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Abstract

It is widely (although not universally) accepted that organismal aging is the result of two opposing
forces: (i) processes that destabilize the organism and increase the probability of death, and (ii)
longevity assurance mechanisms that prevent, repair, or contain damage. Processes of the first group
are often chemical and physico-chemical in nature, and are either inevitable or only under marginal
biological control. In contrast, protective mechanisms are genetically determined and are subject to
natural selection. Life span is therefore largely dependent on the investment into protective
mechanisms which evolve to optimize reproductive fitness. Recent data indicate that toxicants, both
environmental and generated endogenously by metabolism, are major contributors to
macromolecular damage and physiological dysregulation that contribute to aging; electrophilic
carbonyl compounds derived from lipid peroxidation appear to be particularly important. As a
consequence, detoxification mechanisms, including the removal of electrophiles by glutathione
transferase-catalyzed conjugation, are major longevity assurance mechanisms. The expression of
multiple detoxification enzymes, each with a significant but relatively modest effect on longevity,
is coordinately regulated by signaling pathways such as insulin/insulin-like signaling, explaining the
large effect of such pathways on life span. The major aging-related toxicants and their cognate
detoxification systems are discussed in this review.
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1. Introduction

It is not surprising that aging holds a deep fascination for any sentient being that is subject to
the process. The fascination is both intellectual and emotional. In fact, much of human culture
revolves around aging and death. The philosophical and theological effort to understand and
to come to terms with mortality engendered attempts to control and delay aging. Clearly, for
most of human history, such interventions were beyond the reach of the available tools. An
understanding of aging requires the convergence of several distinct areas of biology, in
particular theory of evolution, genetics, and molecular and cell biology and biochemistry.
Relative to the time scale of human civilization, these disciplines emerged only recently and
are still not mature. Therefore, past attempts to postpone senescence and death were for the
most part futile, and — worse — gave the study of aging a somewhat unsavory reputation. This
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reputation persists even today: the mention of aging research frequently evokes either
exaggerated expectations or deep skepticism about tackling a process widely assumed to be
inescapable, immutable, and largely unknowable. Rapid progress during the past decade or
two has demonstrated that aging is neither unknowable nor immutable, at least in non-human
model organisms. The initial dramatic evidence that life span can be significantly extended by
an experimental intervention came from genetics (Friedman and Johnson, 1988; Kenyon et al.,
1993). While the identification of genes that modulate life span launched the modern era of
aging research, in itself it provided only indirect information on the molecular mechanisms
that modulate aging. At their root, living organisms are biochemical and biophysical machines,
albeit enormously complex ones. Therefore, a true functional understanding of a biological
process requires knowledge of the underlying biochemical reactions, in addition to information
on the regulatory circuits that affect these reactions. The characterization of metabolic
processes that affect aging is perhaps the most active area of gerontology at the present time.
This review is an attempt to summarize the current status of research on one particular type of
metabolism that is relevant to aging, the detoxification reactions.

2. Basic biology of aging

Multiple reviews that address the process of aging have been recently published, among them
(Antebi, 2007; Bishop and Guarente, 2007; Greer and Brunet, 2008; Guarente, 2008; Kenyon,
2005; Kirkwood, 2005, 2008a, b; Murphy and Partridge, 2008; Partridge and Gems, 2007;
Piper et al., 2008). The above list, albeit partial and largely arbitrarily selected, illustrates the
availability of excellent sources that discuss the complex and often controversial topic of aging.
Therefore, the following summary is not intended to be a comprehensive review of aging
theories. Instead, | will present a conceptual framework that is based on an emerging (although
not universally accepted!) consensus on the nature of aging. This framework will be used in
the remainder of the present article.

Even though gerontology suffers from the lack of a precise definition of its fundamental terms
(Hayflick, 2007; Lithgow, 2006), aging is usually understood as an increase of the probability
of death with time. If “failure” is substituted for “death”, this definition applies not only to
biological organisms but also to many inanimate objects — with the passage of time (or time
in use), machines tend to malfunction more often, and eventually fail. On the other hand, there
is evidence that not all organisms are subject to aging as defined above (I will discuss non-
aging organisms later). Also, the definition of aging does not specify the mathematical
relationship between age and survivorship. Benjamin Gompertz noticed almost two centuries
ago that an exponential function describes well the mortality in human populations (Gompertz,
1825). This formalism withstood the test of time and is widely used today, at least to model
the “middle” part of the survivorship of a population (i.e., excluding both early mortality and
the tail of the curve due to a small number of very long-lived individuals). It is important to
note that neither the fact that mortality increases with age nor the particular shape of this
increase shed much light on the underlying mechanism of aging.

Significant insight into aging can be gained through genetics. The observations that birds and
bats typically live longer than mice or rats (Brunet-Rossinni and Austad, 2004; Pamplona et
al., 2002), even after correction for body mass and after elimination of most extrinsic sources
of mortality such as predators, accidents, disease, or harsh environment, indicates that life span
is subject to evolution, and thus, is under genetic control. Genetic control of life span was
forcefully confirmed by the already mentioned identification of single-gene mutations that
extend life (Friedman and Johnson, 1988; Kenyon et al., 1993), in an extreme case, by a factor
of ten (Ayyadevara et al., 2008).
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In the absence of molecular information on the underlying mechanisms, genetic control of
longevity could be interpreted in two ways. First, there could be a deterministic genetic program
that specifies aging, in analogy to the genetic program that orchestrates the development of an
organism. Second, aging could be due to a failure of genetically controlled reactions to
counteractand limita spontaneous aging process. The first possibility, that of an aging program,
appears unlikely for several reasons. (i) Such program would be maladaptive to the affected
individual, making it difficult to rationalize how, in the course of evolution, such a program
could be selected for. (ii) Unlike development which is very precise, there are very significant
(several-fold) differences in life span between individuals belonging to a genetically uniform
cohort maintained in an identical environment (Kirkwood et al., 2005; Rea et al., 2005), an
observation not readily reconcilable with a deterministic aging program. (iii) Disruption by
mutations of a hypothetical pro-aging program should abolish aging. However, in contrast to
mutations that delay aging, no mutations have been found that eliminate it. (iv) Finally, the
strongest argument against a genetic program for aging is an evolutionary one. In the wild,
most individuals do not live long enough to age: the vast majority die early from already
mentioned extrinsic causes (including accidents, infections, predators, or cold temperatures).
For example, the average life span of mice in a natural habitat is approximately 100 to 130
days (reviewed by Austad and Kristan, 2003; Berry and Bronson, 1992), versus an average of
700 to 1000 days for wild-derived mice kept in the protective environment of the laboratory
(Miller et al., 2002). Selection can act only on carriers of a genetic allele that, through its
phenotype, improves the reproductive success of the individual, thus increasing the likelihood
that the gene will be passed on to progeny. If only a small fraction of the population survives
to an age at which the hypothetical aging program becomes phenotypically manifest, the
selection for (or against) the genes specifying such program would be very weak, and unlikely
to prevent the loss of the genes through random mutations. This implies that a genetic program
for aging would be very unlikely to evolve.

The arguments listed above, rooted in the early work of Medawar (1952), Williams (1957) and
Kirkwood (1977) and further developed by several authors including Kirkwood (2005,
2008b), Hayflick (2007), de Grey (2007), Austad (2004), Gems (2005) and many others, make
the existence of an active genetic program for aging most implausible. This focuses attention
on the previously mentioned alternative interpretation for genetic modulation of life span.
According to this interpretation, aging happens by default, but can be at least partially prevented
or repaired by genetically controlled longevity assurance mechanisms. Failure of these
protective mechanisms results in progressive loss of cell and tissue function, loss of
homeostasis, and eventual death. This model will be described in the next section, with
emphasis on aspects relevant to detoxification reactions.

It is important to note that what | would like to call the "standard hypothesis of aging" (that
aging results from an imbalance between non-regulated, largely stochastic damage on one side,
and genetically controlled protective longevity assurance mechanisms on the other side) is
widely accepted by gerontologists, but that the acceptance is not universal. Models that
incorporate programmed aging (Bredesen, 2004; Goldsmith, 2004; Goldsmith, 2008; Longo
etal., 2005; Mitteldorf, 2006) or at least some elements of it (Blagosklonny, 20073, b) continue
to be proposed, and spirited discussions ensue (Melov, 2004, and associated references). These
"counter-proposals” merit special attention. Even though, in my opinion, the standard
hypothesis will eventually accommodate the "counter-examples" that are being raised, it would
be too dogmatic to rule out a priori the possibility that an aging program may exist after all,
perhaps limited to exceptional ecological niches or to a species with an unusual life history.
Even if this were not the case, the analysis of the "counter-examples" will certainly contribute
to a refinement of the standard hypothesis.
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3. "Standard hypothesis" of aging

Thermodynamically, a living system is far from equilibrium. Therefore, maintaining a steady-
state (or near-steady-state) that is compatible with life requires work, realized through a flux
of energy and matter between the organism (thermodynamically an open system) and its
environment. Metabolic reactions utilize energy and matter to maintain the organism in a
functional state (in addition to enabling other activities such as mobility or reproduction). In
part, the work necessary to keep the organism away from thermodynamic equilibrium is due
to the need to prevent destabilization caused by external and internal damage. An organism is
essentially a chemical machine, and — being an open system — is susceptible to physical and
chemical influences of the environment. In addition, metabolism itself generates reactive
intermediates and/or products able to degrade the function of cells and, as a consequence, the
fitness of the organism.

Mechanisms that protect an organism against time-dependent loss of homeostasis clearly exist;
otherwise, a near-steady-state lasting for most of adulthood (many years in long-lived species)
would not be possible. Still, we age, even though aging is clearly maladaptive for the affected
individual. Thus, the general question "Why do we age?" can be recast as the more specific
"Why are the protective mechanisms not capable of indefinitely maintaining the organism in
an essentially unchanged steady-state?". Any answer must take into account the fact that, in
principle, such a feat is possible. The germ line of multicellular organisms is maintained
indefinitely (a state that could be called "functional immortality" but not true immortality,
because of accidents, predation, infections etc.). Similarly, symmetrically dividing unicellular
organisms are by definition functionally immortal because each of the two identical daughter
cells must be sufficiently rejuvenated to reach its own subsequent division in no worse
condition than that of its parent. Any accumulation of damage from generation to generation,
however small, would lead to a demise of the species. It should be noted that the demonstration
that cell division in Escherichia coli is functionally asymmetric and that the bacterium ages
may indicate that truly symmetric division does not occur, even in microorganisms (Desnues
et al., 2003; Stewart et al., 2005). If so, this would mean that bacteria resemble us (and other
multicellular organisms) more closely than previously imagined: the repeatedly rejuvenated
daughter cells would be the functional equivalent of the germ line, whereas the mother cell
that accumulates damaged macromolecules and dies after a finite number of divisions would
correspond to the soma. A similar mechanism is operative in the budding yeast Saccharomyces
cerevisiae (Jazwinski, 2002; Tissenbaum and Guarente, 2002). Whether mechanistically
related to the continuity of a germ line or based on symmetrical division, functional immortality
in unicellular organisms constitutes another example that indefinite maintenance is biologically
possible.

At the level of evolutionary biology, an initial answer to the question why protective
mechanisms fail to prevent aging is provided by the realization that selective force diminishes
with age of an organism (Medawar, 1952). Genes that encode traits linked to increased
reproductive fitness have a higher probability of being passed on to the next generation, and
are thus favored by natural selection. Some of the parameters relevant to the optimization of
reproductive fitness define how early in life reproduction begins and how long it continues.
Generally, in environments in which extrinsic mortality is high, e.g. because of predation, it is
advantageous to reproduce early and copiously, whereas low extrinsic mortality permits later
onset and more protracted reproduction. This has been well documented (Austad, 1993;
Chapuisat and Keller, 2002; Holmes and Austad, 1994) and illustrates that an extended
reproductive period can evolve and be sustained provided that a sizable fraction of the late-
reproducing individuals actually survives to an old age. Only then will the genes that specify
late reproduction confer a benefit when transmitted to the next generation. If most individuals
die early of extrinsic causes, having the capacity to reproduce late will be rarely expressed,
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will not be selected, and will be eventually lost either through random genetic drift (Griffiths
etal., 1996, p. 807) or through antagonistic pleiotropy (Williams, 1957). Late reproduction
obviously entails the capacity for at least equally long life. Therefore, genetic variants that
delay aging will co-evolve with alleles that permit late reproduction; in fact, these two set of
genes may overlap.

