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Abstract

Underlying the importance of research on the biology of aging is the fact that many nations face
the demographic reality of arapidly aging populace and the looming healthcare challenges that it
brings. Thisreality isaresult of aging itself being the most significant risk factor for arange of the
most prevalent diseases, including many cancers, cardiovascular disease and diabetes.
Accordingly, interventions are sorely needed which would be able to delay or prevent diseases and
disorders associated with the aging process and thereby increase the period of time that aging
individuals are in good health (the “health-span™). Caloric restriction (CR) has emerged as a model
of major interest asit iswidely agreed that CR is the most potent environmental intervention that
that delays the onset of aging and extends life span in diverse experimental organisms. A better
understanding of the mechanisms by which CR delays aging will reveal new insightsinto the
aging process and the underlying causes of disease vulnerability with age. These novel insights
will allow the development of novel treatments and preventive measures for age-associated
diseases and disorders.

Introduction

Cdloric restriction (CR) is along-term dietary intervention whereby caloric intake is reduced
but malnutrition is avoided. CR applied at 10-30% reduced caloric intake extends lifespan in
rodents in an inverse linear manner. The lower the intake of calories, the greater the
extension in lifespan. Thereisalimit of course, and the beneficial effectsarelost if animals
approach malnutrition. A striking feature of CR that has been appreciated for many years
from studiesin rodentsis its ability to oppose the development of abroad spectrum of age-
associated pathological and physiological changes (Weindruch & Walford, 1988). Thus
animals on CR stay “younger longer.” The field has rapidly grown with an increasing
number of annual citations (Figure 1), powered in part by the highly mechanistic studiesin
non-mammalian species. Indeed, considerable insight has been gleaned through studiesin
yeast, nematodes and flies. The short lifespan, low cost, and relative ease of genetic

mani pulation of these simpler organisms has facilitated the type of analysis that, until
recently, would have been inconceivable in mammalian systems.

The early mammalian experiments were largely descriptive in nature. It was clear as early as
the 1940’ s that CR inhibited spontaneous tumor development and impeded progression of
induced or implanted tumors in rats and mice (Weindruch & Walford, 1988). The
mechanistic basis for the non-permissive tumor environment created by CR is only now
beginning to be explored (De Lorenzo and others 2011; Jiang and others 2008; Y amaza and
others 2010). In contrast, the involvement of single genes and signaling pathwaysin CR has
been investigated in hon-mammalian systems to some depth (Fontana and others 2010).
Establishing whether mechanisms of CR identified in simple organisms are also relevant to
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mammalian CR is an active area of inquiry. Much of thiswork is being conducted in mice
where conditional and tissue specific genetic manipulations can be employed to probe for
factorsinvolved in CR’'s mechanisms. The beneficial impact of CR on health has been
reported in non-human primates, including 3 independent studies in rhesus monkeys (see
below) and onein squirrel monkeys (Roth and others 2000). In addition, a series of studies
are currently underway using human subjects. So far the data are consistent with a high
degree of similarity in the response of humans and non-human primates to CR, both of
which mirror that observed in the earlier rodent studies. This conserved response supports
the value of CR research for understanding human aging and age-associated disease
vulnerability.

We herein discuss the three main questions that are being asked in CR studies:

1. By what molecular/cellular mechanisms does CR slow the aging process?
Elucidation of the mechanisms of CR will provide crucial leads for understanding
the aging process and will identify novel targets for disease prevention and
treatment.

2. Candrugs or nutrients be discovered which mimic the actions of CR in organisms
consuming normal levels of calories? The search for so-called “CR mimetics’ isa
rapidly growing area of inquiry that has huge potential to translate some of the
benefits of CR to people consuming a normal caloric intake.

3. Will CR be effective in slowing aging in humans? We discuss data from long-term
CR studies in rhesus monkeys as well as the increasing work being conducted in
humans. We conclude by evaluating the implications of CR on healthy human

aging.

Mechanisms

It has been 75 years since the impact of CR in extending lifespan and retarding the onset of
age-associated disease in mammals was first described (McCay and others 1935). The
mechanism of CR has remained elusive; however, because of the potential to radically
improve our knowledge of aging, solving CR isamajor focusin aging research. In the
earlier stages of CR research, the anti-aging properties were thought to be aresult of passive
mechanism: a slower rate of living resulting in aslower rate of aging. Since then substantial
evidence has emerged that CR actively induces alongevity-promoting program (Anderson
and Weindruch 2010; Jazwinski 2000; Sinclair 2005). Analysis of data generated in mouse
studies from the 1980’ s shows that there is an inverse linear relationship between calorie
intake and lifespan (Anderson and Weindruch 2010; Weindruch and others 1986;
Weindruch and Walford 1988). Building on this observation we can suggest the following:
first, nutrient sensitive elements are likely involved in relaying signalsin response to lower
calorie availability; second, pathways of fuel utilization are adapted to maximize efficiency;
third, metabolites are diverted away from pathways of storage to permit full usage of all
available fuel sources. All of these predictions point to one common theme, whichisa
change in the regulation of metabolism. We suggest that this change in metabolism protects
cells and tissues from the rigors of age and activates pathways that confer increased disease
resistance.

