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Abstract

Significance: The free radical theory of aging has provided a theoretical framework for an enormous amount of
work leading to significant advances in our understanding of aging. Up to the turn of the century, the theory
received abundant support from observations coming from fields as far apart as comparative physiology or
molecular biology. Recent Advances: Work from many laboratories supports the theory, for instance showing
that overexpression of antioxidant enzymes results in increases in life-span. But other labs have shown that in
some cases, there is an increased oxidative stress and increased longevity. The discovery that free radicals can
not only cause molecular damage to cells, but also serve as signals; led to the proposal that they act as mod-
ulators of physiological processes. For instance, reactive oxygen species (ROS) stimulate physiological adapta-
tions to physical exercise. Critical Issues: A critical blow to the free radical theory of aging came from
epidemiological studies showing that antioxidant supplementation did not lower the incidence of many age-
associated diseases but, in some cases, increased the risk of death. Moreover, recent molecular evidence has
shown that increasing generation of ROS, in some cases, increases longevity. Future Directions: Gerontologists
interested in free radical biology are at a crossroads and clearly new insights are required to clarify the role of
ROS in the process of aging. The hurdles are, no doubt, very high, but the intellectual and practical promise of
these studies is of such magnitude that we feel that all efforts will be generously rewarding. Antioxid. Redox
Signal. 19, 779–787.

Introduction

Much of the research on aging that has taken place in
recent decades has been guided by the free radical

theory of aging (19). Albert Einstein, in a review paper on the
theory of relativity, asked himself ‘‘What impels us to devise
theories?’’ Einstein’s answer to this question was twofold. He
first pointed out that we devise theories because we enjoy
comprehending. The second reason was that we strive to-
wards simplification. This literal quotation has been taken
from one of his review papers written in 1950 (11). He went on
to say that ‘‘there exists a passion for comprehension, just as
there is a passion for music that is common in children but is
lost in most people later on’’ (10). This is in keeping with the
famous dictum by Jacques Monod near his death when he
said ‘‘Je cherche à comprendre,’’ I try to understand. Ac-
cording to Karl R. Popper (38) the criterion of demarcation of a

scientific theory is not its verifiability but its falsifiability.
Popper further added that it must be possible for an empirical
scientific system to be refuted by experience. Thus, the fact
that, as will become apparent in this review, many experi-
ments have been performed in trying to prove that the free
radical theory of aging does not hold true only indicates the
importance that this theory has had, and even now has, in
gerontological research.

We have recently reviewed the theories of aging (52). There
are more than three hundred that could, in general terms, be
classified into three big groups: the genetic mutation theories,
the wear and tear theories, and the cellular waste accumula-
tion theories (52). Some theories may be included in two
groups, for instance the free radical theory of aging shares
characteristics of the genetic mutation, as well as the cellular
waste accumulation theories. This can also be applied to the
telomeres and Hayflick limit theories of aging. Thus, it is even
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difficult to classify the number of theories that have been
postulated to understand the phenomenon of aging. More-
over, the fact that so many theories exist indicates that there
is not one clear-cut theory to explain the multifactorial
phenomenon of aging. A comprehensive theory of aging must
explain the characteristics of aging first clearly formulated
by Strehler (47) and summarized in Figure 1. The American
gerontologist defined aging by means of the following
postulates:

Aging is universal: a phenomenon associated with the
process of aging must occur in different degrees in all indi-
viduals of a species. Aging must be intrinsic: the causes
that are the origin of aging must be endogenous; they
must not depend on extrinsic factors. Aging must be pro-
gressive: changes that lead to aging must occur progressively
throughout the life span (they must also occur in young in-

dividuals, albeit in a small proportion). Aging must be dele-
terious: that is, a phenomenon associated with aging will only
be considered as part of the aging process if it is ‘‘bad’’ for the
individual.

We have reviewed here literature on aging of multicellular
organisms (and not, for instance in the yeast Saccharomyces
cerevisiae) and more emphasis has been placed in aging of
vertebrates than in invertebrates.

