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The free radical theory of aging postulates that the
production of intracellular reactive oxygen species is
the major determinant of life span. Numerous cell cul-
ture, invertebrate, and mammalian models exist that
lend support to this half-century-old hypothesis. Here
we review the evidence that both supports and con-
flicts with the free radical theory and examine the
growing link between mitochondrial metabolism, oxi-
dant formation, and the biology of aging.

Many believe that the seeds of aging can be traced
back to a chance encounter that occurred sometime
between one and two billion years ago. The event of
note involved the presumed incorporation of an unin-
vited eubacteria into an Archea-type host. This was
presumably not the first such encounter between a
host cell and invading bacteria. Nonetheless, it is gen-
erally presumed that previous interactions had led to
the death of the invader, the host, or more likely both
organisms. However, on this day, rather then a case of
mutual destruction, the results of this incursion led to
an agreement between host and bacteria that has per-
sisted more or less intact until this day. Although most
of the initial details are unknown, over time, the two
initial antagonists began to rely on each other in ever
more intricate and interconnected ways. The eubacteria
is believed to have evolved into the mitochondria, able to
safely replicate within limits inside its host. Slowly, as it
became more comfortable in its new environment, more
and more responsibility for its own replication and main-
tenance was shifted to the cell. Indeed, today, of the
thousand or so proteins that make up the mitochondria,
only a handful are still encoded by mitochondrial DNA.
The host, too, began to rely more heavily on its onetime
invader. It began to see the advantage of specialization
and compartmentalization. Although the cell still re-
tained the capacity to produce energy independent of
the mitochondria, more and more of the day-to-day re-
sponsibility was turned over to this new organelle. Sud-
denly, the ability of these onetime unwanted invaders
to efficiently produce chemical energy seemed to allow
the possibility of powerful muscles or prodigiously
beating hearts.

Our story might have ended there, a heart-warming
tale of two potential enemies that joined forces to work
together for the common good. Yet old habits are in-
deed hard to break. And although it is true that, on that
day, the invading eubacteria did not immediately kill its
*Correspondence: finkelt@nih.gov
host, it has also become increasingly clear that it may
not have entered the agreement with full disclosure.
For, although mitochondria are marvels of energy pro-
duction, they also have another, less beneficial legacy
in the cell. Increasingly, this other property, the con-
tinuous production of potentially harmful reactive oxy-
gen species (ROS), has become a central focus of
aging research. The purpose of this review is therefore
to reexamine the terms of a now nearly two billion-year-
old agreement and in particular to evaluate to what
degree the mitochondrial production of ROS and the
cellular response to oxidative stress may be a major
determinant of how we age.

The Free Radical Theory
It has been nearly 50 years since Harman proposed the
“free radical theory” of aging (Harman, 1956). The initial
theory suggested that aging, as well as the associated
degenerative diseases, could be attributed to deleteri-
ous effects of free radicals on various cell components.
When originally proposed, the notion that cells actually
produced free radicals remained unproven and hotly
debated. Even after Harman’s proposal, this contro-
versy raged for the next decade or so, until it was ulti-
mately settled with the discovery of the enzyme super-
oxide dismutase (McCord and Fridovich, 1969). The
existence of an intracellular enzyme whose sole func-
tion was to scavenge superoxide seemed indirect but
powerful evidence that cells must continuously pro-
duce their own free radicals. Nonetheless, with rela-
tively little direct experimental support, Harman initially
speculated that the source of age-inducing free radi-
cals was most likely “the interaction of the respiratory
enzymes involved in the direct utilization of molecular
oxygen.” Such a hypothesis was also generally consis-
tent with early theories suggesting a correlation be-
tween overall metabolic rate and life span. In the 1920s,
Pearl proposed the “rate of living” hypothesis that di-
rectly linked metabolic rate with the longevity of an or-
ganism (Pearl, 1928). Pearl was unclear what the pre-
cise mechanism was that linked metabolism with life
span and therefore suggested that some vital cellular
element was somehow consumed in proportion to
overall metabolic rate. His concept was that, when this
unknown but vital element was exhausted, death oc-
curred.

Since Harman’s initial formulation, ensuing experi-
mentation has solidified but not proven his underlying
theory. Today, although aerobic metabolism and the
corresponding generation of ROS remain the most widely
accepted cause of aging, substantial gaps and un-
knowns persist. Indeed, fundamental questions regard-
ing what governs the relationship between overall met-
abolic rate and the production of ROS remain unclear.
Perhaps more important, relatively little is known about
what are the relevant intracellular targets for ROS and
how oxidative modification of these targets might influ-
ence life span. Fifty years after its formulation, we now
know that cells make free radicals on a continuous ba-
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sis, yet we are still uncertain as to whether they cause W
Cor merely correlate with aging.
T
b
eMitochondrial ROS Generation: The Belly
gof the Beast
tROS are generated in multiple compartments and by
emultiple enzymes within the cell. Important contribu-
itions include proteins within the plasma membrane,
tsuch as the growing family of NADPH oxidases (Lam-
ibeth 2004); lipid metabolism within the peroxisomes; as
lwell as the activity of various cytosolic enzymes such
(as cyclooxygenases. Although all these sources con-
ptribute to the overall oxidative burden, the vast majority
aof cellular ROS (estimated at approximately 90%) can
tbe traced back to the mitochondria. The generation of
nmitochondrial ROS is a consequence of oxidative phos-
iphorylation, a process that uses the controlled oxida-
htion of NADH or FADH to generate a potential energy
2for protons (�Ψ) across the mitochondrial inner mem-
fbrane. This potential energy is in turn used to phospho-
orylate ADP via the F1-F0 ATPase. At several sites along
ithe cytochrome chain, electrons derived from NADH or
SFADH can directly react with oxygen or other electron
tacceptors and generate free radicals. In the past, the
sgeneration of ROS or other free radicals was thought
fof as “slippage” or an unproductive side reaction. More
(recently, as will be discussed later in more detail, it has

been proposed that mitochondrial ROS may actually be
u

important in various redox-dependent signaling pro-
m

cesses (Nemoto et al., 2000; Werner and Werb, 2002;
m

Dada et al., 2003) as well as in the aging clock. n
A schematic diagram of the flow of electrons through b

