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A Tale of Two Concepts: Harmonizing the Free Radical
and Antagonistic Pleiotropy Theories of Aging
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Abstract

Significance: The two foremost concepts of aging are the mechanistic free radical theory (FRT) of how we age
and the evolutionary antagonistic pleiotropy theory (APT) of why we age. Both date from the late 1950s. The
FRT holds that reactive oxygen species (ROS) are the principal contributors to the lifelong cumulative damage
suffered by cells, whereas the APT is generally understood as positing that genes that are good for young
organisms can take over a population even if they are bad for the old organisms.
Recent Advances: Here, we provide a common ground for the two theories by showing how aging can result
from the inherent chemical reactivity of many biomolecules, not just ROS, which imposes a fundamental
constraint on biological evolution. Chemically reactive metabolites spontaneously modify slowly renewable
macromolecules in a continuous way over time; the resulting buildup of damage wrought by the genes coding
for enzymes that generate such small molecules eventually masquerades as late-acting pleiotropic effects. In
aerobic organisms, ROS are major agents of this damage but they are far from alone.
Critical Issues: Being related to two sides of the same phenomenon, these theories should be compatible.
However, the interface between them is obscured by the FRT mistaking a subset of damaging processes for the
whole, and the APT mistaking a cumulative quantitative process for a qualitative switch.
Future Directions: The manifestations of ROS-mediated cumulative chemical damage at the population level
may include the often-observed negative correlation between fitness and the rate of its decline with increasing
age, further linking FRT and APT. Antioxid. Redox Signal. 29, 1003–1017.
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‘‘So I decided to look at the aging problem. I felt.that there had to be some common, some basic cause which is
killing everything . a chemical process of some kind. Since we’re dealing with molecules, chemicals . This is the
simple basis in which we all exist.’’—Denham Harman (73)

‘‘Any such small number of primary physiological factors is a logical impossibility if the assumptions made in the
present study are valid. Such conclusions are always disappointing, but they have the desirable consequences of
channeling research in directions that are likely to be fruitful.’’—George Williams (136)

Introduction

Studies of aging (senescence) necessarily address two
fundamental questions: how do we age and why? (20, 70,

78). Remarkably, the two most influential theories that
address these questions are close age mates (Fig. 1). The
mechanistic free radical theory (FRT) was published by

Harman in 1956 (51), and the article by Williams presenting
his evolutionary theory of aging based on gene pleiotropy
appeared in 1957 (136). It was later termed antagonistic
pleiotropy theory (APT) (104, 105).

Scientific information did not circulate as rapidly and
widely 60 years ago as it does now. The two theories were
utterly independent, and there are no indications that their
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authors were even aware of each other. Had they been, the
course of events associated with developing a coherent general
theory of aging might have been different.

A noteworthy feature of both seminal publications is that
neither provided an explicit definition of the phenomenon
they sought to explain. Harman’s approach in 1956 was very
vague: ‘‘The phenomenon of growth, decline and death–
aging.’’ Williams in 1957 preferred the term ‘‘senescence,’’
which corresponds rather to the second component of the
Harman’s triad already given. Williams emphatically warned
against confusing the senescence of living bodies with the
wear-and-tear of manufactured objects, basing his caution on
the ability of living things, as distinct from inanimate things, to
renew themselves; he regarded senescence as a decline man-
ifested primarily in ‘‘decreasing probability of reproduction
with increasing adult age.’’ Almost five decades later, Harman
defined aging as ‘‘the accumulation of changes that increase
the risk of death’’ (53). The latter definition is quite attributable
to wear-and-tear, which increases the risk of malfunction or
wreck. At the same time, the risk of death certainly decreases
the probability of self-reproduction, of which manufactured
objects are incapable. Therefore, the approach of Williams
seems more general with regard to living things and more
specific in a broader context due to differentiating living things
from inanimate things. That said, both authors seem to have
avoided defining aging (senescence) with a few words and,
instead, each preferred to express his understanding in a more
general way.

The two theories, running on parallel tracks, dramatically
influenced research and conceptual advances in the aging
field. However, their experimental analyses eventually turned
inconclusive and even their theoretical bases came to be
questioned [e.g., Gladyshev (34)].

Being related to essentially the same phenomenon, the
theories, to be relevant, have to be mutually compatible. Their

compatibility with each other and with concepts related to
further aspects of aging are explored hereunder.

Antagonistic Pleiotropy Theory

The concept of antagonistic pleiotropy (AP) is rooted in
population genetics and in evolutionary theory and conse-
quently carries connotations that are not necessarily related to
aging (86). Pleiotropic genes are those that influence several
distinctive aspects of fitness. Antagonistically pleiotropic
genes reinforce certain aspects of fitness and at the same time
compromise other aspects. This phenomenon was first rec-
ognized at the population level to explain the persistence of
alleles that produce negative effects on fitness in homozy-
gotes, for example, the mutation responsible for sickle cell
disease persists because it confers resistance to malaria in
heterozygotes (11). Williams extended this notion to indi-
vidual organisms by invoking pleiotropic genes ‘‘that have
opposite effects on fitness at different ages or, more accu-
rately, in different somatic environments’’ (136) to explain
the pervasiveness of aging despite its negative effects on life-
long fitness. Today, the ‘‘antagonistic pleiotropy’’ concept
(or hypothesis) is almost unanimously attributed to the article
published in 1957 (136); however, the term ‘‘antagonistic’’ is
nowhere used in it. It was about two decades later that the
phrase ‘‘antagonistic pleiotropy’’ was introduced by Rose
(104) and was recognized as applicable to the concept put
forward by Williams.

