twv BAaBwv oTov AvBpwTtro. AANAG €ival vwpic akoun va TeKunpiwbouv ol
BOOIKOi PNXAVIOUOI ME TOUG OTTOIOUG ETTITUYXAVETAI N AVOOTPOPH Twv
YNPAVTIKWY QAIVOUEVWY AOYW TOU TTOAUTTAOKOU (QUGCIOAOYIKOU HETAROAICHOU
KAl TWV YEVETIKWV ETTITTAOKWYV oTOoV AvBpwTro. To apbpo autd cuvwyilel Ta
KUPIOTEPQ ETTIOTAMOVIKA ETTITEUYUATA KAl TIG ATTOOEIEEIC TNG AVTIYNPAVTIKAG
TTOPEIG ME  AVTIOEEIDWTIKA OIATPOPIKA CUUTTANpWUATA KOl TTEIPAUATA
BepuIdIKOUG TTEPIOPIOHOU.

Abstract

Theories were proposed through the years for the reasons of ageing in
aerobic biological systems. Some of these theories lost favor because of lack
of scientific support but other remained as potential avenues of
biogerontological research. In the 1950s Denham Harman announced his
seminal proposal that reactive oxygen species (ROS) are an important cause
of ageing. He proposed that free radicals formed endogenously as by-
products from normal metabolism played an important role in ageing, as well
as the mitochondria because these organelles proved to be a major site of
ROS production. Aerobic organisms under normal conditions accumulate
oxidative damage to cellular macromolecules (imbalance of pro-oxidants and
antioxidants agents) that increases during ageing, contributing progressively
to increased oxidative stress and to the decline of cellular processes. In the
last decades new clues have been discovered about the role of oxidative
stress in the mammalian ageing and a deeper understanding has been
developed of age-related diseases in humans. The current research tested
the direct involvement of oxidative stress in ageing in mice and other
organisms and the data support the oxidative theory of ageing. Supplements
with antioxidant vitamins/minerals during randomized clinical trials showed



conflicting efficacy data on improving various oxidative stress diseases.
Caloric (or calorie) restriction (CR) in the other hand proved to be beneficial in
metabolic, hormonal and functional changes in adult men and women. This
review presents the most important advances in scientific research and
experiments in vivo for the oxidative theory of ageing.

1. Introduction, Theories of ageing and oxidative stress

The origins of the free radical theory of ageing (or aging) go back to the
1950s when it was discovered that oxygen free radicals formed in situ in the
cellular compartments of the aerobic organisms in response to radiation and
oxygen metabolism are responsible for various oxidative damage.?

Denham Harman, noting that radiation and oxygen poisoning “induces
mutations, cancer and ageing”, proposed that oxygen free radicals that are
formed endogenously from normal oxygen-utilizing metabolic processes
(specifically hydroxyl, HO® , and hydroperoxyl radicals, HO,") play an essential
role in the ageing process.? Traditionally, chemists thought that free radicals
are very limited in biological systems, because of their reactivity and short
half-life, despite the reports to the contrary and their detection by various
scientists in biological materials.*®

Then, a very important discovery of superoxide dismutase (SOD) by
McCord and Fridovich in 1969 and the demonstration of the existence of
hydrogen peroxide (H,0,) in vivo in 1979, gave credibility to the theory of free
radicals.®” In 1972, Harman added a modification to his theory, giving a
central role to the mitochondria of the aerobic organisms, because these
organelles generate a large amount of reactive oxygen species (ROS, the
term has been established as meaning oxygen free radicals and highly
oxidant oxygen chemicals, such as H,0,) in cells.® In the following years, the
theory was supported by new experimental evidence, namely that oxidative
cellular damage, through oxidative stress in aerobic organisms, increases
during ageing and that mitochondria are central to ageing. Studies showed
that mitochondria DNA deletions and point mutations (mtDNA) are induced by
oxidative stress and accumulate with age in aerobic organisms from worms to
humans.**2

The hypothesis of free radicals of ageing has been refined in the last
decades encompassing also other forms of reactive oxygen substances, such
as peroxides, aldehydes, nitrogen oxides and other compounds which
contribute to oxidative damage in cells. A chronic state of oxidative stress
exists in cells of aerobic organisms even under normal physiological
conditions  because of an imbalance of pro-oxidant and antioxidant
substances and enzymes.* This imbalance leads to a steady-state
accumulation of oxidative damage for a variety of important macromolecules
(proteins, enzymes, lipids, DNA, etc) that increases during ageing.
Progressively, these damages lead to loss of functional efficiency of cellular
metabolic processes. A “strong” version of oxidative stress determines life
span, while a “weaker” version of oxidative stress is associated mainly with
age-related diseases.'

Reactive oxygen species (ROS) are from one hand very important for
the physiological metabolic processes of aerobic organisms, including



humans, but at the same time generate oxidative stress which changes
dramatically with age. Also, there is mounting genetic evidence that links
oxidants and oxidative stress responsiveness to ageing. In this respect, there
are great challenges but also numerous difficulties for the development of
anti-ageing therapies (antioxidant supplements, calorie restriction, special diet
techniques, etc) or changes to life style in order to reverse the ageing process
and increase longevity.

2. Oxidant productions and antioxidant defenses in aerobic
organisms

The various reactive oxygen species (ROS), that can be free radicals
(0., HO®) or oxidative species (H,0,) are produced under physiological
conditions in all aerobic organisms and play a very important part in energy
productions, various metabolic mechanisms and other cellular functions.
Most estimates suggest that the majority of intracellular ROS production is
derived from mitochondria.*>*®

The evolutionary process of aerobic organisms for millions of years in
an oxygenic air environment on Earth was successful because of the
development at the same time of effective antioxidant mechanisms. The
burden of ROS production is largely counteracted by an intricate antioxidant
defence system that includes enzymatic and non-enzymatic substances. The
most important antioxidant enzymatic scavengers are superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidases (GPx), In addition to
these well characterized antioxidant enzymes, at least five members of a new
family of peroxide scavengers termed peroxiredoxins have recently isolated.”’
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Figure 1. Mitochondria are microscopic bodies in the cytoplasm of every
cell. Mitochondria contain many oxidative enzyme systems, producing energy
(in the form of ATP) for many cell functions They are the most important locus
for the production of reactive oxygen species (ROS), like superoxide anion
(O,") and other oxygen species capable of generating the oxidant hydrogen
peroxide (H202).



