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Abstract 

Mitochondria may serve as biologic clocks. This 
paper provides plausible explanations, based on 
mitochondrial aging, of some aging phenomenon: 
a) the inverse relationship between basal meta- 
bolic rate and life span; b) the antioxidants 
studies thus far which increase the average life 
span of mice, depress body weight and fail to 
lengthen maximum life span; c) the association of 
degenerative diseases with the terminal part of 
the life span; d) the exponential nature of the mor- 
tality curve, and e) the beneficial effect of caloric 
restriction on degenerative diseases and life span. 
A short discussion is also presented of the effect 
of exercise on life span and aging of muscle 
mitochondria. 

Introduction 

Aging is the progressive accumulat ion of changes 
with t ime associated with or responsible for the 
ever-increasing susceptibi l i ty to disease and 
death which accompanies advancing age (1). 
These changes are attr ibuted to the aging pro- 
cess. This process may be the deleterious, irrever- 
sible changes produced by the ubiquitous free 
radical reacitons (1-5). Defenses have evolved to 
limit such damage. They include antioxidants, 
such as the tocopherols (6) and carotenes (7) - -  
like tocopherols, good quenchers of singlet ox- 
ygen, heme-containing proxidases (8) - -  catalase 
is an important member of this group, selenium- 
containing glutathione peroxidase (8), superoxide 
dismutases (9, 10), elevated serum uric acid levels 
(11), and DNA repair mechanisms (12, 13). Studies 
demonstrate that these defenses can be aug- 
mented. For example, dietary manipulat ions 
which would be expected to lower the rate of pro- 
duction of free radical reaction damage have been 
shown: 1) to increase the life span of mice (14-19), 
rats (20), fruit fl ies (18, 19), nematodes (21), and 
rotifers (22), as well as the " l i fe span" of neuro- 
spora (23); 2) to inhibit development of some forms 
of cancer (24-26); 3) to enhance humoral and cell- 
mediated responses (27); and 4) to slow develop- 
ment of amyloidoses (28, 29) and the autoimmune 
disorders (30) of NZB and NZB/NZW mice. In addi- 
tion, studies strongly suggest that such dietary 
changes will slow the deterioration of the cardio- 
vascular (31-14) and central nervous systems with 
age (35-37). 

Although ant ioxidants have been shown to in- 
crease both the mean and maximum life spans of 
fruit f l ies and nematodes, ant ioxidants have failed 

to increase the maximum life span of mice. Con- 
sideration of these failures led to the suggestion 
(5) that mitochondria may serve as biological 
clocks, the rate of mitochondrial aging being 
largely independent of the environment, i.e., in- 
f luenced litt le by normal environmental fluctua- 
tions, except for food restriction, with death en- 
suing when mitochondrial function as a whole or 
in key areas, such as parts of the central nervous 
system, drops below a crit ical level. Others (38-42) 
have also stressed the role of mitochondria in 
determining life span. The major purpose of this 
paper is to provide plausible explanations, based 
on mitochondrial aging, of some mammalian 
aging phenomena: a) the inverse relationship be- 
tween the basal metabolic rate and life span, 
b) the observation that antioxidants, which in- 
crease the life span of mice, depress body weight 
and fail to increase maximum life span, c) the 
associat ion of degenerative diseases with the ter- 
minal part of the life span, d) the exponential  
nature of the mortali ty curve, and e) the beneficial 
effect of caloric restriction on life span and 
degenerative diseases; (a), (c) and (e) were dis- 
cussed briefly in an earlier paper (5). A short dis- 
cussion is also presented on the effect of exercise 
on life span and mitochondrial aging in muscle. 

Discussion 

Mitochondrial Aging 

Mitochondria would be expected to be particularly 
subject to free radical induced change as over 90 
percent of the oxygen util ized by mammals takes 
place in them. The rate of mitochondrial aging 
should be roughly proportional to the rate of ox- 
ygen consumption, which in turn is presumably 
largely under both nuclear and mitochondrial 
genetic control. The rate of production of mito- 
chondrial damage may be essential ly independent 
of the environment, except for the caloric intake, 
because of the highly selective permeabil i ty of the 
inner mitochondrial membrane (43, 44). 