The Free Radical Theory of Aging

The fact that oxygen poisoning has mechanisms in common
with X-irradiation and that free radicals are involved was first
postulated by Rebeca Gerschman, an Argentinean researcher
working in Rochester in the laboratory of Wallace O. Fenn
(13). This critical paper, published in 1954, paved the way for
the first postulation by Denham Harman in 1956 of the free
radical theory of aging. In his seminal paper, Harman stated
that ‘‘aging and the degenerative diseases associated with it
are attributed basically to the deleterious side attacks of free
radicals on cell constituents and on the connected tissues’’
(18). Harman first suggested that mitochondria are key or-
ganelles involved in aging. However, the mitochondrial free
radical theory of aging was clearly postulated in the 70’s by
Miquel et al. (29). Miquel’s contribution to the free radical
theory of aging was important in pointing out mitochondria
as sources of free radicals and mitochondrial deoxyr-
ibonucleic acid (DNA) as a critical target to explain the age-
associated damage in cells. We (in cooperation with Miquel)
provided the first evidence that mitochondria are damaged
inside cells and that the effects of aging on mitochondria are
not due to the fact that they are more fragile and damaged
upon isolation but to intrinsic damage which occurs in cells as
they age (see Fig. 2) (45). Our findings were independently
confirmed almost simultaneously by the group of Ames
showing the characteristics of the mitochondrial decay with
aging (17).

FIG. 1. Characteristics of aging.

FIG. 2. Mitochondria from
old animals are damaged
inside cells. (A) Shows liver
mitochondria from young rats
and (B) shows liver mito-
chondria from old rats (origi-
nal magnification 30,000–1).
Mitochondria from old ani-
mals show more heterogene-
ity, bigger size, and disrupted
cristae; all indications of his-
tological damage. Taken from
Sastre et al. (45). Reprinted
with permission.
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Thus, by the turn of the century, the free radical theory of
aging appeared to be established, but new experimental ap-
proaches showed that this was not the case (see below).
Moreover, an important characteristic of this theory was that
it opened up room for intervention because administration of
antioxidants could be favorable to delay aging and perhaps
even more, to prevent age-associated diseases. The assump-
tion that antioxidant supplements were in general good for
your health was to be proved wrong as will be explained later
in some detail.

The Controversy (2000–2011)

A major aim of this review is to clarify and provide a bal-
anced position of the literature with regards to the validity of
the free radical theory of aging.

We have found, over the last 5 years, a very clear contro-
versy with some authors providing evidence in favor and
some against the free radical theory of aging. Of the many
papers proposing evidence in favor and against, we have
selected only a few to underline this controversy. For instance,
Moosmann and Behl published in 2008 that ‘‘these results
provide distinct support for the free radical theory of aging’’
(31). In very clear contrast, Arlan Richardson and his group
entitled a review paper published in 2009 ‘‘Is the oxidative
stress theory of aging dead?’’ and stated that ‘‘data call into
serious question the hypothesis that alterations in oxidative
damage/stress play a role in the longevity of mice’’ (36). The
conclusions of a paper published in 2004, by Nemoto and
Finkel stated, ‘‘In our view, the most likely sign to hang in any
hypothetical aging headquarters at the moment would read:
It’s the free radicals, stupid! Indeed, the cellular effects of free
radicals represent the most likely contender to explain the
aging process across a wide range of species’’ (32). In 2007, in a
joint paper by the teams of Prolla, Barja, and Leeuwenburgh it
was stated ‘‘These results support the mitochondrial free
radical theory of aging’’ (44). Three years later and in the same
journal, Ristow and Zarse entitled their review paper ‘‘How
increased oxidative stress promotes longevity’’ (40). Finally,
Yang and Hekimi (53) stated that ‘‘These findings are not
consistent with the mitochondrial oxidative stress theory of
aging’’ and this contrasts with a review paper published in
Nature in 2011 (24) entitled ‘‘Aging theories unified’’ where
increased reactive oxygen species (ROS) occupy a central role
in what the author claims to be a unified theory of aging.

