
www.elsevier.com/locate/mechagedev

Mechanisms of Ageing and Development 126 (2005) 987–1002
Toward a unified theory of caloric restriction and longevity regulation

David A. Sinclair *

Department of Pathology, Harvard Medical School, 77 Avenue Louis Paster, Boston, MA 02115, USA

Received 22 November 2004; received in revised form 3 February 2005; accepted 15 March 2005

Available online 11 May 2005
Abstract
The diet known as calorie restriction (CR) is the most reproducible way to extend the lifespan of mammals. Many of the early hypotheses to

explain this effect were based on it being a passive alteration in metabolism. Yet, recent data from yeast, worms, flies, and mammals support

the idea that CR is not simply a passive effect but an active, highly conserved stress response that evolved early in life’s history to increase an

organism’s chance of surviving adversity. This perspective updates the evidence for and against the various hypotheses of CR, and concludes

that many of them can be synthesized into a single, unifying hypothesis. This has important implications for how we might develop novel

medicines that can harness these newly discovered innate mechanisms of disease resistance and survival.
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Throughout history, numerous societies have touted the

health benefits of food limitation, including the Ancient

Greeks and Romans (Dehmelt, 2004). In modern times,

Professor Maurice Gueniot, President of the Paris Medical

Academy at the turn of the 20th century, is famed for living

on a restricted diet and for dying at the age of 102. The first

widely recognized scientific study of restricted diets and

their ability to extend lifespan was published in 1935, by

McCay and co-workers, coincidentally the year of Maurice

Gueniot’s death. The researchers found that feeding rats with

a diet containing 20% indigestible cellulose dramatically

extended mean and maximum lifespan (McCay et al., 1935).

Variations of this dietary regimen, now known as caloric

restriction (CR) or dietary restriction (DR), are the most

effective way of extending the maximum lifespan of

mammals without genetically altering them (Masoro, 2000).

Over the past 70 years, there have been at least 10

plausible theories to explain how CR works but almost all of

them have fallen out of favor because of contradicting data

(Fig. 1). Of those that remain, many fail to explain the

myriad observations about CR and lifespan-extension in

general. It would seem that CR is too complex ever to be
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described by a single hypothesis, and the development of

drugs that might mimic CR’s beneficial effects seems, to

many researchers, a distant, possibly unachievable goal.

There is, however, reason for renewed hope. In the past

few years, a hypothesis has gained considerable support

from a number of laboratories studying different aspects of

CR and lifespan-extension (Calabrese, 2004; Mattson et al.,

2002b; Rattan, 2004b; Sinclair, 1999; Turturro et al., 2000).

The so-called Hormesis Hypothesis of CR is a different way

of thinking about the problem that could breath new life into

the CR field by uniting numerous, seemingly unrelated

observations in a variety of species (Fig. 2). In essence, the

hypothesis states that low caloric intake is a mildly stressful

condition that provokes a survival response within the

organism, helping it to survive adversity by altering

metabolism and increasing the organism’s defenses against

the causes of aging, whatever they may be. This view of CR

has led to another theory to explain why a class of small

polyphenolic molecules produced by stressed plants can

directly modulate stress-response pathways in yeast, worms,

and flies. The Xenohormesis Hypothesis states that

organisms have evolved to pick up on stress-signaling

molecules from other species in their environment because it

allows them to shift into a survival mode in advance of an

environmental decline (Howitz et al., 2003; Lamming et al.,
.
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Fig. 1. Changing views about aging. Before the 1970s, the predominant view was that aging is caused by ‘‘death’’ genes that directed the process as if it were an

extension of development. Evolutionary biologists argued that aging is not adaptive for most species, and this idea was laid to rest. After that, the focus was on

the causes of aging and the mechanisms that defend cells against them. During the late 1980s and 1990s, a number of genetic screens in simple organisms such as

yeast, worms, and flies identified single gene mutations that could dramatically extend lifespan. Single gene mutations in long-lived dwarf mice were also

characterized. Then, around the turn of the century, it was shown that some of these genes are activated by low caloric intake and other mild biological stresses,

consistent with the hypothesis that these genes had evolved to protect organisms during times of adversity, and that their chronic activation leads to increased

heath and lifespan.

Fig. 2. The Hormesis Hypothesis of CR. The theory states that CR is a mild stress that provokes a survival response in the organism, which boosts resistance to

stress and counteracts the causes of aging. The theory unites previously disparate observations about ROS defenses, apoptosis, metabolic changes, stress

resistance, and hormonal changes and is rapidly becoming accepted as the best explanation for the effects of CR.
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2004). Xenohormetic molecules are seen as one possible

path to a new class of medicines that work by stimulating our

innate defenses against disease.
1. Early hypotheses of CR

1.1. Developmental delay

Originally, CR was thought to extend lifespan by slowing

the growth and development of the animal (McCay et al.,

1935) (Table 1). This idea made perfect sense because, at that

time, aging was widely believed to be governed by genes that

caused aging, in the same way as development is. In fact,

testing this hypothesis was the reason for McCay’s original

experiments with CR, and he got the result he was expecting

(McCay, 1935; McCay et al., 1935, 1975). Unfortunately for

McCay, the hypothesis did not survive long. Researchers

quickly showed that placing adults on a CR diet late in life also

extended lifespan and today the idea that aging is caused by a

genetic program is no longer considered valid by the majority

of researchers in the field (Krystal and Yu, 1994). Instead,

aging is thought to occur because organisms lack sufficient

energy to fully prevent and repair cellular damage – due to the

competing demands of other activities such as growth and

reproduction – and because genes that favor health and

fecundity in youth can be maintained in a population even

though they are deleterious to older individuals (Williams,

1957; Charlesworth, 2000; Kirkwood and Holliday, 1979;

Medawar, 1946).

1.2. Reduced metabolic rate

German physiologist Rubner (1908) reported that animals

of various sizes utilize a similar number of calories per weight

per lifetime. This gave rise to Pearl’s ‘‘Rate of Living

Hypothesis’’ (Pearl, 1928). Between 1950 and 1981, four

groups showed that reducing the food intake of rats slows

metabolic rate per unit of body mass implying that CR works

by loweringmetabolic rate (reviewed inKrystal andYu,1994).

However, numerous other studies, many of them from Masoro

and co-workers, have shown that CR animals have equal or

higher metabolic rates than AL animals after they experience

an initial drop in metabolic rate in the first six weeks of the diet

(Masoro, 1998; Masoro et al., 1982; McCarter et al., 1985;

Speakman et al., 2004, 2003; Yu et al., 1985).