To give a mechanistic example of what he means, Wil-
liams considered the hypothetical possibility that a gene that
enhances bone calcification might be advantageous in early
life but associated with increased blood vessel wall calcifi-
cation and hence deleterious in later life. Artery wall calci-
fication is a hallmark of Mönckeberg’s arteriosclerosis whose
prevalence increases with aging. Ever since, aging-related

FIG. 1. Some milestones on the parallel tracks of FRT and APT of aging with focus on topics discussed in this article.
FRT events are above and APT events are below the timeline. APT, antagonistic pleiotropy theory; FRT, free radical theory.
To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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AP has been sought mainly among genes implicated in late-
onset diseases (13, 103). One of the genes suggested to show
this behavior is indeed implicated in calcium homeostasis,
although in a reverse manner: ALOX15 has a variant that
enhances bone calcification early in life but increases the
risk of postmenopausal osteoporosis (85). Other cases in-
terpreted as exhibiting late-acting AP include (i) the p53
gene involved in protection from cancer on one hand and in
cell death by apoptosis and cell senescence on the other
(130); (ii) the apoE gene, whose apoE4 variant is both a
factor for enhanced fertility and cognitive performance in
young adults, and a risk factor for sporadic late-onset Alz-
heimer’s disease (49, 63); and (iii) the Huntington gene with
expanded series of CAG repeats, which is associated with
both higher fecundity at reproductive age and with the late-
onset Huntington’s chorea (25). A reverse case is a mutation
in a growth hormone receptor gene that results in the form of
dwarfism known as Laron syndrome and is associated with
decreased risks of late-onset diseases such as cancer and
diabetes (77).

However, not everyone develops Alzheimer’s or Hun-
tington’s disease, or cancer, or overt diabetes, yet everybody
experiences age-associated decreases in glucose tolerance,
muscular contractility, cardiac performance, nerve conduc-
tance velocity, and other functional deficits. Moreover, or-
ganisms quite different from humans and not subject to the
mentioned late-onset human conditions nevertheless experi-
ence similar age-related decline. Even bacterial cells show

aging when their interdivision periods are sufficiently ex-
tended (45, 93), as discussed hereunder in more detail.
Therefore, if AP is responsible for all this, it should be sought
among genes common to all forms of life, that is, the genes
implicated in core metabolic and other vital functions. How
can AP be related to such genes?

Another problem is that age-associated functional deficits
do not appear all at once after a certain age or one after
another in a defined order, but gradually develop in a parallel
manner. How can this be reconciled with the commonly held
view that AP effects, as distinct from beneficially pleiotropic
effects, are manifested at postreproductive ages? This view
is expressed, for example, in the following quotation: ‘‘Se-
nescence can develop because some genes have nonsepar-
able, but typically different or opposite, functions in
reproductive-age and in old individuals (AP; Williams,
1957). Such genes, selected according to their ‘‘youthful’’
function, may thus impose a distinct senescent phenotype in
old age’’ (141); ‘‘mutations that are damaging for the or-
ganism later in life (and hence contribute to senescence)
could actually be favoured by natural selection if they are
advantageous early in life, resulting in increased reproduc-

tive success of their carriers’’ (103). What then switches on
the late effects?

Free Radical Theory

The FRT of aging is rooted in chemistry and radiobiol-
ogy (73). The observations that the effects of irradiation
mimic many manifestations of aging and may be mediated by
hydroxyl radicals (�OH) prompted Harman to suggest that
endogenous oxygen-derived free radicals are the main cause
of aging (51). Harman further proposed the use of antioxi-
dants to slow aging and extend lifespan. Initial experiments
with b-mercaptoethylamine administration to mice were en-
couraging (52). However, subsequent elaborations of FRT
[mitochondrial theory, oxidative stress theory, etc. (23, 53,
72)] led to much controversy (10, 33, 76, 84, 90, 119), and
epidemiological studies provided no evidence that antioxi-
dant preparations, including vitamins and food additives,
increase human lifespan (106, 131). The recognition of the
physiological signaling functions of reactive oxygen species
(ROS) [reviewed in refs. (29, 56, 112)] added to the mounting
confusion.

The molecules covered by the commonly used umbrella
term ‘‘reactive oxygen species’’ include superoxide (�O2

-),
�OH, hydrogen peroxide (H2O2), and singlet oxygen 1O2. The
basic chemical relationships between them, which in living
cells usually involve transition valence metal (Me) ions, can
be outlined as follows:

The chemical properties of ROS have been thoroughly
studied and reviewed (56, 59, 112), largely for their in-
volvement, first, in diseases and aging and, second, in sig-
naling and, therefore, will not be detailed here. It is also
increasingly recognized that various ROS readily react with
nitric oxide, hydrogen sulfide, carbon monoxide, their de-
rivatives, and probably other small messenger species ca-
pable of redox interactions to form a tightly integrated
regulatory system, whose conditions change with aging and
may influence its development as discussed in recent re-
views (19, 65, 66).

