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Abstract

Discovering the biological basis of aging is one of the greatest remaining
challenges for science. Work on the biology of aging has discovered a range
of interventions and pathways that control aging rate. A picture is emerging
of a signaling network that is sensitive to nutritional status and that controls
growth, stress resistance, and aging. This network includes the insulin/IGF-
1 and target of rapamycin (TOR) pathways and likely mediates the effects of
dietary restriction on aging. Yet the biological processes upon which these
pathways act to control life span remain unclear. A long-standing guiding
assumption about aging is that it is caused by wear and tear, particularly dam-
age at the molecular level. One view is that reactive oxygen species (ROS),
including free radicals, generated as by-products of cellular metabolism, are
a major contributor to this damage. Yet many recent tests of the oxidative
damage theory have come up negative. Such tests have opened an exciting
new phase in biogerontology in which fundamental assumptions about ag-
ing are being reexamined and revolutionary concepts are emerging. Among
these concepts is the hyperfunction theory, which postulates that processes
contributing to growth and reproduction run on in later life, leading to
hypertrophic and hyperplastic pathologies. Here we reexamine central con-
cepts about the nature of aging.
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Hyperfunction:
purposeless continued
activity of
developmental
programs in later life,
leading most lethally
to diseases of
hypertrophy and
hyperplasia

Dietary restriction
(DR): reduction of
food availability
without starvation,
leading to extended
late-life health and life
span and, typically,
reduced fecundity

THE NATURE AND MALLEABILITY OF THE AGING PROCESS

Loss of vitality as organisms traverse their intrinsically limited life spans is a truism of our every-
day experience. Indeed, aging is so inexorable and inevitable that one might think that it is not
amenable to explanation or experimental analysis. Machines manufactured by humans deteriorate
and eventually break down, so why not living organisms too? Yet the aging process is highly mal-
leable. Aging also remains one of the great mysteries of science. We do not understand exactly
what goes wrong during aging, nor do we understand the mechanistic causes of such failure, and,
although we have found ways of slowing aging in laboratory animals, we do not understand how
these interventions work. Aging is very complicated, with many different changes occurring in
parallel in different parts of the body and at different levels of biological organization: macro-
molecules, organelles, cells, tissues, and the systemic environment (1). A major challenge is to
distinguish between bystander effects that probably do not contribute much to loss of function,
such as graying hair in humans, and those that are important for vitality, including the pathways
leading to aging-related disease.

Fundamental questions about aging thus remain unanswered, and the field is enlivened by
vigorous debate even over how we should think about the process. Is it caused by accumulation
of damage and, if so, by what kind of damage? Are the oxygen and other reactive molecules pos-
tulated as key to aging by the free radical theory really of paramount importance, or are other
kinds of damage to macromolecules as or more important? For instance, do endogenously or
exogenously generated toxins build up in cells during aging? Or is the key to aging damage to lev-
els of organization other than that of macromolecules—for instance, the level of chromosomes,
mitochondria, cell membranes, the extracellular matrix, or the systemic environment? Is aging
caused by damage at all, or is it a result of a different kind of malfunction, such as overactiv-
ity of processes that were beneficial earlier in life? We address these questions in this review,
focusing particularly on the roles of oxidative damage, toxins, and the runaway activity of pro-
cesses that were useful in youth but have become harmful in old age (the so-called hyperfunction
theory).

We have learned much about aging from laboratory model organisms: the budding yeast Sac-
charomyces cerevisiae, the nematode worm Caenorhabditis elegans, the fruit fly Drosophila melanogaster,
and the mouse. These organisms all age and die, although on very different timescales: approxi-
mately 3 weeks in C. elegans, 3 months in Drosophila, and 3 years in the mouse. A key breakthrough
has been the discovery that the life spans of these organisms can be extended, and their health
during aging improved, by quite simple environmental and genetic interventions (2). This finding
provides key evidence that the aging process has been targeted; shortening of life span, although
potentially an informative acceleration of normal aging, may instead be a consequence of novel
pathology. One of the main achievements of this work on extension of life span has been to demon-
strate that there are commonalities of the aging process in these very different organisms. The
same types of interventions can improve health and function during aging, protect against aging-
related diseases, and extend life span. This evolutionary conservation is most firmly established
for the effects of nutrition and of the molecular mechanisms involved in the sensing of nutrients
(Figure 1) (2, 3).

In the 1930s, dietary restriction (DR) was discovered to extend life span of rats subjected to
reduced food intake that fell short of malnutrition (4). The effects of DR on aging were reproduced
in S. cerevisiae, C. elegans, and Drosophila, as well as in rhesus monkeys (5–7) and in a number of
nonmodel organisms. DR is often referred to as calorie or caloric restriction because of suggestions,
on the basis of work with rodents, that reduction in intake of calories, rather than of any specific
macronutrient (fat, carbohydrate, or protein) in the diet, is important (8). However, work with
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Figure 1
An ancient nutrient-sensitive signaling network plays an evolutionarily conserved role in the regulation of
aging rate. Interventions in this pathway can slow aging in (a) nematodes, (b) insects, and (c) mice. Studies of
the way that allele frequencies change with increasing age suggest that this network may also influence aging
rate in humans. Abbreviations: FOXO, forkhead box O transcription factor; IGF-1, insulin-like growth
factor 1.

Insulin/insulin-like
growth factor 1
(IGF-1) signaling
(IIS): downregulation
of the single
invertebrate IIS
pathway slows aging

both Drosophila and rodents has shown that specific amino acids play a key role in extending life
span during reduced food intake (9–13).

