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Abstract

This review begins with the premise that an organism's life span is determined by the balance
between two countervailing forces: (i) the sum of destabilizing effects, and (ii) the sum of
protective longevity-assurance processes. Against this backdrop, the role of electrophiles is
discussed, both as destabilizing factors and as signals that induce protective responses. Because
most biological macromolecules contain nucleophilic centers, electrophiles are particularly
reactive and toxic in a biological context. The majority of cellular electrophiles are generated from
polyunsaturated fatty acids by a peroxidation chain reaction that is readily triggered by oxygen-
centered radicals, but propagates without further input of reactive oxygen species (ROS). Thus, the
formation of lipid-derived electrophiles such as 4-hydroxynon-2-enal (4-HNE) is proposed to be
relatively insensitive to the level of initiating ROS, but to depend mainly on the availability of
peroxidation-susceptible fatty acids. This is consistent with numerous observations that life span is
inversely correlated to membrane peroxidizability, and with the hypothesis that 4-HNE may
constitute the mechanistic link between high susceptibility of membrane lipids to peroxidation and
shortened life span. Experimental interventions that directly alter membrane composition (and thus
their peroxidizability) or modulate 4-HNE levels have the expected effects on life span,
establishing that the connection is not only correlative but causal. Specific molecular mechanisms
are considered, by which 4-HNE could (i) destabilize biological systems via non-targeted

reactions with cellular macromolecules, and (ii) modulate signaling pathways that control
longevity assurance mechanisms.
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Introduction

Aging holds a special fascination for humans, as sentient beings subject to its ravages. From
the dawn of recorded history, much of human thought and culture has revolved around aging
and the resulting mortality. The earliest preserved writings, such as the epic of Gilgamesh
and the ancient Egyptian pyramid texts, speak of death and the longing for immortality;
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these topics remain preeminent in contemporary art and philosophy. Yet, the desire to
comprehend and then to conquer aging, however urgent, does not necessarily promote a
rational understanding of the phenomenon. The quest for the fountain of youth may have
culminated in geographical discoveries, allegedly including early exploration of Florida, but
failed to either restore youth or shed the slightest light on the mechanism of aging.
Substantial progress in understanding the molecular biology of aging dates back less than
thirty years. Even today, there is startlingly little agreement among gerontologists as to the
most fundamental principles guiding the field. In fact, some theories of aging appear to be
championed with a single-mindedness worthy of Ponce de Ledn. This is especially true of
mechanistic theories of aging, as opposed to evolutionary explanations — which by their
nature tend to be cast in broader terms. Each mechanistic theory is typically presented with
the implication, or sometimes explicit claim, that it can account for most or all of the aging
process — notwithstanding the existence of equally reasonable competing theories. Such far-
reaching assertions are not necessarily in contradiction. Statistically, it is possible for two
factors, X and Y, to each account for 80% of an outcome; this would simply mean that
factors X and Y are not fully independent of one another. Even allowing for the possibility
that the various theories of aging describe highly interdependent phenomena, the broad
nature of most of the explanatory claims appears to reflect primarily each author's research
focus and interests. In addition, while convincing evidence has been amassed in support of
multiple but distinct processes underlying aging, the gerontology community has been
considerably less successful in ranking their relative importance in any particular model
organism.

In the present review, | will discuss the nature of electrophilic stress and its role in aging. |
hope to present compelling evidence that electrophiles are, in fact, a long-neglected causal
contributor to aging, and that electrophilic stress, while initiated by an oxidative event, is
distinct, and can be functionally decoupled, from oxidative stress. In focusing on these
topics, | risk evoking the impression, criticized above, of an all-inclusive explanatory claim.
Thus, at the outset, | would like to state most emphatically that this is not my intention. |
think that present evidence justifies only a qualitative assertion that the peroxidation of
membrane lipids and the electrophiles thus created are capable of modulating life span.
However, other pro- and anti-aging mechanisms are certain to exist. Future research should
be able to determine the quantitative contribution of electrophiles, versus unrelated
processes, to aging and to longevity assurance of Caenorhabditis elegans, other model
organisms, and humans.

Atherogenesis, neurodegenerative diseases, and cancer will not be addressed in this review,
even though they obviously affect mammalian life span and are modulated by electrophiles.
The reason for excluding the above conditions from further discussion is two-fold. First, it is
a matter of definition whether diseases such as cancer are part of aging or secondary
consequences of aging. Second, the model organism C. elegans, in which much of the
information about electrophiles and aging was obtained, does not suffer from the above
conditions [with the exception of germline tumors; refs. 1,2]. Yet, C. elegans is subject to
aging. In fact, aging of C. elegans may represent a subset of aging processes that are
phylogenetically conserved. This review will thus focus on these presumably universal
(“public”) mechanisms.

electrophiles

In organic chemistry, the formation of a new bond typically occurs by one of two
mechanisms [ref. 3, pp. 179-180]. In a free radical-mediated reaction, each of the two
reaction partners supplies one electron to the resulting bond. Alternatively, the bonding
electron pair is donated by one, and accepted by the other, reaction partner (shown
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schematically in Fig. 1A and illustrated by specific examples in Fig. 1B and C). The
molecule, or region of a molecule, that supplies the electron pair is a nucleophile;
nucleophilic centers may carry a partial or full negative charge and contain non-bonding
electron pairs. The reactant that accepts the electron pair is an electrophile. Electrophilic
compounds (or electrophilic centers) have a relative electron deficit, for example, because of
polarization of a bond that shifted electrons away from the electrophilic region, because of
cationic character, or because of an incomplete valence shell. The relative reactivity of an
electrophile depends not only on its own structure, but also on that of its nucleophilic
reaction partner [4-6].

The majority of biological macromolecules are nucleophilic. In proteins, accessible thiol and
primary amino groups constitute strongly nucleophilic centers, with histidine imidazole and
tyrosine hydroxyl groups also contributing. Chemical modification of these nucleophilic
sites often alters or decreases protein function, resulting in cytotoxicity. Purine and
pyrimidine bases of nucleic acids contain both nucleophilic (on nitrogen and oxygen atoms)
and electrophilic (on certain carbon atoms) centers [7]. Formation of covalent adducts on
bases in DNA may lead to mutagenicity. The preponderance of nucleophilic sites in
biologically essential macromolecules explains the susceptibility of these macromolecules to
electrophilic attack. As a result, electrophiles are bioactive and, in general, detrimental.

Where do biologically relevant electrophiles come from? There are two major sources of
such compounds. The first is external. Xenobiotics can be present in food, especially of
plant origin, can be inhaled, or can be administered on purpose, e.g., as pharmacological
agents. Many xenobiotics are directly electrophilic or can be metabolically converted to
electrophiles [activation of toxins or drugs; see ref. 8 for a review]. The other source of
electrophiles is the cell's own metabolism. Certain intermediary metabolites are
electrophilic. The catabolism of tyrosine may serve as an example. Fumarylacetoacetate
(Fig. 2), an intermediate in the pathway of tyrosine breakdown, is electrophilic owing to its
a,B-unsaturated carbonyl moiety. Because of the electrophilic character, fumarylacetoacetate
could react with nucleophilic centers on proteins or DNA. However, these side reactions are
minimized because fumarylacetoacetate is rapidly converted by fumarylacetoacetate
hydrolase to fumarate and acetoacetate (Fig. 2). In the inherited disease tyrosinemia type I,
in which fumarylacetoacetate hydrolase activity is deficient, fumarylacetoacetate and related
compounds accumulate and exert a variety of toxic effects, both acutely and long-term [9-
12]. Experimentally, silencing by RNA interference (RNAI) of fumarylacetoacetate
hydrolase in the nematode C. elegans led to a range of detrimental outcomes [13], a result
that is consistent with toxicity of accumulating fumarylacetoacetate. Strikingly, silencing of
p-hydroxyphenylpyruvate dioxygenase, an enzyme that is upstream of fumarylacetoacetate
in the catabolic pathway of tyrosine (Fig. 2), caused an extension of life span [14]. This
indicates that even at its low, physiological steady-state concentrations, fumarylacetoacetate
may exert a low-grade electrophilic stress which, over long periods of time, has a
cumulative destabilizing effect and limits life span. Consequently, depletion of
fumarylacetoacetate to sub-physiological levels could have a positive effect on longevity
[13].

As shown by the example of fumarylacetoacetate, some intermediary metabolites are
electrophilic. The effective steady-state concentration of such metabolites is typically low,
either because of reaction kinetics (fast utilization by the next step in the pathway) or
because of metabolite channeling [15]. However, in contrast to intermediates of metabolic
pathways, many end- or, more accurately, by-products of metabolism are not tightly
controlled and their levels may spike under certain conditions. By-products of metabolism
that are electrophilic, and thus of interest for the present discussion, are mostly a,[3-
unsaturated carbonyls derived from oxidation of various cellular constituents. Although a.,p-
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unsaturated aldehydes (IUPAC name: alk-2-enals) can result from the oxidation of sugars
and amino acids [16], the most abundant such compounds are derived from oxidation of
polyunsaturated fatty acids (PUFAs) [17-22]. The most extensively studied alk-2-enal, 4-
hydroxynon-2-enal (4-HNE), is formed from n-6 PUFAs (Fig. 3A). Other alk-2-enals,
including 4-hydroxyhex-2-enal derived from n-3 PUFAs [Fig. 3B and ref. 23], 4-oxonon-2-
enal [24,25], acrolein, crotonaldehyde, malondialdehyde, and others, differ in their specific
chemical and thus biological properties from 4-HNE. Nevertheless, all of the above
compounds are electrophilic because of the presence of an a,B-unsaturated carbonyl
function, and all can contribute to electrophilic stress. The chemical properties of 4-HNE
have been characterized in great detail [26]. Unless stated otherwise, the following
discussion will focus on 4-HNE because its biological properties are better understood than
those of other alk-2-enals. However, it is likely that the other electrophiles have similar
effects on aging, at least qualitatively.

As mentioned above, the formation of electrophiles from PUFAs and other cell constituents
requires an initial oxidative step. Therefore, in the following section, oxidative stress will be
briefly reviewed and its relationship to electrophile generation will be discussed.

Oxidative stress and its relationship to electrophilic stress

Thermodynamically, dioxygen (O,) is an oxidant in a biological context because the
0,/2H50 half-cell has a more positive electrode potential [approximately +0.8 V at pH 7,
refs. 27,28] than most biologically relevant redox half-cells. This means that the oxidation
by O, of organic compounds to carbon dioxide and water will have a negative Gibbs free
energy and should proceed spontaneously.