Changes with age in the steady state of the in- 
ner membrane components, presumably resulting 
from the presence of oxy-radicals (5, 45-48) - -  
such as the superoxide radical, O2., and HO- - -  
generated as a result of reactions involving oxy- 
gen, include: a) increasing levels of peroxidized 
lipids (45, 49, 50), b) decreases in membrane fluidi- 
ty (47, 49, 50), c) increased saturation of l ipids (45, 
50), d) changes in enzyme activit ies (47, 51-56), and 
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e) decreases in the rate of carrier-coupled flow of 
ATP and ADP (57) through the membrane. Free 
radical reactions may also contribute to changes 
in the inner membrane with age due to effects on 
both mitochondrial and nuclear DNA. Mitochon- 
drial DNA codes for some inner membrane com- 
ponents (58); the remaining components, the 
majority, are coded for by nuclear DNA (58). Mito- 
chondrial DNA is synthesized on the matrix side 
(59) of the inner membrane, an area that should be 
readily subject to free radical damage, while mito- 
chondrial DNA that has been altered by free 
radical reactions could be lost due to the poor ex- 
cision repair capacity (60) of mitochondria. Hence, 
changes in the inner membrane with age may be 
in part due to decreased coding capacity of mito- 
chondrial DNA owing to progressive loss of mito- 
chondrial DNA (61-64) and/or to altered function. 
Although the amount of nuclear DNA apparently 
does not decrease with age (65), coding capacity 
- -  including that for mitochondrial inner mem- 
brane components - -  may be progressively im- 
paired with advancing age owing, at least in part, 
to free radical reactions (66), such as those 
responsible for the formation of disulf ides (67, 68), 
in the chromatin. The changes observed in the in- 
ner mitochondrial membrane with age are most 
l ikely due to one or more of the fol lowing 
possibi l i t ies: 1) synthesis to replace "damaged" 
components is too slow; synthesis of mitochon- 
dria inner membrane proteins declines with age 
(69), 2) alterations in the membrane inhibit or pre- 
vent replacement, or 3) the "new" components are 
defective. 

Collectively the above free radical induced 
changes in the steady state of mitochondria with 
age reasonably account for the decreases in 
mitochondrial number (70-72) with age and in- 
creased fragi l i ty (73) as well as the accumulation 
of l ipofuscin-l ike material (74-77) in the mito- 
chondria of postmitot ic cells - -  these cells have 
been estimated to constitute more than 90 percent 
of all mammalian cells (78); apparently cell divi- 
sion "rejuvenates" mitochondria as only minor 
changes occur with age in the mitochondria of 
dividing cells (79). The increased f lux of O~-o from 
mitochondria with age (45) is probably also a 
reflection of free radical damage and/or de- 
creased scavenging by superoxide dismutase (45). 

Basal Metabolic Rate and Life Span 

The potential maximum life span, under "opt imal 
living condit ions" and in the absence of overt 
disease, of a given organism is the t ime required 
for intr insic deleterious processes to cause the 
death and/or dysfunction of cells crit ical for func- 
tion of the organism as a whole, e.g., cells in the 
respiratory center. The potent ia l  maximum 
average life span at birth is the average of the in- 
dividual potential maximum life spans while the 
potential maximum life span of a species is that of 
the individual with the largest potential maximum 

life span. The actual ly determined maximum 
average life expectancy at birth and maximum life 
span should be somewhat less than the potential 
values because it seems very unlikely that living 
things ever live under "opt imal living condit ions" 
throughout life. In the case of man, the average 
maximum life expectancy at birth is about 85 
years while the longest authenticated life span is 
about 114 years (80); the maximum life span is 
usually taken as 100 years because only a very 
small percentage of a given cohort live beyond 
that age. It is very l ikely that the rate of the 
gradual impairment of State 3 respiration (47, 51, 
52, 54) with advancing age, most probably the 
result of deleterious free radical reactions, deter- 
mines the maximum life span of an organism. 
With t ime the progressive impairment of State 3 
respiration should eventually result in stress- 
induced episodic periods of inadequate produc- 
tion of ATP for cell maintenance and function. 
These episodic periods of ATP deficiency would 
be expected to increase progressively in both fre- 
quency and duration with advancing age and 
cause death due to the loss and/or dysfunction of 
cells crit ical for function of the organism as a 
whole, e.g., as indicated above, cells in the 
respiratory center. Since the rate of impairment of 
State 3 respiration should be higher, the higher 
the basal metabolic rate - -  more than 90 percent 
of the oxygen utilized by an organism is con- 
sumed in the mitochondria - -  the foregoing dis- 
cussion provides a reasonable explanation for the 
inverse relationship between the maximum life 
spans of mammalian species and their basal 
metabolic rates (81). 

