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Abstract

Caloric restriction (CR) without malnutrition slows the aging process and extends lifespan in diverse
species by unknown mechanisms. The inverse linear relationship between calorie intake and lifespan
suggests that regulators of energy metabolism are important in CR’s actions. Studies in several
species reveal tissue-specific changes in energy metabolism with CR and suggest that metabolic
reprogramming plays a critical role in its mechanism of aging retardation. We herein describe
common signatures of CR and suggest how they may slow aging. We discuss recent advances in
understanding the function of key metabolic regulators that likely coordinate the response to altered
nutrient availability with CR, and how the pathways they regulate may retard the aging process.

Aging and CR impact energy metabolism

Caloric restriction (CR) extends average and maximum lifespan and delays the onset of age-
associated phenotypes in diverse species [1,2,3]. In mammals, age-associated phenotypes
include diseases such as cardiovascular disease, cancer, and diabetes as well as muscle atrophy.
Our recent demonstration of the conserved effect of CR on “health-span” and survival in non-
human primates [4] confirms the translatability of CR research as a means to explore aging
and disease onset, and underscores the importance of elucidating CR’s underlying mechanisms.

Studies in diverse species suggest that dysregulation of mitochondrial energy metabolism is a
hallmark of aging and disease [1]. In contrast, a coordinated increase in the expression of genes
involved in energy metabolism is a prominent feature of CR in mouse tissues including heart,
skeletal muscle, and white adipose tissue. These transcriptional alterations are indicative of
metabolic reprogramming, a change in how energy is generated and how fuel is utilized. This
altered metabolic state results in a shift from fat storage to fat utilization, impacting stress
signaling pathways and reactive oxygen species production. Multiple cellular pathways,
previously considered to be functionally distinct, have now been shown to influence energy
metabolism. A new perspective is emerging where this complex interplay of factors coordinates
the cellular metabolic response to changes in nutrient availability, energetic demand or redox
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status. The fact that many of these regulatory molecules have been associated with longevity
suggests that maintenance of the integrity of metabolic regulation is a fundamental aspect of
youth and a vulnerable element in the process of aging.

Common signatures of aging and CR

A primary challenge in the study of aging arises from the biological complexity of the process
itself. In any given tissue, distinction of events that may be considered as causative in aging
from those that are compensatory or symptomatic requires the resolution of a highly integrated
signaling network. Gene expression profiling using microarrays has proven to be an
informative approach for the analysis of complex processes. Large-scale analysis of age-
associated transcriptional changes among 16 different mouse tissues demonstrates that most
age-related changes in gene expression are of relatively low magnitude (< 2 fold) and that the
number and identity of genes that are regulated with age are tissue specific [5]. Gene set
enrichment analysis screens for coordinated regulation of functionally related genes and has
the potential to reveal cellular pathways that are important in directing aging. A number of
gene sets display a high degree of tissue specificity; for example, the effect of age in increasing
expression of the cytosolic ribosome gene set in neural tissues is opposite that observed in
other tissues examined. The apparent aging of each tissue evaluated based on the transcriptional
profiles correlates among tissues indicating that, despite tissue-specific differences in the effect
of age on transcriptional profiles, the rate of aging across tissues appears to be coordinated
[5]. This observation is suggestive of a role for systemic factors in orchestrating the aging of
the animal as a whole.

Mitochondrial energy metabolism

A comparison across humans, mice, flies and worms has identified downregulation of nuclear-
encoded genes of the mitochondrial electron transport system (ETS) as the only age effect

common to all four species [5]. A meta-analysis of age-related gene expression profiles from
27 datasets generated from human, rat and mouse tissues identified several signatures of aging,
including increased expression of genes involved in inflammation and immune responses, and
reduced expression of genes involved in mitochondrial energy metabolism [6]. At the level of
individual tissues, CR prevents the majority of these age-associated changes in gene expression

[71.