The general principle that, because of extrinsic mortality, the force of selection diminishes with
age and therefore is not able to fix life-extending or eliminate life-shortening genes that are
phenotypically expressed only late in life, provides a very useful conceptual framework but
does not identify the genes or processes involved. Several more specific, mutually non-
exclusive hypotheses have been put forward. In his mutation accumulation hypothesis,
Medawar (1952) proposed that mutations which become phenotypically manifest only late in
life will not be subject to significant selection. Since most mutations are detrimental, such late-
expressing mutations will tend to destabilize the organismal homeostasis and thus contribute
to aging. The subsequently proposed antagonistic pleiotropy hypothesis of Williams (1957)
postulates that some gene alleles produce adaptive phenotypes early in life but become
maladaptive late in life. Such alleles will become fixed in a population because the positive
selection for the early benefit is not balanced by elimination of the late detrimental phenotype
of the same genetic allele because that detrimental phenotype is only expressed at an age when
selection becomes weak.

The disposable soma theory of Kirkwood (1977) emphasizes the role of metabolism over that
of evolutionary constraints. If aging is the result of incomplete prevention and/or repair of
damage, could the protective anti-aging processes evolve to be more effective? Kirkwood's
answer is that they certainly could, but at a metabolic cost that would make the organism less
competitive in comparison with organisms that spend fewer resources on longevity assurance.
This is a special case of a very general “parsimony principle” in biology. Another example is
provided by the fidelity of macromolecule synthesis. During DNA replication, errors are
introduced at a rate of 108 to 10719 per nucleotide (Lewin, 1997, p. 472), whereas the error
rate of translation (protein synthesis) is much higher, 1073 to 104 per amino acid (Kurland,
1992). Whereas fidelity can never be absolute, by addition of layers of proofreading
mechanisms it can be improved asymptotically, but at an ever-increasing cost in free energy.
For each process, there is a selective optimum, reflecting a trade-off that minimizes energy
cost while maintaining the error rate at a tolerable level. What is tolerable depends on the
circumstances: fewer errors are permissible in the replication of genetic material than in the
synthesis of a protein that is used for a limited time and degraded, and in which a
misincorporated amino acid is rarely critical (Kurland, 1992). The trade-off between accuracy
and fitness has been elegantly demonstrated by experimentally increasing the fidelity of
translation in bacteria (Kurland, 1992). The resulting bacterial cells produced proteins with
fewer errors but were at a growth disadvantage relative to wild-type cells, not only because of
the greater inherent cost of proofreading, but mainly due to the propensity of hyperaccurate
ribosomes to terminate translation prematurely. The resulting truncated proteins were either
degraded, wasting all resources invested in their synthesis, or were outright toxic.

The extension to aging of the principle of cost/benefit ratio optimization appears
straightforward: an organism would do best investing in maintenance just enough to assure
that its reproductive period matches the window of opportunity constrained by extrinsic
mortality, and also investing just enough to assure that the majority of individuals do not die
from intrinsic causes before the end of the reproductive period. Thus, the level of maintenance
would be optimized but not maximized. However, the problem with imperfect maintenance of
the genome is that each subsequent generation would inherit the damage accumulated by their
parents. The compounded damage would increase the “cost of selection”, in the extreme,
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risking extinction of the species. The solution to this problem is specialization: the distinction
that evolved between the germline and the soma.

The division of functions between germline and somatic cells has wide-ranging consequences.
For example, it permitted differentiation of somatic cells into tissues, many of them post-
mitotic, with highly specialized functions, a development that made possible complex,
multicellular and multi-tissue organisms, including humans. In the context of aging,
specialization allows an investment of resources into the maintenance of the germline that is
sufficient to prevent its deterioration from generation to generation, thus assuring the survival
of the species. Given the already discussed competitive constraint on the total resources that
can be spent on maintenance, a preferential treatment of the germline means that somatic cells
will be less protected. Indeed, the disposable soma theory postulates that somatic tissues are
maintained only to an extent that allows them to survive just beyond the reproductive period
(with some "reserve capacity" to assure that only a few individuals die while still reproductively
active).

The dichotomy of highly protected germline and only adequately protected soma has a
functional, albeit not morphological, analogy in the asymmetric division of some unicellular
organisms, or even in the differences in fidelity of DNA replication and protein synthesis within
a cell. In all of these cases, there is a distinction between an element (germline, rejuvenated
daughter cell, information in genetic material) that is propagated indefinitely and thus needs
to be highly protected, and another element (soma, mother cell, proteins and most RNA in a
cell) that plays an essential but transient role, and is therefore maintained only for a limited
time.

4. Challenges to the "standard hypothesis" of aging

A recurrent criticism of the standard hypothesis of aging is that some biological phenomena
are best explained by an aging program, and that even a single instance of such program falsifies
the standard hypothesis. However, in my opinion, these concerns are not as critical as they
seem. First, phenomena interpreted as a the result of an aging program may in fact have
alternative explanations. This will be discussed later on the example of semelparous fish.
Second, even if an aging program could be conclusively demonstrated, perhaps in a niche
situation, this would not mean that such program is the sole cause of aging. If it were, a disabling
mutation in the program would completely eliminate aging, an outcome that has never been
observed in species that normally age. Thus, a hypothetical identification of an aging program
(unlikely in my opinion) would not disprove the existence of aging that can be explained
without such program, and that accounts for the majority of known life histories.

Semelparous organisms reproduce only once, and die shortly thereafter. The most widely
known and dramatic example of semelparity is that of Pacific salmon which spawn in a stream,
migrate to the ocean where they spend several years, return to their natal stream to reproduce,
and die within weeks due to massive degeneration of tissues, loss of immunity, and infection.
These effects are caused by very high levels of the "stress hormone™ cortisol (Austad, 2004).
Secretion of excessive amounts of cortisol is clearly detrimental to the organism, and it could
be interpreted as self-sacrifice benefiting the group (Wingfield and Sapolsky, 2003). However,
elevated cortisol may improve the ability of the salmon to return to their natal stream (Carruth
et al., 2002). This return (homing) depends on initial imprinting of young fish on the chemical
composition of the stream, and the ability to recall the memory and register the composition
through olfaction during homing. Cortisol may improve memory recall and olfaction in salmon
(Carruth et al., 2002), and could therefore be highly adaptive prior to reproduction. The
subsequent rapid tissue degeneration may be thus an (admittedly extreme) example of
antagonistic pleiotropy.
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Other life histories also appear to contradict the standard hypothesis of aging, or parts of it.
For example, the premise that somatic maintenance and thus longevity should not evolve to
last much beyond the reproductive period appears to be violated in some social species.
However, genes that enable a contribution of older individuals to the fitness of relatives are
certainly adaptive and will be selected for, except that selection acts not only at the level of the
individual but also its kin (Bourke, 2007; Kirkwood, 2008b). At the other extreme, situations
have been described in which individuals appear to commit “altruistic suicide” for the benefit
of their descendants or even unrelated members of the group; examples include certain
marsupials, perhaps the Pacific salmon (by contributing nutrients to the natal stream or lake,
Larkin and Slaney, 1997; Merz and Moyle, 2006), as well as some plants and insects (Longo
etal., 2005; Wingfield and Sapolsky, 2003). These arguments typically invoke group selection
and therefore do not readily fit into classical theory of evolution. Even if these interpretations
withstand the test of time, the rapid mortality does not need to be triggered by an aging program.
“Evolved neglect”, or lack of protection, remains a viable explanation that is compatible with
the standard hypothesis of aging.

5. Large life span extensions by mutation of single genes

Paradoxically, the finding that arguably launched modern gerontology, namely the discovery
that mutations in single genes can greatly extend life span (Friedman and Johnson, 1988;
Kenyon et al., 1993), also presented a serious challenge to the standard hypothesis of aging.
The latter hypothesis posits that aging is due to incomplete protection from, or repair of,
molecular damage that — if left unchecked —would compromise organismal homeostasis. There
are many types of damage affecting an organism, leading to the prediction that multiple defense
mechanisms evolved, each contributing only incrementally to longevity assurance. If
protection against aging is a polygenic trait, mutations in any single gene should have at best
a minor effect. Moreover, the types of damage that are relevant to aging were thought to differ
between species, depending on the particulars of the organism's physiology and the
characteristics of its typical environment. Thus, longevity assurance was predicted to be not
only polygenic but also idiosyncratic (Shmookler Reis, 1989). Therefore, the discovery that
hypomorphic alleles of certain genes, in particular those encoding components of the insulin/
insulin-like signaling (11S) pathway in the nematode Caenorhabditis elegans (Friedman and
Johnson, 1988; Kenyon et al., 1993), extend life span several-fold, caused considerable
excitement but also some consternation. It also revived hypotheses of an active aging program
that can be turned off by a single mutation. In hindsight, the explanation of this surprising result
appears relatively straightforward. Mechanisms evolved that sense the environmental
conditions of an organism and adjust its physiology in response to external stimuli. Such
mechanisms regulate adaptive behavior (including the timing and rate of reproduction) and
modulate metabolism. The latter function permits, among others, the adjustment of longevity
assurance processes according to environmental conditions such as crowding, lack of food,
toxic chemicals, etc. (Kirkwood, 2008b). To achieve a broadly adaptive response, sensing/
regulatory pathways such as I1S affect, in a coordinated way, a large number of target genes
and processes. Mutations in 11S lead to remarkable effects on life span (Arantes-Oliveira et al.,
2003; Ayyadevara et al., 2008) probably because they partly mimic normal 11S signaling, and
thus affect a substantial subset of the normal IS targets. However, the fascination with the
huge life span gains achievable in C. elegans deflected attention from the fact that the basis of
these longevity effects remains polygenic, with modest and probably partially redundant
contributions from the individual effector genes. In effect, 1S constitutes an intervening
regulatory layer that coordinates the actual anti-aging processes in response to metabolic and
environmental cues. At the risk of being provocative, one could even claim that studies of 1S
and other high-level regulatory processes are primarily concerned not with aging but with
signaling circuits; longevity assurance is only one of several aspects of physiology and
biochemistry modulated by 1IS.
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Does this diminish, in the context of aging, the importance of studying I1S and other regulatory
processes such as caloric restriction, hormonal signaling from gonads, and others? Certainly
not; fundamental insights have been, and will continue to be gained from such work. I will
argue, however, that parallel studies of downstream effector processes are equally important.
Such studies present formidable technical and conceptual challenges: effects on life span are
modest, perhaps 15 to 25%, while partial redundancy of reactions complicates the interpretation
of results. Given the large number of effector processes, it is difficult to decide a priori which
are relevant. However, there are several compelling reasons to carry out such studies. First,
downstream effector reactions act directly on compounds which would otherwise cause
damage leading to aging. Thus, an understanding of these reactions may provide unique
insights into the chemical basis of the aging process. Second, signaling pathways such as 11S
are conserved between species in their overall logic (Kenyon, 2005) but not in functional
details. For example, mutations in 1S can extend life span ten-fold in C. elegans (Ayyadevara
et al., 2008) but less than two-fold in Drosophila melanogaster (Clancy et al., 2001; Tatar et
al., 2001) and less still in mice (Selman et al., 2008) — although a significantly greater life span
extension may result from expression of phosphoenolpyruvate carboxykinase (PEPCK-C) in
murine muscle (Hakimi et al., 2007; Hanson and Hakimi, 2008), an intervention that could
lower the activity of 11S. More importantly, nematodes have a single insulin/insulin-like
receptor but close to forty ligands, whereas mammals have separate insulin and insulin growth
factor receptors but only a few known ligands. Thus, results from invertebrate model systems
are not directly transferable to mammals. In contrast, a metabolic reaction, for example a
specific type of detoxification, is likely to be very similar in even distantly related species.
Finally, compared with regulatory pathways such as 11S, the downstream reactions are narrower
in their biochemical scope. This limits the magnitude of their individual contributions to
longevity, but also minimizes side effects resulting from experimental changes of the
expression of the gene. This is important in view of possible future anti-aging interventions in
humans. For example, experimental alterations of insulin growth factor signaling in mice lead
to multiple phenotypes (Bartke, 2008), some of them undesired — as expected for modulation
of a signaling system that has multiple targets. In contrast, experimental augmentation of a
detoxification reaction could (moderately) extend mammalian life span without serious side
effects.