All in all, it emerges that ROS are required for vitality and,
at the same time, produce adverse effects implicated in aging.
Is this not a mechanistic basis for AP? If it is, how may it be
associated with genes, and what are these genes?

FRT and APT Meet Each Other

With regard to the relevance of ROS to AP, recent research
has focused particularly on genes coding for the NOX
(NADPH oxidase) family of enzymes (75). These enzymes
catalyze the reduction of molecular oxygen by transferring

O2þ e�! �O2
� one-electron reduction of dioxygenð Þ

Hþ þ �O2
� $ H2O2þ O2 ðdismutation of protonated superoxideÞ

Menþ þH2O2 ! Me nþ 1ð Þþ þHO� þOH� (Fenton reaction, which consumes Menþ)

�O2
� þ Me nþ 1ð Þþ ! Menþ þ O2

�O2
� þH2O2� � ! HO� þOH� þ O2

ðMenþ regeneration by superoxideÞ
superoxide-driven Fenton reactionð Þ
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one electron from NADPH to O2, producing superoxide an-
ion radical �O2

-:

NADPHþ 2O2 ! NADPþ þ 2�O2
� þHþ

Several types of NOX enzymes are expressed in various
cells in animals ranging from insects to primates. The best-
known function of NOX enzymes is in phagocytes that pro-
duce oxidants to kill bacteria, fungi, and other pathogens.
However, the oxidants invariably damage everything in their
vicinity, including the intercellular matrix and its resident
cells, of which possible delayed consequences are inflam-
mation and autoimmune reactions. This is indeed an obvious
case of AP: saving life and the associated ability to contribute
to reproduction comes at the price of later decrease in vitality.

Relatively well studied is the role of NOX in insulin sig-
naling, which involves a range of changes in the redox states
of stress-activated protein kinases, insulin receptor substrate-
1, protein tyrosine phosphatase B, PTEN, FOXO, and other
signaling cascade components that may differentially depend
on H2O2 levels (116). NOX involvement in these and other
(97) cellular functions may contribute to the development of
diverse pathologies of late life, most notably fibrosis, hy-
pertension, insulin resistance, cancer, and neurodegenerative
diseases (2, 54, 75, 135).

If an NOX enzyme gene is antagonistically pleiotropic
because the useful product of the enzyme, that is, �O2

-, reacts
chemically with other biomolecules in ways that lead to
diseases or compromise vital functions, why shouldn’t this
apply to other genes whose metabolic products have adverse
chemical activities?

The list of known metabolites that can react in damaging
ways with other metabolites, including those incorporated in
macromolecules as their building blocks, is expanding (40,
41, 50, 83). Some representative examples of such metabo-
lites are shown in Table 1. A more comprehensive listing is
available in the Chemical Damage-MINE database (79).

It should be stressed that the inherently reactive metabo-
lites in Table 1 do not need molecular oxygen or free radicals
for the initiation of their damaging effects, although under
aerobic conditions these effects may be significantly modi-
fied by oxygen and ROS, as exemplified in Figure 2. Still,
these metabolites would have been able to do their damaging
work before aerobic life began.

ROS and the Evolutionary Origin of Aging

Did senescence first emerge when cells acquired the ability
to make metabolic use of oxygen (with the associated ROS
production), or did it emerge earlier, when cells started
generating oxygen as a byproduct of photosynthesis (Fig. 3)?
Should APT be extended to the genes whose products are
responsible for the endogenous generation or use of oxygen
(and, by implication, for its reactive forms)?

In this regard, it is important that the photosynthetic ma-
chinery that introduced oxygen into life’s environment most
probably evolved under selection pressures defined by (i) the
need to gain energy as reducing molecules were depleted and
(ii) the need to protect cells from ultraviolet (UV) when there
was no ozone layer, with the pigment molecules initially used
as UV screens being subsequently recruited as light acceptors
in photosynthesis (14). Much of the UV-induced damage to
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cells is mediated not only by singlet oxygen and ozone but
also by free radicals and the resulting chain reactions, which
can be initiated by photosensitizers such as tryptophan and
tyrosine, available in primordial cells. The availability of free
iron (which was not yet precipitated in the form of oxides
during earth’s early history) would have added to the initia-
tion and propagation of free radical reactions. Moreover,
H2O2 is hypothesized to have been present right from the
dawn of life (6). ROS generation in cells even before the
emergence of the aerobic life is, therefore, plausible. Indeed,
phylogenetic studies indicate that peroxidases could have
been present in the last universal common ancestor (LUCA)
(35, 114, 115). Molecular oxygen could thus have been
generated endogenously in primordial anaerobic cells by the
detoxification of peroxides (115).

Because metabolites other than ROS can damage macro-
molecules (Table 1), it is hard to assess the contribution of
ROS to the overall endogenous damage suffered by LUCA
cells. Most likely, it was far less significant than it is now.
In any case, could molecular damage give rise to anything
resembling aging in LUCA? To consider this issue, it is nec-
essary first to decide whether the concept of aging, at least in
the sense already outlined in the introductory section, can be
applied to unicellular organisms that multiply by division only.