The decline in mitochondrial function with age is opposed by CR, where the transcription of
nuclear encoded genes involved in the ETS is enhanced and mitochondrial activities are
maintained [1]. The impact of CR on mitochondria may not be fully appreciated. In vitro
measures of enzymatic activities in isolated mitochondria reflect the activities of recoverable
mitochondria and often reveal maximal capacity rather than innate activity. Furthermore,
differences in mitochondrial size and density can confound normalization of data. A
comparison of mitochondria isolated from skeletal muscle from young (3 months old) or late-
middle age (18 months old) mice revealed a greater number of mitochondria in the mature
animals and an overt impairment in respiration when measured per mitochondrion [8]. These
changes were associated with increased oxidative damage at the protein level. UCP2 and UCP3
uncoupling proteins have been previously associated with reduced reactive oxygen species
(ROS) production, and UCP3 expression is increased in tissues from CR animals [9]. Despite
elevated levels of UCP3, proton leak is lower in mitochondria from CR animals suggesting
that its fatty acid transporter activity may be more important than its uncoupling capacity in
this context.

An interesting connection between systemic signaling and cellular metabolic function lies in
the dependence of the gut hormone ghrelin on UCP2 for regulation of feeding behavior. Ghrelin
levels increase in the unfed state; in the hypothalamus, ghrelin induces mitochondrial
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proliferation, increases respiration and reduces ROS [10]. Ghrelin signaling leads to increased
fatty acid metabolism by an AMPK (AMP-activated protein kinase), fatty acid transporter
CPT1 (carnitine palmitoyltransferrase 1), and UCP2 dependent mechanism [10]. It will be
interesting to see whether a similar cellular fuel switch mechanism is important in CR’s actions
(Figure 1).

A role for p53 in mitochondrial respiration has been described, where p53 deficiency is
associated with a metabolic switch away from respiration toward glycoloysis [11]. In skeletal
muscle of p53 deficient adult mice, mitochondrial content is diminished, respiration is lower
and ROS production is elevated [12]. These mice display diminished physical performance
and appear resistant to mitochondrial driven apoptosis. Aging is associated with an increase in
the p53-mediated transcriptional program in mice [13]. In skeletal muscle, age induces a
coordinated increase in genes activated by p53 with a concomitant reduction in expression of
genes that inhibit p53. This signature of increased p53 activation is not limited to skeletal
muscle but is also evident in multiple tissues and is substantially prevented by CR [13].

IGF/Insulin signaling

Insulin resistance is a well-recognized phenotype of mammalian aging, while improved insulin
sensitivity is a hallmark of CR. Many long-lived mouse models display increased insulin
sensitivity compared to wildtype littermates connecting this arm of endocrine signaling to
longevity [14]. The extent to which insulin or IGF (insulin-like growth factor) signaling
pathways are involved in CR’s actions has been investigated in several species, and any
mechanistic overlap appears partial [15].

Reduced energy intake by CR or by increased energy expenditure through exercise improves
glucose tolerance and insulin sensitivity in mice [16] and in humans [17]. A moderate 24 week
CR diet (18% restriction) lowered circulating levels of IGF-1 in mice [16]; however, 1 year of
a 20% restriction diet did not reduce IGF-1 levels in humans [18]. This difference may be due
to dietary composition rather than a species-specific impact of CR. Therefore, it remains
unclear whether reduced IGF-1 directly contributes to the beneficial effects of CR.

In mice, CR induces a marked increase in expression of genes involved in energy metabolism
in white adipose tissue, including a striking and coordinated induction of nuclear genes
encoding components of the mitochondrial ETS, and increased mitochondrial activity [19,
20]. Fat-specific insulin receptor knockout mice (FIRKO) have lower fat mass, lower body
weight, and a somewhat extended lifespan (but not as long as seen for mice on CR). Similar
to CR mice, expression of genes involved in multiple metabolic pathways is increased in white
adipose tissue from FIRKO mice [21], as well as increased expression of nuclear encoded
mitochondrial genes (~1.5 — 2.0 fold range in adipose tissue from FIRKO mice). Gene set
enrichment analysis suggests that CR preserves IGF and mTOR (target of rapamycin)
signaling, pathways that are generally associated with promotion of growth [20]. It seems likely
that insulin/IGF signaling is involved in CR’s actions in mammals, though perhaps through a
shift in the balance of downstream cellular signaling rather than a simple decrease in receptor
signaling.

