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Abstract

We examine how aging is impacted by various chemical challenges that organisms face and by the
molecular mechanisms that have evolved to regulate lifespan in response to them. For example,
environmental information, which is detected and processed through sensory systems, can
modulate lifespan by providing information about the presence and quality of food as well as
presence and density of conspecifics and predators. In addition, the diverse forms of molecular
damage that result from constant exposure to damaging chemicals that are generated from the
environment and from metabolism pose an informatic and energetic challenge for detoxification
systems, which are important in ensuring longevity. Finally, systems of innate immunity are vital
for recognizing and combating pathogens but are also seen as of increasing importance in causing
the aging process. Integrating ideas of molecular mechanism with context derived from
evolutionary considerations will lead to exciting new insights into the evolution of aging.

Keywords

Aging; chemical complexity; evolutionary conservation; sensory perception; innate immunity;
xenobiotic metabolism

GENERAL INTRODUCTION

The evolution of the biology of aging

From the pioneering work of Medawar, Williams, and Hamilton in the 1950s until the early
1990s, evolutionary biology dominated the intellectual landscape surrounding analysis of
not only why we age but how (Medawar 1952; Williams 1957; Hamilton 1966). Aging, a
decline in condition with increasing age apparent as a reduction in survival and reproductive
output, is apparently disadvantageous for the individual (Partridge and Barton 1993). Why
then, does it exist at all? Is there some hidden advantage to aging? Evolutionary biologists
tackled these questions early on and concluded that aging does not have a function and
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exists only because natural selection is less powerful late in life. Aging can then evolve
through accumulation of mutations with deleterious effects at later ages or as the deleterious
late-life consequence of traits that are beneficial in youth (Partridge and Barton 1993;
Charlesworth 1994). More recent work has revealed that the force of natural selection does
not always decline, and even increases, over some age classes (Baudisch 2005) and that kin
selection (Bourke, this volume) and intergenerational transfers (Lee 2003) are important.
Nonetheless, these two basic tenets, that aging is due to a declining force of natural selection
and is not adaptive, still form the conceptual foundation of the biology of aging (Hughes and
Reynolds 2005; Ackerman and Pletcher 2007).

A prediction of the traditional evolutionary models was that patterns of aging would be
highly polygenic. Accumulation of random mutations with deleterious effects at older ages
would mean that single-gene manipulations would, in principle, have minimal effect. A fix
for the effects of one mutation would leave the deleterious effects of vast majority unaltered,
and would hence have only a minor effect on the overall rate of aging (Rose 1991; Martin
2002). Even if trade-offs between youth and old age were important, survival and
reproductive success are highly polygenic traits; any gene that did not affect one or the other
would undergo mutational death. A second prediction was that the mechanisms that
protected against aging would be lineage-specific, the rationale for this being that each
species would have a particular lifestyle associated with a particular set of environmental
and physiological impacts. There would hence be great diversity in the types of challenges
that different kinds of organisms would experience. Aging was a trait that was not expected
to show evolutionary conservation of mechanisms (Martin 2002).

Near the end of the 20th century the predictive foundation of the evolutionary biology of
aging was severely shaken by the experiments of molecular geneticists using laboratory,
model organisms. These established that alterations in the expression or function of single
genes were sufficient to retard aging and increase lifespan, sometimes up to 20-fold (Klass
1983; Arantes-Oliveira et al. 2003; Kenyon 2005). More recently, particularly types of
intervention have been shown to be effective in species ranging from budding yeast and the
nematode worm to the laboratory mouse, establishing the existence of conserved
mechanisms of aging across a broad range of taxa (Partridge and Gems 2002).

These findings came as a surprise and not only to evolutionary biologists. During aging,
multiple forms of tissue-specific damage and pathology accumulate (Kirkwood et al. 1999).
The process can also vary greatly between individuals (Kirkwood et al. 2005). This
complexity and variability suggested that aging would be intractable to medical and
experimental intervention. The discoveries that single gene mutations could extend lifespan
by keeping organisms healthy and youthful for longer and that their effects showed
evolutionary conservation has galvanized research into mechanisms of aging.

Chemical complexity and the diversity of aging

As alluded to earlier, aging is not selected for -- selection declines in strength with
increasing age-- but it can be selected against, and an important challenge is to discover how
slow aging is accomplished. The types of ecological circumstances that select for slow aging
are well specified, and include low levels of extrinsic risk of death from disease, predation
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or accidents (Medawar 1952; Charlesworth 1994) and periods of resource depletion and
overall variability and unpredictability of the environment (Orzack 1989). These factors
have contributed to enormous biodiversity in patterns and rates of aging, as a consequence
of evolved differences between taxa. Comparative analysis of the ecological and lifestyle
determinants of slow aging (Holmes and Austad 1995; Austad 1997; Ricklefs et al. 2003)
are insightful but have generally been less successful in identifying mechanisms, because of
the presence of multiple, correlated, candidate traits. An additional, important limitation is
the availability of genetic information on relevant species. This new field of ‘evo-gero’
(Partridge and Gems 2006), much like ‘evo-devo’, would greatly benefit from sequencing of
the genomes of species with extraordinary lifespans (de Magalhaes et al. 2005).

While it is fascinating that a mouse lives three years and a parrot may live to 100 (a
difference of 33-fold), it is arguably more stunning that individuals of identical genotype can
vary enormously in their average life expectancy, by at least up to 80-fold (Gardner et al.
2006). This remarkable phenotypic plasticity in lifespan demonstrates that the same genome
can give rise to very different patterns of aging, with the strong supposition that at least
some of this naturally occurring plasticity represents adaptive responses to different
environmental circumstances. Presumably, the manifestation of plasticity requires
mechanisms that initiate and maintain differences in gene expression. Although work has
begun, the details of this process are largely unknown (Jaenisch and Bird 2003).

