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Aging: Is caloric restriction anti-aging?
The mechanisms that lead to the progressive aging process of an organism
are multiple and complex. The theories of aging are categorized into damagebased, which focus on the progressive accumulation of damage throughout
life, and program-based, which are based on the concept that aging is the
outcome of a genetic program. The multiplicity of theories on the mechanisms
of aging makes the search for ways to prolong life more difficult. Searching for
a way to increase the life span and at the same time delay the onset of agerelated diseases has led to recommendation of the most widely used method,
which is called caloric restriction. Caloric restriction is based on the reduction
of food intake while, very importantly, maintaining appropriate nutritional
intake. Caloric restriction gives promising results in a vast range of animal
models, such as prolonging their life span and delaying the onset of ageassociated diseases, but the relevant results from research on rhesus monkeys
are still pending. Questions are raised, however, regarding the efficacy of its
application in humans. The main reasons are that the nutrient composition
of a calorie-restricted diet is very important, and that maintaining such a diet
throughout life will be quite testing and largely prone to failure, taking into
account its still questionable benefits. For this reason, the field of “caloric
restriction mimetics” is gaining ground and stimulating interest where humans are concerned. This area focuses on identifying compounds that, when
consumed, would confer similar life prolonging and age-delaying phenotypes
as caloric restriction, but with less effort. Caloric restriction mimetics sounds
promising but research in the field is still in the early stages.
1. INTRODUCTION
Aging of organisms is not the outcome of wear and
tear alone, but is also influenced by genetic factors, which
result in failure to repair the wear and tear, such as at the
termination of the reproductive phase in females by the
onset of menopause due to absence of oogenesis.1 The
causes of aging have been the subject of debate for a long
time. Some researchers suggest that aging is the outcome
of the incapacity of the organism to repair itself,2,3 while
others support the idea that aging is the outcome of a
well-programmed procedure that occurs as part of the
developmental cycle. 4 While the latter theory applies for
certain species, the human aging process is much more
gradual. It is far more likely that human aging is the
result of a “molecular clock” that regulates the process
of aging, but that runs at different rates, influenced by
external factors. There are several genes in mice that can
increase the maximum life span by even more than 50%
while delaying the appearance of age-related diseases,
proving that genetics regulate aging to a certain degree.5
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Further evidence was offered by the accelerated pace of
aging observed in organisms that carry certain mutations,
such as in the case of Werner’s syndrome. 6 In 1935, it was
discovered that limiting calorie intake in rats delayed the
onset of aging.7 This process, known as caloric restriction,
was further studied in mice where it lead to a 50% increase
in life span, delay in the onset of age-related diseases and
their development, and decrease in the rate of aging. 8
2. THEORIES OF AGING
The processes and mechanisms that lead to aging are
many, as are the theories on how aging progresses. The
theories of aging can be divided into two categories: those
that are damage-based, otherwise known as stochastic,
i.e., that damage is accumulated throughout the entire
life span,9 and those that are program-based, i.e., that the
onset of aging is genetically regulated.10 Just as for many of
life’s stages, it is wise to recognize that aging is the result
of many different processes. Damage and genetic factors
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both contribute to aging, and influence the timing of its
onset to some degree.
It is difficult to study the biology of aging in humans,
due to their extensive life span. It is therefore important to
use appropriate models, some of which are human cells,
mice, rats, yeast and Drosophila. No model is considered
perfect but it is safe to assume that animals evolutionary
closer to humans are more appropriate for human biology
extrapolations rather than distant species. There is a great
diversity of aging phenotypes in nature, but mammalian
aging has a similar phenotype in most species11,12 and includes reproductive decline, osteoporosis and arthritis.
The rate of aging of a certain species is estimated using
the maximum life span (Tmax) of this species, which, although
not perfect, is the best way available. In general, in animal
species body mass correlates with maximum life span,13,14
despite the fact there are some exceptions to this, such
as bats and birds, that live much longer than expected
based on their size. The most obvious explanation for this
is that smaller animals are more prone to predators and
therefore have a shorter life span, which in turn influences
their aging process. Bats and birds, being able to fly can
evade predators more easily, increasing their maximum
life span. When looking to find a correlation of a certain
factor with the maximum life span between species, it
is important, therefore, to take into consideration body
mass differences.15