Thus, there is a very serious controversy as to the validity of
the free radical theory of aging, and in the end, it is important
for gerontologists to know the present position and the sci-
entific evidence in favor and against this theory.

Evidence in Favor of the Free Radical Theory of Aging

Much of the evidence gathered in the 80’s, which was in
favor of the free radical theory of aging was based on ‘‘Corre-
lation between species-specific levels of antioxidant defenses
and lifetime energy expenditure’’ (8). Cutler, in 1991, reviewed
some of this and said ‘‘Results suggest a role of oxyradicals in
causing aging and that the antioxidant status of an individual
could be important in determining the frequency of age-
dependent diseases and the duration of general health main-
tenance’’ (9). This author found a clear linear correlation
between superoxide dismutase (SOD) activity and the maximal
life span potential of various species ranging from mice to

monkeys, chimpanzees, and humans. Barja and his coworkers
analyzed the very different life span of rats (3–4 years), and
pigeons (35 years), which was surprising in view of the similar
size and similar oxygen consumption in both species. These
authors pointed out that the rate of oxidant production by
mitochondria from pigeons was less than 30% that of rats. The
authors could correlate longevity to the rate of oxidant pro-
duction and not oxygen utilization. There was indeed support
for the free radical theory of aging (22). By then, measurements
of oxidative damage to mitochondrial DNA had been estab-
lished. The levels of oxo-8-deoxyguanosine in mitochondrial
DNA of various animals could be performed and we showed
that oxidative damage to DNA correlated linearly with oxi-
dation of glutathione (see Fig. 3), the first being a mutagenic
lesion and the second a mere index of oxidative stress (12).

The tools of molecular biology allowed researchers to
construct animals with genetically altered levels of antioxi-
dant defence enzymes and test their life span. An important
impetus to this line of work came from work by Orr and
Sohal (33) in which they showed that over-expression of
SOD and catalase could increase life span of Drosophila mel-
anogaster. We observed that females in many species, like rats
or humans, live longer than males because estrogens

FIG. 3. Relationship between mitochondrial GSSG/GSH
and levels of 8-OHdG in mitochondrial DNA from livers
of mice (A) and rats (B). Lines of regression and correlation
coefficients (r) are shown. Redrawn from Garcı́a de la
Asunción et al. (12). 8-OHdG, oxo-8-deoxyguanosine; DNA,
deoxyribonucleic acid; GSH, reduced glutathione; GSSG,
oxidized glutathione.
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stimulate the over-expression of glutathione peroxidase (GPx)
and manganese superoxide dismutase (MnSOD), see Figure 4
(6,51). This again was in support of the free radical theory of
aging and further support came from Ali et al. in La Jolla,
California. They showed that gender differences in free radical
homeostasis during aging were determinant for longevity (1).
In species in which females live less than males, then females
produce more radicals. This was confirmatory of our previous
observation that when the females live long they produce
fewer radicals (1). Many papers have manipulated levels of
antioxidant enzymes and tested the longevity in several spe-
cies. We found that over-expressing Arf and p53 led to a sig-
nificant increase in longevity in animals, which was
independent of tumor protection conferred by p53 (28). We
could attribute the increase in longevity of these animals to the

fact that p53 behaves as an antioxidant because it stimulates
the expression of new noncanonical antioxidant enzymes
called sestrins (7, 42). Figure 5 summarizes the evidences in
favor and against of the free radical theory of aging.

Evidence Against the Free Radical Theory of Aging

In pure logical terms, a single result that does not fit with a
theory is sufficient to disprove its general validity (38). This, of
course, does not indicate that all experiments that support the
theory are invalid, or even that the theory is not a ‘‘useful’’ one
in that it has fostered research and it has offered a general
framework for many experiments, some of which have been
discussed above.