Because the effects of DR have long been known, the health status of aging DR rodents
has been very thoroughly investigated, as has that of rhesus monkeys. These animals show a
remarkably broad spectrum improvement in function and delay or amelioration of aging-related
pathology. For instance, their handling of glucose, insulin sensitivity, and inflammatory profiles
are improved, and they are protected against brain atrophy, sarcopenia, cardiovascular disease,
type 2 diabetes, neoplasia, and endometriosis (6, 14, 15).

Because of the substantial increases in life span and improvements in health during aging that
can be conferred by DR in animals, there is considerable interest in its potential health benefits
for humans. However, randomized controlled trials of food intake are difficult in humans because
of the extraordinarily high levels of self-discipline that are required to comply with a regime
of low food intake over an extended period. Nonetheless, shorter-term studies with volunteers
show benefits that are consistent with many of the same health benefits as are seen in nonhuman
primates (16–18). For instance, in humans on DR, multiple risk factors for atherosclerosis are
reduced (19), and age-related increase in heart rate variability, a marker of decline of cardiac
autonomic function, is delayed (20). Further trials of effects on DR in humans are ongoing (14, 21).

As a result of systematic mutagenesis, single-gene mutations that extend life span were
first discovered in C. elegans, and the initial mutations were in genes that were part of the
insulin/insulin-like growth factor 1 (IGF-1) signaling (IIS) pathway (2, 22–25). This pathway,
which has both systemic and cellular components, matches nutrient-consuming processes such
as growth, metabolism, and reproduction to the nutrient status of the animal. The IIS network
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Target of rapamycin
(TOR): the TOR
kinase is activated by
nutrients and
promotes protein
synthesis and aging in
animals ranging from
nematodes to rodents

seems to have evolved with the onset of multicellularity (26) and is important in coordinating
nutritional responses in different parts of the organism. Subsequently, mutations in orthologous
genes in Drosophila and the mouse were also found to increase life span (27–30). Importantly,
during aging the long-lived mutant mice showed improved glucose homeostasis, immune profile,
and neuromuscular performance and were protected against osteoporosis, cataracts, and ulcera-
tive dermatitis (31), a broad-spectrum improvement in health reminiscent of the effects of DR. In
humans, natural genetic variants associated with genes encoding components of the insulin/IGF-1
pathway are associated with survival to advanced ages (32–39), sometimes in multiple independent
studies (40), although also sometimes with low repeatability (41). This nutrient-sensing pathway
thus has an evolutionarily conserved effect on aging, implying that simpler laboratory animals
could be used to make discoveries about mechanisms of aging relevant to humans.

The IIS pathway forms a signaling network with an intracellular nutrient-sensing network that
includes the target of rapamycin (TOR) kinase. The TOR network is also involved in sensing cel-
lular nutritional conditions, particularly specific amino acids and energy status, and it has multiple
interactions and feedback loops with the IIS network. In recent years, mutations in TOR pathway
components have been shown to extend life span in S. cerevisiae, C. elegans, Drosophila, and mice
(42–45). Mice with a null mutation in the S6 kinase (S6K)1, a downstream effector of the TOR
kinase, are long lived and show a broad-spectrum improvement in health during aging similar to
that seen in animals with reduced IIS (46). The insulin/IGF-1/TOR signaling network thus plays
a conserved role in aging (Figure 1) (2, 47).

This signaling network has also been implicated in mediating at least some of the effects of
DR on life span in yeast, C. elegans, and Drosophila. These studies have typically demonstrated that
the response of life span to DR is abrogated or altered in animals mutant for insulin/IGF-1/TOR
signaling. However, the real situation is more complex than any single experiment can reveal;
different nutritional manipulations that go under the name of DR clearly work through different
mechanisms, both because they produce different phenotypes in the animals and because they give
different results in epistasis experiments with mutants (48). Epistasis data on life span can be difficult
to interpret, particularly where additive and synergistic effects are seen (49). Furthermore, multiple
parallel mechanisms could mediate the effects of DR. A full understanding of the mechanisms
mediating extension of life span by DR in any organism is therefore probably some way off.

However, the discovery that single-gene mutations in this nutrient-sensing signaling network
can ameliorate aging raises at least two important questions. (a) How deep is the evolutionary
conservation? Is it confined to the cellular signaling domain, or are the effector mechanisms and
the types of aging-related malfunction that are ameliorated also conserved? The answers will both
reveal a great deal about the aging process and determine the extent to which the laboratory model
organisms can act as useful models for human aging. (b) Can we use drugs to alter the activity of
the signaling network so as to obtain health benefits during aging? Here, the answer is a clear yes,
at least in animal models.

Rapamycin is a macrolide drug approved for human use as an immune suppressant, in cancer
chemotherapy, and to prevent restenosis after cardiac surgery. As its name implies, rapamycin
inhibits the activity of TOR kinase in a highly potent and specific manner. Rapamycin has re-
markably broad effects, both against aging and against aging-related diseases (50). For instance, the
drug can extend life span both in Drosophila and in mice (51–53). Indeed, mice given rapamycin
starting when they were middle aged showed extended life span (54). In addition, in humans
aspirin is protective not only against cardiovascular disease but also against cancer and targets
at least two components of the insulin/IGF-1/TOR network (55–57), while metformin, which
targets the AMP kinase upstream of TOR kinase (58) is protective against both type 2 diabetes
and various cancers (59).
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HOW DO NUTRIENT-SENSING PATHWAYS CONTROL AGING?
IDENTIFYING PROXIMAL MECHANISMS

DR and lowered activity of nutrient-sensing signaling pathways must somehow alter downstream
biochemical mechanisms, either reducing the activity of processes that impair function and health
during aging or elevating activities that protect against aging. The identity of these processes is
still unclear, but the search for them has often been guided by a central paradigm: Aging is caused
by the accumulation of damage (60–65). From this point of view, the aging rate is determined by
the relative intensity of accumulation of damage, on the one hand, and of somatic maintenance
mechanisms, on the other. Much effort has thus been devoted to understanding what biochemical
processes lie downstream of the effects of DR and nutrient signaling (66–77).