Obviously, any damage that accumulates in slowly turning-
over macromolecules, including proteins and DNA, will be
diluted by increasing the normal biomass produced by cell
growth and division. More time between successive cell divi-
sions will provide more opportunities for damage to accumulate
in a cell. Can an increase in interdivision time lead to damage
accumulation to a level sufficient to compromise cell viability?
A recent experiment indicates that it may be so. Tracking single
Escherichia coli cells in microfluidic chambers revealed neg-
ative correlations between the rates of cell proliferation and cell
death (67). Furthermore, it is known that metabolite damage
products can accumulate with time in bacteria (45, 93).

The fact that damage can accumulate in unicellular or-
ganisms up to levels that compromise viability is confirmed

by the existence of special mechanisms ‘‘molded’’ by evo-
lution to protect cell structures from endogenous damage and
to repair damaged structures (1, 102), to excrete damaged
macromolecules (17), and to ensure an uneven partitioning of
damage between daughter cells (16, 47), the progeny of one
being destined to die out from damage overload, leaving the
other rejuvenated and able to produce damage-free progeny.

Taken together, the mentioned considerations suggest that
unicellular prokaryotes can age under conditions resulting in
an extension of their interdivision time sufficient for endog-
enous damage to accumulate to levels compromising cell
vitality. LUCA was most probably subject to this rule. The
aging experienced by primordial unicells could have resulted
from the intrinsic chemical properties of metabolites, such
as those shown in Table 1, including those incorporated in
macromolecules. These properties already suffice to cause
aging, regardless of the role of other factors. Therefore, the
assertion that aging is ‘‘molded’’ by natural selection (48) is
not fully correct because the propensity for aging has been an
independent factor to be coped with by natural selection ever
since life emerged from inanimate matter (38, 40). Molded
indeed were species-specific adaptive traits on which the ever
present ‘‘prototypic driving force of aging’’ (40) could act to
produce species-specific senescent phenotypes.

From the dawn of life onward, aging could gradually in-
crease the probability of death of unicellular organisms, de-
pending on the time elapsed from their birth by mother cell
division, and, therefore, must have been a factor in determining
the overall cell loss from the population. The equilibration of
cell loss rate with cell proliferation rate can establish a stationary
level of damage in a cell population. The level of damage can
be kept within tolerable limits either (i) by increasing the rate of
cell division or (ii) by intensifying the protection of macro-
molecules from damage and/or the repair/clearance of damage.
Both the protection and the repair options consume resources
and thus come at a cost. In particular, protection enzymes are
expensive to build and some of them consume energy/metabolic
currency, for example, the consumption of NAD(P)H in the

FIG. 2. Oxygen interfer-
ence with an anaerobic
pathway of protein damage
by glycation. (I) Reversible
Schiff base formation; (II) Ir-
reversible Amadori rearrange-
ment; (III) Enolization; (IV)
Double bond migration; (V)
Dehydration; (VI) Conden-
sation of a-dicarbonyl with
arginine; (VII) Enediol oxi-
dation (associated with the
generation of reactive oxygen
species, including hydrogen
peroxide); (VIII) Oxidative
cleavage of a-dicarbonyl. To
see this illustration in color,
the reader is referred to the
web version of this article at
www.liebertpub.com/ars
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reduction of reactive carbonyl compounds. Protection and re-
pair become more important under conditions that reduce the
rate of proliferation and thus increase the time available for
damage to accumulate.

This simple reasoning is sufficient to suggest that tradeoffs
between reproduction and protection from endogenous
damage probably existed long before the emergence of the
dichotomy between germ cells and soma, which is the basis
of another influential evolutionary concept of aging, the
disposable soma theory (DST) (22, 69, 70).

The contribution of oxygen and ROS to the aging of LUCA
cells should not be discounted, for otherwise there would have
been no need for peroxidases; however, other factors such as
methylglyoxal and other electrophiles (Table 1) were probably
much more significant before the emergence of photosynthetic
O2 production. The same must have been true for the first cells
that started to produce molecular oxygen as a byproduct of
photosynthesis. This is where AP related to O2 and associated
ROS production and handling begins to enter the picture.
However, the estimates of O2 levels at the sites of its generation
based on possible relationships between the rates of O2 pro-
duction, diffusion, and dissipation in the environment suggest
that O2 levels were initially very low (68). It took about 1 billion

years to increase environmental O2 (and corresponding intra-
cellular O2) to levels associated with the so-called ‘‘oxygen
crisis,’’ aka ‘‘the Great Oxygenation Event’’ (GOE) (Fig. 3).

One consequence of the GOE was that most then-existing
forms of life were poisoned by O2 and driven to extinction,
except for those that managed to enhance their preexisting
antioxidant protection mechanisms and/or to develop novel
mechanisms (14, 28). Some of those that succeeded in pro-
tecting themselves from oxygen even managed to make use
of it as the final acceptor for electrons taken from nutritional
substrates and carried to oxygen via a series of intermediate
acceptors. The resulting redox energy gradient was coupled
in the respiratory chain with the transmembrane gradient of
proton concentration, which could be used to produce high-
energy compounds. The surplus source of chemical energy
started another story, which proceeded via the emergence of
eukaryotes, sexual versus clonal mode of proliferation, mul-
ticellular organisms with the associated dichotomy between
germ cells and soma, and, finally, nonrenewable structures
used in the soma to protect the germ cells. As far as we know,
all this would have been impossible without the giant leap in
energy availability provided by oxygen reduction (14, 101, 138).