Both insulin receptor substrates IRS1 and IRS2 have been implicated in longevity [22,23]. The
influence of reduced IRS1 on longevity is gender specific; IRS1 null female mice live longer
than their wildtype littermates, whereas IRS1 null males show no changes in longevity [22].
In addition to being very small (~17g at 22 months of age compared with ~35g for wildtype
controls), IRS1 null females have much lower body fat (~50%) without differing in average
food intake. The case for IRS2 is somewhat controversial: IRS2 heterozygote mice have been
reported as long-lived in one study [23] and as having no impact on longevity in the above
study [22] even though both genetic manipulations were in the same C57BI/6 background. An
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overt difference in the study where IRS2 impacted lifespan lies in the diet and resulting large
size of the mice (~55-60g at 22 months for both IRS2+/— and wildtype controls). The mice in
these two studies would not be expected to be metabolically comparable due to overt
differences in body size and composition. The disparity in longevity effects between the studies
underscores the importance of dietary composition and knowing caloric intake in determining
the impact of any manipulation on longevity.

A possible connection between mitochondrial function and insulin signaling stems from the
observation that excess fat intake is associated with insulin resistance in skeletal muscle. A
high fat diet induces increased mitochondrial hydrogen peroxide emission in permeabilized
muscle fibers [24]. When increased hydrogen peroxide levels are blocked by either an
antioxidant compound targeted to mitochondria or genetic introduction of mitochondrial
targeted catalase, insulin sensitivity is preserved despite excess fat intake [24]. These data argue
that changes in mitochondrial function contribute to alterations in insulin signaling, and suggest
that the reduction in ROS production with CR may contribute to improved insulin sensitivity.

One of the most overt phenotypes of CR is the change in body composition. The reduction in
total body weight usually reflects the level of CR (i.e., 30% less food lowers body weight by
~30%), but weight loss is not distributed equally among tissues. Proportionately more fat mass
is lost in mice, monkeys, and humans fed a CR diet (i.e., 30% CR leads to ~70% less fat). Until
fairly recently, white adipose tissue was seen as a biologically inert lipid storage depot. The
current view embraces the systemic role of white adipose tissue in influencing metabolism,
inflammation, and immune responses that is implemented through a suite of adipose-derived
signaling factors collectively known as adipokines [25,26].

Adiponectin is one such adipokine that may be an important mechanistic component of CR’s
action. In rats, serum adiponectin levels correlate negatively with fat mass and are elevated
with CR [27]. These increased adiponectin levels are associated with increased fatty acid
oxidation in adipose tissue and reduced lipid accumulation in peripheral tissues [28]. In adipose
tissue from CR mice, adiponectin is detected at increased levels in the smaller adipocytes that
result from CR.

Adiponectin circulates in the blood as a multimeric protein of three distinct molecular weight
forms, and its ability to multimerize is essential for proper function [29]. The interaction of
adiponectin with growth factors is multimer-specific, and the activation of downstream targets
of adiponectin signaling is multimer- and tissue-specific. Importantly, CR increases relative
levels of the high molecular weight form [30], suggesting that adiponectin activity may be
qualitatively different in CR animals in addition to being quantitatively greater.

Adiponectin has a profound effect on systemic factors associated with metabolism and
inflammation. Transgenic overexpression of adiponectin in mice prevents several
abnormalities induced by a high fat diet, including elevated serum glucose and insulin levels
[31]. Despite the increased caloric intake in adiponectin-overexpressing mice fed a high fat
diet, both adipocyte size and macrophage infiltration of adipose tissue are decreased, compared
to wildtype controls. Furthermore, chronic adiponectin treatment of a genetic mouse model of
diabetes (db/db) alleviates symptoms such as insulin resistance, hyperglycemia, and
hypertriglycermia [32]. These data indicate that adiponectin is a critical regulator of metabolic
homeostasis and suggest that the elevated adiponectin levels observed in CR animals may
contribute to improvements in glucoregulatory function.