Most studies using simple eukaryotes as models for CR

have also failed to find evidence for the metabolic rate

theory. For example, studies by Vanfleteren and co-workers

studying C. elegans found no evidence that CR decreases

metabolic rate (Braeckman et al., 2002) and in one study

they observed an increase (Houthoofd et al., 2002). Partridge

and co-workers also found no positive correlation between

diet and metabolic rate for D. melanogaster (Braeckman

et al., 2002; Hulbert et al., 2004). In summary, although the

metabolic rate hypothesis in its simple form is attractive, it is
fair to say that the data on the relationship between

metabolic rate and lifespan are contradictory and the theory

is no longer considered valid in its simple form (Speakman

et al., 2003).

There is a variation on this theme, sometimes referred to

as the ‘‘Uncoupling to Survive Hypothesis’’, which states

that CR reduces the efficiency of the mitochondrial electron

transport chain, which reduces the production of reactive

oxygen species (ROS). This hypothesis deserves serious

consideration and will be discussed in a separate section

below.

1.3. Laboratory gluttons

Numerous researchers have speculated that CR might be a

laboratory artifact. The argument is as follows: CR is the sort

of diet an animal would have in the wild, and the ad libitum

controls in CR experiments might simply be grossly overfed,

leading to ill health (Cutler, 1982; Hayflick, 1994). Although

this argument is frequently raised, it is not supported by

evidence. For a start, many laboratories have switched to a

controlled diet instead of feeding animal ad libitum, in part to

ensure that they are not overfed. These laboratories report that

CR still increases lifespan to the same extent as those

employing ad libitum controls (Pugh et al., 1999). Another

argument in favor of CR is that it works on almost every

species it has been tested on including yeast, worms, flies, fish,

dogs, and spiders (Masoro, 2000). In the same vein, yeast and

flies often have access to more food than is typically supplied

under laboratory conditions. Rodents in their native environ-

ment must eat more than the CR animals for at least part of

their life, otherwise they would be infertile and the species

would become extinct (Austad, 2001). In an elegant

perspective covering this issue, Austad calculated that the

amount of food consumed by a typical laboratory mouse is

similar to that consumed by one in the wild (�3 kJ/(g day))

and concluded that CR mice are ‘‘not grossly overfed’’

(Austad, 2001).
2. Current hypotheses of CR: pre-synthesis

2.1. Glucocorticoid cascade

The ‘‘glucocorticoid cascade hypothesis of aging’’

proposes that glucocorticoids, which play a critical role in

the body’s stress response, are a cause of aging, and by

extension, CR works by attenuating glucocorticoid pathways

(Masoro, 1996; Nelson et al., 1995; Spindler et al., 1991).

Although this hypothesis is not discounted, a number of

studies have reported that CR animals have higher levels of a

key glucocorticoid, corticosterone, and there is no increase in

this steroid in older animals, contrary to the prediction of the

hypothesis (reviewed in Krystal and Yu, 1994). These results

present a serious challenge to the hypothesis but clearly more

work is needed in this area to resolve the issue.
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2.2. Decreased fat

Given the negative effects of obesity, it is tempting to

assume that CR provides health benefits simply by keeping

fat stores low (Berg and Simms, 1960). There is little doubt

that fat stores and the hormones they secrete play a role in

lifespan determination (Bluher et al., 2003; Tatar et al.,

2003). But the relationship between CR and fat is not simple.

Despite early indications that fat content and lifespan

inversely correlate (Bertrand et al., 1980), over the past 20

years this correlation has broken down in many studies

(Harrison et al., 1984; Masoro, 1995). A recent study of dogs

found no relationship between lifespan and body mass, fat

mass, or lean body mass (Speakman et al., 2003). In the case

of rodents, those that maintain a higher level of fat are often

longer lived (Masoro, 1995).

The ‘decreased fat hypothesis’ has received new life

following the demonstration that fat cells secrete factors that

seem to promote aging when present in excess (Barzilai and

Gabriely, 2001; Barzilai and Gupta, 1999; Gupta et al.,

2000) and that a fat-specific knockout of the insulin receptor

extends mouse lifespan (Bluher et al., 2003). While it is

likely that fat cells play a role in modulating the pace of

aging by secreting humoral factors, and this is a highly

relevant aspect of longevity research, there is little evidence

to support the simple version of the hypothesis: that reduced

fat content is what extends maximum lifespan in CR

animals.

2.3. Reduced reactive oxygen species

A variety of metabolic reactions and exogenous agents

generate ROS that can damage cellular constituents such as

proteins, DNA, and lipids. Because our cellular defense and

repair systems are not infinitely efficient, a surprising
Table 1
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amount of ROS-mediated damage occurs daily within our

cells. Some of this damage is not (and cannot) be reversed,

and thus accumulates over time, possibly underlying the

aging process. Consistent with this idea, older animals

contain higher quantities of oxidized lipids and proteins, as

well as damaged/mutated DNA, particularly in the

mitochondrial genome (reviewed in Droge, 2003; Dufour

and Larsson, 2004). Strikingly, mice with an accelerated rate

of mutation in mitochondrial DNA exhibit signs of

premature aging such as weight loss, reduced subcutaneous

fat, hair loss, osteoporosis, anemia, and reduced fertility,

which has been regarded by some as strong evidence for the

mitochondrial DNA damage hypothesis of aging (Trifunovic

et al., 2004).

With regards to CR, restricted animals have less ROS-

mediated damage, including lipid peroxidation and loss of

membrane fluidity, oxidatively damaged proteins (specifi-

cally ‘‘carbonylated’’ proteins), and oxidative damage to

DNA (reviewed in Barja, 2004; Merry, 2002). It is worth

noting that, even among the scientists who hypothesize that

ROS are relevant to CR, there is some debate as to whether

the diet works primarily by decreasing ROS production or

increasing ROS defenses and repair. For a summary of the

myriad data on this topic, an excellent review has recently

been published (Merry, 2004). In this general review, suffice

it to say that there are supportive data for both mechanisms,

and they are by no means mutually exclusive (Table 1).