The major theme of this review is that mechanisms that underlie variation in patterns of
aging among and within species may often revolve around the issue of chemical complexity.
By definition, living long increases the time for which the organism is exposed to myriad
potentially damaging conditions. An important aspect of survival, therefore, must invoke
mechanisms of somatic endurance, including protection against physical and biological
challenges as well as systems to deal with exogenous or endogenous chemical toxicity.
Chemicals are not all bad, however, and even potentially harmful molecules may serve as
cues that may be used as sources of information. Both ensuring survival and producing
appropriate patterns of phenotypic plasticity in response to environmental variation require
that organisms gather information about their environment. This information often comes in
the form of particular chemicals that are usually associated with particular states of the
physical environment, food, conspecifics and other species, including predators and
pathogens. This information can be used to guide mechanisms of phenotypic plasticity,
including of life history and aging. Indeed, it is intriguing that many of the mutations that
extend lifespan in model organisms impinge on stress resistance or affect signaling
pathways that detect physical stress, nutrients or other organisms.

In addition to discovering how particular organisms resist aging, a second important
challenge is to understand at what levels evolutionary conservation occurs, and why. Gross
pathologies of aging can differ greatly in different organisms: humans can die from stroke
and cancer, while nematodes and fruit flies do not. There are at least some differences at the
molecular level too: for example, accumulation of extrachromosomal ribosomal DNA
circles contributes to aging in budding yeast (Saccharomyces cerevisiae) (Sinclair and
Guarente 1997), and extrachromosomal mitochondrial DNA circles (senDNAs) to aging in
the filamentous fungus Podospora anserine (Osiewacz 2002); neither contribute to aging in
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mammals. Thus, at least some mechanisms of aging are private (lineage-specific) rather than
public (evolutionarily conserved) (Martin et al. 1996). It is important to discover if any
general principles are involved here. For instance, there could be little or no conservation of
the specific forms of pathology that result from similar forms of molecular damage, or
conserved sensing pathways could regulate different types of cellular biochemistry in
different evolutionary lineages.

In this article we do not attempt to review the whole literature on the evolution of aging.
Rather, we explore the idea that a primary factor modulating lifespan is how organisms deal
with chemical complexity, both in their environment and internally. The way in which
animals detect, decode and respond to a range of chemical factors they encounter may be
critical for establishing somatic endurance and for specifying decisions that implement
plasticity of the aging process. In the first section, we examine chemical sensing and
adaptive plasticity of aging. Next, we explore the role of damage control systems, such as
detoxification that ensure somatic endurance in the face of continuous chemical insult.
Lastly we touch on the impact of well-controlled pathogen defense mechanisms on aging. It
is becoming increasingly clear that the chemicals that confront individual species may be
unique and diverse, but many aspects of the underlying response mechanisms may be
evolutionarily conserved. Thus, we argue for serious consideration of ecological,
environmental, and other chemical cues as potent regulators of potentially evolutionarily
conserved molecular processes.

CHEMICAL SENSING AND THE PLASTICITY OF AGING

Chemicals as information

Ecologists and evolutionary biologists have long recognized the primary importance of
chemical stimuli from the environment for influencing the phenotypes of individuals.
Sensory perception of particular chemical cues can influence response to predation (Leonard
et al. 1999), habitat selection (Morse 1991), mating (Brennan and Kendrick 2006), and the
expression of costly defense mechanisms (Darst et al. 2006). Presence of predators can also
induce dramatic physiological or developmental alterations (Voronezhskaya et al. 2004),
such as the growth of protective helmets in various species of Daphnia in response to
waterborne cues from predators (Pijanowska and Kloc 2004). Organisms can also respond to
chemical cues that indicate the density or presence of conspecifics or competing species, a
process that has been subjected to incisive evolutionary analysis in microorganisms (Keller
and Genoud 1997; West et al. 2006). The function and potency of specific cues can also
depend on the age of the organism (Zimmer et al. 2006).

Chemical cues from the environment can also influence the plasticity of aging, which can
occur on different time scales. Broadly speaking, one form is largely developmental in
nature and is often associated with the formation of different morphs within a given life-
cycle. Social insects, for example, exhibit caste differences in lifespan (Chapuisat and Keller
2002), with the evolution of eusociality strongly associated with the evolution of increased
lifespan in reproductive females (Keller and Genoud 1997). The nematode Strongyloides
ratti can adopt a free-living form, which lives roughly 5 days, or a parasitic form, which can
live up to 400 days (Gardner et al. 2006). Other forms of plasticity in aging are more
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malleable. The common laboratory nematode, Caenorhabditis elegans, has a well known
alternate development stage called the dauer (Cassada and Russell 1975), which is reversible
(discussed in detail in 2.3). In the fruit fly, Drosophila melanogaster, nutrient availability
affects patterns of aging in a completely reversible manner (Mair et al. 2003).

Environmental Perception

Chemicals can provide information about environmental variables that can be used to inform
life history decisions. For instance, sensing of the nutritional value of food may often
involve the use of indirect chemical information. Nutritional content of food is usually
considered in terms either of its contribution of critical components to biochemical reactions
or of its overall energetic content. Many hypotheses concerning the mechanism of dietary
restriction (DR; an environmental manipulation whereby reduced nutrient intake without
malnutrition increases lifespan of a wide range of species (see sections 2.3, 2.4)) thus focus
on the nutritional content of the food. These hypotheses postulate that increased longevity
under DR results from changes in metabolic rate (Faulks et al. 2006), alterations in
nutritional resource allocation (Shanley and Kirkwood 2000) and/or cellular responses to
energy depletion (Lin et al. 2000). However, changes in metabolic rate are often not
involved in the response to DR (Hulbert et al. 2004; Houthoofd et al. 2007). Furthermore
many aspects of DR can be achieved by manipulating specific components of the diet (Mair
et al. 2005) even with negligible change in overall energy content of the food (Zimmerman
et al. 2003; Miller et al. 2005).

The focus on nutrients as energy has drawn attention away from the possibility that specific
components of the food or aspects of the environment may provide powerful cues that alter
biological processes. In their simplest manifestations, such as nutrient-directed chemotaxis,
environmental perception and response have obvious advantages. After detecting the
presence of food through olfactory or gustatory sensory systems, for example, most
organisms will alter their behavior to isolate and converge on the source of the stimulus.
Such basic information-processing capabilities are often considered critical for survival and
are essentially present in nearly all living things (Keller and Surette 2006). The impact of
relevant chemical cues might be mediated through traditional sensory systems, such as
smell, taste or touch, or they may act at the cellular level through direct molecular
interactions with target proteins.

