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Aging remains a mystery to science. Indeed, many scien-

tists do not believe that aging is natural or an inevitable 

consequence of living. Many repair systems exist in the 

body to correct molecular defects. For many years, it was 

thought that mitochondria did not have a repair system, but is now 

known that it has the same repair system as nuclear deoxyribonucleic 

acid (DNA) molecules. An early clinical sign of DNA damage is mus-

cle weakness. This weakness is a result of reduced production of the 

energy needed by the muscle in order to contract. Muscles primarily 

move other parts of the body and this is achieved by a complex con-

traction system that is initiated by an energy source known as adenos-

ine triphosphate (ATP). In this article we shall discuss the nature of 

mitochondria, how they supply energy, what causes them to be dam-

aged, and what we can do to help offset this process.

The MiTochondria
The word mitochondria is derived from two German words, meaning thread and 

corn. Early researchers saw these cells differently, depending on what position the 
cells were in. They appeared to look like a kernel of corn when viewed on end, but 
when viewed longitudinally, they appeared to be threadlike. Those early impres-
sions were combined and, today, we call them mitochondria. We are uncertain of 
the origin of the mitochondria, but we know that it is most likely from a specific type 
of bacteria that entered our cell somewhere around two million years ago when the 
atmosphere contained toxic levels of oxygen. Most species died because they were 
unable to handle oxygen; however, some survived, and if it were not for these mito-
chondria entering these early cells, we would not be here.
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the energy from the electrons, then passing it to a mo-
lecular source that can store and then supply the energy 
as needed. Briefly, this process is as follows. 

Mitochondria are organelles with their own genome 
that consume oxygen and metabolic byproducts of diges-
tion to generate ATP, but at the same time they produce 
ROS. They have many other cellular functions such as 
signal transduction, cell cycle regulation, oxidative stress, 
thermogenesis, and apoptosis. When more energy is 
needed, they undergo biogenesis, to supply more mito-
chondria. Mitochondria produce energy from substrates 
through the tricarboxylic acid (TCA) cycle and the elec-
tron transport system (ETS) to generate ATP. The ETS  
is made up of five complexes (I-V) embedded in the in-
ner mitochondrial membrane (IMM). These complexes 
receive electrons from reducing equivalents called nico-
tinamide adeninine dinucleotide reduced (NADH) and 
flavin adenine dinucleotide reduced (FADH2), which 
are generated by dehydrogenase activity in the TCA. The 
electrons are passed along to the complexes with O2 be-
ing the final acceptor at complex IV. The propensity to ac-
cept an electron increases along the chain of complexes; 
this creates enough energy to drive hydrogen ions across 
the IMM. The transfer of hydrogen ions creates a proton 
gradient and membrane potential that drives the synthe-
sis of ATP as protons flow back to the matrix via complex 
V (ATP synthase). This process is also known as oxidative 
phosphorylation, or OXPHOS. The electron transport 
system has a significant proton “leak” by the movement 
of hydrogen ions back into the matrix space that is not 
mediated through complex V. This type of proton trans-
fer can be uncoupled from ATP phosphorylation, which 
means no energy is produced; this inefficiency contrib-
utes to the demand for more reducing equivalents such 
as NADH.

Since mitochondria can still function, many research 
workers do not feel that mitochondrial function is im-
paired and, therefore, is not implicated in cellular dis-