2.1. Damage theories
2.1.1. Rate of living theory. The “rate of living theory”
relates the maximum life span to the metabolic rate,
suggesting that animals with a lower metabolic rate live
longer.16 One hypothesis was that caloric restriction reduces
the metabolic rate, thereby increasing longevity, although
some studies showed no effect of caloric restriction on the
metabolic rate.17 The way the metabolic rate was estimated
(oxygen consumption at rest) did not correct for the species body mass (i.e., large or small animal), which thereby
resulted in incorrect calculation of the species metabolic
rate. Subsequent research showed that mutations in the
tau protein lead to increased life span.18 More recent data
showing that correctly calculated metatolic rate does not
correlate with maximum longevity19 sharply reduce the
credibility of the “rate of living” theory.
2.1.2. Free radical theory. Another theory of aging is
that of the effects of free radicals and oxidants, otherwise
known are reactive oxygen species (ROS). ROS can damage
cellular components,20 and since they accumulate with
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age, it was argued that aging results from the damage
caused by ROS. 21 The organism protects itself against
ROS by using antioxidants, such as vitamins C and E, and
enzymes, including superoxide dismutase (SOD), catalase
and glutathione peroxidase. Overexpression of SOD1 and
catalase in short-lived strains of Drosophila was shown
to lead to increased longevity, but not delayed onset
of aging.22 Longer-lived strains of Drosophila were not
examined in these experiments, but it is known that they
have increased levels of antioxidant enzymes.23 In mice,
however, overexpression of SOD1 did not lead to prolonged
life span24 and mice heterozygous for a SOD2 knock-out
accumulated greater oxidative damage but did not suffer
effects on longevity or the aging process. 25
Two enzymes that catalyze the repair response due to
ROS generated damage are methionine sulfoxide reductase A (MSRA) and 8-oxo-dGTPase. While MSRA has been
linked to increased longevity in fruit flies that overexpress
this enzyme26 and reduced longevity in those that lack
it,27 8-oxo-dGTPase caused no change in mouse longevity
apart from increasing cancer incidence.28 Overexpression or
knocking-out of antioxidants in mice led to disappointing
results.29,30 Feeding mice with antioxidants in one study
decreased oxidative damage and prolonged life, but did
not delay aging,31 while other studies question the ability of antioxidants to achieve any prolongation of life at
all.32 These data suggest that mammals are already in an
optimized state as far as antioxidants are concerned, and
that while they may help the organism to stay healthy,
they do not influence its aging process.
ROS is produced in the mitochondria, the location of
the cellular metabolism. Several pathological conditions
linked to the mitochondria that involve increased leakage
of ROS33,34 do not result in accelerated aging, but often lead
to central nervous system (CNS) disorders.35 Deficiencies in
complex I, cytochrome C and vitamin E have been associated with neurodegenerative disorders.34,36,37 It is possible
either that ROS affect post-mitotic cells such as neurons,
or that mitochondrial diseases mainly target the CNS. 38
2.1.3. DNA damage theory. The original hypothesis was
that accumulation of damage to the DNA leads to aging.39
Later, when mutations in the DNA were discovered, this
theory evolved to include the hypothesis that accumulation of mutations may also lead to aging.40 Several progeroid syndromes link aging to DNA repair/metabolism. 41
Despite this, knock-out of the DNA repair protein Pms2 in
mice failed to accelerate the onset of aging. 42 In addition,
mutations of the p53 DNA repair protein fail to accelerate
aging, despite affecting longevity and increasing cancer
incidence in humans. 43
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While DNA mutations and chromosomal abnormalities
increase with age in mice44−46 and humans47,48 distinction
cannot be made between cause and effect in the aging
process. In order for the DNA damage theory to be correct, it would be expected that an increase in DNA repair
mechanism would prolong life. However, studies in mice
showed that overexpression of the MGMT DNA repair
gene did not achieve an extended life span or delay aging onset. 49
Free radicals damage the DNA, but given that so many
changes to the nuclear DNA do not affect aging, ROS
damage caused to mitochondrial DNA (mtDNA) could
be considered as a more relevant cause of aging. While
the relationship of mtDNA oxidative damage to aging
is questioned,50 recent data show that disruption of the
mitochondrial DNA polymerase leads to an increased aging phenotype,51 due, however, not to increased oxidative
stress but rather to increased apoptosis and accumulated
mtDNA damage.52,53 To summarize, DNA changes influence
aging over time but it remains unknown which mechanism
is followed. Mitochondrial DNA, rather than nuclear DNA,
is linked to age-related diseases and aging.54