One approach to identifying such processes is to characterize the downstream elements of
the signaling pathways concerned. In the case of IIS, this approach has led to identification of a
number of gene-regulatory proteins, particularly transcription factors (TFs). Among these, much
attention has focused on the forkhead box O (FOXO) TFs. However, many other TFs contribute
to IIS effects on aging, e.g., in the worm the HSF-1 heat shock TF (71), the DAF-12 nuclear
receptor (78, 79), the SKN-1 Nrf2 TF homolog (80), and the SMK-1 and HCF-1 activators of
FOXO (81, 82; reviewed in References 2 and 83).

FOXO TFs play a central downstream role in the control of aging. In both worms and flies, the
extension of life span caused by reduced IIS requires FOXO: DAF-16 in the worm and dFOXO in
the fly (84–86). It is not yet known whether increased life span upon reduced IIS in mice requires
any of the four mouse FOXOs. However, population genetic association studies in humans have
found enrichment for genetic variants in both FOXO1a and, particularly, FOXO3a in individuals
who survive to late ages (32–35), suggesting that the role of FOXOs in aging may extend to humans.

Identifying the processes regulated by FOXO that control aging rate is important but difficult.
Changes in the transcriptional activity of FOXO during extension of life span from reduced IIS
have been characterized in both C. elegans and Drosophila by measuring binding sites of TFs
genome wide and changes in transcript representation (67, 76, 77, 87–90). Cross-referencing of
mRNA and chromatin profiling data suggests that in both worms and flies FOXO has relatively
few direct gene-regulatory targets and acts within a regulatory subnetwork, i.e., by regulating a
second tier of other regulators (76, 77). Possible effector mechanisms of IIS/FOXO that cause
longer life include upregulated antioxidant defense (91) [although this now seems unlikely (72,
92)], prevention of yolk accumulation (67, 93), increased expression of molecular chaperones (66,
71, 94, 95), and increased xenobiotic metabolism (76, 80, 89, 96).

Like effects of IIS, effects of the TOR pathway on aging show evolutionary conservation.
Moreover, there is strong evidence that this pathway mediates the effects of DR on life span
(reviewed in Reference 47). The TOR kinase modulates several potentially relevant targets and
biological processes. One target is ribosomal S6K, reduced activity of which extends life span
in both worms and flies (44, 97–99). In flies, reduced S6K activity is required for rapamycin to
extend life span (51), while in mice, deletion of S6K1 extends life span and produces a broad-
spectrum improvement in health (46). How reduced S6K activity contributes to amelioration of
aging remains unclear. In the worm, longevity resulting from loss of rsks-1 (S6K) depends on
several factors, including pha-4 (FOXA) (100), hsf-1 (101), and aak-2 (AMP kinase) (46). Because
S6K controls protein translation and inhibition of protein translation increases life span (97–99,
102), one possibility is that TOR/S6K control aging via controlling protein biosynthesis rate.
Rate of protein synthesis is reduced in long-lived worms with reduced rsks-1 (74, 97, 99). But
how reducing protein synthesis increases life span remains unclear. Reduced activity of TOR also
activates autophagy, which is required for DR and reduced IIS to increase life span in C. elegans
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(68, 73) and for rapamycin to extend life span in Drosophila (51). But again, exactly how increased
autophagy ameliorates aging is unclear.

4E-binding protein (4E-BP), an inhibitor of cap-dependent translation initiation, is also a
direct target of TOR and is inhibited by TOR activity. The C. elegans genome does not possess a
predicted 4E-BP (98), but one is present in Drosophila. However, in the fly 4E-BP is not required for
increased life span in response to rapamycin or for the response to one type of DR (103), although
it and its effects on translation have been implicated in a second type of DR through modulation
of mitochondrial activity (104). TOR may affect aging through effects on other processes such as
stress resistance, endoplasmic reticulum stress signaling, and altered metabolism (47), but exactly
how any of these make an organism age more slowly remains unclear.

DOES THE PROCESS OF MOLECULAR WEAR
AND TEAR CAUSE AGING?

Several findings are consistent with the idea that reduced food availability or nutrient-dependent
signaling extends life span by reducing the rate of accumulation of molecular damage. Such
interventions typically delay the increase in accumulation of molecular damage with age (e.g.,
References 105–109), although not always (e.g., References 110–112). Such interventions also
often increase resistance to a variety of stressors (28, 30, 63, 85, 113–115) and activate a range of
functions predicted to promote somatic maintenance (66, 69, 71, 76, 89, 91, 94, 96, 116).

Although supportive of the damage/maintenance paradigm, such correlative evidence does
not prove it. For example, if molecular damage accumulation were a sign, rather than a cause,
of aging, then interventions that slow aging would still be expected to retard the increase in
molecular damage during aging. Moreover, aging leads to death through elevation of a broad
spectrum of pathologies, and molecular damage levels are typically increased by pathology (117).
Thus, whatever the primary cause of aging, one might expect an intervention that slowed aging
to lead to lowered levels of molecular damage, even though such damage is not a cause of aging.
Furthermore, transcript and chromatin profiling studies imply that many hundreds of genes show
altered expression under longevity-inducing conditions (67, 87–89, 118, 119), weakening the
conclusion that altered expression of any single gene, e.g., that encoding superoxide dismutase
(SOD), is evidence of its role in longevity assurance.

