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Abstract: Aging is a biological process determined by multiple cellular mechanisms, such as genomic
instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sens-
ing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
communication, that ultimately concur in the functional decline of the individual. The evidence that
the old population is steadily increasing and will triplicate in the next 50 years, together with the
fact the elderlies are more prone to develop pathologies such as cancer, diabetes, and degenerative
disorders, stimulates an important effort in finding specific countermeasures. Calorie restriction
(CR) has been demonstrated to modulate nutrient sensing mechanisms, inducing a better metabolic
profile, enhanced stress resistance, reduced oxidative stress, and improved inflammatory response.
Therefore, CR and CR-mimetics have been suggested as powerful means to slow aging and extend
healthy life-span in experimental models and humans. Taking into consideration the difficulties
and ethical issues in performing aging research and testing anti-aging interventions in humans,
researchers initially need to work with experimental models. The present review reports the major
experimental models utilized in the study of CR and CR-mimetics, highlighting their application in
the laboratory routine, and their translation to human research.

Keywords: aging; life-span; health-span; calorie restriction; calorie restriction mimetic; resveratrol;
experimental models

1. Introduction

The rapid growth of the world’s aging population (https://population.un.org/wpp/;
reporting the World population prospect of 2019, accessed on March 2021) has motivated a
large effort in the investigation of the mechanisms underlying aging, and in the search of
possible countermeasures.

Aging is characterized by two connected aspects: the malfunctioning of multiple
basic biological processes and the parallel functional decline of the individual. Actually,
the alteration of the molecular mechanisms regulating basic processes can increase the
risk of developing chronic diseases (e.g., cardiovascular disease, diabetes, cancer, and
neurodegeneration), meanwhile the functional decline of the individual contributes to a
negative outcome to health-challenging situations.

More recently, it has been suggested that aging is determined by nine biological
processes, which are: genomic instability, telomere attrition, epigenetic alterations, loss of
proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, and altered intercellular communication [1]. Each distinct hallmark
of aging has been identified based on the following three characteristics: (1) it is displayed
during normal aging; (2) its experimental intensification accelerates aging; and (3) its
experimental abatement delays aging [1]. The accumulation of the effects of this damage
over time inevitably leads to cell death.
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Among the multiple alterations that have a profound impact on aging, the nutrient
sensing cell pathways have recently captured much interest thanks to their potential as ther-
apeutic targets in the prevention of age-related diseases, and the extension of the healthy
life-span. The nutrient sensing pathways are mainly regrouped in the IGF (insulin-like
growth factor)/insulin, the TOR (target of rapamycin), and the AMPK (AMP-Activated
Protein Kinase) pathways [2]. It has been extensively shown that, the presence of cellular
nutrients induces the stimulation of insulin receptor and IGF-1R generating a phosphory-
lation cascade that activates AKT (Ak transforming), which induces glucose metabolism
through GSK-3β, suppresses a wide range of cellular responses via the FOXO (Forkhead
box) transcription factor, and stimulates protein synthesis by activating TORC1 (TOR Com-
plex1), leading to protein synthesis and cell growth. Moreover, IGF-1R dependent signal,
activates the Ras/MAPK signaling pathway, which results in cell proliferation. Contrarily,
when the cell is deprived of nutrients or in low energetic conditions, AMPK levels increase
and inhibit protein synthesis through TORC1, reducing anabolic processes and inducing
mitochondrial respiration [2].

Accordingly, data from different experimental models have largely demonstrated that
the mutations that induce life-span extension are associated with an altered activity of the
above-listed signaling pathways [3].

Interestingly, the extension of the life-span upon inhibition of the nutrient sensing
signaling pathways, has also been associated to the physiological condition induced by
calorie restriction (CR). Actually, CR, which consists of the reduction in the caloric intake
without malnutrition, has been reported as a robust intervention to promote life-span
elongation and healthy aging in rodents at the beginning of last century [4], and has
been further suggested to have similar effects in humans [5,6]. CR regimens have been
shown to induce metabolic adaptations, such as reduced oxidative stress and improved
inflammatory response [7,8], that ultimately result in better life- and health-spans. Studies
performed on experimental models allowed to attribute the life prolongation effects to
the modulation of the IGF-1 [9,10], TOR [11], and AMPK signaling pathways [12], but
also to other targets, such as the above mentioned FOXO that stimulates protein synthesis,
NfkappaB, which is involved in the inflammatory response, and Nfr2 that is implicated in
mitochondrial biogenesis [2,13–15]. Moreover, recent work brought to the identification of
the Sir2/SIRT1 NAD-dependent histone deacetylase, which is involved in the chromatin
silencing pathway, as the key regulator of life- and health-span extension induced by
CR [16–18]. The identification of the regulatory properties of Sirtuins, together with the
evidence that this pathway is conserved among different species [16], has provided to this
molecular pathway a target role, pharmacologically adjustable, for the amelioration of
the health-span, especially in those individuals who cannot afford CR interventions. As
a consequence, at present there is a wide field of research focused on the investigation of
natural and synthetic compounds (CR-mimetics), aiming at improving life- and health-span
in humans [19–21]. Among the most known, the natural polyphenol resveratrol, a potent
SIRT1 activator is largely investigated in both experimental models and humans [22–25].

The study of the aging mechanisms and the possible countermeasures to contrast them
in humans is challenging due to the long duration of the aging process itself. Longitudinal
studies are difficult to perform because they need an important effort, traceability and
continuity that, trivially, are very problematic to maintain for a long time. On the other
side, cross-sectional studies can be influenced by multiple factors, especially if we consider
that in the last century several parameters characterizing the life quality, as the socio-
sanitary conditions, the nutritional regimens and psychophysical activities, have undergone
dramatic changes. In addition, the heterogeneity of population characteristics can further
complicate the analyses.

Mainly for these reasons, but also for ethical issues, the study of aging is conducted
on experimental models. Unfortunately, experimental models are not devoid of pitfalls,
flaws or obstacles. Multiple factors must be considered when planning experiments to
investigate the influence of CR and CR mimetics on the aging process. Although theoretical
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life-span curves are quite homogeneous in shape across several experimental models, they
can be enormously different in length [26], and cannot provide information on the real
health condition (health-span) of the experimental model [27]. Furthermore, aging can
induce diverse modifications at the tissue or organ level depending on the experimental
model used [28,29]. Not least, CR mechanisms underlying life-span extension can differ
among species [30,31].

The present review aims at providing an overview of the major experimental models
utilized in aging research, highlighting the characteristics that allow their use in the study
of CR and CR mimetics, and their translation to human research, with a daily-laboratory
routine perspective.

2. Saccharomyces cerevisiae

The first studies on aging in the budding yeast Saccharomyces cerevisiae date back to
60 years ago [32], since then its application in aging research has been continuously active.
More recently, at the beginning of the 21st century, the use of yeast in aging research saw
an important outburst thanks to the discovery of Sirtuins, a class of histone deacetylases
involved in life-span regulation.

Saccharomyces cerevisiae is a unicellular eukaryotic organism with 6000 completely
sequenced genes [33,34], and with a short life cycle. Yeast cells proliferate in both haploid
or diploid state depending on nutrients abundance. With a sufficient nutritional supply,
cells proliferate in a diploid state with a cell cycle of 2 h, while they enter meiosis and
spore formation upon nutrient withdrawal. Spores can survive from hours to months,
and in favorable conditions haploid a and alpha spores can proliferate and mate to form
diploid cells. The simple laboratory equipment required, the short generation time, and
a well-characterized genome displaying high similarities with mammalian cells, easily
modifiable by means of genetic approaches, make Saccharomyces cerevisiae an optimal tool
to dissect the molecular mechanisms of multiple pathways involved in aging.

The life cycle and senescence in the budding yeast has been defined exploiting two
different experimental protocols, which measure two different biological properties. These
are the replicative life-span and chronological life-span, respectively [32,35,36]. The first
experimental protocol is based on the evidence that the budding capacity of a single mother-
cell decreases with time. The second experimental protocol is based on the analysis of the
growth to plateau concentration of a population in a liquid medium, and the estimation of
percentage of viable or metabolic active cells [34].

Evidences showing that reduction in glucose availability in the growth medium from
2% to 0.01% induced an extension of Saccharomyces cerevisiae life-span, have made this or-
ganism an excellent model to study the fundamental mechanisms of life prolongation upon
CR [17,37]. Interestingly, in 2000, studies from separate groups allowed the identification
the Sir-2 NAD-dependent histone deacetylase pathway [17,18,38] as a key regulator of
life-span extension. Only subsequently, the Sir2 pathway has been shown to be conserved
among species [16].

At date, the signaling pathways regulating the replicative and the chronological life-
span are better characterized. In fact, the RAS-PKA and Tor-Sch9 signaling pathways
have been demonstrated to be consistent in both the replicative and the chronological
life-span, while the effects of the modulation of Sir2 pathway on the chronological life-span
are opposite to replicative life-span [17,39]. These evidences provide a further element to
orient the researcher in the choice of the most appropriate experimental protocol.

Interestingly, the above-mentioned characteristics make the budding yeast very suit-
able for high-throughput methodologies, particularly in the screening of anti-aging com-
pounds [40–42]. In this context, the work of Howitz and collaborators [20], reported the
discovery of small molecules, such as resveratrol, able to activate Sirtuins and induce
life-span extension, tracing the pace to the design and screening of new CR-mimetic
compounds.
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Although the yeast allows a precise characterization of some molecular pathways
involved in aging, its application in the study of CR and CR-mimetics is limited, not only
because it cannot provide information at the tissue and organ level, but also because CR
mechanisms can differ among species [31]. Indeed, mammals contain seven homologs of
the yeast Sir2, which have different cellular localization, different protein interactions and
different biological function [30].

3. Caenorhabditis elegans

Since the 1970s the small nematode Caenorhabditis elegans is one of the most used
organisms in aging research and in the study of genetics of aging [43,44]. Interestingly, it
allowed the identification of the insulin/IGF-1 signaling pathway, and afterwards FOXO,
as key regulators of the life-span extension [9,10,45]. Only subsequently, the insulin/IGF-1
pathway was found and better characterized in other model animals and humans [46–48].