In this section we consider the emerging literature on how specific chemical cues, which
may indicate the overall status of the environment or the availability of nutrients, induce
inclusive phenotypes such as physiology and aging. Work in laboratory model organisms
indicates that activity of the external sensors of the perceptual system is sufficient to
influence lifespan and a range of developmental and physiological processes. Furthermore,
there is growing evidence for the importance of internal physiological and cellular
processes, a phenomenon that we term molecular sensing, where specific chemical
compounds derived from an organism’s environment bypass sensory systems and induce
biological changes by directly interacting with target cellular proteins. In a few instances,
the specific cues that trigger these responses and the downstream molecular pathways that
implement them have been identified. Direct experimental evidence for an important role of
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environmental perception on aging is limited mostly to yeast, flies, and worms, but there is
considerable indication that the pathways that implement response to environmental cues, if
not the cues themselves, are evolutionarily conserved.

Canonical sensory systems

Genetically, one of the well-understood examples of environment-induced plasticity in
development and lifespan is seen in C. elegans. At the first larval stage, the worm makes a
developmental decision. Either it proceeds through normal development or it adopts an
alternative third larval stage called dauer diapause. Normal larval development is usually
complete within 3 days. Adult reproductive development follows and the most common
adult form, a self-fertilizing hermaphrodite, lives approximately 14-20 days and produces
roughly 250-300 eggs (Cassada and Russell 1975). Dauer animals undergo large-scale tissue
remodeling and recycling of cellular components. They are non-feeding, remain sexually
immature, and exhibit social behaviors not generally seen in hermaphrodite adults (Cassada
and Russell 1975). Metabolism is shifted to favor fat and carbohydrate storage, and the
dauer animal is stress resistant and can live for several months (Golden and Riddle 1982;
Burnell et al. 2005).

The decision to enter dauer or proceed with normal development is largely determined by
sensory integration of two cues: food availability and a dauer pheromone called the
daumone (Golden and Riddle 1982). The daumone is constitutively secreted by the animals
and consists of a pyranose sugar conjugated to a fatty acid (Jeong et al. 2005). Specific
amphid neurons (ADF, ASI, ASG) likely sense the daumone (Bargmann 2006) and
appropriate responses require G protein signaling and the genes gpa-2 and gpa-3 (Zwaal et
al. 1997). Too high a population density will lead to increased local concentration of
daumone and will force dauer development. Currently unidentified food cues are thought to
be sensed by the same neurons and in this way increased food resources antagonize the
daumone. Thus, the nematode senses environmental quality and induces adaptive metabolic
decisions (Gerisch and Antebi 2004). In addition to their role in developmental decisions,
the nematode neurosensory organs can modulate lifespan in normal adult worms. Mutations
that disrupt the structure and/or function of sensory neurons result in increased longevity, as
does laser ablation of the two amphid sheath cells, which support the amphid neurons
(Apfeld and Kenyon 1999). Laser ablation of specific sensory neurons has variable effects;
removal of specific gustatory and olfactory neurons can increase, decrease, or have no effect
on lifespan. Thus, some sensory neurons produce signals that antagonize long life, while
others promote it (Antebi 2004).

Evidence from similar work in D. melanogaster shows that the regulation of aging by
canonical sensory input is evolutionarily conserved. When flies are confined to a regime of
DR, exposure to food-based odorants reduces lifespan (Libert et al. 2007). This effect is
absent when flies are fully-fed; suggesting that perception of nutrient availability may
reverse a subset of the physiological alterations induced by DR and may limit its benefits.
Loss of function of the odorant receptor, Or83b, which results in flies with severe olfactory
defects, results in a striking longevity phenotype: over 50% increase in mean lifespan
compared to wild-type animals. In addition to longevity, other general aspects of adult
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physiology are altered in flies with defective olfaction. While Or83b mutant flies have
normal size and metabolic rate, they have increased triglyceride storage and are resistant to
starvation and hyperoxia.

There are a few examples where specific sensory cues capable of stimulating alterations in
adult physiology and lifespan have been conclusively identified. It is currently of some
debate whether exposure of the adult C. elegans to daumone is sufficient to extend lifespan.
Two reports measuring the effects of crude lipid extracts containing the dauer pheromone
are inconsistent: one reporting no affect of the pheromone (Alcedo and Kenyon 2004) and
the other reporting a significant increase in lifespan (Kawano et al. 2005). Further
experiments using the purified daumone (Jeong et al. 2005) would help resolve the issue.
Data that suggest specific compounds reduce lifespan should be interpreted with caution
since toxins or other unpleasant molecules may shorten lifespan without accelerating the
normal aging process. With this in mind, odorants from live yeast paste are sufficient to
reduce lifespan when D. melanogaster are diet-restricted (Libert et al. 2007). In the
ovoviviparous cockroach, Nauphoeta cinerea, specific components of the male pheromone
may reduce longevity, although this effect may be confounded with mating activity (Moore
et al. 2003).

The downstream mechanisms that are triggered by canonical sensory perception to modulate
lifespan are largely unknown. In C. elegans, daumone may suppress daf-7/TGF-p
expression, insulin-like peptide (daf-28) and the production of the lipophilic hormone
dafachronic acid, which together act to prescribe the dauer phenotype and may influence
dauer lifespan (Motola et al. 2006; Rottiers and Antebi 2007). Dauer pheromone results in
increased fat storage, a phenotype that is common in manipulations that extend lifespan by
down-regulation of insulin/IGF-1 signaling (11S) (Tatar et al. 2003). Indeed, in adult C.
elegans, sensory neurons produce insulin-like peptides. Since these peptides may act as
receptor agonists or antagonists (Pierce et al. 2001), direct modulation of the insulin
pathway is an attractive hypothesis for the longevity effects (Antebi 2004). Complicating a
simple interpretation, however, is the observation that olfactory neurons regulate aging
somewhat differently than gustatory neurons. While gustatory neurons appear to affect
lifespan by perturbing IS, lifespan-extension produced by ablating olfactory neurons is less
dependent on 1S and appears to act in a pathway that involves the reproductive system
(Alcedo and Kenyon 2004). Reduced olfactory function in D. melanogaster is correlated
with increased triglyceride storage suggesting that, as in C. elegans, the effect may be
regulated at least partly through 1S (Libert et al. 2007). There is, however, currently no
genetic evidence linking 11S with modulation of aging by olfaction in flies.

