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         THE    charge of this discussion group was to assess what 
we know about the role of mitochondrial oxidative 

stress in aging and to determine potential directions for fu-
ture research in this area. The Free Radical or Oxidative 
Stress Theory of Aging posed by Harman ( 1 ) just more 
than 50 years ago has been one of the leading and most 
studied theories in aging research. The basis of this theory 
is that free radical species generated by normal cellular 
processes translate to gradual and cumulative damage over 
the life span of an organism and contribute to age-related 
declines in physiological function and an increase in age-
related pathologies. Despite the attractive and logical na-
ture of this tenet, the existing evidence in support of the 
role of oxidative stress in aging remains essentially cor-
relative. In addition, some recent studies using transgenic 
and knockout mouse models have provided data that do not 
support the theory as originally stated. For example, mice 
defi cient in manganese superoxide dismutase (MnSOD) 
show increased oxidative damage to DNA, increased 
pathology, and yet no reduction in life span ( 2 ). Likewise, 
a number of other mouse models with increased or reduced 
levels of key antioxidant enzymes do not show changes in 
life span ( 3-5 ; Y. Zhang et al., in preparation   ). Part of the 
reason for the lack of conclusive evidence in support of 
this theory is that experimental approaches to date have 
not provided clear proof or tests of the principles underly-
ing the theory. Below, we discuss some potential problems 
that may have contributed to the lack of conclusive 
evidence in this area to date, and we suggest strategies to 
more defi nitely investigate the role of oxidative stress in 
aging.  

 Mitochondrial Dysfunction and the Free 
Radical Theory of Aging 

 Because mitochondria are a primary source of cellular 
reactive oxygen species (ROS), it is logical that mitochon-

dria and mitochondrial dysfunction have been identifi ed as 
key components behind the free radical theory. In fact, the 
pivotal role of mitochondria in age-related increases in 
oxidative stress was suggested by Harman himself several 
years after his original theory was proposed ( 6 ). For the past 
25 years, the role of mitochondrial oxidative stress in aging 
has been a major focus of research in aging under the prem-
ise that mitochondrial dysfunction would lead to an increase 
in mitochondrial ROS generation, damage to mitochondrial 
components, and as a result a further increase in ROS gen-
eration. However, this brings up the key challenge of defi n-
ing mitochondrial dysfunction and identifying which 
components of mitochondrial function will affect aging 
when compromised. Mitochondria have a wide variety of 
functions, including adenosine triphosphate (ATP) produc-
tion, ROS generation, calcium homeostasis, apoptotic 
signaling, use of each of the macronutrient fuels (fats, car-
bohydrates, amino acids; anabolic functions), and control of 
energy effi ciency. To date, most studies addressing mito-
chondrial dysfunction in aging have used measures of ATP 
production or increased oxidant generation as a readout of 
mitochondrial (dys) function. These studies have been con-
ducted in a variety of tissues and organisms, using a wide 
array of assay techniques. The data that have been gener-
ated thus far are not conclusive; many studies show evi-
dence of mitochondrial dysfunction as predicted by the Free 
Radical Theory, but many studies show no change. One po-
tential explanation for the disparate results in this area is 
that the assays for mitochondrial function have many poten-
tial sources of error, beginning with the isolation of the mi-
tochondria themselves. Is there a problem with mitochondrial 
fragility that complicates the use of isolated mitochondria 
from aging animals? It is possible that the isolation proce-
dure itself can lead to a selective isolation of only the most 
 “ healthy ”  or the isolation of a population of mitochondria 
that have been compromised by the isolation process. This 
is further confounded by the fact that some tissues (eg, 
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skeletal muscle and heart) have more than one population of 
mitochondria, distinguished by location as well as function. 
Do mitochondria differ within a given cell? Is there an age-
related effect in only one subcellular mitochondrial popula-
tion? These questions underscore the need for improved 
means to evaluate mitochondrial function in vivo. One im-
portant recent advance in this area is the development of 
technology that allows investigators to directly measure 
oxygen consumption in cultured cells in response to treat-
ment with agents that alter electron transport. Such method-
ology allows analysis of mitochondrial function while 
leaving the mitochondria intact and avoiding confounding 
factors resulting from isolation procedures and thus is a 
promising new tool for studying mitochondrial function in 
aging.   