When studying the evidence that does not support the free
radical theory of aging, it is important to highlight the biology
of naked mole rats. These animals live much longer than or-
dinary rats. The maximal life span of these animals may go as
far as 25 years compared with 3–4 years in ordinary rats.
According to the free radical theory of aging, oxidative
damage should be much less in the naked mole rats than in
ordinary rats. This is not the case and, in fact, the naked mole
rats show higher oxidative damage than the control, ordinary
rats (21). However, one must keep in mind that the naked
mole is adapted to limited oxygen tension in the tunnels
where it lives and has a low metabolic rate. Moreover, work
by Perez et al. has shown that these animals exhibit increased
efficiency of cysteine reduction mechanisms leading to im-
proved sensitivity to protein repair and degradation (37).
Thus, even if increased longevity coincides with a more oxi-
dized state, the naked mole rat does not constitute an irre-
futable proof of failure of the free radical theory of aging.

On the other hand, there are mutants of Caenorhabditis ele-
gans, for instance, the NUO-6 that show higher oxidative
stress than the controls and that live longer than the controls
(53). However, when NUO-6 mutants are treated with a
powerful antioxidant, such as N-acetyl cysteine, then they are
under less oxidative stress, but they also live less. Similar
evidence has been recently reported regarding the Mclk1 ho-
mozygous mutant mice that show higher mitochondrial

FIG. 4. Antioxidant gene expression in OF1 mice. Ani-
mals that live longer (females) have considerably higher ex-
pression of both MnSOD and GPx. Ovariectomy turns values
to the equivalent in males and estrogens partially reverse the
effect of ovariectomy. These results (previously unpublished
from our own laboratory) are in keeping with the free radical
theory of aging. Fold change is referred to values for males
that arbitrarily are taken to be 1. Values shown are
means – SD for five experiments. Significance (according to
Tukey test) is indicated by the p-value. We consider that a
value is significantly different from control when p-value is
lower than 0.05. GPx, glutathione peroxidase; MnSOD,
manganese superoxide dismutase; OF1, Oncins France 1; SD,
standard deviation.

FIG. 5. Evidences in favor and
against the free radical theory of
aging.
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oxidative stress than controls but live longer than these (26).
Evidence has also come from the world of antioxidants, for
instance Ristow and Zarse have reported in 2010 that oxida-
tive stress may provoke longevity and metabolic health and
these authors have put forward the concept of mitochondrial
hormesis or mitohormesis (40). They underscore that by
promoting an increase in the ROS and an increase in mild
oxidative damage, one can foster stress defenses in mito-
chondria and increase metabolic health and life span. Some
evidence of the lack of correlation between mitochondrial
ROS and life span has been recorded in Drosophila, particu-
larly in work from Partridge coworkers (30). These authors
show two examples in which mitochondrial free radical pro-
duction and life span are not correlated. Again lack of corre-
lation (as in the previous paragraph) is not strong proof or
disproof of a theory, but in any case the results certainly do
not support the free radical theory of aging.

Some work not supporting the free radical theory of aging
has recently come from our laboratory. We have, on many
occasions, observed that exercise unleashes a powerful anti-
oxidant defense by increasing MnSOD, and inducible nitric
oxide synthase, and all this mediated by the activation of the
nuclear factor-jB(NF-jB) (14, 23). Since it is well known that
exercise promotes health and prevents age-associated dis-
eases of all kinds (related and unrelated to oxidative stress) we
thought that up-regulating antioxidant enzymes was in
keeping with the fact that exercise was a protection against the
ravages of aging. But in all pureness, the free radical theory of
aging postulates that it is the aging itself that is mediated by
ROS. If this were the case, when antioxidant enzymes are up-
regulated, longevity should be promoted, either average life
span or maximal life span. It has been reported that mice
deficient in both MnSOD and GPx have increased oxidative
damage and a greater incidence of pathology but no reduction
in longevity (54). Thus, these data do not support a significant
role for increased oxidative stress in modulating life span in
mice and do not support the free radical theory of aging.
Figure 5 summarizes the evidence in favor and against the
free radical theory of aging.