ROS and the Evolution of Aging in Metazoans

Simple mathematical modeling (33) shows that if the emer-
gence of a new function increases the chance that its host will
survive to reproductive age, then this function will enhance the
overall reproductive output of the population even if its oper-
ation gradually decreases individual reproductive fitness be-
cause of damage accumulation in nonrenewable structures. One
such ‘‘new function’’ is ROS generation by NOX enzymes,
which appeared very early in the phylogeny of metazoans (60).

There are, however, some metazoan species that, although
aerobic, show no evidence of aging, at least in the sense that
their mortality rate does not increase and fecundity does
not decrease over time. One example is the cnidarian Hydra
vulgaris (87, 109, 128). Such species are distinctive in that they
can regenerate themselves from virtually any part of their
bodies. All of their cell populations are renewable, as well as
the small amounts of intercellular matrix materials secreted by
the cells; therefore, even if each of their individual cells can
produce and accumulate damage and is thus subject to aging in
the sense applicable to unicellular organisms, the overall
damage in their multicellular bodies can be kept at a toler-
able stationary level by the turnover of cell populations, just
as in a clone of a unicellular organism.

Other taxa that might contain nonaging organisms (i.e.,
organisms that are potentially immortal if protected from all
external causes of death) include sponges, flatworms, and
echinoderms (9, 98, 99, 134) (Fig. 4). Yet, their regenerating
potencies constitute only necessary but not sufficient con-
ditions for nonaging. A recent study of the flatworm Macro-
stomum lignano showed that this organism does age (89).
Perhaps the most interesting case is placozoans, because they
are likely to be the closest to the common root of all metazoans
(99, 120). However, they are also least studied with regard to
aging, and it is still not clear whether the early phylogenetic
pathway to chordates passed through ancient placozoans. As to
the other species whose entire bodies are renewable, they be-
long to taxonomic dead ends that clearly diverge from the
route leading to chordates and could have evolved to occupy

FIG. 3. The history of molecular oxygen and life on the
Earth. The red and green curves on the left show the highest
and lowest PO2 estimates, respectively (based on https://en
.wikipedia.org/wiki/Geological_history_of_oxygen). To see
this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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very specific aquatic niches (9). In particular, all of these
organisms consume oxygen through their entire surface, that
is, need no breathing and specialized oxygen adsorbing and
transporting apparatuses.

Because only nonrenewable structures, such as the endo-
and exoskeleton, the extracellular matrix, and the brain,
provide place and time for accumulation of damage produced
by ROS and other reactive endogenous metabolites, the
emergence of such structures is what made aging such a
prominent characteristic of complex organisms. Since the
reduction of molecular oxygen is the only plausible source of
energy required for the emergence of nonrenewable struc-
tures (14), O2 with its associated reactive forms is indeed
indispensable for the evolutionary origin of senescence, in
the sense that without O2 there would have been no meta-
zoans elaborate enough to senesce.

Can the use of oxygen for energy production by mitochon-
dria be associated with AP attributable to a specific gene of a
multicellular organism? Evidence on this point comes, for in-
stance, from knockout and knockdown strains of the round-
worm Caenorhabditis elegans, whose genes coding for the
respiratory chain proteins were targeted. An analysis of several
dozen cases (21) led to the conclusion that in no individual case
can the observed changes in lifespan and/or aging rate (see
hereunder a discussion of differences between these parame-

ters) be unequivocally attributed to changes in energy supply for
vital functions or changes in ROS production or action. There
were always significant confounding factors, such as compen-
satory changes in downstream, upstream, regulatory, or com-
peting pathways and mechanisms. However, taken together, the
data suggest that gains in lifespan are generally associated with
decreases in damage associated with ROS generation, and that
these gains usually come at the cost of compromised fecundity,
motility, or other components of fitness (21).

There are at least two approaches that explain this cost.
According to one approach, less vigor is associated with less
oxygen consumed to produce energy and less ROS generated
to produce damage. This approach is generally consistent
with the rate-of-living theory ‘‘live fast, die young’’ [see
Muller et al. (90)]. According to the other approach, lesser
vigor spares more resources that may be allocated to pro-
tection from ROS and thus to the maintenance of vigor. This
is generally consistent with DST, whose main emphasis,
however, is on the tradeoff between allocation of resources
for soma protection from damage (somatic maintenance)
and germ cells’ propagation to progeny (proliferation) (69,
70, 132). The DST can be regarded as extending or com-
plementing the APT (31). Nevertheless, as already noted,
the split between soma and germ cells, which is implicit in
DST, is not necessary for the emergence of tradeoffs

FIG. 4. Evolutionary relationship between the ability for total regeneration and aging. Dashed phylogenetic branches
indicate uncertain positions. Note that most metazoan phyla have not been studied with regard to aging. Based on Telford
et al. (127) and Bely (7). To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/ars
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between maintenance and reproduction; such tradeoffs may
well operate in unicells that multiply by division. Some-
thing that foreshadows disposable soma may be recognized
only in the cases of uneven partitions of damage between
daughter cells.

Are There Populational Manifestations of AP,
and How Do They Relate to ROS?