 Need for Improved Assays to Evaluate the Role 
of Mitochondria in Aging 

 Another potential reason for the lack of conclusive 
evidence in support or rejection of the Free Radical Theory 
is the need for more sensitive and reproducible assays to 
measure oxidative damage and mitochondrial function. Ox-
idative damage assays have been particularly problematic. 
One major confounding factor is the potential for introduc-
ing oxidative damage during the isolation and sample prep-
aration. Many oxidative modifi cations, particularly to lipids, 
are very unstable and therefore diffi cult to assay with reli-
ability and sensitivity. Assays for modifi cations to DNA and 
proteins have also suffered from limitations of sensitivity 
and reproducibility. Another issue in measuring modifi ca-
tions to protein and DNA is the fact that these assays have 
typically focused on only a few specifi c modifi cations (eg, 
nitrotyrosine adducts or protein carbonyls for oxidative 
modifi cation of proteins and oxo-8-dG adducts for damage 
to DNA). Clearly, we are only measuring a small fraction of 
the types of damage that are generated. Some advances have 
been made in the technologies available to measure oxida-
tive damage, but much of the research still uses older, less 
sensitive assays. 

 Assays for mitochondrial function have also suffered 
from lack of sensitivity and scope. Until recently, the assays 
for measuring mitochondrial oxidant generation in particu-
lar have suffered signifi cantly from lack of sensitivity. In 
fact, in many early studies, increases in ROS generation 
could only be measured in the presence of electron transport 
chain inhibitors. Assays of mitochondrial oxidant genera-
tion have typically used a horseradish peroxidase – coupled 
system with homovanillic acid,  p -hydroxyphenylacetic 
acid, or scopoletin to detect hydrogen peroxide. Recently, 
improvements in detection systems (ie, the fl uorescent 
probe Amplex Red [Molecular Probes, Invitrogen, Carls-
bad, CA   ]) and the use of electron paramagnetic resonance 
have allowed measurement of H 2 O 2  and superoxide release 
from isolated mitochondria with signifi cantly enhanced 

sensitivity. Continued advances in probes for detection of 
mitochondrial oxidant generation and other aspects of mito-
chondria function (eg, ATP generation, redox regulation, 
calcium homeostasis) are necessary to allow more accurate 
assessment of the role of mitochondrial function in aging. 
In addition, there is a need to generate reporter mice that 
provide readouts of mitochondrial function. These could be 
used to compare specifi c mitochondrial changes in existing 
models.   

 Testing for A Defi nitive Link Between 
Mitochondrial Function, Oxidative Damage, and 
Aging 

 This leads us to an important question underlying the 
lack of a defi nitive link between mitochondrial function, 
oxidative damage, and aging. Is there hard evidence for an 
intervention that improves mitochondrial function and af-
fects aging? The key question that needs to be answered is 
whether mitochondrial dysfunction correlates with tissue 
dysfunction that is ultimately a causal factor in determining 
life span. To do this in a meaningful way, we need a system-
atic approach that measures several types of mitochondrial 
function and measures of mitochondria oxidant production 
in a variety of tissues in a model organism during aging. 
These studies can be even more powerful if measured in 
models of increased longevity such as caloric restriction, or 
compared between long- and short-lived species. One pow-
erful approach might be to produce transgenic models that 
will allow us to titrate antioxidant levels. The majority of 
mouse studies using overexpression or reduction of antioxi-
dant protection to study aging have used null or heterozy-
gous knockouts or transgenics with moderate (two- to four-
fold) increases in expression of primary antioxidant 
enzymes. Using modern transgenic approaches, it may be 
possible to titrate antioxidant levels rather than using the 
more traditional all or none approaches. Finally, we have a 
critical need for the development of functional reporter mice 
that can be used for in vivo detection of proteins involved in 
pathways of cell signaling, infl ammatory processes, apopto-
sis, transcription factor activation, and other cell processes. 
By pairing with investigators in other fi elds, we may be able 
to gain access to established reporter tools that could help 
us advance research on aging and oxidative stress. 

 Along these lines, there is also a clear need for better 
ways to quantitatively defi ne mitochondrial function with 
age. Because mitochondria have multiple functions, it is 
quite reasonable that some functions may be preserved while 
others change. For example, ATP production may be pre-
served while oxidant production is increased. Which aspects 
of this mitochondria function are important in aging and in 
which tissue? Does an alteration in only one aspect of mito-
chondrial function result in a meaningful consequence for 
aging? Furthermore, the situation may vary from tissue to 
tissue.   
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 Need to Understand the Role of Mitochondrial 
Genomic Stability in Aging 

 Another key question we considered is whether evidence 
exists for clonal expansion of mitochondrial DNA damage 
leading to an aging phenotype? Recent studies using poly-
merase  g  mutant mice show early death with the appearance 
of several phenotypic characteristics of accelerated aging. 
However, there is not complete agreement that this prema-
ture aging caused by mitochondrial DNA damage is relevant 
to natural aging. Thus, there is a need for models that do not 
have this caveat, that is, a need for models to extend life 
span by decreasing cumulative damage and not shorten life 
by increasing damage. Some suggestions by which this 
could be accomplished are conditional variation in DNA 
replication or repair to control changes in adult tissues and 
in a tissue-specifi c manner.   