To verify the damage/maintenance paradigm would require evidence that induction of reduced
or increased levels of molecular damage is sufficient to slow or accelerate aging rate, respectively.
If, in contrast, treatments that increase levels of damage are found to not accelerate or even retard
aging rate, the paradigm could be refuted. Over the past 20 years many such tests have focused on
the role of antioxidant defense in longevity assurance, with mixed results. Initial reports tended to
support the paradigm. For example, in Drosophila simultaneous overexpression of genes encoding
SOD and catalase appeared to be sufficient to increase life span (120). In C. elegans, treatment with
a synthetic compound with SOD activity was reported to increase life span (121). However, in
each case the initial conclusions appear to have been the result of experimental artifact (122–124).
It is possible that publication bias has affected this topic; i.e., researchers seeing increases in life
span under conditions expected to increase antioxidant defense may be more likely to submit their
work for publication, and journals more likely to publish it.

Is the Oxidative Damage Theory Wrong?

During the past decade, further rigorous tests of the role of molecular damage, particularly
oxidative damage, in aging were performed. For example, several research groups independently
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Figure 2
Alternative mechanistic theories of aging. (a) The oxidative damage theory of aging has been highly influential for several decades, but
recent studies suggest that it may not be correct. (b) The molecular damage theory more broadly suggests that reactive oxygen species
are not the major cause of the molecular damage underlying aging. (c) Aging is caused not by molecular damage but rather by a different
type of dysfunction.

Oxidative damage
theory: theory that
reactive oxygen species
cause stochastic
molecular damage,
whose accumulation is
a major cause of aging

found that abrogation of sod gene function in C. elegans did not shorten life span (reviewed
in Reference 125) and even, in one case, increased it, despite increasing levels of oxidative
damage (126). Simultaneous deletion of all five C. elegans sod genes produced worms that were
hypersensitive to oxidative stress but, strikingly, had normal life spans (127). Moreover, in a
number of other cases treatments that increased levels of reactive oxygen species (ROS) and/or
oxidative damage in C. elegans led to increases rather than to decreases in life span (127–131).

Similar studies have been performed in the mouse. When care is taken to maintain a constant
genetic background and to perform life span studies under nonstressful animal housing conditions,
manipulation of antioxidant gene expression often has little effect on life span (132). For example,
tests were performed on the effects on life span of overexpression of cytosolic Cu/ZnSOD, catalase,
Cu/ZnSOD and catalase combined, and Cu/ZnSOD and mitochondrial MnSOD combined; in no
case did life span increase (133). Moreover, loss of one copy of the sod-2 MnSOD caused increased
levels of DNA damage but did not accelerate aging (134), suggesting that levels of mitochondrial
ROS and DNA damage do not limit life span.

Although these many studies have certainly left the status of the oxidative damage theory of
aging uncertain, their broader significance is a subject of much discussion (124, 125, 132, 135,
136). What are these findings really telling us? In the remainder of this review, we consider three
possibilities (Figure 2). First, these studies are misleading, and oxidative damage is, in fact, a
major determinant of aging. Second, damage from ROS such as superoxide (O2

−) and hydrogen
peroxide (H2O2) is only a small part of a broader spectrum of aging-causing molecular damage.
Third, and most radically, molecular damage is not a major primary cause of aging; i.e., the
molecular damage/somatic maintenance paradigm is untrue (124).

Could these new studies be missing something important about the role of oxidative damage
in aging? One possibility is that they have been focusing on the wrong kinds of ROS. One could
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Disposable soma
theory: proposes that
evolution diverts
energy from somatic
maintenance to
early-life fitness traits
(e.g., reproduction),
thereby shortening life
span

imagine that damage from mitochondrial O2
− and H2O2 does not cause aging but that damage

from other forms of ROS does. The latter forms might include the targets of detoxification by the
many enzymes of phase 2 xenobiotic metabolism that are upregulated in a number of long-lived
animal models (89, 96, 118, 119, 137).

As an aside, recent studies show that ROS clearly do play a role in modulating aging, but likely
not as the result of induction of molecular damage. For example, in C. elegans, slight increases in
ROS production increase life span (127–129). ROS also play important physiological roles, in-
cluding in cellular signaling pathways. For example, in mammals H2O2 is generated to strengthen
insulin signaling by inactivating redox-sensitive signal-quenching phosphatases (138). O2

− is also
generated as an immune defense mechanism (the oxidative burst), which may also occur in in-
vertebrates such as C. elegans (139). Of course, treatments that greatly increase ROS levels can
decrease life span (reviewed in References 135 and 140), but the relevance of this finding to the
mechanisms of aging under nonstressed conditions is questionable.

Broad-Spectrum Molecular Damage: Xenobiotic Metabolism
and Longevity Assurance?

A second perspective is that the fundamental mechanism of aging is not oxidative damage but
a broader spectrum of causes of damage. According to this broader molecular-wear-and-tear
theory, reducing levels of damage from selected forms of ROS such as O2

− and H2O2 will have
little effect because other forms of molecular damage will continue to accumulate unabated and
will cause aging.