 The current teaching about mitochondria is that 
they function only as “energy factories” for the cell. This 
is a mistake which has impeded our understanding of the 
true biology of mitochondrial disease. There are 3,000 
genes needed to make a mitochondrion, and mitochon-
drial DNA encodes only 37 of these genes; the rest of the 
genes are held in the cell nucleus and the proteins pro-
duced are transported to the mitochondria. A mere three 
percent of the genes necessary to make a mitochondrion 
(100 of the 3,000) are allocated for making ATP. The 
other 2,900 of 3,000 genes are involved with specialized 
duties of the differentiated cell in which the mitochon-
drion resides. It has been found that these duties change 
as we develop from embryo to adult, going through the 
processes of tissues growth, maturing, and environmental 
adaptation. To name a few of the non-ATP related func-
tions, they are involved with many of the major metabolic 
pathways in the cell to build, break down, and recycle 
its molecular building blocks. It is interesting that cells 
cannot make the ribonucleic acid (RNA) and DNA they 
need to grow and function without the help of mitochon-
dria. Remember that RNA and DNA are made up of pu-
rines and pyrimidines, the essential bases. Mitochondria 
have the critical enzymes for pyrimidine biosynthesis, 
dihydroorotate dehydrogenase, and heme synthesis, d-
amino levulinic acid synthetase, the major compound 
required to make hemoglobin. Mitochondria are special-
ized to detoxify ammonia in the urea cycle in the liver. 
These little mitochondria are even important for cho-
lesterol metabolism, estrogen and testosterone produc-
tion, metabolize neurotransmitter, and to detoxify free 
radical production. Besides these duties, they also break 
down (oxidize) the fat, protein, and carbohydrates we eat  
and drink.

Essentially, for our purposes, mitochondria make 
ATP and our constant source of energy. They do this by 
extracting energy from the food we eat, reducing the 
food first to high-energy electrons and then extracting 
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turbances associated with aging and chronic diseases. Ac-
tually, the definition of mitochondrial dysfunction itself 
is the subject of controversy, though many diseases have 
been identified as being caused by serious mitochondrial 
dysfunction. Mitochondrial diseases appear to cause the 
greatest damage to cells composing the brain, heart, liver, 
skeletal muscles, kidney, and the endocrine and respirato-
ry systems. They may manifest with loss of motor control, 
muscle weakness and pain, gastro-intestinal disorders and 
swallowing difficulties, poor growth, cardiac disease, liver 
disease, diabetes, respiratory complications, seizures, vi-
sual/hearing problems, lactic acidosis, developmental 
delays, and susceptibility to infection, depending on the 
affected cell. In this article, we will concentrate our in-
terest on how mitochondrial dysfunction affects skeletal 
muscles which results in aging symptoms. First, we shall 
look at the impact of aging on the biochemical and bio-
energetic pathways in skeletal muscle mitochondria.

In the aging process, mitochondria are described 
best by changes in oxidative stress, or a decay in mito-
chondrial DNA, along with a reduction in some enzyme 
activities and alterations in mitochondrial respiration, 
resulting in changes of the structure and appearance of 
mitochondria. In aging, some mitochondrial organelles 
are enlarged and more rounded in appearance. Inside 
the mitochondria, shorten cristae and vacuolization of 
the matrix are seen, and the density of mitochondria 
in skeletal muscle drops appreciably. The mitochondria 
constitute the major source of ROS inside the cell, with 
mitochondrial complexes I and III being the main sites of 
superoxide generation, contributing the most to reactive 
oxygen species production. The reactive oxygen species, 
including O2

.- and H2O2, can cause oxidative damage to 
surrounding structures, including mtDNA, which is high-
ly susceptible to free radical damage. Oxidation by ROS 
generates faulty proteins, oxidized lipids, and mtDNA 
mutations, all leading to cellular and mitochondrial dys-
function. These appear to be the major processes impli-
cated in the mitochondrial theory of aging. This increase 
in ROS production is associated with oxidation of ETS 
complex V, leading to decreased ATP; thus, a decrease in 
available energy.