A variety of other non-enzymatic, low molecular mass molecules, such
as ascorbic acid, uric acid, flavonoids, carotenoids, glutathione, pyruvate, are
present in millimolar concentrations within cells and are effective scavengers
of ROS.*™

The balance between ROS production and antioxidant defences
determines the degree of oxidative stress in biological systems. As a
consequence of the oxidative stress the “escaped” ROS cause oxidative
damage to proteins, enzymes, membrane lipids and nuclear DNA. The most
widely studied oxidative stress-induced modifications are to proteins.*®
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Figure 2. Reactive oxygen species (ROS) are produced by mitochondria
respiratory chain reactions (and by some other cellular metabolic functions).
The antioxidant enzymes Superoxide dismutase (SOD) can dismutate O,
into H,O, and Catalase (CAT) can transform it into water (H,O). But the
antioxidant reactions are not 100% effective and some hydroxyl radicals (HO®)
can be generated (through the reaction of H,O, with metals, such as Fe?",
Fenton reaction). Hydroxyl radicals are highly reactive and can damage
proteins, lipids and DNA (including mitochondrial DNA, mtDNA).

Several studies have shown that ageing cells and organisms
accumulate increased levels ox oxidant-damaged nuclear DNA.” Also,
mitochondrial DNA (mtDNA) because of the proximity to the main source of
oxidant generation , or because of a limited DNA repair system, mtDNA is
generally considered to be even more sensitive than nuclear DNA to oxidative
damage.?



ﬂ/lutant Damaged \
' i Error-Prone
Mitochondrial Witgatiandnal Decreased

Proteins DNA Pol-y

Proteins DNA Repair

Nuclear l :
K DNA Damags > ~PoPtosis J

I—'Aging

Figure 3. ROS and free radicals such as HO® can cause oxidative damage
to mitochondrial proteins, mutations in mMtDNA or decrease the DNA repair
mechanisms. Also, ROS can escape the mitochondrial membrane causing
nuclear DNA damage in cells, or apoptosis because of DNA mutations. These
oxidative damages advance ageing of organisms.

3.  Oxidative stress, biology of ageing, diseases and cancer

Although maximum life span (longevity) is the most relevant and
defined endpoint of with regard to ageing, in large multicellular organisms
ageing does not proceed uniformly. This concept of focal ageing or
segmented progeria, is particularly important in a variety of age-related
human diseases. The two most important age-related diseases are
cardiovascular and neurodegenerative disorders that increase exponentially
with age. Also, in the last decades there is a growing convergence between
the our understanding of the biology of ageing and the basic mechanisms that
underlie cancer.?

The maintenance of DNA represents a fundamental and continuous
problem to every cell. DNA repair and genomic stability in aerobic organisms
have been explained in recent years and there are multiple pathways to sense
and repair damaged DNA in cells, depending on the nature of damage and on
the phase of the cell cycle. Genomic instability is a hallmark of most cancers
but also the hallmark of ageing. Age-dependent increase in chromosomal
instability has been known for some time to occur in simple organisms (such
as yeast) but also in mammals.??*



Increasing evidence from laboratory, animal and clinical studies indicate
that ROS may participate in the pathogenesis of these diseases. Experiments
showed that the vessel wall of patients with atherosclerotic risk factors, but no
overt disease, is characterized by significant increase in vascular ROS
production.?® Mutations in genes that regulate antioxidant enzymes (such as
SOD, glutathione, etc) and deficiencies in antioxidant vitamins E or A have
been found by in vivo experiments to increase the risk for atherosclerosis,
retinal degeneration and familial amylotropic lateral sclerosis.?2®

The common feature to many of these diseases of ageing is the
recruitment of inflammatory cells. These cells contribute to oxidative stress in
large part because they contain the potent NADPH oxidase system. The
NADPH (nicotinamide adenine dinucleotide phosphate-oxidase) is a
membrane-bound enzyme complex which is present in neutrophils,
macrophages, microglia and vascular cells. Once activated, the NADPH
oxidase produces large amounts of superoxide anion (O,"). Although
superoxide can be reduced to H,O, by SOD, small amounts escape the
enzymatic dismutation and react with nitric oxide (NO®) producing
endogenously the oxidant peroxynitrite (NO* + O, — ONOQ") and other
highly damaging radical species. The link between inflammation and ROS
seems to provide a useful framework for understanding oxidative stress and
disease progression.?3*

4. The role of micronutrients (vitamins, minerals,
biochemicals), oxidative stress and longevity

For most of human evolution, caloric shortage probably limited
population growth. The advent of agriculture made diets rich in calories and
nutrients. The introduction of potato in Europe and rice varieties in Asia were
major factors enabling high population growth and density. Although caloric
shortage is a thing of the past for most of the countries on the global scale,
the abundance of carbohydrates, meat, fat-rich foods, inexpensive processed
foods and sugary drinks generated a new epidemic of obesity associated with
micronutrient malnutrition.3*%3

Numerous epidemiological and clinical studies in the past decades
have demonstrated that regular fruit and vegetable consumption (rich in
polyphenols, flavonoids and other antioxidants) reduces cellular oxidative
damage, increases plasma antioxidants and reduces the risk for various age-
related diseases and mortality.***’

Dietary research and nutritional supplementation with antioxidants
advanced in response to these studies. The clinical use of antioxidant
vitamins, minerals and biochemicals has gained considerable interest during
the last decade.®**

Based on these promising data, supplements of vitamins (E, C, A, D,
Bs, B12), minerals (Zn, Ca, Mg, etc) and biochemicals (a-lipoic acid, curcumin,
melatonin, resveratrol, isoflavones, etc) were applied through protocols aimed
to prevent age-related diseases. Prevention of cardiovascular diseases was
an obvious subject (atherosclerosis, hypertension, coronary vasculature, etc)
with antioxidants, but the results were conflicting for the efficacy of
antioxidants.*#



Chronic Obstructive Pulmonary Diseases (COPD) is connected with
oxidative stress. Targeting oxidative stress with antioxidants is obviously a
likely goal for beneficial treatment of COPD, but results were very limited.*’
Treatment of amylotropic lateral sclerosis and multiple sclerosis with
antioxidants showed conflicting evidence for the efficacy of antioxidants.*®°
The majority of clinical trials identified positive effects for supplementation with
antioxidants for the type 2 diabetes.®® Ambiguous clinical results have been
found in the treatment of cognitive impairment and neurodegenerative
diseases (e.g. Alzheimer's disease) with antioxidants.®***  Oxidative DNA
damage (as measured with the biomarker of the mutagenic adduct 8-OHdG)
decreases substantially with supplementation of vitamin D and calcium.>?