Although the free-radical theory of CR remains popular,

many believe the experimental evidence is not yet

convincing (Lindsay, 1999). Proof that anti-oxidants are

beneficial is mainly limited to the demonstration that they

slightly increase average life span in rodents and flies. In

Drosophila, there has been considerable work done to test

this hypothesis but the data are contradictory. Flies

transgenically altered to overexpress human SOD are stress
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ent, animals with

t tend to live longer

CR works post-puberty

mperature, some evidence

tation frequency.

uncoupling of oxidative

us reducing ROS

CR does not lower metabolic rate or

frequency of certain mutations in

mitochondria

s endocrine factors;

F-1/growth

r

Glucose levels not significantly

lowered by CR; IGF-1 mutant

mice still respond to DR. Only

partial overlap between dwarf

and CR mice

long-lived animals

sistant and resistant

ially cells that are

CR increases rates of cell death

in some tissues such as liver

via hormesis for budding

nimals have increased

ts with evolutionary

Hormesis is unproven in mammals



D.A. Sinclair / Mechanisms of Ageing and Development 126 (2005) 987–1002 991
resistant and live up to 40% longer (Parkes et al., 1998;

Reveillaud et al., 1992; Spencer et al., 2003), but the effect is

genotype- and sex-specific (Spencer et al., 2003). Molecules

that might soak up ROS such as melatonin, carnosine,

epithalamin (a pineal peptide), and epitalon (a short peptide

of Ala–Glu–Asp–Gly) increase average lifespan of flies up

to 16% (Izmaylov and Obukhova, 1999; Khavinson et al.,

2000; Yuneva et al., 2002) but whether these effects are due

to the molecules’ anti-oxidant properties, or some other

effect such as hormesis (see below), is not yet clear.

Contradicting the hypothesis are studies showing no

correlations between fly lifespan or CR and decreased

ROS production (Barja, 2004; Merry, 2002; Miwa et al.,

2004).

In mammals, the situation is just as muddy. A recent

study of rat liver and brain reported that CR does not affect

the accumulation of a common age-related deletion in

mitochondrial DNA (Cassano et al., 2004). There have also

been numerous reports that CR has little effect on ROS

defense mechanisms and, if anything, CR attenuates an age-

dependent increase (Gong et al., 1997; Guo et al., 2001;

Luhtala et al., 1994; Rojas et al., 1993; Stuart et al., 2004).

This discordance could be due to the fact that many of the

studies examined different tissues, or perhaps it is because

some measured mRNA levels and others protein activity,

making direct comparisons between studies difficult. That

aside, perhaps the most convincing evidence against the

free-radical theory of aging is that mice lacking superoxide

dismutase (SOD2) incur greatly increased oxidative

damage, yet they do not show signs of premature aging

by a variety of measures (Van Remmen et al., 2003). In

summary, there is considerable disagreement within the field

about the validity of the free-radical damage hypothesis, and

the debate looks as though it will continue.

2.4. Cell Survival Hypothesis

Aging is generally associated with increased rates of

stress-induced apoptosis. The cumulative effects of cell loss

have been implicated in various diseases including

neurodegeneration, retinal degeneration, cardiovascular

disease, and frailty (reviewed in Zhang and Herman,

2002). The ‘Cell Survival Hypothesis of CR’ states that

the increased lifespan is due to an attenuation of cell loss,

particularly those cells which cannot easily be replaced such

as neurons and stem cells (Cohen et al., 2004b; Koubova and

Guarente, 2003). Consistent with this idea, cells cultured

from long-lived genetic mutants such as the p66sch knockout

mouse and long-lived dwarfs are typically less prone to

stress-induced apoptosis (Migliaccio et al., 1999; Murakami

et al., 2003).

Rates of apoptosis in cells and tissues from CR animals

have been examined and results vary depending on the

tissue. Many studies have reported that CR increases rates of

apoptosis or genes that promote apoptosis, especially in

rapidly dividing tissues such as skin, pre-neoplastic cells,
and the immune system (Cao et al., 2001; Mukherjee et al.,

2004; Tsuchiya et al., 2004; Wachsman, 1996). This increase

in apoptosis is thought to be a major mechanism by which

CR rats suppress cancer and maintain the health of dividing

tissues (James et al., 1998; Zhang and Herman, 2002).

In contrast, a number of recent studies indicate that CR

protects a variety of cell types from apoptosis including

neurons, kidney, liver, and certain immune cells (Calingasan

and Gibson, 2000; Hiona and Leeuwenburgh, 2004; Lee

et al., 2004; Monti and Contestabile, 2003; Selman et al.,

2003). This literature is extensive and covered elsewhere in

more detail (Howitz and Sinclair, 2005, for example).

Recent highlights include the findings that CR protects

hippocampal neurons from apoptosis in a mouse model of

Alzheimer disease (Mattson et al., 2002b) and that neurons

of CR animals express high levels of two key apoptosis

inhibitors and are more resistant to stress-induced apoptosis

(Hiona and Leeuwenburgh, 2004; Shelke and Leeuwen-

burgh, 2003). Hepatocytes from CR animals are also less

susceptible to cytotoxins and genotoxins (Shaddock et al.,

1995), in part because expressions of p53, gaddl53/chop,

and Fas receptor are repressed (Ando et al., 2002; Hatano

et al., 2004; Ikeyama et al., 2003; Tanaka et al., 2004).

A recent study showed that in CR rats, levels of the SIRT1

protein – a homolog of the yeast Sir2 longevity factor

discussed below – are elevated, leading to decreased

apoptosis (Cohen et al., 2004b). SIRT1 attenuates stress-

induced apoptosis by deacetylating both p53 (Motta et al.,

2004; Vaziri et al., 2001) and the Ku70 protein. Deacetylated

Ku70 sequesters the pro-apoptotic protein Bax, preventing it

from initiating, mitochondrial-driven apoptotic cascades

(Cohen et al., 2004b). SIRT1 also deacetylates the FOXO3

transcription factor, tipping the scales further toward cell

protection and survival (Antebi, 2004; Brunet et al., 2004). It

has been proposed that SIRT1 serves to protects irreplace-

able cells such as neurons and stem cells from death during

times of stress, thus maintaining physiological function with

age (Cohen et al., 2004b). In summary, it is now well

accepted that CR modulates a cell’s susceptibility to

apoptosis. Whether it is an increase or decrease in apoptosis

seems to depend on the cell type and stimulus.

2.5. Protein turnover

Aging is associated with a variety of protein modifica-

tions including carbonylation, glycation, racemization,

isomerization, and deamination (Stadtman, 1995). Protein

turnover is an efficient way to maintain functional proteins.