Molecular sensors

It has also been suggested that DR exerts its effects in yeast, worms, and flies by activating
the protein deacetylase Sir2. Overexpression of Sir2 extends lifespan in several species
(Longo and Kennedy 2006). Because Sir2 is an NAD-dependent histone deacetylase, it has
been postulated that it may serve as a molecular sensor of the metabolic state of the cell.
This has led to the hypothesis that overexpression of Sir2 mimics a diet-restriction condition
(Lin et al. 2000). Consistent with this interpretation, specific strains of yeast cells and fly
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lines that lack Sir2 protein fail to response to diet, and the longevity of Sir2 over-expressing
animals is not further extended by reduced nutrient availability (Lin et al. 2000). It should be
noted, however, that the molecular and physiological basis of the effects of Sir2 and its role
in dietary restriction are controversial (Kennedy et al. 2005).

Pharmocological activators of Sir2 have been identified (Howitz et al. 2003) and several of
these compounds are plant-derived polyphenols, which show a diversity of structures,
ranging from rather simple molecules (monomers and oligomers) to polymers (Cheynier
2005). In some studies these small molecules increased the lifespan of several species
(Howitz et al. 2003; Wood et al. 2004). The most well-known of these compounds,
Resveratrol, ameliorated liver pathology and increased lifespan in mice fed a high fat diet
(Baur et al. 2006). Resveratrol also seems to impact many aspects of mammalian health
(Ates et al. 2006; Rahman et al. 2006), although the mechanism is still unclear. Many of the
polyphenols that influence aging and physiology are produced by plants in times of stress.
Their longevity-promoting effects may therefore be a type of molecular sensory perception
and like dietary restriction, they may provide an accurate assessment of environmental
condition (Lamming et al. 2004).

Several other types of molecular sensors have been implicated in modulation of longevity.
The energy status of the cell is monitored by the AMP-activated protein kinase (AMPK)
system and this pathway promotes longevity in nematode worms (Apfeld et al. 2004).
Chemicals that induce oxidative stress are sensed by MAPK signaling modules and
activation of this pathway increases lifespan in both flies (Wang et al. 2005) and worms (Oh
et al. 2005). Health benefits to livestock fed antibiotics may represent a neurohormonal
response triggered by alterations in gut flora that are recognized by the immune response
(Yun et al. 2006).

As alluded to earlier, manipulation of 11S slows down aging in evolutionarily diverse
organisms, as does alteration of signaling in the TOR Pathways (Vellai et al. 2003; Kapahi
et al. 2004; Kaeberlein et al. 2005). These pathways are both involved in cellular sensing of
nutrients, but it is at present not clear whether this role is important in relation to the effect
of the pathways on aging, or whether instead these functions are attributable to different
mechanisms. Both pathways have been implicated in the response to DR (Clancy et al.
2002; Kapahi et al. 2004; Kaeberlein et al. 2005; Bonkowski et al. 2006), but the upstream
signaling mechanisms by which the pathways extend lifespan and interact with nutrients and
other chemicals await elucidation. The deep evolutionary conservation of the effects of these
pathways on aging suggests that variation in their expression could explain some of the
biodiversity and phenotypic plasticity in lifespan.

Evolutionary perspectives

Pathways that are important in sensory regulation of lifespan in simple model systems have
counterparts conserved in mammals (Partridge and Gems 2002; Tatar et al. 2003). Indeed,
we postulate that the regulatory pathways are public mechanisms of aging and are shared by
many different organisms. The specific chemical compounds that initiate regulation are
probably environment- and species-specific and thus involve private mechanisms of aging.
This view predicts that the large number of genes that have been shown to have small effects
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on aging (Murphy et al. 2003) may be subject to coordinated regulation. Such coordination
may underlie plastic responses to the environment and form an evolutionarily ancient aspect
of aging in all organisms (Keller and Surette 2006). Experimental manipulations that slow
the aging process may, therefore, at least in part, tap into evolved mechanisms of detecting
and responding to informative chemicals. If perception mediates an adaptive response to
alterations in environmental conditions, then our hypothesis predicts that manipulation of
these regulatory systems should, in some cases, have adverse fitness consequences. For
example, a DR mimetic, despite increasing lifespan, might ultimately be maladaptive if
resources are abundant. In C. elegans, mutations in genes encoding components of the
insulin signaling pathway significantly increase worm lifespan in non-competitive
conditions but result in severely reduced individual fitness in the competitive laboratory
environments (Jenkins et al. 2004; VVan Voorhies et al. 2005). Life-span extending mutations
are often pleiotropic and have effects that are environment-dependent (Partridge et al. 2005).
Genetic manipulations and experimental conditions that target sensory cues may actually
trigger inappropriate life-history decisions.

Might such sensory systems be a useful target for therapeutic manipulations in humans?
There are indications this may be the case. Humans in westernized societies are in general
not short of food and are not subject to many of the challenges that are encountered in
nature. One result is the epidemic of obesity, a major risk factor for many aging-related
diseases. Different life history decisions from those that evolved in the past might therefore
be associated with benefits to health. The cephalic phase response, a group of physiological
changes elicited by the sight, smell or taste of food, involve pre-absorptive release of
enzymes and hormones elicited by neural activation, as opposed to nutrient-induced
stimulation (Teff 2000). The primary aspect of this response is the short term release of
pancreatic polypeptides, insulin, and glucagon and it is generally viewed as a mechanism to
optimize nutrient digestion, absorption and metabolism (Yun et al. 2006). Such endocrine
responses are reminiscent of those induced in mice by DR or by genetic mutations that
increase lifespan (Mattes 1997; Lindemann 2001). Notably, the cephalic phase insulin
response is significantly greater in women that are considered “restrained” eaters (Crystal
and Teff 2006) suggesting that, similar to Drosophila, the physiological impact of nutrient
perception depends on current environmental conditions. Olive oil, a well-established but
poorly understood cardioprotective agent, has potent anti-inflammatory properties that may
arise in part from signaling effects (Beauchamp et al. 2005) and the taste of certain
pharmaceutical compounds correlates with their pharmacological activity (Fischer et al.
1965).