In normal conditions (20 ◦C), C. elegans develops from an egg and undergoes four
larva stages (L1–L4) to become a reproductive adult hermaphrodite worm in three days.
The mean life-span of the C. elegans is around 15 days, and the maximum life-span around
27 days. In adverse conditions (i.e., temperature or nutrients restriction), worms after the
larval stage L2 can enter an alternative developmental state named dauer larvae, which
is stress and age-resistant [49,50]. When conditions become more favorable, dauer larvae
can convert into a reproductive adult. The adult worm is a simple organism composed by
about 1000 cells, that form distinct tissues and organs with a functional similarity to human
organs [51,52]. With age progression, C. elegans worms reduce their activity, become less
coordinate and can eventually stop moving in an age-dependent fashion [53]. Moreover,
normal and transgenic C. elegans have shown to display some of the aging features as
sarcopenia [54], and neurodegeneration [55,56].

From the laboratory routine perspective, C. elegans is an interesting experimental
model since it is relatively easy to maintain, and the growth medium easily tunable [53].
The C. elegans genome is deciphered, easily modifiable, and with good association to human
genes [57,58]. The presence of a RNAi library that covers about 80% of the genes allows
extensive screens to detect genes involved in the modulation of life-span [59,60]. The life-
spans of a population have generally no, or little, fluctuation, allowing the identification of
factors that increase or reduce the life-span by 10–15% with statistical significance [60].

C. elegans has been adopted as the prominent model in aging research for several years
because it has been found that mutations to genes that regulate the dauer stage correlate
with life-span. For instance, the analyses of age-1 and daf-2 mutants, which displayed a
longer life-span, led to the identification of the insulin/IGF-1 signaling pathway [9,10].
Subsequently, daf-16 mutants allowed the identification of the FOXO pathway, and revealed
the importance of this pathway in improving the resistance to oxidative stress. As a result of
these important discoveries, and thanks to the ease to work with mutants and to manipulate
its genome, C. elegans was exploited to show that CR induced modulation of life-span
is strictly correlated with mitochondrial integrity [31,61,62], revealing the central role of
mitochondria in the determination of metabolic plasticity.

Interestingly, the availability of the wide array of experimental tools, together with
the possibility to control the bacterial food and the presence of specific nutrients, allowed
the dissection of the molecular mechanisms involved in the CR dependent life-span exten-
sion, showing that different dietary regimens can modulate life-span by independent or
overlapping mechanisms [63]. As a result, it is now widely accepted that the effects of CR
are caused by the interference with a network of genetic pathways rather than by with a
single, linear pathway.

C. elegans was also employed in the first studies on the dissection of the molecular
pathways affected by resveratrol [21], confirming AMPK as energy sensor responsible of
life-span extension, and guiding the search and screening of new CR-mimetics [64].

Although the use of C. elegans in the study of longevity lead to important discoveries,
this organism in not free of weaknesses. Being the body organization very simple, and due
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to the fact that the mechanisms involved in the beneficial action of CR can differ in the
different organisms [31], its correlation with humans has to be cautiously evaluated.

4. Drosophila melanogaster

Used for the first time in aging experiments in 1916, demonstrating that its life-span
was food and temperature dependent [65], Drosophila melanogaster is still considered a
suitable model in aging research. Thanks to the feasibility of performing largescale screens
for demographic analyses, the fruit fly has a bridging role in the validation of findings
discovered in other model organisms [45,66]. As a consequence, D. melanogaster is largely
exploited in the study of CR mechanisms and in the search of CR-mimetics [21,67].

At 25 ◦C, D. melanogaster has a life-span of approximately 60 days, which can be
reduced increasing the temperature, and vice versa, increased by reducing the growth
temperature. D. melanogaster, as other insects, can enter a reproductive diapause following
light cycle and temperature modulation. As reported for C. elegans, diapause is connected
to a better stress resistance and increased life-span.

D. melanogaster has been described to undergo functional senescence at tissue and
organ level [68]. Interestingly, similarly to what has been observed in humans, during
aging, flies present the alteration of selected biomarkers as the advanced glycation end
products, or carbonylated proteins [69]. At the organ level, age progression induces
unbalanced gut homeostasis, altered cardiac and skeletal muscle function, and neurological
and neurosecretory modifications [70,71]. More importantly, although it is needless to
stress that D. melanogaster is far from mirroring the human organism, it is an excellent
model to study the genetic complexity of the aging process.

From the laboratory point of view, D. melanogaster requires a simple and cost-effective
maintenance, and researchers can acquire a very good knowledge on the factors that should
be considered when working with the fruit fly [68]. The simplicity of its genome, consisting
of 13,000 genes belonging, approximately, to the same mammalian gene families [45],
together with the availability of strains with the same genotype, facilitate demographic
analyses and the performance of largescale screens [45,66]. Actually, D. melanogaster is
an excellent model to perform genetic analyses thanks to the availability of mutant and
transgenic strains, and the accessibility to temporal, hormone-inducible, and tissue-specific
expression of mutated proteins [72]. Not last, a collection of RNAi lines enables the
targeting of most transcripts to perform knockdown screens [73].

The above-mentioned characteristics make the fruit fly an experimental model often
exploited to delve into the genetics of CR, and into the search and characterization of
CR-mimetics [67]. Life-span prolongation upon CR in D. melanogaster has been shown to be
mediated by five mechanisms: the cotransporter encoded by Indy [74], the insulin/GF-like
signaling pathway [75], the Rpd3 deacetylase [76], the dSir2 deacetylase [77], and TOR
signaling pathway [78]. The broad knowledge of the CR restriction mechanisms in D.
melanogaster, together with the relative ease to work with this organism allowed to confirm
resveratrol as a CR-mimetic, and to screen interventions with potential effects in life-span
extension [79,80].

Although D. melanogaster is still far from the human organisms, this experimental
model has supplemental advantages compared to yeast and C. elegans that justify its
employment in the study of CR. It is an obligate aerobe, and it is dioecious, two factors that
can have an important impact on aging [81], and on the response to anti-aging measures,
making D. melanogaster a model organism suitable to perform both genetic manipulation
and physiological analyses.

5. Fishes

The fishes include the shortest- and longest-lived vertebrates in nature [82–84]. The
heterogeneity in longevity provides a unique possibility for exploring the molecular mech-
anisms that determine the differences in the rate of aging by applying comparative stud-
ies [85,86].
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In the view of the laboratory application, the small tropical fish species are considered
to have the best potential in aging research, since they display a short life-span, gradual
senescence, and development of degenerative processes and tissue lesions in an age depen-
dent way [87,88]. Although the zebrafish (Danio rerio) is the most utilized model system in
the research laboratories, guppy and killifish have a potential in aging research due to their
short life-span [87,89].

Widely employed in developmental studies, the zebrafish is increasingly used in aging
research, due to its relative short life-span (2–3 years), and based on the evidence that it
shows hallmarks of gradual senescence, such as spinal curvature, muscle degeneration,
and reduced physical ability [90–92]. Interestingly, recent research shows that zebrafish
can be exploited for the investigation of neurodegenerative pathologies as Alzheimer
disease, Parkinson disease [93], but also osteoporosis, sarcopenia [94], and age-dependent
trainability [95].

Zebrafish have several advantages for routine research because housing is quite sim-
ple, it has a good reproductive capacity, and can provide sufficient amounts of tissues for
sampling. Zebrafish have a conserved genome, which is easily modifiable [96]. More-
over, research with zebrafish is greatly supported by the availability of well-established
methodological and biological tools, spanning from genetic manipulation [96], live imag-
ing [97], adaptation to high-throughput screenings [98–100]. Moreover, as discussed for D.
melanogaster, zebrafish can be exploited for demographic studies.

For the above-mentioned reasons, zebrafish have an interesting potential as a model to
investigate CR and CR-mimetics. Interestingly, zebrafish feeding conditions can be easily
modified upon need, providing the possibility to control the diet to reduce the caloric
intake [101,102], or to induce obesity [103], causing genetic modulations similar to those
observed in mammals. Likewise, zebrafish is largely used to test CR-mimetics and in the
investigation of resveratrol for its CR-mimetic properties [104,105].

The above-mentioned features together with the fact that this is a more complex
organism with defined organs and apparatuses, confer to zebrafish a bridging role between
more simple organisms and mammals, in the search for anti-aging molecules.

6. Rodents

Rodents are the most common mammalian used in research, and include species with
different life-spans, such as mice, rats, naked rat, moles, and others. To date, the mouse
and the rat models are the most exploited mammalian models used in aging research, and
have enabled important progress in the field of CR and CR-mimetics. Actually, the CR
capability to induce life-span elongation was demonstrated for the first time by McCay
and collaborators on albino rats [4], and the potential of resveratrol as CR-mimetic was
demonstrated in C57BL/6 mice. Despite the awareness of multiple differences with the
human aging [28,29], the most used animal model are mice, and, here, we attempt to
shortly describe the main advantages and disadvantages of the use of mouse models in
the perspective of planning experiments to delve into CR and CR-mimetics potential in
attenuating aging.

Mice have about 3 years life-span, with slight changes depending on the strain, with
inbred strains being more prone to aging [106,107]. Mice are quite similar to humans in
their physiology, cellular functions, and, to a lesser extent, in their anatomy. Mouse aging
has been shown to cause changes in many organ systems, in the body composition, in the
cognition, and to induce a decline of the physical function [106,107]. The genome of the
mouse, with 2.5 Gbp and 40 chromosomes, encodes almost the same number of genes of
the human genome, with the 99% of the mouse genes having a human orthologue. Mice are
available as inbred strains, therefore they have a genomic homogeneity [45]. To date, there
is a large availability of mutant strains and gene-modifying tools that allow to delve into
multiple cellular mechanisms. Moreover, the rapid advances in gene editing techniques
have made the development of mutant strains less complicated and more rapid compared
to the past.
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In the context of the aging and CR research, models as the Ames and the Snell dwarf
mice have demonstrated to have a longer life-span, ascribable to naturally occurring point
mutations to the Prop1 gene [108] and Pou1f1 [109] that, similarly to what demonstrated
in yeast, C. elegans and D. melanogaster, envisage an alteration of the insulin/IGF-1 path-
way [110,111]. On the other hand, the availability of strains that display obesity [112],
or accelerated aging [113–115], provides a further tool to investigate, in a restricted time-
window, the effects of CR regimens and CR-mimetics.