To illustrate the controversy that we have just described,
Figure 6 shows evidence in favor of the theory: C57BL6 (C57
Black 6) mice live longer and show higher antioxidant enzyme
activities than Oncins France 1 mice (Fig. 6A–C); and evidence
against: the naked mole rat lives longer and shows higher
oxidative damage than Wild Type or Mclk1 + / - mice (Fig.
6D, E).

An interesting, and indeed, ‘‘parallel’’ set theories of aging
are based on Hayflick’s limit of cell division. In strict terms, it
was proposed that the free radical theory of aging explaines
damage associated with aging of post-mitotic cells. The rea-
son for this thinking is that only post-mitotic cells could age
because they were not bound to be renewed by mitosis (25).
However, experiments performed by Leonard Hayflick in the
1960’s led to the formulation of the Hayflick limit of cell di-
visions (20). Essentially, cells have limited number of divi-
sions before they become completely post-mitotic. An animal
can age not only because post-mitotic cells become damaged,
but also because Hayflick’s limit makes it impossible for cells
to renew themselves.

The discovery of telomerase by Blackburn et al. provided a
molecular mechanism by which the ‘‘end replication prob-
lem’’ of DNA in duplication could be explained (4). Cells

lacking telomerase were unable to increase their telomere’s
length after divisions and therefore, they have a replicative
limit. Cells in which telomerase was active maintained their
telomere length and therefore, aging would not occur or be
delayed. We found that telomerase itself could be related to
free radicals because glutathione, a major intracellular re-
ductant in cells, regulates telomerase activity (5). In triple
transgenic animals in which p53 and p16 were over-expressed
together with telomerase, a very significant (35%) increase in
average life span was observed. A significant increase in
maximal life span also took place. Thus, telomerase prolonged
life span in cancer protected animals (because they were over-
expressing p53 and p16). This over-expression could not be
traced to an increased level of antioxidant defenses or an in-
creased protection of animals against oxidative stress. So we
observed that one could increase life span without affecting
oxidative stress (49).

The Corollary of the Free Radical Theory of Aging:
Antioxidant Supplements

Linus Pauling, in the 70’s, postulated that taking high doses
of the antioxidant vitamin C would promote health and
would prevent, to some extent, the common cold and even the
flu (34). Pauling recommended doses of around 2–3 g/day of
vitamin C (and sometimes even higher) (35).

The extraordinary personality and the towering scientific
importance of Linus Pauling made many scientists, in both
experimental biology and medicine, test the effect of vitamin
C supplementation of various age-associated diseases. We
have to state at this point that in no case (to our knowledge)
has a correct study been performed in which the levels of
vitamins were recorded for each patient, or healthy person, to
whom antioxidant vitamins were given. Studies that involved
a large number of people simply dealt with the administration
of the vitamin and the subsequent endpoint. In any case,
systematic reviews and meta-analysis of the antioxidant
supplements have shown that they do not promote longevity
and do not prevent major cardiovascular events (2, 3).
Therefore, in our view, the prevalent scientific evidence at this
moment is that antioxidant supplementation is not a good
practice, at least as advice to the general population. We
would like to reiterate that one should be careful to perform
correct studies in which level of antioxidants and the antiox-
idant effect in each of the patient should be tested before one
can definitely rule out the validity of antioxidant supple-
mentation in humans. For instance, there was evidence that
vitamin E could be treatment for Alzheimer’s disease (43). We
re-evaluated this by administering vitamin E to a number of
Alzheimer’s patients and observed a paradoxical effect. We
found two populations, one of which was respondent to the
antioxidant effect of vitamin E (because these patients had a
more reduced glutathione redox ratio in plasma than controls)
and another that was nonrespondent to vitamin E and in these
patients the glutathione redox ratio was not different from
controls. Only those patients, in whom administration of vi-
tamin E had resulted in an antioxidant effect, responded to the
treatment of vitamin E and loss of cognition was diminished
(27). This indicates that antioxidant administration cannot be
completely ruled out in all cases, but the prevalent evidence is
that the main corollary for the free radical theory of aging is no
longer tenable.
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The general view is that by giving powerful antioxidants,
one may hamper the useful adaptations to oxidative stress. A
clear example of this is our work, in which oral administration
of vitamin C was found to decrease muscle mitochondrial
biogenesis and to hamper training-induced adaptation to
exercise. In our hands, administration of vitamin C was not
only useless but, in terms of performance, worse than useless
because it prevented adaptation, including mitochondrial
biogenesis induced by training (15) (Fig. 7). Peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha
(PGC-1a) is a master regulator of the cellular response to oxi-
dative stress. This coactivator is also required for mitochon-
drial biogenesis; thus, we measured not only classical
antioxidant responses but also the increase in mitochon-
driogenesis associated with exercise training and found that
antioxidants lower PGC-1a expression and mitochon-
driogenesis. Thus, the administration of exogenous antioxi-
dants, such as vitamin C, hampers the antioxidant response
associated with training in terms of increase in intercellular
antioxidant enzymes and also the increase in mitochon-
driogenesis that occurs associated with the cellular response to
mild oxidative stress Work from the groups of Ristow in
Germany (41) and Wadley in Australia (48) extended our