6. Is aging universal?

Aging is commonly assumed to be inevitable and to affect every individual. This is certainly
true for our own species, but is not restricted to it. In fact, the universality of aging has been
claimed to be formally proven for every conceivable organism (Hamilton, 1966). Therefore,
reports of species that do not age represent important conceptual challenges to the field of
gerontology.

It should be stressed that lack of aging does not equal immortality. Extrinsic events will
eventually lead to the death of each organism, even a member of a non-aging species. Absence
of aging only means that the probability of death does not increase with the age of an individual.
Using this specific definition, certain species have been identified that exhibit negligible or no
aging. These include the naked mole rat (Buffenstein, 2008), some turtles (Miller, 2001),
rockfish and other deep ocean-dwelling organisms, both vertebrate and invertebrate (Cailliet
et al., 2001; Finch, 1990), and a number of other species, in particular plants (reviewed by
Baudisch, 2008, chapter 3.3.3). Most of the putative non-aging species are not as well-
characterized as standard laboratory organisms used in aging research, e.g., C. elegans, D.
melanogaster, or the mouse. Nevertheless, even if only some of the examples stand up to further
scrutiny, the startling and, for humans, deeply fascinating finding of negligible aging requires
an explanation.
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Does the existence of non-aging species falsify the standard hypothesis of aging? It appears
that not only there is no contradiction, but that the hypothesis can readily accommodate the
data. The basic premise of the standard hypothesis of aging is that natural selection maximizes
reproductive fitness. In most cases (including humans), this results in a reproductive period
limited by extrinsic mortality characteristic for the environment, with longevity tracking the
reproductive period. However, combinations of organismal properties and environments can
be envisioned for which this “typical” life history is not optimal (Baudisch, 2005; Baudisch,
2008; Vaupel et al., 2004). In such situations, other life histories can evolve to optimize fitness,
and this may include lack of aging or even negative senescence (i.e., a decrease of probability
of death with age). Such outcomes have been mathematically modeled and demonstrated to be
possible (Baudisch, 2005; Baudisch, 2008; Vaupel et al., 2004). For a rigorous treatment, the
reader is referred to the original publications. | will present only a qualitative example to
illustrate one possible scenario.

Many non-aging organisms exhibit life-long growth, in contrast to more common life histories
in which growth ceases approximately at the beginning of the reproductive period. Continuous
growth has several implications. One of them is a possible molecular mechanism of longevity
assurance that will be discussed in section 8.3. In addition, larger body size can be of
competitive advantage, at least in some environments. Considering the example of a deep-sea
fish, a small individual is more likely to fall prey to a predator than a larger individual.
Moreover, a larger (older) fish may have access to food sources that are out of range for a
smaller individual. In fact, the metabolic reserves of rockfish, measured as liver size and
amount of mesenteric fat, increase faster with body length than does body volume (Berkeley
etal., 2004). Together with cellular rejuvenation due to constant growth, the additional reserves
probably explain not only the greater resilience of older fish, but also the higher reproductive
efficiency of older females of some fish species (Berkeley et al., 2004; Longhurst, 2008). These
factors indicate that, as the fish gets older and larger, its extrinsic mortality will decrease and
reproductive success will increase, leading to a positive selection for genes specifying a long
reproductive period and long life. However, according to the disposable soma theory, long-
term maintenance of the body may exact a prohibitive cost in resources. Thus, lack of aging
would require a situation in which maintenance costs are low (Baudisch, 2008). For a deep-
sea fish, an environment characterized by low temperature and low oxygen content could
minimize molecular damage (Vetter and Lynn, 1997), and thus reduce the need for resources
necessary for maintenance. The combination of an extrinsic mortality that decreases with age,
at least in part due to life-long growth, with an efficient, low-cost damage repair may result in
a life history characterized by absent or even negative senescence. Because of fragmentary
data and a bias introduced to the age distribution of fish populations by human fishing activities
(Berkeley et al., 2004; Cailliet et al., 2001), it is not known whether non-senescence can persist
until accidental (extrinsic) death, or whether it is time-limited. A cessation of aging that affects
only a specific phase of life has been identified (aging slows or may be suspended in very old
individuals; discussed by Rose et al., 2006). Additional scenarios resulting in slow or absent
aging have been modeled; interestingly, not all involve benign environments (Baudisch,
2008). For example, an unstable (but non-lethal) environment may favor selection for a long
reproductive period and, thus, long life. This is because, in an unpredictably changing
environment, reproductive success is also highly variable (Berkeley et al., 2004; Longhurst,
2008). However, in all cases the resulting mortality trajectories can be rationalized in terms of
an evolutionary fitness optimization within the conceptual framework of the standard
hypothesis of aging.

7. Molecular mechanisms that contribute to loss of homeostasis in aging

Historically, aging has been depicted either as a consequence of wear and tear, a manifestation
of increasing entropy, an effect of random damage, i.e., spontaneous and undirected
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deterioration — or, longevity has been considered to be an evolved, genetically precisely
controlled trait. In light of the discussion presented so far, it should be obvious that the
contradiction between these two views is only apparent. In fact, both statements are true, as
they apply to complementary aspects of the same phenomenon. As succinctly stated by
Hayflick: "Entropy explains aging, genetic determinism explains longevity, and undefined
terminology explains misunderstanding both™ (Hayflick, 2007). In other words, there is
damage, much of it physical or chemical in nature and, from the biological perspective, only
marginally or not at all regulated, that causes a gradual loss of function and a diminished
capacity to withstand environmental and internal (physiological) challenges. On the other side,
there are evolved and tightly regulated processes that prevent, repair, or contain the damage.
The balance of these two forces determines the life span of an individual and the mortality
trajectory of a population. Therefore, it is useful to review the processes that cause damage
and drive aging. This will be followed, in the next section, by a discussion of protective
(longevity assurance) mechanisms, including detoxification.

7.1. Entropy-driven decay

As mentioned previously (section 3), a living system is far removed from equilibrium. If
isolated, such system would maximize its entropy. Although it would be inappropriate to equate
the increase of entropy with an only intuitively defined idea of disorder or chaos (Michaelides,
2008), it is still useful to conceptualize it as a loss of structures, leveling of gradients (whether
concentration or energy), and thus diminished ability to do work (Michaelides, 2008). A
constant flux of matter and energy, mediated by metabolism, is necessary to maintain the
organism in a functional state. Thus, even without any external destabilizing forces, the mere
fact that an organism is a highly organized structure far from thermodynamic equilibrium
indicates that it would decay, or age, if not maintained.

7.2. Stochastic events

Genetically identical individuals diverge phenotypically even if they experience an identical
environment. For example, a cohort of such individuals has a rather wide distribution of life
spans (Kirkwood et al., 2005; Kirkwood and Finch, 2002; Rea et al., 2005). The phenotypic
heterogeneity is in part caused by residual differences in environmental conditions that are
experimentally impossible to eliminate. However, most of the heterogeneity is thought to result
from random events that cause even isogenic individuals to be non-identical. The fundamental
biochemical and cell biological processes that are the basis of life often involve a relatively
small number of individual molecules or other functional entities. For example, many
regulatory proteins are present in a cell in as few as tens or hundreds of copies (McAdams and
Arkin, 1999), and mitochondria are present in a few thousands of copies. This could be
compared with a glass of water which contains 1025 molecules. Positions, velocities, or
orientations of individual water molecules average out over this large number, resulting in a
statistically highly predictable system. Not so in a cell where chance will dictate where the few
molecules of a protein are, how they associate with other cell components, and thus how they
function; even slight shifts in the number can substantially change the effective concentration.
Similarly, mitochondrial heteroplasmy may distribute unequally between daughter cells
(Khaidakov and Shmookler Reis, 2005). These subtle fluctuations, occurring at an important
place or time, may result in large macroscopic consequences (see Losick and Desplan, 2008,
for a discussion of conditions under which stochastic noise can determine cell fate). In spite
of tight genetic control, stochastic events prevent developmental processes from being fully
deterministic, leading to a distribution of outcomes. For example, site-specific methylation
status is subject to stochastic drift (Shmookler Reis et al., 1990); phenotypically, adult organ
sizes, and thus function, can differ substantially between genetically identical organisms, as
can the timing of development (reviewed by Kirkwood, 2008b). Effects of random fluctuations,
whether developmental or acquired later in life, will generate organisms of different robustness
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and different life spans. Stochastic effects may be even more immediate in unicellular
organisms where each daughter cell will inherit different numbers of low-abundance
macromolecules, and which lack functional redundancy provided by other cells in a metazoan
tissue.

7.3. Mutations

In a multicellular organism with separate germline and soma, three types of mutation can be
distinguished. According to Medawar (1952), the gradual decline with age of the force of
selection allows the accumulation of heritable detrimental mutations only if they are late-
acting; early-acting detrimental mutations will be eliminated by natural selection. Distinct from
this is the accumulation of somatic mutations (Martin et al., 1996) which affect lineages of
somatic cells but are not heritable from one generation of organism to the next. Finally,
mutations in mitochondrial DNA (Kujoth et al., 2005) have the potential to affect essential
functions such as cellular bioenergetics and apoptosis. The role of somatic mutation
accumulation in aging is a subject of debate (results reviewed by Kirkwood, 2005; Vermulst
et al., 2007; Wiesner et al., 2006), and a discussion of this complex question is beyond the
scope of this review. However, insofar as they play a role in aging, mutations could facilitate
the formation of destabilizing metabolites, including but not limited to oxidants and radicals
(Harman, 1956), or they could interfere with the defense against endo- and xenobiotic damage.
The latter effect could be due to loss-of-function mutations in protective enzymes, or to
destabilization of regulatory pathways that control such enzymes. Thus, a potential progeric
role of mutations is compatible with the standard hypothesis of aging.