There is abundant evidence from gene expression profiling

and biochemical studies in C. elegans and mammals, that

protein turnover rates and autophagic processes (i.e., auto-

digestion) decline with age and that this decline is attenuated

by CR (Del Roso et al., 2003; Lewis et al., 1985;

Tavernarakis and Driscoll, 2002). Whether or not this is a

cause or a symptom of aging is not yet clear but it is an area

of growing interest.
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2.6. Decreased glucose and insulin levels

Diabetes mellitus or type II diabetes is characterized by a

decrease in the sensitivity of tissues to insulin and a

correspondingly high level of serum glucose. High glucose

levels lead to cellular alterations more often seen in the

elderly, including the accumulation of advanced glycation

end-products (AGE). Many organs and tissues of type II

diabetic individuals tend to age faster than normal. One way

CR might improve health and possibly extend lifespan is by

improving insulin sensitivity and keeping blood glucose

levels down (reviewed in Kalant et al., 1988). Consistent

with this idea, CR animals have slightly lower blood glucose

and dramatically lower insulin levels (Kalant et al., 1988;

Masoro, 1992). They are also relatively resistant to diabetes

and cardiovascular disease (Weindruch and Walford, 1988).

The reduction in circulating glucose by CR is due to

increased glucose uptake in skeletal muscle and fat pads as a

result of GLUT-4 localizing to the plasma membrane

(Cartee et al., 1994; Dean et al., 1998a,b); the decrease in

insulin is attributable to a lower rate of secretion from

pancreatic b-cells (Dean et al., 1998b). While these effects

are clearly associated with CR, it remains to be seen if low

glucose and insulin levels are an actual cause of the lifespan

increase. Certainly, the theory struggles to explain how a

reduced level of insulin and/or glucose alone could give rise

to the multitude of effects seen in CR animals.

2.7. Other endocrinological changes

It has been known for many years that CR alters the levels

of key hormones, and that some of these changes are

associated with increased longevity. There is now good

evidence that these changes actually contribute to the

longevity of the animals (Bartke et al., 2001a; Tatar et al.,

2003). Spontaneous genetic alterations in mice that lead to

extensions in lifespan are associated with profound

alterations in hormonal levels. For example, the Ames

and Snell dwarf mice have mutations in prop-1 and pit-1,

respectively, which cause stunting of the anterior pituitary

and the animals are deficient in a number of endocrine

factors including growth hormone (GH), prolactinand

thyroid stimulating hormone (TSH) (reviewed in Bartke

et al., 2001b; Miller et al., 2002).

Although there is little doubt that endocrinological

factors can influence lifespan, whether or not these animals

are models for CR is the subject of debate (Bluher et al.,

2003; Masternak et al., 2004; Miller et al., 2002; Mobbs

et al., 2001). While it is true that IGF-1 and insulin levels are

lower in both CR animals and in dwarf mice, Bartke et al.

(2001b) have reported that the lifespan of the dwarf can be

further increased by CR, indicating that they might rely on

alternative mechanisms, at least in part. This idea is

supported by comparing the gene expression profiles of CR

and GH knockout mice (Masternak et al., 2004; Miller et al.,

2002; Tsuchiya et al., 2004). Similar conclusions have been
reached in the C. elegans field. Vanfleteren and co-workers

provided good evidence that mild CR does not involve IGF-1

signaling but that intense CR or starvation does, and these

two mechanisms have an additive effect on lifespan

(Houthoofd et al., 2003). In summary, it is clear that the

endocrine system is important in determining longevity and

that certain hormones such as IGF-1 seem to play an

important role in coordinating a systemic response to CR.

Even so, the underlying intracellular basis of the increased

lifespan of CR animals remain a mystery.
3. The Hormesis Hypothesis and stress-responsive

survival pathways: a synthesis

A positive correlation between mild biological stress and

increased longevity has been known for decades in the

Drosophila aging field (Rose et al., 1992; Smith, 1958;

Strehler, 1967; Westerman and Parsons, 1972) and over the

past few years researchers have proposed that these early

observations might be related to CR. The formal synthesis of

these ideas is known as ‘‘the Hormesis Hypothesis of CR’’

(Anderson et al., 2003; Lithgow, 2001; Masoro, 2000;

Masoro and Austad, 1996; Mattson et al., 2002a; Rattan,

1998, 2004a; Turturro et al., 1998, 2000). The hypothesis

proposes that CR imposes a low-intensity biological stress

on the organism, and that this elicits a defense response that

helps protect it against the causes of aging. The term

‘‘hormesis’’ refers to beneficial actions resulting from the

response of an organism to a low-intensity stressor

(Calabrese, 2004; Calabrese et al., 1987; Southam and

Ehrlich, 1943). The theory is a radical departure from earlier

ones because it is based on the premise that CR is due to an

active defensive response of the organism, as opposed to

passive mechanisms. The theory has been recently expanded

by Sinclair and Howitz to include the idea that organisms

can pick up on chemical stress cues from other species under

stress or CR, either in their food or environment, and use

these to activate their own defense pathways in preparation

for adverse conditions (Howitz et al., 2003; Lamming et al.,

2004). This idea, known as ‘‘the Xenohormesis Hypoth-

esis’’, is discussed below.

The Hormesis Hypothesis of CR makes four key

predictions:
1. C
R induces intracellular cell-autonomous signaling

pathways that respond to biological stress and low

nutrition.
2. T
he pathways in (1) help defend cells and tissues against

the causes of aging.
3. T
he pathways in (1) regulate glucose, fat, and protein

metabolism in a way that enhances the chance of survival

during times of stress.
4. T
he pathways in (1) are under the control of the

endocrine system to ensure that the organism acts in a

coordinated fashion.
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One of the most encouraging aspects of the Hormesis

Hypothesis is that it explains so many different observations

about CR, ranging from the ability of CR animals and their

individual cells to withstand stress, to the finding that lower

organisms have a conserved stress-response pathway that

affects lifespan, to the link between the CR and the

endocrine system. It could be argued that many of the

current CR hypotheses have stemmed from researchers

attempting to describe different parts of the same

phenomenon. Below are presented the key findings that

led to – and have lent credence to – the Hormesis

Hypothesis.