Adiponectin signaling regulates mitochondrial energy metabolism in skeletal muscle in mice,
and adiponectin knockout mice display insulin resistance and reduced mitochondrial enzyme
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activity [33]. Adiponectin treatment of human myotubes causes an AMPK dependent increase
in mitochondrial biogenesis and enzymatic activities and reduces ROS production. Activation
of mitochondria is concomitant with an increase in the levels of mitochondrial regulator
PGC-1a (peroxisome proliferator activated receptor gamma co-activator 1 alpha) [33], a direct
target of AMPK phosphorylation that increases its own expression when activated by AMPK
[34]. In human skeletal muscle, CR induces mitochondrial biogenesis, and PGC-1a levels are
increased [35]. PGC-1a stability is regulated by GSK3p glycogen synthase kinase 3 beta)
[36], and adiponectin also influences GSK3p activity though modulation of inhibitory
phosphorylation of GSK3p [37]. GSK3 is negatively regulated by CR in adipose tissue [36],
suggesting that this kinase may also contribute to CR-induced metabolic reprogramming.

The cardioprotective effect of CR is abrogated in transgenic adiponectin anti-sense mice and
in mice treated with AMPK inhibitor [30], further supporting a role for the adiponectin-AMPK
pathway in CR. CR accelerates the revascularization of ischemic muscle in an adiponectin-
dependent manner. In this case, adiponectin acts through AMPK to activate eNOS (endothelial
nitric oxide synthase) [38]. Adiponectin-mediated stimulation of eNOS also protects against
cerebral ischemic injury [39]. eNOS has previously been associated with CR where it
influences mitochondrial biogenesis and expression of the NAD dependent deacetylase SIRT1
in multiple tissues [40]. Interestingly, in cultured adipocytes, SIRT1 has been implicated in
adiponectin secretion through its negative impact on factors that regulate secreted protein
release from the endoplasmic reticulum [41]. It is not clear whether this is a direct effect on
adiponectin processing, because SIRT1 activation prevents adipogenesis and adiponectin is
released from mature adipocytes only.

Together these findings have three important implications: first, that adiponectin plays a pivotal
role in CR’s mechanism at the systemic level; second, that changes in mitochondrial function
are a critical downstream event in adiponectin signaling; and third, that white adipose tissue
function may be a key factor in CR and in the aging process.

Candidate regulatory pathways in CR

At the most simple level, the mechanisms of CR appear rooted in the response to reduced
energy availability, resulting in the induction of an altered metabolic state that promotes
longevity. The conserved role of mitochondrial energy metabolism in aging and in CR focuses
attention on factors that influence mitochondrial number and function, and supports nutrient
sensitive metabolic regulators as being strong candidates in the mechanisms of CR (Figure 2).
We describe below some of the more prominent factors associated with the regulation of
longevity, or metabolism, or both. There is a vast literature describing studies of the
functionality and regulation of these factors, from which we sample just a few that we find
particularly striking.