Are concentrations of plasma antioxidants and longevity in
centenarians connected? The question was answered by scientists with the
measurements of plasma levels of vitamin C, uric acid, vitamin E and A,
carotenoids, activity of SOD and GPx in healthy centenarians, elderly aged
80-99 years and over 60 years of age. From the results it is evident that
healthy centenarians show a particular profile in which high levels of vitamins
seem to be important in guaranteeing their extreme longevity.>® Antioxidant
status in elderly persons is a predictor for health and longevity.>>*°

Daily human diet intake needs around 40 essential micronutrients. The
optimum amount of micronutrients is essential to maximize the protection of
important biological macromolecules from oxidative damage and keep the
metabolic network. Dietary intake of micronutrients changes with age.>’

Micronutrient

RDA (recommended dietary allowance)

Minerals

Iron (Fe) 18,000 (women 20-30 years) ug
8,000 (women 50+ years) ug

Zinc (Zn) 8,000-11,000 (women/men 50+ years) ug

Selenium (Se) 20-65 pg

Vitamins

Vitamin E (a-tocopherol) 6-10 mg

Vitamin C (ascorbic acid) 40-60 mg

Folic acid 150-200, 400 (pregnant women) ug

Bs 0,3-2,0 mg

Bi, 0,3-2,0 ug

Flavonoids, polyphenols, a-lopoic acid,
isoflavones, caretonoids, gloutathione,
niacin,

Biochemicals

5. Caloric restriction can be beneficial for chronic

diseases, cancer and ageing

The first research on caloric (or calorie) restriction in experimental
animals was contacted in 1935. Calorie restriction in rats (implemented after
puberty), extended median and maximum life span and prevented the severity
of chronic diseases.”® Subsequent experiments in different species (rodents,
flies, fish, yeast) have shown that calorie restriction, defined as a reduction of
food (diet, calories) without malnutrition, slows ageing, increase maximum life
span and reduces the extend of diseases and cancer.’*®

The age when calorie restriction is started, the severity of diet
restriction and the genetic background of the animal determine the extend of



life extension. In rodents (rats or mice) a 30% to 60% reduction in calorie

intake below the usual ad libitum intake of food (in accordance with desire)

caused a proportionate 30% to 60% increase in maximum life span. The
experiments showed slow primary ageing and extend of maximum life span
for rats and mice.®*®? Also, experiments with rodents with intermittent fasting

(or alternate-day feeding) increases resistance to stress and prolongs

maximum life span.®®

Studies of calorie restriction with rodents found that delayed the
occurrence of chronic diseases, including diabetes, atherosclerosis,
cardiomyopathy, autoimmune diseases, kidney and respiratory diseases and
various cancers.®*®® In addition, calorie restriction has been proved to
decrease neurodegeneration in the brain and enhance neurogenesis in
animal models of Alzheimer's and Parkinson diseases, Huntington disease
and stroke.®"®°

Scientists suggest that the mechanisms responsible for calorie
restriction-mediated beneficial effects on primary ageing (in rodents) probably
involve the metabolic adaptation to restriction itself, including:

(a) calorie restriction (CR) decreased production of reactive oxygen species
(ROS) and modulation of the endogenous antioxidant systems, which
decrease oxidative stress that induce damages to tissues.”®"

(b) decreased circulating triiodothyronine (T3) (serum thyroid hormone)
levels and sympathetic nervous system activity, which cause a decrease
in body temperature and whole-body resting energy expenditure from
baseline.’*"

(c) decrease plasma concentrations of inflammatory cytokines and a mild
increase of cortisol, which reduces systemic inflammation. ”>"®

(d) protection of the immune system, which with ageing is becoming
weaker.”’

(e) increased expression of protein chaperons, such as heat shock protein
70, and neurotrophic factors."®

(e) CR decreased plasma concentrations of anabolic hormones and growth
factors, which are involved in ageing and tumorigenesis.’***°

(f) CR enhanced DNA repair processes,®! increased removal of damaged
cellular proteins and oxidized lipids, and decreased glycation end
products.®

Experimental data suggest that many of the cellular effects of CR are
mediated by regulating gene expression, through up-regulation of genes
involved in repair and survival mechanism (by protecting against oxidative
damage), down-regulation of genes involved in mediating inflammation and
prevention of changes in gene expression that occur with ageing.®*%*

6. Caloric restriction and ageing in experimental animals

Animal models for studies of calorie restriction for many years included
yeast, worms, flies and laboratory rodents (mice and rats) and in the last
decade nonhuman primates.®8°

Experiments of dietary restriction (calorie restriction), i.e. a reduction of
food intake by 40-60% without malnutrition, has been proved to have
remarkable benefits for health and lifespan in diverse species, as yeast,



roundworms, flies and rodents. The roundworm Caenorhabditis elegans (C.
elegans) has been used in a great variety of caloric restriction
experiments.?”%  As in yeast and flies, over-expression of the Caenorhabditis
elegans sirtuin gene sir-2.1 leads to extension of lifespan and deletion of the
gene shortens lifespan.®

Figure 4. Model organisms of ageing studies: yeast (Saccharomyces
cerevisiae), roundworms (Caenorhabditis elegans), fruit flies (Drosophila
melanogaster) and mice. Caloric restriction studies with these model
organisms decreased oxidative stress biomarkers and increased substantially
their life span.