Extending the mentioned considerations to higher organ-
isms requires still more caveats. First, changes in body
properties resulting in an increase in the mean (or maximal,
median, 95th percentile, etc.) lifespan can be achieved in two
ways: by increasing the initial vitality (vigor) or by de-
creasing the rate of its decline. The difference between the
two options is captured by the Gompertz–Makeham law of
mortality (30, 37, 38, 71, 95):

l tð Þ¼ � dn

dt � n tð Þ ¼Cþ kect,

where m is the rate of decrease in the number of objects n
having age t (age-specific mortality rate), l is inversely
proportional to the initial vitality (at t = 0), and g reflects the

rate of its decline, whereas C reflects the contribution of
factors that do not depend on age to the overall mortality.
Highly idealized illustrative plots showing changes in life-
span distributions as they depend on the different parameters
of the Gompertz–Makeham law are shown in Figure 5.

Parenthetically, data-derived m(t) plots related to post-
maturation age periods usually contain no special points that
may be attributed to the ages when gene effects switch from
beneficial to antagonistic. This is consistent with the idea that
AP effects are not switched on late in life but are accumulating
lifelong (see the ROS and the Evolutionary Origin of Aging
section). There are also no points suggesting a defined limit to
the longevity of an individual. This means that aging does not
lead to death at a certain species-specific age; it ‘‘only’’ in-
creases the probability to die within a certain interval of time
(in other words, increases the probability density of death).
The increase starts long before the last members of successive
cohorts of a population die; therefore, the ages at death of
individuals belonging to a defined species may be very dif-
ferent. However, because the increase in mortality rate is ex-
ponential, mortality eventually becomes so high that most
members of any of the successive finite cohorts of a given
species will die within a narrow interval of time since their
birth, the interval being close to the time when the entire finite

FIG. 5. Illustrative plots of changes in lifespan depending on changes in the parameters of the Gompertz–Makeham
law. Upper row: survivorship curves, n(t); middle row: age-at-death (lifespan) distributions, -dn/dt; lower row: logarithms
of mortality force ln[-dn/(dt · n(t))]. Lifespan may increase because (A) the age-independent mortality C decreases; (B) the
rate of aging g decreases; or (C) the initial vigor (1/l) increases. The column (D) shows a case when g and l are linked
according to the SM correlation: greater initial vigor is associated with faster aging rate; for example, an increase in the
availability or use of aerobic energy is associated with a greater rate of damage to macromolecules. On the semilogarithmic
plots of m versus t (the lower row), increases in C make the plots increasingly curved, changes in g are manifested in plot
slopes, and changes in l in the parallel shifts of the plots, whereas negatively correlated changes in l and g make the plots
converge. Note that when C is small, its changes may mimic patterns that correspond to the SM correlation. SM, Strehler–
Mildvan.
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cohort is exhausted by mortality, that is, close to the age-at-
death of the last member of the cohort. Somewhat counterin-
tuitively, this means that the maximal observed lifespan must
correlate with the size of the population where it is observed.
Indeed, such effects can easily be modeled and have been
observed (26, 137). An implication of that mentioned is that
the parameters of mortality kinetics (g and l and C in the
Gompertz–Makeham model), not of lifespan, are what must
really matter.

A meta-analysis of available evidence for strains and
mutants of C. elegans and Mus musculus suggests that g is
more variable than l (Fig. 5B) in C. elegans, whereas the
opposite is true (Fig. 5C) for mice (58). This means that
genetic interventions influence primarily the rate of aging in
roundworms and the initial vitality in mice. The same is
generally true for other interventions, except for calorie re-
striction, which in rodents appears to decelerate aging (to
decrease g) quite robustly (113).

In the analysis of studies wherein survivorship data were
sufficient to reveal relationships between g and l, these pa-
rameters were found to show a negative correlation (111, 113)
consistent with the equation lnl= A - Bc (Fig. 5D). To extend
this observation further, it may be noted that the roughly
twofold increase in human lifespan over the last century is
almost completely attributable to a decrease in C (Fig. 5A),
whereas small changes in l and g are such that a decrease in l
is associated with an increase in g, making these parameters
negatively correlated [(30, 38, 42, 124) and references therein].

This effect is known as the Strehler–Mildvan (SM) cor-
relation, or as the compensational effect of mortality (30,
123). It may mean that, within a given species, a gain in
vitality is achieved at the expense of its accelerated decline.
The significance, implications, and even existence of the SM
correlation are debated (11, 27, 80, 140). Some authors regard
it as a mathematical artifact (11, 126). However, there are
reasons to believe that it has a real biological basis (38).

To express this basis in APT terms, one may say that a
change in the (epi)genetic makeup associated with an in-
crease in early fitness (1/l) is supported by natural selection
even if it is associated with a greater decrease in fitness at a
later time because of the acceleration of the decrease (of the
rate of aging, g).

To express the basis in terms of relationships between
aerobic energy supply and ROS-mediated damage to living
bodies, one may say that an enhancement of vital functions
made possible by an increase in the available aerobic energy
is associated with the accelerated attenuation of this and
other functions because of damage caused by ROS. This is
somewhat reminiscent of the rate-of-living theory of aging.
The difference is that the correlation between vitality and
the rate of its decline is based not so much on simple stoi-
chiometric relationships and balances as on numerous su-
perimposed nonlinear regulatory interactions involving
molecular mechanisms, which are becoming known in in-
creasing detail.