the cytochrome chain is presented in Figure 1. NADH, t
generated by associated Krebs cycle dehydrogenases −
(DH) (Robinson and Srere 1985), is initially oxidized at t
site I. As the electrons from NADH are passed to the p
first mobile electron acceptor, oxidized coenzyme Q, f
the energy is dissipated by the ejection of protons. Co- i
enzyme Q can also accept electrons from the site II
complex donated by FADH, thereby bypassing site I
and one proton ejection site. Coenzyme Q next donates
electrons to cytochrome b in site III in a near potential
energy neutral process. In site III, the electrons are
passed to cytochrome c1 with the dissipative ejection c
of protons. Cytochrome c1 transfers its electrons to the t
second mobile element in the cytochrome chain, cyto- t
chrome c. Cytochrome c in turn reduces cytochrome u
a,a3 (i.e., cytochrome oxidase [COX] referring to the ter- b
minal electron acceptor) in site IV, which ultimately re-
duces molecular oxygen to form water. This final dissi- t
pation of the redox energy in NADH/FADH at site IV is i
also associated with a final ejection of protons. In this c
manner, the cytochrome chain transforms the redox en- d
ergy of the rather stable molecules NADH and FADH u
into a �Ψ across the inner mitochondrial. In this com- p
plex reaction sequence, several important questions A
naturally arise: Where are ROS generated? What is the (
basal rate of mitochondrial ROS generation? What reg- p
ulates mitochondria ROS generation? How are ROS I

2eliminated?
here Are ROS Generated in the
ytochrome Chain?
he two major sites for ROS generation are believed to
e at sites I and III where large changes in the potential
nergy of the electrons, relative to the reduction of oxy-
en, occur (see Figure 1). Experimental manipulations
hat increase the redox potential of site I (Kushnareva
t al., 2002) or site III (Chen et al., 2003) generally

ncrease the rate of ROS generation, supporting the no-
ion that the redox potential of these reactive sites is
mportant in free radical formation. Site I remains the
east understood of the cytochrome chain elements
Yagi and Matsuno-Yagi, 2003). This multisubunit com-
lex is believed to be composed of w46 proteins with
combined molecular weight exceeding 1 MDa and is

hought to contain at least one bound flavin mono-
ucleotide (FMN) and eight iron sulfur groups. Both the

ron sulfur groups (Genova et al., 2001) and FMN sites
ave been implicated in ROS generation (Liu et al.,
002). At site III, an even more complicated story is
ound with the Q cycle contributing to the generation
f O2

− through reduced ubisemiquinone either on the
nner or outer membrane surfaces (Turrens et al., 1985;
t Pierre et al., 2002). Surprisingly, the terminal oxida-

ion step at cytochrome oxidase is not believed to be a
ignificant source of ROS in intact systems, despite the
act that this site is capable of in vitro ROS generation
Fridovich and Handler, 1961).

Since the precise mechanisms of ROS generation are
nknown, we can construct a simple relationship that
ight globally describe the generation of ROS in the
itochondria. First, we will define the term Eox as the

et driving force for the reduction of oxygen. Eox can
e estimated as the difference between the redox po-
ential for donating a single electron to oxygen (Eo =
160 mV, Wood [1988]) and the redox potential of a par-
icular electron donor at a given reaction site. Also im-
ortant is the oxygen tension, PO2, and a hypothetical

irst order reaction constant, Kox, resulting in the follow-
ng simple equation for total net ROS generation (QROS):

QROS ≈ ∑
site+n

site

(KOXsiteEOXsite[site]) × PO2 (1)

In the equation, “site” represents all of the mito-
hondrial ROS-generating sites in a given cell. Since
he concentration of aqueous O2 is significantly higher
han that of O2

− or H2O2 (Cadenas and Davies 2000),
nder most conditions, the reverse reaction rate can
e ignored.
Based on this simplistic approach, any perturbation

o oxidative phosphorylation that changes these terms,
ncluding the number of mitochondria or cytochrome
hain equivalents within a cell, would increase the pro-
uction of ROS. The regulation of QROS can be eval-
ated for each one of these elements. For instance,
utting the mitochondria in a reduced state without
DP or Pi for oxidative phosphorylation (state 4)

Loschen et al., 1971) or the addition of electron trans-
ort inhibitors that secondarily increase the Eox of site
or site III all tend to increase QROS (Staniek and Nohl,
000; St Pierre et al., 2002; Loschen et al., 1971). Exper-
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Figure 1. A Schematic Model of ROS Generation in the Mitochondria

The major production sites of superoxide anions at sites I and III are identified along with the major ROS scavenging pathways. Antioxidant
enzymes include various isoforms of peroxiredoxin (Prx), superoxide dismutase (SOD), and glutathione peroxidase (GP). The scavenging
reaction of the peroxiredoxin family requires other cellular dithiol proteins such as thioredoxin (TrxS2). Similarly, the enzymatic action of GP
requires reduced glutathione (GSH). Specific family members of SOD, GP, and Prx are found inside the mitochondria, while other family
members localize to the cytosol or extracellular space. The different complexes of oxidative phosphorylation are color coded with regard to
the magnitude of Eox for reducing oxygen, with red (dehydrogenases [DH] and site I) having the highest potential and pink (site IV) the lowest
potential. The family of uncoupling protein (UCP), here denoted in green, reduces the overall mitochondrial membrane potential (�Ψ). This is
believed to result in a generalized decrease in Eox for both sites I and III and hence a reduction in ROS formation. See text for details.
imentally, a large increase in ROS formation is often
seen in the condition known as reverse electron flow.
This is usually achieved when a site II substrate, succi-
nate, is added in the presence of a site III inhibitor,
thereby generating a reverse flow of electrons from site
II to site I (Loschen et al., 1971; St Pierre et al., 2002).
Reverse electron flow might also be responsible for the
high ROS generation occurring with fatty acid oxidation
that also generates electrons for site II via FADH (Bov-
eris et al., 1972; Boveris and Chance, 1973). Another
“endogenous” example in which Eox and ROS are in-
creased is with the release of cytochrome c during apo-
ptosis. In this condition, the absence of cytochrome c
results in a block in electron flow and a rise in the Eox

of site I (Kushnareva et al., 2002) with a subsequent rise
in ROS produced at this site (Kushnareva et al., 2002).
This does not appear to happen at site III since in the
absence of electron transport there is also an inhibition
of Q cycle turnover that is required for generating the
active ubisemiquinone (Turrens et al., 1985). Finally, an-
other important physiological regulator of Eox is the
family of uncoupling proteins (UCPs) (Echtay et al.,
2002; Casteilla et al., 2001). Since Eox and �Ψ are cou-
pled through the proton ejection process, these param-
eters are proportional under most conditions. If �Ψ is
reduced by the action of uncoupling proteins “leaking”
protons across the inner membrane (see Figure 1), then
predictably Eox and therefore QROS would be de-
creased. Thus, uncoupling has been proposed as an
important mechanism to reduce ROS levels (Casteilla
et al., 2001; Brand et al., 2004). Interestingly, UCPs
might also be directly activated by superoxide anions,
thereby providing an overall feedback circuit for ROS
production (Echtay et al., 2002).