3.1. Single genes regulate lifespan

Only 20 years ago, few researchers suspected the

existence of single genes that could regulate lifespan. This

was based in part on the fact that aging is an incredibly

complex process, involving numerous tissues and systems

and impacted by thousands of genes. But when single gene

mutations were uncovered in mice, then worms and yeast,

that could dramatically extend lifespan (D’Mello et al.,

1994; Friedman and Johnson, 1988; Kenyon et al., 1993), it

was clear that certain views about aging were in need of

revision.1

Around the same time, evolutionary biologists were

formulating ideas that were consistent with there being a few

key regulatory genes for aging. Holliday (1989) first

proposed that the effect of CR is an evolutionary adaptation

that allows organisms to survive periods of low food

availability. Masoro and Austad (1996) then expanded this

idea, merging it with the ideas of Kirkwood and Calbrese.

The synthesis of these theories is difficult to summarize but

essentially includes the idea that every individual has access

to limited resources (i.e., energy supply) and that these

resources can only be allocated to a finite number of

activities, the two primary ones being reproduction and

somatic (body) maintenance (Kirkwood and Holliday,

1979). During times of adversity such as low food supply,

organisms are able to divert more of their resources to

maintaining their soma, at the expense of growth and

reproduction, until conditions improve. Today, there is

general consensus among many of the leaders in the CR field

that the health benefits of CR very likely derive from an

organism’s defense response to a perceived threat to its

survival. The complete Hormesis Hypothesis needs to

include the idea that key longevity genes control this

allocation of resources, and that single gene mutations lock

the organism into constitutively allocating more resources to

somatic maintenance and survival.
1 The term ‘‘gerontogenes’’ is used to describe genes that extend lifespan

when their function is abrogated or lost (e.g., the C. elegans IGF-1 receptor

gene, daf-2). ‘‘Longevity genes’’ are typically those that extend lifespan

when their function is enhanced (e.g., yeast SIR2, C. elegans daf-16),

although often these terms are often used interchangeably, albeit incor-

rectly.
3.2. Hormesis in budding yeast

The budding yeast Saccharomyces cerevisiae has provided

the first proof of the Hormesis Hypothesis of CR for any

species. Yeast ‘‘replicative’’ lifespan is defined as the number

of divisions an individual yeast cell undergoes before dying

(Bitterman et al., 2003). One attractive feature of S. cerevisiae,

as opposed to many other budding yeasts, is that the

progenitor cell is easily distinguished from its descendants

because cell division is asymmetric: a newly formed

‘‘daughter’’ cell is almost always smaller than the ‘‘mother’’

cell that gave rise to it. Yeast mother cells divide about 20

times before dying and undergo characteristic structural and

metabolic changes as they age (Bitterman et al., 2003).

To understand the role of hormesis in yeast lifespan, it is

necessary to be familiar with Sir2, a conserved longevity

factor involved in the CR response. Only a brief introduction

to Sir2 will be given here because recent and comprehensive

reviews are available (Hekimi and Guarente, 2003;

Lamming et al., 2004; North and Verdin, 2004).

In 1994, Lenny Guarente’s laboratory undertook a

genetic screen for mutations that increased yeast replicative

lifespan. This led to the identification of a hypermorphic

allele of the transcriptional silencing gene SIR4 (Kennedy

et al., 1995). This semi-dominant allele relocalized the SIR4

protein from yeast telomeres (and mating-type loci) to the

ribosomal DNA (rDNA) locus (Kennedy et al., 1997).

Around the same time, it was recognized that a major cause

of yeast aging stems from the inherent instability of the

repetitive rDNA locus (Sinclair and Guarente, 1997). When

replication forks stall at the rDNA and a DNA break occurs,

a circular molecule of rDNA called an ERC can excise from

the locus. This molecule then replicates and stays within the

mother cell, thereby accumulating exponentially to toxic

levels in mother cells (Sinclair and Guarente, 1997). About

1000 copies per cell are present in the final divisions of the

mother, which is more DNA than the yeast genome.

Presumably, ERCs kill cells by titrating essential transcrip-

tion and replication factors (Falcon and Aris, 2003; Sinclair

and Guarente, 1997). Based on the ERC hypothesis, and an

earlier finding that SIR2 mutants have highly unstable rDNA

(Gottlieb and Esposito, 1989), additional copies of SIR2

were expected to suppress ERCs and hence lengthen

lifespan—and they did (Kaeberlein et al., 1999).

The name ‘‘Sir2’’ stands for ‘‘silent information

regulator’’ because with enzyme catalyzes the formation

of silent heterochromatin. Additional copies of the SIR2

gene extend replicative lifespan by about 30% by suppres-

sing rDNA recombination and ERC formation (Kaeberlein

et al., 1999). Importantly for this review, Sir2 activity is

boosted by CR (Bitterman et al., 2002; Lin et al., 2000).

There is at least one alternative pathway of CR independent

of SIR2, but its identity is not known (Kaeberlein et al.,

2004). One possibility is that the alternative pathway

involves a SIR2 homolog (i.e., HST1-4) and experiments are

underway in our laboratory to test this hypothesis.
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Fig. 3. S. cerevisiae lifespan extension by CR is due to hormesis. Repli-

cative lifespan in yeast is extended by glucose restriction and a variety of

mild stresses such as heat and salt stress. The Sir2 enzyme, a member of the

‘‘sirtuin’’ family of class III HDACs, is a nicotinamide (NAM)-sensitive

deacetylase that extends yeast lifespan by deacetylating histones and

stabilizing repetitive DNA. PNC1 encodes an enzyme that depletes

NAM, thereby activating Sir2. PNC1 can be viewed as a ‘‘master regulator

of longevity’’ that serves to translate CR and environmental stress signals

into Sir2 activation and longevity (Anderson et al., 2003). Having centra-

lized control of longevity is adaptive because it allows new lifespan

strategies to evolve rapidly in response to a changing environment. In

mammals, the equivalent enzyme is PBEF (a.k.a. NAMPT or visfatin).

PBEF is found in the nucleus where it regulates SIRT1 (Revollo et al., 2004)

and is secreted by adipocytes and binds to the insulin receptor at a site

different than insulin (Fukuhara et al., 2004). Based on findings in yeast, we

hypothesize that PBEF/NAMPT/visfatin is a critical regulator of stress

responses, cell survival, and longevity in mammals.
Sir2 homologs can be found in a wide array of organisms,

from bacteria to humans. In C. elegans and Drosophila,

increased dosage of a Sir2 homolog extends lifespan

(Rogina and Helfand, 2004; Tissenbaum and Guarente,

2001). Importantly, loss-of-function mutations in Droso-

phila dSir2 prevent lifespan extension by CR and there is no

additive effect of CR and Sir2 overexpression, indicating

that dSir2 and CR work via common mechanisms (Rogina

and Helfand, 2004).