NAD dependent deacetylase SIRT1

Sirtuins are a family of proteins with homology to yeast regulator of silencing Sir2. SIRT1 null
mice have defects in liver metabolism, shortened lifespan and are not responsive to CR [42].
A number of reports indicate that CR regulates SIRT1, the closest mammalian homologue. CR
increases SIRT1 in white adipose tissue [36,40,43,44], although there is a lack of agreement
onthe impact of CR on SIRT1 liver and muscle [43,44,45]. The importance of tissue-specificity
in the SIRT1 response to CR can be inferred from studies of knockout and transgenic mouse
models. The liver-specific knockout SIRT1 mouse is resistant to metabolic derangements
arising from a high fat diet [43]; however, activation of SIRT1 with a synthetic activator or
transgenic expression of SIRT1 protect against a high fat diet [46,47,48].
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In mice fed a high fat diet, activation of SIRT1 enhances fat oxidation in peripheral tissues and
enhances expression of genes involved in the ETS [47], metabolic alterations that are likely
responsible for the protective effect of increased SIRT1. Interestingly, stimulation of NADH
oxidation increases the NAD*/NADH ratio, protects against diet induced obesity, and is
associated with enhanced mitochondrial fatty acid oxidation, increased PGC-1a and increased
SIRT1 [49]. SIRT1 gain-of-function mice have improved glucose tolerance [46,48] and
increased serum adiponectin levels despite no change in body weight compared to wildtype
controls [46]. In contrast, mice with SIRT1 overexpression primarily in white adipose tissue
have lower body weights and reduced levels of adiponectin [50]. These data underscore the
importance of tissue-specific functions of SIRT1 and, relevant to the mechanisms of CR,
implicate SIRT1 in regulation of adiponectin. A better understanding of the effect of altered
SIRT1 levels and activity may be gleaned through further genetic approaches using conditional
and tissue-specific manipulations. It will be particularly important to establish SIRT1 functions
that are physiologically normal and those that manifest only with manipulated large-scale
changes in SIRT1.

Regulator of mitochondrial metabolism PGC-1a

As the role of PGC-1a in aging and CR has been recently reviewed [51], herein we briefly
discuss some potentially relevant new data relating to PGC-1a in oxygen sensing and ROS
signaling.

The CR dependent increase in PGC-1a expression in multiple tissues is coincident with
increased expression of eNOS [40]. Inhibition of eNOS during CR prevents the activation of
SIRT1, an activator of PGC-1a, and abrogates the protective effect of CR. eNOS null mice fail
to initiate mitochondrial reprogramming that is associated with CR, possibly due to reduced
levels of SIRT1 [40]. CR enhances ischemic tolerance by a nitric oxide dependent mechanism
[45]. Inendothelial cells, PGC-1a levels are decreased by chronic inhibition of eNOS but show
the opposite effect upon acute treatments [52], suggesting that the PGC-1o mediated response
to nitric oxide is highly dynamic and temporally sensitive. PGC-1a also regulates
mitochondrial adaptation as part of the cellular response to oxidative stress [36]. PGC-1a
activity is regulated through changes in its cellular localization and protein stability allowing
the rapidity and persistence of the PGC-1a response to be independently controlled. In skeletal
muscle cells, extended exposure to oxidative stress activates AMPK leading to induction of
PGC-1a expression and decreased ROS production [53].

Interestingly, high levels of PGC-1a overexpression increase respiration and induce HIF-1o.
(hypoxia inducible factor 1 alpha) signaling by a mechanism that involves stabilization of the
HIF-1a protein [54]. This feed forward signal presumably allows cells to respond appropriately
to changes in oxygen availability. The composition of the ETS can be regulated to optimize
respiration efficiency through a HIF-1a dependent mechanism [55]. A switch between two
distinct COX4 Complex 1V subunit isoforms alters ATP production, oxygen consumption and
ROS generation. HIF-1a activity correlates with its cellular protein levels; in contrast,
HIF-2a activity is regulated by post-translational modifications including deacetylation by
SIRT1 [56]. HIF-1a is downregulated in white adipose tissue from CR mice [57], and recently
HIF-1a deficiency has been implicated in longevity and in CR in C. elegans [58]. These data
place PGC-1a in a central role in the cellular response to oxygen availability, and suggest that
alterations in mitochondrial energy metabolism with CR may be communicated through ROS
to impact diverse cellular pathways.