An additional recent proposal for ROS regulation is
that the entry of electrons into and through the cyto-
chrome chain, especially at the level of the DH-site I
complex, is highly regulated. This electron gate would
presumably only permit oxidative phosphorylation to
occur when it was required by cellular energetic needs
(Bose et al., 2003; Joubert et al., 2004). This mechanism
potentially permits the modulation of oxidant formation
without the requirement to dissipate �Ψ through the
energetically nonproductive action of UCPs. There is
also growing appreciation that the activity of compo-
nents of the electron transport chain can also be al-



Cell
486
tered by covalent modification and that these modifica- S
ttions may be important in ROS formation (Ludwig et al.,

2001). Finally, oxygen tension represents another vari- i
1able known to regulate the rate of mitochondrial ROS

production (Turrens et al., 1982). The mechanisms un- p
cderlying the matching of tissue oxygen level to meta-

bolic demand are poorly understood. Yet it is clear that s
ztissue pO2 can be dynamically regulated, and, indeed,

the increase in venous oxygen content observed during S
rbrain activation is the physiological parameter that

forms the basis for fMRI detection (Ogawa et al., 1992). 2
1From this brief review, it is clear that there are indeed

many factors that can regulate mitochondria ROS gen- s
teration. Presumably, this complexity contributes in part

to the numerous conflicting reports in the literature re- d
mgarding the nature, control, and degree of mitochondrial

ROS generation. The above discussion does, however, (
sraise an important caveat concerning the relationship

between oxidant formation and metabolic rate (i.e., ox- f
oygen consumption). In general, the higher the rate of

oxidative phosphorylation and oxygen consumption,
the lower the overall value of cytochrome chain Eox. A
Consistent with this notion was the early observation A
obtained from isolated mitochondria that augmenting c
oxidative phosphorylation resulted in a reduction, not g
an augmentation, of ROS generation (Loschen et al., l
1971). Although it is commonly assumed that an increase t
in oxygen consumption produces an increase in ROS d
production, we would argue that this positive correla- a
tion is only true if the increase in oxygen consumption m
was secondary to a higher tissue pO2 or an increase in 1
the number of “sites”, i.e., functional mitochondria. In c
contrast, an increase in oxygen consumption in the set- o
ting of constant tissue oxygen concentrations and a e
fixed number of mitochondria would favor a decrease i
in ROS levels. t

R
iBasal Rate and Elimination of ROS Generation

There is a wide variance in the literature regarding what t
percentage of basal mitochondrial oxygen consump-
tion ultimately leads to ROS generation. This is not sur- c

dprising, since most of these conclusions are based on
isolated mitochondria studies in which the Eox of many l

dof the redox elements were held at very unphysiological
states or under conditions in which reverse electron l

mflow was possible. Based on these initial observations
(for review, see Chance et al. [1979]), it was suggested (

nthat w2% of the total oxygen consumption was fun-
neled to ROS generation. This number has been widely p

acited despite the fact that, even in these early studies,
it was appreciated that the ROS measurements were s

tmade under artificial conditions. Subsequent studies,
under more physiological conditions, have reduced this o

dbasal value to w0.2% (Staniek and Nohl, 2000; St Pierre
et al., 2002). This lower value does not imply that the i

abaseline production is unimportant but does suggest
that the mitochondrial ROS load on most tissues may s

onot be as severe as once thought.
The discovery of superoxide dismutase (SOD), as r

sdiscussed previously, was a major step in establishing
the generation of ROS or H2O2 in the mitochondria. Two c

aintracellular SOD enzymes exist within the cell: SOD2,
a manganese-dependent enzyme in the matrix, and c
OD1, a copper-containing enzyme primarily in the cy-
osol. Both of these enzymes convert O2

− into H2O2 that
s then further deactivated by catalase (Radi et al.,
991) to water and oxygen or by the various glutathione
eroxidases to reduced glutathione and water. The dis-
overy of the peroxiredoxins (Chang et al., 2004) repre-
ents yet another family of important scavenging en-
ymes in the mitochondria (Taylor et al., 2003).
uperoxide that is not immediately scavenged can di-

ectly react with oxidized cytochrome c (Joubert et al.,
004; Butler et al., 1975) or cytochrome oxidase (Orii,
982). The ability of the matrix to withstand large tran-
ient loads of free radicals with minimal damage using
hese protection mechanisms has been demonstrated
uring the extremely rapid photooxidation of w1 mM
atrix NADH to NAD+ + 2ROS in intact mitochondria

Joubert et al., 2004). These highly efficient scavenging
ystems suggest that any measured release of ROS
rom mitochondria may represent only a small fraction
f the total ROS generated.

ge-Related Changes in Mitochondrial Function
number of studies have demonstrated that mito-

hondrial integrity declines as a function of age (Shi-
enaga et al., 1994). Age-dependent increases in the

evel of damaged DNA have been commonly assessed
hrough biomarkers such as the formation of 8-oxo-2#-
eoxyguanosine (oxo8dG). In postmitotic tissue such
s brain, the levels of oxo8dG are significantly higher in
itochondrial compared to nuclear DNA (Richter et al.,

988). Reasons for these differences are thought to in-
lude the proximity of mitochondrial DNA to the source
f oxidants and the lack of any protective histone cov-
ring. This postulated and observed increased sensitiv-

ty of mitochondrial DNA to oxidative damage has led
o the concept of the “vicious cycle” in which an initial
OS-induced impairment of mitochondria leads to

ncrease oxidant production that, in turn, leads to fur-
her mitochondrial damage.