Scientists were studying for years the budding yeast Saccharomyces
cerevisiae and its replicative ageing. A screen for genes that determine yeast
replicative lifespan identified the SIR complex (including the Sir2 histone
deacetylase). Yeast Sir2 is a nicotinamide adenine dinucleotide (NAD") —
dependent histone (protein) deacetylase that has been proposed to mediate
effects of life extension under caloric restriction.’®®* Sir proteins were already
known to be involved in gene silencing (SIR stands for Silent Information
Regulator). Sir2 is one of several enzymes that remove acetyl tags from the
histones, but requires the small molecule of NAD (known as a conduit of
many metabolic reactions in cells). This association between Sir2 and NAD is
very important because it links Sir2 activity to metabolism and thus potentially
to the relation between diet and ageing observed in caloric restriction. %%

Another experimental animal for studying mechanisms of ageing is the
fruit fly Drosophila melanogaster. The life span of Drosophila melanogaster,
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under experimental conditions of caloric or dietary restriction, was
extended.*%®

Rodents (mice and rats) and primates were used in experiments for
the study of caloric restriction on ageing and longevity. It is not yet known
whether caloric restriction affects primary ageing and extends maximum life
span on long lived mammals. There are ongoing studies that evaluating the
effect of such restriction on ageing in mice and rats with positive outcome.**
191 Experiments with rhesus monkeys will probably take another 10 to 15
years before adequate data are available for reliable results. Nonetheless, the
data currently available from these studies have shown that many of the
metabolic, hormonal, anti-inflammatory, and body compositional changes that
occur in caloric-restricted rodents also occur under similar conditions in
caloric-restricted monkeys.'9%1%°

7. Experiments of caloric restriction and ageing in humans

Studies of caloric restriction and the effects on longevity in humans are
very difficult to come to a definite conclusion because there are no validated
biomarkers that can serve as surrogate markers of ageing. Also, there are
practical difficulties to conduct randomized, diet-controlled, long-term survival
studies in humans.%¢%’

There are data from epidemiological studies which suggest that diet
restriction can have beneficial effects on the factors involved in the
pathogenesis of primary and secondary ageing and life expectancy in
humans. During the World War | and Il there were food shortages in many
European countries that were associated with sharp decrease in coronary
heart disease mortality. After the end of the war the cardiovascular diseases
increased again.’®'% In another study it was found that the Japanese in the
Okinawa island are consuming 30% less calories than the average Japanese
population and had ~35% lower rates of cardiovascular disease and lower
cancer mortality than the average Japanese. Also, they had one of the highest
number of centenarians in the world.**°

However, these associations are not enough indicators that can prove a
relationship between decreased caloric restriction and improved effects in
longevity and decrease in ageing diseases.

There are more than ten recent human studies with voluntary self
imposed caloric restriction or accidental induced caloric restriction for short-
term randomized controlled trials (6-12 months). These studies examined the
connection between caloric restriction and biological adaptations that might be
responsible for the slowed ageing process. Findings from these studies were
very promising. The caloric restriction group of men and women, compared to
the control group, showed decreased body fat and body mass index (BMI),
blood pressure, marked reduction in metabolic risk factors for coronary heart
disease, decrease levels of insulin, decreased T3 levels, improved lipid profile,
decreased TNF-a/adiponectin ratio and levels of insulin and glucose, lower
plasma concentrations of inflammatory markers, and other beneficial markers
of reduced oxidative stress and ageing.****#%

Some studies found also that CR decreased bone mass as well lower
extremity muscle mass and strength. Despite many similarities in the
metabolic adaptation to CR observed in rodents and humans, it is not known if
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such restriction affects maximum lifespan in humans. Obesity is associated
with serious medical diseases and premature mortality. Weight loss induced
by CR (negative energy balance) simultaneously improves multiple metabolic
risk factors for cardiovascular disease and other medical abnormalities
associated with obesity. In the other hand, it must be emphasized that
excessive caloric restriction (defined as a decrease in calorie intake that can
be dangerous on organ functions and health) that is more than 45% of the
energy requirements can cause anemia, muscle wasting, neurologic deficits,
lower extremity edema, weakness, dizziness, lethargy and depression. %%

8.  Genetics, dietary restriction and mechanisms of ageing
in small organisms

Molecular biologists discovered in recent years that the ageing
process is subject to regulation by classical signaling pathways and
transcription factors in biological systems. Many of these pathways were
discovered for the first time in small, short-lived organisms such as yeast,
worms, flies and rodents. It was found that many mutations that extend
lifespan affect stress-response genes or nutrient sensors. When food is
plentiful and stress levels are low, these genes support growth and
reproduction, but under harsh conditions their activities change (some up
and others are turned down) and as consequence the animal undergoes a
global physiological shift towards cell protection and maintenance. These
shifts protect the animal from environmental stresses and it also extends
lifespan.?

Nutrient and stress sensors mediate lifespan extensions that occur in
response to many different environmental and physiological signals. The
best known of these signals is dietary (or caloric) restriction, which extends
lifespan in many species, from yeast to primates.*?*

In worms, flies and mice (as well as yeast), genetic and/or phenotypic
analysis suggests that chronic dietary restriction increases lifespan by
downregulating TOR activity. The TOR pathway (kinase Target Of
Rapamycin, a protein) is known to regulate autophagy and translation (see
Figure 5). The small arrows indicate upregulation or downregulation. In
worms and flies, lifespan extension by means of TOR inhibition has been
shown to require autophagy, and in all three species, inhibiting translation
by inactivating the TOR target ribosomal S6 kinase increases lifespan.
PHA-4 is required for autophagy in Caenorhabditis elegans TOR mutants.
PHA-4 also affects expression of stress-response genes in response to
dietary restriction; its effect on translation has not been examined. In flies,
components of the respiratory electron transport chain escape translational
inhibition when TOR activity is reduced, resulting in increased
respiration.*?!

Chronic dietary restriction also increases respiration in worms, in
response to activity of the SKN-1 transcription factor in neurons (green). In
worms and flies, this increase in respiration has been shown to contribute to
lifespan extension. Whether TOR affects respiration in worms, or SKN-1
affects respiration in flies, is not known. In flies and mice, chronic dietary
restriction may increase lifespan, at least in part, by downregulating
insulin/IGF-1 signaling (lIS, red). Sirtuins are required for chronic dietary
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restriction to extend lifespan in flies and mice, but whether they act in the
insulin/IGF-1 and/or TOR pathways is not known, 23128
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Figure 5. Mechanisms of chronic dietary restriction in experimental animals
such as C. elegans, Drosophila melanogaster and mouse, with beneficial
effects on oxidative stress and prolonged lifespan.*?*

0. Conclusions

One of the most widely accepted theories of ageing is the free radical
or oxidative stress theory. Reactive oxygen species (ROS) are byproducts of
energy metabolism and oxygen consumption in aerobic organisms, resulting
in the slow but steady damage, which accelerates with ageing, of membrane
lipids, proteins-enzymes and DNA. These damages progressively lead to
degenerative diseases, organ dysfunction, cancer and death. Caloric intake
is an important determinant of health. Inadequate or excessive energy intake
can have detrimental effects in the body composition, organ functions and
ageing. Experiments with animal models showed that caloric restriction (CR)
decreased ageing processes, restricted degenerative diseases and prolong
maximum lifespan. Experiment with humans showed that caloric restriction
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although does not prolong lifespan, decreases degenerative diseases, and
hase a beneficial effect on the quality of late life by reducing the burden of
chronic diseases. Additional studies are needed to identify the molecular and
cellular mechanisms responsible for the CR effects and to discover reliable
and sensitive biomarkers of ageing.*?"*?