In mammals, seven Sir2 homologs have been identified:

SIRT1–7 (Frye, 1999, 2000). Although it is not yet known

whether SIRT1 extends mouse lifespan, there are an

increasing number of papers demonstrating that SIRT1

regulates cell survival during adverse conditions. The

proteins/pathways that mammalian SIRT1 regulates now

include p53 (Motta et al., 2004; Vaziri et al., 2001), Bax-

mediated apoptosis (Cohen et al., 2004b), neuronal survival

(Araki et al., 2004), the FOXO family of transcription

factors (Brunet et al., 2004; Giannakou and Partridge, 2004;

Motta et al., 2004; van der Horst et al., 2004), and NF-kB-

mediated cell death (Yeung et al., 2004).

Consistent with the Hormesis Hypothesis, a variety of

low-intensity stresses extend yeast lifespan including mild

heat, increased salt, low amino acids or low glucose, the

yeast equivalent of CR (Anderson et al., 2003; Bitterman

et al., 2003; Jiang et al., 2000; Lin et al., 2000). These

lifespan-extensions are facilitated by a single gene, PNC1,

which is induced by every treatment known to extend yeast

lifespan (Anderson et al., 2003; Gallo et al., 2004) (Fig. 3).

Additional copies of PNC1 mimic the effects of CR and

extend lifespan �50%. Thus, PNC1 is a single ‘‘master

regulatory’’ gene that unites a variety of treatments that

extend lifespan: exactly what the Hormesis Hypothesis

predicts. PNC1 encodes a nicotinamidase that extends yeast

lifespan by depleting the cell of nicotinamide (NAM), a

physiological inhibitor of Sir2. This system of longevity

regulation in yeast explains how multiple, disparate stimuli

can lead to the same longevity response and how species can

rapidly evolve longevities to suit a new environment

(Anderson et al., 2003).

While these findings are intriguing, a big question

remains: is there a PNC1-like ‘‘master regulator’’ of

longevity in mammals? The functional equivalent of

PNC1 in mammals is known as PBEF (a.k.a. NAMPT or

Visfatin). Pre-B-cell colony enhancing factor (PBEF) was

originally described as a cytokine that increased the number

of pre-B-cell colonies above what could be coaxed by stem

cell factor and IL-7 (Samal et al., 1994). Recent work has

shown that PBEF is also a NAM phosphorybosyltransferase,

which catalyzes the first step in the conversion of

nicotinamide to NAD+ as part of the NAD+ salvage pathway

(Revollo et al., 2004; Rongvaux et al., 2002).

Consistent with it being a functional equivalent of PNC1,

PBEF increases SIRT1 activity when overexpressed (Revollo

et al., 2004), protects neutrophils against apoptosis (Jia et al.,

2004), and unpublished work from our laboratory indicates
that PBEF is activated by nutrient deprivation and other

stressors, recapitulating the PNC1 story in yeast. Whether the

effect of PBEF on SIRT1 activity is primarily due to increased

NAD+ production/levels, NAM depletion, or a combination of

the two, is not yet known (Revollo et al., 2004).

Interestingly, the characterization of visfatin, an adipo-

kine that binds the insulin receptor and stimulates glucose

uptake from peripheral tissues, recently led to its

identification as PBEF (Fukuhara et al., 2004). The authors

of this paper and the accompanying perspective in Science

did not recognize the connection between PBEF and the

NAD+ salvage pathway (Fukuhara et al., 2004; Hug and

Lodish, 2004), but it could be a crucial link between NAD+

biosynthesis, glucose regulation, and lifespan. By analogy to

PNC1 in yeast, we hypothesize that PBEF/NAMPT/visfatin

is a regulator of stress resistance, energy metabolism, and

possibly longevity in mammals. In the nucleus and

cytoplasm, its role would be to regulate the sirtuin family

of enzymes and possibly the stress-responsive factor, PARP

and recycle nicotinamide, while in serum, it would send a

signal to other tissues in the organism that it is time to

increase cell defenses and divert energy to them.
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3.3. Hormesis in worms and flies

In simple metazoans such as worms and flies, there is

ample evidence that the effect of CR is due to hormesis.

First, there is a strong correlation between longevity of

various strains of worms and flies and their resistance to

various types of stress, including desiccation, heat stress,

acetone, ethanol, and paraquat (Arking et al., 1991; da

Cunha et al., 1995; Harshman et al., 1999; Houthoofd et al.,

2003; Mockett et al., 2001; Wang et al., 2004). Second,

exposure of organisms to agents or conditions that cause

mild biological stress increases lifespan, such as ionizing

irradiation, heat, and ROS induced by hyperbaric oxygen

treatment (Butov et al., 2001; Cypser and Johnson, 2002,

2003; Johnson and Hartman, 1988; Lithgow et al., 1994;

Michalski et al., 2001; Yashin et al., 2001). In worms, many

of these stressors have been shown to act through the insulin/

IGF-1 pathway by boosting the activity of a conserved

forkhead transcription factor, daf-16 (Cypser and Johnson,

2003), which functions to increases the transcription of cell

defense genes such as SOD genes and HSP70 (Lee et al.,

2003; Murphy et al., 2003). Consistent with this, over-

expression of daf-16 target genes, such as HSF-1 (a heat

shock transcription factor), HSP16 (a chaperone), SOD-1

(Cu/Zn-dependent superoxide dismutase), or SOD-3 (Mn-

dependent), extends worm lifespan (Walker and Lithgow,

2003). Third, exposure of simple animals to mild stress

provides cross-resistance to other, seemingly unrelated,

stressors such as low doses of paraquat, aldehydes,

irradiation, heat shock, crowding, and hypergravity (Braeck-

man et al., 2001b; Hercus et al., 2003; Lints et al., 1993;

Minois et al., 1999; Sorensen and Loeschcke, 2001). Taken

together, these observations strongly argue that CR does not

simply change metabolism or decrease ROS output, but

rather it induces a defense program that provides resistance

to a wide array of stresses and protects against the causes of

aging. It is worth noting, however, that the relationship of the

insulin/IGF-1 pathway to CR is still unclear. Worms and flies

with an attenuated insulin/IGF-1 pathway can still respond

to CR (Braeckman et al., 2001a; Clancy et al., 2002)

indicating either that CR works via different mechanisms to

insulin/IGF-1 or that there are redundancies in the CR

pathway.