Effect of Antioxidants on Body Weight 
and Average and Maximum Life Spans 

Attempts to reduce the rate of free radical reac- 
tion induced "aging" of mitochondria with in- 
hibitors are hampered as these inhibitors also 
depress (82-85) respiration and oxidative phos- 
phorylation. These effects, which may largely ac- 
count for the approximately 10 percent decrease 
in body weight (14, 15) of mice given effective anti- 
aging antioxidants, such as 2-mercaptoethyl- 
amine (2-MEA) or ethoxyquin, could arise in part 
by the reaction of the antioxidants with O~o and/or 
HOo followed by combination of the antioxidant 
free radical with ubisemiquinone (86-88) or other 
free radicals involved in the respiratory chain. 

Apparently as the dietary level of an antioxidant 
is increased average life span rises, owing to in- 
hibition of free radical reactions involved in dis- 
ease processes and production of non-specific 
damage, until the trend is halted and then re- 
versed by the accompanying progressive de- 
creases in oxidative phosphorylation. The dietary 
concentrations of antioxidants which result in the 
highest average life spans for groups of mice do 
not seem to be high enough to signi f icant ly 
depress mitochondrial aging as none that have 
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been evaluated increase the maximum life expec- 
tancy, with the possible exception of two pyridine 
derivatives: 1) 2-ethyl-6-methyl-3-hydroxypyridine 
(16) and 2) 2,6-dimethyl-3,5-diethoxycarbonyl-l,4- 
dihydropyridine (89). 

In contrast to mice, both the average and max- 
imum life spans of Drosophila (18, 19) and of 
nematodes (21) are increased by antioxidants. 
These effects, at least in Drosophila, are 
associated with decreased respiration (85) and, 
presumably, also of oxidative phosphorylation. As 
indicated above, antioxidants which have a 
beneficial effect on the maximum life spans of 
Drosophila and nematodes may do so largely by 
significantly decreasing the rate of production of 
mitochondrial damage by free radical reactions at 
a dietary level which does not seriously depress 
oxidative phosphorylation; this may also account 
for the approximately 25 percent increases in max- 
imum life span of mice attributed to the two 
pyridine derivatives named above. 

Degenerative Diseases and Life Span 

The association of the degenerative disorders 
with the terminal portion of the life span in each 
mammalian species may be related to the rate of 
both oxygen consumption and mitochondrial 
degeneration (5). As the rate of utilization of O2 in- 
creases in different mammalian species, the 
necessary higher rate of 02 transport is facilitated 
by an increasing ease of dissociation of 02 from 
oxyhemaglobin (81) and an increased Bohr effect 
(81), i.e., more O2 is dissociated from oxyhemo- 
globin by a given decrease in pH. The increased 
exposure of cellular and extracellular areas to 02 
resulting from higher 02 transport should lead to 
an increase in the rate of oxidative change in 
these areas. The increasing flux of O~; (45) from 
mitochondria with age should further contribute 
to the "base level of deleterious free radical reac- 
tions"; these increases should be offset to some 
extent by decreases in mitochondrial number 
(70-72). Further additions to the free radical reac- 
tion level with advancing age would be expected 
as ATP production, and with it reductive synthesis 
- -  for. example, of free radical reaction inhibitors 
such as glutathione and NADPH, apparently 
declines with age owing to decreases in both 
mitochondrial number (70-72) and function (47, 
51-57). Hence, to the extent that free radical reac- 
tions are involved in the pathogenesis of 
degenerative diseases (1, 3, 4) - -  such reactions 
are definitely associated with the development of 
some forms of cancer and are strongly implicated 
in the disorders of cardiovascular and central ner- 
vous systems - -  the shorter life spans associated 
with higher basal metabolic rates should also be 
accompanied by more-or-less proportionally 
higher rates of development of degenerative 
diseases. 