The advent of gene expression profiling technology has proven to be invaluable in providing
insights into the complex processes of aging and anti-aging by CR. Large-scale analysis of
age-associated transcriptional changes among 16 different mouse tissues demonstrates that
while there is a high degree of tissue specificity in gene expression, and in the impact of age,
a common signature across tissues is the decline in expression of genesinvolved in energy
metabolism (Zahn and others 2007). Furthermore, a meta-analysis of age-related gene
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expression profiles from 27 datasets generated from human, rat and mouse tissues identified
the same signature (de Magalhaes and others 2009). Gene expression profiling has also been
used to determine the impact of CR on mouse aging (Lee and others 2002; L ee and others
1999; L ee and others 2000). At the level of individua tissues, CR prevents the mgjority of
the age-associated changesin gene expression (Park and Prolla 2005).

These earlier studies analyzed gene expression in tissues from old Control and old CR mice
and compared them to young Controls. This type of experiment provides information about
aging and the impact of CR in delaying aging. In teasing out the data, two categories of
transcriptional alterations induced by CR were identified: first, shifts that opposed age-
related changes in gene expression and second, changes in the expression of genes that were
impacted by CR independent of age. An alternate approach is to compare matched middle-
aged adult animals fed Control or CR diets. In this way, changes in gene expression induced
by aging are not contributing to the differences between groups of mice.

Using thislatter approach we investigated the impact of CR on white adipose tissue (WAT).
Animals on CR are smaller and lighter than their Control counterparts but the differencein
sizeis not uniformly shared among the tissues. Proportionally more body fat islost than any
other tissue and for mice on a 35% CR diet, estimated total body fat is ~70% reduced. These
differencesin WAT may be important in the mechanisms of CR. A consensusis emerging
that describes WAT in akey rolein the central homeostatic mechanism that integrates
metabolism and inflammation (Hotamidligil 2006). WAT-derived factors have been
implicated in metabolic disorders linked to obesity (Lago and others 2007; Wisse 2004).
Dietary excess and the resulting obesity can lead to metabolic syndrome, the manifestation
of multiple conditions previously associated with aging. These include Type 2 diabetes,
inflammation, hypertension and cardiovascular disease (Eckel and others 2005). Indeed
aging is also associated with adverse alterations in body fat distribution as well as
deregulated WAT function (Cartwright and others 2007; Clement and Langin 2007; Das and
others 2004) (Figure 2).

In addition to shrinking the size of WAT depots, CR induces key shiftsin genesinvolved in
metabolism in WAT, including a striking increase in expression of genesinvolved in energy
metabolism (Higami and others 2004). Furthermore, the expression of over 50 pro-
inflammatory genesis reduced (Higami and others 2006). Reductions in systemic
inflammatory tone caused by CR may underlieits ability to oppose a broad spectrum of age-
associated diseases, including cancers and cardiovascular disease. The overt changes
induced in WAT by CR may contribute to alterations in systemic metabolic homeostasis,
influencing factors at the interface of metabolism and inflammation (Figure 2).

Targets for CR mimetic development

While improved health and increased longevity are enormously attractive to most people, a
lifetime commitment to areduced-calorie diet is rather unattractive. As a means to both have
one's cake and actually eat it, arange of nutraceuticals and drugs are being explored as a
means to mimic the effects of CR. As outlined above, we propose that aterations in energy
metabolism are critical in the mechanisms of CR and contribute to the increased disease
resistance that is observed in animals on CR. Interventions that offer the most promise are
those that target regulators of metabolism.

PGC-1ais akey regulator of mitochondria (Wu and others 1999) and a transcriptional co-
activator. Thetargets of its co-activation are the nuclear receptor family of transcription
factors that are involved in multiple aspects of metabolism (Canto and others 2009; Feige
and Auwerx 2007; Rodgers and others 2008). SIRT1 is a positive regulator of PGC-1a
(Nemoto and others 2005; Rodgers and others 2005) that has been implicated in the
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mechanisms of CR in several speciesincluding mice (Longo and Kennedy 2006). In mice
fed ahigh fat diet, activation of SIRT1 enhances fat oxidation in peripheral tissues and
enhances expression of genesinvolved in oxidative phosphorylation (Feige and others
2008). These metabolic alterations are likely responsible for the protective effect of
increased SIRT1 in diet-induced obesity and are reminiscent of the metabolic shifts
observed in tissues from CR animals. AMPK (AMP-activated protein kinase) isinvolved in
the adaptive response to energy deficit. AMPK is also a PGC-1a activator that can induce
mitochondrial biogenesis and increases activity of mitochondrial enzymes (Putman and
others 2003; Zong and others 2002). The plant polyphenol resveratrol is an activator of
AMPK that has been shown to produce CR-like alterations in gene transcription in multiple
tissues in mice, athough longevity does not appear to be extended in normally fed animals
(Barger and others 2008a; Barger and others 2008b; Pearson and others 2008). Compounds
that activate the AMPK/SIRT1/PGC-1a axis are strong candidates as CR mimetics.