Some basic, evolutionary questions remain outstanding. For instance, increase in lifespan in
response to DR may represent a case of genuine homology of mechanisms but it could,
instead, be a case of evolutionary convergence. We therefore do not yet know what role may
be played in humans by mechanisms of DR in animals. Much of the work described above
has been done with laboratory model organisms. These are far from a random sample of
biodiversity, because particular life history traits, such as high fecundity, lead to ease of
laboratory culture. Furthermore, these animals are in general kept in relatively pathogen-free
environments and scarcely have to move to obtain their food. Although such studies will be
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challenging, it is important that this work in the laboratory is related to the ecology and
evolution of these organisms. The role of DR in natural conditions is not clear, and its status
as an evolved response to natural conditions of food shortage has recently been questioned
(Miller et al. 2002). To answer the last question, it will be necessary to move out from the
laboratory into natural conditions.

CHEMICAL INSULTS AND AGING

Aging and molecular damage

Aging is characterized by loss of functional capacity and is presumably caused by some
constellation of the multiple forms of damage and pathology that accumulate with age. The
biochemical routes to the generation of molecular damage are diverse. The need to maintain
homeostasis in the face of physical, chemical and biological challenges has driven the
evolution of an array of gene families and pathways that protect against and repair damage.
Directly relating specific losses of function to specific forms of damage has proved elusive
and there is currently no real consensus on whether specific types of molecular damage are
of predominant importance. Nor is it clear if the biochemical processes that generate damage
and the types of damage that they produce show evolutionary conservation, on which rests
the utility of model organisms and evolved differences in lifespan for understanding the
biochemistry of human aging. We need to understand how deep into the causal chain leading
to aging any evolutionary conservation extends. This provides fertile ground for
evolutionary biologists to undertake comparative analysis, work on mechanisms of evolved
phenotypic plasticity and evolutionary genomic analysis. The tools are at hand to make
progress with this important topic. Recent findings are starting to point to the critical
importance of diverse toxins, potentially of both exogenous and endogenous origin, in
causing the aging process and hence to the possible key role of detoxification systems in
defense against aging.

The free radical theory

The main candidate mechanism for generation of aging-related damage, predominant for
half a century, is the free radical theory (Harman 1956). This points to the key role of
damage by reactive oxygen species (ROS) (Martin et al. 1996; Sohal and Weindruch 1996
Jul 5). ROS, (e.g. superoxide, hydroxyl radicals and hydrogen peroxide) are produced as a
by-product of normal cellular metabolism, mainly from mitochondria. The degree of
oxidative stress and, hence, oxidative damage to macromolecules, is determined by the
balance between ROS production and a finely tuned antioxidant defense system, including
enzymatic (e.g. superoxide dismutase, catalase), and non-enzymatic (e.g. ubiquinol, Vitamin
E, ascorbate and glutathione) scavengers together with a variety of molecular repair
processes. Oxidative damage is a universal accompaniment to aging (Sohal and Weindruch
1996 Jul 5). Furthermore, both generation of ROS from isolated mitochondria and rate of
accumulation of oxidative damage during aging are lower in long lived species and in
animals subjected to DR (Ruiz et al. 2005; Sanz et al. 2006). Endogenous antioxidant
defenses are, in general, similar or lower in DR animals and long-lived species and also in
long-lived ant (Parker et al. 2004) and honey bee queens (Corona et al. 2005) suggesting that
long-lived forms may be subject to lower levels of oxidative challenge.
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Despite these suggestive correlations, direct, experimental evidence for the free radical
theory is scant and at times contradictory (Gems and McElwee 2005). For instance, in C.
elegans, catalytic antioxidants fed to the worm and in Drosophila over-expression of the
genes for cytoplasmic (Cu/Zn-SOD) and mitochondrial (MnSOD) superoxide dismutases
have both been reported to extend lifespan. However, the work on catalytic antioxidants was
not repeatable in another lab (Keaney et al. 2004) and the degree of extension of lifespan
from over-expression of antioxidant defenses in Drosophila is greater in short-lived strains,
suggesting that it might extend lifespan by rescuing pathology in strains that have become
inbred or adapted to the laboratory environment (Orr and Sohal 2003; Spencer et al. 2003).

There are many reasons why the kinds of negative results just described could occur yet the
free radical theory in fact be correct. For instance, manipulations that alter oxidative stress
could also interfere with cellular signaling processes that require strict control of the redox
state. The almost universal correlative evidence in favor of the importance of free radicals
would make it surprising if they are eventually found genuinely to have no role in aging.
However, other processes may be as, or more, important, and recent work in comparative
genomics has started to identify what these may be.

Endobiotics, xenobiotics and aging

The genome revolution has opened up a quite different and potentially much more powerful
approach to identifying candidate mechanisms of aging, which does not involve exploring
the pre-conceptions of the experimenter. Genome-wide surveys of changes in gene
expression associated with slowing of the aging process can potentially be conducted using
unbiased procedures, allowing the data to point to the mechanisms at work. This approach
has so far proved particularly powerful for analysis of the mechanisms by which mutations
in single genes extend lifespan, but it also has great potential in the context of evolved
differences and phenotypic plasticity in the rate of aging.

Analysis of single gene mutations has produced clear evidence for an evolutionarily
conserved role of signaling pathways in the determination of lifespan. The best-studied case
is an endocrine system that resembles the mammalian insulin and insulin-like growth factor
1 systems: the insulin/IGF-like signaling (11S) pathway. This pathway evolved early in
animal phylogeny and may, indeed, have played a crucial role in the evolution of the
metazoa (Skorokhod et al. 1999). It has diverse roles, in regulation of growth and body size,
blood sugar and metabolism, stress resistance and fecundity. Its role in aging was originally
identified in C. elegans (Klass 1983; Lin et al. 1997) and it was subsequently found to play a
similar role in Drosophila and mice; reviewed in (Piper et al. 2005).