The Exponential Nature of the Mortality Curve 

Decreases in reductive synthesis secondary to 
mitochondrial aging may be largely responsible 
for the exponential nature of the mortality curve 
(90, 91) in a manner analogous to the autoxidation 
of a lipid containing an antioxidant (92, 93). The 
rate of oxidative change in the lipid is slow at first, 
becoming progressively faster as the antioxidant 
is consumed through inhibition of free radical 
reactions. In living organisms the "antioxidant" 
level seemingly decreases with age because the 
production of ATP needed for reductive synthesis 
declines as mitochondria age, leading to pro- 
gressive increases in free radical reaction levels, 
free radical damage and mortality. 

Effect of Caloric Restriction on Life Span 
and Degenerative Diseases 

The maximum life span can be increased by food 
restriction (94); this may be due in part to a 
decrease in the rate of mitochondrial aging. In- 
creases in life span associated with life-long food 
restriction started after weaning, are accom- 
panied by adaptive changes (94-99) - -  decreases 
in body weight and temperature, and changes in 
body composition and cellular metabolism - -  
which presumably reflect attempts of the 
organism to maintain function with fewer calories. 
The reduction in body weight is probably largely a 
result of decreases in cell size, particularly of 
postmitotic cells, and only to a lesser extent of 
cell numbers; for example, liver and kidney cells of 
female C57BL/6J (99) mice, reduced in body 
weight by feeding ad libitum a 4 percent protein 
diet from weaning to 7 months or from 17 to 24 
months of age, were smaller than corresponding 
cells of mice fed a 24 percent protein diet. Thus on 
the average it would be expected that restricted 
animals have more cells per unit of weight than 
those on an unrestricted diet. The rate of oxygen 
consumption per gram body weight by restricted 
animals is about the same, or somewhat greater, 
than for ad libitum fed ones 94, 95); restricted 
animals use more oxygen throughout life per gram 
body weight than nonrestricted animals as they 
live longer. Hence, since restricted animals con- 
tain more cells per gram of body weight than non- 
restricted ones, the rate of oxygen utilization per 
cell is less. Further, assuming that both groups of 
animals have approximately the same number of 
cells, the total amount of oxygen consumed per 
cell in restricted animals throughout life is approx- 
imately the same as for cells in nonrestricted 
animals, for lifetime oxygen consumption by the 
longer-lived, lighter, restricted animals is about 
equal to that of adlibitum fed animals (95). In view 
of the foregoing and the comments above on oxy- 
gen consumption and mitochondrial aging, the 
beneficial effect of food restriction on life span 
may be mainly due to decreases in the rates of 
mitochondrial degradation and of degenerative 
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disease pathogenesis secondary to decreased 
rates of 02 consumption. 

There is a l imit to the beneficial effect of food 
restriction on life span. Progressive decreases in 
the percentage of the ad l ibitum diet fed to groups 
of animals throughout life are associated with pro- 
gressive increases in life span to some maximum 
value, while further dietary reduction results in de- 
creases back to the ad l ibitum l ife span or shorter. 
The foregoing would be expected, even if the 
organism were provided with adequate intake of 
vitamins, minerals and essential fatty acids, 
because as calories are increasingly restricted, 
the rate of production of ATP is eventually re- 
duced to levels below that needed to sustain 
reductive synthesis at a rate compatible with body 
maintenance and function and/or "adequate" de- 
fenses against free radical reactions so that with 
further food restriction the organism ages pro- 
gressively faster. 

Exercise and Life Span 

Exercise of low work intensity, i.e., running, for 
prolonged periods, has been reported to increase 
the average, and possibly also, the maximum life 
span of rats (100). In man there is no certain 
evidence, although much suggestive evidence, 
that physical act ivi ty may extend average life ex- 
pectancy (101-103) and little, if any, that it will in- 
crease the maximum life span. Apparently the ex- 
pected adverse effects of increased 02 uti l ization 
(104, 105) required to attain and maintain the 
"trained state" are offset, and probably more than 
offset, by beneficial effects of the widespread 
changes (106) - -  for example, decreases in cardio- 
vascular risk factors (102, 107, 108) - -  induced in 
the body in response to the need to sustain pro- 
longed periods of increased work. 