Experimental evidence both for and against the vi-
ious cycle exists. For instance, many studies have
emonstrated that old mitochondria appear morpho-

ogically altered and functionally produce more oxi-
ants and less ATP (Shigenaga et al., 1994). Nonethe-

ess, other investigators have recently criticized the
ethodology employed in some of these studies

Maklashina and Ackrell, 2004). Therefore, whether or
ot there is a significant impairment of electron trans-
ort activity as mitochondria age remains somewhat of
n open question. Recent genomic studies, however,
uggest that, transcriptionally, components of the elec-
ron transport chain are indeed affected by aging. In
ne interesting study, the authors compared microarray
ata between two organisms (C. elegans and Drosoph-

la) as they aged in an effort to obtain a consensus
ging transcriptisome. In both species, there was a
mall but approximate 2-fold decrease in a large set
f genes involved in ATP synthesis and mitochondrial
espiration (McCarroll et al., 2004). Although these
tudies would seem to support the vicious cycle con-
ept, two caveats are worth mentioning. First, these
uthors were studying nuclear-encoded, not mito-
hondria-encoded, transcripts. Second, the exact tim-
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ing of the downregulation for these transcripts oc-
curred when the animal was at the early adult stage.
This transcriptional change therefore appears to occur
before the usually observed decline in mitochondrial
function and presumably also before one would expect
the cumulative effects of oxidants to begin having their
peak effects.

Since the formation of ROS species is a function of
ambient oxygen concentration (Turrens, 2003), the cel-
lular and organismal response to high oxygen concen-
trations may represent an insightful stress to explore
the mechanisms of aging. Here again, transcriptional
profiling may provide a glimpse of underlying mecha-
nism. For instance, comparison of the gene expression
patterns of Drosophila undergoing normal aging and
those flies exposed to acute hyperoxia revealed signifi-
cant concordance (Landis et al., 2004). In another re-
cent study, the biological resistance to hyperoxia was
used as a genetic screen to obtain Drosophila mutants
that are either overly sensitive or resistant to this stress
(Walker and Benzer, 2004). A careful analysis of the
morphological changes that mitochondria underwent
after high oxygen exposure demonstrated that indivi-
dual mitochondria develop a previously unknown “swirl”
phenomenon. This altered morphology presumably oc-
curs due to a rapid reorganization of mitochondrial cris-
tae in response to oxidative stress. Interestingly, mito-
chondria from older flies have significantly more swirls
then younger flies, and mutants selected for increased
swirl formation have a significantly shorter life span.

The cellular response to high oxygen also supports a
role for intracellular oxidants as at least one important
determinant of the life span of mammalian cells in cul-
ture. Cellular senescence is an interesting biological
phenomenon whereby nonimmortalized cells, after a
discrete number of passages, undergo a permanent
withdrawal from the cell cycle. The senescent state is
accompanied by consistent morphological and bio-
chemical changes, suggesting it may be programmed
in much the same way as differentiation or apoptosis.
Significant questions persist as to whether the molecu-
lar mechanisms underlying cellular senescence are rel-
evant to overall organismal aging. With that said, it has
been recognized for some time that lowering the ambi-
ent oxygen concentration can significantly extend the
life span of primary cells in culture (Packer and Fuehr,
1977). Similar prolongation of cellular life span can be
achieved by augmenting antioxidant levels. For instance,
increasing the level of superoxide dismutase extends
the life span of primary fibroblasts as well as decreas-
ing the rate of telomere shortening (Serra et al., 2003).
Conversely, knockdown of SOD using RNAi was dem-
onstrated to induce senescence (Blander et al., 2003).
Interestingly, reducing SOD by RNAi resulted in the in-
duction of p53, and this induction was required for se-
nescence. Cellular induction of p53 can result in either
apoptosis or senescence, and there is some evidence
that the decision for what cell fate pathway is chosen
may depend on the intracellular level of ROS (Macip et
al., 2003). In a similar fashion, expression of an acti-
vated form of Ras proteins can induce senescence in
some primary fibroblasts (Serrano et al., 1997). This
Ras-induced senescence is also accompanied by p53
induction as well as a rise in ROS levels. Again, either
antioxidant augmentation or lowering the level of ambi-
ent oxygen rescued Ras-expressing cells from entering
senescence (Lee et al., 1999). Recently, seladin-1, a
gene previously implicated in cholesterol metabolism,
was implicated as an important redox-sensitive inter-
mediary between Ras and p53 (Wu et al., 2004).

Mitochondria and Aging in Yeast and Worms
The use of simple organisms such as worms and flies
would seem the ideal testing ground for a free radical or
metabolic theory of aging. Indeed, there are a growing
number of studies that support a central role for mito-
chondrial metabolism in the aging process. While it is
impossible for us to highlight all such studies, we will
attempt to review a selected number of what we view
as some of the most important observations.

Perhaps the most straightforward relationship be-
tween metabolic rate and aging is the observation that
global manipulations that effect metabolism or meta-
bolic substrates can also lead to alterations in life span.
For instance, lowering ambient temperature in worms
or flies slows the metabolic rate and also results in an
concomitant extension of life span (Miquel et al., 1976).
Similarly, in yeast, a simple reduction of available glu-
cose in the media results in life extension. This para-
digm has been used as a model of caloric restriction
(CR), and experimental evidence suggest that life ex-
tension under these conditions requires the NAD-
dependent deacetylase Sir2 (Lin et al., 2002). It has also
been shown that CR activates Sir2 activity, although the
precise details remain controversial. More relevant to
our discussion is that S. cerevisiae appear to shift their
utilization of glucose from fermentation under normal
conditions to predominantly mitochondria-based aero-
bic respiration when glucose is limiting. This metabolic
shift results in an increase in overall oxygen consump-
tion (Lin et al., 2002). In yeast, therefore, CR leads to
longer life but a presumably higher metabolic rate.
These observations would appear to conflict with the
straightforward predictions of the free radical theory of
aging that would suggest that higher rates of aerobic
metabolism would decrease life span. Nonetheless, as
discussed previously, the relationship between oxygen
consumption and ROS generation is complex. Further
measurements in this model of the level of oxidative
stress under normal and CR conditions are therefore
needed.