findings to the beneficial health effects of exercise and these
authors observed that supplementation with vitamin E and C
prevents an increase in the insulin sensitivity that is normally
afforded by exercise.

Conclusions: The Radical Signaling Disruption
Theory of Aging

In the introduction to this review we have reproduced the
formulation of the free radical theory of aging by Denham
Harman in the 50’s (19). Harman proposed that aging and
age-associated diseases could be attributed to the deleterious
effects of free radicals. Present-day evidence does not support
this statement. An interesting modification of the free radical
theory of aging has been put forward by Sohal and Orr (46).
They propose ‘‘The redox stress theory of aging.’’ If free rad-
icals cause a stress that cells can cope with, then damage will
not occur because antioxidant defenses will overwhelm such
stress. Only if the stress is of such magnitude that it deranges
cellular signaling mechanisms, age-associated damage will
take place. Keeping this in mind, we would like to propose
‘‘The cell signaling disruption theory of aging.’’ This theory
postulates that ROS cause aging inasmuch as they alter—

FIG. 6. Experimental evidence in
favor and against. (A) Shows the
average and maximal longevity of
two different strains of mice,
C57BL6 (shown in blue) and OF1
(shown in green dotted lines).
C57BL6 mice live longer than OF1.
(B, C) Show that liver antioxidant
enzyme expression is higher in
C57BL6 mice, which live longer
than OF1 (unpublished data from
our laboratory). This is in favor of
the free radical theory. We mea-
sured GPx and MnSOD activity in
liver at different survival time
points (80%, 50% and 10% of sur-
vival). Values are shown as
mean – SD for five animals. *In-
dicates p < 0.05, **Indicates p < 0.01.
(D) Shows longevity curves of Wild
Type mice, Mclk1 + / - mice and of
NMR. Mclk1 + / - mice live slightly
longer than wild type mice and
NMR live much longer than the
mice. (E) Shows oxidative damage
in mice and NMR. Animals that live
longer have higher oxidative dam-
age than wild type. This is squarely
against the free radical theory of
aging. (D, E) Redrawn from Hekimi
et al. (21). C57BL6, C57 Black 6;
NMR, naked mole rats. 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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sometimes irreversibly—the signaling network of the cell. If the
cell can cope with the stress caused by relatively mild action of
ROS, then adaptation takes place and damage does not occur.
If, however, the cell is overwhelmed by the action of radicals,
subcellular damage and aging will take place. Indeed, radicals
serve as signals and interaction between them is tightly bal-
anced. For instance, nitric oxide (NO, a radical) is a powerful
vasodilator (16). But it reacts swiftly with superoxide (another
radical) yielding peroxynitrite (39). The latter does not have
vasodilating properties and thus, interaction with superoxide
prevents the vasodilating effects of NO. Steady state levels of
superoxide are elevated in aging as shown by our group (45), as
well as by that of Ames and coworkers (17). This results in more
NO being removed and is important to explain the low vas-
cular reactivity of the old. Free radicals are involved in the age-
associated damage to macromolecules and this may cause a
derangement in ROS-mediated cell signaling causing stress and
diseases. This is exemplified, for instance, by the altered reac-
tivity of NF-jB or activator protein 1 in aging (50) by the lack of
reactivity of p38 and PGC-1a (10).