Organic compound (e.g., sugar) +O, — CO,+H,O AG(',<0

In other words, organic compounds and structures composed of them, such as our bodies
and, in fact, all organisms, are thermodynamically unstable in an oxygen-containing
atmosphere. We owe our existence to a kinetic barrier: oxidation of most organic
compounds by O, is exceedingly slow at physiological temperatures because of the peculiar
electron occupancy pattern of the molecular orbitals in O, [reviewed in ref. 29]. This results
in a high activation energy and a slow reaction of O, with typical C—C or C—H bonds in
organic compounds. Oxidation of organic material by O, can be accelerated if the activation
energy barrier is overcome by increasing the temperature. The free energy of the reaction is
then released as heat, which maintains the high temperature of the reactants and makes the
combustion self-sustaining. Alternatively, the reaction rate can be increased by using
catalysts to lower the activation energy barrier. This is how foodstuffs are oxidized
biologically — the process is catalyzed by a series of enzymes. Even though there is a spatial
and temporal separation of the removal of electrons from metabolites (oxidation of organic
material) and transfer of these electrons to O, (reduction of O, to H,0), the overall reaction
remains the same as in combustion, and the same total amount of free energy is made
available. However, in biological oxidations a large fraction of this free energy is not
released as heat but is captured in high-energy bonds such as those in ATP. In addition,
enzyme-catalyzed reactions assure specificity with regard to which metabolites are oxidized
and which are spared.

Because of the already mentioned electronic structure of the O, molecule, its reduction

typically occurs via a sequential transfer of single electrons that is mediated by transition
metals. Biologically, the latter are part of prosthetic groups of enzymes. In the case of O,
reduction by the respiratory chain, the enzyme cytochrome oxidase sequentially transfers

Free Radic Biol Med. Author manuscript; available in PMC 2012 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zimniak

Page 5

four electrons to O, which remains protein-bound and thus sequestered until the reaction is
complete. Compared with alternative oxidants, the use of O, as the terminal electron
acceptor allows for more Gibbs free energy to be generated from the oxidation of nutrients.
Consequently, the evolutionary adoption of O, as the terminal electron acceptor is thought
to have made possible such fundamental biological features as multicellularity, complex
nervous systems, or rapid and forceful mechanical movement necessary for behaviors such
as powered flight or predation [30]. However, the benefits of aerobic metabolism carry a
cost. Components of redox pathways and reactions, in particular the mitochondrial
respiratory chain [31] but also others such as the microsomal cytochrome P450 system, may
leak single electrons which are readily accepted by the O, molecule, leading to the
formation of the superoxide radical anion, O,"~. This reaction is facilitated by a high partial
pressure of O, and by redox chain components that are highly reduced, thereby increasing
electron availability. O, ™ is then converted, in both enzyme-catalyzed and non-enzymatic
reactions, to a series of compounds collectively known as “reactive oxygen species” or ROS.
It is generally accepted that the mitochondrial respiratory chain is the major generator of
ROS in most animal cells [but see ref. 32 for a contrary view]. In addition to the
mitochondrial respiratory chain and to microsomal cytochromes P450, there are other
sources of ROS, e.g., a-ketoglutarate dehydrogenase of the mitochondrial matrix [33,34],
NADPH oxidase [35,36] and nitric oxide synthase [37] in phagocytic and non-phagocytic
cells, radiolytic cleavage of water, and others.

The chemistry and biology of ROS and the defenses against ROS are the topics of many
excellent reviews [for example, refs. 29,38] and will not be further described here, except to
point out the link between oxidative and electrophilic stress. The preceding brief discussion
demonstrates that the formation of ROS is inevitable in aerobic organisms. By limiting the
formation of ROS and bolstering anti-ROS defenses, oxidative stress can be minimized but
not eliminated. A certain level of ROS is necessary because of its role in signaling [38,39]
and in the defense against pathogens [40-42]. The continuous presence of at least some ROS
in aerobes, together with the ability of certain ROS, in particular the hydroxyl radical ‘OH,
to initiate lipid peroxidation, and the ubiquitous nature of PUFAS in biological membranes,
indicate that the formation of electrophilic lipid peroxidation products is inevitable. In fact,
excessive levels of electrophiles such as 4-HNE are often considered to be not only a direct
consequence, but essentially a part of oxidative stress. A more common and moderate point
of view is that oxidative stress is the primary event, whereas lipid peroxidation products are
second messengers that convey to the cell information about the initiating oxidative event
[16,43,44]. This formulation acknowledges the distinct chemistries and thus biological
modes of action of ROS and electrophiles, but still implies that the generation of
electrophiles closely mirrors the intensity of the original oxidative stress [e.g., ref. 45].
While an initial oxidative event, whether enzymatic (lipoxygenase action) or non-enzymatic
(reaction with certain ROS; see below) is necessary to initiate lipid peroxidation, I will argue
that under some circumstances, in particular those relevant to aging, the level of
electrophilic stress can be largely uncoupled from the severity of its oxidative trigger.

Lipid peroxidation

A highly simplified scheme of ROS-triggered lipid peroxidation is shown in Fig. 4 [for a
stringent discussion of the topic, see refs. 21,46,47]. Briefly, the process consists of three
phases. The first is initiation, in which a radical, typically "OH, abstracts a hydrogen from a
PUFA (denoted as LH in Fig. 4) in a membrane phospholipid. The resulting carbon-centered
radical L™ then becomes part of the second phase, propagation. L’ rapidly reacts with an O,
molecule to form an oxygen-centered radical, LOO". In a slower reaction, LOO" collides
with, and abstracts a hydrogen from, another PUFA in the membrane. This converts the
LOO" to a lipid hydroperoxide LOOH, and leaves behind a new carbon-centered radical L,
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which is ready to undergo the next propagation cycle. The ensuing chain reaction is linear
(non-branched) and thus does not accelerate, but could in principle continue to produce
LOOH as long as PUFA and O, are available. However, there is a finite probability of two
LOO" molecules colliding and recombining to a non-radical dimer. This is an example of a
termination reaction, the third phase of radical-mediated lipid peroxidation. Other radicals
may also react with LOO" and terminate lipid peroxidation, as can non-radical antioxidants
which, while converting LOO" to LOOH, themselves give rise to radicals too stable to
support lipid peroxidation. An example of the latter is a-tocopherol (vitamin E). In either
case (i.e., recombination of two radicals or scavenging of LOO" by a non-radical species),
the lipid peroxidation chain reaction is terminated.

The LOOH that accumulate during lipid peroxidation are themselves reactive oxygen
species, or ROS, and can oxidize other biomolecules. However, a considerable fraction of
LOOH is non-enzymatically converted to a large variety of secondary products, including
electrophiles such as 4-HNE [48]. For the sake of simplicity, 4-HNE is shown as a major
end-product of lipid peroxidation in Fig. 4.

Is the amount of 4-HNE that is generated proportional to the level of oxidative stress that
triggers lipid peroxidation? The answer to this question is of considerable importance to an
understanding of the effects of 4-HNE on aging, as will be further elaborated in the
following section. To answer this question, it is useful to consider two extreme scenarios. In
one case, the propagation phase of the lipid peroxidation chain reaction is very short. If, on
average, propagation were limited to only one cycle, each initiating event would produce
one molecule of product (LOOH or 4-HNE), after which the reaction would terminate. This
is shown schematically in Fig. 5A. Such a stoichiometric relationship between initiating
"OH and resulting 4-HNE would yield a linear correlation between initial oxidative and
resulting electrophilic stress, as schematically depicted in Fig. 5C; only a very strong burst
of "OH, able to hit and saturate all available PUFA simultaneously, would cause the curve in
Fig. 5C to level off. Changing the amount of PUFASs in the membrane would have no effect
on the amount of generated electrophiles at moderate oxidative stress but would alter the
potentially achievable electrophilic load (black versus blue line in Fig. 5C).

The other extreme scenario is depicted in Fig. 5B. Here, the rate of the termination reaction
approaches zero. Therefore, even a single initiating event leads to an essentially unlimited
propagation; the process would come to an end only when all available PUFAs are used up.
The relationship between oxidative and electrophilic stress for this extreme case is
schematically depicted in Fig. 5D. Here, a very low concentration of ROS (theoretically, one
molecule of "OH is sufficient) generates the maximal possible electrophilic stress. The level
of electrophilic stress would decrease if less PUFA were available in the membrane (blue
line in Fig. 5D), regardless of the concentrations of ROS.

The idealized Gedankenexperiment shown in Fig. 5 leads to the conclusion that the length of
the propagation phase of the lipid peroxidation chain reaction is the deciding factor. If
propagation is limited to a single or just a few cycles, electrophilic stress is directly
proportional to oxidative stress at moderate ROS levels that are within the normal
physiological range (grey zone in Fig. 5C), but the amount of generated electrophiles is
independent of the PUFA content of the membrane. At the other extreme, wherein the
propagation phase is unlimited, the developing electrophilic stress is not affected by the
level of ROS but is sensitive to the amount of available PUFAs (grey zone in Fig. 5D).

Which of the two extreme scenarios summarized above better approximates the process of
lipid peroxidation in a real membrane? In principle, a full kinetic description of lipid
peroxidation and determination of the rate constants of the relevant reactions would provide
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the answer to this question. However, the kinetics of chain reactions is complex. This is
particularly true of lipid peroxidation because multiple reactions are involved. A thorough
kinetic analysis of the process [47] led to the conclusion that a general analytical solution of
the kinetic equations is not feasible, but that accurate approximations can be derived with
reasonable simplifying assumptions. Two situations were distinguished: a single initiating
event and continuous initiation over extended periods of time. The two cases differed
quantitatively, but in both, termination by recombination of radicals lowered the rate but was
unable to stop LOOH formation [47]. This would indicate that even a single initiating event
could result in a protracted chain reaction (and 4-HNE formation) that would not stop by
radical recombination until all PUFAs were exhausted. This scenario is similar to that
depicted in Fig. 5B and D.