7.4. Oxidative stress

Significantly more free energy (usable to do metabolic work) can be derived from full oxidation
of food, for example oxidation of glucose to CO, and H,O, than from fermentative processes,
such as conversion of glucose to ethanol and CO5 during which parts of the starting molecule
are reduced and other parts are oxidized in a balanced reaction. Full oxidation requires an
external electron acceptor, oxygen for most organisms. Evolutionary acquisition of the ability
to use oxygen for this purpose made possible the variety and complexity of extant life (Lane,
2002), but carried with it the risk of cell damage. Metabolism involving oxygen, particularly
aerobic respiration but also other processes, generate as by-products several oxidants and
radicals, known collectively as “reactive oxygen species” or ROS. Radicals centered on atoms
other than oxygen, especially on nitrogen, are also formed (“reactive nitrogen species” or RNS).
These reactive compounds assumed a variety of biologically essential regulatory functions.
Thus, if present in excess, ROS and RNS not only cause untargeted damage to cellular
macromolecules, also disrupt signaling and regulatory pathways (Packer and Cadenas, 2007).
Detrimental oxidation and radical-mediated reactions have been proposed to be at the core of
the aging process. The early formulation of the free radical theory of aging (Harman, 1956)
has been later refined (for example Balaban et al., 2005; Beckman and Ames, 1998). In
particular, it is now widely accepted that the hypothesis that oxidative and other damage is a
simple consequence of total aerobic metabolism integrated over the lifetime (“rate of living"
theory, Pearl, 1928) is an oversimplification. Although oxidative damage is unavoidable,
regulated biochemical mechanisms can limit it (see, for example, Echtay and Brand, 2007) or,
in some cases, reverse it (Stadtman, 2006). Thus, there is no linear relationship between total
mitochondrial metabolism and oxidative damage (Hulbert et al., 2004). However, even in its
refined form, the oxidative stress theory of aging remains one of the most controversial topics
in gerontology. On one hand, ample evidence has been presented, both within and between
species, that longevity is associated with lower production of ROS and/or lower oxidative
damage to macromolecules (Barja, 2004; Pletcher et al., 2007; Sanz et al., 2006; Sohal et al.,
1993b; Sohal et al., 1993a; Sohal et al., 2002). However, counter-examples abound. The long-
lived naked mole rat does not have elevated antioxidant defenses (Andziak et al., 2005) and
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accumulates significantly higher levels of oxidative damage than mice that have a much shorter
life span (Andziak et al., 2006). Long-lived ant queens have lower SOD levels than short-lived
workers (Parker et al., 2004). Similarly, a comparison of gene expression between honey bee
queens and workers indicates that queen longevity is due to factors other than antioxidant
defenses (Corona et al., 2005). Although the list could be expanded, the above examples are
sufficient to illustrate the lack of consensus in this area of research.

More than most research areas, gerontology is plagued by correlations that are not helpful in
inferring causation, and may even be misleading. Direction of causality can usually be
established by experimental manipulation of the variables of interest. However, even this
powerful approach failed to produce unequivocal answers regarding oxidative damage and
aging. For example, administration of SOD mimetics increased life span of C. elegans in some
(Kim et al., 2008; Melov et al., 2000) but not in other experiments (Keaney et al., 2004), and
had no effect in the housefly (Bayne and Sohal, 2002). Deletion of SODs in C. elegans
demonstrated that resistance to oxidative stress and longevity are not necessarily coupled
(Honda et al., 2008). In human clinical trials that used incidence of chronic diseases rather than
aging as the endpoint, a variety of antioxidants had variable and unpredictable effects, and
some were actually harmful (Bjelakovic et al., 2007; Howes, 2006). Similarly, results obtained
by transgenic expression of antioxidant enzymes were inconsistent. In early experiments,
transgenic expression in D. melanogaster of Cu,Zn-SOD, alone or together with catalase, was
reported to extend life span (Orr and Sohal, 1994; Parkes et al., 1998; Phillips et al., 2000; Sun
and Tower, 1999), but more recent data showed no effect (Orr et al., 2003; Orr and Sohal,
2003). Targeting catalase to mitochondria extended the life span of mice (Schriner et al.,
2005), as did ubiquitous overexpression of thioredoxin (Mitsui et al., 2002) or of
metallothionein (Yang et al., 2006). However, ubiquitous expression of SOD1 actually
shortened life span, albeit only slightly (Huang et al., 2000).

The interpretation of the seemingly contradictory results is not straightforward, but several
relevant aspects begin to emerge. One is the complexity of oxidative stress, a phenomenon due
to a variety of chemical species that have distinct functions and effects. As already mentioned,
this includes signaling (Packer and Cadenas, 2007), but also random damage to cell
constituents. Thus, experimental lowering of oxidative stress will have the beneficial effect of
containing damage but may, at the same time, disrupt signaling. The overall outcome could be
destabilizing or protective, depending on the physiological context. Therapeutic administration
of antioxidant carries with it another risk. An "antioxidant" is a compound capable of being
oxidized, sparing a biologically important molecule in the process. However, the now oxidized
form of the drug may be capable of oxidizing other cell components, thus reversing its intended
role. It is therefore more fruitful to think of antioxidants in terms of their chemical nature:
compounds capable of entering redox reactions. The direction of the reaction will be
determined by the redox potential of the drug and of its biological reaction partners, as well as
by the concentrations of both, in turn affected by the hydrophobicity of the antioxidant and
thus its partitioning among the various cellular compartments. Consequently, the outcome is
a complex function of the biological context and of pharmacokinetic and chemical properties
of the antioxidant. Yet another complicating factor is the variety of compounds contributing
to oxidative stress. Superoxide, H,O, the hydroxyl radical, and singlet oxygen are all examples
of ROS, but they have vastly different chemical and biological properties. In specific
physiological contexts and at specific sites, ROS have protective functions which may be
attenuated by antioxidants (Salganik, 2001); such attenuation could contribute to aging-related
damage accumulation. Finally, as will be discussed in more detail in section 8.6, moderate
levels of ROS contribute to adaptive (hormetic) upregulation of protective enzymes that are
part of the longevity assurance mechanism. Overall, supplementation with an antioxidant is a
rather blunt tool applied to an exceedingly complex system, perhaps explaining the failure of
most such interventions (Bjelakovic et al., 2007; Howes, 2006); the wrong compound at the
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wrong level, wrong time, and wrong site can be quite harmful, or at least ineffective. Many of
the same considerations apply to antioxidant enzymes. The classical example is overexpression
of SOD, an antioxidant enzyme that converts superoxide to H,O, and O,. In the absence of a
sufficient capacity to metabolize the resulting H,O5, toxicity could result because the biological
properties of H,O, are very different from those of superoxide. In fact, cytosolic Cu,Zn-SOD
is also present in the intermembrane space of mitochondria where it can be detrimental
(Goldsteins et al., 2008)

Complete disruption of SOD1 expression in D. melanogaster leads to serious deleterious
effects, including a drastic reduction of life span. Strikingly, transgenic restoration of as little
as 5% of wild-type SOD activity rescues life span, indicating that SOD is normally present in
excess with regard to the longevity phenotype (Mockett et al., 2003a). It could be hypothesized
that such excess capacity is not eliminated by natural selection because it provides protection
against spikes of oxidative stress that may be infrequent or absent under laboratory conditions,
but would be lethal were they to occur in a more challenging environment. Such interpretation
could have far-reaching consequences for the understanding of the role of oxidative damage
in aging, or at least in determination of life span. The prediction would be that antioxidant
defenses are crucial, and limiting, in preventing acute injury or in rescuing the effects of
pathologies, such as may be present in short-lived strains of experimental animals. This
prediction is supported by experimental results (Magwere et al., 2006; Mockett et al., 2003b;
Muller et al., 2007; Orr et al., 2003, and others). It can be further predicted that, because of the
high antioxidant capacity that evolved to deal with rare but potentially serious episodes of
oxidative stress, oxidative damage would accumulate only slowly under protected laboratory
conditions, and would be largely irrelevant to aging in such environment. Moreover, even
relatively large experimental shifts, up or down, of antioxidant defenses would not be expected
to have a significant effect on life span. Thus, the conspicuous lack of strong experimental
evidence in favor of the oxidative/free radical theory of aging may have evolutionary reasons,
in addition to our relative ignorance as to the types, sites, and timing of oxidative damage that
could truly contribute to aging.

7.5. Electrophilic stress

The reaction of ROS with polyunsaturated fatty acids (PUFAS) results in a chain reaction
(Gutteridge and Halliwell, 1990) that amplifies the original event (Fig. 1). The products of the
process, lipid hydroperoxides, can be converted (Schneider et al., 2004, 2008; Sun and
Salomon, 2004) into a variety of a,p-unsaturated aldehydes of which 4-hydroxynon-2-enal (4-
HNE) (Poli et al., 2007) is the most abundant and prototypical example (Fig. 1). Specifically,
n-6 PUFA give rise to 4-HNE, whereas n-3 PUFA are the precursors of other o,f-unsaturated
aldehydes (Guichardant et al., 2006; Long et al., 2008). At physiological concentrations, 4-
HNE is a signaling molecule that modulates a variety of fundamental biological processes
(reviewed by Barrera et al., 2008; Dwivedi et al., 2007; Leonarduzzi et al., 2004; Petersen and
Doorn, 2004). The compound exerts its biological effects mainly by forming adducts at
nucleophilic sites in proteins (Fig. 2). At higher levels of 4-HNE, more proteins form adducts
at a wider range of target sites (Uchida and Stadtman, 1992; Uchida et al., 1993; Vila et al.,
2008), leading to toxicity (Esterbauer et al., 1991). In addition, 4-HNE can be mutagenic
(Singh et al., 2005).

Although adduct formation on lysine side chains can be chemically reversible, that on histidines
and cysteines is not (Liu et al., 2003). No enzymatic mechanisms are known for the removal
of 4-HNE covalently bound to proteins. Proteins that are moderately derivatized by 4-HNE
can be turned over more rapidly than native proteins (Carbone et al., 2004), but proteins more
extensively derivatized or crosslinked by 4-HNE inhibit the proteasome (Friguet, 2006; Friguet
and Szweda, 1997; Grune and Davies, 2003), as does 4-HNE itself by direct modification of
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the proteasome (Farout et al., 2006). Thus, proteins that carry 4-HNE adducts combine an
altered function with resistance to degradation. Modification by 4-HNE is therefore an
attractive candidate for damage that contributes to aging. It is likely, however, that the
importance of 4-HNE transcends its ability to inflict generalized, non-targeted damage. As
already mentioned, 4-HNE is a signaling molecule that conveys the information that oxidative
damage, and hence lipid peroxidation, has occurred. 4-HNE is well-suited for such signaling
function because its chemical properties are very different from those of ROS. Unlike most
oxidants and radicals, 4-HNE reacts with a protein fairly selectively and permits a specific and
reproducible change in the protein’s properties. 4-HNE adducts could be thus viewed not as
damage but as posttranslational modifications that regulate function. In fact, some proteins
carrying 4-HNE adducts gain, rather than lose, activity; phosphoinositide-specific
phospholipase C (Maggiora and Rossi, 2003; Rossi and Dianzani, 2000) and L-type Ca%*
channels (Akaishi et al., 2004) may serve as examples. The specific regulation of individual
proteins suggests that 4-HNE, in addition to causing undirected damage to large sets of targets,
may modulate signaling pathways, including those relevant to aging.

If the formation of 4-HNE is a consequence of lipid peroxidation, it could be surmised that 4-
HNE concentrations should be directly proportional to the level of oxidative stress. If so, the
arguments laid out in the preceding section that life span is probably not limited by the
accumulation of oxidative damage, at least under laboratory conditions, should also apply to
electrophilic modifications caused by 4-HNE and similar lipid peroxidation products. This
would negate a role of 4-HNE in aging. | will, however, argue that this is not the case because
of the unique chemistry of 4-HNE formation.