A further advantage in adopting mice as an experimental model in the study of CR is
the tuneability of the feeding conditions that allow to simulate obesity or diabetes, but also
different nutrition-dependent contexts [112,116]. In this context, C57BL/6 mice fed with a
high fat regimen revealed the CR-mimetic properties of resveratrol in mammals, showing
that this small polyphenol is able to mimic some molecular aspects of the CR regimens and
to improve the health-span in mice by reducing IGF-1 levels, increasing insulin sensitivity,
AMPK and PGC-1alpha activity, and mitochondrial activity [24,117]. At the physiological
level resveratrol has been showed to induce protection against type II diabetes [23,24],
cardiovascular diseases [118,119], and improve the skeletal muscle functions [25,120–122].
Further data on resveratrol have been obtained by exploiting different mouse models, such
as naturally aging C57BL/6 mice, diabetic mice [123], senescence-accelerated mice [124],
and transgenic strains [125].

This being said, the exploitation of mice in the investigation of CR and CR-mimetics
on the whole organism could seem perfect. However, rodents and humans differ both for
basic biological process (i.e., regulation of telomere length, the DNA repair mechanisms,
and the immune response), and life conditions (i.e., diet composition, physical activity, and
life in a restricted state), that, in turn, have a different impact on aging and on the effects of
CR and CR-mimetics [126].

7. Nonhuman Primates

Although working with the above-described experimental models certainly has multi-
ple advantages, the differences with human aging prevent the direct translation of findings
from model organism to humans. This gap could be overcome by the use of nonhuman
primates, which are considered a good translational model because they have similar
genetic, physiological, and behavioral characteristics to humans. Nonhuman primates
display about 92% of genetic homology with humans, they exhibit age-associated dysfunc-
tions and diseases, and are outbred with a high inter-individual variability similarly to
humans [127,128]. The use of nonhuman primates has provided an important contribu-
tion in the study of vaccines, in transplant technology, in the study of infectious diseases,
aging [129,130], and have been exploited to investigate the effects of CR in longitudinal
protocols [131,132].

Nonhuman primates are grouped in two main categories, the Old World and the
New World monkeys [130]. The Old World monkeys, which originate from Asia and
Africa, have a medium to large size, variable life-spans, and include rhesus monkey, as
macaques, that are the most utilized in aging research [129,130]. The New World monkeys,
which originate from South America, have a smaller size and a shorter life-span. The most
used New World monkeys in research are the marmosets, which live in multigenerational
family units, allowing a simple maintenance. The smaller the size (200–450 g), the shorter
the life-span, together with observation that these monkey display most of the aging
characteristics observed in humans, means that nonhuman primates could represent a
good opportunity to reduce costs and time, providing this model with a huge potential in
aging research [130,131].

Fifty years after the first work on CR in rodents [4], at the end of the 1980s, CR
experiments were applied on rhesus monkeys by different research groups, with the
aim to perform longitudinal studies [133,134]. Since then, CR in nonhuman primates
has been shown to have anti-aging properties [135,136], decrease the weight, ameliorate
glucoregulation [137], reduce inflammation and cardiovascular diseases risk [135], and, in
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general, to improve the health-span [136]. In line with the necessity to use CR mimetics in
patients that cannot afford a calorie restricted regimen, more recently, nonhuman primates
have been largely employed in the study of resveratrol. Resveratrol has been demonstrated
to improve several physiological parameters in nonhuman primates fed on a regular or
modified diet [138–141], providing good chances for the translation to humans.

Although the nonhuman primates represent the most proximate model to humans,
their use in the translational study of CR needs careful evaluation. If, on one side, there
is an increasing knowledge of the molecular pathways determining longevity, nowadays
there is also the awareness that life-span and health-span are modulated by complementary
variables, including the macronutrients in the diet, physical activity, gender, and genetic
background [126], which can modify the response to CR regimens.

8. Studies in Humans

Aging research in humans is complicated by the long life-span, the large variability
among individuals, and multiple factors, such as socio-economic and cultural conditions,
that can affect the aging process.

Studies on human aging can exploit the cross-sectional or the longitudinal design,
but neither of them are free of flaws, and can lead to different interpretations [142]. Cross-
sectional designs, which analyze different age groups at the same time point, are influenced
by the dramatic changes occurred in the last 100 years of social, nutritional, and work
conditions. Longitudinal studies, which follow the same individuals along time, reveal a
high degree of individual variability, which is likely to depend on the social, nutritional,
and work conditions changes, but also on the variation of the physio-pathological status
experienced throughout the life-span of the individual.

Nowadays, the search for the effects of long-term lifestyle interventions initiated in
early adulthood and carried on throughout the entire life captures much attention, due to
the evidence that in some tissues and organs, such as the skeletal muscle [28], the functional
decline can begin in adulthood. This interest has prompted several observational studies
to understand the correlation between nutrition and health-span, and the potential of CR
regimens and CR mimetics in improving the health-span of aging people. An example
has been provided by Okinawans who are the world’s longest-lived population. The
prolongation of the life-span of this population has been attributed principally to CR and
the presence of CR mimetics in the diet [5,6].

At date, there is also a large number of studies aimed at directly testing CR regimens
and CR-mimetics, but there are still some shadows on their efficacy [143,144], because the
time and the interval of the intervention, the variability among individuals, and other
factors can compromise their effectiveness [145].

Interestingly, also the investigation on humans can exploit an experimental model of
accelerated aging. This is the bed rest model, which became very popular after spaceflights
as a tool to investigate the effects of microgravity. The bed rest model is based on the
evidence that microgravity and long periods of immobilization cause an alteration of
mechano-skeletal and vestibulo-neuromuscular stimuli that have detrimental effects on
the normal physiology of several organs and apparatuses, such as skeletal muscle, bones,
cardiovascular system, and to unbalance several biomarkers [146]. Although bed rest
experiments are restricted due to their nature, in recent years they have allowed the
collection of an enormous amount of data, which contributed to expanding the knowledge
on physiological changes during loss of gravitation, and on the mechanisms of aging.

Interestingly, aiming at simulating the nutritional condition of astronauts, who con-
sume fewer calories, bed rest protocols envisaged the application of CR regimens, that
have been shown to modulate several physiological parameters [147,148]. Interestingly,
although CR enhances protein catabolism in 2-week inactive individuals [149], it prevents
the inflammatory state induced by the inactivity [150].
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9. Conclusions

The increase in the world’s aging population (https://population.un.org/wpp/;
reporting the World population prospect of 2019, accessed on March 2021) has motivated a
large effort in the investigation of the mechanisms underlying aging, and in the search of
possible countermeasures. The search of strategies to improve the health-span in humans
face with the intrinsic complexity of investigating in humans, such as the presence of
ethical issues, and the difficulties to perform both longitudinal and cross-sectional studies.
Mainly for these reasons, researchers opt in favor of using experimental models. Hence, the
researcher has to deal with the evidence that, on one hand there are conserved mechanisms
that regulated life-span, on the other, there are important variations in the fine mechanisms
underlying aging in different organisms, between related species, and even among distinct
individuals, conferring to aging a multifactorial nature [151].

Consequently, the cautious choice of one experimental model compared to another
(Table 1), is based on the questions the researcher wants to answer. In the investigation of
CR and CR-mimetics, the experimental models used are multiple, generally starting with a
simple organism, and subsequently translating to more complex organisms. This approach
has been exploited both for the study of several signaling pathways [14,16], and in the
search of anti-aging agents [20,22]. Special attention has to be dedicated to the target tissue
or organ, because senescence can affect tissue and organs dependently of the experimental
model considered. It is important to mention that, the set-up, the availability of dedicated
facilities, and the know-how of the laboratory are important in guiding the selection of the
experimental model.

It is worthwhile to mention that, nowadays the researcher can afford new methods
of analysis and new knowledge to tackle aging mechanisms and anti-aging interventions.
These include silico analysis and simulations [152], and system biology studies [153], which
can be of fundamental help when planning a research project on aging, and searching for
interventions able to ameliorate life-span and health-span [151,154–156].

https://population.un.org/wpp/
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Table 1. Summary of the most relevant properties of the described model systems.

Yeast Worms Flies Fishes Rodents Non-Human Primates

Life span Very short Very short with little
fluctuation Very short Variable Variable Long

Genome

Restricted number of
genes, fully

characterized genome
with a low similarity

with human

Restricted number of
genes, fully

characterized genome
with a low similarity

with human

Restricted number of
genes, fully

characterized genome
with a medium

similarity with human

High number of genes, with a
medium -high similarity with

human

High number of genes,
with a medium -high

similarity with human

Similar number of genes,
with high similarity with

human

Anatomo-
physiology Unicellular

Very simple organism
with tissues similar to

human, hermaphrodite

Simple organism, with
tissues similar to human,

aerobe

Organism with defined organs
and apparatuses

Mammals, with high
similarity except some

tissues and organs

Similar physiological
and behavioral
characteristics

Experimental tools Easy genetic
interventions

Easy genetic
interventions, Mutant
strains, RNAi libraries,

Control of feeding
conditions

Easy genetic
interventions, Mutant

strains, transgenic
tunable strains, RNAi
libraries, Control of
feeding conditions

Easy genetic interventions,
Mutant strains, transgenic

tunable strains, RNAi libraries,
Control of feeding conditions

Inbred strains, Control of
feeding and diet

conditions

High inter-individual
variability similar to

humans, Life in
multigenerational family

units

Major applications
in CR research

Studies on mechanisms
of CR, Screening of

CR-mimetics,
High-throughput

analyses

Studies on mechanisms
of CR, Screening of

CR-mimetics,
High-throughput

analyses

Studies of mechanisms
of CR, Screening of

CR-mimetics,
High-throughput and
largescale screens for

demographic analyses

Studies of mechanisms of CR,
Screening of CR-mimetics,

High-throughput and
largescale screens for

demographic analyses

Application of CR and
CR-mimetics treatments

in normal and
pathological conditions

Longitudinal studies on
CR and CR-mimetics

Pitfalls
Unicellular organisms,

Restricted gene
homologs

Different life cycle
compared to mammals,

Very simple organs

Different life cycle
compared to mammals,

Simple organs,

Different life cycle and habitat
compared to mammals,

Relatively simple organs and
apparatuses, Dedicated

facility

Different
anatomo-physiological
and aging properties of

some organs and tissues,
Dedicated facility

Long-term studies,
Ethical concerns,
Dedicated facility



Nutrients 2021, 13, 2346 11 of 16

Author Contributions: Conceptualization, E.G. and L.T.; writing—original draft preparation, E.G.
and L.T.; writing—review and editing, E.G. and L.T. Both authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The study did not report original data.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194–1217. [CrossRef]
2. Riera, C.E.; Merkwirth, C.; De Magalhaes Filho, C.D.; Dillin, A. Signaling Networks Determining Life Span. Annu. Rev. Biochem.