The role of Sir2 and its mammalian ortholog SIRT1 is
an active area of research, and there are a number of
recent reviews that describe the biology of this family
of proteins (Denu, 2003; North and Verdin, 2004;
Blander and Guarente, 2004). Relevant to our discus-
sion, Sir2, although essential for the yeast CR re-
sponse, does not appear to directly alter antioxidant
defenses in yeast (Lin et al., 2002). Interestingly, how-
ever, in aging yeast there appears to be an accumula-
tion of oxidatively modified proteins that accumulate
with replicative age. Under normal conditions, these
modified proteins are asymmetrically distributed be-
tween mother and daughter cell, and the daughter cell
is usually born without inheriting its equal share of
damaged proteins. This sparing of the daughter cell
does not occur in Sir2-deficient yeast, suggesting that
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the deacetylase may be important for protecting the u
dcell against the consequences of oxidative damage

(Aguilaniu et al., 2003). Consistent with this, the mam- l
bmalian deacetylase SIRT1 also appears to protect cells

from direct oxidative stress (Luo et al., 2001; Brunet et w
tal., 2004).

The dauer phase in C. elegans represents another a
tglobal metabolic shift that is relevant to life span deter-

mination. Under optimal conditions, a developing worm b
Tpasses quickly from a second stage larva (L2) to a third

stage larva (L3). When conditions are less then optimal, v
dperhaps because of a lack of food or overcrowding,

rather than proceeding to the L3 stage, the worm enters w
ian alternative stage known as dauer. In this somewhat

suspended state, the worm can exist for up to 3–6 t
Imonths. This represents a significant increase in life

span, since, under normal conditions, the worm sur- t
cvives for less than a month. Once in the dauer stage,

the larvae undergo a number of morphological and b
emetabolic changes. Among these changes is the devel-

opment of a hard and impermeable cuticle. The dauer t
Rlarvae no longer actually feeds but rather depends on

internal (primarily fat) stores to maintain their energetic m
tneeds. Of particular interest is that there is also a signif-

icant shift away from the use of the tricarboxylic acid p
i(TCA) cycle and the use of electron transport and a

heavier reliance on alternative energetic pathways d
w(Wadsworth and Riddle, 1989). The entry into dauer

also results in a nearly 4-fold decrease in oxygen con- h
asumption when compared to third stage larva (Vanflet-

eren and De Vreese, 1996). w
tEntry into dauer is stimulated by harsh external envi-

ronmental conditions and is under the control of several
gdistinct signaling pathways. One such well-studied

pathway is homologous to the insulin/IGF pathway in i
cmammalian tissues. As discussed in more detail in the

accompanying reviews, this pathway ultimately con- f
Ttrols the activity of DAF-16, a transcription factor that

belongs to the Forkhead family of proteins. Mutations p
aalong this pathway that moderately increase the activ-

ity of DAF-16 appear to result in an extension of life s
sspan, while stronger mutations result in a constitutive

dauer phenotype. Typically, the long-lived mutants, like w
ttheir dauer counterparts, are more resistant to harsh

environmental conditions such as increased heat or ex- t
tposure to oxidative stress (Johnson et al., 2001). The

basis for this heartiness appears in part to lie in the d
nrecently revealed transcriptional targets of DAF-16.

Three separate groups have analyzed the DAF-16 tran- s
2scriptosome. Each used slightly different methodolo-

gies, but all groups agree that DAF-16 regulates a large R
tset of genes that modulate oxidative stress, as well as

genes involved in overall metabolic regulation (Murphy s
set al., 2003; Lee et al., 2003a; McElwee et al., 2003).

Interestingly, the property of modulating oxidative C
estress appears well conserved, as the mammalian or-

tholog of DAF-16, the transcription factor Foxo3a, also d
lregulates many of the same antioxidant proteins (Ne-

moto and Finkel, 2002; Kops et al., 2002). s
cIncluded among the metabolic genes induced by

DAF-16 are a number of enzymes involved in mito- e
cchondrial transport as well as in fat metabolism and

utilization. For instance, DAF-16 appears to regulate c
cgenes involved in the glyoxylate cycle, a process of fat
tilization that usually involves the peroxisomes. In-
eed, a recent intriguing hypothesis is that a number of

ong-lived C. elegans mutants can best be understood
y tracing the various energy-generating pathways in
orms (Rea and Johnson, 2003). In particular, these au-

hors suggest that diversion away from the TCA cycle
nd the classic electron transport chain and toward al-
ernative energy pathways is a common element of
oth the dauer as well as many long-lived phenotypes.
his hypothesis therefore differs slightly from the pre-
iously discussed metabolic adaptation that occurs
uring CR in yeast (Lin et al., 2002). Nonetheless, in
orms, these alternative energetic pathways, by reduc-

ng flux through the electron transport chain, were pos-
ulated to result in reduced ROS generation (Figure 2).
t is important to note that the increased reliance on
hese alternative pathways can often result in energeti-
ally crippled, albeit long-lived animals. Mitochondrial-
ased metabolism and the TCA cycle presumably
volved in large part because of the ability to produce
he most ATP molecules per unit of nutrient consumed.
educing an organism’s reliance on such pathways
ay allow a worm to survive for an extended period of

ime in the controlled laboratory environment but would
robably place this animal at a significant disadvantage

n the real world, where only the fastest and repro-
uctively fittest survive. Finally, in the context of the
hole organism, it will be interesting to understand
ow circulating hormones such as insulin or IGF-1 may
ffect these same global parameters and in particular
hether these ligands may shorten life by increasing

he dependence on TCA-mediated metabolism.
The link between mitochondrial metabolism and lon-

evity is also supported by several studies demonstrat-
ng that direct disruption of the electron transport chain
an have a significant effect on life span. One of the
irst such long-lived mutants characterized is isp-1.
his mutant consists of a missense mutation in a com-
onent of complex III of the respiratory chain (Feng et
l., 2001). Isp-1 mutants demonstrate a generalized
lowing in many developmental milestones and a corre-
ponding reduction in oxygen consumption, consistent
ith a block in electron transport. The results from

hese initial isp-1 studies have been significantly ex-
ended by two RNAi-based screens to uncover addi-
ional genes that regulate life span. In one study, it was
emonstrated that reducing the level of various compo-
ents of respiratory chain complexes I, III, IV, or V re-
ulted in smaller but longer-lived worms (Dillin et al.,
002). Interestingly this phenotype was only evident if
NAi treatment began at an early age, since similar

reatment after the worm had reached the young adult
tage did not prolong life. Similarly, a systematic RNAi
creen that sought to inactivate over 5600 random
. elegans genes also implicated the mitochondria (Lee
t al., 2003b). Although a large number of life span-
etermining genes were identified in this screen, the

argest functional class appeared to be genes that, in
ome fashion, regulate mitochondrial activity. This
lass, comprising nearly 15% of the total pool of life-
xtending genes, included a host of electron transport
hain elements, mitochondrial carriers, and mito-
hondrial ribosomal subunits. In general, these mito-
hondrial mutants, although long lived, had grossly al-
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Figure 2. A Simplified Model to Describe the
‘Energy Switch’ Hypothesis for Longevity
Mutants in C. elegans