2.2. Programmed theories
2.2.1. Endocrine theory. The levels of certain hormones,
such as the growth hormone (GH), decrease with age.55
In rodents, caloric restriction has been associated with
hormonal changes, such as drop in plasma insulin56 and
IGF-1 levels.57 Brain-specific overexpression of a gene that
reduces appetite (urokinase-type plasminogen acticator)
results in a 20% decrease in food consumption and body
mass and a 20% increase in longevity. 58 Another example
is seen in mice homozygous for Pit1, which have lower
growth hormone (GH) and IGF-1 levels, and show an increase in maximum life span and a delay in aging onset.59
Mice mutated for Prop1, which encodes a transcription
factor that regulates Pit1, also live longer. 60 When Prop1
mutated mice were kept on a calorie restricted diet, their
longevity was further increased, suggesting the action of
two distinct mechanisms that extend life span. 61 Humans
carrying mutations on Prop1 live slightly longer. 62 These
findings support a link between the neuroendocrine
system and aging.
2.2.2. Developmental theory. The dauer pathway in C.
elegans, which can be activated by starvation, thereby
mimicking caloric restriction, results in significant life
extension63 by arresting development, 64 suggesting that
development and aging are linked. In higher animals, there
is a correlation between the time of sexual maturity and
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life span, 65 so that delay in sexual maturation would lead
to a prolonged life span. This suggests either that aging
and development are regulated by the same genetic
mechanisms, or that reaching a landmark time point in
development triggers the onset of aging.
3. CALORIC RESTRICTION
In order to achieve a true anti-aging effect, a specific
method needs not only to lead to an increased life span
but also to delay the onset of aging and its effects, such as
age-related diseases. Caloric restriction, otherwise known
as diet restriction, is the best way to date of delaying the
onset of aging, which it effects by reducing the intake of
calories while maintaining appropriate levels of essential
nutrients such as minerals and vitamins.
The way in which caloric restriction works is still not
understood, despite this method having been used for
over 70 years. 6 The favorable impact of caloric restriction
on blood pressure, obesity, diabetes mellitus, autoimmune
diseases and cardiovascular diseases presents very important
implications for human health and has generated extensive
research. One suggestion is that caloric restriction forces
the organism to make better use of its energy, thereby
optimizing its metabolism. Since caloric restriction can
influence development, as mentioned earlier, it could be
argued that it modifies expression of the genetic mechanism of the organism, which subsequently affects aging. 66
Other suggestions are that caloric restriction prolongs life
and delays the onset of age-related disease by postponing
immunologic aging, 67 decreasing oxidative damage68 and
preserving protein synthesis in old age. 69
A number of nutrient sensitive proteins have been
implicated in longevity, including the sirtuins, forkhead
transcription factors and the metabolic regulator mTOR;
these proteins therefore may also be important in caloric
restriction. Gene expression profiling has allowed comparison of transcription profiles in post-mitotic tissues of
control and diet-restricted mice. This comparison revealed
that caloric restriction prevented age-related changes, but
also transcriptional changes, which are associated with the
process of caloric restriction and are not age-dependent.70
In the heart, transcriptional changes included increased
turnover of structural proteins and a shift from fatty acid
to glucose metabolism.70 One of the factors that could be
responsible for the metabolic reprogramming induced by
caloric restriction is the transcriptional co-factor PGC-1a, the
mRNA levels of which increase under caloric restriction.71
In addition, PGC-1a influences the balance between car-
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bohydrate and fat metabolism by co-activating a family of
transcription factors.72 Recently, mice under oxidative stress
and mice on caloric restriction were shown to use PGC-1a
alterations in stability, localization and activity, which are
processes that are regulated by SIRT1 and GSK3β, in their
response to caloric restriction and stress.73

3.1. Caloric restriction in animals
Several types of calorie-restricted diets are used in animal research, including protein restriction, diet restriction,
intermittent fasting and food restriction. Diet restriction
involves a group of ad libitum fed animals (controls) whose
daily consumption is monitored and a group of diet restricted
mice, which typically receive a certain percentage (60% or
70%) of the control group’s daily intake of the previous day.
The two groups are age-, sex- and strain-matched. When
the first signs of advanced age occur, the diet restricted
animals’ food intake is no longer coupled to that of the
control group, but is kept constant, making their diet less
restricted with age. Another, commonly used method is to
feed the diet-restricted mice a pre-determined percentage
(60% for example) of the age-, sex- and strain-matched
control adult animals’ average daily food intake, and to
maintain this for their entire life. When this method is
used, the control animals are often not allowed ad libitum
access to food but instead are given the average daily food
intake value that was used to calculate the diet-restricted
group’s portions.74 While some groups75 give food fortified in vitamins and minerals, it is probably not important
to do so due to the purified laboratory mouse diet. The
calorie restricted mice are ultimately smaller and weigh
less, making the amount of food they consume greater
per body weight unit compared to that of the larger and
heavier control group mice.
Another method of calorie restriction is intermittent
dieting. This method is applied by instituting 24hr gaps
in feeding. Despite the concerns about stress during the
24hr period with no food, this diet results in protection
against age-related diseased and is associated with an
increased life span.76 Caloric restriction in rhesus monkeys
follows a specific meal schedule rather than permitting
ad libitum access to food.77
In various studies on Prop1df (Ames dwarf) and Ghr/
bp knock-out (Laron dwarf, GHRKO) mice, longevity was
compared between mice on different caloric restricted
diets (standard diet, casein diet, soy-based diet and high
or low isoflavone diet). The longevity of all mutant mice
was increased on all the diets, but the variation was strik-
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ing, ranging from 35% to 51% in Amed dwarf mice and
from 23% to 51% in GHRKO mice. 60,78,79 This shows that
differences in diet composition can have a significantly
different effects on the outcome, and that it is therefore
important to examine which protocol of caloric restriction
was used in each work.
Mice on a calorie-restricted diet have been observed to
have a 40% greater life span,7 a delayed aging phenotype
and a reduction in age-related diseases, although not all
mouse strains show such results. Wild-derived mice do not
show extended life span despite indications of a level of
protection against cancer, 80 which puts into question the
data from laboratory kept mice, but the discrepancy may
possibly be the result of unestablished caloric restriction
conditions for the wild-derived mice. In rats, caloric restriction delays the rate at which mortality increases with age.30
Mice on diet restriction were also able to respond better
to exogenous stimuli and had reduced levels of autoimmunity, therefore staying “younger” for longer. 81
Research in non-human primates is still under way,
but is incomplete due to their long life span. Although
conclusions from primate research are not yet available,
some preliminary data have been published. Rhesus monkeys show improved insulin sensitivity, decreased blood
glucose and insulin levels, and lowered body temperature,
just as mice, when their diet is restricted. 82,83 Rhesus and
squirrel monkeys show decrease in neoplastic events in
calorie-restricted subjects. 84