Energy and nutrient sensitive regulators AMPK and mTOR

Molecular interactions studied outside of the realm of aging research lend support for AMPK
and mTOR playing a role in the mechanism of CR. Importantly, activation of either AMPK or
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mTOR positively influences mitochondrial respiration, although the impact of tissue specificity
in CR’s influence on these factors remains underappreciated. Activation of AMPK in mice has
a pronounced effect on skeletal muscle metabolism, where indicators of mitochondrial density
are increased and UCP3 is upregulated [59]. AMPK directly phosphorylates PGC-1a and
enhances its ability to co-activate its own promoter [34], and therefore may be the principal
means by which AMPK influences mitochondrial function.

The ability of AMPK to regulate mitochondrial biogenesis in skeletal muscle becomes
attenuated with age, and the response to either chronic or acute AMPK stimulation is muted
in older animals [60]. Although AMPK directly activates PGC-1a by phosphorylation, it also
acts indirectly by enhancing the activity of SIRT1, the enzyme that deacetylates and thereby
activates PGC-1a [61]. AMPK has the ability to increase the cellular NAD*/NADH ratio
through its influence on respiration and fatty acid p-oxidation, and in this way indirectly leads
to SIRT1 activation. Glucose restriction activates AMPK and also increases the cellular
NAD*/NADH ratio [62], although in this case the NAD salvage pathway enzyme NAMPT
(nicotinamide phosphoribosyltransferase) not only influences cellular NAD*/NADH but also
reduces levels of the SIRT1 inhibitor nicotinamide. The elaborate crosstalk between these
highly conserved pathways for energy sensing and metabolic cofactor production may be a
fundamental aspect of the link between longevity and the regulation of metabolism.

In contrast to AMPK that responds to energy stress, mTOR is activated by increased nutrient
availability. In mice, short-term CR (4 weeks) results in increased AMPK phosphorylation and
activation, and decreased mTOR phosphorylation and downstream signaling in liver [63].
AMPK inhibits mTOR complex | by two distinct mechanisms: i) stimulating TSC2 (tuberous
sclerosis complex 2), a negative regulator of mTOR, and ii) phosphorylating raptor, an essential
binding partner for the induction of ribosome biogenesis and translation by mTOR Complex
| [64]. Inaddition to stimulating AMPK activity by CR in liver, AKT kinase activity is reduced,
alleviating the inhibitory phosphorylation of TSC2 [63]. These findings indicate that there is
a coordinated inhibition of mTOR in liver with CR, with multiple facets of mTOR regulation
at play.

In mammalian cells, in contrast to yeast (Box 1), mTOR Complex I activity correlates
positively with oxidative capacity such that cells with increased association of mTOR and
raptor respire more [65]. Treatment of muscle cells with rapamycin causes a decrease in the
expression of mitochondrial genes and reduces oxygen consumption, an effect that is also
observed in skeletal muscle of rapamycin-treated mice [66]. mTOR and raptor together regulate
PGC-1a expression by influencing PGC-1a coactivation of its own promoter. The role of
mTOR in CR is likely tissue-specific, in that CR reduces mTOR signaling in liver but CR
increases mitochondrial ETS expression in skeletal muscle, a finding that is not consistent with
reduced mTOR signaling. Gene set enrichment analysis indicates enhanced mTOR signaling
in adipose tissue with CR [20]. Interestingly, adipose tissue-specific knockout of raptor
(component of mMTOR Complex 1) protects against diet-induced obesity [67]. In contrast to
what might be expected, the absence of raptor in adipose tissue is associated with reduced
serum levels of adiponectin even though there was a reduction in adiposity in these mice. These
findings suggest that mTOR might be important in regulating adiponectin secretion.

The beneficial effect of mTOR inhibition on lifespan in mice has been reported [68], where
rapamyecin treatment was initiated in relatively old mice. Unlike CR, rapamycin treatment
shows sexual dimorphism in mice, being more efficacious in females. These data suggest that
the role of mMTOR in the mechanisms of CR is likely part of a complex network of effector
molecules that in combination orchestrate the reprogramming of energy metabolism.