One argument against the idea that O2
− and H2O2 are major drivers of aging is that the cell

possesses enzymatic means to detoxify them. Moreover, antioxidant enzymes such as SOD and
catalase do not require energy input for their operation. Thus, it is unclear why dealing with
these chemical species should be a particular challenge to the cell. By contrast, the diversity of
potentially damaging species in the environment (including food) is very great. This chemical
diversity represents a major challenge to the cell. The evolutionary response to this challenge
is the xenobiotic detoxification system, which is complex and costly. This system principally
comprises a large battery of detoxification enzymes [drug-metabolizing enzymes (DMEs)] and
cellular pumps that chemically alter and excrete toxic chemical moieties (141) and is part of a
broader biotransformation system that also functions in chemical synthesis in the cell. This system
includes cytochrome P450 (CYP) oxidases and carbonyl reductases, which render more reactive
and soluble lipophilic moieties and form phase 1 of the detoxification system, and glutathione-
S-transferases (GSTs) and UDP-glucosyltransferases (UGTs), which add hydrophilic side chains
that reduce toxicity and increase solubility, thereby aiding excretion. DME gene expression is
highly regulated, perhaps because these genes are numerous (for example, D. melanogaster has 83
CYP and 27 GST genes) (142), and their activity is costly in energy terms (141).

When whole-genome microarray studies began to be used to investigate long-lived animal
models, the many genes showing alteration of expression included numerous DME genes (67,
87, 118, 119). In particular, in studies looking at functional classes overrepresented among genes
upregulated in several long-lived models, gene categories linked to xenobiotic metabolism were
salient (89, 96). This finding led to speculation about the role of xenobiotic metabolism in longevity
assurance. In particular, it was proposed that (a) the chemical diversity of the causes of molecular
damage presents an insurmountable challenge to the cell, making damage accumulation unavoid-
able, and that (b) because of the costly nature of xenobiotic metabolism, natural selection lowers its
activity to free up resources for reproduction (64, 143), consistent with the disposable soma theory
of aging (61). Meanwhile, further studies have underscored the association between longevity and
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enhanced xenobiotic metabolism. For example, long-lived dwarf mice show increased resistance
to the toxicity of several xenobiotics (115), and increased DME gene expression has now been
seen in a number of long-lived mouse models, including crowded-litter mice (137).

A critical test of this theory is whether enhancement of xenobiotic metabolism is sufficient to
extend life span. A number of observations support this possibility. Activation of transcriptional
activators of DME gene expression can increase life span. For example, in C. elegans the SKN-
1 Nrf2-type TF activates expression of phase 2 DME gene expression, and its overexpression
or chemical activation can increase worm life span (80, 144). In Drosophila activation of Nrf2
(CnC) by mutational inhibition of the repressive cofactor Keap1 increases life span (145). The
mechanisms downstream of Nrf2 that affect life span remain undemonstrated, although regulatory
targets of Nrf2 in C. elegans have been identified (69, 80). These targets include gst-10, whose gene
product detoxifies the electrophilic aldehyde 4-hydroxynon-2-enal (4-HNE). Overexpression of
gst-10 increases 4-HNE-conjugating activity in worm lysates, decreases levels of 4-HNE-protein
adducts (i.e., damage), and increases life span (146). These findings suggest that GST-10 slows
aging by reducing molecular damage levels. However, it is also possible that 4-HNE influences
aging through its action as a second messenger (147).

Studies of the role of xenobiotic metabolism in aging seem to support a picture of broad-
spectrum molecular damage causing aging, and this theory is consistent with the finding that
manipulation of SOD and catalase activity has failed to support the oxidative damage theory.
Therefore, molecular damage may play a key role in aging, and the systems that detoxify damaging
molecules may be potential targets for amelioration of human aging. However, recent work has
suggested that molecular damage may not be the whole story.

BEYOND THE DAMAGE/MAINTENANCE PARADIGM

Recent studies probing proximal mechanisms have increasingly followed leads that do not ob-
viously involve the damage/maintenance paradigm. One such mechanism is alteration of fat
metabolism, which increases life span in several contexts (reviewed by Reference 148). For exam-
ple, in C. elegans, germline removal increases both life span and expression of the lipase LIPL-4,
and the increase in life span is partially LIPL-4 dependent (149, 150). Moreover, increased LIPL-
4 levels are sufficient to increase life span. The increase in lipase activity also requires active
autophagy, suggesting a role for lipophagy in longevity assurance (151).

Yet this effect on life span is not simply a function of lowered fat levels. In fact, overall lipid
levels are increased, not decreased, in worms lacking a germline. Likewise, some long-lived mice,
such as the S6K1 mutant, are lean, whereas others, such as the Ames and growth hormone receptor
knockout (GHRKO) dwarfs, are plump (46, 152, 153). Moreover, surgical removal of visceral fat
improves longevity-associated parameters (e.g., insulin sensitivity) in wild-type mice but worsens
them in GHRKO mice (154). Thus, it does not seem to be a case of less fat good, more fat bad.
Instead, altered signaling appears to increase life span by promoting forms of lipid or states of
adipose tissue that are more healthy (148). For example, growth hormone (GH) appears to increase
production by visceral fat of the proinflammatory cytokine IL-6 but to decrease production of
adiponectin, which is anti-inflammatory and increases insulin sensitivity (154).

Changes in secretory phenotype may also mediate the effect on organismal aging of late-
life accumulation of senescent cells (155). Such cells result from activation of tumor suppressor
pathways by a variety of stimuli, including telomere shortening. Senescent cells are hypertrophic
and secrete a range of proteins—the senescence-associated secreted phenotype (155)—that include
proteases and inflammatory cytokines and that can promote tumor growth (156). Thus, antitumor
surveillance in early life enhances fitness by reducing cancer risk but contributes to aging (157).
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Age changes such as these occur at the levels of cells, tissues, and the systemic environment and
are therefore distinct from stochastic molecular damage as primary drivers of aging.