3.4. Evidence of hormesis in mammals

Like simpler eukaryotes, CR increases the resistance of

mammals to stress, including sudden increases in tempera-

ture and toxins (Duffy et al., 2001; Heydari et al., 1993;

Masoro, 1998). Experiments at the cellular and molecular

levels also strongly support the Hormesis Hypothesis. For

example, fibroblasts from long-lived Snell dwarf mice are

relatively resistance to stress and toxins (Murakami et al.,

2003) and cells cultured in the presence of serum from CR

rats are resistant to stress and pro-apoptotic signals (Cohen

et al., 2004b; de Cabo et al., 2003). Subjecting fibroblasts to
repeated heat shock also produces similar effects to those

seen in vivo, including maintenance of the stress protein

profile, reduction in the accumulation of damaged proteins,

stimulation of proteolysis, and increased resistance to

stressors such as ethanol, hydrogen peroxide, and UV

(Rattan, 2004b).

It has recently been demonstrated that the mammalian

SIRT1 protein is induced in the tissues of CR rats (Cohen

et al., 2004b). At the cellular level, SIRT1 promotes the

resistance of cells to stress-induced death by attenuating p53

and stimulating the Ku70-Bax anti-apopototic system

(Cohen et al., 2004a,b; Motta et al., 2004; Vaziri et al.,

2001). SIRT1 also stimulates metabolic changes in cells

consistent with CR, including increased fatty acid oxidation

in adipocytes (Picard et al., 2004) and increases glucose

production from hepatocytes via PGC-la and PPARa

(Puigserver and Speigelman, 2004). It will be interesting

to examine whether the overexpression of SIRT1 or its

homologs, SIRT2-7 in transgenic mice, results in any effects

similar to CR.

Although the Hormesis Hypothesis of CR is not yet

embraced by the majority of researchers who study CR, it is

the best theory we have to explain the multitude of data from

lower organisms to mammals. The contrast between this

hypothesis and those that preceded it is stark. If this new

theory is right, it means that the effect of CR is to provoke an

active, functional response to stress, not simply to passively

alter metabolism. It means that the response to CR is an

ancient one that evolved to promote the survival of

organisms during adversity. Being an ancient adaptive

response, it also means that discoveries in simple organisms

such as yeast, worms, and flies are likely to be more relevant

to mammals than many had previously thought. And the

most practical implication is that we probably do not need to

know the proximal causes of aging to develop life-

prolonging strategies; we just need to target the longevity

regulators themselves, and they will counter the causes of

aging, whatever they may be.

3.5. Implications of the Hormesis Hypothesis: small

molecule CR mimetics

In addition to its ability to explain many observations in

the field, the Hormesis Hypothesis makes an interesting

prediction. If there are innate mechanisms that promote

health and survival during stress, it should be possible to

design small molecules that can activate them.

Until recently, the search for potential CR mimetic

molecules focused solely on those that could modulate

energy metabolism. Two prominent examples include 2-

deoxyglucose (2DG) and metformin (Dhahbi et al., 2004;

Fulgencio et al., 2001; Ingram et al., 2004; Spindler et al.,

2003; Wan et al., 2003, 2004; Weindruch et al., 2001)

(Fig. 4). 2DG is a synthetic glucose analog that inhibits the

glycolytic enzyme phosphohexose isomerase. 2DG injected

into rodents suppresses tumor growth, decreases insulin and
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Fig. 4. Known CR mimetics. 2-Deoxyglucose (2DG) is a synthetic glucose analog that inhibits the glycolytic enzyme phosphohexose isomerase. Metformin is a

biguanide that originates from the French lilac (Galega officinalis) and is used to treat type II diabetes. Although the actual mode of action of metformin is

uncertain, recent findings indicate that it acts by activating AMP-activated protein kinase (AMPK) in liver cells, leading to increased fatty acid oxidation and

glucose uptake by cells and decreased lipogenesis and hepatic glucose production. Resveratol is derived from grapes and Asian medicinal herbs, and is in Phase

I/II clinical trials for treating HSV-1 infections and colon cancer. Fisetin, derived from Fustet shrubs, is a structurally similar polyphenol. These two molecules

extend the lifespan of yeast, worms, and flies 15–70%, apparently by binding to and stimulating the activity of Sir2 deacetylases, thereby altering glucose and fat

metabolism, and provoking a variety of cellular defenses and survival pathways.
body temperature, and increases glucocorticoids, all of

which parallel CR (Ingram et al., 2004). Unfortunately,

chronic administration of 2DG enlarges the heart and

increases the chance of congestive heart failure, making it

unlikely to extend lifespan of the animals in this ongoing

study (Ingram et al., 2004).

Metformin, buformin, and phenformin are members of

the biguanide class of drugs that originate from the French

lilac (Galega officinalis) (Fig. 4). Metformin is currently

used to treat type II diabetes. Interestingly, administration of

these molecules results in changes that closely parallel the

metabolic and gene expression patterns of CR animals

(Anisimov et al., 2003; Dilman and Anisimov, 1980).

Metformin is thought to work, at least in large part, by

stimulating AMP-dependent kinase (AMPK), a cellular

energy sensor that modulates appetite, glucose, and insulin

metabolism (Carling, 2004). AMPK slows hepatic glucose

output by down-regulating expression of glucose-6-phos-

phatase and phosphoenolpyruvate carboxykinase. In skeletal

muscle, it boosts the efficiency of insulin-stimulated glucose

uptake by increasing expression of GLUT-4.

Phenformin has been shown to significantly inhibit the

incidence of mammary adenocarcinomas in mice by four-

fold, to delay the age-related decline in reproductive

function, and extend mean and maximum lifespan by 21

and 26%, respectively (Anisimov et al., 2003; Dilman and

Anisimov, 1980). Questions arise about long-term safety of

these compounds in humans, because biguanides in general

increase the risk of lactic acidosis, hence the removal of

phenformin from the market. There is ongoing research to

find less toxic replacements, which might be suitable as CR

mimetics in humans (McCarty, 2004). Taken together, these

findings indicate that mimicking CR in mammals by altering

glucose/insulin metabolism might be possible, although one

cannot rule out the possibility that interfering with metabolic

pathways in a normal adult on a normal diet will never be

completely safe.