Obviously, the conclusion that a lipid peroxidation chain reaction is unstoppable once
initiated should be applied with caution to real biological membranes. Such a pernicious
process would be certain to damage membranes severely [e.g., refs. 45,49,50]. The fact that
functional biomembranes exist indicates either that the damaged components are replaced
rapidly enough to prevent deterioration, or that the lipid peroxidation chain reaction can be
terminated by means other than recombination of radicals, for example, by sacrificial radical
scavengers such as a-tocopherol. Thus, an actual membrane exposed to ROS conforms to
neither Fig. 5C nor Fig. 5D but follows an intermediate path. Nevertheless, kinetic analysis
suggests that the propagation segment of the chain reaction is not very short. Therefore, the
previous conclusion can be reformulated for real biological membranes in a somewhat more
qualified way: the generation of electrophilic end products from PUFAs is only weakly
dependent on the level of the triggering oxidative stress; a small (“seeding™) amount of ROS
is sufficient to initiate a chain reaction which then propagates without the need for further
ROS. On the other hand, the formation of electrophiles is sensitive to the membrane content
of PUFAs that are susceptible to peroxidation.

Oxidative stress, electrophilic stress, and aging

Conceptual advances in aging research date as far back as the first half [51] and the middle
[52-54] of the twentieth century. Yet, in spite of these as well as subsequent theoretical
insights and the intense research effort during the past three decades which brought the
aging field into the mainstream of modern experimental biology, the causes and mechanisms
of aging remain a mystery. In the literature, descriptions of aging range from radical-
mediated wear-and-tear [55] to a genetically regulated process [56], a developmental
program that inappropriately activates in adulthood [57], or even a deterministic genetic
pathway [58,59]. Some of the disagreements may be only apparent: evolutionists,
geneticists, molecular biologists, chemists, and statisticians speak their own, quite distinct
languages, and their respective contributions to the field are not always sufficiently
integrated. As has been eloquently and forcefully stated [60], a large part of the confusion in
aging research is semantic: “regulation”, “life span” and “aging” not only mean different
things to different people but are often used imprecisely. Even a short survey of the theories
of aging is clearly beyond the scope of this review. However, as a backdrop for the
following discussion of the role of electrophiles in aging, I will briefly summarize the
conceptual framework that will be used in this article. Somewhat presumptuously, | have
called this formulation the “standard theory” of aging [61] because | believe that the
majority of researchers in the field subscribe to some variant of it, perhaps with different
emphases on the particulars. According to the “standard theory”, aging results from an
imbalance of two countervailing forces. One is destabilizing and leads to a gradual decrease
in homeostasis, and thus, eventually, to death caused by loss of an essential physiological
function. The opposing force is the totality of genetically controlled, evolved mechanisms
that maintain the functional state of the organism. The cornerstone of this formulation is the
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postulate that neither one of the two forces is sufficient to explain aging: it is their
interaction that is essential. In this, the conceptual framework | propose differs from theories
that take the (undeniable) existence of genetic mechanisms able to modulate aging as a valid
reason to reject the relevance to aging of undirected or even stochastic wear-and-tear [e.g.,
refs. 56,62].

What is the nature of the destabilizing forces that promote aging? Many factors contribute,
including the tendency of any system that is far from equilibrium to lose its organization.
The fact that living systems are able to repair damage and/or self-organize does not exempt
them from the laws of thermodynamics; it simply means that organisms are open systems in
which Gibbs free energy of metabolic reactions is used to maintain or increase local order.
When metabolism ceases at the time of death, loss of organization and increase of entropy
inevitably follow.

Another major contributor to destabilization is the intrinsic chemical reactivity, and thus
susceptibility to damage, of molecules which constitute the building blocks of any organism.
Metabolites can enter into side reactions or react with inappropriate macromolecular targets.
The susceptibility of proteins to damage is at least partly due to their marginal folding
stability [63]; relatively minor disturbances, be it physical (heat) or chemical (covalent or
non-covalent modifications) may trigger unfolding and aggregation. This not only eliminates
the protein's function but can initiate cytotoxicity. In fact, protein aggregation has emerged
as a leading candidate for a causative factor in aging [64—66] as well as in many
degenerative diseases [67,68]. DNA is chemically more stable than most proteins but
damage to DNA has more severe consequences because mutations propagate. Damage to
lipids compromises membrane structure and thus impacts fundamental processes such
bioenergetics, signaling, and even cell integrity.

There is no agreement as to the most relevant types of reactions that could cause
destabilization and aging. As already mentioned, oxidative and radical-mediated damage
have been long-standing favorites [52,55,69]. Recently, the pendulum has swung the other
way and these theories have been declared severely compromised or even fatally flawed
[70-73 and others], perhaps prematurely. The demise of the oxidative stress theory of aging
has been proclaimed on the basis of two types of evidence: the failure of many antioxidants
to extend life span, and, in many cases, lack of an inverse correlation between markers of
oxidative damage and longevity. To this, the Popperian reasoning was applied that even a
single instance of contrary data is sufficient to invalidate a theory. However, redox reactions
are complex; as has been pointed out by many authors [for example, refs. 38,74], the same
compound can act as either an antioxidant or an oxidant, depending on the conditions. Most
of the time, externally administered antioxidants fail to alter the intracellular redox status
[75]; to be biologically active, antioxidants have to be present in the right chemical form, at
the right intracellular site, and at the right time. Moreover, many of the commonly used
oxidative stress markers are flawed or simplistically interpreted [38,76]; ROS have specific
signaling functions in addition to causing untargeted damage [77-79]; various stresses,
including oxidative, may elicit a protective hormetic response [80-83]. Given this complex
network of interactions and the variety of experimental systems used, the fact that some
results support and others contradict the oxidative stress theory of aging is not surprising and
not necessarily fatal. Critics are likely to counter that a theory that is impossible to falsify
loses its scientific standing. This is a valid point, but the conclusion should be to refine
rather than summarily discard the theory. A more precise theoretical foundation and better
experimental tools will demonstrate in which situations, in which tissues, and to what extent
oxidative damage contributes to aging. In fact, the link between electrophiles and aging
discussed in this review is an attempt at such refinement.
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Although historically, oxidative and radical-mediated destabilizing chemical modifications
of biomolecules have received most attention, a broader range of reactions may contribute to
aging. An identification of such reactions has been attempted by a global comparison of
gene expression levels in long-lived mutants (such as daf-2 hypomorphs in C. elegans)
versus wild-type controls. In this approach, a correlation of longevity with the increased
expression of a detoxifying enzyme indicates that the substrate of that enzyme may be
causally involved in limiting life span. The microarray comparison was initially carried out
in C. elegans [84,85] and later extended to Drosophila melanogaster and to mice [86].
Taken together, the results [reviewed in ref. 61] show that long life correlates most
consistently with elevated expression of glutathione transferases (GSTs) and short chain
dehydrogenases/reductases, i.e., enzymes which accept electrophiles as substrates. The
correlation was less pronounced, or did not hold across as many species, for other
detoxification enzymes such as UDP-glucuronosyltransferases (which conjugate
nucleophiles) and cytochromes P450. Strikingly, there was little or no correlation with the
levels of antioxidant enzymes. These results point to a possible pro-aging role of
electrophiles, probably mediated by their already discussed ability to modify biologically
essential macromolecules. Other toxicants, including ROS, would play a lesser role.

The destabilizing and potentially life-shortening factors discussed so far are physical or
chemical in nature: the thermodynamic tendency of highly organized systems to become
disordered and, more importantly, the susceptibility of organisms to chemical disturbances.
Organisms can be viewed as extremely complex and finely tuned, but ultimately chemical
systems. As such, they are necessarily affected by compounds, such as electrophiles, able to
react with, and alter the function of, organismal components. | have previously discussed in
more details these, and other related physico-chemical pro-aging factors [61]. Are all
destabilizing events that accelerate aging physico-chemical in nature? In other words, are
there biologically regulated, evolved pro-aging processes? The answer to this question is a
qualified yes. The principle of antagonistic pleiotropy [54] describes traits that provide a
reproductive advantage early in life but increase mortality after the reproductive period.
Because natural selection optimizes reproductive success, the linked detrimental late-life
outcomes will be co-selected. The prominent role of TOR signaling in aging [87-89] is
rooted mainly in the ability of the pathway to coordinate protective functions (see below)
but may have also an antagonistic pleiotropy element. TOR signaling is essential during
growth [90,91] but, if over-activated in adulthood, may cause inappropriate growth/
proliferation which leads to loss of homeostasis and to aging [57,92,93]. Another example of
antagonistic pleiotropy is the innate immune system, essential for protection against
pathogen but likely to contribute to aging [94]. It is worth stressing that no instance is
known of a genetically determined, evolved trait whose sole function is to promote aging. In
all cases, the acceleration of aging is a side effect of a process that is adaptive elsewhere, for
example earlier in life or in a different tissue.

The relative importance of the pro-aging factors mentioned above is hotly debated. The
present review is not intended to address this issue, except for pointing out the likely
contribution of electrophiles to the aging process.

According to the “standard theory” of aging, life span is determined by the interplay of two
opposing forces. The destabilizing, or pro-aging, factors have been discussed above. The
following section deals with processes that maintain biological homeostasis and, therefore,
postpone aging.
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Factors that oppose aging: longevity assurance mechanisms

Two signaling pathways are of particular relevance to aging: the insulin/insulin-like
signaling (11S) [56,95] and the target of rapamycin (TOR) [56,87-89,96] pathways. The
details of these pathways are complex and include cross-talk between them and with other
signaling modalities, but their overall “logic” can be summarized as follows. If favorable
conditions are sensed, in particular an abundance of nutrients, signaling through 11S and
TOR is increased, stimulating growth and reproduction. On the other hand, limited food
availability decreases I1S and TOR signaling and turns on programs that favor somatic
maintenance, low reproduction, and long life span. While these pathways are best
characterized in C. elegans (and therefore, the C. elegans nomenclature will be used in the
remainder of this article unless stated otherwise), the findings apply at least in part to other
species such as yeast, fruit flies, mice, and probably humans.

The “disposable soma” theory of aging posits a switch, in the face of adverse conditions,
from high-reproduction to a pro-maintenance state featuring high stress resistance and
increased life span, permitting the organism to survive until conditions improve [97-99]. In
the original formulation of the theory, the switch results from the need to optimize the
allocation of limited metabolic resources. The underlying mechanism may be more complex
[100]; if the switch is adaptive in the long term, it may be actuated purely in response to
sensing pathways such as 1S and TOR, even if metabolic energy is not limiting. Regardless
of how the switch has evolved, in the context of the present discussion the key conclusion is
that, in principle, signaling pathways are possible (and, in fact, exist) that push an organism
into a metabolic state associated with longevity.