A ‘‘modified’’ free radical theory of aging, which is in
keeping with the majority of experiments reported in this
review, is that aging is caused by a disruption of the whole
signaling network involving ROS. This ‘‘modified’’ theory
does not imply that radicals always cause damage (as in the
original theory) or that the more oxidative stress the less lon-
gevity. There may be interventions, completely independent
of ROS (like up-regulation of telomerase) that promote lon-
gevity without affecting ROS or oxidative stress (see Fig. 8).

Finally, our view is that, in general terms, we cannot sup-
port the idea of proposing antioxidant supplementation for
the general population. There are many cases (like for instance
exercise training) in which antioxidant supplementation is
bad for you. And in general terms, it is much better to increase
endogenous defences by nutritional or physiological manip-
ulation than administering antioxidant compounds, such as
vitamin C or E.

FIG. 7. Antioxidants hamper the beneficial effects of
training on mitochondriogenesis. These are mediated by
ROS and vitamin C blocks partially PGC-1a, NRF1, TFAM,
and mitochondrial DNA levels in skeletal muscle. These
levels normally increase with exercise training and that effect
is blocked by treatment with antioxidants. These results are
against the main corollary of the free radical theory of aging,
that is, that antioxidant supplementation is good for mi-
tochondriogenesis and in general, good for your health.
NRF1, nuclear respiratory factor 1; PGC-1a, peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha;
ROS, reactive oxygen species; TFAM, mitochondrial tran-
scription factor A.

FIG. 8. The double edge sword
of free radicals. They have hormetic
effects. When radicals cause severe
effects on biomolecules it causes
damage (i.e., irreversible alterations),
whereas when the aggression is
mild, a stress is caused and this may
have signalling effects, as well as the
already-mentioned hormetic effects.
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These mainly negative considerations do not detract from
the free radical theory of aging, which has been extremely
useful and has fostered research by providing a general the-
oretical framework on which many of us have based decades-
long experimental research.

In view of the crossroads, at which the authors working
in Gerontology now find themselves, we believe that future
experiments should try to provide conclusive evidence
against the free radical theory of aging (using the Popperian
approach, one should not be trying to find more evidence in
favor, but rather evidence against that has to be incontro-
vertible) and if such evidence is provided by molecular
mechanisms, one should try and postulate new, more com-
prehensive theories to understand aging and these theories
must be testable. The cell signaling disruption theory of aging
is one of such approaches, which we hope may provide a
theoretical framework for new experiments that will lead to a
more exhaustive understanding of aging.
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Abbreviations Used

8-OHdG¼ oxo-8-deoxyguanosine
C57BL6¼C57 Black 6

DNA¼deoxyribonucleic acid
GPx¼ glutathione peroxidase
GSH¼ reduced glutathione

GSSG¼ oxidized glutathione
MnSOD¼manganese superoxide dismutase

NF-jB¼nuclear factor kappa B
NMR¼naked mole rats

NO¼nitric oxide
NRF1¼nuclear respiratory factor 1

OF1¼Oncins France 1
PGC-1a¼peroxisome proliferator-activated

receptor gamma, coactivator 1 alpha
ROS¼ reactive oxygen species

SD¼ standard deviation
SOD¼ superoxide dismutase

TFAM¼mitochondrial transcription factor A
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