3.2. Caloric restriction in humans
Caloric restriction in humans might be beneficial, but
it is important to realize that ad libitum eating can also be
considered as overeating, with caloric restriction being the
return to a normal eating level. Research on the effects
of caloric restriction in humans is exceptionally difficult
due to the expensive and time-consuming nature of such
studies. In addition, most of the world’s calorie restricted
individuals are also malnourished. However, some studies
on closely monitored calorie-restricted individuals over a
short period (6 months) documented a decrease in blood
pressure, cholesterol and serum lipids, and improved
vascular function. 85,86 Observation of individuals living in
Okinawa where the diet is comparable to that of rodents
on calorie restriction, showed an increased incidence of
centenarians. 87 People forced to reduce their calorie intake
for two years due to lower than expected food production, but avoiding malnutrition, showed several changes in
their physiology similar to those seen in calorie-restricted
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rodents. These include a decrease in weight, blood pressure, total serum cholesterol and triglycerides, fasting
glucose and leukocyte count. 88

in life span, a slight reduction in weight, and a consistent,
but not statistically significant, drop in blood glucose
levels. 89,90 These results are consistent with the effects
calorie restriction would have induced.

4. CALORIC RESTRICTION MIMETICS

The most well-known molecules used in caloric restriction
mimetics are a group called sirtuin-activating compounds
(STACs), such as resveratrol. Resveratrol, found in a high
concentration in red wine, is known to have anti-oxidant
properties and to reduce the incidence of cancer, while
some of its other beneficial effects are cardiovascular disease
prevention and life span extension.91,92 Sirtuins are genes,
which when activated, increase the life span by silencing
other genes.93 Research in yeast identified resveratrol as
the main activator of the sir2 sirtuin.94 Sir2 in mammals is
SIRT1, which is activated by caloric restriction.95 However,
SIRT1 inhibition has been linked to neuron protection and
could play an important role in neurodegenerative diseases
such as Parkinson’s disease.96 While resveratrol has been
shown to increase the life span of obese mice,97 more recent research showed no effect on the maximum life span
of mice, despite improvement in age-related changes.98
More potent sirtuins than resveratrol are currently being
developed and investigated, and show promising results
in yeast99 and obese mice.100 Despite all this research, it is
important to keep in mind that there is still no concrete
evidence for a positive effect of caloric restriction mimetics
in actually delaying the aging process.

In spite of the encouraging data derived from animal
studies on the benefits of caloric restriction, it is safe to
assume that most humans would not be able to strictly
follow such a specific diet, thereby rendering caloric restriction as an inefficient method of prolonging the human
life span. This rationale led to the development of a new
area of research called “caloric restriction mimetics”, which
focuses on finding a way in which compounds can mimic
the effects of caloric restriction. It is important to note
that research in caloric restriction mimetics is performed
on certain animal models and further research is required
before stable conclusions can be drawn.
One compound used to mimic caloric restriction is
2-deoxyglucose, but a disadvantage of this candidate is that
it can be toxic. Research has established concentrations at
which toxicity is avoided, while achieving the objective of
studying the difference in effect of non-restricted dietary
intake between the control group and the 2-deoxyglucose
treated group. Rats at the highest concentrations of nontoxic 2-deoxyglucose showed a modest 5−10% increase
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Οι μηχανισμοί που οδηγούν έναν οργανισμό στην πρόοδο του γήρατος είναι πολλοί και περίπλοκοι. Οι θεωρίες του
γήρατος κατηγοριοποιούνται σε θεωρίες φθοράς, που απασχολούνται περισσότερο με τη σταδιακή αύξηση της φθοράς του οργανισμού σε όλη τη διάρκεια της ζωής, και σε θεωρίες «προγραμματισμού», που θεωρούν ότι το γήρας είναι
το αποτέλεσμα γενετικού προγραμματισμού. Οι ποικίλες θεωρίες για τους μηχανισμούς του γήρατος καθιστούν δύσκολη τη διαδικασία εύρεσης τρόπων αύξησης της διάρκειας ζωής. Η έρευνα για την επίτευξη μεθόδων μακροζωίας
και παράλληλα επιβράδυνσης της εμφάνισης ηλικιακά σχετιζόμενων ασθενειών έχει οδηγήσει στην ευρέως χρησιμοποιούμενη μέθοδο του θερμιδικού περιορισμού. Ο θερμιδικός περιορισμός βασίζεται στον περιορισμό της καθημερινής τροφικής κατανάλωσης, ενώ διατηρεί την κατανάλωση κατάλληλης θρεπτικής ποιότητας. Ο θερμιδικός περιορισμός δείχνει υποσχόμενα αποτελέσματα σε μεγάλο αριθμό ζωικών μοντέλων που έχουν χρησιμοποιηθεί, όπως για
παράδειγμα επιμηκύνοντας τη διάρκεια ζωής και καθυστερώντας τις ηλικιακά σχετιζόμενες ασθένειες. Παρόλα αυτά,
τα αποτελέσματα από τις έρευνες σε πιθήκους αναμένονται ακόμη. Ωστόσο, υπάρχουν ερωτήσεις σχετικά με τη δραστικότητα αυτής της μεθόδου στους ανθρώπους. Οι λόγοι είναι ότι η σύνθεση των θρεπτικών ουσιών σε μια δίαιτα
θερμιδικού περιορισμού είναι πολύ σημαντική και ότι η διατήρηση αυτής της δίαιτας κατά τη διάρκεια όλης της ζωής
είναι αρκετά δύσκολη και με μεγάλες πιθανότητες αποτυχίας, χωρίς να ληφθούν καθόλου υπόψη τα ακόμη αμφισβη-
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τούμενα οφέλη. Γι’ αυτόν το λόγο, ένας νέος τομέας έρευνας έχει δημιουργηθεί, που ονομάζεται «μίμηση θερμιδικού
περιορισμού» και ο οποίος κερδίζει έδαφος σε ενδιαφέρον όσον αφορά στους ανθρώπους. Ο συγκεκριμένος τομέας
εστιάζει στον προσδιορισμό ουσιών που, όταν καταναλωθούν, θα προκαλέσουν παρόμοιους φαινότυπους μακροζωίας και αργοπορίας γήρατος, όπως ο θερμιδικός περιορισμός, χωρίς μεγάλη προσπάθεια. Η μίμηση θερμιδικού περιορισμού φαίνεται να είναι πολλά υποσχόμενη αλλά βρίσκεται ακόμη σε πρώιμα στάδια έρευνας.
Λέξεις ευρετηρίου: Γήρανση, Θερμιδικός περιορισμός, Μακροζωία