A series of studies in recent years revealed that dietary antioxidant
supplements and mutlivitamins are not protecting older older from higher
mortality rate but can be useful in protecting from early signs of degenerative
diseases. 213!

References

1. Gilbert DL, Colton CA. Reactive Oxygen Species in Biological Systems:
An Interdisciplinary Approach. Kluwer Academic, New York, 1999.

2. Gerschman R, Gilbert DL, Nye SW, Fenn WO. Influence of x-irradiation
on oxygen poisoning in mice. Proc Soc Exp Biol Med 86:27-29, 1954.

3. Harman D. Aging: a theory based on free radical and radiation chemistry.
J Gerontol 11:298-300, 1956.

4. Gerschman R, Gilbert DL, Nye, Dwyer P, Fenn WO. Oxygen poisoning
and x-irradiation; a mechanism in common. Science 119:623-626, 1954.

5. Commoner B, Townsend J, Pake GE. Free radicals in biological
materials. Nature 174:689-691, 1954.

6. McCord JM, Fridovich I. Superoxide dismutase: An enzymic fuction for
erythrocuprein (hemocuprein). J Biol Chem 244:6049-6055, 19609.

7. Chance B, Sies H, Boveris A. Hydroperoxide metabolism in mammalian
organs. Physiol Rev 59:527-605, 1979.

8. Harman D. The biologic clock: the mitochondria? J Am Geriatr Soc
20:145-147, 1972.

9. Fraga CG, Shigenaga MK, Park JW, Degan P, Ames BN. Oxidative
damage to DNA during aging: 8-hydroxy-2-deoxyguanosine in rat organ
DNA and urine. Proc Natl Acad Sci USA 87:4533-4537, 1990.

10. Hamilton ML, Van Remmen H, Drake JA, Yang H, Guo ZM, Kewitt K,
Walter CA, Richardson A. Does oxidative damage to DNA increase with
age? Proc Natl Acad Sci USA 98:10469-10474, 2001.

11. Van Remmen H, Richardson A. Oxidative damage to mitochondria and
aging. Exp Gerontol 36:957-968, 2001.

12. Muller FL, Lustgarten MS, Jang Y, Richardson A, Van Remmen H.
Trends in oxidative aging theories. Review. Free Radic Biol Med 43:477-
503, 2007.

13. Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of
ageing. Nature 408: 239-247, 2000.

14. Beckman KB, Ames BN. The free radical theory of aging matures.
Physiol Rev 78:547-581, 1998.

15. Nemoto S, Takeda K, Yu ZX, Ferrans VJ, Finkel T. A role for
mitochondrial oxidants as regulators of cellular metabolism. Mol Cell Biol
20:7311-7318, 2000.

16. Turrens JF. Superoxide production by the mitochondrial respiratory
chain. Biosci Rep 17:3-8, 1997.

14



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Cahe HZ, Kang SW, Rhee SG. Isoforms of mammalian peroxiredoxin
that reduce peroxides in presence of thioredoxin. Methods Enzymol
300:219-226, 1999.

BaAaBavidng A. EAecubepec Pile¢ kai o POAo¢ Ttoug¢ orta BioAoyika
2uornuara. Ekd. BHTA 1atpikég ekddoeig, ABriva, 2006.

Stadman FR. Protein oxidation and aging. Science 257:1220-1224,
1992.

Ames BN. Endogenous oxidative DNA damage, aging, and cancer. Free
Rad Res 7:121-128, 1989.

Esposito LA, Melov S, Panov A, Cottrell BAA, Wallace DC. Mitochondrial
disease in mouse results in increased oxidative stress. Proc Natl Acad
Sci USA 96:4820-4825, 1999.

Finkel T, Serrano M, Blasco MA. The common biology of cancer and
ageing. Review. Nature 448:767-773, 2007.

Curtis HJ. Biological mechanisms underlying the aging process. Science
141:686-694, 1963.

Lombart DB, Chua KF, Mostoslavsky R, Franco S, Gostissa M, Alt F.
DNA repair, genome stability, and aging. Cell 120:497-512, 2005.

Abe J, Berk BC. Reactive oxygen species as mediators of signal
transduction in cardiovascular disease. Trends Cardiovasc 8:59-64,
1998.

Lebovitz RM, Zhang H, Vogel J, Cartwright J, Dionne L, Lu N, et al..
Neurodegeneration, myocardial injury, and perinatal death in
mitochondrial superoxide dismutase-deficient mice. Proc Natl Acad Sci
USA 93:9782-9787, 1996.

Hayes KC. Retinal degeneration in monkeys induced by deficiencies of
vitamin E or A. Invest Opthalmol 13:499-510, 1974.

Rosen DR, Siddique T, Patterson D, Figlewicz P, et al. Mutations in
Cu/Zn superoxide dismuatase gene are associated with familial
amylotropic lateral sclerosis. Nature 362:59-62, 1993.

McCord JM. Free radicals and inflammation : protection of synovial fluid
by superoxide dismutase. Science 185:529-530, 1974.

BaAaBavidng A. O1 ofuyovouxeg eAeuBepeg pideg kKal 0 pOAOG TOUug OTNn
ynpavon Kal ota vooriuata ¢Bopds. Apxeia EAAnv larpiki¢ 15(4):340-
349, 1998.

Bunker VW. Free radicals, antioxidants and ageing. Med Lab Sci 49:299-
312, 1992.

Ames BN. Increasing longevity by tuning up metabolism. EMBO reports
6:520-524, 2005.

Kant AK. Consumption of energy-dense, nutrient-poor foods by adults
Americans: nutritional and health implications. The Third National Health
and Nutrition Examination Survey, 1988-1994. Am J Clin Nutr 72:929-
936, 2000.