 Understanding the Contribution of Univalent 
and Divalent Pathways of Oxidative Stress to 
Aging 

 Other aspects of mitochondrial oxidant generation with 
aging have been limited by methodology. For instance, 
mitochondria produce different oxidants, including super-
oxide anion, hydrogen peroxide, and organic peroxides. 
The distinction between superoxide and hydrogen perox-
ide could be very important because the permeability 
characteristics across membranes differ. Thus, there is a 
need for improved methods to discriminate between 
superoxide anion and hydrogen peroxide as mitochondrial 
products. More generally, there is a need to address the 
role of univalent electron transfer (free radical) as opposed 
to divalent electron transfer (nonradical) reactions in 
mitochondrial function and dysfunction. For instance, the 
ability to discriminate species could allow studies to test 
whether specifi c ROS serve as redox signaling agents in 
mitochondria, analogous to established signal transduc-
tion mechanisms of hydrogen peroxide in the cytoplasm. 
Using such approaches in mouse models with genetically 
controlled differences in abundance of Mn-superoxide 
dismutase ( Sod2 ) could provide an understanding of the 
apparently contradictory effects of different levels of 
MnSOD on life span. These methods could further be used 
to address the contribution to aging of reactive species for 
redox signaling as opposed to generation as an uncon-
trolled and toxic byproduct. Applications could include 
studies to determine whether some electron transfer sites 
generate ROS for signaling, whereas other sites represent 
uncontrolled generation contributing to aging.   

 Contribution of Mitochondrial Uncoupling to 
Aging 

 The rate of generation of ROS by mitochondria has been 
linked to the magnitude of the mitochondrial membrane 
potential, which is, at least in part, controlled by uncou-

pling proteins. Models in which the extent of uncoupling is 
systematically varied could provide a means to separate en-
ergy production and oxidant production, as well as allow 
studies of links to other mitochondrial functions in aging, 
including Ca 2+  homeostasis, lipid metabolism, protein im-
port, mitochondrial biogenesis, and turnover, and so forth. 
Both genetic and pharmacological models could be useful.   

 Utilizing Information-rich Technologies of 
Genomics, Proteomics, and Metabolomics to 
Discriminate Reversible and Adaptive Changes 
from Primary Causal Events of Aging 

 There is a need for application of newer genomic, pro-
teomic, and metabolomic methods to address macromolec-
ular damage and functional changes of mitochondria in 
more detail. Evidence is available for changes in function of 
specifi c proteins, and some of these changes are linked to 
modifi cations of particular residues on these proteins, some 
of which are reversible and some irreversible. However, 
there is little understanding of primary versus secondary 
changes, that is, which events are causal and which are con-
sequence. There is also a need to understand whether irre-
versible changes are determined by changes within the 
mitochondria, as indicated by mitochondrial genomic dam-
age, or by extramitochondrial changes. Such studies could 
include studies to address the importance of extramitochon-
drial ROS generation and nuclear genomic changes. Studies 
of oxidant-generating    enzymes that change with aging, such 
as nicotinamide adenine dinucleotide phosphate oxidases, 
and so forth, would also be informative.   

 Need for A Conceptual Framework to 
Discriminate Deleterious Versus Protective 
Changes of Aging 

 There is little conceptual framework to evaluate whether 
changes are inherently negative contributors to aging or are, 
in fact, protective mechanisms that help maintain normal 
function despite aging. In other words, some changes may 
function in signaling, whereas others represent damage or 
impaired function. Application of newer and more powerful 
profi ling approaches could improve detail of functional 
changes with aging, and identifi cation of critical macromo-
lecular targets of aging could guide efforts for therapeutics 
to enhance healthy aging. Detailed profi ling of mitochon-
dria-related gene expression and proteomic and metabolo-
mic changes with aging could also provide the basis for 
development of systems biology descriptions of mitochon-
drial aging. Importantly, such approaches also could provide 
an improved basis for integration of well-characterized cell 
culture models, in which aging-related genes and proteins 
are modifi ed, with more relevant but costly animal models 
used in life span/health span studies. 

 In summary, research in the 50 years since the Free Radi-
cal Theory was fi rst proposed has resulted in a signifi cant 
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amount of correlative data consistent with the theory, yet 
defi nite proof is still lacking. Several studies in the past few 
years have yielded results inconsistent with the theory as 
originally proposed and suggest a need for a reevaluation or 
modifi cation of the theory. Recent improvements in our 
ability to measure mitochondrial function, oxidative stress 
and damage with higher accuracy and sensitivity, and con-
tinued advances in genetic approaches to modify transgenic 
mouse models and generate reporter mouse models will 
allow us to more directly and defi nitively test the role of 
mitochondria and oxidative stress in aging.     
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