References
1. de Bruin JP, Bovenhuis H, van Noord PA, Pearson PL, van Arendonk JA, TE VELDE ER et al. The role of genetic factors in age at
natural menopause. Hum Reprod 2001, 16:2014–2018
2. Holliday R. Understanding ageing. Cambridge University
Press, Cambridge, 1995
3. Peto R, Doll R. There is no such thing as aging. Br Med J 1997,
315:1030–1032
4. Olson CB. A review of why and how we age: A defense of multifactorial aging. Mech Ageing Dev 1987, 41:1–28
5. Liang H, Masoro EJ, Nelson JF, Strong R, McMahan CA, Richardson A. Genetic mouse models of extended lifespan. Exp
Gerontol 2003, 38:1353–1364
6. Goto M. Hierarchical deterioration of body systems in Werner’s syndrome: Implications for normal ageing. Mech Ageing
Dev 1997, 98:239–254
7. McCay CM, Crowell MF, Maynard LA. The effect of retarded
growth upon length of the life span and upon the ultimate
body size. J Nutr 1935, 10:63–75
8. Weindruch R, Walford RL. The retardation of aging and disease by dietary restriction. CC Thomas, Springfield, 1988
9. Holliday R. The multiple and irreversible causes of aging. J
Gerontol A Biol Sci Med Sci 2004, 59:B568–B572
10. Kirkwood TB, Austad SN. Why do we age? Nature 2000,
408:233–238
11. Finch CE. Longevity, senescence, and the genome. The University of Chicago Press, Chicago & London, 1990:619
12. Miller RA. Kleemeier award lecture: Are there genes for aging? J Gerontol A Biol Sci Med Sci 1999, 54:B297–B307
13. Calder WA. Size, function, and life history. Harvard University
Press, Cambridge, 1984
14. Schmidt-Nielsen K. Scaling: Why is animal size so important?
Cambridge University Press, Cambridge, 1984
15. Promislow DE. On size and survival: Progress and pitfalls in
the allometry of life span. J Gerontol 1993, 48:B115–B123
16. Kleiber M. Metabolic turnover rate: A physiological meaning of the metabolic rate per unit body weight. J Theor Biol
1975, 53:199–204
17. Masoro EJ. Overview of caloric restriction and ageing. Mech
Ageing Dev 2005, 126:913–922
18. Oklejewicz M, Daan S. Enhanced longevity in tau mutant
Syrian hamsters, Mesocricetus auratus. J Biol Rhythms 2002,
17:210–216
19. de Magalhaes JP, Costa J, Church GM. An analysis of the relationship between metabolism, developmental schedules,
and longevity using phylogenetic independent contrasts. J