The near-saturating amount of antioxidants means that any further increase in antioxidants,
even if substantial, would have only an incremental effect on the residual ROS levels. However,
even a low concentration of ROS will initiate the lipid peroxidation chain reaction which will
propagate as long as PUFAs and oxygen are present (Fig. 1). In other words, a small “seed”
amount of ROS, likely to persist even in the presence of additional antioxidants, could be
sufficient to generate a substantial amount of lipid peroxidation products such as 4-HNE. The
level of resulting peroxidation products would depend strongly on the availability and
quantities of PUFAs, but is expected to be less sensitive to the amount of initiating ROS. In
this context it is worth noting that life span among vertebrates correlates not only with ROS
production, but also with the degree of lipid unsaturation and the position of the double bonds
(Barja, 2004;Hulbert, 2005;Hulbert et al., 2007;Pamplona et al., 2002;Sanz et al., 2006). Wild-
derived mice live longer in a protected laboratory environment than “domesticated” but
genetically heterogeneous animals (laboratory mice interbred to prevent inbreeding
depression) (Miller et al., 2002). The shorter-lived laboratory mice have a higher content of
n-3 PUFAs in membrane phospholipids than the longer-lived wild-derived animals (Hulbert
et al., 2006). The naked mole rat, which lives for almost 30 years in spite of a substantial
accumulation of oxidative damage (Andziak et al., 2006), has a significantly lower level of the
n-3 PUFA, DHA (docosahexaenoic acid) than mice (Mitchell et al., 2007) which live one-tenth
as long. In addition, naked mole rats have a higher abundance of ether-linked phospholipids
(plasmalogens) in their membranes (Mitchell et al., 2007). The vinyl ether linkage in
plasmalogens is highly susceptible to an attack by ROS; therefore, these lipids can act as radical
scavengers (Brosche and Platt, 1998;Gorgas et al., 2006;Kuczynski and Reo, 2006) and thus
prevent the lipid peroxidation chain reaction. Honey bee queens, which share their genome
with workers but outlive them by a factor of ten or more (Heinze and Schrempf, 2008), have
membranes that contain less PUFAs and are thus less susceptible to peroxidation than
membranes of worker bees (Haddad et al., 2007). Similarly, offspring of human nonagenarians
have a lower content of PUFAs in erythrocyte membranes than control subjects matched with
respect to age and other variables (Puca et al., 2008). The above examples are persuasive but
still correlative in nature. However, direct evidence has been obtained for a cause-effect
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relationship between fatty acid unsaturation and molecular damage that could contribute to
aging. The fatty acid composition of mitochondria was altered in rats by dietary intervention,
resulting in a higher double bond index (a measure of unsaturation; Pamplona et al., 2004).
This led to elevated lipid peroxidation and increased formation of aldehyde-protein adducts,
protein carbonyls, and other forms of molecular damage in mitochondria of heart (Herrero et
al., 2001) as well as brain and liver (Pamplona et al., 2004). In a complementary experiment,
damage caused by the lipid peroxidation product malondialdehyde was prevented in
Arabidopsis thaliana plants in which the synthesis of PUFAs was eliminated by genetic
disruption of fatty acid desaturases (Mene-Saffrane et al., 2007).

Unsaturated fatty acids have multiple functions. Some fatty acids, including arachidonic (an
n-6 PUFA) (Funk, 2001) and others (Watts and Browse, 2006), are specific precursors for
biosynthetic pathways that lead to potent regulatory molecules. Competition between
individual fatty acids for the enzymes that convert them to signaling compounds may account
for the antagonistic biological roles of n-6 and n-3 PUFAs in processes such as inflammatory
signaling, lipid metabolism, metabolic syndrome, and others (Schmitz and Ecker, 2008).
Stearoyl-CoA desaturase SCD2 (and thus presumably one or more species of unsaturated fatty
acids) is required for PPARy induction and adipogenesis in the murine 3T3-L1 adipocyte cell
line (Christianson et al., 2008). An unrelated function of unsaturated fatty acids that are part
of membrane phospholipids is the modulation of membrane fluidity, a parameter essential for
membrane function (Los and Murata, 2004; Marguet et al., 2006). In this context, the molecular
shape is of primary importance. The first double bond introduced into a fatty acid molecule is
near the center of the chain. A double bond in this position causes a packing defect that increases
membrane fluidity. The contribution to fluidity of additional double bonds (located closer to
the ends of the chain) becomes progressively smaller (Brenner, 1984; Pamplona et al., 2002).

A variety of unsaturated fatty acids is synthesized or obtained from the diet (species differ in
their capacity to elongate and desaturate fatty acids, Hashimoto et al., 2008) to satisfy the
sometimes conflicting biochemical and physiological needs. For example, membrane fluidity
must be well-controlled to assure proper membrane function; this requires a high content of
unsaturated fatty acids. However, unsaturated fatty acids, especially PUFAS, are prone to
peroxidation. The ensuing damage may be tolerated in short-lived species but could become
limiting in longer-lived organisms. Such organisms may evolve other strategies that assure an
appropriate membrane fluidity, for example a shift from PUFASs to mono-unsaturated fatty
acids, to shorter-chain fatty acids, or changes in the level of other relevant components such
as sterols. Similar trade-offs may occur in other areas of metabolism in which unsaturated fatty
acids participate. Thus, within the framework of the standard hypothesis of aging, a shift of
lipids to a lower double bond index, or perhaps more importantly, a shift to a lower membrane
peroxidation index (Hulbert et al., 2007), constitutes a longevity-assurance mechanism that
slows down the accumulation of damage relevant to aging. The role of unsaturated fatty acids
in aging, and their relationship to other life span-limiting factors, is the topic of a recent review
(Hulbert et al., 2007).

Interestingly, n-3 PUFAs are more susceptible to peroxidation than n-6 PUFAs (Hulbert,
2005), suggesting a case of “antagonistic pleiotropy” on the metabolic rather than genetic level:
the protective role of n-3 PUFAs (Calder, 2006; Fritsche, 2006; Lombardo and Chicco,
2006) during most of life span may be partially offset by accelerated aging due to increased
lipid peroxidation.

In the context of aging mechanisms, the data summarized above could be interpreted in terms
of a partial loss of function of a biological membrane due to peroxidation of unsaturated fatty
acids. For example, altered ion permeability of the membrane could disturb tissue homeostasis
and eventually contribute to aging. It is equally possible that increased formation of lipid
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peroxidation products, particularly electrophilic aldehydes such as 4-HNE, leads — via
modification of cellular proteins — to untargeted damage, changes in signal transduction,
lipofuscin-mediated inhibition of autophagy (section 7.6), or a combination of these
mechanisms. Evidence in favor of a pro-aging role of 4-HNE will be discussed in section 8.5.

7.6. Other endogenously generated destabilizing factors

Lipofuscin—A conspicuous correlate of aging is the accumulation in tissues of typically
brown pigments (Sulzer et al., 2008), collectively known as "age pigments". Although age
pigments are a highly heterogeneous mixture, two types can be distinguished: advanced
glycation end-products (AGE), formed by reaction of amino acid side chains in proteins with
reactive intermediates derived from carbohydrates (a subset of the Maillard or browning
reaction, Baynes, 2001), and lipofuscin (reviewed by Beckman and Ames, 1998). Lipofuscin
is the result of adduct formation and crosslinking of proteins by lipid peroxidation products,
including 4-HNE, malondialdehyde, and others (Itakura et al., 2000; Schutt et al., 2003; Tsai
etal., 1998; Uchida, 2006). Many age pigments are fluorescent. Their heterogeneity results in
a broad emission spectrum; for example, in C. elegans, fluorescence emission is centered at
430 nm but covers a range of 350 to almost 600 nm (Fig. S1 and Table S1 in Gerstbrein et al.,
2005). This "autofluorescence" creates major technical problems in the experimental use of
fluorescent probes, but provides a conveniently measurable and important marker of aging.
The question remains unresolved whether lipofuscin is a consequence or a cause of aging.
Traditionally, it has been assumed that that the pigment is a byproduct of the aging process
(reviewed by Beckman and Ames, 1998). However, the "lysosomal-mitochondrial axis"
hypothesis (Kurz et al., 2007; Terman, 2006) postulates that lipofuscin causally contributes to
aging. According to this model, lipofuscin forms in lysosomes (Brunk et al., 1992) but is
refractory to degradation by these organelles; the accumulating lipofuscin-loaded,
dysfunctional lysosomes constitute a sink for newly synthesized lysosomal enzymes, and thus
prevent efficient autophagy of mitochondria and other cellular components. Autophagy is an
important longevity assurance mechanism (Bergamini et al., 2007; Hansen et al., 2008),
indicating that lipofuscin may be causally linked to aging. In this context, the involvement of
4-HNE in lipofuscin generation (e.g., Schutt et al., 2003) suggests that the lysosomal
mechanism could contribute to the pro-aging affect of 4-HNE.

Lipofuscin consists of proteins modified and crosslinked by lipid peroxidation products.
Accordingly, lipofuscin accumulation has been thought to be associated with oxidative stress
that triggers lipid peroxidation (reviewed by Beckman and Ames, 1998). However, studies in
C. elegans revealed that mutants that overproduce ROS do not accumulate more lipofuscin
than a wild-type strain (Gerstbrein et al., 2005). This apparent inconsistency can be resolved
by the argument laid out in section 7.5: if antioxidant defenses are present at levels that are
sufficient or in excess of what is needed under all but the most extreme conditions, the levels
of 4-HNE —the compound that is relevant to lipofuscin formation —will be relatively insensitive
to changes in ROS concentration.

Protein aggregation—Biological synthetic processes typically attract more and earlier
attention of researchers than degradation reactions. For example, development was studied
well before gerontology became a serious branch of biology, and cell proliferation was
researched prior to apoptosis. Similarly, the elucidation of protein synthesis became an early
cornerstone of modern molecular biology, with the study of the mechanisms and regulation of
protein degradation lagging behind. The latter example illustrates the working and preferences
of the human mind more than the relative scientific importance of the topics: it is obvious that,
at a steady-state as present in post-mitotic cells, overall protein synthesis must approximately
equal protein degradation, and failure of either is highly detrimental. Mechanisms by which
unfolded proteins are shielded from aggregation, stabilized, and refolded, and — if beyond repair
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—proteins and even entire organelles are degraded, mostly by the proteasome and by autophagy,
are of fundamental importance for aging. The discussion of these processes is beyond the scope
of the present article; the reader is referred to numerous excellent reviews covering the
relevance to aging of heat shock proteins and their regulation, autophagy, and proteasomal
function. However, two points are relevant in the context of the role of detoxification in aging.
One is that in vivo aggregation of proteins may lead to toxicity. Prions, amyloid § peptide,
proteins containing polyglutamine tracts, and mutant SOD are examples of proteins that are
prone to aggregation as a consequence of a conformational change or partial unfolding. The
aggregates are frequently refractory to degradation, form persistent fibrils or plaques, and cause
severe neuropathologies. The second point is that the net stabilization free energy of most
proteins is as low as 5 to 20 kcal/mol (Somero, 1995). This could be compared with the free
energy of ATP hydrolysis under typical conditions within a cell, -12 kcal/mol (Nelson and
Cox, 2000, p. 501), illustrating that the hydrolysis of a single ATP molecule may suffice to
unfold a protein molecule, given an appropriate mechanism. The relatively low stability of
proteins evolved for functional reasons (Somero, 1995), but it also means that even mild stimuli
such a moderate shift in temperature (heat shock), interaction with other macromolecules,
binding of heavy metals, or covalent modifications are able to change conformation/unfold a
protein at least partially and initiate aggregation. Adduct formation with 4-HNE could serve
as an example of such a destabilizing modification. In fact, reaction of 4-HNE with the amyloid
B peptide induces fibril formation (Liu et al., 2008). Given the large number of different proteins
in a cell, it appears likely that many if not most reactive compounds (toxicants) will change
the properties of some proteins in a way leading to a detrimental outcome. This could manifest
itself as acute toxicity, or as a gradual accumulation of damage that results in aging. The wide
spectrum of toxicants acting on a variety of targets suggests that there may not be a single, or
even predominant, cause of damage that is relevant to aging. Instead, there could be a wide
range of mechanisms with additive effects.