To start with, a textbook notion is that increasing ATP
consumption for performing this or that function is associated
with increases in the levels of ADP and AMP. ADP is known to
be a positive allosteric regulator of rate-limiting Krebs cycle
enzymes, most notably, NAD+-dependent isocitrate dehydro-
genase. This alone may result in increased NADH production
and, thus, in ‘‘pushing’’ electrons to the respiratory chain re-

sulting in its overall reduction, which predisposes to �O2
-

generation.
Moreover, AMP activates the AMP-dependent protein

kinase (AMPK), a sensor of energy deficit, which activates
via a number of signal transduction pathways, the mecha-
nisms that facilitate energy generation, such as glucose
transmembrane transport and fatty acid b-oxidation (64), thus
reinforcing respiratory chain feeding with electrons derived
from oxidized substrates.

Moreover, some Krebs cycle enzymes, most notably the
FAD-dependent pyruvate and a-ketoglutarate dehydroge-
nases, have recently been shown to generate �O2

- and H2O2

at rates comparable with that attributed to Complex I of the
respiratory chain [reviewed in ref. (86)]. Irrespective of the
possible signaling functions of H2O2 generated in this way,
including the inhibition of a-ketoglutarate dehydrogenase
itself and of aconitase, the net result is that increasing met-
abolic flux through the Krebs cycle must be associated with
increasing ROS generation. Relationships responsible for this
are thus far beyond stoichiometric balances and the law of
mass action.

Still more, increased oxygen consumption by mitochon-
dria in response to functional demands has been shown in
very different cell types, that is, muscular (94), neuroendo-
crine (139), and pancreatic (108), to decrease O2 level to
extents associated with the activation of hypoxia-inducible
factor (HIF-1), which traditionally is considered in the con-
text of changes, usually decrements, in oxygen supply rather
than consumption. HIF-1, a constitutively expressed tran-
scription factor, is destabilized when its proline residues are
modified by dedicated dioxygenases, which split oxygen for
hydroxylation of proline in HIF-1 and for concomitant oxi-
dative decarboxylation of a-ketoglutarate. As a result, re-
duced oxygen leads to HIF-1 stabilization and increased
stationary levels and to the resulting upregulation of the ex-
pression of numerous genes controlled by HIF-1, which are
implicated in facilitating oxygen supply to cells, their effects
being realized at the tissue (neovascularization) and systemic
(erythropoiesis, etc.) levels.

Another facet of HIF-1 activity, which is better known
because of its involvement in protecting cells from hypoxia/
reoxygenation, is activation of genes encoding ROS-
detoxifying enzymes. This is likely to moderate increases in
extramitochondrial ROS-mediated damage associated with
stimulation of aerobic functional capacities. In contrast, HIF-1
is implicated in stimulation of intramitochondrial ROS gen-
eration, probably for signaling purposes, including AMPK
stimulation (117).

Yet another facet of the whole situation is the metabolic
cost of the repair of DNA damage caused by ROS. Single
strand break (SSB) repair requires NAD+ for poly(ADP-
ribose) formation by poly(ADP-ribose)polymerases (PARP).
Thus, increasing SSB is associated with NAD+ depletion
(5), which makes a case of competition between repara-
tive and functional activities for common resources and, at
the same time, a case of functional activity as a cause of
ROS-mediated damage, which requires channeling a part of
the resources away from this same functional activity.
PARP also compete with sirtuins for their common substr-
ate NAD+ (133). Other aspects of PARP interference with
energy metabolism and associated ROS generation are dis-
cussed in Bal et al. (5).
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All of that mentioned should be regarded as only parts of a
bigger picture because HIF-1 and AMPK are much discussed
in current literature with regard to their relationships with
other hubs of functional networks implicated in aging, such
as sirtuins, mTOR, and FOXO (64, 96, 107), each of which is
more or less relevant to ROS in aging. The molecular aspects
to be taken into account are so numerous and tangled that any
inferences from an inevitably limited set thereof should be
correlated with observations at the higher levels to which the
inferences are intended to refer.

So what, if any, is the physiological evidence for ROS-
related tradeoffs between vitality and the rate of its decline?
This question has been tackled by ecological physiology or
functional ecology studies. Caveats in interpreting the results
of such studies were discussed in Cohen et al. (18), the
conclusion being that ‘‘free radicals can have beneficial roles
in signaling as well as causing damage and should not be
interpreted out of context’’ and ‘‘despite many approaches
for manipulating oxidative stress, it seems to have little effect
on ageing. One hypothesis is that antioxidant defenses are
already optimized, and thus ROS are not a causal mechanism
of ageing, even if they can be disrupted during ageing (as a
secondary effect) and in particular diseases (as the drivers of
disease).’’

Still, there are notable observations with regard to the SM
correlation as a manifestation of AP mediated by ROS. Some
illustrative examples are presented hereunder.

A meta-analysis of studies that address the relationship
between growth rate and oxidative stress concluded that,
within a particular species, higher growth rates are associ-
ated with greater oxidative damage to tissues (118). In-
creases in the levels of markers of damage occur despite
their possible dilution by increasing biomass. No consistent
effects of antioxidants were found. No straightforward ex-
trapolations of these observations to humans are possible
because greater body sizes (apart from adiposity) are
achievable not because of more available calories but be-
cause of better overall conditions of development. It is true
that increases in life expectancy over the last century were
paralleled by increases in body size (92). However, there is
no evidence of associated decreases in the rates of demo-
graphic aging. Rather, increases in the initial vitality cor-
relate with increases in demographic aging rate (the SM
correlation, see above).