Gerontol A Biol Sci Med Sci 2007, 62:149–160
20. Harman D. Aging: A theory based on free radical and radiation chemistry. J Gerontol 1956, 11:298–300
21. Beckman KB, Ames BN. The free radical theory of aging matures. Physiol Rev 1998, 78:547–581
22. Orr WC, Sohal RS. Extension of life-span by overexpression
of superoxide dismutase and catalase in Drosophila melanogaster. Science 1994, 263:1128–1130
23. Larsen PL. Aging and resistance to oxidative damage in
Caenorhabditis elegans. Proc Natl Acad Sci USA 1993, 90:8905–
8909
24. HUANG TT, CARLSON EJ, GILLESPIE AM, SHI Y, EPSTEIN CJ. Ubiquitous
overexpression of CuZn superoxide dismutase does not extend
life span in mice. J Gerontol A Biol Sci Med Sci 2000, 55:B5–B9
25. Van Remmen H, Ikeno Y, Hamilton M, Pahlavan M, Wolf N,
THORPE SR et al. Life-long reduction in MnSOD activity results
in increased DNA damage and higher incidence of cancer but
does not accelerate aging. Physiol Genomics 2003, 16:29–37
26. Ruan H, Tang XD, Chen ML, Joiner ML, Sun G, BROT N et al.
High-quality life extension by the enzyme peptide methionine sulfoxide reductase. Proc Natl Acad Sci USA 2002, 99:2748–
2753
27. Moskovitz J, Bar-Noy S, Williams WM, Requena J, Berlett
BS, Stadtman ER. Methionine sulfoxide reductase (MsrA) is a
regulator of antioxidant defense and lifespan in mammals.
Proc Natl Acad Sci USA 2001, 98:12920–12925
28. Tsuzuki T, Egashira A, Igarashi H, Iwakuma T, Nakatsuru Y,
TOMINAGA Y et al. Spontaneous tumorigenesis in mice defective in the MTH1 gene encoding 8-oxo-dGTPase. Proc Natl
Acad Sci USA 2001, 98:11456–11461
29. Sohal RS, Mockett RJ, Orr WC. Mechanisms of aging: An appraisal of the oxidative stress hypothesis. Free Radic Biol Med
2002, 33:575–586
30. de Magalhaes JP. Open-minded scepticism: Inferring the
causal mechanisms of human ageing from genetic perturbations. Ageing Res Rev 2005, 4:1–22
31. Holloszy JO. Longevity of exercising male rats: Effect of
an antioxidant supplemented diet. Mech Ageing Dev 1988,
100:211–219
32. Lipman RD, Bronson RT, Wu D, Smith DE, Prior R, CAO G et al.
Disease incidence and longevity are unaltered by dietary
antioxidant supplementation initiated during middle age in
C57BL/6 mice. Mech Ageing Dev 1998, 103:269–284
33. Wallace DC. Mitochondrial diseases in man and mouse. Science 1999, 283:1482–1488

To fast or not to fast?

34. DiMauro S, Schon EA. Mitochondrial respiratory-chain diseases. N Engl J Med 2003, 348:2656–2668
35. Martin GM. Genetic syndromes in man with potential relevance to the pathobiology of aging. Birth Defects Orig Artic
Ser 1978, 14:5–39
36. Robinson BH. Human complex I deficiency: Clinical spectrum
and involvement of oxygen free radicals in the pathogenicity
of the defect. Biochim Biophys Acta 1998, 1364:271–286
37. Burck U, Goebel HH, Kuhlendahl HD, Meier C, Goebel KM.
Neuromyopathy and vitamin E deficiency in man. Neuropediatrics 1981, 12:267–278
38. Parker ST. Why big brains are so rare: Energy costs of intelligence and brain size in anthropoid primates. In: Parker ST, Gibson KR (eds) Language and intelligence in monkeys and apes.
Cambridge University Press, Cambridge, 1990:129–156
39. Szilard L. On the nature of the aging process. Proc Natl Acad
Sci USA 1959, 45:30–45
40. Gensler HL, Bernstein H. DNA damage as the primary cause
of aging. Q Rev Biol 1981, 56:279–303
41. Martin GM, Oshima J. Lessons from human progeroid syndromes. Nature 2000, 408:263–266
42. Narayanan L, Fritzell JA, Baker SM, Liskay RM, Glazer PM.
Elevated levels of mutation in multiple tissues of mice deficient in the DNA mismatch repair gene Pms2. Proc Natl Acad
Sci USA 1997, 94:3122–3127
43. Varley JM, Evans DG, Birch JM. Li-Fraumeni syndrome – a molecular and clinical review. Br J Cancer 1997, 76:1–14
44. Martin GM, Smith AC, Ketterer DJ, Ogburn CE, Disteche CM.
Increased chromosomal aberrations in first metaphases of
cells isolated from the kidneys of aged mice. Isr J Med Sci
1985, 21:296–230
45. Dolle ME, Giese H, Hopkins CL, Martus HJ, Hausdorff JM, Vijg
J. Rapid accumulation of genome rearrangements in liver but
not in brain of old mice. Nat Genet 1997, 17:431–434
46. Vijg J. Somatic mutations and aging: A re-evaluation. Mutat
Res 2000, 447:117–135
47. ESPOSITO D, FASSINA G, SZABO P, De ANGELIS P, RODGERS L, WEKSLER
M ET AL. Chromosomes of older humans are more prone to
aminopterine-induced breakage. Proc Natl Acad Sci USA 1989,
86:1302–1306
48. Lu T, Pan Y, Kao SY, Li C, Kohane I, CHAN J et al. Gene regulation and DNA damage in the ageing human brain. Nature
2004, 429:883–891
49. Zhou ZQ, Manguino D, Kewitt K, Intano GW, McMahan CA,
HERBERT DC et al. Spontaneous hepatocellular carcinoma
is reduced in transgenic mice overexpressing human O6methylguanine-DNA methyltransferase. Proc Natl Acad Sci
USA 2001, 98:12566–12571
50. Lightowlers RN, Jacobs HT, Kajander OA. Mitochondrial
DNA–all things bad? Trends Genet 1999, 15:91–93
51. Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN,
Rovio AT, BRUDER CE et al. Premature ageing in mice expressing defective mitochondrial DNA polymerase. Nature
2004, 429:417–423
52. Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, WOHLEGEMUTH SE et al. Mitochondrial DNA mutations, oxidative
stress, and apoptosis in mammalian aging. Science 2005,