As already discussed, the realization that life span is under genetic control has led some to
imply that aging is regulated. There is, however, broad agreement that it is not aging but the
longevity assurance processes that are genetically determined. If these processes are weak,
they are not able to stem the inevitable tide of destabilizing reactions for long, resulting in a
short life span. If the protective pathways are efficient and/or highly activated, loss of
homeostasis is delayed and the organism is long-lived.

The details of the metabolic state conducive to long life are, of course, of central interest to
gerontology. If we learn which pathways or processes extend life, we will also know which
destabilizing reactions, and resulting pathologies, drive aging. Therefore, the downstream
processes orchestrated by 11S and TOR signaling have received considerable attention.
Unfortunately, these two signaling pathways affect a wide range of downstream processes.
Thus, there is still no consensus on which destabilizing forces, in conjunction with their
cognate protective mechanisms, are most relevant to aging. Moreover, it appears likely that
the answer will differ at least to some extent between species [101].

What are some of the downstream longevity assurance mechanisms, and how are they
regulated by I1S and TOR? Low signaling through IS activates the transcription factor
DAF-16 (FoxO in mammals) [95]. At least in C. elegans, low IIS also activates another
transcription factor, SKN-1 [102]. In mammals, the regulation of Nrf2 (the ortholog of
worm SKN-1) may be more complex: it has been reported that, in cultured mammalian cells,
insulin-triggered high 11S activates Nrf2 [103,104]. This response, opposite to that observed
in C. elegans, could be cell-specific or linked to metabolic regulation exerted by insulin,
superimposed on longevity assurance elicited by the insulin growth factor. Thus, further
discussion will be based on the better-understood situation in C. elegans where increased
longevity is linked to low 11S which activates SKN-1 [102,105]. Active DAF-16 and SKN-1
drive the expression of a large set of detoxification and antioxidant genes. As discussed in
the previous section, the contribution of oxidants to aging is disputed and may be marginal,
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at least in some situations. Thus, antioxidant enzymes may be more important in protection
against acute oxidative stress than in assuring longevity. However, other detoxification
enzymes may have a more direct protective role that counteracts aging. Strikingly, GSTs are
induced in both Nrf2/SKN-1-dependent [106-109] and DAF-16-dependent [110,111]
manner, although DAF-16-dependence may be indirect [112]. Given the likelihood,
discussed earlier, that electrophilic compounds contribute to destabilization of biological
systems, the possibility should be considered that electrophiles and the enzymes that
metabolize them, such as GSTs, comprise a pair of countervailing factors relevant to aging.
This hypothesis will be discussed in more detail in the following section.

Low TOR signaling activates several additional categories of responses relevant to longevity
assurance [for recent reviews, see refs. 87-89]. One of these is autophagy [113]. The process
enables cells to re-use amino acids and other nutrients when food is limiting. However,
autophagy also clears damaged and thus potentially harmful organelles or proteins, a process
likely to delay aging [114]. Another process downregulated by low TOR signaling is protein
synthesis, which is attenuated at several levels, including translation initiation and the
biogenesis of ribosomes. In addition to being an obvious adaptation to limited nutrient
availability, lower protein synthesis also means fewer misfolded protein molecules. Given
the importance of protein homeostasis (“proteostasis™) in a variety of chronic diseases and in
aging [101,115-120], diminished misfolding would have an anti-aging effect. In agreement
with this conclusion, (i) the upregulation by low IS of heat shock proteins, which prevent
misfolding and aggregation or repair improperly folded proteins, also delays aging [121],
and (ii) translational silencing has been demonstrated in several systems to extend life [122].

While protein synthesis is generally downregulated by low TOR signaling, certain proteins
are in fact overexpressed. Specifically, in yeast, inhibition of TOR signaling caused an
increase in the translation of certain mitochondrially encoded components of the respiratory
chain, and led to increased respiration that was linked to an extended life span [123].
Similarly, in D. melanogaster, inhibition of TOR signaling by dietary restriction triggered
increased translation (but not transcription) of some nucleus-encoded components of the
mitochondrial respiratory chain; this was associated with a higher enzymatic activity of the
respective complexes. This elevated activity was necessary for the life span extension
triggered by dietary restriction [124]. The mechanism linking elevated mitochondrial
respiration to longevity is not clear. The increased capacity to synthesize ATP could support
maintenance functions. Moreover, a higher sustained activity of the respiratory chain could
limit ROS production: a faster flow of electrons through the chain would keep the
components in a less-reduced state, and would decrease the local steady-state oxygen
tension. A lower tendency of one-electron transfers (leakage) from the chain and a limited
availability of O, the acceptor for leaking electrons, would decrease ROS generation
[31,123,125]. Alternatively or in addition, an elevated activity of respiratory complex |
would accelerate the oxidation of NAD(P)H and increase the NAD(P)*/NAD(P)H ratio, thus
activating sirtuins, as well as limiting the activity of fatty acid desaturases [126]. The latter
possibility is of particular interest in the context of this review because lower desaturase
activity would lead to less PUFASs in membranes, rendering the membranes more resistant to
peroxidation (see section “Role of electrophiles in aging” below). Individually or in
combination, greater availability of ATP, lower ROS concentrations, and/or increased
NAD(P)*/NAD(P)H ratio could delay aging.

A generalization can be derived from the examples listed above. Multiple destabilizing
processes exist with the potential of interfering with biological homeostasis. If such
interference leads to a persistent increase in the probability of death per unit of time, then by
definition it promotes aging. Some of the destabilizing factors are physico-chemical in
nature and others are the consequence of pleiotropic biological processes; the two categories
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are not sharply delineated and their relative importance is subject to debate. For most, or
perhaps all, of the destabilizing forces, a cognate biological process can be identified that
mitigates the damage. As any biological process, these longevity assurance mechanisms are
genetically determined and subject to natural selection. Thus, aging is neither a consequence
of purely random damage accumulation, nor is it determined solely by a regulated biological
process, but rather it results from the interplay of these two opposing forces.

Of the various identifiable pairs consisting of a destabilizing factor and its matched
protective process, some are relevant to aging and others co-determine outcomes such as
acute toxicity or chronic diseases. Finding the factors that are most pertinent to aging
remains one of the greatest challenges in gerontology, not least because such knowledge
carries with it the promise of anti-aging interventions. In the following section, | will present
arguments in support of the hypothesis that electrophilic stress, counteracted by reactions
that clear electrophiles from biological systems, are significant contributors to the aging
process.

Role of electrophiles in aging

Correlative evidence

As discussed previously (section on “Lipid peroxidation”), a case can be made for the
hypothesis that the amount of lipid-derived electrophiles such as 4-HNE that form in
response to oxidative stress depends strongly on the amount of peroxidizable PUFAs
available in the membrane, but depends only weakly on the level of ROS that initiated the
lipid peroxidation chain reaction. (The present discussion is limited to endogenously
generated electrophiles, derived mostly from lipid peroxidation, as opposed to xenobiotic
electrophiles such as some drugs.) From this hypothesis it can be predicted that any
physiological and pathological consequences of electrophilic stress, while requiring an
oxidative trigger, should correlate with the content, and especially peroxidizability, of
membrane PUFAs, but may not correlate with most markers of oxidative damage. In the
context of senescence, the above conclusion constitutes a departure from the standard
oxidative-damage theory of aging. An initiating oxidative event is still required, but this
condition is almost always satisfied: under aerobic conditions, a finite level of ROS will be
present even if antioxidants are abundant. Thus, lipid peroxidation will always be initiated at
a finite frequency. Whether the resulting chain reaction generates significant or negligible
amounts of electrophiles, depends primarily on the PUFA content of the membrane (see Fig.
5). In this model, pro-aging activity is attributed to electrophiles rather than to ROS, and is
no longer coupled to the level of the initial oxidative stress.

Is there experimental evidence that high susceptibility of membrane lipids to peroxidation
inversely correlates with longevity? In fact, such evidence is available and will be reviewed
below. It is, however, important to remember that correlative data do not prove causality.
PUFAs could affect aging by mechanisms other than production of electrophiles, low PUFA
content in membranes could be a consequence rather than a cause of longevity, or PUFA
levels and aging could be causally unrelated but co-modulated by a third factor. Yet, given
the previously discussed chemical properties of electrophiles in biological systems, a causal
role of electrophiles in aging appears possible or even likely. This tentative conclusion has
been confirmed by direct intervention studies that will be described in the following sub-
section.

Birds have a generally longer life span compared with mammals of the same body mass. A
study of heart mitochondria phospholipid composition of pigeons, which live in excess of 30
years, and rats, which have a life span of less than 5 years, has shown that the latter have a
higher content of PUFAs and higher markers of lipid peroxidation [127]. A comparison of
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long-lived smaller birds (parakeet, canary) with equal-sized mice showed the same disparity
in PUFA content [128]. The data were interpreted in terms of a greater resistance to lipid
peroxidation in birds contributing to their longevity. Consistent with this interpretation, an
inverse correlation between membrane peroxidizability and longevity was found in a group
of mammalian species [129,130] and in a comparison of several species of long-lived sea
birds versus short-lived fowl [131].

The maximal life span of naked mole-rats (Heterocephalus glaber) approaches 30 years,
approximately nine times that of mice [132]. Therefore, comparisons of these two species
are highly instructive, especially if carried out at comparable fractions of their respective life
spans. Naked mole-rat membrane lipids are less susceptible to peroxidation than mouse
membranes [133,134], a finding that is in agreement with the other inter-species
comparisons described above. However, additional results obtained with the naked mole-rat
pose unique theoretical challenges. Antioxidant enzymes such as SOD or catalase are not
much different between the naked mole-rat and the mouse; glutathione peroxidase is
actually much lower in the mole-rat [135]. Glutathione levels have been variably reported to
be 25% lower [136] or 40% higher [119]. Consistent with these unexceptional antioxidant
defenses, oxidative damage is not prevented in mole-rats. Urinary isoprostanes (a marker of
whole-body oxidative stress) are higher in mole-rats than in mice [137]. Thus, naked mole-
rats enjoy an exceptionally long life span and long reproductive period in spite of rather
severe oxidative damage [132,138]. This apparent paradox can be resolved if it is related to
the paradigm | am proposing, namely that electrophiles such as 4-HNE are relevant to aging,
and that the formation of 4-HNE is largely decoupled from the initiating oxidative stress but
is a function of membrane peroxidizability. The composition of naked mole-rat membranes
would result in relatively low 4-HNE production, even if overall oxidative stress and
oxidative damage are high. Moreover, it has been recently reported that GST activity in
mole rats is 3-fold higher than in mice [supplementary data to ref. 119]. Thus, the pair
consisting of a destabilizing factor (4-HNE) and the matched protective mechanism (GST) is
set up very differently in the two species. In mice, the 4-HNE output is high and the disposal
rate of 4-HNE is low, resulting in a high steady-state 4-HNE concentration and rapid aging.
The situation is reversed in the naked mole-rat, perhaps contributing to its longevity. This
interpretation suggests that lipid-derived electrophilic aldehydes are relevant to aging,
probably through their ability to react with specific sites on proteins, whereas many other
types of oxidative changes are well tolerated and are either neutral with respect to aging or
even protective, owing to their ability to activate Nrf2 and induce the expression of
detoxifying enzymes including GSTs [107,108,139].