2016, 85. [CrossRef]
3. Fontana, L.; Partridge, L.; Longo, V.D. Extending healthy life span-from yeast to humans. Science 2010, 328, 321–326. [CrossRef]

[PubMed]
4. McCay, C.M.; Maynard, L.A.; Sperling, G.; Barnes, L.L. Retarded Growth, Life Span, Ultimate Body Size and Age Changes in the

Albino Rat after Feeding Diets Restricted in Calories. J. Nutr. 1939. [CrossRef]
5. Willcox, D.C.; Willcox, B.J.; Todoriki, H.; Suzuki, M. The okinawan diet: Health implications of a low-calorie, nutrient-dense,

antioxidant-rich dietary pattern low in glycemic load. J. Am. Coll. Nutr. 2009, 28, 500S–516S. [CrossRef] [PubMed]
6. Willcox, D.C.; Willcox, B.J.; Todoriki, H.; Curb, J.D.; Suzuki, M. Caloric restriction and human longevity: What can we learn from

the Okinawans? Biogerontology 2006, 7, 173–177. [CrossRef]
7. Stankovic, M.; Mladenovic, D.; Ninkovic, M.; Vucevic, D.; Tomasevic, T.; Radosavljevic, T. Effects of caloric restriction on oxidative

stress parameters. Gen. Physiol. Biophys. 2013. [CrossRef]
8. Ungvari, Z.; Parrado-Fernandez, C.; Csiszar, A.; De Cabo, R. Mechanisms underlying caloric restriction and lifespan regulation:

Implications for vascular aging. Circ. Res. 2008, 102, 519–528. [CrossRef] [PubMed]
9. Kenyon, C.; Chang, J.; Gensch, E.; Rudner, A.; Tabtiang, R. A C. elegans mutant that lives twice as long as wild type. Nature 1993,

366. [CrossRef]
10. Kenyon, C. The first long-lived mutants: Discovery of the insulin/IGF-1 pathway for ageing. Philos. Trans. R. Soc. B Biol. Sci.

2011, 366, 9–16. [CrossRef] [PubMed]
11. Powers, R.W.; Kaeberlein, M.; Caldwell, S.D.; Kennedy, B.K.; Fields, S. Extension of chronological life span in yeast by decreased

TOR pathway signaling. Genes Dev. 2006, 20. [CrossRef]
12. Cantó, C.; Auwerx, J. Calorie restriction: Is AMPK a key sensor and effector? Physiology 2011, 26, 214–224. [CrossRef]
13. Pallauf, K.; Giller, K.; Huebbe, P.; Rimbach, G. Nutrition and healthy ageing: Calorie restriction or polyphenol-rich “mediter-

rAsian” diet? Oxid. Med. Cell. Longev. 2013. [CrossRef] [PubMed]
14. Pan, H.; Finkel, T. Key proteins and pathways that regulate lifespan. J. Biol. Chem. 2017, 292, 6452–6460. [CrossRef] [PubMed]
15. Ungvari, Z.; Bagi, Z.; Feher, A.; Recchia, F.A.; Sonntag, W.E.; Pearson, K.; De Cabo, R.; Csiszar, A. Resveratrol confers endothelial

protection via activation of the antioxidant transcription factor Nrf2. Am. J. Physiol. Hear. Circ. Physiol. 2010, 299. [CrossRef]
[PubMed]

16. Smith, J.S.; Brachmann, C.B.; Celic, I.; Kenna, M.A.; Muhammad, S.; Starai, V.J.; Avalos, J.L.; Escalante-Semerena, J.C.; Grubmeyer,
C.; Wolberger, C.; et al. A phylogenetically conserved NAD+-dependent protein deacetylase activity in the Sir2 protein family.
Proc. Natl. Acad. Sci. USA 2000. [CrossRef]

17. Lin, S.J.; Defossez, P.A.; Guarente, L. Requirement of NAD and SIR2 for life-span extension by calorie restriction in Saccharomyces
cerevisiae. Science 2000. [CrossRef]

18. Imai, S.I.; Armstrong, C.M.; Kaeberlein, M.; Guarente, L. Transcriptional silencing and longevity protein Sir2 is an NAD-dependent
histone deacetylase. Nature 2000. [CrossRef]

19. Madeo, F.; Carmona-Gutierrez, D.; Hofer, S.J.; Kroemer, G. Caloric Restriction Mimetics against Age-Associated Disease: Targets,
Mechanisms, and Therapeutic Potential. Cell Metab. 2019, 29, 529–610. [CrossRef]

20. Howitz, K.T.; Bitterman, K.J.; Cohen, H.Y.; Lamming, D.W.; Lavu, S.; Wood, J.G.; Zipkin, R.E.; Chung, P.; Kisielewski, A.; Zhang,
L.L.; et al. Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature 2003. [CrossRef]

21. Wood, J.G.; Regina, B.; Lavu, S.; Hewitz, K.; Helfand, S.L.; Tatar, M.; Sinclair, D. Sirtuin activators mimic caloric restriction and
delay ageing in metazoans. Nature 2004. [CrossRef]

22. Timmers, S.; Auwerx, J.; Schrauwen, P. The journey of resveratrol from yeast to human. Aging (Albany NY) 2012, 4, 146. [CrossRef]
23. Lagouge, M.; Argmann, C.; Gerhart-Hines, Z.; Meziane, H.; Lerin, C.; Daussin, F.; Messadeq, N.; Milne, J.; Lambert, P.; Elliott, P.;

et al. Resveratrol Improves Mitochondrial Function and Protects against Metabolic Disease by Activating SIRT1 and PGC-1α. Cell
2006, 127. [CrossRef]

http://doi.org/10.1016/j.cell.2013.05.039
http://doi.org/10.1146/annurev-biochem-060815-014451
http://doi.org/10.1126/science.1172539
http://www.ncbi.nlm.nih.gov/pubmed/20395504
http://doi.org/10.1093/jn/18.1.1
http://doi.org/10.1080/07315724.2009.10718117
http://www.ncbi.nlm.nih.gov/pubmed/20234038
http://doi.org/10.1007/s10522-006-9008-z
http://doi.org/10.4149/gpb_2013027
http://doi.org/10.1161/CIRCRESAHA.107.168369
http://www.ncbi.nlm.nih.gov/pubmed/18340017
http://doi.org/10.1038/366461a0
http://doi.org/10.1098/rstb.2010.0276
http://www.ncbi.nlm.nih.gov/pubmed/21115525
http://doi.org/10.1101/gad.1381406
http://doi.org/10.1152/physiol.00010.2011
http://doi.org/10.1155/2013/707421
http://www.ncbi.nlm.nih.gov/pubmed/24069505
http://doi.org/10.1074/jbc.R116.771915
http://www.ncbi.nlm.nih.gov/pubmed/28264931
http://doi.org/10.1152/ajpheart.00260.2010
http://www.ncbi.nlm.nih.gov/pubmed/20418481
http://doi.org/10.1073/pnas.97.12.6658
http://doi.org/10.1126/science.289.5487.2126
http://doi.org/10.1038/35001622
http://doi.org/10.1016/j.cmet.2019.01.018
http://doi.org/10.1038/nature01960
http://doi.org/10.1038/nature02789
http://doi.org/10.18632/aging.100445
http://doi.org/10.1016/j.cell.2006.11.013


Nutrients 2021, 13, 2346 12 of 16

24. Baur, J.A.; Pearson, K.J.; Price, N.L.; Jamieson, H.A.; Lerin, C.; Kalra, A.; Prabhu, V.V.; Allard, J.S.; Lopez-Lluch, G.; Lewis, K.; et al.
Resveratrol improves health and survival of mice on a high-calorie diet. Nature 2006. [CrossRef] [PubMed]

25. Toniolo, L.; Giacomello, E. Resveratrol, aging, and fatigue. Aging 2020. [CrossRef]
26. Mitchell, S.J.; Scheibye-Knudsen, M.; Longo, D.L.; De Cabo, R. Animal models of aging research: Implications for human aging

and age-related diseases. Annu. Rev. Anim. Biosci. 2015. [CrossRef] [PubMed]
27. Hamczyk, M.R.; Nevado, R.M.; Barettino, A.; Fuster, V.; Andrés, V. Biological Versus Chronological Aging: JACC Focus Seminar.

J. Am. Coll. Cardiol. 2020, 75, 919–930. [CrossRef]
28. Larsson, L.; Degens, H.; Li, M.; Salviati, L.; Lee, Y.I.; Thompson, W.; Kirkland, J.L.; Sandri, M. Sarcopenia: Aging-related loss of

muscle mass and function. Physiol. Rev. 2019. [CrossRef]
29. Burns, T.C.; Li, M.D.; Mehta, S.; Awad, A.J.; Morgan, A.A. Mouse models rarely mimic the transcriptome of human neurode-

generative diseases: A systematic bioinformatics-based critique of preclinical models. Eur. J. Pharmacol. 2015. [CrossRef]
[PubMed]

30. Haigis, M.C.; Guarente, L.P. Mammalian sirtuins-Emerging roles in physiology, aging, and calorie restriction. Genes Dev. 2006, 20,
2913–2921. [CrossRef]

31. Guarente, L. Sirtuins in aging and disease. Cold Spring Harb. Symp. Quant. Biol. 2007, 72, 483–488. [CrossRef] [PubMed]
32. Mortimer, R.K.; Johnston, J.R. Life span of individual yeast cells. Nature 1959. [CrossRef] [PubMed]
33. Longo, V.D. Mutations in signal transduction proteins increase stress resistance and longevity in yeast, nematodes, fruit flies, and

mammalian neuronal cells. Neurobiol. Aging 1999. [CrossRef]
34. Longo, V.D.; Shadel, G.S.; Kaeberlein, M.; Kennedy, B. Replicative and chronological aging in Saccharomyces cerevisiae. Cell Metab.