605

309:481–484
53. Trifunovic A, Hansson A, Wredenberg A, Rovio AT, Dufour E,
KHVOROSTOV I et al. Somatic mtDNA mutations cause aging
phenotypes without affecting reactive oxygen species production. Proc Natl Acad Sci USA 2005, 102:17993–17998
54. Wallace DC. Mitochondrial genetics: A paradigm for aging
and degenerative diseases? Science 1992, 256:628–632
55. Ho KY, Evans WS, Blizzard RM, Veldhuis JD, Merriam GR,
SAMOJLIK E et al. Effects of sex and age on the 24-hour profile of growth hormone secretion in man: Importance of endogenous estradiol concentrations. J Clin Endocrinol Metab
1987, 64:51–58
56. Masoro EJ, McCarter RJ, Katz MS, McMahan CA. Dietary restriction alters characteristics of glucose fuel use. J Gerontol
1992, 47:B202–B208
57. Breese CR, Ingram RL, Sonntag WE. Influence of age and longterm dietary restriction on plasma insulin-like growth factor-1
(IGF-1), IGF-1 gene expression, and IGF-1 binding proteins. J
Gerontol 1991, 46:B180–B187
58. Miskin R, Masos T. Transgenic mice overexpressing urokinasetype plasminogen activator in the brain exhibit reduced food
consumption, body weight and size, and increased longevity.
J Gerontol A Biol Sci Med Sci 1997, 52:B118–B124
59. 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 2001, 98:6736–6741
60. Brown-Borg HM, Borg KE, Meliska CJ, Bartke A. Dwarf mice
and the ageing process. Nature 1996, 384:33
61. Bartke A, Wright JC, Mattison JA, Ingram DK, Miller RA,
Roth GS. Extending the lifespan of long-lived mice. Nature
2001, 414:412
62. Bartke A, Coschigano K, Kopchick J, Chandrashekar V, Mattison J, KINNEY B et al. Genes that prolong life: Relationships
of growth hormone and growth to aging and life span. J Gerontol A Biol Sci Med Sci 2001, 56:B340–B349
63. Klass M, Hirsh D. Non-ageing developmental variant of
Caenorhabditis elegans. Nature 1976, 260:523–525
64. Johnson TE, Mitchell DH, Kline S, Kemal R, Foy J. Arresting
development arrests aging in the nematode Caenorhabditis
elegans. Mech Ageing Dev 1984, 28:23–40
65. Charnov EL. Life history invariants: Some explorations of symmetry in evolutionary ecology. Oxford University Press, Oxford, 1993
66. de Magalhães JP, Church GM. Genomes optimize reproduction: Aging as a consequence of the developmental program.
Physiology (Bethesda) 2005, 20:252–259
67. Walford RL. The immunologic theory of aging. Munksgaard,
Copenhagen, 1969:181–202
68. Weindruch RH, Cheung MK, Verity MA, Walford RL. Modification of mitochondrial respiration by aging and dietary restriction. Mech Ageing Dev 1980, 12:375–392
69. Richardson A, Cheung HT. The relationship between agerelated changes in gene expression protein turnover, and
the responsiveness of an organism to stimuli. Life Sci 1982,
31:605–613
70. Lee CK, Allison DB, Brand J, Weindruch R, Prolla TA. Tran-