The short-beaked echidna (Tachyglossus aculeatus) is a monotreme mammal with an
unusually long life span for its size. The fatty acid composition of muscle, liver, and liver
mitochondrial membranes obtained from this animal is consistent with the pattern observed
in other long-lived species: the membranes were found to be low in PUFAs and thus
resistant to peroxidation [140].

The inverse correlation between longevity and peroxidizability of membrane lipids extends
taxonomically beyond mammals and birds. It has been found that honeybee (Apis mellifera)
lipids have a consistently low PUFA content and thus low susceptibility to peroxidation in
long-lived queens. Young workers resemble queens in this respect, but their PUFA content
increases significantly by 1 week post-eclosion and remains high for the remainder of their
life [141]. The life span of honeybee workers is typically less than a month, versus several
years for a queen.

The results obtained with honeybees are particularly valuable because comparisons carried
out within a single species are more persuasive than those between species where additional
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confounding factors may come into play. Another intra-species comparison is that of wild-
derived versus laboratory mice [142]. Two strains were established from wild-caught
progenitors, and were compared with a laboratory strain that was outbred to assure hybrid
vigor. All mice were kept under identical, optimized laboratory conditions. The wild-derived
strains were longer-lived than the laboratory strain, and had membranes less susceptible to
peroxidation [142].

The correlation between membrane peroxidizability and life span appears to hold for
humans. In comparison to age-matched controls, erythrocytes obtained from the offspring of
nonagenarians had a lipid composition characterized by lower PUFA content but higher
levels of monounsaturated fatty acids (MUFA) which are resistant to peroxidation [143].

Whereas the correlation of life span with body mass of animal species is generally high,
there are several notable outliers. These include the naked mole-rat and the short-beaked
echidna discussed previously, as well as humans [144]. Also, the regression line for birds is
distinct from that for mammals; birds are, on average, longer-lived than same-sized
mammals [144]. Both the outliers and the systematic difference between mammals and birds
collapse when scaled body mass is replaced by the peroxidation index derived from the
content and type of PUFA present in membranes [140,144]. The correlation between
membrane peroxidizability and life span is the basis of the membrane pacemaker theory of
aging [144-146].

A correlation proves neither causality nor a molecular mechanism. It is certainly plausible to
propose that membranes, if subjected to peroxidation, both lose their normal function and
generate potentially toxic hydroperoxides and electrophiles which spread the damage to
other cell constituents, such as proteins and DNA. However, it is equally possible that
species which have a long life span due to other mechanisms, evolved membranes resistant
to peroxidation as a secondary adaptive trait. The direction of causality, if any, can be
determined only by interventional studies in which the membrane composition, or the level
of peroxidation-derived end products, is experimentally manipulated, and the ensuing effect
on life span is recorded. The following sub-section addresses attempts at such interventions.

Evidence obtained through experimental interventions

The hypothesis that membrane lipid peroxidizability co-determines life span could be
directly tested by experimental interventions that change membrane composition, followed
by life span determinations. However, there are two major problems with this approach. One
is technical. The lipid composition of membranes is under tight genetic control and fairly
resistant to modifications. The finding that manipulation of dietary lipids leads to relatively
limited, but still measurable changes in membrane lipid patterns [147,148] is thus fortunate.
This somewhat surprising success of the dietary approach is probably attributable to an
evolutionary conservation of overall properties of membranes, such as their fluidity, in
preference to any particular lipid composition [“homeoviscous adaptation”, ref. 149]. Thus,
within limits, the ratio of more to less peroxidizable fatty acids can shift while maintaining
constant membrane fluidity. The more serious problem with experimental alterations of
membrane lipid composition is that any of the interventions used, whether dietary,
pharmacological, or genetic, is likely to have multiple effects. Dietary restriction may serve
as an example. This intervention alters membrane fatty acid patterns, as will be discussed
below, but obviously has other consequences, in particular those mediated through TOR
signaling. Nevertheless, the interpretation of results is less ambiguous than in the case of
inter-species comparisons, even if a final determination of causality remains elusive. Any
given intervention may have a large, but still limited number of effects, thus narrowing the
field of possibilities to be considered. The greater the number of different manipulations that
result in both a shift to less peroxidation-susceptible membranes and concomitant life span
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extension, the higher the likelihood that the two are causally linked. Moreover, experimental
interventions may rule out the possibility that resistant membranes evolved as secondary
adaptation to long life, because interventions limited to an individual's life span obviously
offer insufficient time for any role of natural selection. Thus, even though the specter of a
correlation without causality is not completely banished, interventional studies are
intrinsically more powerful than purely comparative approaches. Several illuminating results
have been obtained using experimental interventions that alter membrane fatty acid
composition, and will be discussed below. This will be followed by a description of
experiments in which the levels of end products of lipid peroxidation were manipulated.

As already mentioned, dietary restriction may change the fatty acid composition of
membranes in rats and in mice. In general, the percentage of highly peroxidizable PUFAS
has been reported to increase with age in membranes of ad libitum-fed animals, but this
trend was attenuated or abrogated by dietary restriction [150-152]. It should be, however,
noted that conflicting results have been reported [153]; the reasons for the discrepancy
remain unknown. Peroxidation-resistant membranes, if formed, may contribute to longevity,
although clearly this one factor does not explain the entire life span gain seen in dietary
restriction.

Studies of humans are more difficult to control than those of laboratory animals, but are of
obvious interest, especially because some aging mechanisms are species-specific (“private”)
and may apply only to humans [e.g., ref. 101] or only to particular non-human model
organisms. In a rare study involving humans, older Italian subjects were followed for 8.5
years. A self-reported diet high in MUFAs from olive oil (Mediterranean diet) correlated
with a lower all-cause mortality. In contrast, subjects ingesting a higher proportion of
PUFAs had a (marginally) elevated mortality [154]. A MUFA-rich diet also protected
against cognitive decline [155]. These studies have inevitable limitations, especially with
regard to possible mechanisms. For example, it is not known whether the dietary fatty acids
altered cellular biomembrane composition, and whether lipid peroxidation contributed to the
observed effects. Nevertheless, it appears that a MUFA-rich diet is protective, while
ingestion of PUFASs, in particular the highly peroxidizable n-3 PUFAs, may be a risk factor
in terms of aging, in spite of its benefits in other areas [156-158]. In fact, the protection
against a variety of human diseases afforded by increased intake of n-3 PUFAs may not
reflect an absolute requirement for large amounts of n-3 PUFAs. Instead, diets rich in n-3
PUFAs could rectify the severe PUFA imbalance (high n-6/n-3 ratio) characteristic of the
human food supply since the advent of industrial agriculture [159-161].

Disruption in mice of adenylyl cyclase type 5 [an isoform highly expressed in the heart, ref.
162] results in significant longevity (extension of median life span by 32%), along with
health benefits such as protection from cardiomyopathy and attenuation of age-related loss
of bone quality; cardiomyocytes and fibroblasts from the knockout animals are resistant to
oxidative stress [163]. At least some of the protective effects, as well as the life span
extension, were attributed to elevated ERK signaling [163]. In order to study further the
applicable mechanism of longevity, other authors established a mouse model in which
adenylyl cyclase disruption was mimicked by administration of atenolol, a cardioselective 1
adrenergic receptor antagonist [164]. As expected, treatment with atenolol for 2 weeks
activated ERK signaling. While no decrease in mitochondrial ROS production was observed
in the treated animals, administration of atenolol caused a dramatic shift in heart fatty acid
composition. Saturated fatty acids and MUFAs were significantly increased in the atenolol
group, whereas PUFAS, and in particular the highly peroxidizable n-3 PUFAS, were sharply
decreased [164]. Of other, potentially longevity-related parameters, the expression of
respiratory complexes | and 1V was elevated. There was no indication that addition of
atenolol to drinking water triggers dietary restriction. Assuming that disruption of adenylyl
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cyclase type 5 and atenolol administration are equivalent in terms of their longevity effects
(which remains to be established, as no life span determination was done in atenolol-treated
mice), either the shift in heart fatty acid composition or the increased expression of
respiratory chain complexes could, by mechanisms described in the previous section,
contribute to the observed life span extension.

The current record for enhanced longevity caused by a single-gene mutation in a
multicellular animal is the remarkable 10-fold life span extension in C. elegans in which the
phosphatidylinositol 3-kinase (P13K) gene has been disrupted [165]. Further studies of this
very long-lived mutant established a pronounced shift in its fatty acid composition as
compared with an isogenic wild-type strain [161]. The strain comparison was then expanded
to include additional mutants with life spans ranging from that of the wild-type to the PI3K
mutant which lives ten times longer. Regression analysis of the full set of mutants revealed
that PUFA content decreases, and MUFA and short-chain fatty acid content increase, with
increasing life span. More abundant shorter-chain fatty acids in the long-lived strains may be
an adaptation to maintain membrane fluidity in the face of declining PUFA content,
although elevated MUFAs could also accomplish this. The peroxidizability index derived
from fatty acid types and amounts showed a strong inverse correlation with the log ;) of life
span (Pearson correlation coefficient R = —0.85, P <0.002). Analysis of transcript levels
demonstrated that the observed shift in fatty acid composition between wild-type and the
very long-lived mutant could be explained by lower expression of several fatty acid
elongases, lower expression of a desaturase responsible for PUFA synthesis, and higher
expression of desaturases involved in MUFA synthesis.