In brief, the relative balance between TCA-
based mitochondrial-dependent metabolism
and alternative pathways that do not involve
the entire cytochrome chain or are indepen-
dent of the mitochondria may determine the
overall oxidant burden and hence life span.
In worms, alternate energy pathways include
malate dismutation. If a similar model is ex-
tended to mammals, these alternative en-
ergy pathways might include glycolysis that
occurs in the cytosol. For more details, see
Rea and Johnson (2003).
tered mitochondrial morphology as well as significantly
reduced oxygen consumption and steady-state ATP
levels. In contrast to these consistent findings regard-
ing energetics, there was a much more heterogeneous
response of these mutants to exogenous superoxide or
hydrogen peroxide challenge. While this latter result
was interpreted as a lack of consistency for these mu-
tants with regard to endogenous ROS levels, it is impor-
tant to note that there have been few if any reports that
directly measure levels of reactive oxygen species in
living worms. Although oxidant levels are commonly as-
sessed in mammalian tissue culture cells through the
use of cell-permeant dyes or spin trapping reagents,
such methods do not appear to work in adult C. ele-
gans due to their hard exterior cuticle. As such, it is
unclear what the resting levels of ROS were in these
various mitochondrial crippled but long-lived mutants.
Until such direct measurements are made in these mu-
tants, the precise role of ROS levels in the observed
increase in life span cannot be fully assessed.

Several other mutants that regulate life span are also
worth mentioning here. Although life-shortening mu-
tants are in general less instructive then life-extending
mutants, studies with the mev-1 strain stand out as
particularly notable exception. This short-lived mutant
was initially isolated because of increase sensitivity to
the ROS generator methyl violet. Subsequent studies
have demonstrated that the mutation maps to a subunit
of complex II (Ishii et al., 1998). Mev-1 animals have
significant mitochondrial structural abnormalities and
indirect evidence of increased ROS generation (Senoo-
Matsuda et al., 2001). These worms also were shown
recently to exhibit increased levels of nuclear DNA
damage (Hartman et al., 2004), arguing that mito-
chondrial oxidants might be an important source of
overall genomic instability. This conjecture is also sup-
ported by observations in mice that are heterozygous
for mitochondrial superoxide dismutase (Sod2+/−).
These mice also demonstrate an increased incidence
of nuclear DNA damage as well as a significant
increase in tumor formation (Van Remmen et al., 2003).
Together, these observations raise important questions
as to what are the most important intracellular targets
for mitochondrial-derived oxidants. For instance, are
the damaging effects of oxidants generated within the
mitochondria confined to the mitochondria, or do they
extend to the nucleus? Although the mev-1 and Sod2
experiments suggest that genomic DNA may indeed be
an important target, it remains unclear whether, under
normal circumstances, the production of mitochondria-
derived ROS are high enough and the half-life of oxi-
dants are long enough to cause significant nuclear
damage.

One additional mutant in C. elegans is worth men-
tioning since it provides another important potential
link between metabolism, oxidants, and aging. A long-
lived mutant known as clk-1 lacks an enzyme required
in the biosynthesis of ubiquinone (Ewbank et al., 1997).
As previously discussed, ubiquinone, also known as co-
enzyme Q, is an important and well-conserved electron
acceptor for both complex I- and II-dependent respira-
tion. The synthesis of ubiquinone involves the sequen-
tial addition of isoprenyl subunits to the tail of the mole-
cule, and long-lived clk-1 mutants accumulate a
precursor of coenzyme Q containing eight rather the
usual nine isoprenyl subunit tail. While all are agreed
that clk-1 mutants are developmentally slowed and
long lived, controversy remains as to whether meta-
bolic rate as assessed by total oxygen consumption is
reduced or unchanged in the clk-1 mutants (Branicky
et al., 2000; Braeckman et al., 2002). Interestingly, al-
though coenzyme Q is often sold in health stores as a
beneficial, life-extending antioxidant, withdrawal of the
compound from the diet of wild-type worms can actu-
ally increase life span by 60% (Larsen and Clarke,
2002). Two other recent observations of the clk-1 mu-
tant provide potentially important insights. The first is
that a very recent study using intact functional mito-
chondria has found a specific deficit in complex
I-dependent respiration in clk-1 mutants, while com-
plex II-dependent respiration was normal (Kayser et al.,
2004). This contrasts with previous measurements
made with isolated cytochrome complexes that dem-
onstrated a modest reduction in complex II activity (Fel-
kai et al., 1999). It is presently unknown how this spe-
cific deficit in oxidative phosphorylation is achieved
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since, as mentioned, coenzyme Q was previously a
wthought to be involved in both complex I- and II-depen-
cdent respiration. Nonetheless, these results suggest a
spotential caveat in measuring total oxygen consump-
rtion or isolated individual mitochondrial complex activ-
aity and assuming that electron transport is unchanged.
dAlthough difficult, more precise biochemical studies
ausing intact functional mitochondrial preparations de-
mrived from either wild-type or long-lived C. elegans ani-
2mals would seem to be an important avenue of investi-
tgation. Another observation that might be relevant to
aunderstanding the link between the clk-1 mutant and
toxidants involved an attempt to understand why these
aanimals undergo a profound slowing of multiple devel-

opmental processes. A recent study implicated a de-
ncrease in cytoplasmic ROS levels as the culprit for
sthese developmental delays in the clk-1 animals (Shi-
ibata et al., 2003). Interestingly, these altered levels of
mcytoplasmic ROS appear to effect development not as
drandom, destructive elements but rather as specific
dsignaling molecules. In the case of clk-1 mutants, ROS
Gappear to act in part as downstream effectors of the
fsmall GTPase Ras to modulate developmental signals.
tThis result is consistent with a growing appreciation
sthat a number of signaling pathways are regulated in
usome fashion by redox modulation (Finkel, 2003). In
athese varied cases, ROS are acting as specific signaling
nmolecules. If, in fact, alterations in ROS regulate the de-
svelopmental delay in clk-1 by acting as specific messen-
mgers, it raises the possibility that ROS may potentially
nregulate aging in a similar, specific fashion.
c
eAging in Flies
gMany of the pathways operational in C. elegans also
oappear to regulate life span in Drosophila. In particular,
p