There is, however, a new class of CR mimetic that holds

significant promise as a way to prevent disease and extend
maximum lifespan in mammals, without negative side

effects. These molecules do not directly target metabolic

enzymes but instead boost the activity of the longevity

regulators themselves. This class of molecule is thus far

limited to those that target the Sir2 family of longevity-

promoting enzymes (a.k.a. the ‘‘sirtuins’’), but no doubt

others will be discovered.

Since the discovery that sirtuins are regulators of cell

survival and longevity in model organisms, there has been a

great deal of interest in finding small molecules that can alter

the activity of the enzyme family. Nicotinamide, a product of

the Sir2/SIRT1 enzymatic reaction, is an effective inhibitor

of this class of enzyme (Anderson et al., 2003; Bitterman

et al., 2002) and several synthetic inhibitors have been

identified including splitomicin (Bedalov et al., 2001) and

sirtuinol (Grozinger et al., 2001).

Although sirtuin inhibitors may prove to be useful in

treating some diseases, sirtuin activating compounds (STACs)

could be the key to extending lifespan in higher organisms.

Recently, 18 small molecules from plants were identified that

can increase human SIRT1 activity in vitro and in vivo,

including resveratrol, butein, and piceatannol (Howitz et al.,

2003) (Fig. 4). The compound with the greatest stimulatory

activity was resveratrol, a polyphenol that is found in

numerous plant species including grapes, peanuts, and some

Asian medicinal herbs. Relatively low concentrations of these

polyphenols extend lifespan of yeast, C. elegans and

Drosophila, in a Sir2-dependent manner, apparently by

mimicking CR (Wood et al., 2004). They are the first

molecules to extend the lifespan of multiple, diverse species.

Although it will be years before we know whether

resveratrol can extend lifespan in rodents, it does have

remarkable effects on mammalian cells in vitro and in vivo

consistent with it mimicking CR. It protects cells from a

variety of stresses including H2O2- and 4-hydroxynonenal-

induced oxidative damage (Araki et al., 2004; Kutuk et al.,

2004), gamma radiation (Howitz et al., 2003), and Bax-

mediated apoptosis (Cohen et al., 2004b). Moreover, a

variety of cellular phenotypes have been linked to
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resveratrol’s ability to stimulate SIRT1 in vivo, including the

suppression of NF-kB inflammatory pathways (Yeung et al.,

2004), protection of primary neurons from H2O2 (Araki

et al., 2004), and the modulation of fatty acid metabolism via

PPARg (Picard et al., 2004) and glucose metabolism via

PGC-1a (Picard et al., 2004; Puigserver and Speigelman,

2004).

Even more provocative are observations that resveratrol

is effective against numerous, disparate diseases including

esophageal, breast, and liver cancers (Bhat and Pezzuto,

2002; Jang et al., 1997), oral herpes (Docherty et al., 1999,

2004), chronic obstructive pulmonary disease (COPD)

(Culpitt et al., 2003), and hyperlipidemia (Miura et al.,

2003). Resveratrol has also shown efficacy in treating

ischemic events (Kiziltepe et al., 2004) possibly via its

effects on SIRT1 activity (Alcendor et al., 2004). Two other

STACs, quercetin and butein, also show efficacy against age-

related diseases (Knekt et al., 2002; Lim et al., 2001). Of

course, it is too early to say if resveratrol or the other STACs

improve health by triggering a CR-like hormetic effect. It is,

however, interesting to consider that these are the type of

early findings one might expect of a bonafide CR mimetic.

3.6. Sirtuin activating compounds: molecular mimics or

xenohormesis?

How can we explain the fact that small molecules

produced by plants extend the lifespan of numerous species

and are effective against a variety of diseases in rodents? It

cannot simply be a coincidence. It is unlikely to be due to the

anti-oxidant activity of STACs because oxidative stress does

not limit yeast lifespan (Lin et al., 2002), and anti-oxidants

typically do not extend lifespan of metazoans (Bauer et al.,

2004). There are a variety of plausible explanations,

including the possibility that resveratrol mimics the action

of an endogenous activator in yeast and animals. Indeed,

resveratrol and like polyphenols resemble the basic

mammalian glucocoticoid structure and at high doses can

be estrogenic.

But there is another intriguing possibility. Resveratrol

and other STACs might be plant stress-signaling molecules

that coordinate sirtuin-mediated defenses in plants (Howitz

et al., 2003). Plants possess multiple Sir2 family members

(Frye, 2000; Pandey et al., 2002) and many of the

polyphenols that activate the sirtuins, such as resveratrol

and quercetin, are known to be synthesized during times of

stress such as during infection, starvation, and dehydration.

This idea contrasts with the mainstream view of these

molecules as anti-oxidants or plant antibiotics (Stojanovic

et al., 2001). But why would plant STACs activate sirtuins

from yeast and humans? Could it be conservation of the past

billion years? This seems highly unlikely.

An intriguing yet controversial explanation is that

animals and fungi have retained an ability to be activated

by certain plant stress molecules because they provide a

useful advance warning of a deteriorating environment or
food supply (Howitz et al., 2003) (Fig. 3). This interspecies

communication of stress signals has been termed ‘‘xeno-

hormesis’’ by Howitz and Sinclair. The hypothesis makes a

number of predictions. First, we should find a bounty of

medicinal molecules in stressed plants. Second, the

molecules should be relatively non-toxic since we evolved

along with them. Third, the molecules should interact with a

variety of enzymes involved in regulating stress responses

and longevity, not only the sirtuins.

This last point is important. Although we have discussed

the idea of xenohormesis in the context of sirtuin activation,

there is no necessity that plant stress-induced compounds

should act only on this target. Rather, the Xenohormesis

Hypothesis predicts that STACs will act on numerous

targets, each working to improve survival of the organism.

Indeed, resveratrol is known to modulate numerous targets

that are predicted to increase health and/or longevity

(Pervaiz, 2003). Examples include the inhibition of

cyclooxygenases (Jang et al., 1997), PI 3 kinase (Pozo-

Guisado et al., 2004; She et al., 2003), ribonucleotide

reductase (Fontecave et al., 1998), and cyclooxygenase 2

(COX2) (Subbaramaiah et al., 1998, 1999). Perhaps, one day

we will use xenohormetic molecules widely in medicine to

activate our bodies’ innate defenses against disease, thereby

providing the remarkable health benefits currently reserved

for CR animals.
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