The exercise-induced beneficial changes may 
include slower aging of mitochondria in the in- 
volved muscles. Endurance training increases the 
oxidative capacity of muscle through increases in 
the number of mitochondria - -  they can be 
doubled in rats (109). Whole body 02 consumption 
is about the same in trained and untrained in- 
dividuals under condit ions of submaximal act ivi ty 
(110). Hence, the more numerous mitochondria in 
trained muscle should individually uti l ize less 02 
than those in untrained muscle. Deleterious 
changes arising from increased 02 uti l ization (104, 
105) during the relatively short fraction of the day 
needed to attain, and then maintain, the "trained 
state" are likely to be more than compensated for 
by the lower than normal 02 consumption per 
mitochondria during submaximal activity. Thus, 
mitochondria in trained muscle may age at a 
slower than normal rate and so help to preserve 
normal muscle function until later in life. 

Further Discussion of Mitochondrial Aging 

Mitochondrial  aging is superimposed on a 
dynamic process (111). All mitochondrial com- 
ponents are normally in a steady state with 

respect to synthesis and turnover. Increase in 
mass of mitochondria is through incorporation of 
increased amounts of newly synthesized consti- 
tuents while the number of mitochondria, under 
physiological control, is altered by fusion or sim- 
ple division. The rate of repair of mitochondrial 
damage, including that of mitochondrial DNA, in 
somatic cells is apparently less than that of 
damage production so that changes - -  aging - -  
accumulate with time. These changes seemingly 
lead to progressive losses in mitochondrial func- 
tion and eventual conversion of mitochondria to 
age pigment (74-77). 

Mitochondrial aging is seen most prominently 
in postmitot ic cells, part icularly in fixed post- 
mitot ic cells, and to a minimal degree in normal 
dividing cells (79). These latter cells appear to 
have either more effective repair capabi l i t ies than 
postmitot ic cells and/or, more likely, cell division 
part ial ly rejuvenates cells, including their mito- 
chondria. Dividing cells show only sl ight changes 
in fine structure with increasing age of the 
organism (79) and in transplantation studies in- 
dividual replicating cell populations outl ine their 
host (112). Slower aging in dividing cells may be 
due in part to recombinational repair (113, 114) of 
both nuclear and mitochondrial DNA during 
mitosis; the 50-100 copies of mitochondrial DNA 
per mitochondria (115) may serve to faci l i tate 
recombinational repair. The foregoing also ap- 
plies to cancer cells, but here mitochondrial repair 
must be complete in at least some cells for the 
cells to be propagated indefinitely. Likewise, 
meiosis (113, 114) in some manner restores mito- 
chondria as well as nuclear DNA to the "base 
state" for species are essential ly immortal. 

Thus aging can be viewed as largely the result 
of inadequate repair of cellular damage to 
somatic cells, primari ly in postmitot ic cells, and in 
particular, damage to their mitochondria. 

Suggestions for Future Studies 

Future increases in the average life span of man, 
and hopefully of maximum life span, should be 
achieved by caloric-restricted diets, the com- 
ponents being selected to minimize adverse free 
radical reactions in the t issues and cells while at 
the same time providing essential nutrients - -  
essential fatty acids, trace elements, "high quali- 
ty"  protein, etc., to which have been added one or 
more free radical reaction inhibitors. The diets 
and amounts and kinds of inhibitors should be 
selected to optimize the combination of, a) maxi- 
mum reduction of adverse free radical reactions in 
the mitochondria and elsewhere and b) minimal 
reduction of ATP production, so as to allow the 
greatest increase in functional life span; these ef- 
forts should be offset to some extent by de- 
creases in the concentration of oxy-radical protec- 
tive enzymes as they are induced by peroxides 
(115, 116). The foregoing is not to say that addi- 
t ional means of combating the aging process may 
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not be found in the future but only that the ap- 
proaches outlined briefly above, coupled with in- 
creased efforts to prevent and/or compensate for 
environmental contributions to functional decline 
--  for example, of hearing and vision, provide op- 
portunities today to delay the onset of diseases 
and to increase the span of healthy productive 
life. 
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