2012, 16, 18–31. [CrossRef] [PubMed]
35. Kennedy, B.K.; Austriaco, N.R.; Guarente, L. Daughter cells of Saccharomyces cerevisiae from old mothers display a reduced life

span. J. Cell Biol. 1994. [CrossRef] [PubMed]
36. Fabrizio, P.; Longo, V.D. The chronological life span of Saccharomyces cerevisiae. Aging Cell 2003, 2, 73–81. [CrossRef]
37. Kaeberlein, M.; Andalis, A.A.; Fink, G.R.; Guarente, L. High Osmolarity Extends Life Span in Saccharomyces cerevisiae by a

Mechanism Related to Calorie Restriction. Mol. Cell. Biol. 2002, 22. [CrossRef]
38. Landry, J.; Sutton, A.; Tafrov, S.T.; Heller, R.C.; Stebbins, J.; Pillus, L.; Sternglanz, R. The silencing protein SIR2 and its homologs

are NAD-dependent protein deacetylases. Proc. Natl. Acad. Sci. USA 2000, 97. [CrossRef] [PubMed]
39. Fabrizio, P.; Gattazzo, C.; Battistella, L.; Wei, M.; Cheng, C.; McGrew, K.; Longo, V.D. Sir2 blocks extreme life-span extension. Cell

2005. [CrossRef]
40. Sarnoski, E.A.; Liu, P.; Acar, M. A High-Throughput Screen for Yeast Replicative Lifespan Identifies Lifespan-Extending

Compounds. Cell Rep. 2017. [CrossRef]
41. Petranovic, D.; Nielsen, J. Can yeast systems biology contribute to the understanding of human disease? Trends Biotechnol. 2008.

[CrossRef] [PubMed]
42. Zimmermann, A.; Hofer, S.; Pendl, T.; Kainz, K.; Madeo, F.; Carmona-Gutierrez, D. Yeast as a tool to identify anti-aging

compounds. FEMS Yeast Res. 2018. [CrossRef] [PubMed]
43. Kenyon, C.J. The genetics of ageing. Nature 2010, 464, 504–512. [CrossRef]
44. Mack, H.I.D.; Heimbucher, T.; Murphy, C.T. The nematode Caenorhabditis elegans as a model for aging research. Drug Discov. Today

Dis. Model. 2018, 27, 3–13. [CrossRef]
45. Taormina, G.; Ferrante, F.; Vieni, S.; Grassi, N.; Russo, A.; Mirisola, M.G. Longevity: Lesson from model organisms. Genes 2019,

10, 518. [CrossRef] [PubMed]
46. Partridge, L.; Thornton, J.; Bates, G. The new science of ageing. Philos. Trans. R. Soc. B Biol. Sci. 2011. [CrossRef]
47. Ziv, E.; Hu, D. Genetic variation in insulin/IGF-1 signaling pathways and longevity. Ageing Res. Rev. 2011, 10, 201–204. [CrossRef]
48. Bonafe, M.; Bonafe, B.; Barbieri, M.; Marchegiani, F.; Olivieri, F.; Ragno, E.; Giampieri, C.; Mugianesi, E.; Centurelli, M.; Franceschi,

C.; et al. Polymorphic Variants of Insulin-Like Growth Factor I (IGF-I) Receptor and Phosphoinositide 3-Kinase Genes Affect
IGF-I Plasma Levels and Human Longevity: Cues for an Evolutionarily Conserved Mechanism of Life Span Control. J. Clin.
Endocrinol. Metab. 2003. [CrossRef]

49. Riddle, D.L.; Albert, P.S. Genetic and environmental regulation of Dauer Larva development. In C. elegans II; Riddle, B.T., Meyer,
B., Priess, J., Eds.; Cold Spring Harbour Laboratory: Cold Spring Harbour, NY, USA.

50. Karp, X. Working with dauer larvae. WormBook 2018. [CrossRef]
51. McGhee, J.D. The C. elegans intestine. WormBook 2007. [CrossRef]
52. Altun, Z.F.; Hall, D.H. WormAtlas Hermaphrodite Handbook-Pericellular Structures. WormAtlas 2009. [CrossRef]
53. Olsen, A.; Vantipalli, M.C.; Lithgow, G.J. Using Caenorhabditis elegans as a model for aging and age-related diseases. Ann. N. Y.

Acad. Sci. 2006, 1067, 120–128. [CrossRef] [PubMed]
54. Herndon, L.A.; Schmeissner, P.J.; Dudaronek, J.M.; Brown, P.A.; Listner, K.M.; Sakano, Y.; Paupard, M.C.; Hall, D.H.; Driscoll, M.

Stochastic and genetic factors influence tissue-specific decline in ageing C. elegans. Nature 2002. [CrossRef] [PubMed]
55. Oeda, T.; Shimohama, S.; Kitagawa, N.; Kohno, R.; Imura, T.; Shibasaki, H.; Ishii, N. Oxidative stress causes abnormal accumula-

tion of familial amyotropic lateral sclerosis-related mutant SOD1 in transgenic Caenorhabditis elegans. Hum. Mol. Genet. 2001.
[CrossRef]

http://doi.org/10.1038/nature05354
http://www.ncbi.nlm.nih.gov/pubmed/17086191
http://doi.org/10.1016/B978-0-12-818698-5.00032-8
http://doi.org/10.1146/annurev-animal-022114-110829
http://www.ncbi.nlm.nih.gov/pubmed/25689319
http://doi.org/10.1016/j.jacc.2019.11.062
http://doi.org/10.1152/physrev.00061.2017
http://doi.org/10.1016/j.ejphar.2015.03.021
http://www.ncbi.nlm.nih.gov/pubmed/25814260
http://doi.org/10.1101/gad.1467506
http://doi.org/10.1101/sqb.2007.72.024
http://www.ncbi.nlm.nih.gov/pubmed/18419308
http://doi.org/10.1038/1831751a0
http://www.ncbi.nlm.nih.gov/pubmed/13666896
http://doi.org/10.1016/S0197-4580(99)00089-5
http://doi.org/10.1016/j.cmet.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22768836
http://doi.org/10.1083/jcb.127.6.1985
http://www.ncbi.nlm.nih.gov/pubmed/7806576
http://doi.org/10.1046/j.1474-9728.2003.00033.x
http://doi.org/10.1128/MCB.22.22.8056-8066.2002
http://doi.org/10.1073/pnas.110148297
http://www.ncbi.nlm.nih.gov/pubmed/10811920
http://doi.org/10.1016/j.cell.2005.08.042
http://doi.org/10.1016/j.celrep.2017.11.002
http://doi.org/10.1016/j.tibtech.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18801589
http://doi.org/10.1093/femsyr/foy020
http://www.ncbi.nlm.nih.gov/pubmed/29905792
http://doi.org/10.1038/nature08980
http://doi.org/10.1016/j.ddmod.2018.11.001
http://doi.org/10.3390/genes10070518
http://www.ncbi.nlm.nih.gov/pubmed/31324014
http://doi.org/10.1098/rstb.2010.0298
http://doi.org/10.1016/j.arr.2010.09.002
http://doi.org/10.1210/jc.2002-021810
http://doi.org/10.1895/wormbook.1.180.1
http://doi.org/10.1895/wormbook.1.133.1
http://doi.org/10.3908/wormatlas.1.20
http://doi.org/10.1196/annals.1354.015
http://www.ncbi.nlm.nih.gov/pubmed/16803977
http://doi.org/10.1038/nature01135
http://www.ncbi.nlm.nih.gov/pubmed/12397350
http://doi.org/10.1093/hmg/10.19.2013


Nutrients 2021, 13, 2346 13 of 16

56. Papaevgeniou, N.; Chondrogianni, N. The ubiquitin proteasome system in Caenorhabditis elegans and its regulation. Redox Biol.
2014, 2, 333–347. [CrossRef] [PubMed]

57. Wheelan, S.J.; Boguski, M.S.; Duret, L.; Makalowski, W. Human and nematode orthologs-Lessons from the analysis of 1800
human genes and the proteome of Caenorhabditis elegans. Gene 1999. [CrossRef]

58. C. elegans Sequencing Consortium. Genome sequence of the nematode C. elegans: A platform for investigating biology. Science
1998, 282, 2012–2018. [CrossRef]

59. Ahringer, J. Reverse genetics. WormBook 2006. [CrossRef]
60. Tissenbaum, H.A. Using C. elegans for aging research. Invertebr. Reprod. Dev. 2015. [CrossRef]
61. Walker, G.; Houthoofd, K.; Vanfleteren, J.R.; Gems, D. Dietary restriction in C. elegans: From rate-of-living effects to nutrient

sensing pathways. Mech. Ageing Dev. 2005. [CrossRef]
62. Anson, R.M.; Hansford, R.G. Mitochondrial influence on aging rate in Caenorhabditis elegans. Aging Cell 2004, 3, 29–34. [CrossRef]

[PubMed]
63. Greer, E.L.; Brunet, A. Different dietary restriction regimens extend lifespan by both independent and overlapping genetic

pathways in C. elegans. Aging Cell 2009. [CrossRef]
64. Calvert, S.; Tacutu, R.; Sharifi, S.; Teixeira, R.; Ghosh, P.; de Magalhães, J.P. A network pharmacology approach reveals new

candidate caloric restriction mimetics in C. elegans. Aging Cell 2016. [CrossRef]
65. Loeb, J.; Northrop, J.H. Is There a Temperature Coefficient for the Duration of Life? Proc. Natl. Acad. Sci. USA 1916. [CrossRef]
66. Tsurumi, A.; Li, W.X. Aging mechanisms—A perspective mostly from Drosophila. Genet. Genomics Next 2020. [CrossRef]
67. Partridge, L.; Piper, M.D.W.; Mair, W. Dietary restriction in Drosophila. Mech. Ageing Dev. 2005. [CrossRef]
68. He, Y.; Jasper, H. Studying aging in Drosophila. Methods 2014. [CrossRef]
69. Jacobson, J.; Lambert, A.J.; Portero-Otín, M.; Pamplona, R.; Magwere, T.; Miwa, S.; Driege, Y.; Brand, M.D.; Partridge, L.