Prior RL. Fruits and vegetables in the prevention of cellular oxidative
damage. Am J Clin Nutr 78 (Suppl. 3): 570S-578S, 2003.

Agudo A, Cabreara L, Amiano P, Ardanaz E, Barricarte A, et al. Fruit and
vegetable intakes, dietary antioxidant nutrients, and total mortality in
Spanish adults: findings from the Spanish cohort of the European
Prospective Investigation into Cancer and Nutrition (EPIC-Spain). Am J
Clin Nutr 85:1634-1642, 2007.

15



36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Joseph JA, Shukitt-Hale B, Cassadesus G. Reversing the deleterious
effects of aging on neuronal communication and behavior: beneficial
properties of fruit polyphenolic compounds. Am J Clin Nutr 81(Suppl.
1):313S-316S, 2005.

Lotito SB, Frei B. Consumption of flavonoid-rich foods and increased
plasma antioxidant capacity in humans: cause, consequence, or
epiphenomenon? Free Radic Biol Med 41:1727-1746, 2006.

Ames BN. DNA damage from micronutrient deficiencies is likely to be a
major cause of cancer. Mutat Res 475:7-20, 2001.

Fairfield KM, Fletcher RH. Vitamins for chronic disease prevention in
adults: scientific review. J Am Med Assoc 287:3116-3126, 2002.

Rodrigo R, Guichard C, Charles R. Clinical pharmacology and
therapeutic use of antioxidant vitamins. Fundam Clin Pharmacol 21:111-
127, 2007.

Smith AR, Shenvi SV, Widlansky M, Suh JH, Hagen TM. Lipoic acid as
a potential therapy for chronic diseases associated with oxidative stress.
Curr Med Chem 11:1135-1146, 2004.

Gaziano JM. Vitamin E and cardiovascular disease: observational
studies. Ann N Y Acad Sci 1031:280-291, 2004.

Clarke R, Armitage J. Antioxidant vitamins and risk of cardiovascular
disease: review of large-scale of randomized trials. Cardiovasc Drugs
16:411-415, 2002.

Clarke MW, Burnett JR, Croft KD. Vitamin E in human health and
disease. Review. Crit Rev Clin Lab Sci 45:417-450, 2008.

Willcox BJ, Curb JD, Rodriguez BL. Antioxidants in cardiovascular health
and disease: key lessons from epidemiological studies. Am J Cardiol
101:75D-86D, 2008.

Briasoulis A, Tousoulis D, Antoniades C, Stefanadis C. The oxidative
stress menace to coronary vasculature: any place for antioxidants? Curr
Pharm Des 15:3078-3090, 20009.

Rahman |. Antioxidat therapies in CODP. Int J Chron Obstruct Pulmon
Dis 1:15-29, 2006.

Orrell RW, Lane RJ, Ross M. Antioxidant treatment for amylotropic
lateral sclerosis/motor neuron disease. Review. Cochrane Dadabas Syst
Rev 24:CD 002829, 2007.

Carlson NG, Rose JW. Antioxidants in multiple sclerosis: do they have a
role in therapy? Review. CNS Drugs 20:433-441, 2006.

Bartlett HE, Eperjesi F. Nutritional supplementation for type 2 diabetes: a
systematic review. Ophthalmic Physiol Opt 28:503-523, 2008.

Frank B, Gupta S. A review of antioxidants and Alzheimer’s disease. Ann
Clin Psyciatry 17:269-286, 2005.

Ancelin ML, Christen Y, Ritchie K. Is antioxidant therapy a viable
alternative for mild cognitive impairment? Examination of the evidence.
Dement Geriatr Cogn Disord 24:1-19, 2007.

Fedirko V, Bostick RM, Long Q, Flanders WD, McCullough ML, et al.
Effects of supplemental vitamin D and calcium on oxidative DNA damage
marker in normal colorectal mucosa: a randomised clinical trial. Cancer
Epidemiol Biomarkers Prev 19:280-291, 2010.

16



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Mecocci P, Polidori MC, Toiano L, Cherubini A, Cecchetti R, et al.
Plasma antioxidants and longevity: A study on health centenarians. Free
Radic Biol Med 28:1243-1248, 2000.

Buijsse B, Feskens EJ, Moschandreas J, Jansen EH, Jacobs DR,
Kafatos A, Kok FJ, Krombout D. Oxidative stress, and iron and
antioxidant status in elderly men: differences between the Mediterranean
south (Crete) and northern Europe (Zutphen). Eur J Cardiovasc Preve
Rehabil 14:495-500, 2007.

Lauretani F, Semba RD, Dayhoff-Brannigan M, Corsi AM, et al. Low total
plasma carotenoids are independent predictions of mortality among
elderly person: the INCHANTI study. Eur J Nutr 47:335-340, 2008.
Wakimoto P. Block G. Dietary intake, dietary patterns, and changes with
age: an epidemiological perspective. J Gerontol A Biol Sci Med Sci
56(S2):65-80, 2001.

McCay CM, Crowel MF, Maynard LA. The effect of retarded growth upon
length of the life span and upon the ultimate body size. J Nutr 10:63-79,
1935.

Weindruch R, Walford RL. Dietary restriction in mice beginning at 1 year
of age: effect on life-span and spontaneous cancer incidence. Science
215: 1415-1418, 1992.

Weindruch R, Sohal RS. Caloric intake and aging. N Engl J Med
337:986-994, 1997.

Masoro EJ. Overview of caloric restriction and ageing. Mech Ageing Dev
126:913-922, 2005.

Harper JM, Leathers CW, Austad SN. Does caloric restriction extend life
in wild mice? Aging Cell 5:441-449, 2006.

Mattson MP. Energy intake, meal frequency, and health: a neurological
perspective. Annu Rev Nutr 25:237-260, 2005.

Guo Z, Mitchell-Raymundo F, Yang H, et al. Diatary restriction reduces
atherosclerosis and oxidative stress in the aorta of apolipoprotein E-
deficient mice. Mech Ageing Dev 123:1121-1131, 2002.

Hursting SD, Lavigne JA, Berrigan D, Perkins SN, Barrett JC. Calorie
restriction, aging, and cancer prevention: mechanisms of action and
applicability to humans. Annu Rev Med 54:131-152, 2005.

Fontana L, Klein S. Aging, adiposity, and calorie restriction. Clinical
Review. JAMA 297:986-994, 2007.