Another possibility is that slow epigenetic changes during the course of adulthood lead to
dysregulation of gene expression and hence to aging (158, 159). For example, in C. elegans defi-
ciency in the histone H3 lysine 4 trimethylation (H3K4me3) complex can increase life span (160).
Moreover, reduced histone methylation caused by transient loss of H3K4me3 can be transmitted
to progeny, resulting in increased life span in several subsequent generations of worms (161). In
mammals, similar mechanisms may underlie the effects of diet during pregnancy on health of
offspring in later life (162).

Aging as Hyperfunction

Blagosklonny (136, 163, 164) recently proposed the hyperfunction theory as an alternative to the
damage/maintenance paradigm. According to this theory, processes that contribute to early-life
fitness through growth and reproduction continue in later life at too high a level (hence the term
hyperfunction, or twisted growth), leading to pathology and eventually to death. Many of these
activities are promoted by the nutrient-sensing regulatory network that includes GH, IGF-1,
and TOR. Moreover, many lethal pathologies of aging involve gain of biomass. Hypertrophy
or hyperplasia underlies cardiovascular disease; type II diabetes; and, particularly, cancer and
contributory or associated factors, such as inflammation, atherosclerosis, increased adiposity, and
hyperglycemia (136, 163, 164). However, hyperfunction can also cause atrophy; e.g., osteoclast
hyperactivity can lead to bone loss and osteoporosis.

Short-lived invertebrate models also show late-life pathologies consistent with hyperfunction,
particularly the very short lived C. elegans (165). One example involves yolk synthesis. Worms
exist largely as protandrous hermaphrodites that switch from sperm to egg production early in
adulthood and then self-fertilize. To provision the developing oocytes, yolk (vitellogenin com-
plexed with lipid) is synthesized in the intestine in large quantities and is then transported to
the gonad via the body cavity (166). After several days of reproduction, the store of self-sperm
becomes depleted, and reproduction ceases. However, bulk production of yolk continues, and
consequently it accumulates in large pools within the body cavity (93, 167, 168). This does not
happen in long-lived daf-2 insulin/IGF-1 receptor mutants (93). Moreover, life span is extended
by RNAi of several vit genes encoding vitellogenin (67), implying that yolk overproduction con-
tributes to mortality. Pathologies of aging Drosophila are less well described, but old flies do show
testicular and intestinal hyperplasia (169, 170).

The theory suggests that a variety of different forms of hyperfunction cause diverse pathologies
whose sum effect is the cause of death in aging organisms. Until now, in model organism aging
studies, late-life pathologies in worms, flies, and mice have been relatively little studied. A common
view has long been that the underlying aging process (e.g., stochastic damage accumulation) is
distinct from the pathologies whose risk is increased by aging and that only the former process is
interesting. Arguably, this view is reinforced by the questionable clinical distinction drawn between
aging and age-related disease (171). But the perspective discussed here suggests that aging is the
sum of these pathologies. Another concern has been that pathologies of aging in nematodes and
insects may not be informative about the biology of aging in higher animals. Yet although such
pathologies (e.g., cuticular hypertrophy in C. elegans) may appear to be lineage specific (167), the
processes (e.g., IIS hyperfunction) that lead to them may not be.

Upregulation of autophagy and reduced or redirected protein translation have been implicated
in extension of life span by reduced activity of nutrient signaling. The importance of autophagy in
longevity assurance has been interpreted as promoting turnover of damaged molecular constituents
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Proximate theory of
aging: theory of how
aging occurs in terms
of biological
mechanisms

Ultimate theory of
aging: theory of why
aging exists (i.e., why it
has evolved)

of the cell (172). Explaining why reducing protein synthesis might increase life span in terms
of the damage/maintenance paradigm is not straightforward, but several explanations have been
proposed (173, 174). By contrast, the hyperfunction theory suggests that both increased autophagy
and reduced protein synthesis retard aging by suppressing hypertrophy and hyperplasia.

Integrating Ultimate and Proximate Theories of Aging:
Disposable Soma or Bloated Soma?

Although the proximate causes of aging remain murky, its ultimate causes are well defined. On the
whole, salient features of animal biology (e.g., embryogenesis, possession of sensory systems and
of a circulatory system) reflect evolutionary adaptations. However, the same is not true of aging.
Darwin’s contemporaries August Weismann and Alfred Russel Wallace proposed that aging has
evolved to remove worn-out older individuals, thereby reducing competition for scarce resources
and resulting in benefits for the species. However, such an evolutionary mechanism would require
group selection of a sort that makes this an untenable scenario.

Aging is now understood to evolve as the result of the declining force of natural selection
acting to maintain fitness and remove harmful effects in later life (175–177). Because of the impact
of extrinsic hazards such as disease, predation, and accidents, most individuals will survive to be
young, but few will survive to be old, and genetic variants that affect events later in life will hence be
less subject to natural selection. Deleterious mutations that affect later life can thus accumulate to
higher equilibrium frequencies, genes that benefit the young but at the cost of a higher rate of aging
can enter the population by natural selection, and both processes lead to the evolution of aging.