The data presented above are suggestive of a role of lipid peroxidizability in the
determination of life span, but do not prove such a role. It is conceivable that all analyzed
mutations independently modulate life span and fatty acid anabolic enzymes. To establish
causality, the expression of the candidate enzymes was silenced by RNA.. In the wild-type
genetic background, i.e., in the absence of any life-extending mutations, silencing of fatty
acid elongases or of a desaturase involved in PUFA synthesis resulted in a longer life span.
This result is highly significant in that it proves causation. It should be noted that the
longevity gain in the RNAI experiments was smaller than in the very long-lived PI3K
mutant which blocks I1S and attenuates several other signaling pathways [166]. This
indicates that 11S orchestrates the expression of a large set of longevity assurance genes, of
which the fatty acid elongases and desaturases constitute only a subset. Interventions that
target such subset of I1S “effector” genes are expected to have smaller contribution to
longevity than targeting of 11S itself [see ref. 61 for further discussion of this topic].
Additional work will be needed to define the relative importance for aging of lipid
peroxidizability, versus other factors that destabilize biological homeostasis. However, the
results summarized above establish unequivocally that the susceptibility of lipids to
peroxidation not only correlates with, but has a causal role in, aging.

How does a susceptibility of membrane lipids to peroxidation translate into either a
deterioration of the biological system that drives aging, or into an attenuation of longevity
assurance processes that would otherwise delay aging? Several possibilities could be
considered. All assume that peroxidation actually takes place, a reasonable proposition in
light of the previous discussion that a small “seed” amount of ROS is sufficient to initiate a
chain reaction whose propagation will depend on the availability of peroxidizable PUFAS in
the membrane. Such lipid peroxidation reaction could be biologically detrimental for a
number of reasons [167]. One is a change of intrinsic membrane properties that renders the
membrane non-functional. For example, increased membrane permeability could collapse
ion gradients and affect regulatory and ATP-generating processes, changes in fluidity could
compromise protein function, and shifts in composition may alter lipid rafts. Another
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destabilizing consequence of lipid peroxidation is the generation of organic hydroperoxides
and radicals (Fig. 4) which could then spread the damage to other cell constituents, within
and outside the membrane. Finally, as already discussed, lipid hydroperoxides can give rise
to electrophilic aldehydes able to modify macromolecules, including functionally essential
proteins, both in the affected and in adjacent cells. Relative to most ROS, aldehydes such as
4-HNE have a long biological half-life [168] and higher chemical selectivity. These
properties make 4-HNE and related a,B-unsaturated carbonyls attractive candidates for
mediators of either destabilizing damage or targeted modulation of signaling. For these
reasons, experimental interventions that alter the steady-state levels of 4-HNE were used to
study the effects of this compound on life span.

The formation of 4-HNE starts with lipid peroxidation which can be either chemical,
typically by a reaction with a hydroxyl radical (Fig. 3), or enzymatic [by lipoxygenase-
catalyzed reaction, reviewed in refs. 19,169]. The resulting lipid hydroperoxides give rise to
4-HNE in a non-enzymatic reaction [19,170]. Therefore, the formation of 4-HNE is likely to
reflect primarily the prevalence of PUFASs in a membrane, or the membrane's
peroxidizability, and is biologically not regulated other than by shifts in PUFA content.
(This statement is obviously oversimplified, as it neglects important factors such as chain-
breaking oxidants, but is nevertheless useful as a first approximation.) If the formation of 4-
HNE is not biologically regulated, the steady-state level of the compound will be determined
by its disposal. There are four major initial reactions by which 4-HNE can be metabolized
(Fig. 6) [171-173]: conjugation with glutathione, or Michael addition, catalyzed by GSTs;
oxidation of the aldehyde group by aldehyde dehydrogenases or by cytochromes P450;
reduction of the aldehyde group by aldo-keto reductases; and reduction of the double bond
by alkenal oxidoreductase. Experimental modulation of any of these activities will change
the steady-state level of 4-HNE in a tissue.

Among the more than forty GSTs of C. elegans, including five with a significant
contribution to the whole-organism capacity to conjugate 4-HNE [174], the gst-10 gene
product has been most extensively studied in the context of aging. Silencing of gst-10
expression by RNAI decreases the glutathione conjugating activity in worm lysates and, as
expected, increases the level of 4-HNE-protein adducts. These biochemical changes are
accompanied by a decrease of life span [110]. Transgenic expression, using the gst-10
promoter, either of gst-10 itself or of murine mGsta4 (another GST with high activity toward
4-HNE) has the opposite effect, namely higher enzyme activity, less 4-HNE modification of
proteins, and proportionately extended life span [175]. When the results from both sets of
experiments are combined, a dose-response curve can be derived. Life span is highly
correlated with 4-HNE-conjugating activity (Fig. 7A) and is inversely correlated with the
amount of 4-HNE adducts (Fig. 7B), which reflect the 4-HNE concentration in tissues.

It is important to note that the results summarized in Fig. 7B not only demonstrate an inverse
correlation of the lipid peroxidation end product 4-HNE with longevity, but strongly suggest
causation: because the experimental intervention that was used directly affected 4-HNE
levels, the life span changes are probably caused by 4-HNE. Causation is plausible but not
proven because the two GSTs that were used, even though one was from C. elegans and the
other from mouse, could theoretically share some unknown life-extending activity. In such
case, the ability of both enzymes to conjugate 4-HNE would be coincidental. While difficult
to rule out with certainty, such possibility can be made progressively less likely by using
multiple independent methods of modulating 4-HNE levels. If all such interventions yield
longevity gains inversely related to 4-HNE levels, it becomes increasingly difficult to argue
that they all share some unknown property, other than the ability to modulate 4-HNE, that
affects life span. To pursue this approach, worms were treated with three chemical 4-HNE
scavengers [176-182]: carnosine, hydralazine, or histidine hydrazide. All three scavenger
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compounds extended C. elegans life span (unpublished results), with hydralazine being the
most effective. Each of the chemical 4-HNE scavengers that were used has additional
pharmacological and/or biochemical properties; for example, hydralazine is an
antihypertensive agent and carnosine is an antioxidant. However, the effect on life span was
similar for the three compounds and was analogous to the life-extending phenotype of
gst-10-overexpressing worms [175], indicating that the longevity gain was in fact mediated
by decreased 4-HNE. This conclusion was confirmed by complementary results showing
that RNA.i silencing of individual aldehyde dehydrogenase or aldo-keto reductase genes
resulted in life span shortening that was directly proportional to the metabolic capacity for 4-
HNE attributable to any given gene product (unpublished data). Taken together, these results
show that elevation of 4-HNE exerts a negative, and depletion of 4-HNE, a positive effect
on longevity, at least within the limits of the genetic and pharmacological interventions that
were used.

As discussed previously, an increased peroxidizability of membranes is causally linked to a
shorter adult life span in C. elegans. Given that 4-HNE is directly derived from the
peroxidation of PUFA, the finding that 4-HNE also curtails life strongly implies that at least
part of the negative longevity impact of membrane peroxidizability is mediated by 4-HNE.

A determination of the life span of mGsta4 null mice [183] illuminates several important
points related to 4-HNE and aging. The gene mGsta4 encodes mGSTA4-4, a GST with the
highest catalytic efficiency for 4-HNE among murine GSTs [184,185]. Disruption of that
gene is expected to raise tissue levels of 4-HNE, a prediction that was verified
experimentally in the mGsta4 null mouse in 129/sv genetic background [186]; this strain
was used to characterize phenotypes linked to 4-HNE [186,187]. In parallel, the knockout
was also backcrossed into the C57BL genetic background. This new mGsta4 null line was
found to have substantially upregulated antioxidant and anti-electrophile detoxifying
enzymes, probably via activation of Nrf2 [183]. The bolstered defense mechanisms bring
down the tissue concentration of 4-HNE to near-control values [187]. Therefore, no
longevity-reducing effect of 4-HNE would be expected in the knockout in the C57BL
background — and none was in fact observed. Actually, this knockout had a slightly
(approximately 10%) extended life span [183], probably because the additional protective
mechanisms are just sufficient to abrogate any increase in 4-HNE levels but overcompensate
in terms of longevity. This initially unexpected result illustrates the need to verify whether
any given experimental intervention has the predicted effect on the physiological mechanism
being targeted. This point has been forcefully made by Halliwell and co-workers in relation
to oxidative stress, where the majority of externally administered antioxidants failed to alter
the intracellular redox status either in humans [reviewed in ref. 188] or in C. elegans [75].
The caveat applies equally to genetic manipulations. Electrophilic stress was present in the
mGsta4 knockout in one but not another genetic background, affecting the interpretation of
results. Obviously, a life span determination of mGsta4 null mice in the 129/sv background
would be of interest.

Possible mechanisms by which electrophiles affect aging

The fledgling status of the field limits the discussion of molecular mechanisms mostly to
speculations, even if based on solid chemical and biological characterization of
electrophiles, especially 4-HNE, in areas other than aging. Two major types of (partially
overlapping) mechanisms can be considered: (i) toxicity as a destabilizing, pro-aging factor,
and (ii) modulation of signaling pathways which could weaken longevity assurance
mechanisms or, perhaps, trigger pro-aging damage via pleiotropic processes. Some of these
possibilities will be discussed in this section.
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When 4-HNE and related aldehydes were initially discovered in biological material by
Esterbauer and co-workers [189,190], they were considered to be toxic and detrimental end-
products of lipid peroxidation. This view is still represented in the literature, and is
supported by experiments in which high (supraphysiological) concentrations of 4-HNE are
used. Under such conditions, any selectivity of the Michael adduct formation would be lost
because many, or most, of the 4-HNE-reactive nucleophilic centers in proteins would tend to
be saturated. Such indiscriminate modification of proteins would be cytotoxic. Further
destabilization would result from reaction with aminophospholipids and nucleic acids. The
global concentration of 4-HNE (averaged over the total volume of a cell or a tissue) may
only rarely, if ever, reach levels necessary for untargeted toxicity. Thus, such a mechanism
could play a role in isolated acute toxic events but be less relevant to aging. However, 4-
HNE partitions preferentially into membranes [191] because of its high octanol/water
partitioning coefficient, estimated to be 22 or 71 [refs. 192,193, respectively] (see also ref.
[194] for a different model of 4-HNE partitioning). The local concentration of 4-HNE in the
membrane core could exceed 300 pM [195,196]. Thus, 4-HNE not only forms within or near
membranes, but tends to concentrate there. Prolonged exposure of integral membrane
proteins and, perhaps, of aminophospholipids to high local 4-HNE concentrations could
conceivably cause untargeted damage directly related to the electrophilicity of the
compound [26,197], and accelerate aging.