Martin B, Mattson MP, Maudsley S. Caloric restriction and intermittent
fasting: two potential diets for successful brain aging. Ageing Res Rev
5:332-353, 2006.

Hailbronn LK, Ravussin E. Calorie restriction and aging: review of the
literature and implications for studies in humans. Am J Clin Nutr 78:361-
369, 2003.

Contestabile A. Benefits of caloric restriction on brain aging and related
pathological states: understanding mechanisms to devise novel
therapies. Review. Curr Med Chem 16:350-361, 2009.

Sohal RS, Agarwal S, Candas M, Forster MJ, Lal H. Effect of age and
caloric restriction on DNA oxidative damage in different tissues of
C57BL/6 mice. Mech Ageing Dev 76:215-224, 1994.

17



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

Forster MJ, Sohal BH, Sohal RS. Reversible effects of long-term caloric
restriction on protein oxidative damage. J Gerontol A Biol Sci Med Sci
55:B522-B529, 2000.

Herlihy JT, Stacy C, Bertrand HA. Long-term food restriction depresses
serum thyroid hormone concentrations in the rat. Mech Ageing Dev 53:9-
16, 1990.

Landsberg L, Young JB. Diet-induced changes in sympathetic nervous
system activity. In: Bassett ED (Editor). Nutritional Factors: Modulating
Effects on Metabolic Process. Raven Press, New York, 198, pp. 155-
174.

Lane MA, Baer DJ, Rumbler WV, et al. Calorie restriction lowers body
temperature in rhesus monkeys, consistent with a postulated anti-aging
mechanism in rodents. J Clin Endocrinol Metab 88:16-23, 2003.

Ershler WB, Sun WH, Binkley N, et al. Interleukin-6 and aging: blood
levels and mononuclear cell production increase with advancing age and
in vitro production is modified by dietary restriction. Lymphokine Cytokine
Res 12:225-230, 1993.

Spaulding CC, Walford RL, Effros RB. Calorie restriction inhibits the age-
related dysregulation of th cytokines TNF-alpha and IL-6 in C3B10RF
mice. Mech Ageing Dev 93:87-94, 1997.

Jolly CA. Dietary restriction and immune function. J Nutr 134:1853-1856,
2004.

Mattson MP. Energy intake, meal frequency, and health: a
neurobiological perspective. Annu Rev Nutr 25:237-260, 2005.

Straus DS. Nutritional regulation of hormones and growth factors that
mammalian growth. FASEB J 8:6-12, 1994.

Flurkey K, Papaconstantinou J, Miller RA, Harrison DE. Lifespan
extension and delayed immune and collagen aging in mutant mice with
defects in growth hormone production. Proc Natl Acad Sci USA 98:6736-
6741, 2001.

Sell DR, Lane MA, Obrenovich ME, et al. The effect of caloric restriction
on glycation and glycoxidation in skin collagen of nhonhuman primates. J
Gerontol A Biol Sci Med Sci 58:508-516, 2003.

Davis LJ, Hakim G, Masiello P, Novelli M, Bergamini E, Licastro F.
Plasma protein’s glycation is decreased in Sprague Dawley rats under
caloric restriction. Arch Gerontol Geriatr 19:295-301, 1994.

Higami Y, Pugh TD, Page GP, Allison DB, Prolla TA, Weindruch R.
Adipose tissue energy metabolism: altered gene expression profile of
mice subjected to long-term caloric restriction. FASEB J 18:415-417,
2004.

Sreekumar R, Unnikrishnan J, Fu A, et al. Effects of caloric restriction on
mitochondrial function and gene transcripts in rat muscle. Am J Physiol
Endocrinol Metab 283:E38-E43, 2002.

Anderson RM, Shanmuganayagam D, Weindruch R. Caloric restricion
and aging: studies in mice and monkeys. Toxicol Pathol 37:47-51, 20009.

Antebi A. Ageing: When less is more. Nature 447:536-537, 2007.

Greer EL, Brunet A. Different dietary restriction regimens extend lifespan
by both independent and overlapping genetic pathways in C. elegans.
Aging Cell 8:113-127, 20009.

18



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Mair W, Dillin A. Aging and survival: the genetics of life span extension
by dietary restriction. Annu Rev Biochem 77:727-754, 2008.

Bamps S, Witz J, Savory FR, Lake D, Hope IA. The Caenorhabditis
elegans sirtuin gene, sir-2.1, is widely expressed and induced upon
caloric restriction. Mech Ageinf Dev 130:762-770, 2009.

Lin S-J, Defossez PA, Guarente L. Requirement of NAD and SIR2 for
life-span extension by calorie restriction in Saccharomyces cerevisiae.
Science 289:2126-2128, 2000.

Lamming DW, Latorre-Esteves, Medvedik O, Wong SN, Tsang FA,
Wang C, Lin S-J, Sinclair DA. HST2 mediates SIR2-independent life-
span extension by calorie restriction. Science 309:1861-1864, 2005.
Sinclair DA, Guarente L. Unlocking the secrets of longevity genes.
Scientific American 294:30-37, 2006.

Sinclair DA. Towards a unified theory of caloric restriction and longevity
regulation. Mech Ageing Develop 126:987-1002, 2005.

Kennedy BK, Smith ED, Kaeberlein M. The enigmatic role of Sir2 in
aging. Cell 123:548-550, 2005.

Partridge L, Piper MD, Mair W. Dietary restriction in Drosophila. Review.
Mech Ageing Dev 126:938-950, 2005.

Soh JW, Hotic S, Arking R. Dietary restriction in Drosophila is dependent
on mitochondrial efficiency and constrained by pre-existing extended
longevity. Mech Ageing Dev 128:581-593, 2007.

Min KJ, Yamamoto R, Buch S, Pankratz M, Tatar M. Drosophila lifespan
control by dietary restriction independent of insulin-like signalling. Aging
Cell 7:199-206, 2008.

Ja WW, Carvalho GB, zZid BM, Brummel T, Benzer S. Water- and
nutrient-dependent effects of dietary restriction on Drosophila lifespan.
Proc Natl Acad Sci USA 106:18633-18637, 2009.

Masoro EJ. Caloric restriction-induced life extension of rats and mice: a
critique of proposed mechanisms. Biochim Biophys Acta 1790:1040-
1048, 20009.

Nikolich-Zugich J, Messaoudi I. Mice and flies and monkeys too: caloric
restriction rejuvenates the aging immune system of non-human primates.
Exp Gerontol 40:884-893, 2005.