606

E. Chatzidaki

scriptional profiles associated with aging and middle ageonset caloric restriction in mouse hearts. Proc Natl Acad Sci
USA 2002, 99:14988–14993
71. Nisoli E, Tonello CC, Cardile A, Cozzi V, Bracale R, TEDESCO L
et al. Calorie restriction promotes mitochondrial biogenesis
by inducing the expression of eNOS. Science 2005, 310:314–
317
72. Corton JC, Brown-Borg HM. Peroxisome proliferators-activated receptor gamma coactivator 1 in caloric restriction
and other models of longevity. J Gerontol A Biol Sci Med Sci
2005, 60:1494–1509
73. Anderson RM, Shanmuganayagam D, Weindruch R. Caloric
restriction and aging: Studies in mice and monkeys. Toxicol
Pathol 2009, 37:47–51
74. Anderson RM, Barger JL, Edwards MG, Braun KH, O’Connon
CE, PROLLA TA et al. Dynamic regulation of PGC-1alpha localization and turnover implicates mitochondrial adaptation in calorie restriction and the stress response. Aging Cell
2008, 7:101–111
75. Pugh TD, Klopp RG, Weidruch R. Controlling caloric consumption: Protocols for rodents and rhesus monkeys. Neurobiol Aging 1999, 20:157–165
76. Goodrick CL, Ingram DK, Reunolds MA, Freeman JR, Cider N.
Effects of intermittent feeding upon body weight and lifespan
in inbred mice: Interaction of genotype and age. Mech Ageing Dev 1990, 55:69–87
77. Weindruch R. Will dietary restriction work in primates? Biogerontology 2006, 7:169–171
78. Bartke A, Peluso MR, Moretz N, Wright C, Bonkowski M, WINTERS TA et al. Effects of soy-derived diets on plasma and liver
lipids, glucose tolerance, and longevity in normal, long-lived
and short-lived mice. Horm Metab Res 2004, 36:550–558
79. Coschigano KT, Clemmons D, Bellush LL, Kochick JJ. Assessment of growth parameters and life span of GHR/BP genedisrupted mice. Endocrinology 2000, 141:2608–2613
80. Harper JM, Leathers CW, Austad SN. Does caloric restriction
extend life in wild mice? Aging Cell 2006, 5:441–449
81. Weindruch R, Walford RL, Fligiel S, Guthrie D. The retardation of aging in mice by dietary restriction: Longevity,
cancer, immunity and lifetime energy intake. J Nutr 1986,
116:641–654
82. Kemnitz JW, Weindruch R, Roecker EB, Crawford K, Kaufman
PL, Ershler WB. Dietary restriction of adult male rhesus monkeys: Design, methodology, and preliminary finding from the
first year of study. J Gerontol Biol 1993, 48:B17–B26
83. LANE MA, BAER DJ, RUMPLER WV, WEINDRUCH R, INGRAM DK, TILMONT
EM ET AL. Calorie restriction lowers body temperature in rhesus
monkeys, consistent with a postulated anti-aging mechanism
in rodents. Proc Natl Acad Sci USA 1996, 93:4159–4164
84. Lane MA, Black A, Handy A, Tilmont EM, Ingram DK, TILMONT
EM et al. Caloric restriction in primates. Ann NY Acad Sci 2001,
928:287–295
85. Holloszy JO, Fontana L. Caloric restriction in humans. Exp
Gerontol 2007, 42:709–712
86. Redman LM, Heilbronn LK, Martin CK, Alfonso A, Smith SR,
RAVUSSIN E et al. Effect of calorie restriction with or without
exercise on body composition and fat distribution. J Clin Endocrinol Metab 2007, 92:865–872

87. Kagawa Y. Impact of westernization on the nutrition of Japanese: Changes in physique, cancer, longevity and centenarians. Prev Med 1978, 7:205–217
88. Walford RL, Harris SB, Gunion MW. The calorically restricted low-fat nutrient dense diet in Biosphere 2 significantly lowers blood glucose, total leukocyte count, cholesterol
and blood pressure in humans. Proc Natl Acad Sci USA 1991,
89:11533–11537
89. Lane MA, Ingram DK, Roth GS. 2-deoxy-D-glucose feeding
in rats mimics physiologic effects of calorie restriction. J Anti
Aging Med 1998, 1:327–337
90. Roth GS, Ingram DK, Lane MA. Caloric restriction in primates
and relevance to humans. Ann NY Acad Sci 2001, 928:305–
315
91. Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, BEECHER CW et al. Cancer chemopreventive activity of resveratrol, a natural product derived from grapes. Science 1997,
275:218–220
92. Mizutani K, Ikeda K, Yamori, Y. Resveratrol inhibits AGEs-induced proliferation and collagen synthesis activity in vascular smooth muscle cells from stroke-prone spontaneously hypertensive rats. Biochem Biophys Res Commun 2000,
274:61–67
93. Baur JA, Sinclair DA. Therapeutic potential of resveratrol: The
in vivo evidence. Nat Rev Drug Discov 2006, 5:493–506
94. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S,
WOOD JG et al. Small molecule activators of sirtuins extend
Saccharomyces cerevisiae lifespan. Nature 2003, 425:191–
196
95. Cohen HY, Miller C, Bitterman KJ, Wall NR, Hekking B, KESSLER B et al. Calorie restriction promotes mammalian cell
survival by inducing the SIRT1 deacetylase. Science 2004,
305:390–392
96. Outeiro TF, Kontopoulos E, Altmann SM, Kufareva I, Strathearn KE, AMORE AM et al. Sirtuin 2 inhibitors rescue alphasynuclein-mediated toxicity in models of Parkinson’s disease.
Science 2007, 317:516–519
97. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A
et al. Resveratrol improves health and survival of mice on a
high-calorie diet. Nature 2006, 444:337–342
98. Pearson KJ, Baur JA, Lewis KN, Peshkin L, Price NL, LABINSKYY
N et al. Resveratrol delays age-related deterioration and mimics transcriptional aspects of dietary restriction without extending life span. Cell Metab 2008, 8:157–168
99. Yang H, Baur JA, Chen A, Miller C, Sinclair DA. Design and
synthesis of compounds that extend yeast replicative lifespan. Aging Cell 2007, 6:35–43
100. Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, GAGNE DJ et al. Small molecule activators of SIRT1 as therapeutics for the treatment of type 2 diabetes. Nature 2007,
450:712–716
		 Corresponding author:
		 E. Chatzidaki, 63 Bondegatan, SE-141 86 Stockholm, Sweden
		 e-mail: Emmanouella@gmail.com

...................................................................................................................................................