Several of the genes in C. elegans that encode components of the 11S pathway first came to
light because mutations in them caused the worm to form dauer larvae in the absence of any
crowding or food shortage. Because dauer larvae are very long-lived the extended lifespan
of the 11S mutant adult worms was suggested to act through the same biochemical processes
(Kenyon et al. 1993). A comparison of RNA-expression profiles of dauer larvae and of long-
lived 11S mutant adults confirmed this possibility; there was a highly significant overlap
between the genes that were up- or down-regulated upon entry into the dauer larva and
during extension of lifespan by 1S mutations (McElwee et al. 2004). Particular categories of
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genes, identified objectively using the functional annotation of the genome, were statistically
over-or under-represented in the genes that were differentially regulated in both dauers and
long-lived adults. Reassuringly, genes already known to be essential for extension of
lifespan by IS, such as small heat shock proteins, were identified by this procedure. In
addition, cytochrome P450s, short chain dehydrogenase/reductases and UDP-
glucuronosyltransferases were significantly up-regulated. In mammals these three enzyme
classes act in concert to dispose of toxic endobiotic or xenobiotic compounds. In the long-
lived adult worms, glutathione-S-transferases were up-regulated, and these are also linked to
detoxification. The toxic compounds that these gene categories target are therefore
implicated as a cause of aging (McElwee 2007).

These findings led to the ‘Green Theory’ of aging (Gems and McElwee 2005) which
suggests that cells constantly have to deal with mainly lipophilic, metabolic waste products
and xenobiotics. These are chemically highly diverse, which both poses an informatic
challenge for the cell and hence potentially explains the size of the gene families involved
and the broad spectrum of substrates of each gene product. The detoxification and removal
of this toxic waste is energetically expensive, because it has to be not only solubilized and
detoxified, but the resulting products have to be excreted. This contrasts markedly with the
machinery for removing ROS such as superoxide and hydrogen peroxide from the cell,
where the detoxification process is rapid, specific and does not require energy, and where
the detoxification products do not require excretion.

An evolutionarily conserved biochemistry of aging?

RNA expression-profiling of long-lived mutant mice provided some evidence that this role
of cellular detoxification processes in slowing aging may be evolutionarily conserved. Ames
dwarf and Little mice are both long-lived, as a result of mutations in single genes, encoding
a transcription factor involved in pituitary development and the growth hormone releasing
hormone receptor, respectively. Interestingly, both have reduced circulating levels of Igf-1,
suggesting that their extended lifespan may be related to altered 11S. RNA expression
profiling of the livers of these mice showed that, amongst other changes, there was a marked
elevated of expression levels of gene classes involved in endobiotic and xenobiotic
metabolism, paralleling the findings with C. elegans (Amador-Noguez et al. 2004).
Subsequent work has demonstrated that this altered pattern of gene expression has the
expected physiological consequence; Little mice are resistant to the effects of a variety of
xenobiotic compounds (Amador-Noguez and Darlington 2007).

These results suggest that these cellular detoxification mechanisms could be a public
mechanism for resisting the aging process, and a recent three-way species comparison of
RNA expression in long-lived 11S mutant C. elegans and Drosophila with that of the Ames
and Little mouse has both provided further support for this idea, and illuminated the issue of
the level at which this system shown evolutionary conservation. Genes involved in cellular
detoxification were up-regulated in long-lived mutant IS representatives of all 3 species.
However, this pattern was apparent only at the level of the gene families involved. There
was no tendency towards common expression changes in genes that qualified as orthologues
in the different species on the basis of their sequence similarity (McElwee 2007). For this
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system longevity assurance mechanisms through which altered 11S extend lifespan thus
appear to be lineage-specific at the gene level (private), but conserved at the process level
(or semi-public).

The reason for the evolutionary conservation at the level of gene families but not of genes is
explicable from the way that the large gene families involved in these detoxification
processes evolved (Figure 1). They tend to undergo lineage-specific expansion, indicating
that their diversification occurred after the divergence of C. elegans, Drosophila and the
mouse from each other. This is typical of proteins whose function entails recognizing
diverse chemical moieties in a changing chemical environment. Such proteins include
chemoreceptors and antigen recognition proteins of the innate and acquired immune
systems, as well as those involved in cellular detoxification (Lespinet et al. 2002; Thomas et
al. 2005). Other processes involved in longevity-assurance may show more conventional
gene-to-gene orthology. For instance, the 3-species comparison also identified down-
regulation of protein synthesis as consistently associated with extension of lifespan.

It thus appears that the mechanisms of aging against which longevity-assurance mechanisms
act are to some extent public and also to some extent lineage specific (private). The fact that
the gene families involved in detoxification undergo lineage-specific expansion suggests in
itself that the biochemical challenges faced by the system change during evolution.
Detoxification genes are known to be of ecological importance and are, for instance,
specifically induced in association with different hosts in cactophilic Drosophila (Matzkin et
al. 2006) as well as in response to drugs and insecticides (Willoughby et al. 2006). In
addition, differences in diet and metabolism could also result in the generation of a different
spectrum of endaobiotics in different evolutionary lineages.

CHEMICALS AS DEFENSES

Ancient systems of pathogen recognition and response

Recognizing pathogenic invaders and responding accordingly is the primary function of
immunity. The highly complex mammalian immune response has its roots in unicellular
organisms that possess enzyme systems to protect against viral infections. More complex
mechanisms evolved in different eukaryotic lineages, such as insects, fish, and reptiles.
Immunity in these organisms depends primarily on innate (natural) immunity, where
receptors recognize patterns of molecular structures on the surface of microorganisms that
are absent from eukaryotic cells. Outcomes of this recognition include induction of genes
that encode antimicrobial peptides and initiation of an inflammatory response (Renshaw et
al. 2002). An additional function of innate immunity is to recruit cells involved in adaptive
immunity, which has appeared more recently, in the ancestors of cartilaginous fishes
(Hoffmann and Reichhart 2002). Adaptive immune systems use a large repertoire of
antigen-recognizing receptors to establish an immunological memory, which provides better
protection from fast-evolving pathogens and a more rapid response to subsequent
rechallenge from particular infectious agents.

Although most immunological research over the last 20 years has been focused on adaptive
immunity, the role of innate immunity in aging has become a subject of considerable
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attention. There are at least two reasons for this. First, there is an increasing realization that
the innate immune response triggers and orients the adaptive response (Fearon and Locksley
1996) and that age-dependent changes in traditional components of innate immunity may lie
at the root of increased susceptibility to infections in old individuals (Plowden et al. 2004).
Second, genetic mechanisms of innate immunity are highly conserved across species
(Hoffmann and Reichhart 2002) and remarkable progress in understanding recognition and
signaling pathways involved in the innate response has come from work in model systems,
such as D. melanogaster, which also serve as important models for the study of aging
(Hoffmann and Reichhart 2002).