Higami Y, Yamaza H, Shimokawa |. Laboratory findings of caloric
restriction in rodents and primates. Review. Adv Clin Chem 39:211-237,
2005.

Ingram DK, Cutler RG, Weindruch R, et al. Dietary restriction and aging:
the initiation of a primate study. J Gerontol 45:B148-B163, 1990.
Ramsey JJ, Colman RJ, Binkley NC, et |. Dietary restriction and aging in
rhesus monkeys: the University of Wisconsin study. Exp Gerontol
35:1131-1149, 2000.

Colman RJ, Ramsey JJ, Roecker EB, Havighurst T, Hudson JC,
Kemmitz JW. Body fat distribution with long-term dietary restriction in
adult male rhesus macaques. J Gerontol A Biol Sci Med Sci 54:B283-
B290, 1999.

Roth GS, Handy AM, Mattison JA, Tilmont EM, Ingram DK, Lane MA.
Effects of dietary caloric restriction and aging on thyroid hormones of
rhesus monkeys. Horm Metab Res 34:378-382, 2002.

19



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

Johnson TE. Recent results: biomarkers of aging. Exp Gerontol 41:1243-
1246, 2006.

Heilbronn LK, Ravussin E. Calorie restriction and aging: review of the
literature and implications for studies in humans. Am J Clin Nutr 78:361-
369, 2003.

Strom A, Jensen RA. Mortality from circulatory diseases in Norway 1940-
1945. Lancet 258:126-129, 1951.

Hindhede M. The effects of food restriction during war on mortality in
Copenhagen JAMA 74:381-382, 1920.

Kagawa Y. Impact of Westernization on the nutrition of Japanese:
changes in physique, cancer, longevity and centenarians. Prev Med
7:205-217, 1978.

Keys A, Brozek J, Henschels A, Mickelsen O, Taylor H. The Biology of
Human Starvation, Vol. 2. University of Minnesota Press, Minneapolis,
1950.

Walford RL, Mock D, Verdery R, MacCallum T. Calorie restriction in
biosphere 2: alterationas in physiologic, hematologic, hormonal, and
biochemical parameters in human restricted for a 2-year period. J
Gerontol A Biol Sci Med Sci 57:B211-B224, 2002.

Fontana L, Meyer TE, Klein S, Holloszy JP. Long-term calorie restriction
is highly effective in reducing the risk for atherosclerosis in humans. Proc
Natl Acad Sci USA 101:6659-6663, 2004.

Fontana L, Klein S, Holloszy JO, Premachandra BN. Effect of long-term
calorie restriction with adequate protein and mictronutrients on thyroid
hormones. J Clin Endocrinol Metab 91:3232-3235, 2006.

Mayer TE, Kovacs SJ, Ehsani AA, Klein S, Holloszy JO, Fontana L.
Long-term calorie restricition ameliorates the decline in diastolic function
in humans. J Am Coll Cardiol 47:398-402, 2006.

Heilbronn LK, de Jonge L, Frisard MI, DeLany JP, Larso-Meyer DE, et al.
Effect of 6-month calorie restriction on biomarkers of longevity, metabolic
adaptation, and oxidative stress in overweight individuals: a randomized
controlled trial. Pennington CALERIE Team. JAMA 295:1539-1548,
2006.

Larson-Meyer DE, Hellbronn LK, Redman LM, et al. Effect of calorie
restriction with or without exercise on insulin sensitivity, beta-cell
function, fat cell size, and ectopic lipid overweight subjects. Diabetes
Care 29:1337-1344, 2006

Racette SB, Weiss EP, Villareal DT, et al. One year of calorie restriction
in humans: feasibility and effects on body composition and abdominal
adipose tissue. J Gerontol A Biol Sci Med Sci 61:943-950, 2006

Weiss EP, Racette SB, Villareal DT, et al. Improvements in glucose
tolerance and insulin action induced by increasing energy expenditure or
decreasing energy intake: a randomized controlled trial. Am J Clin Nutr
84:1033-1042, 2006

Villareal DT, Fontana L, Weiss EP, et al. Bone mineral density response
to calorie restriction-induced weight loss or exercise-induced weight-loss:
a randomized controlled trial. Arch Intern Med 166:2502-2510, 2006.
Kenyon CJ. The genetics of ageing. Nature 464:504-512, 2010.

Colman RJ, et al. Dietary restriction delays disease onset and mortality
in rhesus monkeys. Science 325:201-204, 2009.

20



123.

124.

125.

126.

127.

128.

129.

130.

131.

Kapahi EL, et al. Regulation of lifespan in Drosophila by modulation of
genes by TOR and Sch9 in response to nutrients. Curr Biol 14:885-890,
2004.

Rogina B, Helfand SL. Sir2 mediates longevity in the fly through a
pathway related to calorie restriction. Proc Natl Acad Sci USA 101:
15998-16003, 2004.

Honjoh S, Yamamoto T, Uno M, Nishida E. Signaling through RHEB-1
mediates intermittent fasting-induced longevity in C. elegans. Nature
457:726-730, 2009.

Greer EL, Brunet A. Different dietary restriction regiments extend
lifespan by both independent and overlapping genetic pathways in C.
elegans. Aging Cell 8:113-127, 2009.

Moller P, Lohr M, Folkmann JK, Mikkelsen L, Loft S. Aging and
oxidatively damaged nuclear DNA in animal organs. Free Radic Biol Med
48: 1275-1285, 2010.

Sung B, Prasad S, Yadav VR, Lavasanifar A, Aggarwal RB. Cancer and
diet: How are they related? Free Radic Res 45(8):864-879, 2011.

BaAaBavidng A, BAaxoyidvvn ©. KatavdAwon @pouTwVv Kal AaXaVIKWV.
Méoo weéAiun eival yia Tnv uyeia Tou avBpwTrou; laTtpik 99(3): 110-124,
2011.

Mursu J,Robien K, Hamack LJ, Park K, Jacobs DR. Dietary supplements
and mortality in older women: the lowa Health Study. Arch Intern Med
171(8): 1625-1633, 2011.

Goodman M, Bostick RM, Kucuk O, Jones D. Clinical trials ofantioxidants
as cancer prevention agents; past, present, and future. Free Radic Biol
Med 51(5): 1068-1084, 2011.

21