Biomarkers of aging in Drosophila. Aging Cell 2010. [CrossRef] [PubMed]
70. Toivonen, J.M.; Partridge, L. Endocrine regulation of aging and reproduction in Drosophila. Mol. Cell. Endocrinol. 2009. [CrossRef]

[PubMed]
71. Tatar, M. The neuroendocrine regulation of Drosophila aging. Exp. Gerontol. 2004, 39, 1745–1750. [CrossRef]
72. McGuire, S.E.; Mao, Z.; Davis, R.L. Spatiotemporal gene expression targeting with the TARGET and gene-switch systems in

Drosophila. Sci. STKE 2004. [CrossRef] [PubMed]
73. Perkins, L.A.; Holderbaum, L.; Tao, R.; Hu, Y.; Sopko, R.; McCall, K.; Yang-Zhou, D.; Flockhart, I.; Binari, R.; Shim, H.S.; et al. The

transgenic RNAi project at Harvard medical school: Resources and validation. Genetics 2015. [CrossRef] [PubMed]
74. Rogina, B.; Reenan, R.A.; Nilsen, S.P.; Helfand, S.L. Extended life-span conferred by cotransporter gene mutations in Drosophila.

Science 2000, 290. [CrossRef] [PubMed]
75. Clancy, D.J.; Gems, D.; Harshman, L.G.; Oldham, S.; Stocker, H.; Hafen, E.; Leevers, S.J.; Partridge, L. Extension of life-span by

loss of CHICO, a Drosophila insulin receptor substrate protein. Science 2001, 292. [CrossRef]
76. Woods, J.K.; Rogina, B. The effects of Rpd3 on fly metabolism, health, and longevity. Exp. Gerontol. 2016, 86. [CrossRef]
77. Rogina, B.; Helfand, S.L. Sir2 mediates longevity in the fly through a pathway related to calorie restriction. Proc. Natl. Acad. Sci.

USA 2004, 101. [CrossRef]
78. Colombani, J.; Raisin, S.; Pantalacci, S.; Radimerski, T.; Montagne, J.; Léopold, P. A nutrient sensor mechanism controls Drosophila

growth. Cell 2003, 114. [CrossRef]
79. Moretti, C.H.; Schiffer, T.A.; Montenegro, M.F.; Larsen, F.J.; Tsarouhas, V.; Carlström, M.; Samakovlis, C.; Weitzberg, E.; Lundberg,

J.O. Dietary nitrite extends lifespan and prevents age-related locomotor decline in the fruit fly. Free Radic. Biol. Med. 2020, 160.
[CrossRef]

80. Bauer, J.H.; Goupil, S.; Garber, G.B.; Helfand, S.L. An accelerated assay for the identification of lifespan-extending interventions
in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 2004, 101. [CrossRef]

81. Magwere, T.; Chapman, T.; Partridge, L. Sex Differences in the Effect of Dietary Restriction on Life Span and Mortality Rates in
Female and Male Drosophila melanogaster. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2004, 59. [CrossRef]

82. Finch, C.E. Longevity, Senescence, and the Genome; University of Chicago Press: Chicago, IL, USA, 1990; Volume 67.
83. Finch, C.E.; Austad, S.N. History and prospects: Symposium on organisms with slow aging. Exp. Gerontol. 2001, 36, 593–597.

[CrossRef]
84. Singh, P.P.; Demmitt, B.A.; Nath, R.D.; Brunet, A. The Genetics of Aging: A Vertebrate Perspective. Cell 2019, 177, 200–220.

[CrossRef] [PubMed]
85. Trifonova, O.P.; Maslov, D.L.; Mikhailov, A.N.; Zolotarev, K.V.; Nakhod, K.V.; Nakhod, V.I.; Belyaeva, N.F.; Mikhailova, M.V.;

Lokhov, P.G.; Archakov, A.I. Comparative analysis of the blood plasma metabolome of negligible, gradual and rapidly ageing
fishes. Fishes 2018. [CrossRef]

86. Maslov, D.L.; Trifonova, O.P.; Mikhailov, A.N.; Zolotarev, K.V.; Nakhod, K.V.; Nakhod, V.I.; Belyaeva, N.F.; Mikhailova, M.V.;
Lokhov, P.G.; Archakov, A.I. Comparative analysis of skeletal muscle metabolites of fish with various rates of aging. Fishes 2019.
[CrossRef]

87. Gerhard, G.S. Small laboratory fish as models for aging research. Ageing Res. Rev. 2007, 6, 64–72. [CrossRef] [PubMed]
88. Patnaik, B.K.; Mahapatro, N.; Jena, B.S. Ageing in fishes. Gerontology 1994, 40, 113–132. [CrossRef] [PubMed]

http://doi.org/10.1016/j.redox.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24563851
http://doi.org/10.1016/S0378-1119(99)00298-X
http://doi.org/10.1126/science.282.5396.2012
http://doi.org/10.1895/wormbook.1.47.1
http://doi.org/10.1080/07924259.2014.940470
http://doi.org/10.1016/j.mad.2005.03.014
http://doi.org/10.1111/j.1474-9728.2003.00077.x
http://www.ncbi.nlm.nih.gov/pubmed/14965353
http://doi.org/10.1111/j.1474-9726.2009.00459.x
http://doi.org/10.1111/acel.12432
http://doi.org/10.1073/pnas.2.8.456
http://doi.org/10.1002/ggn2.10026
http://doi.org/10.1016/j.mad.2005.03.023
http://doi.org/10.1016/j.ymeth.2014.04.008
http://doi.org/10.1111/j.1474-9726.2010.00573.x
http://www.ncbi.nlm.nih.gov/pubmed/20367621
http://doi.org/10.1016/j.mce.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18682271
http://doi.org/10.1016/j.exger.2004.06.024
http://doi.org/10.1126/stke.2202004pl6
http://www.ncbi.nlm.nih.gov/pubmed/14970377
http://doi.org/10.1534/genetics.115.180208
http://www.ncbi.nlm.nih.gov/pubmed/26320097
http://doi.org/10.1126/science.290.5499.2137
http://www.ncbi.nlm.nih.gov/pubmed/11118146
http://doi.org/10.1126/science.1057991
http://doi.org/10.1016/j.exger.2016.02.015
http://doi.org/10.1073/pnas.0404184101
http://doi.org/10.1016/S0092-8674(03)00713-X
http://doi.org/10.1016/j.freeradbiomed.2020.09.018
http://doi.org/10.1073/pnas.0403493101
http://doi.org/10.1093/gerona/59.1.B3
http://doi.org/10.1016/S0531-5565(00)00228-X
http://doi.org/10.1016/j.cell.2019.02.038
http://www.ncbi.nlm.nih.gov/pubmed/30901541
http://doi.org/10.3390/fishes3040046
http://doi.org/10.3390/fishes4020025
http://doi.org/10.1016/j.arr.2007.02.007
http://www.ncbi.nlm.nih.gov/pubmed/17392037
http://doi.org/10.1159/000213582
http://www.ncbi.nlm.nih.gov/pubmed/7926851


Nutrients 2021, 13, 2346 14 of 16

89. Kim, Y.; Nam, H.G.; Valenzano, D.R. The short-lived African turquoise killifish: An emerging experimental model for ageing.
DMM Dis. Model. Mech. 2016, 9, 115–129. [CrossRef]

90. Ulloa, P.E.; Iturra, P.; Neira, R.; Araneda, C. Zebrafish as a model organism for nutrition and growth: Towards comparative
studies of nutritional genomics applied to aquacultured fishes. Rev. Fish Biol. Fish. 2011, 21, 649–666. [CrossRef]

91. Shive, H.R. Zebrafish Models for Human Cancer. Vet. Pathol. 2013, 50, 468–482. [CrossRef] [PubMed]
92. Gerhard, G.S. Comparative aspects of zebrafish (Danio rerio) as a model for aging research. Exp. Gerontol. 2003. [CrossRef]

[PubMed]
93. Bandmann, O.; Burton, E.A. Genetic zebrafish models of neurodegenerative diseases. Neurobiol. Dis. 2010, 40, 58–65. [CrossRef]
94. Daya, A.; Donaka, R.; Karasik, D. Zebrafish models of sarcopenia. DMM Dis. Model. Mech. 2020, 13, dmm0426890. [CrossRef]

[PubMed]
95. Gilbert, M.J.H.; Zerulla, T.C.; Tierney, K.B. Zebrafish (Danio rerio) as a model for the study of aging and exercise: Physical ability

and trainability decrease with age. Exp. Gerontol. 2013. [CrossRef]
96. Mullins, M.C.; Nüsslein-Volhard, C. Mutational approaches to studying embryonic pattern formation in the zebrafish. Curr. Opin.

Genet. Dev. 1993. [CrossRef]
97. Keller, P.J. In vivo imaging of zebrafish embryogenesis. Methods 2013. [CrossRef] [PubMed]
98. Spaink, H.P.; Cui, C.; Wiweger, M.I.; Jansen, H.J.; Veneman, W.J.; Marín-Juez, R.; De Sonneville, J.; Ordas, A.; Torraca, V.; van der

Ent, W.; et al. Robotic injection of zebrafish embryos for high-throughput screening in disease models. Methods 2013. [CrossRef]
[PubMed]

99. Lessman, C.A. The developing zebrafish (Danio rerio): A vertebrate model for high-throughput screening of chemical libraries.
Birth Defects Res. Part C Embryo Today Rev. 2011, 93, 268–280. [CrossRef]

100. Bugel, S.M.; Tanguay, R.L.; Planchart, A. Zebrafish: A Marvel of High-Throughput Biology for 21st Century Toxicology. Curr.
Environ. Health Rep. 2014, 1, 341–352. [CrossRef]

101. Gerhard, G.S.; Cheng, K.C. A call to fins! Zebrafish as a gerontological model. Aging Cell 2002, 1, 104–111. [CrossRef] [PubMed]
102. Novak, C.M.; Jiang, X.; Wang, C.; Teske, J.A.; Kotz, C.M.; Levine, J.A. Caloric restriction and physical activity in zebrafish (Danio

rerio). Neurosci. Lett. 2005, 383. [CrossRef]
103. Oka, T.; Nishimura, Y.; Zang, L.; Hirano, M.; Shimada, Y.; Wang, Z.; Umemoto, N.; Kuroyanagi, J.; Nishimura, N.; Tanaka, T.