Another factor that has emerged as a candidate in the mechanisms of CR is the nutrient
sensing kinase TOR (Target of rapamycin). TOR signaling promotes cell growth in
conditions of nutrient abundance (Wullschleger and others 2006). TOR has been implicated
in the mechanisms of CR in yeast, where decreased signaling through TOR pathway extends
lifespan (Kennedy and others 2007). Reduced signaling through the mammalian TOR
(mTOR) has also been associated with increased lifespan in mice (Selman 2009). In
addition, mTOR inhibition by rapamycin treatment extends lifespan in mice (Harrison and
others 2009). The role of MTOR islikely to be highly tissue-specific and as yet little is
known about this important regulatory molecule in primate aging and CR.

Asthe search for drugs and nutraceuticals continues, a variety of supplements are being
tested for the ability to confer robust health effects. These include compounds that were
originally derived from natural products, and compounds generated by pharmaceutical
companies that have already been on the market for the treatment of other diseases and
disorders. The National Institute on Aging at the National Institutes of Health has created the
Interventions Testing Program where researchers are invited to propose compounds for
testing as pro-longevity agentsin mice. Thelist of compounds being tested to date includes
resveratrol (activator of AMPK and SIRT1), rapamycin (inhibitor of mTOR), and metformin
(AMPK activator). It will be very interesting to see the outcome of these exciting studies.

Nonhuman primates and humans

Much of what we have learned about the possible mechanisms of CR has been gleaned from
the study of rodent and invertebrate species. There is always an issue of translatability to
human aging for these shorter-lived species. Non-human primate species share a high degree
of similarity to humans in their anatomy, physiology and behavior. Rhesus macaques
(Macaca mulatta) have an average lifespan of ~27 yearsin captivity and amaximal lifespan
~40 years. Non-human primate aging studies, while very costly to conduct, promise
considerable insight in the biology of aging and a high degree of trandatability to human
aging and age-associated disease.

In the late 1980's, three independent Aging and CR studies were initiated utilizing rhesus
macagues. The Nationa Institute on Aging (NIA) and the Wisconsin National Primate
Research Center (WNPRC) studies set out to test the suitability of rhesus monkeys as a
model for human aging and to determine whether CR could delay aging and extend maximal
lifespan in this species. The third study was a short-term intervention performed at the
University of Maryland (UMD), and focused more specifically on obesity and
glucoregulatory function.
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Similar to the findings of numerous rodent studies, the most striking effect of CR in
monkeys is the impact on body composition and glucoregulatory function. In al studies, CR
lowers body weights, decreases fat mass and improves insulin sensitivity: UMD (Bodkin
and others 2003), WNPRC (Colman and others 1999b; Gresl and others 2001; Kemnitz and
others 1994) and the NIA (Lane and others 1995; Mattison and others 2007). Both the NIA
and WNPRC studies have shown lower bone massin the CR animals that can be accounted
for by lower body mass (Black and others 2001; Colman and others 1999a). The WNPRC
study has shown improved cardiovascular profilesin the restricted animals, including
reduced levels of C-reactive protein (CRP) and decreased levels of triglyceride and
phospholipids associated with low density lipoproteins (Edwards and others 1998).
Furthermore, age-associated muscle mass loss (sarcopenia) is delayed and attenuated in CR
animals (McKiernan and others 2011). Overall, the real test of the efficacy of CR in this
speciesisits ability to delay the onset of age-related diseases and extend maximal lifespan.
We recently published the findings of the WNPRC 20-year long study and showed that age-
related diseases including diabetes, cardiovascular disease and cancer are delayed or
prevented by CR (Colman and others 2009).

Evidence that the health-promoting effects of CR may also be conserved in humans comes
from epidemiological studies, controlled short-term CR studies, and data from long-term CR
practitioners. Although reduced caloric intake is prevalent in numerous global populations, it
is often accompanied by malnutrition. A rare exception is found on the island of Okinawa.
Okinawans reportedly eat fewer calories than individuals on mainland Japan as a whole and
have arelatively large proportion of centenarians. (Chan and others 1997; Kagawa 1978;
Suzuki and others 2001). The increase in longevity among these people has been taken as
evidence that reduced caloric intake increases average lifespan.