In insects and many invertebrates, innate immunity is mediated by generic molecules,
including peptidoglycan recognition proteins (PGRP), which have evolved to recognize the
chemical structure of the pathogens, and anti-microbial peptides, which are effective at
eliminating them (Hoffmann and Reichhart 2002). Cellular mechanisms are also present and
involve phagocytosis and encapsulation of foreign structures or organisms by hemocytes
that circulate in the blood. Recognition of invading pathogens and activation of an immune
response in these organisms are homologous to the innate immune defense systems of
vertebrates. The most characterized aspect of insect innate immunity surrounds signaling
cascades in two pathways, the Imd/Relish pathway and the Toll/Dif pathway (Hultmark
2003), which are evolutionarily conserved and are homologous to mammalian Toll-like
receptor and tumor necrosis factor receptor signaling pathways, respectively (Kaneko and
Silverman 2005). The two pathways differ in their specificity to pathogen-associated
molecular patterns; fungal and gram (+) bacteria infections primarily result in stimulation of
the Toll signaling pathway while the Imd pathway is stimulated by infections of gram (=)
bacteria (Hoffmann and Reichhart 2002)..

Aging and the innate immune response

The mammalian innate immune system mounts inflammatory responses, and age-related
changes in these responses have been postulated to be a causative factor for aging
(Franceschi and Bonafe 2003). An inflammatory state has also been reported in old D.
melanogaster (Pletcher et al. 2005) suggesting that the causes and consequences of age-
dependent inflammation may be evolutionarily conserved. Under normal circumstances,
inflammation is triggered by the innate system as an initial step of defense (Nguyen et al.
2002). Chronic inflammatory status with aging is believed to be caused by continuous
exposure to molecules with a chemical structure that triggers the response (Franceschi and
Bonafe 2003). A constant inflammatory state exhausts the innate system, activates various
stress responses, and leads to accumulation of cellular and molecular damage. Chronic
inflammation is considered to be a driving force for age-related pathologies including
neurodegenerative diseases (Wilson et al. 2002), atherosclerosis (Mach 2005), diabetes
(Craft 2006) and cancer (Schwartsburd 2004).

Many factors may play a role in aging-related changes in immune function. In the honey
bee, Apis mellifora, reduced immune function is associated with a change in social behavior
(Amdam et al. 2005). At roughly 23 days of age, worker bees transition from colony tasks,
such as nursing, to more active duties, including foraging. At this time, there is a severe
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decline in immunity, including apoptotic loss of hemocytes, which are responsible for
producing antimicrobial peptides and other immunity molecules. The loss of hemocytes is
likely caused by increases in juvenile hormone titer. When older worker bees are forced to
resume colony maintenance, juvenile hormone levels are reduced, vitellogenin levels are
increased, and immune function is restored. These data suggest that organisms may exhibit
adaptive plasticity of immunoscenescence (Amdam et al. 2005).

Changes in the activity of the innate immune system is associated with aging-related
diseases in humans. Expression of interleukin-6 (IL-6), a pro-inflammatory cytokine,
increases with age (Franceschi and Bonafe 2003), and expression level is associated with
disability and mortality (Ferrucci et al. 1999). Consistent with the idea that immune
activation limits lifespan, the level of IL-6 is low in centenarians (Franceschi and Bonafe
2003). Constitutive activation of NFxB, a key mediator of inflammation, is associated with a
variety of cancers (Haefner 2006). Also, in mammals, activation of NFkB related
transcription factors leads to up-regulation of anti-apoptotic pathways (Zamorano et al.
2001). It has been suggested that aging in general and deterioration of the immune system in
particular are consequences of a pro-inflammatory response that was mainly selected for
resistance to infections in youth (Franceschi et al. 2000; van den Biggelaar et al. 2004; Vasto
et al. 2006). Age-related decline in the efficiency of the immune response and system-wide
inflammatory processes are attenuated by DR (Morgan et al. 2007). In rodents, DR
decreases the age-associated susceptibility to infectious diseases. It also improves the
maintenance and production of circulating immune cells, preserves receptor repertoire
diversity, and reduces the production of inflammatory cytokines (Messaoudi et al. 2006).

Aging and the costs of chemical defenses

Despite the importance of the innate immune system in promoting pathogen resistance,
activation of the response can have adverse consequences, particularly for aging and aging-
related disease (Fedorka et al. 2004; Libert et al. 2006). Maintenance and the initiation of the
immune response are costly and are associated with trade-offs (Demas et al. 1997).
Ubiquitous activation of immune pathways throughout larval stages in Drosophila produces
developmental abnormalities, including activation of the prophenoloxidase cascade
(Takehana et al. 2002) and short-lived adults (DeVeale et al. 2004). Adult-specific, chronic
activation of these same pathways results in an inflammation-like state and reduced lifespan
(Libert et al. 2006). Immune activation in bumble-bee, Bombus terrestris results in shorter
lifespan under starvation conditions (Moret and Schmid-Hempel 2000). Several lines of
evidence show that testosterone is associated with suppression of the immune response as a
cost of the development of secondary sexual traits (Alonso-Alvarez et al. 2007)

One of the emerging links between innate chemical defense mechanisms and aging focuses
on the adaptive use of those traditional enemies of longevity, ROS. In addition to
antimicrobial proteins produced by the innate immune response, organisms also ward off
pathogens by producing microbicidal bursts of ROS. Indeed, cells need to generate massive
amounts of ROS to kill the invading pathogens. Although they are effective weapons, the
disproportionate production of ROS can oxidize and damage cellular macromolecules and
jeopardize host cellular metabolism and integrity. In Drosophila, the NADPH oxidase-
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dependent oxidative burst is critical for surviving natural infection (Ha et al. 2005a), but it
can also severely shorten lifespan if not effectively controlled (Ha et al. 2005b). There are
other examples where free radicals serve as important immune signaling molecules.
Superoxide anion or low micromolar concentrations of hydrogen peroxide increase the
production of the T-cell growth factor, IL-2, in activated T cells (Roth and Droge 1987).
NF-xB is activated by hydrogen peroxide during the launching of an immune response
(Schreck et al. 1991).