Although support for the evolutionary theory is robust, the genes and processes underlying
the evolution of aging, and the trade-offs between increases in early-life fitness and aging, remain
unclear. A major theory that integrates evolutionary (ultimate cause) and mechanistic (proximate
cause) theories is that of disposable soma (61, 178). As its proximate component, this theory
incorporates the damage/maintenance paradigm. Pivotal to this theory is the assumption that
somatic maintenance is costly in resources. Given that the life histories of organisms typically
evolve under conditions of variable and, at times, limited resource availability, the division of
resources between growth and reproduction on the one hand and somatic maintenance (longevity
assurance) on the other hand must be carefully optimized. Thus, at a given level of extrinsic
mortality, organisms will invest just sufficient resources in somatic maintenance to live long enough
to reach the end of the reproductive period, resulting in a short-lived (or disposable) soma (61, 178).

The disposable soma theory provides a plausible account that integrates ultimate and proxi-
mate mechanisms of aging. This theory predicts how aging biology operates. However, although
reproduction–life span trade-offs are often seen, e.g., in Drosophila (179), it remains unclear whether
these trade-offs are attributable to plasticity in resource partition between reproduction and so-
matic maintenance (reviewed in detail in Reference 180). For example, manipulation of nutritional
conditions in fruit flies has established that the effects of DR on life span and those on fertility can
be uncoupled (12).

If we turn to alternatives to the damage/maintenance paradigm, the idea that aging results
from runaway activity of early-life programs for growth and reproduction (i.e., hyperfunction)
fits well with evolutionary ideas about aging (164, 181, 182). Studies of DR and the genetics of
aging have revealed the close connection between nutrition and aging. An important contributor
to fitness is the capacity to rapidly adjust to the inevitable fluctuations of the food supply. Such
fluctuations have led to the evolution of marked phenotypic plasticity that allows an organism
to focus on physiological states geared for growth and reproduction when there is ample food
and to postpone reproduction (diapause) when food is scarce. A major mediator of this plasticity
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Antagonistic
pleiotropy: in the
evolution of aging, a
mutation increases
fitness in early life but
has detrimental effects
later, increasing aging

is the GH/IGF-1/TOR pathway. Here one can see how antagonistic pleiotropy could lead
to the evolution of aging. Mutations that affect GH/IGF-1/TOR and that increase rates of
biosynthesis in early life may enhance fitness by accelerating growth and increasing reproductive
output. However, such mutations will also increase hyperfunction and exacerbate pathologies
caused by hypertrophy and hyperplasia, consequently accelerating aging (182). By this view, poor
maintenance does not cause the demise of the soma; rather, excess biosynthesis does. That is, the
soma is not disposable but bloated. Thus, the hyperfunction theory can effectively link Williams’s
(177) trade-off theory with empirical findings about the control of aging rate by GH, IGF-1, and
TOR, thereby generating a new integrated account of the causes of aging (Figure 3).

Although the original evolutionary theory did not specify a mechanism for pleiotropy in aging
in terms of biological processes, it did suggest a hypothetical example: “a mutation arising that
has a favorable effect on the calcification of bone in the developmental period but which expresses
itself in a subsequent somatic environment in the calcification of the connective tissue of arteries”
(177). This scenario, although inaccurate in its specifics (arteriosclerosis is not caused by calcium
deposition), to some extent anticipates the concept of hyperfunction.

An important phenomenon that an integrated theory of aging must explain is DR, whereby
reduction of food levels leads to increased life span and, typically, to reduced fertility. These
effects of DR have been explained in terms of the disposable soma theory: When food becomes
limiting, resources are diverted from reproduction to somatic maintenance (183). But why should
natural selection favor the limitation of resource investment into somatic maintenance under such
conditions? Arguably, if more resources are available, then organisms should invest more, not
less, in somatic maintenance, in which case DR ought to shorten life span (164). By contrast, the
hyperfunction theory provides a more straightforward explanation: Low food levels are associated
with reduced levels of nutrient-sensitive signaling (e.g., TOR). This reduced signaling lowers
biosynthesis levels, reducing overall biomass and suppressing hypertrophy and hyperplasia. The
end result is retardation of aging (Figure 4).

CONCLUSIONS

The past few years have seen a whirlwind of rapid development and conceptual turnover in the
biology of aging. Such developments include many issues not dealt with in this review, such as
the major advances achieved in developing DR mimetic drugs, with the discovery that DR slows
aging in primates (5–7); the control of mammalian aging by S6K1 in the TOR pathway (which
mediates DR effects) (46); and the slowing of aging in multiple animal models, including rodents,
by the TOR inhibitor rapamycin (51–54, 184). The past few years have also seen controversies
in the resveratrol-sirtuin-DR-aging paradigm (185–189). In this review, we explore the current
debates surrounding the nature of the mechanisms of aging that are regulated by diet and
nutrient-sensitive signaling pathways. We highlight the crisis in the oxidative damage theory

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 3
Central conceptual framework for the biology of aging, encompassing proximate and ultimate causes.
(a) Under the standard model, aging is a wear-and-tear process and is caused by the accumulation of
molecular damage to biomolecules. Pathways and natural selection affecting aging rate alter the rate of
accumulation of damage. (b) Under an alternative model, aging is caused by hyperfunction or overactivity in
late life of biochemical processes (e.g., growth). Such hyperfunction leads to hypertrophy- and
hyperplasia-driven pathologies. Pathways and natural selection affecting aging rate alter hyperfunction
levels. Abbreviations: IIS, insulin/insulin-like growth factor 1 signaling; ROS, reactive oxygen species; TOR,
target of rapamycin.
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Figure 4
Evolutionary explanation for the mechanism of dietary restriction (DR) in terms of the standard model and
alternative model outlined in Figure 3a and Figure 3b, respectively. (a) Disposable soma theory, derived
from the damage/maintenance paradigm. (b) Bloated soma theory as part of the hyperfunction theory. Arrow
thickness denotes level of activity (e.g., in resource investment or signal intensity). After Reference 164.

and explore its possible significance. One exciting outcome of these intellectual upheavals is the
appearance of the new hyperfunction paradigm as an alternative to the damage/maintenance
paradigm.