The ETS, being in the inner mitochondrial mem-
brane, is the primary site of ROS production; thus, is the 
main source of oxidative stress resulting in damage to 
proteins, lipids, and both DNA in the mitochondria and 
in the cell. It is known that free radical superoxide an-
ions (O2

.-) are generated when electrons are passed from 
complexes I and III of the ETS go to O2, instead of the 
appropriate ETS subunit. As much as two to four percent 
of total oxygen consumption may go toward the produc-
tion of ROS, rather to create energy as ATP. Enzymes that 
scavenge these free radical are important mitochondrial 
defenses against oxidative stress by neutralizing O2

.- with-
in the mitochondrial matrix. Enzymes such as superoxide 
dismutase and SOD2 catalyze the reduction of mitochon-
drial SOD2-generated H2O2 to nontoxic H2O in the mi-
tochondria and the cell with glutathione peroxidase and 

catalase. In young muscle, mitochondria are numerous 
and efficient, but in aging muscle mitochondria are less 
numerous and appear to become impaired and develop 
reduced oxidative capacity. Exercise and caloric restric-
tion, or caloric restriction mimetics, can improve impair-
ments in aged muscle. Once thought of as relatively static 
round organelles, mitochondria are now recognized as 
highly dynamic, existing in networks that are constantly 
being remodeled by biogenesis, fusion and fission, and 
degradative processes such as autophagy. Through these 
dynamics, they both respond to and drive cellular process-
es, including apoptosis, whose dysregulation is thought to 
be a key factor in sarcopenia. 

MiTochondriaL reSPonSeS
Biogenesis

Mitochondrial biogenesis is the expansion of existing 
mitochondrial activity. There are various ways this can oc-
cur: through growth of the mitochondrial network which 
increases mitochondrial mass, or division of preexisting 
mitochondria which increases mitochondrial number. 
The trigger is a need for more energy that exceeds respi-
ratory capacity, which happens in response to exercise, 
stress, hypoxia, nutrient availability, hormones, especially 
insulin, ROS production, and temperature changes. 

When biogenesis is triggered, the nuclear genome 
produces the mitochondrial regulatory factors, which, 

DO WE DECREASE PHySICAL ACTIVITy 
AS WE AGE OR DOES IT OCCuR 

BECAuSE OF THE INEFFICIENCy OF 
OuR MuSCuLAR SySTEM?
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after they imported into the mitochondria, initiate rep-
lication and transcription of mtDNA, expanding the mi-
tochondrial network. Once the process is triggered, a se-
ries of molecular biochemical processes are initiated and 
ultimately results in the production of more mitochon-
dria. The processes involved are beyond the scope of this 
article, but in essence they require a cooperative effort 
between the cell’s nucleus and the DNA of the mitochon-
dria known as mtDNA. For those readers who are interest-
ed in the molecular biology, all references are supplied. 

Mitochondrial Turnover
Mitochondrial turnover is promoted by the  

autophagy-lysosome system, a cellular housekeeping sys-
tem that degrades mitochondria, as well as other cellular 
components. When mitochondria pass through  the au-
tophagy-lysosome system, it is known as “mitophagy.” In 
mitophagy, dysfunctional mitochondria are recognized 
and engulfed in a double-membrane structure called a 
phagophore. After this stage, vesicles called autophago-
somes are formed. The autophagosomes then fuse with 
the lysosome, producing autolysosomes, and the contents 
are recycled. There is not much known about the role 
of mitophagy in the aging of skeletal muscle. Evidence 
suggests that mitophagy selectively removes defective 
mitochondria that are depolarized or produce excessive 
ROS. However, suppression of autophagy creates an in-
creased ROS production, and reduced oxygen consump-
tion, which results in higher mtDNA mutation rates. It 
has been found that as we age, autophagy declines both 
in general and in the skeletal muscle of aged rats. All this 
means that reduced autophagy rates may contribute to 
muscular dysfunction. Mice with lower resting oxygen 
consumption experience increased oxidative stress and 
higher rates of apoptosis; these mice also suffer from 
muscle atrophy, weakness, and myofibril degeneration. 
Studies in a few species indicate that enhanced autophagy 
may increase lifespan.