the insulin/IGF pathway appears as an important regu-
c

lator of longevity. For instance, a null mutation in the
o

insulin substrate chico results in an approximate 40%
s

increase in maximal life span of female flies (Clancy et m
al., 2001). Similarly, increased activity of the Forkhead N
transcription factor dFoxo appears to slow aging in s
Drosophila as it does in C. elegans (Giannakou et al., c
2004). Drosophila have also been extensively used to f
assess the role of antioxidant enzyme overexpression s
in determining life span. Several studies have sug- a
gested that expression of superoxide dismutase alone t
or in conjunction with the peroxide scavenging enzyme t
catalase could slow aging (Orr and Sohal, 1994; Parkes o
et al., 1998; Sun and Tower, 1999). More recent evi- h
dence suggests that these initial results, which would w
strongly support the free radical theory of aging, may m
have been inadvertently biased by using relatively
short-lived control strains. Repeat experiments in long- b
lived strains suggest that the expression of various an- a
tioxidant proteins is without significant effect (Orr et w
al., 2003). f

Another instructive Drosophila life span mutant is the (
colorfully named Indy (I’m not dead yet, a tribute Monty s
Python fans will recognize). This mutant demonstrates a
a 50% increase in maximal life span (Rogina et al., a
2000). Analysis of the Indy gene product demonstrated m
that it belongs to a family of proteins that, in mamma- h

Nlian cells, handle the uptake of Krebs cycle intermedi-
tes such as citrate and succinate. While this mutant
ould seem to fit the general paradigm of altered mito-
hondrial metabolism leading to altered life span, it
hould be noted that direct measurement of metabolic
ates in Indy mutants revealed they were indistinguish-
ble from wild-type flies (Marden et al., 2003). Similarly,
ietary-restricted flies and flies with mutant chico genes
lso failed to have detectable alterations in their overall
etabolic rate and/or oxygen consumption (Hulbert et al.,

004). Therefore, as attractive as the notion is that mu-
ants such as chico and Indy have altered metabolism
nd that these metabolic alterations are the basis for
heir longevity, direct proof that this mechanism is oper-
tional remains elusive.
One additional interesting Drosophila mutant origi-

ally isolated from a genetic screen is the long-lived
train methuselah (mth). This mutant exhibited a 35%

ncrease in average life span and was resistant to nu-
erous stressors including heat, starvation, and oxi-
ants (Lin et al., 1998). Analysis of the mth gene pro-
uct demonstrated that it belonged to the family of
TP binding protein-coupled receptors (GPCR), the

amily of seven transmembrane spanning receptors
hat modulate a host of signaling pathways. These re-
ults suggested that, at least in Drosophila, GPCR-reg-
lated pathways might modulate stress resistance. It
lso raised the possibility that small molecule antago-
ists for the endogenous ligand of mth may extend life
pan. Until recently, however, the endogenous ligand of
th has remained unknown. However, a fascinating

ew study suggested that the cognate ligand is en-
oded by the Drosophila gene product stunted (Cvejic
t al., 2004). There are two splice variants of the stunted
ene, one encoding a 60 amino acid peptide and the
ther a slightly smaller 56 amino acid peptide. Both
eptides encode for a highly conserved protein that
orresponds to the � subunit of the F1F0-ATP synthase
f the electron transport chain. This provocative result
uggests a potentially important connection between
etabolism, stress resistance, and GPCR signaling.
onetheless, it also raises a number of important unan-
wered questions including how a presumed mito-
hondrial protein can function as a ligand for a cell sur-
ace receptor. Finally, the intersection between GPCR
ignaling and metabolism was recently strengthen by
nother fascinating observation that the citric acid in-
ermediates succinate and α-ketoglutarate are actually
he endogenous ligands for two separate mammalian
rphan GPCR (He et al., 2004). Together, these results
int that classical cell surface signal transduction path-
ays and intracellular metabolism may be significantly
ore interconnected than previously suspected.
The theme of stress signaling and life span has also

een bolstered by another recent report in which the
uthors demonstrated that JNK-dependent pathways
ere stimulated by cellular stress and were responsible

or inhibiting the toxic effects of intracellular ROS
Wang et al., 2003). Augmenting JNK signaling in Dro-
ophila resulted in less evidence of oxidative damage
nd a significant increase in life span. Given that JNK
ctivity is also regulated by intracellular oxidants in
ammalian cells, this suggests an important and per-

aps evolutionary conserved target for intervention.
onetheless, these results also suggest that there are
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many potential intracellular targets for ROS, and it is
not yet clear which of these targets is the most relevant
for regulating life span (Figure 3).

Mammalian Models of Aging
The development of mammalian models of aging in
many ways appears to support and converge with the
previously described invertebrate studies. For instance,
there are a number of long-lived mutant mice that ap-
pear to modulate the insulin/IGF-1 pathway in a manner
that is analogous to the daf-2/age-1/daf-16 mutants in
C. elegans. Among these previously described mice are
the Ames, Snell, and Laron strains. All of these mice
are smaller then their wild-type counterparts, with their
dwarf status a result of deficiencies in several secreted
factors including growth hormone, thyroid hormone,
and often IGF-1 (Quarrie and Riabowol, 2004). Besides
their smaller size, these long-lived strains exhibit other
potentially important characteristics such as a decrease
in basal body temperature and a modest increase in anti-
oxidant scavenging capacity. Recently, the role of the
insulin/IGF-1 pathway in mammalian aging was exam-
ined in a more directed fashion. Two studies have sug-
gested that these pathways are indeed important de-
terminants of life span. Although complete knockout of
the IGF-1 receptor (IGF-1R) is lethal, heterozygotes are
viable. Analysis of the life span of such animals demon-
strated that female heterozygotes lived approximately
30% longer than control wild-type mice, while male het-
erozygotes had roughly a 15% life span extension (Hol-
zenberger et al., 2003). Similar to the daf-2 mutants,
IGF-1R heterozygotes also exhibit an increase in oxida-
tive stress resistance. A related study in which an adi-
pose-specific knockout of the insulin receptor was ana-
lyzed also demonstrated a significant (approximately
18%) increase in life span in these animals (Bluher et
al., 2003). Again, this life span extension was a result of
Figure 3. Potential Targets of ROS within Cells that May Determine the Rate of Aging