The concept of “specificity of the third kind” has been formulated for ROS and reactive
nitrogen species [198] but applies equally to reactive electrophiles such as 4-HNE. In
contrast to the first (unique macromolecular interactions) and second (interactions of small
ligands with a limited number of macromolecules) types of specificity, the “third kind”
refers to covalent modifications of multiple target macromolecules by reactive compounds
such as ROS. Such modifications usually do not trigger a distinctive signaling of their own
but may modulate existing signaling or metabolic pathways and reactions [198]. It is in this
context that 4-HNE has been recognized as a signaling molecule [20,43,44,199-203, and
others]. Long lists have been assembled of 4-HNE targets and of possible functional
consequences of adduct formation (for examples, see the above references). Of these, which
are the processes that are relevant to aging and longevity? This question is difficult to
answer. 4-HNE can form adducts on cysteines, lysines, histidines [26] and, in rare cases,
arginines [204]. The intrinsic reactivities of the above amino acid side chains differ from one
another and are further modified by the microenvironment [26]. Thus, at a low
(physiological) 4-HNE concentration, only the most reactive nucleophilic groups will be
modified. Still, adducts will form on multiple proteins, but only some of the modified
proteins will be functionally affected. Experimentally, it is easier to identify 4-HNE adducts,
e.g., by high-throughput mass spectrometry, than to determine their functional
consequences, if any. The latter needs to be done individually for each candidate protein.

Although a distinction is often made between age-associated diseases and “normal” aging, it
is obvious that many degenerative diseases shorten life span. 4-HNE is not only elevated in
the brain of Alzheimer's disease patients, but modifies, among others, the amyloid B (AB)
peptide and facilitates its misfolding and aggregation [194,205,206]. Thus, 4-HNE is likely
to contribute to the progression of Alzheimer's disease by targeting specific protein(s).

Whereas functional modifications by 4-HNE of any given target, for example the Ap peptide
discussed above, usually has rather narrow and specific biological consequences, a much
broader range of outcomes can be expected if 4-HNE modifies a regulatory protein. The
modulation by 4-HNE of the activity of transcription factors provides a good illustration. In
an unbiased, global approach, cells were treated with 4-HNE, and the total set of 4-HNE-
modified proteins was determined by mass spectrometry, while shifts in gene transcription
were documented at the same time using microarrays [207]. A subsequent bioinformatic
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analysis revealed the possible regulatory links between the two sets of data. Among these,
transcription factors were prominent [207]. In particular, several heat shock proteins (Hsps)
were found to have formed adducts with 4-HNE [208] and heat shock-regulated transcripts
were significantly elevated [209] in response to 4-HNE treatment. These results were
interpreted in terms of a release, by the 4-HNE-adducted Hsps, of the heat shock factor 1
(HSP1) which, under basal conditions, remains in an inactive cytoplasmic complex with
Hsps. Following release, HSP1 is now able to translocate to the nucleus and to induce the
expression of a large set of protective genes, including but not restricted to those that encode
Hsps [207]. In the context of aging, this represents a compensatory response in which 4-
HNE evokes mechanisms that protect the cell against 4-HNE, other electrophiles, and other
destabilizing factors. The effect on life span can be complex: the protective response may be
weak, in which case 4-HNE could accelerate aging, or very strong, perhaps leading to
overcompensation, masking of any underlying detrimental effects of 4-HNE, and — overall —
an extended life span, as observed by us in the mGsta4 null mouse in the C57BL genetic
background [183]. Between the two extremes, there will be a situation without any
measurable change of life span. As seen in this example, a conclusion from any one negative
result that 4-HNE is irrelevant to aging would be premature and overly simplistic.

A high-throughput approach, such as that summarized in [207], provides a global view and
indicates which candidate processes are important and which may be marginal, but it suffers
from several drawbacks: the results are correlative and do not demonstrate causality,
proteins or transcripts of low abundance may escape detection even if biologically
significant, the conclusions depend on existing gene ontology classifications and would thus
miss unexpected connections, and, in the case being discussed [207], post-transcriptional
outcomes are ignored in the analysis which is restricted to transcriptional shifts. Thus, as
most global approaches, the unbiased analysis of 4-HNE effects [207] should be viewed not
as the final word but as an extremely useful tool to suggest candidate proteins for subsequent
molecular and functional analysis. Such individual analyses have been carried out
previously and have uncovered several important transcription factors that are modulated by
4-HNE. In the context of aging, the already discussed Nrf2 (SKN-1 in C. elegans) is of
particular importance as it activates anti-electrophile and antioxidant defenses [106—
108,139] in response to an electrophilic or oxidative stimulus [210,211]. Thus, activation of
Nrf2 is another example of a compensatory longevity-assurance mechanism evoked by 4-
HNE. A specific example of Nrf2 action is the biosynthesis of glutathione. Cells contain
very high (millimolar) concentrations of glutathione, a compound with strong nucleophilic
properties attributable to its thiol group [212]. Even though further accelerated by GSTs, the
spontaneous reaction of glutathione with most electrophiles is rapid. Thus, glutathione has,
among many others, an anti-electrophile protective function, both non-enzymatic and GST-
dependent. The rate-limiting step in the de novo synthesis of glutathione is catalyzed by
glutamate cysteine ligase, a heterodimeric enzyme that consists of a catalytic and
modulatory subunit. The expression of genes encoding both subunits is induced by active
Nrf2 in conjunction with active JNK signaling [213,214]. Interestingly, the catalytic subunit
of glutamate cysteine ligase can be directly modified by 4-HNE, resulting in an increase of
enzymatic activity even in the absence of the modulatory subunit. This is a rare example of a
gain of function following adduct formation with 4-HNE. Overall, glutamate cysteine ligase
activity is upregulated in response to 4-HNE by both a transcriptional and a posttranslational
mechanism.

A number of other signaling pathways, such as stress response, NFkB-mediated processes,
apoptosis, cell cycling and inflammation are modulated by 4-HNE. It is, however, not clear
how these pathways affect aging and longevity assurance. Many appear to have a dual role;
for example, apoptosis is essential for maintaining homeostasis but becomes destabilizing if
excessive or occurring in the wrong place at the wrong time. Therefore, the possible
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mechanisms by which 4-HNE affects these pathways will not be further discussed here.
Because of the prominence of 1IS in orchestrating longevity assurance, it would be
important to know whether 11S is modulated by 4-HNE. However, no direct data are
available on this topic.

An intriguing mechanism by which 4-HNE could contribute to longevity is the partial
uncoupling of mitochondria. When respiratory chain substrates are available but ATP is not
synthesized, the proton-motive force is high, as is the local oxygen partial pressure. Under
such conditions, the generation of ROS by mitochondria is high [31]. A partial uncoupling
will lower the proton-motive force and the oxygen concentration; ROS production will
decrease at the cost of dissipating some of the available free energy as heat. It has been
proposed that 4-HNE activates mitochondrial uncoupling proteins to limit ROS production
[215-217], even though this conclusion has been disputed [218]. Given the doubts
surrounding the oxidative stress theory of aging, it remains uncertain whether a partial
uncoupling of mitochondria affects longevity [219].

As has been already discussed, evidence has been accruing that loss of homeostasis of the
proteome plays a prominent role in aging. In addition to exerting, at high concentrations, a
generalized destabilizing effect, 4-HNE specifically modulates processes that are directly
involved in the maintenance of the proteome. 4-HNE and/or related a,B-unsaturated
carbonyl compounds not only modify [208] but also inhibit the function of chaperones of the
Hsp70 and Hsp90 classes [220,221]. The effect of this inhibition on the release of HSP1 and
induction of protective genes has been already discussed. However, a deficiency in Hsp
function will have a destabilizing effect on the global proteome. Similarly, 4-HNE partially
inhibited the activity of protein disulfide isomerase [222], a chaperone that facilitates the
correct formation of disulfide bonds in newly synthesized endoplasmic reticulum proteins.
Thus, excess 4-HNE can trigger ER stress, a factor that contributes to aging [87,223].

There are two major degradation pathways for damaged proteins: autophagy and
degradation by the proteasome. Because autophagy targets mainly long-lived proteins
whereas the proteasome is primarily responsible for the removal of proteins with shorter
half-lives [224-226], autophagy may be more important in preventing the accumulation of
persistent damage. Nevertheless, both degradative processes are modulated by 4-HNE, albeit
in a complex way. 4-HNE may inhibit the proteasome directly [227]. Proteins that are only
moderately modified by 4-HNE are preferred substrates for the proteasome, while heavily
modified proteins inhibit the proteasome and are not cleared efficiently [228,229]. The
biphasic (hon-monotonic) response of proteasomal function to 4-HNE levels may be very
relevant to aging. Proteins that carry 4-HNE adducts and initially escape degradation could
be further modified to become more effective proteasomal inhibitors. In such case, the
protein would not only permanently escape future proteolysis but would also prevent the
degradation of other proteins, thus initiating a positive-feedback cycle leading to
accelerating and detrimental accumulation of damaged material.

The modulation of autophagy by 4-HNE is even more complex and has not been extensively
studied; most of the available information is from studies of ischemia/reperfusion (I/R)
injury to the heart muscle. TOR signaling is of central importance for the process (Fig. 8; the
mammalian nomenclature is used in this Figure). Autophagy is negatively regulated by
mTOR which is inhibited by AMPK which, in turn, is activated by the upstream kinase
LKBL1. The latter kinase is modified and inhibited by 4-HNE [230,231]. Thus, high levels of
4-HNE will lead to low autophagy (branch 1 in the scheme of Fig. 8), as has been
experimentally verified for the ischemia phase of I/R [232]. If the acute situation of I/R can
be used as a model of chronic processes relevant to aging, elevated 4-HNE will limit
autophagy and, therefore, promote aging.
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A shift in signaling has been proposed for the reperfusion phase of heart I/R [232]. In this
situation, the insulin signaling pathway (branch 2 in Fig. 8), which also converges on
mTOR, was considered to prevail over AMPK-mediated regulation [232]. Insulin signaling,
or IS, is antagonized by the protein phosphatase PTEN which is a substrate for the LKB1
kinase [233]. As phosphorylation of PTEN by LKB1 inhibits the function of PTEN
[232,234], and as 4-HNE inhibits LKB1 [230,231], high 4-HNE would result in high
autophagy (branch 3 in Fig. 8). The opposite effects of 4-HNE on autophagy in the ischemia
and reperfusion phases of I/R (mediated by branches 1 and 3, respectively, in the scheme of
Fig. 8) were proposed to act together to adjust autophagy to optimal levels for
cardiomyocyte survival during I/R [232]. However, 4-HNE can directly modify and inhibit
PTEN, thus activating 11S [235] (branch 4 in Fig. 8). In this scenario, high 4-HNE would
lead to low autophagy, in agreement with the outcome of AMPK-mediated regulation
(branch 1). Thus, perhaps in tissues other than the heart muscle or under chronic conditions,
as opposed to the acute I/R injury, elevated 4-HNE can be reasonably predicted to limit
autophagy (branches 1 and 4 of the scheme) and to promote aging.