Reactive compounds of intermediary metabolism—Life is a complex but basically
chemical process. Therefore, it must have evolved to make use of metabolites that are able to
enter into the required chemical reactions. In fact, it has been postulated that extant metabolism
is not one of many possible models that happened to have been fixed by evolution, but that its
emergence is a largely determinate consequence of the constraints of organic chemistry in an
aqueous environment (Morowitz et al., 2000; Smith and Morowitz, 2004). Some metabolic
reactions require rather high intrinsic reactivity of the compounds involved. The examples of
ROS, RNS, and electrophiles have been already discussed. In special situations, reactivity can
be further increased or modified: neutrophils generate ROS via NADPH oxidase (Krause,
2006) and use ROS to form hypochlorite (Mikkelsen and Wardman, 2003; Winterbourn and
Kettle, 2000), the active compound in household bleach — for a purpose similar to that desired
at home, namely killing of invading microorganisms. Nevertheless, it could be argued that the
reactive compounds mentioned above originally formed as by-products or end-products of
biological reactions. Even though some acquired secondary functionality, they could be viewed
as being outside of "core" metabolism. Similarly, the damaging presence of unbound iron or
copper ions could be considered an accident rather than part of normal metabolism. However,
many compounds that participate in intermediary metabolism are highly reactive because this
is required by their function. Examples include redox-active sulfhydryl compounds and
coenzyme Q, thioesters, mixed anhydrides of organic acids with phosphoric acid, sugars with
free keto but especially aldehyde groups, and some prosthetic groups of enzymes. Certain
metabolites are reactive not because of their function but because they are unavoidable in a
metabolic pathway. For example, tyrosinemia type I, a defect in tyrosine catabolism, causes
accumulation of fumarylacetoacetate and is associated with early childhood hepatocellular
carcinomas (Ashorn et al., 2006; Nakamura et al., 2007). Fumarylacetoacetate and related
metabolites are a,-unsaturated carbonyl compounds that may undergo a Michael addition
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much like 4-HNE, and therefore have the capacity to damage proteins. In a wild-type
background, fumarylacetoacetate will not reach high levels but will be still present at a finite
concentration, possibly causing cumulative perturbations that contribute to aging. Reactive
intermediates are also formed in the course of detoxification. For example, polycyclic aromatic
hydrocarbons are converted by cytochrome P-450/epoxide hydrolase action to reactive diol
epoxides which are detoxified by conjugation (Hu et al., 1999; Hu et al., 1997). Diol epoxides
that escape conjugation may form adducts with DNA, accounting for their carcinogenicity. In
addition to specific chemical reactivity, metabolism-linked microenvironments such as low
pH in lysosomes or in the lumen of the stomach may contribute to damage accumulation and

aging.

The balance between metabolite reactivities that are sufficient to assure efficient metabolism
but low enough to prevent destabilizing side reactions involves trade-offs. In the context of
aging, damage resulting from such side reactions will be tolerated as long as most individuals
survive throughout a reproductive period that was evolutionarily optimized given the prevalent
extrinsic mortality. Should metabolism-inflicted damage become life-limiting, mechanisms
can evolve to contain it. Examples of such mechanisms include channeling of metabolites
between enzymes, shielding reaction intermediates from bulk solution, or creating
microenvironments and specialized reaction compartments within organelles. | propose,
however, that these mechanisms evolve not to minimize damage, but to optimize the balance
between investment of resources and the resulting protective effect. Thus, to a certain extent,
metabolism will remain self-destructive. This is a broader reformulation of the rate-of-living
theory, embracing not only oxidative damage but core intermediary metabolism itself.

7.7. Xenobiotics

Many external toxicants are man-made. Pervasive environmental pollution may result in
concentrations of these compounds that are sub-toxic but nevertheless significant in the context
of aging. However, the number of industrial chemicals is probably dwarfed by "natural™
xenobiotics, i.e., compounds of biological origin. This has a good reason. Plants, many
microorganisms, and some animals compete (in the Darwinian sense) using chemistry rather
than behavior. Therefore, these organisms produce a mind-numbing variety of toxicants,
noxious chemicals, odorants, and other compounds that evolved specifically to harm, repel, or
otherwise modify the behavior of predators and competitors. Darwinian selection led to
substances that act by a variety of mechanisms, often involving highly specific interference
with a particular target, such as an enzyme or a receptor, although the broad chemical classes
of oxidants, free radical generators, and electrophiles found among endogenously produced
toxicants are also represented among xenobiotics (Gregus, 2008). To achieve their protective
purpose, at least vis-a-vis animals, most xenobiotics have to act acutely. At lower
concentrations some of these compounds could lead to an accumulation of damage that, in the
long term, may contribute to aging. However, it appears most likely that destabilizing
compounds that may limit life span act via the broader mechanisms of covalent modification
of macromolecules involving electrophilic attack and perhaps redox and free radical-mediated
reactions. In this mechanistic respect and in the context of aging, there is little functional
difference between endogenously produced compounds and xenobiotics.

7.8. Proximal causes of death

As mentioned at the outset of this section, death results from accumulation of uncompensated
damage that compromises homeostasis severely enough to cause the failure of an essential vital
function. A question of considerable mechanistic interest is whether death is the consequence
of a stressor, such as a disease pathology or a toxicant, that acts on the weakened organism and
"pushes it over the edge”, or whether, if left alone in a protected environment, the organism

will nevertheless die "from natural causes”. A distinction has been made between age-related

Ageing Res Rev. Author manuscript; available in PMC 2009 December 1.



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

1duasnuey Joyiny vd-HIN

Zimniak

Page 19

diseases and "natural aging™ (reviewed by Kirkwood, 2008a). | would argue that such a
distinction is artificial. Obviously, extreme situations are easy to classify. It would be entirely
unreasonable to attribute to aging, a death caused by a direct hit by a meteorite: organismal
robustness and homeostasis are irrelevant in this context. However, getting hit by a car is less
straightforward. Quite possibly, cognitive or motor dysfunction increases the probability of a
person stepping in front of a moving vehicle. Similarly, dying from an infection may indicate
that the affected individual lost part of immune or other protective function and is more
susceptible to disease. The loss of cognitive abilities or of immune protection with age could
be attributed to accumulating tissue damage, and any resulting deaths could be subsumed under
the "aging-related"” category. Nevertheless, such deaths are usually classified as due to a road
accident or to infectious disease because the contribution of the external cause is perceived to
be greater than that of intrinsic susceptibility. At the other end of the spectrum, an aged and
very frail organism may succumb to a challenge so subtle that it may be difficult to identify.
In this view, both destabilizing stimuli and organismal robustness form continua; death always
requires a stimulus, but occurs only if the stimulus exceeds resistance. This would mean that
the experimental gold standard, namely a "natural™ life span limited only by intrinsic properties
of an organism and not curtailed by pathology or accident, can be asymptotically approached
by providing increasingly sheltered environments, but never attained. The problem is
compounded by uncertainty as to what constitutes a sheltered environment. For example,
individually housed mice are deprived of social interactions but are shielded from stress and
potential fighting; germ-free animals are protected from infections but can have a drastically
altered physiology (Backhed et al., 2007; Bajzer and Seeley, 2006). This indicates that life
span, asurrogate measure of aging, can only be determined in an arbitrarily chosen environment
and will be influenced by that environment. This does not negate the value of life span
measurements but affects their interpretation.

8. Longevity assurance: mechanisms for prevention, repair, or containment

of damage

The evolutionary and genetic considerations summarized in the opening sections of this review
provide essential information on the logic of the biological processes that modulate aging, and
on their theoretical constraints. The basic tenets of the standard hypothesis of aging are derived
from evolutionary considerations, in particular, the conclusion that aging is not driven by an
active genetic program but is the consequence of imperfect maintenance that, in turn, is a by-
product of evolutionary optimization of reproductive fitness. As important as these conclusions
are in providing a conceptual framework to the field, they afford only limited insight into the
molecular mechanisms of aging. Elucidation of these mechanisms requires a combination of
evolutionary and genetic approaches with molecular biology and, in particular, with
biochemistry. The resulting synergism is at the root of recent exciting advances in gerontology,
and promises to yield further insights.

Destabilizing processes and reactions that negatively impact homeostasis and fitness of an
organism, and thus shorten life span, have been summarized in the preceding section of this
review. Inthis section, I will discuss mechanisms that have the capacity to prevent such damage
or minimize its effects on life span. These longevity assurance mechanisms are genetically
determined and evolutionarily selectable. Their elucidation is therefore not only of fundamental
importance in the understanding of the aging process, but also it opens the possibility of life
span-extending interventions.

8.1. Replacement of damaged macromolecules

Modifications of proteins (by oxidation of amino acid side chains, covalent adduct formation,
non-covalent but strong binding of heavy metals, or even thermal motion that can lead to partial
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unfolding) are potentially detrimental. These harmful effects can be, however, minimized by
replacing the affected proteins. Although catabolism of 4-HNE-modified GAPDH by cathepsin
G has been reported (Tsuchiya et al., 2007), the major pathways for degradation of damaged
proteins appear to be the ubiquitin-proteasome pathway and autophagy. Both are major
longevity assurance processes (Ghazi et al., 2007; Hansen et al., 2008)

It is tempting to think that because of turnover, modified proteins become a non-issue. This
could be true in terms of acute toxicity and cell death, but may not apply to aging. In the steady-
state resulting from ongoing damage to proteins and concomitant turnover, a finite
concentration of modified proteins will be present in cells. In the case of some modifications,
e.g., 4-HNE adduct formation, the partial inhibition of degradative pathways (see section 7.5)
will increase the steady-state level of the modified protein, although perhaps still below the
toxicity threshold. However, even sub-toxic levels are likely to have an impact on cell
performance. In keeping with the previous discussion, this detrimental effect is more likely to
be caused by the presence of a partially unfolded or otherwise changed protein than by a simple
loss of function; therefore, higher synthesis of the protein would be unable to compensate.
Suboptimal performance of a critical tissue may lower organismal fitness and increase the
probability of death. In dividing cells, modifications of low-abundance regulatory proteins
would increase the "stochastic noise™ and, by mechanisms summarized in section 7.2, may
give rise to clones of deficient cells, again increasing the likelihood of death. Thus, damage to
proteins can accelerate aging even in the absence of long-term accumulation of persistent
adducts.

8.2. Repair of damaged macromolecules

Although counter-examples exist such as reduction of methionine sulfoxide (Friguet, 2006;
Moskovitz, 2005; Stadtman, 2006) or reduction of disulfide bonds, covalently modified
proteins are rarely repaired. The reason for this probably lies in the chemical diversity of amino
acid side chains, and thus a multiplicity of possible modifications. A separate enzyme system
would be needed to repair each kind of damage, even assuming that the information required
to reverse the defect were available. The metabolic cost of maintaining extensive protein repair
systems would likely exceed the (still appreciable) cost of replacing the affected proteins.
Moreover, as discussed above (section 3), proteins tolerate well the variability that results from
amino acid misincorporation, and are probably similarly insensitive to most chemical
modifications. Finally, changes to proteins are not heritable and thus of limited impact. In
contrast, consequences of damage to DNA are more serious, and multiple DNA repair
mechanisms exist. DNA repair is an essential longevity assurance mechanism (for example,
see Vijg, 2008). However, the topic is beyond the scope of the present review.

8.3. Sorting of damaged macromolecules

It has been recently shown that E. coli divides asymmetrically, sorting oxidatively damaged
proteins into a "mother” cell which eventually ceases to reproduce (Desnues et al., 2003;
Nystrom, 2007; Stewart et al., 2005). A similar mechanism is active in the yeast S.
cerevisiae where protein carbonyls as well as toxic rDNA circles are preferentially retained by
the mother cell (Aguilaniu et al., 2003; Sinclair and Guarente, 1997). Such segregation of
damaged macromolecules permits a re-setting of the physiological age of the progeny, and thus
constitutes, for the daughter cell, an efficient longevity assurance mechanism which, in this
particular case, obviates the need for macromolecule repair or replacement, but requires cell
division. Obviously, the process is consistent with the logic of the disposable soma theory
(Kirkwood, 1977), and may be its evolutionary predecessor. Once such a strategy was
established, it would confer similar (arguably, greater) benefits to multicellular organisms,
including mammals, where the germline is functionally immortal. A different mechanism has
been proposed, however, for the rejuvenation of mammalian offspring (Hernebring et al.,
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2006). According to this model, gametes contain damaged macromolecules at a level
characteristic of the adult (parental) organism, but early embryonic development includes a
phase of intense proteasomal degradation of such macromolecules. It is not clear to what extent
the proposed macromolecule replacement mechanism accounts for the re-setting of the
biological age of mammalian offspring. Embryogenesis involves rapid cell division as well as
widespread apoptosis, suggesting that sorting into cells destined for elimination could also
contribute.