The direct practice of CR isongoing in two distinct groups. The NIA iscurrently funding a
multicenter study (CALERIE) of the effects of short-term CR in women and men. The
primary goal isto determine whether humans devel op the same adaptive responsesto CR
that occur in rodents. The second group is made up of members of the Calorie Restriction
Society, who are practicing long-term CR with optimal nutrition.

In the first phase of the NIH-funded CALERIE studies the impact of short-term (6 months
and 1 year long) CR on overweight humans was assessed in parallel studies at 3 locations,
Pennington Biomedical Research Center in Baton Rouge, Washington University in St.
Louis and Human Nutrition Research Center on Aging at Tufts University in Massachusetts.
In Louisiana, men and women on a 25% CR diet for 6 months demonstrated reductionsin
body weight and fasting levels of insulin (Heilbronn and others 2006). Weight |oss was
reflected in a 24% reduction in body fat including a 27% reduction in visceral fat (Redman
and others 2007). Favorable changes in serum risk factors for cardiovascular disease were
observed in CR individuals (Lefevre and others 2008). In Missouri, one year of 20% CR
demonstrated improved glucose tolerance and insulin action, again in overweight but
healthy people (Weiss and others 2006). In addition, substantial improvementsin risk
factors for cardiovascular disease were observed (Fontana and others 2007). CR resulted in a
reduction in weight (~10%), and fat mass comprised 77% of that weight loss (Racette and
others 2006). However, the extended period of CR revealed problems with feasibility for
long term studies due to lack of adherence to the diet — participants attained ~11% CR rather
than the 20% objective for the study. It will be of tremendous interest to determine whether
CRis as effective in non-overweight individuals.

The study of long term CR is made possible through the cooperation of individuals that
maintain a strict self-imposed restricted diet. Long-term practitioners of CR (on average 6
years) have reduced circulating levels of triglycerides, fasting glucose and fasting insulin
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compared to age and socioeconomic matched controls. Furthermore, blood pressure is lower
in CR individuals and favorable lipoprotein profiles associated with reduced risk of
atherosclerosis are observed (Fontana and others 2004; Meyer and others 2006). Clearly
these early human studies are very promising and support continued exploration of the
mechanism of aging retardation in other species and a means to understand human
longevity.

Implications for human aging and health

The physiological response to CR in rodents has been well characterized. In addition to
extended lifespan and lower disease incidence, hallmarks of CR include reduced adiposity,
improved glucoregulatory function and preserved mitochondrial function. At this stage we
know that many of these outcomes have also been confirmed in non-human primates on CR
(except for the impact on lifespan extension, which is still unknown). In humans, we do not
have definitive measures of CR’simpact on lifespan and are unlikely ever to have such data.
Data on disease risk indicatorsin humans is promising, even if the impact on disease
incidence is not yet known. A key distinction should be drawn at this time between the
observation that CR appears to work in humans and a recommendation that individuals
embark on its practice. Much remains to be understood about non-human primate and
human CR. First, unlike the majority of laboratory rodents that are inbred, most non-human
primate colonies are genetically diverse. Asisthe case for humans, in non-human primates
individual variability is observed in feeding behavior, body composition and serum
indicators of disease risk. This heterogeneity extends to the response to CR. Second, itis
unclear whether or not there are time points in the lifespan when CR might not be effective
or even imprudent; for example introducing a CR diet in youngsters that are still developing
or in older persons that have already manifest some signs of aging. It will be of interest to
discover the outcomes of the NIA rhesus monkey study where a CR was initiated in animals
from arange of agesincluding juveniles (1-2 years), adolescents (3-5 years) and older adults
(16-23).

First and foremost the take home message from CR research is that the rate of aging can be
manipulated. Factors that contribute to age-associated disease can be influenced to
disconnect chronological age from biological age. Based on our own work and that of
others, we suggest that interventions that stimulate metabolism and/or activate WAT
signaling hold great promise as mimics of CR. A number of strong candidates have emerged
as potential CR effector molecules. These factors may not only hold the key to attenuating
disease vulnerability with age, but also may have utility in diseases associated with dietary
excess and obesity. A very recently published study supports the concept that this approach
may be fruitful: dietary supplementation with resveratrol resulted in improvementsin
multiple serum health indicators in obese humans (Timmers and others 2011). In the
meantime, establishing energy balance through sensible diet and staying active will go a
long way toward improving and maintaining health.
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Figure 1.
Cdloric restriction is agrowing area of study. The number of publications identified by a
NCBI Pubmed search using the indicated keywords.
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Figure2.
Theinfluence of adipose tissue derived signaling factors on system wide metabolic balance
and hedlth.
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