ROS generated within the mitochondria can potentially feed back on the organelle and directly damage mitochondrial DNA and other compo-
nents in a putative vicious cycle. Similarly, mitochondrial oxidants can damage nuclear DNA leading to activation of p53 and other DNA
damage pathways. Cytosolic elements including stress-activated kinases such as JNK and p38 may be potential targets. Finally, direct
oxidative modification of proteins may be an important element of aging (see Berlett and Stadtman [1997]).
inhibiting insulin signaling in a tissue-specific fashion,
as the complete abrogation of insulin signaling is in-
compatible with life. These results are reminiscent of
observations made in C. elegans, in which strong muta-
tions in the daf-2 pathway result in a constitutive dauer
phenotype with complete growth arrest, while weaker
mutations appear to have the potential to increase life
span.

Another interesting example of a long-lived mamma-
lian species is the targeted disruption of the p66shc
gene. These mice live 30% longer than control mice
and also exhibit an increased resistance to oxidative
stress (Migliaccio et al., 1999). The p66shc protein be-
longs to a family of adaptor molecules that regulate
protein-protein interaction for a number of cell surface
receptors, including the insulin receptor. Interestingly,
cells derived from p66shc-disrupted animals also ex-
hibit a decrease in basal and stress-induced levels of
ROS (Nemoto and Finkel, 2002; Trinei et al., 2002).
Since the measured level of ROS represents a balance
between oxidant generation and scavenging, alter-
ations in ROS levels can come from either decrease
generation or increased destruction. There is some evi-
dence that p66shc may regulate mammalian Forkhead
activity and that this in turn may lead to an increase in
antioxidants such as catalase and superoxide dismu-
tase (Nemoto and Finkel, 2002; Kops et al., 2002). In
addition, recent evidence that a fraction of p66shc lo-
calizes to the mitochondria suggests that this protein
may also be involved in regulating mitochondrial oxi-
dant generation, although no direct proof of this cur-
rently exists (Orsini et al., 2004).

One other recent study in genetically altered mice
provided some of the best support for the previously
described vicious cycle of mitochondrial damage lead-
ing to aging. These investigators developed a knockin
mice that expressed a proofreading-deficient form of a
nuclear-encoded mitochondrial DNA polymerase (Trifu-
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novic et al., 2004). Mice expressing this altered poly- c
cmerase exhibited a significantly higher number of mito-

chondrial point mutations as well as deletions. 2
tInterestingly, these mutations did not significantly

increase with the age of the animal, suggesting that s
tthey tended to occur at some early point in develop-

ment. The mice containing the altered polymerase ex- t
mhibited a significantly shortened life span as well as the

appearance of a number of age-related phenotypes, in- c
ccluding hair loss, kyphosis, and reduced fertility. There

was also a reduction in respiratory chain activity and m
lATP generation in postmitotic tissue such as heart. All

of these biochemical and physiological changes ap- m
bpear, therefore, to be secondary to the initial defect ex-

hibited in the mitochondrial DNA and suggest that y
vdamaged mitochondria can accelerate the aging pro-

cess. The reciprocal experiment involving mice that are
genetically engineered to have a reduced rate of mito-

Achondrial DNA mutations has not yet been performed.
If these mice were, in fact, capable of living longer, the

W
central role of mitochondrial damage in the aging pro- r
cess would be significantly strengthened.

Finally, in addition to genetically altered mice, exami-
nation of normal variations within outbred strains has

R
yielded some important insights concerning the rela-
tionship between metabolism and life span. The classic A

Arate of living theory would predict that increased meta-
tbolic rate would lead to increased ROS generation and
Breduced life span. As mentioned earlier, mitochondrial
duncoupling represents an important exception to the
Bpreviously believed positive correlation between meta-
abolic rate and oxidant formation. This notion that ineffi-
Bciency in mitochondrial ATP generation may be neces-
esary to reduce ROS generation has led to an
n

“uncoupling to survive” hypothesis (Brand, 2000). Sup-
Bport of this comes from a recent study demonstrating
i

that, in an outbred strain of mice, those animals with 5
higher metabolic intensities and oxygen consumption B
lived longer then animals with lower metabolic inten- (
sities (Speakman et al., 2004). These long-lived, high m

3metabolic rate mice also had significant increases in
Btheir degree of metabolic uncoupling, suggesting that
othese animals may decrease ROS generation even in
othe setting of increased oxygen consumption by reduc-
Bing the mitochondrial membrane potential.
d

BConclusions A
Some 50 years after its initial proposal, the free radical t
theory remains perhaps the most vigorous contender 1
to explain the basis of aging in a wide range of species. B
Certainly, as described here, there are a host of either c

short- or long-lived organisms that appear to have B
Mchanges in mitochondrial metabolism, ROS generation,
ior oxidative stress resistance as their primary alter-
pation. This concurrence in numerous species does not
Bprove causality but does at least hint at a strong un-
aderlying relationship. The additional observations that
Bdirect oxidant challenge can mimic many of the cellular
Y

and transcriptional changes seen with aging also S
strengthens the link between the level of ROS and the S
rate of aging. In Harman’s original hypothesis, he sug- B
gested that both aging and age-related diseases were t

Bregulated by intracellular free radicals. The recent dis-
overy that certain metabolic genes involved in the TCA
ycle can act as tumor suppressors (Pollard et al.,
003) and that genes that slow overall aging also slow
he development of chronic disease such as athero-
clerosis (Napoli et al., 2003) suggest that Harman’s ini-
ial intuition may ultimately prove correct. In the end,
he seeds of both our immediate vitality and our ulti-
ate mortality would seem to be intertwined in the

ombustible combination of nutrients and oxygen that
ontinuously occurs within our mitochondria. Econo-
ists often warn us that there is no such thing as a free

unch. Biologists are beginning to understand that this
axim appears to apply not only to economic models
ut equally well to an agreement negotiated billions of
ears ago between an unsuspecting host and an unin-
ited intruder.
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