Another notable topic related to the role of ROS in phys-
iological tradeoffs is the predator–prey relationship. For
example, it has been shown that in water-dwelling insect
(damselfly) larvae under predation risk and the associated
increased energy expenditure for fight-or-flight responses,
�O2

- levels and lipid peroxidation were increased, growth
rate was decreased, and the subsequent responses to risk
were blunted (60, 61).

An ever-hot topic in this area is the relevance of oxida-
tive stress to the cost of reproduction. Some authors have
concluded that litter size positively correlates with subse-
quently measured parameters of oxidative stress and that
oxidative stress plays a key role in life history evolution
(121). In a recent large-scale epidemiological study in humans,
parity and associated lactation have been found to correlate
with oxidative stress markers (142). An independent study
(110) has shown that elevated markers of ‘‘derivatives of re-
active oxygen metabolites’’ correlate with all-cause mortality,

mainly attributed to cardiovascular diseases and cancer.
Taken together these findings suggest that ROS are involved
in the association of higher parity with higher subsequent
mortality and thus, the aging rate, at least in the demo-
graphic sense.

Together, these studies support the idea that ROS are
particularly significant contributors to the processes that
drive aging and are responsible for tradeoffs interpretable in
terms of APT. However, the aggregate contribution of all
other drivers must be no less significant. Such drivers include,
among others:

� Damage to macromolecules, which is caused by ex-
cessive chemical potencies of metabolites other than
oxygen and ROS, such as carbonyl-containing metab-
olites, acyl phosphates, or even water, which can
damage DNA by spontaneous hydrolysis (40, 41, 50,
79). Nonenzymatic reactions caused solely by the
chemical properties of their participants (and the re-
spective theoretical approach to aging) have been
termed parametabolic (38, 41).

� Protein misfolding, which can be spontaneous, but can
be enhanced by ROS-related and other parametabolic
reactions (3, 24, 74, 125).

� Telomere attrition, which can be accelerated by ROS
(44, 62, 90, 122).

� Cell senescence, which is partially attributable to
telomere attrition and can be accelerated by ROS (8,
15), but can also take place irrespective of telomere
attrition and ROS effects because of the inherent sto-
chasticity of the molecular processes underlying cell
proliferation and differentiation (39, 43).

� DNA damage associated with transcription (12) and
replication (81, 129).

The aggregate result of operation of all these and
other factors, ROS included, is cumulative (Fig. 6) and is
conceptualized as the deleteriome, whose composition

FIG. 6. Relationships between pleiotropic beneficial and
antagonistic effects of two hypothetical genes. Gene A codes
for the enzyme that makes metabolite M2, which can give rise
spontaneously to a damaging product D. D can directly damage
DNA, thus making Gene A antagonistically pleiotropic, and
can induce the aggregation of the protein product of Gene B,
thus making Gene B antagonistically pleiotropic. To see this
illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars
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becomes increasingly complex and whose impact on fitness
becomes increasingly significant as aging advances (34).

In summary, although oxygen is indispensable for the
emergence of organisms having nonrenewable structures for
which aging may become significant, ROS are not mecha-
nistically necessary for aging, although they may be—and
usually are—important contributors to it. In the course of
evolution, ROS were superimposed on preexisting endoge-
nous chemical factors of aging, which continue working in
the background, and their relative contribution may increase
when ROS-mediated damage is attenuated. This could be
partly because ROS-related and -unrelated damaging factors
compete for common targets, so that attenuating one type of
damage opens the way for the other type to occur.

Concluding Comments

This review offers a birds-eye view of the evidence and the
reasoning relevant to the role of ROS in aging. The evidence
ranges from pure chemistry to natural selection, metabolism,
biological demography, and ecological physiology. Much of
the reasoning resides at the interface of the mechanistic FRT
of aging and the evolutionary APT. We suggest that these
theories, although incomplete, are deeply compatible with
each other, as well as with other relevant aspects of aging.
Our arguments run as follows:

� Aging has not been ‘‘molded’’ by natural selection to
optimize ecological or population-genetic tradeoffs, and
it is not the consequence of some unfortunate frozen
accidents missed by selection. Instead, aging is the
outworking of inescapable constraints imposed on nat-
ural selection by the chemical properties of biomole-
cules. These constraints have been operating since life
sprang from inanimate matter, and thus they contribute
independently to tradeoffs important for the evolution of
life histories.

� ROS are only one component of the mentioned con-
straints and were added to its preexisting components
when aerobic metabolism emerged. In the extant
aerobic forms of life, ROS are particularly significant
drivers of aging; however, the aggregate contribution
of all other driving forces is no less significant.

� AP does not involve late-acting switches from good to
bad effects, but results from lifelong cumulative dam-
aging effects, which are not limited to just a few genes
whose action is considered at different points in life-
span. ROS-mediated damage fits this approach to APT
well enough to make the two concepts, APT and FRT,
mutually consistent.

� Although the historical primacy of FRT is indisputable,
logically it is only a specific embodiment of more
general concepts of why and how we age, that is, the
closely related concepts of metabolite damage (50, 79,
83), parametabolic damage (38, 40, 41), and imperfect-
ness culminating in the deleteriome (32, 34).
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