Conditions and cell type appear to be important because it has been reported that in vascular
smooth muscle cells, exposure to relatively high (50 uM) 4-HNE caused modification and/or
crosslinking of multiple proteins and activation of autophagy [236], while in the retina, 4-
HNE-modified proteins resisted lysosomal (autophagic) degradation and inhibited the
degradation of other proteins [237]. Moreover, autophagy may not always correlate with a
life span extension in C. elegans [238]. Clearly, the relationship between lipid peroxidation,
4-HNE, autophagy, and longevity has been only partially defined, in spite of suggestive
data, summarized above, that the pro-aging effect of 4-HNE [110,174,175] is at least in part
mediated by inhibition of autophagy.

Conclusions and future directions

The effects of 4-HNE and other endogenous electrophiles on longevity are best described by
a non-monotonic function. Just like low levels of ROS, low 4-HNE concentrations are
probably required for homeostasis: lipid peroxidation and 4-HNE signal the state of the cell
and trigger an appropriate metabolic adaptation. At moderately elevated 4-HNE levels, the
adjustments are protective; they also enable the cell to survive future electrophilic stresses
(hormetic response). Many of the responses aim at lowering the 4-HNE level. Therefore, in
some situations the relevant parameter may not be the steady-state 4-HNE concentration but
the flux through the pathways, i.e., the rate of 4-HNE generation and the rate of its disposal.
If these rates are high, a metabolic and regulatory cost is exacted from the cell, even if the
resulting steady-state 4-HNE level is suppressed. If the adaptive responses are overwhelmed
by still higher 4-HNE supply, apoptosis will be triggered. Superimposed on these adaptive
processes are the destabilizing consequences of chemical 4-HNE reactivity with cellular
nucleophiles. Overall, the biological responses to 4-HNE are complex and nonlinear.

In the context of aging, the low (physiological) range of 4-HNE concentrations is most
relevant. Thus, the emphasis of future research should be on signaling, rather than on toxic
effects of 4-HNE that manifest themselves at high concentrations. Unlike many other
biological processes, aging is primarily affected by factors that are chronic and cumulative.
This also applies to 4-HNE exposure, and presents unique experimental challenges. It is a
well-known temptation for the experimentalist to increase the dose of an agent until a
readily measurable response is obtained. In the case of 4-HNE, the non-monotonic nature of
the response precludes such an approach, or at best, must be acknowledged in the
interpretation of results. Another experimental difficulty derives from the already mentioned
dual nature of a reactive compound such as 4-HNE: it is destabilizing but, at the same time,
it induces defense mechanisms. As these opposing responses may occur concomitantly, their
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sum can have a negative, positive, or no effect on longevity, depending on the level of
exposure to the electrophile, time, target tissues, and other conditions. It is therefore
important to devise experimental approaches that would permit a separate characterization
of the various molecular effects of 4-HNE and/or other electrophiles. Such dissection of a
multifaceted response is difficult but necessary to understand the mechanisms by which
electrophiles affect aging.

In summary, there is ample experimental evidence that electrophiles have the ability to
modulate life span at different levels, probably by both destabilizing biological systems and
evoking protective responses. This dual nature of biological effects of electrophiles poses
significant conceptual and experimental challenges. Moreover, the relative contribution of
electrophiles versus other factors that affect aging and longevity assurance remains to be
established. In spite of these difficulties, progress has been made. Advances include the
understanding that electrophilic stress is chemically distinct from oxidative stress and has
different biological outcomes. Experimentally, interventions designed to alter directly the
level of electrophilic stress made it possible to establish causal relationships between
electrophiles and longevity. Having developed the necessary basic tools, the field is in the
position to gain a fuller understanding of the role of electrophiles in aging.
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Fig. 1.

Examples of reactions of electrophiles with nucleophiles. Panel A: A general reaction
scheme in which an electron-rich nucleophile Nu donates an electron pair to form a bond
with electrophile El. Panel B: Aldol condensation of acetaldehyde, a reaction in which a
carbanion, derived from acetaldehyde by action of a base, attacks an electrophilic carbon of
another acetaldehyde molecule. A new carbon-carbon bond is formed in the process. Panel
C: Reaction of a nucleophilic thiol group, such as in a cysteine side chain in proteins or in
glutathione, with an electrophilic center on carbon 3 of 4-hydroxynon-2-enal (4-HNE). The
reaction, a Michael addition, leads to the formation of a thioether. In all three panels, the
electrophilic molecule or electrophilic center is highlighted by grey shading.
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Fig. 2.

The pathway of tyrosine catabolism. Fumarylacetoacetic acid (boxed structure) accumulates
in tyrosinemia type I, in which fumarylacetoacetate hydrolase activity is impaired.
Fumarylacetoacetate is an electrophile (Michael acceptor) because it contains a double bond
conjugated to a carbonyl group.
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Fig. 3.

Generation of 4-hydroxynon-2-enal (4-HNE) and 4-hydroxyhex-2-enal from PUFAs. Part
A: n-6 PUFAs (the examples of linoleic and arachidonic acids are shown) are attacked by
ROS, typically a hydroxyl radical ‘OH, or undergo a lipoxygenase-catalyzed reaction (not
shown), to form a lipid hydroperoxide. The latter is non-enzymatically converted to end-
products that include 4-HNE. Part B: n-3 PUFAS, exemplified by a-linolenic and
docosahexaenoic acids, yield 4-hydroxyhex-2-enal in a reaction sequence analogous to that
shown for n-6 PUFAS. These reactions convert an initial oxidative stress to electrophilic
stress.
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Fig. 4.

ROS-triggered lipid peroxidation chain reaction. Initiation: A hydroxyl radical ("OH) reacts
with a PUFA, usually part of a phospholipid in a biological membrane, abstracting a
hydrogen atom. In this process, "OH is converted to water and a carbon-centered radical is
formed on the fatty acid. Propagation: Dioxygen is added to the carbon-centered radical,
forming in several steps an oxygen-centered peroxyl radical LOO". The latter abstracts a
hydrogen from another PUFA and, in the process, is converted to a fatty acid hydroperoxide
(LOOH). The PUFA from which a hydrogen was abstracted gives rise to a carbon-centered
radical, thus completing the reaction cycle. A single initiation can lead to multiple
propagation cycles as long as dioxygen and PUFASs are available. Termination: The peroxyl
radical LOO" can react with another LOO" or with another radical, resulting in non-radical
end products. Alternatively, LOO" can react with a sacrificial radical scavenger (antioxidant)
which gives rise to a stable radical that lacks the ability to abstract hydrogen from PUFA. In
either case, the lipid peroxidation chain reaction is terminated.
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Fig. 5.

Relationship between the concentrations of initial ROS and resulting lipid peroxidation
products. Panels A and B: Two theoretical extreme cases are schematically depicted in
which the lipid peroxidation chain reaction terminates after a single cycle (A), or does not
terminate until all PUFA substrate is used up (B). In the first case (panel A), a hydroxyl
radical "OH attacks a PUFA (denoted by a bent fatty acyl chain in a membrane
phospholipid), resulting in the formation of a lipid peroxidation product, for simplicity
denoted as 4-HNE. The chain reaction is then immediately terminated (shown by the red *“x”
symbol). Thus, the formation of each 4-HNE molecule requires a separate attack on a PUFA
by "OH. At the other extreme (panel B), a single initiation event starts a chain reaction (red
arrows) that continues indefinitely, generating a 4-HNE molecule from each PUFA. Panels
C and D depict graphically the two idealized relationships (corresponding to A and B,
respectively) between the initiating "“OH concentration and the amount of resulting 4-HNE.
The black and blue lines in panels C and D denote, respectively, a higher and lower content
of peroxidizable PUFA in the membrane. For rapidly terminating chain reactions (panel C,
depicting results of the mechanism shown in panel A), there is a stoichiometric relationship
between [ 'OH] and [4-HNE] over a wide range of [ 'OH], including a range that is
physiologically normal (grey zone in panel C). In this range, the amount of 4-HNE formed is
sensitive to the level of oxidative stress but not to the PUFA amount in the membrane,
except for a very intensive oxidative burst that would deplete all PUFAS simultaneously
(saturation point in panel C). Only under conditions of very high oxidative stress does the
PUFA amount play a role; for example, less peroxidizable PUFA would lead to less 4-HNE
formed under saturating [ OH] (blue line). In the case of unlimited propagation of the chain
reaction (panel D, illustrating results from the mechanism shown in panel B), a very small
amount of "OH initiates a reaction that uses up all available PUFA and produces a maximal
amount of 4-HNE. Thus, under these conditions, the formation of 4-HNE is a function of the
content of peroxidizable PUFA in the membrane (black versus blue line in panel D) but is
independent on the "OH concentration, including the physiological ['OH] range (grey zone).
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Note that the two depicted situations are idealized extremes; an actual membrane may
exhibit an intermediate behavior.
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Fig. 6.

Modes of 4-HNE metabolism. Biological elimination of 4-HNE can proceed via four
primary reactions: (1) conjugation with glutathione, (2) oxidation of the aldehyde group, (3)
reduction of the aldehyde group, and/or (4) reduction of the double bond. Secondary
reactions and/or transport usually follow the primary reactions.
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Fig. 7.

4-HNE-protein adducts (relative units)

Correlation of C. elegans life span with the overall capacity of the organism to conjugate 4-
HNE (panel A) and with the amount of 4-HNE-protein adducts (panel B). The points
represent experimental interventions in which the expression of the endogenous gst-10 gene
was silenced by RNA interference (gst-10 RNAI), the expression of the same gene was
increased by transgenic overexpression (gst-10 tg), or the murine mGsta4 gene was
transgenically expressed using the gst-10 promoter (mGsta4 tg). The Pearson correlation
coefficients R and the associated P values are given in each panel. Based on data from refs.

[110,174,175].
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Fig. 8.

Modulation by 4-HNE of selected signaling pathways that affect autophagy. Branches of the

pathways, labeled 1 through 4 in the scheme, are referred to in the text.
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