hoW To aTTenUaTe MiTochondriaL aGinG
exercise

There are many benefits to exercise. Exercise can 
induce mitochondrial biogenesis, up regulate smooth 
muscle gene expression, along with additional protein 
synthesis and at the same time, increase smooth muscle 
oxidative capacity. The big question is do we decrease 
physical activity as we age or does it occur because of the 
inefficiency of our muscular system? There is no question 
that mitochondrial capacity is reduced in elderly subjects. 
Studies have found that activity levels are significantly 
reduced in the elderly group, suggesting that indepen-
dent of exercise training, simply living an active lifestyle 
may have a significant impact on mitochondrial function. 
However, this requires more study and has not been de-
finitively proven. Most elderly individuals exercise less 
than two hours per week. There is no question that exer-
cise training can improve skeletal muscle mitochondria 
in elderly individuals. Just four months of aerobic exer-

cise can increase protein synthesis and mitochondrial en-
zyme activity, as well as the expression of genes involved 
in mitochondrial action, often to the level of those found 
in young adults. 

Exercise does show a significant increase in the mito-
chondrial function. There is evidence that some impair-
ment remains. The AIDS associated decline in mitochon-
drial oxidative capacity can be reduced in older subjects 
who exercise regularly. However, it does not restore the 
capacity of mitochondrial proteins mitochondrial DNA 
content, or other aspects of mitochondrial function. This 
would indicate that there is a persistent dependent im-
pact on mitochondria. The data so far is relatively short-
term ranging from 12 to 24 weeks.  The question is what 
is the impact of active lifestyles when there are significant 
changes, many going from a sedentary life to one of in-
creased activity? This is good news for those individuals 
who are close to exercise, but nevertheless remain con-
siderably active. 

caloric restriction
Caloric restriction (CR) has been given a consider-

able amount of press recently, but not without reason. It 
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appears to be the most significant anti-aging activity so 
far developed. It is known to retard primary aging and 
secondary aging, which is the type of aging due to disease 
and negative lifestyle. The net result is an increase both in 
the median and maximum lifespan in many species; there 
is limited data, however, on primates, but the evidence 
suggests that reduction in our food consumption by 20 
to 40 percent fewer calories will extend lifespan up to 50 
percent and reduce the incidence of many age-associated 
diseases, including both cancer and metabolic disorders. 

How does this happen? The benefits ascribed to CR 
are believed to be due in large part to reductions in oxi-
dative stress. A 10-year study in primates with CR interven-
tion resulted in marked decreases in oxidative damage to 
lipids and proteins. Caloric restricted animals exhibit few-
er mtDNA and nuclear DNA mutations and less oxidative 
damage to skeletal muscle mitochondria than their regu-
larly fed counterparts. CR appears to positively affect mi-
tochondrial efficiency, content, and function. It does this 
by lowering energy expenditure in animals and humans, 
apparently by producing mitochondria that are able to 
maintain normal levels of ATP, yet consume less oxygen. 
It is generally believed that this energetic adaptation is 
mediated via decreased proton leak, which has been con-
firmed in rodent studies, and that decreased proton leak, 
in turn, is enabled by the shift to a less oxidative milieu 
in terms of mitochondrial content and function. CR does 
not affect the gene expression, protein level, or activity 
of citrate synthase, nor the activities of other TCA pro-
teins, however, caloric restriction does affect some ETS 
enzymes. In particular, complex IV activity, which is con-
sistently responsive to caloric restriction shows increased 
activity in comparison to that in aged rodents and usually 
similar activity to their younger counterparts. 

In a nutshell, food is fuel, and the more fuel you feed 
into a machine the shorter is its lifespan. A prime exam-
ple is a furnace, which, if operated at high temperature, 
has a short life. The same is true for automobiles; com-
pare the life of a race car to that given by a typical subur-
banite. It is a matter of simple biology – the more you eat, 
the shorter your life. Lifespan is inversely proportional to 
the amount of food we eat.

caloric restriction Mimetics
CR is a hard sell. Most individuals would prefer a pill 

to prevent the need for dieting and exercise. The search 
is on for something that will mimic CR and it appears to 
have been found in a plant extract known as resveratrol. 
How resveratrol affects mitochondria has been well stud-
ied, and it is being shown to improve exercise capacity, 
motor function, and reduce metabolic dysfunction.
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