From flies to humans, signaling networks associated both with aging and with immunity are
evolutionarily conserved. Effector molecules of these networks are emerging as correlates of
aging-related disease in humans and as key regulators of longevity in invertebrate systems.
A critical path for future research leads toward dissecting the mechanistic links between
these processes and the extent to which those links are evolutionarily conserved. Using
laboratory model systems to dissect the molecular interactions between these pathways in
combination with ecological studies on related species provides a critical direction, and an
examination of the role of adaptive production of reactive oxygen species may be a first
step.

CONCLUSIONS AND FUTURE ISSUES

There is growing evidence that organism aging and physiology are strongly modulated by
mechanisms that detect and decode environmental chemical cues, initiate defenses to
endogenous and exogenous chemicals, and mediate physiological decisions in response to
chemical insults (Figure 2). The particular chemical information and insults encountered are
likely to be strongly influenced by environment and life style, and hence to show little
evolutionary conservation. However, the systems that decode and respond to them represent
mechanisms that are, at least in part, public. If we understood more about the ecology of
laboratory model organisms, we could learn which aspects of biology of their aging
processes are likely to be lineage-specific. For instance, recent work suggested that
inhibition of protein translation extends lifespan in C. elegans. Could this be a private
mechanism for dealing with the presence of antibiotics, which often interact with ribosomes,
in the soil environment that C. elegans inhabits in nature?

We suggest that other, currently unknown, environmental conditions may affect aging
through the filter of sensory perception. Recent work in several model systems have begun
to characterize mechanisms of thermosensation (Rosenzweig et al. 2005), and there is reason
to believe that such mechanisms are conserved in mammals. Is it possible that the age-old
relationship between temperature and longevity in poikilotherms, which has long been
thought to result from a direct affect of temperature on metabolic reactions, is due, at least in
part, to molecular sensing leading to an adaptive temperature response?

Evolutionary biologists were the first to pose rigorous, scientific questions concerning how
and why organisms age. The simple, yet effective, models that resulted from this early work
form the foundation for all of the current research in this area. However, the power of
molecular biology has begun to unravel the detailed processes through which organisms
respond to environmental conditions and enact systems that slow aging. In so doing, many
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of the traditional views about aging, that it was species-specific and that it would prove
resistant to genetic or pharmacological intervention, were overthrown. This has, in our
opinion, resulted in a relative stagnation in the advance of evolutionary research into aging,
with most work still struggling to distinguish hypotheses of mutational accumulation from
those of antagonistic pleiotropy (Ackerman and Pletcher 2007). To maintain its importance
in the future, evolutionary biology must work together with molecular biology to address the
role of conserved mechanisms of aging. In the end, a synergistic approach that combines
ecological and evolutionarily defined cues and chemicals with molecular, genetic
manipulations may provide unique insight into the evolution of patterns of “normal” aging
and may help in prescribing manipulations by which lifespan may be extended.

Acronym
DR dietary restriction
s insulin/Igfl-like signaling
ROS reactive oxygen species
PGRP peptidoglycan recognition protein
NFxB nuclear factor x B
AMPK AMP-activated protein kinase
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Summary Point List

Until the 1990s work on the biology of aging was dominated by evolutionary
analysis, which led to the predictions that mechanisms of aging were likely to
be highly polygenic and lineage-specific. This view has been challenged by
the discovery of mutations in single genes that extend healthy lifespan in
evolutionarily diverse model organisms.

The pathways discovered to modulate aging in the laboratory are often
involved in various forms of sensing, particularly of chemicals. Chemical
cues can indicate the overall status of the environment, the availability of
nutrients or the presence of other organisms, and they can be detected and
decoded through canonical sensory systems, such as smell and taste, or
through molecules that function to sense the cellular milieu. Single gene
mutations that extend lifespan may therefore tap into evolved mechanisms to
ensure longevity and match organismal life history decisions to the
environment.

Aging is caused by accumulation of damage, and recent work indicates that
detoxification of xenobiotic and endobiotic toxins may play an important role
in combating aging. These toxins pose an informatic challenge to
detoxification systems, and the gene families involved often undergo lineage-
specific expansions.

Mechanisms that detect environmental cues, and the cues themselves are
likely to be private (species-specific) mechanisms of aging, while the
downstream mechanisms that coordinate adaptive responses to these cues
may be public.

The innate immune system mounts inflammatory responses, and age-related
changes in these responses have been postulated to be a causative factor for
aging. Age-related immune activation has been reported in several species,
suggesting an intimate link between immune function and the causes and
consequences of aging.

An emerging area of interest is the link between aging and the adaptive use
of ROS to protect against pathogenic organisms.

Environmental variables, such as temperature, that are traditionally
considered to act directly on ectothermic organisms by altering their rate of
metabolism, could instead be sensed and responded to with evolved
phenotypic plasticity.

Integrating ideas of molecular mechanism with context derived from
evolutionary considerations will lead to exciting new insights into the
evolution of aging.
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Figure 1.
Phylogenetic tree of the GST gene families from worms, flies, and mice. Genes from each

species are color-coded, and significantly (q < 0.1) differentially expressed genes in long-
lived 11S mutant C. elegans, D. melanogaster and mice are shown by closed (up-regulated)
or open (down-regulated) circles. There is little gene-to-gene orthology between species,
because the extant genes are largely the product of lineage-specific expansions. The GSTs in
each species therefore usually have a more recent common ancestor than the common
ancestor of C. elegans. D. melanogaster and mouse.
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Figure2.
Chemical complexity and aging: Ecological factors such as variability, resource scarcity,

and predation provide selection pressures for alternative life histories and survival
mechanisms. To cope with environmental challenges, organisms have evolved ways to
handle various aspects of chemical complexity, and these systems play a significant role in
aging. Through perceptual systems, chemicals may act as cues to trigger physiological
decisions and alternative life histories. To resist aging, organisms need to protect themselves
from chemical insults, such as molecular damage from free radicals and endobiotic toxins.
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Mechanisms of natural immunity are also critical for survival in nature, and mechanisms
that detect and respond to pathogens can impact lifespan. Nearly all species are exposed to
some form of these challenges, but the exact nature of the threats is largely species-specific.
The downstream processes that specify and enact life-history decisions (such as Sir2 and
Insulin signaling), however, may be public mechanisms. Adapted and extended from
Ackerman and Pletcher (2007).
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