Trends Endocrinol Metab. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anderson and Weindruch Page 8

Conclusions

We have outlined some of the common signatures of CR including altered mitochondrial
energy metabolism, enhanced sensitivity of insulin signaling, and increased circulating levels
of the adipokine, adiponectin. We highlight elements of overlap between signatures and discuss
how these hallmarks of CR may be mechanistically connected. We describe several candidate
effectors in the mechanisms of CR based on the fact that they can be linked to the above
signatures, are firmly established as regulators of metabolism, and have been associated
directly or indirectly in the regulation of longevity. We suggest that metabolic reprogramming
is an essential contributor to the mechanisms of CR, and that the factors described herein likely
play an important role in establishing the CR-induced altered metabolic state that promotes
health and longevity (Figure 3).

Arecentand very interesting Drosophila study further supports a critical role for mitochondrial
energy metabolism in the mechanisms of CR [69]. In flies on CR, transcripts of mitochondrial
ETS components are preferentially processed due to the structure of their upstream untranslated
regions. This attribute ensures a relative enrichment in translation of these transcripts and
ultimately results in increased activity of ETS complexes. The process is regulated by 4E-BP,
a translational repressor specifically upregulated by CR in flies, and a component of the TOR
signaling pathway. These data reveal the multiplicity of inputs in the regulation of
mitochondrial function and introduce a novel element of translational regulation in the
mechanisms of CR.

This is an exciting time in CR research. Critical insights into the function and regulation of
key elements in aging and CR are being drawn from a broad range of studies in diverse models
and species; these include short-lived and long-lived organism studies, cell culture and whole
animal studies, and genetic and pharmacological manipulation studies. The contribution of
each facet permits us to view an increasingly complex network by which CR appears to
influence aging. Continued advances are anticipated, with the promise of translation of this
knowledge to the eventual benefit of human health (Box 2).

Box 1. Convergence of yeast longevity pathways on NAD and respiration

In yeast, there are two distinct copies of TOR that participate in separate complexes only
one of which (Torl:Complex I) is rapamycin-sensitive. Reduced Torl signaling extends
replicative lifespan in yeast by a mechanism that requires the nicotinamidase PNC1, a gene
in the NAD salvage pathway [70]. This gene is also required for lifespan extension by CR
in yeast, and the mechanism of induction of PNC1 by either CR or rapamycin treatment
involves the same transcription factors activated through increased nuclear localization.
Pncl depletes nicotimamide, similar to the mammalian NAMPT, and activates Sir2, the
homologue of mammalian SIRT1. Deletion of TOR1 also extends chronological lifespan
in yeast and is associated with increased respiration and increased expression of genes
encoding components of the mitochondrial ETS [71]. Yeast do not favor respiration when
grown in glucose; however, deletion of TOR1 permits de-repression of respiration and
increased expression mitochondrial encoded genes.

Box 2. Outstanding questions

e To what extent are mechanisms of CR identified in short-lived species conserved
in primate species?

e Which tissues contribute most significantly to aging retardation by CR?
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*  Which of the prominent regulators of energy metabolism is/are most suitable as a
target for the development of nutraceuticals or drugs to mimic the beneficial effects
of CR?
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Figure 1. Systemic signaling regulates the shift in mitochondrial fuel utilization in response to CR
We propose a model where an AMPK and PGC-1a dependent signaling pathway permits a
coordinate shift in fuel utilization in response to systemic input. Mitochondrial fatty acid
oxidation is promoted through enhanced expression of genes encoding enzymes involved in
B-oxidation and molecules involved in fatty acid transport.
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Figure 2. Nutrient sensitive metabolic regulators are strong candidates as effector molecules in the
mechanisms of CR

A complex network of interactions among these molecules has been described, although much
remains to be learned about their regulation specifically in the context of CR. A unifying theme
is the regulation of energy metabolism: alterations in energy metabolism are a hallmark of CR
and likely are critical events in CR’s mechanisms of aging retardation.
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Figure 3. The improvement in healthspan and lifespan by CR is a coordinated active response
Key effector molecules implement a reprogramming of energy metabolism in response to
reduced energy availability. This altered metabolic state is maintained and perpetuated though
systemic signaling.
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