These new developments raise many new questions and motivate a reexamination of the older
paradigms. For example, if treatments that retard aging act by suppressing hyperfunction, then
why is longevity so often associated with enhanced stress resistance (28, 30, 63, 85, 113–115)? The
strength of the association suggests that it is not purely coincidental. Yet this association may be
neither coincidental nor causal. Phenotypic plasticity in response to varying food availability is also
linked to survival in the face of other forms of hardship. By this view, shutting down growth and
enhanced resistance to stress are linked as part of the broader response to environmental stress.
For example, C. elegans dauer larvae are adapted to endure—to achieve longevity in a harsh world
(190, 191). Thus, reduced IIS may retard aging by suppressing hyperfunction and may protect
against acute causes of mortality by upregulated stress resistance mechanisms.

Among the most salient and lethal symptoms of mammalian senescence is cancer, a disease
that originates with DNA damage. Thus, at least one form of molecular damage, that to DNA,
must be a primary contributor to the aging process. Yet even here, the etiology of disease is
a combination of molecular damage and hyperfunction (136). The problem with cancer is not
that the cell function is weakened by damage but that cell function is too vigorous, and the
process of carcinogenesis is one of the somatic evolution of an overly robust state. Moreover,
the ontogenesis and progression of cancer, particularly its age increase, are driven in part by
age-related changes in the tissue microenvironment, e.g., accumulation of senescent cells. These
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changes are also the product of a combination of DNA damage and hyperfunction because DNA
damage is a major cause of cellular senescence but involves formation of a hypertrophic cell, one
that is giant in size and with a copious secretory phenotype (reviewed in Reference 155).

Another possible challenge to the hyperfunction theory is the influence on aging in worms
and flies of Nrf2-type TFs (80, 144, 145, 192). This influence appears to be more consistent with
molecular damage as a driver of aging. Yet even the Nrf2-aging link may be interpreted in terms of
the hyperfunction model. Xenobiotic metabolism is only one facet of a broader biotransformation
system in which DMEs participate and that also includes diverse biosynthetic functions (141). For
example, gst-4, the mostly strongly upregulated SKN-1 regulatory target in the worm (69), is a
predicted glutathione-dependent prostaglandin D synthase (193). SKN-1 also upregulates lysoso-
mal genes, suggesting that it may promote autophagy (69), and it is also required for development
of the worm pharynx (reviewed in Reference 194).

In Drosophila, Nrf2 also influences aging via its effects on cell proliferation. In the fruit fly
intestine, aging is associated with hyperproliferation and misdifferentiation of intestinal stem cells
(170). These cells are maintained in a resting, quiescent state by fruit fly Nrf2 (195). This quiescent
state is achieved by shifting the redox balance toward a more reduced state. In mammals, FoxO
can act in a similar way, reducing ROS levels and preventing hyperproliferation in hematopoietic
stem cells (196). These findings raise the possibility that SKN-1 promotes worm longevity by
preventing age-associated hypertrophy.

In conclusion, the hyperfunction theory provides a clear and simple explanation for many
observations within biogerontology and a framework to unite key central concepts. Arguably, the
theory picks up clues that in the past were missed. In the mid-1990s the hope was that the nature
of aging might be revealed by cloning and sequencing genes that control aging, such as age-1 and
daf-2 in C. elegans (23, 84). By 2001 the emerging picture was that IIS, with GH in mammals,
plays an evolutionarily conserved role in controlling mammalian aging (24, 25, 27, 28, 152, 197,
198). Investigators noted that IIS affects both growth and stress resistance but quickly assumed
that only the latter was relevant (199, 200), for several reasons. One of the first genes identified as
controlling longevity in Drosophila was chico, which encodes an insulin receptor substrate homolog.
Both chico−/− homozygote flies and chico−/+ heterozygote flies were long lived, but only chico−/−

flies had reduced body size (28, 201). Thus, the effects of chico on body size and aging could be
dissociated. However, despite their normal body size, adult chico−/+ flies may show reduced levels
of biosynthesis that are sufficient to suppress IIS-associated hyperfunction. In fact, chico−/+ flies
do show reduced egg production (28).

Another likely reason for disregarding this vital clue linking growth and aging is the power
of a dominant paradigm (here that of damage/maintenance) to prevent us from seeing what is
obvious: The pathways controlling aging, including growth hormone and insulin-like growth factor
1, also control growth, therefore suggesting that growth causes aging. It is remarkable how we can
sometimes fail to see what is right under our noses, as in the case of the Paris police searching for
the purloined letter of Edgar Allen Poe’s story.

SUMMARY POINTS

1. The rate of aging is plastic and subject to alteration by manipulations of diet and nutrient-
sensitive signaling.

2. The core mechanism of aging remains poorly defined but was long thought to reflect a
balance between stochastic molecular damage and somatic maintenance.
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3. Challenges to the oxidative damage theory have led to alternative ideas, e.g., that broad-
spectrum molecular damage is a cause of aging, a view supported by the control of aging
by regulators of xenobiotic metabolism (e.g., Nrf2-type transcription factors).

4. A new theory views aging as the result of hyperfunction, which results in hypertrophy-
and hyperplasia-driven pathologies in late life.

5. Integration of the evolutionary and hyperfunction theories has led to the new bloated
soma theory of aging.
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