Diet-induced obesity in zebrafish shares common pathophysiological pathways with mammalian obesity. BMC Physiol. 2010, 10.
[CrossRef] [PubMed]

104. Luo, Q.; Liu, S.; Xie, L.; Yu, Y.; Zhou, L.; Feng, Y.; Cai, D. Resveratrol ameliorates glucocorticoid-induced bone damage in a
zebrafish model. Front. Pharmacol. 2019, 10. [CrossRef]

105. Ran, G.; Ying, L.; Li, L.; Yan, Q.; Yi, W.; Ying, C.; Wu, H.; Ye, X. Resveratrol ameliorates diet-induced dysregulation of lipid
metabolism in zebrafish (Danio rerio). PLoS ONE 2017, 12. [CrossRef] [PubMed]

106. Ackert-Bicknell, C.L.; Anderson, L.C.; Sheehan, S.; Hill, W.G.; Chang, B.; Churchill, G.A.; Chesler, E.J.; Korstanje, R.; Peters, L.L.
Aging Research Using Mouse Models. Curr. Protoc. Mouse Biol. 2015. [CrossRef]

107. Flurkey, K.; Currer, J.M.; Harrison, D.E. Mouse Models in Aging Research. In The Mouse in Biomedical Research; Elsevier Inc.:
Amsterdam, The Netherlands, 2007; Volume 3, pp. 637–672. ISBN 9780123694546.

108. Dollé, M.E.T.; Snyder, W.K.; Vijg, J. Genotyping the Prop-1 mutation in Ames dwarf mice. Mech. Ageing Dev. 2001. [CrossRef]
109. Snell, G.D. Dwarf, a new mendelian recessive character of the house mouse. Proc. Natl. Acad. Sci. USA 1929. [CrossRef]
110. Hsieh, C.C.; DeFord, J.H.; Flurkey, K.; Harrison, D.E.; Papaconstantinou, J. Effects of the Pit1 mutation on the insulin signaling

pathway: Implications on the longevity of the long-lived Snell dwarf mouse. Mech. Ageing Dev. 2002. [CrossRef]
111. Hsieh, C.C.; DeFord, J.H.; Flurkey, K.; Harrison, D.E.; Papaconstantinou, J. Implications for the insulin signaling pathway in Snell

dwarf mouse longevity: A similarity with the C. elegans longevity paradigm. Mech. Ageing Dev. 2002. [CrossRef]
112. Koya, D.; Kanasaki, K. Biology of obesity: Lessons from animal models of obesity. J. Biomed. Biotechnol. 2011, 2011, 1–11.
113. Takeda, T.; Hosokawa, M.; Higuchi, K. Senescence-Accelerated Mouse (SAM): A novel murine model of senescence. Exp. Gerontol.

1997, 32, 105–109. [CrossRef]
114. Takeda, T.; Hosokawa, M.; Takeshita, S.; Irino, M.; Higuchi, K.; Matsushita, T.; Tomita, Y.; Yasuhira, K.; Hamamoto, H.; Shimizu,

K.; et al. A new murine model of accelerated senescence. Mech. Ageing Dev. 1981. [CrossRef]
115. Gurkar, A.U.; Niedernhofer, L.J. Comparison of mice with accelerated aging caused by distinct mechanisms. Exp. Gerontol. 2015.

[CrossRef]
116. Collins, S.; Martin, T.L.; Surwit, R.S.; Robidoux, J. Genetic vulnerability to diet-induced obesity in the C57BL/6J mouse:

Physiological and molecular characteristics. Physiol. Behav. 2004, 81. [CrossRef] [PubMed]
117. Pearson, K.J.; Baur, J.A.; Lewis, K.N.; Peshkin, L.; Price, N.L.; Labinskyy, N.; Swindell, W.R.; Kamara, D.; Minor, R.K.; Perez, E.;

et al. Resveratrol Delays Age-Related Deterioration and Mimics Transcriptional Aspects of Dietary Restriction without Extending
Life Span. Cell Metab. 2008, 8. [CrossRef] [PubMed]

118. Dolinsky, V.W.; Dyck, J.R.B. Calorie restriction and resveratrol in cardiovascular health and disease. Biochim. Biophys. Acta-Mol.
Basis Dis. 2011, 1812, 1477–1489. [CrossRef] [PubMed]

119. Sung, M.M.; Byrne, N.J.; Robertson, I.M.; Kim, T.T.; Samokhvalov, V.; Levasseur, J.; Soltys, C.L.; Fung, D.; Tyreman, N.; Denou, E.;
et al. Resveratrol improves exercise performance and skeletal muscle oxidative capacity in heart failure. Am. J. Physiol. Hear. Circ.
Physiol. 2017, 312. [CrossRef] [PubMed]

http://doi.org/10.1242/dmm.023226
http://doi.org/10.1007/s11160-011-9203-0
http://doi.org/10.1177/0300985812467471
http://www.ncbi.nlm.nih.gov/pubmed/23203679
http://doi.org/10.1016/j.exger.2003.10.022
http://www.ncbi.nlm.nih.gov/pubmed/14698814
http://doi.org/10.1016/j.nbd.2010.05.017
http://doi.org/10.1242/dmm.042689
http://www.ncbi.nlm.nih.gov/pubmed/32298234
http://doi.org/10.1016/j.exger.2013.11.013
http://doi.org/10.1016/0959-437X(93)90102-U
http://doi.org/10.1016/j.ymeth.2013.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23523701
http://doi.org/10.1016/j.ymeth.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23769806
http://doi.org/10.1002/bdrc.20212
http://doi.org/10.1007/s40572-014-0029-5
http://doi.org/10.1046/j.1474-9728.2002.00012.x
http://www.ncbi.nlm.nih.gov/pubmed/12882339
http://doi.org/10.1016/j.neulet.2005.03.048
http://doi.org/10.1186/1472-6793-10-21
http://www.ncbi.nlm.nih.gov/pubmed/20961460
http://doi.org/10.3389/fphar.2019.00195
http://doi.org/10.1371/journal.pone.0180865
http://www.ncbi.nlm.nih.gov/pubmed/28686680
http://doi.org/10.1002/9780470942390.mo140195
http://doi.org/10.1016/S0047-6374(01)00282-2
http://doi.org/10.1073/pnas.15.9.733
http://doi.org/10.1016/S0047-6374(02)00037-4
http://doi.org/10.1016/S0047-6374(02)00036-2
http://doi.org/10.1016/S0531-5565(96)00036-8
http://doi.org/10.1016/0047-6374(81)90084-1
http://doi.org/10.1016/j.exger.2015.01.045
http://doi.org/10.1016/j.physbeh.2004.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15159170
http://doi.org/10.1016/j.cmet.2008.06.011
http://www.ncbi.nlm.nih.gov/pubmed/18599363
http://doi.org/10.1016/j.bbadis.2011.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21749920
http://doi.org/10.1152/ajpheart.00455.2016
http://www.ncbi.nlm.nih.gov/pubmed/28159807


Nutrients 2021, 13, 2346 15 of 16

120. Rodríguez-Bies, E.; Tung, B.T.; Navas, P.; López-Lluch, G. Resveratrol primes the effects of physical activity in old mice. Br. J.
Nutr. 2016. [CrossRef]

121. Toniolo, L.; Formoso, L.; Torelli, L.; Crea, E.; Bergamo, A.; Sava, G.; Giacomello, E. Long-term resveratrol treatment improves the
capillarization in the skeletal muscles of ageing C57BL/6J mice. Int. J. Food Sci. Nutr. 2021. [CrossRef]

122. Toniolo, L.; Fusco, P.; Formoso, L.; Mazzi, A.; Canato, M.; Reggiani, C.; Giacomello, E. Resveratrol treatment reduces the
appearance of tubular aggregates and improves the resistance to fatigue in aging mice skeletal muscles. Exp. Gerontol. 2018.
[CrossRef]

123. Lee, Y.E.; Kim, J.W.; Lee, E.M.; Ahn, Y.B.; Song, K.H.; Yoon, K.H.; Kim, H.W.; Park, C.W.; Li, G.; Liu, Z.; et al. Chronic Resveratrol
Treatment Protects Pancreatic Islets against Oxidative Stress in db/db Mice. PLoS ONE 2012, 7. [CrossRef]

124. Bai, C.H.; Alizargar, J.; Peng, C.Y.; Wu, J.P. Combination of exercise training and resveratrol attenuates obese sarcopenia in skeletal
muscle atrophy. Chin. J. Physiol. 2020, 63. [CrossRef]

125. Knutson, M.D.; Leeuwenburgh, C. Resveratrol and novel potent activators of SIRT1: Effects on aging and age-related diseases.
Nutr. Rev. 2008, 66, 591–596. [CrossRef] [PubMed]

126. Vaughan, K.L.; Kaiser, T.; Peaden, R.; Anson, R.M.; De Cabo, R.; Mattison, J.A. Caloric restriction study design limitations in
rodent and nonhuman primate studies. Journals Gerontol. Ser. A Biol. Sci. Med. Sci. 2018, 73. [CrossRef] [PubMed]

127. Phillips, K.A.; Bales, K.L.; Capitanio, J.P.; Conley, A.; Czoty, P.W.; ’t Hart, B.A.; Hopkins, W.D.; Hu, S.L.; Miller, L.A.; Nader, M.A.;
et al. Why primate models matter. Am. J. Primatol. 2014, 76, 801–827. [CrossRef]

128. Lane, M.A.; Ingram, D.K.; Roth, G.S. Calorie restriction in nonhuman primates: Effects on diabetes and cardiovascular disease
risk. Toxicol. Sci. 1999, 52. [CrossRef]

129. Colman, R.J. Non-human primates as a model for aging. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 2733–2741. [CrossRef]
130. Mattison, J.A.; Vaughan, K.L. An overview of nonhuman primates in aging research. Exp. Gerontol. 2017, 94. [CrossRef]
131. Colman, R.J.; Anderson, R.M. Nonhuman primate calorie restriction. Antioxidants Redox Signal. 2011, 14, 229–239. [CrossRef]
132. Roth, G.S.; Ingram, D.K.; Lane, M.A. Calorie restriction in primates: Will it work and how will we know? J. Am. Geriatr. Soc. 1999,