Sorting of damaged molecules could play a role in non-aging species that continue to grow
throughout life (section 6). A tissue that contains dividing cells could maintain at least some
of these cells in a rejuvenated state through damage sorting. Aged “mother cells” may undergo
apoptosis, assuring undiminished functionality of the tissue.

8.4. Minimizing molecular damage

The replacement, repair, or sorting mechanisms described above apply to situations in which
macromolecular damage has already occurred. An alternative strategy of longevity assurance
would be to prevent the formation of potentially damaging toxicants, or to intercept (detoxify)
them before they modify cellular macromolecules.

The conceptual impact of the discoveries that dietary restriction and inhibition of 11S extend
life span derives in large measure from the realization that genetically determined mechanisms
can limit molecular damage. In other words, accumulation of molecular damage is not a passive
and inevitable consequence of metabolism (as originally postulated by the rate-of-living
hypothesis), but is subject to regulation. The genetic switches that up- or downregulate such
protective mechanisms on an organismal, rather than evolutionary, level (Kirkwood, 2005)
respond to sensory inputs that report the status of the environment, and to metabolic and
hormonal inputs that reflect the state of the organism itself. The switches are thought to
determine the allocation of limiting resources between reproduction and maintenance
(Kirkwood, 2005; Kirkwood, 1977). This interpretation has been recently refined in D.
melanogaster: relative to shorter-lived, fully-fed flies, animals with a life span extended by
caloric restriction actually invested fewer carbon and nitrogen resources to the soma in absolute
terms, but had a higher ratio of resources devoted to the soma relative to those invested in egg
production (O'Brien et al., 2008). This corroborates previous evidence indicating that egg
production is a major detrimental factor in insect longevity (Mockett and Sohal, 2006), but
does not alter the conclusion that life span will be extended as long as somatic maintenance
outweighs reproductive damage, irrespective of the absolute levels of both.

What is the mechanistic meaning of devoting more resources (whether in absolute or relative
terms) to somatic maintenance? In other words, how can an organism minimize molecular
damage? Obviously, there are many strategies that could be deployed to achieve that end.
Limiting the supply of toxicants is an attractive option. Activation of uncoupling proteins has
been postulated to decrease the production of ROS (Echtay and Brand, 2007; Echtay et al.,
2003; Parker et al., 2008; Wolkow and Iser, 2006) (Fig. 1), although this mechanism has been
questioned (Bezaire et al., 2007; Shabalina et al., 2006). A strategy of major importance is to
lower the content of unsaturated fatty acids, especially PUFAs, in membranes (section 7.5),
and it appears that evolved differences in fatty acid composition may explain a substantial
component of the disparate life spans of species. Acute responses, e.g., to caloric restriction,
on an organismal rather than evolutionary time scale, do not seem to utilize this mechanism;
short-term shifts in fatty acid composition are more likely aimed at stabilizing membrane
fluidity, especially in poikilotherms. The limited potential to restrict the supply of toxicants or
their precursors emphasizes the importance of intercepting them once they are formed, i.e.,
detoxification.
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Detoxification, or detoxication, denotes a large set of reactions that typically lower the toxicity
and increase water solubility of a wide range of endogenous and xenobiotic compounds.
Traditionally, these reactions have been grouped in phases. Phase | entails the introduction of
a functional group, often by cytochrome P450-catalyzed hydroxylation, that may decrease or
actually increase toxicity. In phase I, the newly-introduced or a pre-existing functional group
is conjugated with a polar moiety to reduce toxicity and increase solubility. Phase 111 involves
transport of the conjugate out of the cell, typically via an ABC pump. However, it has been
pointed out (Josephy et al., 2005; Parkinson and Ogilvie, 2008) that the above categorization
has too many exceptions to be useful. Moreover, such classification would incorrectly imply
that the reactions are unique to detoxification, and that detoxifying enzymes are distinct from
those participating in general metabolism. In reality, many enzymes catalyze transformations
of both endogenous core metabolites and toxic xenobiotics. To avoid an artificial separation
of detoxification from metabolism, it is more useful to think of detoxifying enzymes in terms
of the usual biochemical convention, i.e., to group them according to the reaction they catalyze
(Josephy et al., 2005). Selected reactions relevant to detoxification are summarized in Table
1. Only the major reactions are shown, and the classification can be ambiguous. For example,
the assignment of peroxidases depends on the point of view of the reader. Peroxidases could
be listed in the "oxidation" category if the reaction of interest is, e.g., the oxidation of chloride
to hypochlorite, or in the "reduction” category if the focus is on reduction of lipid
hydroperoxides. Similarly, the distinction between oxidants and electrophiles is somewhat
arbitrary. An electrophile seeks and is able to accept electrons, which makes it by definition
an oxidant. Nonetheless, in a biological setting, the roles of electrophiles and oxidants differ.
Imprecisely, electrophiles could be defined as electron-deficient compounds/functional groups
that form a chemical bond with a nucleophilic center, whether covalent (as in 4-HNE adducts)
or non-covalent (as in glutathione-heavy metal ion complexes). In contrast, oxidants exchange
electrons and perhaps hydrogen with a reductant, but no lasting chemical bond is formed. Many
of the proteins listed in Table 1, in particular some members of the CYP and GST groups but
also some SDRs, act not only in detoxification but also participate in a wide range of
biosynthetic processes. Finally, only categories of enzymes are shown in Table 1. Each
category consists of multiple proteins or even classes of proteins (Hayes et al., 2005; Hoffmann
and Maser, 2007; Parkinson and Ogilvie, 2008; Zimniak and Singh, 2006). The reasons are
not clear for the existence of multiple detoxifying enzymes (for example, as many as 44 GSTs
in C. elegans) with overlapping but nevertheless non-identical substrate specificities. A
possible interpretation is based on the physiological role of these enzymes: functionally, they
constitute a "chemical immune system™ that must be able to deal with a wide spectrum of
substrates, including those it has not previously encountered, without interfering with non-
toxic endogenous metabolites. A single, versatile enzyme would increase the latter danger,
whereas many specific ones would be too costly to maintain. The evolved optimal number of
enzymes in each category is probably co-determined by the prevalence of xenobiotics in the
typical environment of each species. Rapid gene duplication (actually stimulated by toxicant
stresses, Schimke, 1984), and subsequent adaptive evolution of the replicated genes, is initially
a divergent process, but may ultimately result in multiple isozymes assuming specificity for a
given substrate by convergent evolution rather than via common ancestry. This seems to be
the case for catalytic efficiency for 4-HNE in GSTs of mammals (murine versus human
GSTA4-4, Zimniak, 2006), C. elegans (Ayyadevara et al., 2007), and D. melanogster (Sigma
and Delta-class GSTs, Sawicki et al., 2003; Singh et al., 2001), and may be a general
phenomenon. However, in spite its simplification and ambiguities, Table 1 may serve as a
guide to the most common detoxification processes.

8.5. Which detoxification reactions are relevant to longevity assurance?

The detoxification reactions discussed in the preceding section have been originally
characterized in the context of classical toxicology (Gregus, 2008; Parkinson and Ogilvie,
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2008). A priori, it is not obvious which, if any, of these reactions are relevant to longevity
assurance. In fact, initial emphasis in gerontology was on antioxidant defenses, a category that,
toxicologically, is of some but not of central interest. The question of gerontological relevance
of detoxification can be addressed in two ways: (i) via modulating, by biochemical or genetic
intervention, individual reactions and recording the effects on life span, and (ii) through a
global, unbiased examination of shifts in gene expression between a normal- and long-lived
states of an organism, i.e., between physiological situations in which the investment of
resources into somatic maintenance is expected to be low and high, respectively. The latter
approach was taken by Gems and colleagues in a series of elegant studies. Initially, they
identified classes of genes whose transcription was altered in two long-lived forms of C.
elegans: the dauer larva, and hypomorphic daf-2 mutants (Gems and McElwee, 2005; McElwee
et al., 2004). More recently, this approach was broadened to include C. elegans, D.
melanogaster, and two strains of mice (McElwee et al., 2007). For all three organisms,
physiological states were examined in which impaired 11S signaling results in life span
extension. The cross-species comparison has the power to identify "public*” (widespread,
perhaps universal), as opposed to "private™ (species-specific), determinants of longevity.

In the context of toxicology, the striking result of the above studies was that extended life span
correlated with a significantly higher transcript level of certain, but not all, categories of genes
encoding detoxification enzymes (McElwee et al., 2007). For GSTs, transcript levels were
increased in all four experimental systems (nematodes, flies, and two mouse strains), with
group P < 0.0005 for all systems except worms where P < 0.005. The evidence was almost as
strong for short chain dehydrogenases/reductases (SDRs), although their transcripts did not
reach significance in the Ames mouse. Finally, cytochromes P450 were increased with high
significance in long-lived worms and flies, but less so in mice (P < 0.05 for the Ames mouse,
and not significant in the Little mouse). No other group of detoxification genes was reported
to be consistently elevated in the longer-lived state. In particular, SOD and catalase, major
antioxidant enzymes involved in decompaosition of ROS, were increased in some but not all of
the species that were compared (McElwee et al., 2007). These data suggest two generalizations.
One is based on the observation that, among the enzymes listed in Table 1, only cytochromes
P450, GSTs, and SDRs are significantly involved (besides detoxification) in the synthesis of
endogenous metabolites, particularly steroid hormones and signaling molecules derived from
arachidonic acid. Therefore, changes in the levels of these enzymes could affect the hormonal
status of the organism, and thus longevity. The second generalization is biochemical. The
strongest correlate of longevity is the increased expression of GSTs, the only category of
detoxification enzymes that evolved specifically to remove electrophiles. Even though UDP-
glucuronosyltransferases were highly expressed in long-lived nematodes (McElwee et al.,
2004), none of the several groups of nucleophile-conjugating enzymes (Table 1) are
consistently elevated in all three species. Together, these data indicate that it is not general
toxicity, and in particular not oxidative stress, but specifically electrophilic toxicity that may
shorten life span. This conclusion is consistent with the increase in SDR expression. The latter
enzymes are able to reduce carbonyl groups, and many carbonyl-containing compounds are
electrophilic; the strongly electrophilic aldehyde 4-HNE can be reduced by aldo-keto
reductases (Srivastava et al., 1999) which are functionally (albeit not structurally) related to
SDRs.

The most abundant intracellular electrophiles (Marnett etal., 2003), such as 4-HNE, are derived
from peroxidation of PUFAs. High levels of PUFAs in membranes correlate with short life
span (section 7.5), but strong anti-electrophile defenses are associated with longevity
(McElwee et al., 2007). The above information suggests a causal link leading from high PUFA
to high lipid peroxidation, to high 4-HNE, and to shortened life span. A key role of lipid
peroxidation in limiting life span is also consistent with the lack of a clear correlation of
longevity with antioxidant enzymes (McElwee et al., 2007). As discussed in section 7.5, lipid
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peroxidation appears to be primarily dependent on the availability of PUFAs but relatively
insensitive to the amount of initiating ROS.