47. [CrossRef] [PubMed]
133. Kemnitz, J.W.; Weindruch, R.; Roecker, E.B.; Crawford, K.; Kaufman, P.L.; Ershler, W.B. Dietary restriction of adult male rhesus

monkeys: Design, methodology, and preliminary findings from the first year of study. J. Gerontol. 1993, 48. [CrossRef]
134. Ingram, D.K.; Cutler, R.G.; Weindruch, R.; Renquist, D.M.; Knapka, J.J.; April, M.; Belcher, C.T.; Clark, M.A.; Hatcherson, C.D.;

Marriott, B.M.; et al. Dietary restriction and aging: The initiation of a primate study. J. Gerontol. 1990, 45. [CrossRef] [PubMed]
135. Mattison, J.A.; Roth, G.S.; Mark Beasley, T.; Tilmont, E.M.; Handy, A.M.; Herbert, R.L.; Longo, D.L.; Allison, D.B.; Young, J.E.;

Bryant, M.; et al. Impact of caloric restriction on health and survival in rhesus monkeys from the NIA study. Nature 2012, 489.
[CrossRef] [PubMed]

136. Colman, R.J.; Anderson, R.M.; Johnson, S.C.; Kastman, E.K.; Kosmatka, K.J.; Beasley, T.M.; Allison, D.B.; Cruzen, C.; Simmons,
H.A.; Kemnitz, J.W.; et al. Caloric restriction delays disease onset and mortality in rhesus monkeys. Science 2009, 325. [CrossRef]
[PubMed]

137. Kemnitz, J.W.; Roecker, E.B.; Weindruch, R.; Elson, D.F.; Baum, S.T.; Bergman, R.N. Dietary restriction increases insulin sensitivity
and lowers blood glucose in rhesus monkeys. Am. J. Physiol. Endocrinol. Metab. 1994, 266. [CrossRef]

138. Mattison, J.A.; Wang, M.; Bernier, M.; Zhang, J.; Park, S.S.; Maudsley, S.; An, S.S.; Santhanam, L.; Martin, B.; Faulkner, S.; et al.
Resveratrol prevents high fat/sucrose diet-induced central arterial wall inflammation and stiffening in nonhuman primates. Cell
Metab. 2014, 20. [CrossRef] [PubMed]

139. Marchal, J.; Blanc, S.; Epelbaum, J.; Aujard, F.; Pifferi, F. Effects of chronic calorie restriction or dietary resveratrol supplementation
on insulin sensitivity markers in a primate, microcebus murinus. PLoS ONE 2012, 7. [CrossRef] [PubMed]

140. Dal-Pan, A.; Blanc, S.; Aujard, F. Resveratrol suppresses body mass gain in a seasonal non-human primate model of obesity. BMC
Physiol. 2010, 10. [CrossRef]

141. Hyatt, J.P.K.; Nguyen, L.; Hall, A.E.; Huber, A.M.; Kocan, J.C.; Mattison, J.A.; de Cabo, R.; LaRocque, J.R.; Talmadge, R.J.
Muscle-specific myosin heavy chain shifts in response to a long-term high fat/high sugar diet and resveratrol treatment in
nonhuman primates. Front. Physiol. 2016, 7. [CrossRef]

142. Metter, E.J.; Lynch, N.; Conwit, R.; Lindle, R.; Tobin, J.; Hurley, B. Muscle quality and age: Cross-sectional and longitudinal
comparisons. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 1999, 54. [CrossRef]

143. Cava, E.; Fontana, L. Will calorie restriction work in humans? Aging (Albany NY) 2013, 5. [CrossRef]
144. Wahl, D.; Bernier, M.; Simpson, S.J.; De Cabo, R.; Le Couteur, D.G. Future directions of resveratrol research. Nutr. Health Aging

2018, 4, 287–290. [CrossRef]
145. Ingram, D.K.; Zhu, M.; Mamczarz, J.; Zou, S.; Lane, M.A.; Roth, G.S.; deCabo, R. Calorie restriction mimetics: An emerging

research field. Aging Cell 2006, 5, 97–108. [CrossRef] [PubMed]
146. Kehler, D.S.; Theou, O.; Rockwood, K. Bed rest and accelerated aging in relation to the musculoskeletal and cardiovascular

systems and frailty biomarkers: A review. Exp. Gerontol. 2019, 124, 110643. [CrossRef]
147. Florian, J.P.; Baisch, F.J.; Heer, M.; Pawelczyk, J.A. Caloric restriction diminishes the pressor response to static exercise. Extrem.

Physiol. Med. 2016, 5. [CrossRef]
148. Florian, J.P.; Baisch, F.J.; Heer, M.; Pawelczyk, J.A. Caloric restriction decreases orthostatic tolerance independently from 6◦

head-down bedrest. PLoS ONE 2015, 10. [CrossRef] [PubMed]

http://doi.org/10.1017/S0007114516002920
http://doi.org/10.1080/09637486.2020.1769569
http://doi.org/10.1016/j.exger.2018.07.012
http://doi.org/10.1371/journal.pone.0050412
http://doi.org/10.4103/CJP.CJP_95_19
http://doi.org/10.1111/j.1753-4887.2008.00109.x
http://www.ncbi.nlm.nih.gov/pubmed/18826454
http://doi.org/10.1093/gerona/glx088
http://www.ncbi.nlm.nih.gov/pubmed/28977341
http://doi.org/10.1002/ajp.22281
http://doi.org/10.1093/toxsci/52.suppl_1.41
http://doi.org/10.1016/j.bbadis.2017.07.008
http://doi.org/10.1016/j.exger.2016.12.005
http://doi.org/10.1089/ars.2010.3224
http://doi.org/10.1111/j.1532-5415.1999.tb03851.x
http://www.ncbi.nlm.nih.gov/pubmed/10404938
http://doi.org/10.1093/geronj/48.1.B17
http://doi.org/10.1093/geronj/45.5.B148
http://www.ncbi.nlm.nih.gov/pubmed/2394908
http://doi.org/10.1038/nature11432
http://www.ncbi.nlm.nih.gov/pubmed/22932268
http://doi.org/10.1126/science.1173635
http://www.ncbi.nlm.nih.gov/pubmed/19590001
http://doi.org/10.1152/ajpendo.1994.266.4.E540
http://doi.org/10.1016/j.cmet.2014.04.018
http://www.ncbi.nlm.nih.gov/pubmed/24882067
http://doi.org/10.1371/journal.pone.0034289
http://www.ncbi.nlm.nih.gov/pubmed/22479589
http://doi.org/10.1186/1472-6793-10-11
http://doi.org/10.3389/fphys.2016.00077
http://doi.org/10.1093/gerona/54.5.B207
http://doi.org/10.18632/aging.100581
http://doi.org/10.3233/NHA-170035
http://doi.org/10.1111/j.1474-9726.2006.00202.x
http://www.ncbi.nlm.nih.gov/pubmed/16626389
http://doi.org/10.1016/j.exger.2019.110643
http://doi.org/10.1186/s13728-016-0043-3
http://doi.org/10.1371/journal.pone.0118812
http://www.ncbi.nlm.nih.gov/pubmed/25915488


Nutrients 2021, 13, 2346 16 of 16

149. Biolo, G.; Ciocchi, B.; Stulle, M.; Bosutti, A.; Barazzoni, R.; Zanetti, M.; Antonione, R.; Lebenstedt, M.; Platen, P.; Heer, M.; et al.
Calorie restriction accelerates the catabolism of lean body mass during 2 wk of bed rest. Am. J. Clin. Nutr. 2007, 86. [CrossRef]
[PubMed]

150. Bosutti, A.; Malaponte, G.; Zanetti, M.; Castellino, P.; Heer, M.; Guarnieri, G.; Biolo, G. Calorie restriction modulates inactivity-
induced changes in the inflammatory markers C-reactive protein and pentraxin-3. J. Clin. Endocrinol. Metab. 2008, 93. [CrossRef]

151. Cohen, A.A. Aging across the tree of life: The importance of a comparative perspective for the use of animal models in aging.
Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 2680–2689. [CrossRef] [PubMed]

152. Freund, A. Untangling Aging Using Dynamic, Organism-Level Phenotypic Networks. Cell Syst. 2019, 8, 172–181. [CrossRef]
153. Lacroix, S.; Lauria, M.; Scott-Boyer, M.P.; Marchetti, L.; Priami, C.; Caberlotto, L. Systems biology approaches to study the

molecular effects of caloric restriction and polyphenols on aging processes. Genes Nutr. 2015, 10. [CrossRef] [PubMed]
154. Kepp, O.; Chen, G.; Carmona-Gutierrez, D.; Madeo, F.; Kroemer, G. A discovery platform for the identification of caloric restriction

mimetics with broad health-improving effects. Autophagy 2020, 16, 188–189. [CrossRef] [PubMed]
155. Fortney, K.; Morgen, E.K.; Kotlyar, M.; Jurisica, I. In silico drug screen in mouse liver identifies candidate calorie restriction

mimetics. Rejuvenation Res. 2012, 15. [CrossRef] [PubMed]
156. Zhao, G.; Guo, S.; Somel, M.; Khaitovich, P. Evolution of human longevity uncoupled from caloric restriction mechanisms.

PLoS ONE 2014, 9. [CrossRef] [PubMed]

http://doi.org/10.1093/ajcn/86.2.366
http://www.ncbi.nlm.nih.gov/pubmed/17684207
http://doi.org/10.1210/jc.2007-1684
http://doi.org/10.1016/j.bbadis.2017.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28690188
http://doi.org/10.1016/j.cels.2019.02.005
http://doi.org/10.1007/s12263-015-0508-9
http://www.ncbi.nlm.nih.gov/pubmed/26608884
http://doi.org/10.1080/15548627.2019.1688984
http://www.ncbi.nlm.nih.gov/pubmed/31690168
http://doi.org/10.1089/rej.2011.1263
http://www.ncbi.nlm.nih.gov/pubmed/22533420
http://doi.org/10.1371/journal.pone.0084117
http://www.ncbi.nlm.nih.gov/pubmed/24400080

	Introduction 
	Saccharomyces cerevisiae 
	Caenorhabditis elegans 
	Drosophila melanogaster 
	Fishes 
	Rodents 
	Nonhuman Primates 
	Studies in Humans 
	Conclusions 
	References