Conclusions based on transcript levels, such as determined by microarray analysis, may be
weakened by the imperfect correlation between steady-state transcript and protein
concentrations. However, the microarray-based hypothesis that GSTs modulate life span
(McElwee et al., 2007) is fully consistent with results of targeted assays of the amount and
function of relevant proteins. The level of CeGSTP2-2 (product of the gst-10 gene), one of
several C. elegans GSTs with appreciable catalytic efficiency for 4-HNE (Ayyadevara et al.
2007; Ayyadevara et al., 2005b), strongly correlates with the median life span of a series of
daf-2 hypomorphic mutants (Ayyadevara et al., 2005a). Moreover, glutathione conjugating
activity for 4-HNE also correlates with life span in several congenic lines of C. elegans
(Ayyadevara et al., 2005b), and extremely long-lived age-1 null mutants are resistant to acute
toxicity of 4-HNE (Ayyadevara et al., 2008), suggesting that they have an increased capacity
to metabolize the compound.

The results summarized above are highly suggestive, but nevertheless are based on correlative
data. Direct evidence for a cause-effect relationship between 4-HNE and life span can be
obtained by experimental manipulation of the organism so as to increase or lower the
endogenous concentration of 4-HNE. We have done this by RNAI silencing of gst-10
(Ayyadevara et al., 2005a), or by transgenic overexpression of the gst-10 gene product or of
the murine mGSTA4-4 (Ayyadevara et al., 2005b), an enzyme that also has high conjugating
activity for 4-HNE (Zimniak et al., 1994). A composite of the results is shown in Fig. 3. As
expected, enzymatic activity of 4-HNE conjugation was reduced as a consequence of gst-10
silencing, but was increased when the GSTs were overexpressed (Fig. 3A). The increment of
4-HNE-conjugating activity was greater for CeGSTP2-2 than for mGSTA4-4, in spite of the
higher catalytic efficiency of the latter. This was probably due to a much lower expression
level of the heterologous protein. The expression of both GSTs was driven by the gst-10
promoter, and both proteins assumed native tissue distribution (Ayyadevara et al., 2005b). The
amount of 4-HNE-protein adducts was inversely proportional to enzymatic activity (Fig. 3B).
This is important because the biological functions of 4-HNE are thought to be mediated mainly
via covalent modification of proteins. Finally, the median life span was directly proportional
to enzyme activity and inversely proportional to adduct levels (Fig. 3C), confirming a role of
4-HNE in modulating longevity. It is worth noting that the above results at least partially
conform to the recent postulate that the contribution of specific variables to aging be evaluated
using the concept of metabolic control analysis (Murphy and Partridge, 2008). This approach
requires that the variable in question is changed in a series of small steps, and that the effect
of these changes on mortality is determined. Moreover, the variable should remain within a
range permitted by normal physiology because unreasonable extremes may cause mortality
that does not reflect normal aging. We feel that these criteria are largely satisfied by the four-
point “dose-response” curve presented in Fig. 3, and that this curve provides more information
than the more typical binary intervention experiment in which the comparison is, for example,
between the presence and absence of a protein.

The experiments, described above, in which the tissue level of 4-HNE was experimentally
modulated, establish that there is a causal link between 4-HNE and life span. However, the
mechanism of this effect remains to be characterized. As mentioned previously, 4-HNE could
inflict untargeted electrophilic damage to multiple proteins, causing general deterioration and
loss of homeostasis. Alternatively or in addition, 4-HNE modification of a specific regulatory
protein, e.g., a component of 1S, may be most relevant to aging. Characterization of the
underlying mechanisms will require a careful biochemical dissection of the system.
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8.6. Hormesis

In the preceding discussion, it was tacitly assumed that more of a potentially toxic compound,
for example an electrophile, leads to more damage and destabilization, and thus to accelerated
aging. Although this chain of events is probably true in most cases, it is modulated and blunted
by adaptive responses or, according to the recommended nomenclature (Calabrese et al.,
2007), "chemical conditioning hormesis". In a hormetic response, a low (sub-toxic) dose of a
potentially harmful compound, which can be endogenous or external, elicits a defensive
response, e.g., induction of a detoxification enzyme. The presence of such enzyme affords
protection against a subsequent high, or even lethal, dose of the toxicant. The concept of
hormesis was originally developed in the context of toxicology (reviewed by Calabrese and
Baldwin, 2003) but has been also applied to aging (for example, Lithgow et al., 1995) in which
a hormetic response affords protection not against a lethal single dose of a poison, but against
a constant, low-level exposure. In this sense, hormesis is a protective mechanism that can
minimize damage relevant to aging. The concept of hormesis has become prominent in the
recent gerontological literature (Cypser and Johnson, 2002; Cypser et al., 2006; Gems and
Partridge, 2008; Hercus et al., 2003; Olsen et al., 2006; Parsons, 2007; Rattan et al., 2004,
Schulz et al., 2007).

The well-documented finding that mild stressors can extend life span indicates that maximal
longevity may be achieved more readily by optimization of many (but not all) toxicants and
stressors —rather than by their elimination (Gems and Partridge, 2008). This further compounds
the previously discussed problem of defining "normal life span” (section 7.8): should this be
determined under extremely artificial conditions that minimize stress as much as possible, or
does a protected environment run the risk of curtailing life by preventing hormesis? How much
and what kind of stress maximizes life span?

9. Conclusions

Aging is a multifactorial and complex phenomenon. However, a broad consensus is emerging
that describes the major features of aging. According to this consensus, stochastic events as
well as chemical damage that can originate from the environment or from the organism's own
metabolism, and that can be essentially random or affecting specific regulatory targets,
contribute to a gradual deterioration of organismal function which increases the probability of
death. The destabilizing forces are essentially chemical or physical in nature and cannot be
biologically controlled. However, even in the face of these perturbations, organisms can delay
the loss of homeostasis by several mechanisms that are genetically controlled, subject to
evolutionary selection, and that present potential targets for life-extending interventions.

Various types of destabilizing forces, and of cognate protective mechanisms, have been
proposed. A major question in current gerontology is which of the many possible types of
damage are most relevant to aging. Mounting evidence points to toxicants, i.e., compounds
that are sufficiently reactive to interfere with the metabolism and the structures of an organism.
Former emphasis on oxidative stress as the most relevant of these toxicants has lessened with
the realization that important toxicants include electrophiles, largely derived from peroxidation
of polyunsaturated lipids but also from other types of metabolism, as well as other reactive
carbonyl compounds. This shift of emphasis highlights metabolic detoxification enzymes as
essential longevity assurance mechanisms. In particular, glutathione transferases that conjugate
electrophiles, enzymes capable of reducing carbonyl groups, and cytochromes P450 have been
implicated as components of a fundamental (perhaps universal) longevity-assurance strategy.
The key regulatory systems that modulate longevity, including insulin/insulin-like signaling
and dietary restriction, may in part work by inducing the expression of broad classes of the
above detoxifying enzymes.

Ageing Res Rev. Author manuscript; available in PMC 2009 December 1.



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

1duasnuey Joyiny vd-HIN

Zimniak

Page 26

Many theories of aging have been proposed, and most suffer from an overly narrow view
resulting in an emphasis on a single mechanism thought to explain a very complex biological
process. Itisimportant to avoid repeating this error by assuming that detoxification will provide
a universal answer. However, mounting evidence indicates that it is a significant and
underappreciated contributor to longevity assurance.
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Fig. 1.

Schematic representation of the formation and functions of the lipid peroxidation product 4-
HNE. Electrons leaking from the mitochondrial respiratory chain to molecular oxygen lead to
the formation of superoxide which can be converted to other ROS. ROS can be generated by
other processes (e.g., Krause, 2006) but mitochondria are their major source. Via the Fenton
reaction, transition metals catalyze the conversion of H,O, to the hydroxyl radical which can
abstract a hydrogen from a polyunsaturated fatty acid (PUFA) molecule (denoted as LH),
generating a carbon-centered radical. The latter initiates a chain reaction provided there is a
supply of oxygen and additional PUFASs (yellow highlight). The resulting lipid hydroperoxides
(LOOH) can be converted to electrophilic aldehydes such as 4-HNE. These aldehydes are
metabolized (green lettering) by glutathione conjugation or redox reactions (reduction of the
aldehyde group or of the carbon-carbon double bond, or oxidation of the aldehyde group).
Otherwise, 4-HNE can react with cellular macromolecules, chiefly proteins (Fig. 2), changing
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their activity. This can modulate signaling or cause toxicity. Targets of 4-HNE include
mitochondrial proteins, leading to either a negative or positive feedback loop (orange
highlight): activation of mitochondrial uncoupling proteins by 4-HNE decreases ROS
production (Echtay and Brand, 2007; Echtay et al., 2003; Wolkow and Iser, 2006), but damage
to components of the respiratory chain increases generation of ROS (Lee et al., 2006; Uchida,
2003). The latter process could additionally amplify the action of 4-HNE by triggering a higher
level of lipid peroxidation. The concentration of 4-HNE may determine whether negative or
positive feedback predominates.
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Fig. 2.

Major reactions of 4-HNE with proteins. Upper part of scheme: the predominant reaction is a
Michael addition of a nucleophilic center (side chain of cysteine, histidine, or lysine) in a
protein to the double bond of 4-HNE. Subsequently, the resulting adduct can cyclize to a
hemiacetal, or the aldehyde group of the 4-HNE moiety of the adduct can form a Schiff base
with an amino group on the same or another protein, causing protein cross-linking. Lower
part of scheme: a less common reaction is the formation of a Schiff base of the aldehyde group
of 4-HNE with a lysine side chain in a protein, followed by dehydration and cyclization to a
pentylpyrrole adduct. The scheme is based on (Liu et al., 2003).
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Fig. 3.

Composite figure illustrating the effect of 4-HNE on median life span of C. elegans. Worms

were either subjected to RNAI against gst-10 (Ayyadevara et al., 2005a) or made transgenic

for murine mGsta4 or for gst-10 (Ayyadevaraetal., 2005b). Panel A shows 4-HNE-conjugating
activity in worm homogenates; panel B, the level of 4-HNE-protein adducts; and panel C, the
median life span of the lines. Asterisks denote statistical significance versus control.
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Major types of biochemical reactions relevant to detoxification. The examples of enzymes and, in particular, of reactions
are for illustration only; the list is not meant to be complete. Based on (Hoffmann and Maser, 2007; Josephy et al.,
2005; Parkinson and Ogilvie, 2008; Zimniak, 2006).

Process

Enzyme

Common acronym

Example reactions

Oxidation

cytochrome P450

alcohol dehydrogenase

aldehyde dehydrogenase

peroxidase

CYP

ADH

ALDH

Hydroxylation of aromatic
rings; hydroxylation of
steroids

Conversion of ethanol to
acetaldehyde

Conversion of acetaldehyde to
acetic acid

Oxidation of an organic, e.g.,
glutathione, or inorganic
compound with concomitant
reduction of an organic
hydroperoxide or of H,0,

Reduction

aldo-keto reductase

short chain dehydrogenase/reductase

AKR

SDR

Reduction of aldehydes, e.g.,
aldoses or 4-HNE, to alcohols

Reduction of keto group in
doxorubicin; conversion of
cortisone to cortisol

Hydrolysis

epoxide hydrolase

Conversion of naphthalene
epoxide to naphthalene Diol

Conjugation of nucleophiles

UDP-glucuronosyltransferase

sulfotransferase

methyltransferase

acetyltransferase

UGT

SULT

Glucuronidation of naphthol
(on hydroxyl group), of aniline
(on amino group), of
thiophenol (on sulfhydryl
group), of bilirubin (on
carboxyl group)

Sulfonation (sulfation) of
phenols and aliphatic alcohols

Methylation of hydroxyl group
in L-DOPA; of imidazole
nitrogen in histamine

Acetylation of aromatic
amines and of substituted
hydrazine

Conjugation of electrophiles

glutathione transferase

GST

Glutathione conjugation at
electrophilic carbon atomin: 1-
chloro-2,4-dinitrobenzene
(halogen displacement), 4-
HNE (Michael addition),
epoxide (ring opening)
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